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The distinctive life-history traits of the American pika (Ochotona princeps) including 

physiological constraints, limited dispersal ability, and occurrence in small isolated 

populations render them particularly vulnerable to climate change. Because of these qualities 

and their role in the alpine community, pikas are an emblematic species of alpine habitats and 

are widely viewed as an indicator of change. However, disparate climatic and habitat forces 

appear to limit pika populations across the species range, suggesting that climate effects are 

highly context-dependent. We tested three hypotheses including summer heat, winter 

snowpack, and forage availability to investigate the importance of climate and habitat 

characteristics in explaining relative pika abundance across two geographically distinct 

North-Central Rocky mountain ranges in Wyoming.  In Chapter 1, we found that elevation 

and forage availability had the strongest support for explaining relative pika abundance 

indexed by scat/m2.  Because elevation does not inherently limit pikas, but rather, is a proxy 

for some climate factor or combination of factors, in Chapter 2 we investigated which aspects 

of climate were indexed by elevation. We used two parallel sets of analyses to evaluate 

derived climate variables from an interpolated climate dataset and local ambient temperature 

sensors. Data from sensors related to growing season conditions were the strongest 

predictors, whereas large-scale PRISM data were relatively poor predictors of relative pika 

abundance.  Our results emphasize not only the importance of relative food availability for 

pikas, but also the climatic factors that favor higher plant growth in explaining patterns of 

pika abundance in the North-Central Rocky Mountain region.   
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CHAPTER ONE 

 

Delineating limiting features of climate and habitat of American pika (Ochotona 

princeps) subpopulations in the face of climate change 

 

ABSTRACT 

The distinctive life-history traits of the American pika (Ochotona princeps) including 

physiological constraints, limited dispersal ability, and occurrence in small isolated 

populations render them particularly vulnerable to climate change. Because of these qualities 

and their role in the alpine community, pikas are an emblematic species of alpine habitats and 

are widely viewed as an indicator of change. However, disparate climatic and habitat forces 

appear to limit pika populations across the species range, suggesting that climate effects are 

highly context-dependent. We tested three hypotheses including summer heat, winter 

snowpack, and forage availability to investigate the importance of climate and habitat 

characteristics in explaining relative pika abundance across two distinct North-Central Rocky 

mountain ranges in Wyoming.  Data from the Wind River and Bighorn ranges show similar 

patterns of pika abundance, with the strongest support for explanatory models including 

elevation and forage availability. Our results support each of the three hypotheses 

exemplifying the complex dynamics of climate influences on pikas. The data also emphasize 

the importance of alpine meadow and apparent limitations at upper elevation limit, which is 

contrary to current understanding that low elevation range limits are the main driver of pika 

distribution. The model we present will allow for better prediction of existing pika 

populations across the North-Central Rocky mountain region. 
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INTRODUCTION 

Climate change continues to alter ecosystem dynamics and influence wildlife populations 

globally (IPCC, 2007). Some of the most conspicuous responses to climate change include 

range shifts and altered phenology (Parmesan et al., 1999; Inyoue et al., 2000). However, 

multiple opposing responses to climate by the same species may confound simplistic 

predictions of climate impacts and reveal the context-dependent nature of many responses 

(Doak & Morris, 2010). Reliable predictions and evaluations of climate change impacts are 

therefore contingent on our understanding of the underlying mechanisms of climate on 

species throughout their ranges.    

 

Alpine habitats and polar regions, where species have evolved to persist in some of the 

coldest terrestrial temperatures, are predicted to experience some of the most drastic impacts 

of climate shifts (Root et al., 2003; Beniston, 2003). The patchy distribution of alpine habitat 

also contributes to the potential sensitivity of its resident species to climate change.  

Mountaintop habitat islands are naturally isolated and becoming more so due to human 

development as well as climate effects (Walther et al., 2005; Wilson, 2005).  There is less 

consensus regarding precipitation trends and predictions particularly for mid-latitudes and 

mountain regions, though significant changes are expected (Mote et al., 2005; Gorgi et al., 

2001). Alpine habitat is also particularly vulnerable because climate change at high elevation 

compromises the structural integrity of the habitat, in part due to shifts in the reliability and 

duration of snow pack (Barnett et al., 2005). The timing of spring snowmelt, onset of the 

growing season, and hydrology, are all processes regulated by climate and play an important 

role in habitat and water availability for alpine-dwelling species (Beniston et al., 1997).   
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The American pika (Ochotona princeps), a tenant of alpine habitats in western North 

America, has a distinctive suite of natural history traits that make them an ideal species to 

investigate climate effects on species population abundance and distribution.  These small, 

hare-like mammals remain active through winter, maintain a high metabolic rate, have small 

territories, and require refugia year-round for thermoregulation; all of which make them 

vulnerable to limitation by ambient microclimatic conditions.  Because of these qualities and 

their own influence on alpine communities, pikas are an emblematic species of alpine 

habitats and are widely viewed as an indicator of change in these systems (Bradbury, 2003; 

McDonald & Brown, 1992). With ongoing climate change, conservation concern regarding 

this thermally sensitive species lead to a petition for listing under the Endangered Species 

Act, which was ultimately determined unwarranted due mostly to lack of information (Christ, 

2010). 

 

Initial work on population extirpations in parts of the pika’s range found associations with 

rising temperatures and consistently arid conditions (Beever et al., 2003, 2010; Erb et al., 

2011). In contrast, subsequent work at the same historical sites suggested that acute cold 

stress was also a strong predictor for population persistence, exemplifying the complexities 

of climate’s influences (Beever et al., 2010). However, in some parts of pika range stable 

populations are the norm, including at some exceptionally low elevation sites (Millar & 

Westfall, 2010; Beever et al., 2008; and Simpson, 2009). Overall, these results suggest that 

combinations of regional climate and habitat context may create disparate limiting factors on 

pika distribution specific to portions of their range.  
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What remains most unclear is how climate affects pikas in more mesic and northerly areas. 

Hot summer temperatures are less of a concern in mountainous regions, but with increasing 

variability in temperature and precipitation year-round, climate may still limit pikas.  In 

particular, in high-elevation montane environments ambient winter temperatures can be 

lethal, and persistent insulating snow cover is likely to be critical for over-winter survival.  

Higher frequency of melt-freeze cycles and a lack of insulating snow is hypothesized to lead 

to acute cold stress (Beever et al. 2010). While pikas are susceptible to both hot and cold 

extremes, previous research has demonstrated higher occupancy at high elevation and 

northeasterly aspects suggestive of preference for “cooler” habitat attributes (Beever et al., 

2010; Millar & Westfall, 2010). Yet, to our knowledge, no study has analyzed the joint 

effects of potential climate-buffering habitat features, such as elevation and aspect, along 

with other habitat variables thought to be important for pika persistence on relative pika 

abundance.  

 

Our primary objectives were to determine 1) the habitat features that are most limiting to 

pikas, including both those thought to index some aspect of climate and those identified as 

important for persistence regardless of climate and 2) the generality of these patterns across 

two similar yet geographically distinct mountain ranges in Wyoming. We tested three non-

exclusive hypotheses, each based on previous research and the natural history of the 

American pika. The summer heat hypothesis suggests that high summer temperatures limit 

pika numbers, probably by causing acute and chronic heat stress and reducing foraging time 

as pikas gather hay for their winter food caches during the growing season (Beever et al. 

2010; Smith, 1974a; MacArthur & Wang, 1973).  The winter snowpack hypothesis 
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emphasizes the importance of snowpack as an important insulating habitat feature during 

winter.  Variable snowpack in winter on high, exposed ridges and increased frequency of 

melt-freeze cycles at low elevations both cause conditions could lead to death either by 

extreme cold stress, higher predation rates, and/or starvation by damaged haypiles (Beever et 

al., 2010; Ray, pers. comm). Our third and final hypothesis is that forage availability has a 

strong limiting effect on pika numbers and distribution stress (Golian,1985; Smith, 1978; 

Morrison et al., 2009). To test our three hypotheses, we surveyed for relative pika abundance 

as indexed by scat abundance in the Wind River and Bighorn mountain ranges.  We then 

tested models including combinations of elevation, aspect, elevation difference to nearest 

summit, talus depth, and two metrics of forage availability as potential predictive factors.  

Previous studies have consistently used site occupancy to investigate habitat and climate 

associations with pikas. Our work is unique in that we used an index of relative abundance, 

which allowed us to test relative suitability of sites, adding to the breadth of approaches in 

investigating climate and habitat influences on pikas.   

 

METHODS 

Study sites 

We conducted surveys in two distinct mountain ranges separated by a 200 km basin of 

sagebrush steppe. We chose the Wind River Range, Wyoming for its variation in topography 

and climate and abundant alpine habitat.  The range’s high country extends the Greater 

Yellowstone Ecosystem 100km to the southeast. We selected between 30 and 40 potential 

survey sites in each of four quadrants of the Wind River Range: northeast, southeast, 

southwest, and northwest.  At least eight of those sites were in each elevation class:  below 
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3,000 meters; 3,000-3,500 m; and above 3,500 m elevation.  Similarly, we stratified across 

northeast, southeast, southwest, and northwest aspects and within each elevation group we 

assigned at least two sites for the four available aspects.  We chose to use the intercardinal 

directions because weather patterns in the Wind River Range primarily come from the 

northwest and southeast. To ensure potential sites covered a broad range of available 

climates, we visually assessed precipitation and maximum and minimum temperature PRISM 

data for January and July of each year from 2000-2009, choosing potential sites that covered 

a broad range of pixel values for each of the climate variables. Similarly, we used NAIP 

aerial imagery from July 2009 to look for variation in forage availability as well as site 

microclimate indicated by snow presence. In our list of potential sites, we included both sites 

with lingering snowfields and snow-free sites as well as sites with evident patches of 

vegetation and sites with little to no apparent vegetation. We ultimately selected 43 survey 

sites (2540-3926m) in 2010, based primarily on covering the broadest range of attributes 

possible and also on accessibility. To ensure we sampled potentially suitable sites, we only 

surveyed sites with at least 75% talus as ground-truthed in the field. We resurveyed 9 of the 

43 sites in 2011 that included low, mid, and high elevations, all aspects, and each of the four 

regions of the range to allow us to test for year-effects.    

 

In 2011, we conducted surveys in our second focal mountain range, the Bighorns, which lie 

approximately 200 km northeast of the Wind River Range.  Similar in geology, climate and 

wildlife communities, the Bighorns served as an appropriate comparison study site to test the 

generality of patterns observed in the Winds. We chose 60 potential sites in the Bighorns 
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using the same methodology of stratifying survey sites across habitat and climate attributes 

and surveyed 40 sites from 25 June- 13 August 2011 (2158-3897m). 

 

Field methods 

At each site, we conducted scat surveys for relative pika abundance. Scat counts have been 

widely used as a metric of relative abundance, including for lagomorph species and for other 

alpine-dwelling species (Krebs, 1987, 2001; Murray, 2002; Karel et al., 2004).  Pikas, like 

their lagomorph relatives, defecate frequently and their scat is conspicuous. Pika scat can 

persist through multiple generations and even up to decades in the Great Basin (Nichols, 

2010).  Using scat as an estimate of abundance allowed us to index site suitability to support 

persistent pika populations through time and more easily avoid the effects of 1) single-year 

stochastic events and 2) metapopulation dynamics typical of this species (Moilanen, 1998) 

than if aural or visual pika detections were used.  Even though pikas are typically 

conspicuous, weather and season strongly influences detections of pika individuals within a 

single day or across a season. We assumed that high-quality patches, which are less 

susceptible to environmental fluctuation, consistently support high numbers of pikas and had 

high scat abundance. Conversely, we expected lower quality patches to have predictably 

lower scat abundance and scat counts. Scat was therefore a more stable index of relative 

abundance and a suitable response variable with which to compare many broadly dispersed 

sites that can only be visited once or twice.   
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Scat surveys 

We sampled scat at each site along parallel line transects (Paterson et al., 1998). We 

established each starting transect end in one of three ways, as applicable to individual field 

situations: 1) where there was a talus/vegetation interface or 2) a distinct natural feature of 

the landscape (rock outcropping, cliff edge, etc.); or 3) where the slope aspect of interest for 

the particular site changed. Size and shape of the talus patch determined the number and 

length of transects (Heyward et al., 2005).  There were 1-5 transects per site that ranged in 

length from 53 to 254 m.  In cases where sites were established within an entire hillside or 

ridgeline of continuous talus habitat, we sampled three transects at 210 meters in length to 

maintain survey consistency and efficiency. Pika territories are generally about 30 meters in 

diameter (Smith, 1974a) and our approach allowed for survey of ~7 pika territories per 

transect. We decreased the 210-meter standard to two 150-meter transects for the Bighorn 

sites in 2011 to increase survey efficiency.  We consider this reasonable because we 

maintained consistent transect placement and sampling methods. For sites smaller than 8 pika 

home ranges, we placed parallel transects 30 m from one another to allow for approximately 

1 pika home range between surveyors (6 sites of 83).  All other sites were 60m from one 

another on the slope, and allowed for two approximate home ranges between surveyors 

within a site.  

 

Two surveyors searched their respective line transects simultaneously.  Starting at one 

transect end and positioned up/down slope from one another, surveyors moved along a 

bearing perpendicular to the fall line, searching their respective parallel transects within the 

talus patch.  Surveyors moved slowly along the transect within 2 meters from the line 
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searching crevices and spaces between and among rocks for scat. A width of 4 meters was 

suitable for talus substrate because often times a majority of the survey line is made up of the 

surface of large rocks and the actual area for detecting scat occurs between and under rocks. 

We counted pellets singly up to piles of 25.  If a pile had more than 25 pellets, we simply 

recorded it as 25.  Other studies have used this number as a threshold to determine site 

occupancy (Millar & Westfall, 2010). Pika scat tends to be clumped, which made it suitable 

to record pellets within 1 m of a pile as the same detection.  

 

Forage availability 

We measured forage availability in two ways: patch forage and perimeter forage. We 

surveyed patch forage availability from the middle of the second transect or from a haypile 

within 12 meters of that point when available and used a point-intercept method modified 

from Wilkening et al. (2011).  If the middle of the second transect was determined as not 

representative of the site, we moved the forage availability survey downslope 30 meters. This 

occurred in only a few cases when the point landed us on either a rock outcropping or in the 

center of the only meadow in the site. At the survey point, we used two perpendicular 

intersecting 50 meter transects to record vegetation cover for forage availability at 1 meter 

intervals along transects for a total of 100 points per survey.  We recorded basal cover 

(bottom of the pin-flag), available canopy (features that hit the pin-flag up to a meter above 

the ground) and unavailable canopy (features greater than a meter above the ground) using 8 

cover classes (Rock/lichen on rock, bare ground/litter, grass, forb, shrub, tree, cushion, non-

vascular). We counted all points that had the latter 6 classes for either basal cover or 

available forage as available forage for pikas. As generalist foragers, they collect several 
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different vegetation types for foraging and caching for winter (Dearing, 1996).  The number 

of points out of 100 that touched vegetation was our estimate of percent forage availability 

for a representative site within the survey patch. 

  

We also measured perimeter forage availability. Talus-field edges are variable in nature; 

some are distinct talus-meadow edge, while others are less defined. Pikas show a preference 

for habitat closer to a talus-meadow interface but will range up to hundreds of meters in 

pursuit of forage particularly at high elevations (Huntly et al., 1986; Smith, 1974b).  We 

designated each meter along the survey line as “edge” if it was within 15m of a distinct talus-

meadow edge (visual estimate of greater than 75% vegetation cover).  We calculated a 

percentage of total meters surveyed designated as “edge” meters for each survey site for an 

estimate of perimeter forage availability.  

 

Habitat attributes 

Talus interstices are a critical habitat feature for pika thermoregulation.  We estimated talus 

depth as an indicator of interstices at the ends and at every 30m of each transect in 2010 and 

at every 3 meters in 2011.  A 2-meter snow probe was laid on the surface of the talus to 

approximate the surface of a 1-meter radius plot. Within the 1-meter radius plot, we 

measured the distance between the bottom of the deepest crevice to the estimated talus 

surface. We estimated the talus surface to the bottom of the deepest crevice within the 1-

meter radius plot to the nearest 0.5 m in the Winds in 2010 and 0.05 m in the Bighorns in 

2011.  We estimated elevation and aspect in the field and refined them using ArcGIS in the 

lab. We also quantified the elevation difference to the nearest summit using ArcGIS.  
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Surveyor bias 

Four observers participated in our surveys in each year (2010 and 2011), two of which 

participated both years for a total of six unique observers. To minimize potential observer 

bias, observers were arbitrarily assigned surveys across varying site characteristics both 

years.  To assess bias, in 2011 each of the four researchers surveyed the same ten extra “test 

transects” (each 60 m in length).  We used these data in a one-way ANOVA to test for 

observer differences.  There was no difference between observers (F2,27 = 0.69, p = 0.51), and 

we assumed potential observer differences were similar in 2010.   

 

Analyses 

We tested the support for our three hypotheses (summer heat, winter cold, and forage 

availability) by developing 39 general linear models that included different combinations of 

linear and quadratic effects of 6 explanatory variables.  We chose elevation, aspect, and 

elevation difference to nearest summit as potential proxies of climate as well as talus depth 

and two metrics of forage availability to account for habitat features expected to be 

meaningful to pikas though not necessarily indicators of climate. We used an information 

theoretical approach, specifically, Akaike’s Information Criteria corrected for small sample 

size to select the best-supported models for each of the two datasets (Winds 2010 and 

Bighorns 2011).  For a combined analysis of the two ranges, the top model from each range 

was tested with models that included potential interaction terms with range/year.  The AICc 

framework allowed us to identify patterns observed in each mountain range separately to test 

the generality of the top models and then identifying a more comprehensive model via the 

combining of the two range models.  
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RESULTS 

Winds analysis 

Scat/m2 ranged from 0.04 to 0.63 at sites (n = 43) in the Winds in 2010 with a mean of 0.27 ± 

0.027 SE. Linear and quadratic terms of elevation and a linear term of patch forage 

comprised the top AICc model, with closely related models indicating support for similar 

variables (Table 2).  Summed AICc weights of all models that included patch forage and 

elevation showed overwhelming support for those variables.  Relative abundance showed an 

approximate threshold of about 3600 meters elevation beyond which abundance decreased 

(Figure 1). The best supported relationship between patch forage and scat/m2 was linear 

(Figure 1).  A number of other variables had little to no support as predictors of abundance 

including aspect, talus depth, elevation difference to nearest summit.  

 

Bighorn analysis 

Scat/m2 ranged from 0.00 to 1.91 at the Bighorn 2011 sites (n = 40) with a mean of 0.59 ± 

0.087 SE.  The AICc analysis showed a strikingly similar pattern to that shown in the Winds, 

with the best-supported model including linear and quadratic terms of elevation and linear 

term of perimeter forage, followed by models with similar terms (Table 2).  Summed AICc 

weights of all models that included elevation and perimeter forage showed overwhelming 

support for those variables. Relative abundance as a function of elevation dropped off at 

approximately 3300 meters elevation (Figure 1). The best supported relationship between 

perimeter forage and scat/m2 was linear (Figure 1).  
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Combined analysis  

We tested the top models from each range with possible interaction terms to obtain a 

combined model for predicting scat abundance.  The top model included a year effect, 

interaction terms of year and, both linear and quadratic terms of elevation and patch forage 

(Table 3). The combined dataset allowed for a modeled prediction across the two ranges 

(Figure 2). Patch forage and scat abundance at high elevation sites were consistently lower 

than at low elevations for both mountain ranges (Figure 3). Our data show a narrow elevation 

band (~600 m) specific to each mountain range (Winds: ~3000-3600 m and Bighorns: 

~2700-3300 m) with the widest breadth of abundances. This optimal elevation band was 

shifted about 300 m higher in the Winds; however the shape of the observed pattern holds for 

both mountain ranges. The upper end of this optimal range also corresponds with peak forage 

availability (Figure 4).  

 

Year-effect 

Our significant result of difference between sites surveyed in the Winds in 2010 and 

resurveyed in 2011 indicates either a year effect where there were more pikas the second year 

or what we believe is an artifact of increased surveyor efficiency in 2011. We also used a 

paired-samples t-test to compare scat abundance at sites that were surveyed in both 2010 and 

2011. There was a significant difference between 2010 (X=0.28, SD=0.20) and 2011 

(X=0.57, SD=0.31) for the Wind sites that were resurveyed; (t(9)= -6.015, p=0.0003). 

However, counts were strongly correlated across sites (r(7) = 0.93, p=0.0002) indicating 

either a large change in pika abundance or an increase in surveyor efficiency, which we feel 

is more likely.  



14 
 

DISCUSSION 

Results from our study provide some understanding about what limits pikas in our region of 

the North-Central Rocky mountains.  Our top model provides support for each of our three 

hypotheses of summer heat, winter snowpack, and forage availability. Elevation is inversely 

related to temperature and therefore low elevation temperatures are expected to be warmer.  

Low abundances found at low elevation sites support the summer heat hypothesis that high 

summer temperatures are limiting pikas in our region.  Pikas maintain body temperatures that 

are a mere couple of degrees from their upper lethal temperature (MacArthur & Wang, 

(1973) and can perish if exposed to temperatures above 26°C for an extended period of time 

(Smith, 1974a). Their sensitivity limits their ability to occupy some regions of otherwise 

suitable habitat (Beever et al., 2010).  In our study area, sustained maximum air temperatures 

above 25.5°C were rare but not completely absent and appeared to coincide with peak 

growing season when pikas are collecting hay for winter storage. The low abundances at low 

elevation also support the winter snowpack hypothesis where we expected to see low 

numbers due to exposure from melt-freeze cycles. While our results support both the summer 

heat and winter snowpack hypotheses, additional factors of what limits abundances at lower 

elevations should be considered. Investigation of temperature sensor data and remotely 

sensed climate data in Chapter 2 analyses directly test if temperatures reached limiting 

thresholds and/or if snow cover during winter months was variable.  

 

We also found low pika abundance at high elevation sites, which supports our winter 

snowpack hypothesis whereby we expected exposure at high elevations from windswept 

slopes to cause low abundance. Many have suggested that pikas will move upslope with 
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warming temperatures (Krajick, 2003; Lovejoy, 2008). Some populations have already 

shifted their elevation range in the Great Basin at sites surveyed in the mid and end of the 

21st century (Beever et al., 2010).  While pikas are retracting from low elevations in some 

parts of their range, our data suggest that high elevation sites may not be a suitable refuge 

from climate change at all latitudes. Rather than moving upslope with climate change, pika 

abundance appears to be constrained by an upper elevation limit. The distinct pattern of 

abundance decreasing precipitously at 3600 m in the Winds and at 3300 m in the Bighorns is 

suggestive of a threshold elevation specific to conditions of a particular mountain range that 

limit pika abundance at high elevation sites. The upper elevation limitation may be related to 

some aspect of climate, and/or as our data suggest, forage availability may be an important 

limiting factor at those sites. We speculate that high elevation sites may be sink habitats for 

this territorial species. Juveniles disperse up to several kilometers as they are pushed out of 

high quality occupied habitat and may consistently spill over to high elevation sites. Whether 

these sites sustain populations throughout the year or consist mostly of dispersing 

individuals, to our knowledge, has not been examined. We were unable to determine age 

class of individuals with high confidence in our study, however our anecdotal observations 

suggest many individuals at those highest sites appeared to be juveniles. Work specifically 

focused on assessing ages and quantifying demographic rates at a range of elevations could 

be highly informative. We recognize that elevation does not inherently drive pika 

abundances, but rather, elevation in our region is likely indexing some habitat and/or climate 

feature or combination of features. Determining which variable or variables elevation is a 

proxy of in our study area is the primary focus for Chapter 2 analyses.  
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While our data suggest an elevation band at which pika abundance appeared to be optimized, 

we also observed some low abundances at mid-elevation sites. The mechanisms underlying 

this wide variation in abundance remain unclear. Habitat features that we did not test such as, 

microclimate characteristics and/or metapopulation dynamics are possibilities, though our 

data suggest that forage availability is influential.  

 

The positive linear relationship between abundance and forage in our top model supports the 

forage availability hypothesis. Forage within the patch and around the perimeter were among 

the best predictive variables for the Winds and Bighorns respectively. While they measure 

different aspects of food abundance, both are indicative of the same general feature. Since 

resource availability influences the abundance of many species, the positive linear 

relationship of forage and abundance is not surprising.  However, our result shows forage 

plays a particularly important role in this system and had stronger support than talus features 

and potential climate proxies tested.  Pikas are generalist foragers and in our study area will 

collect many types of grasses, forbs, shrubs, moss, and tree clippings, to add to their haypiles. 

Even though pikas can range up to hundreds of meters in search of forage, they often forage 

within their territory (Huntly, 1987). Forage available within the patch is likely important for 

enabling pikas to cache as much vegetation as possible during the short alpine growing 

season while still being able to defend collected hay. Talus patches with a distinct talus-

meadow interface often have higher density of pikas at those interfaces and provide a single 

abundant food source to sustain many individuals (Huntly et al., 1986; Smith, 1974b).  
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The upper end of the optimal elevation range corresponds with our perimeter forage 

availability data, which specifically quantifies talus-meadow interfaces and declines 

precipitously at 3600 m in the Winds and 3300 m in the Bighorns. Alpine meadows are an 

important resource to sustain abundant pika populations.  A combination of factors including 

geologic forms and processes as well as climatic conditions are among the factors that 

influence alpine meadow and treeline distribution (Malanson et al., 2007). The treeline in the 

Winds, which is indicative of alpine-meadow habitat, is reported at about 500 m higher in the 

Winds than the Bighorns, paralleling our result of the optimal elevation band being a few 

hundred meters higher in the Winds. Pika abundances appear to be limited by forage 

availability, specifically the talus-meadow edge feature at their upper elevation, which is in 

part, influenced by climate. A talus-meadow interface allows for a high concentration of 

forage available to pikas living near the talus edge and our work suggests is an important 

habitat component for pikas.  

 

In alpine habitat, water availability is driven by precipitation patterns and snowpack 

persistence and is available to alpine dwellers via run-off, ephemeral streams, and water 

content in forage. In the Southern Rocky mountains, precipitation is shown to be the 

strongest predictor of pika persistence (Erb et al., 2011). The proposed mechanisms to 

explain the limitation of precipitation on pika distribution include inadequate water content in 

forage, insufficient winter insulation or a combination of the two factors. We recognize that 

forage as a predictor of pika abundance does not only reflect the amount of food available but 

also the amount of moisture, however, this may only be true for our mid and lower elevation 

sites. High elevation forage availability is not a reliable indicator of site moisture, rather, 
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forage growth is likely more limited by soil structure and the length of snow-free days during 

summer months at high elevation (Körner, 2003).  We conclude that site moisture may be 

indexed by forage availability at our mid and low elevation sites, and different climate 

dynamics are likely playing out on the high elevation sites compared with low sites.   

 

Forage availability was a much stronger predictor than the talus feature we tested, talus 

depth. Talus characteristics such as rock color and block size have recently been considered 

as potentially important features in determining thermal conductivity of talus and influencing 

the pikas ability to buffer against climate.  We feel these characteristics are of little 

importance since pikas should be well sheltered by daily temperature oscillations according 

to characteristic length scale around 1 m below the talus surface where pikas retreat for 

thermoregulation (Anderson pers. comm., 2011). Therefore, we considered talus depth as the 

most likely measureable talus feature meaningful to pikas. Depth roughly quantifies talus 

interstices available to pikas for thermoregulation.  Our results show the talus feature we 

measured was among the poorer predictors of pika abundance tested, placing less importance 

on fine-scale talus characteristics. We suggest that a signature of thermal buffering against 

climate happens at such a fine scale, that any site with buffering capabilities and sufficient 

forage that a dispersing individual can find, can be suitable. The patterns of abundance with 

elevation show that such sites most often occur within the elevation range described.   

 

We made several assumptions in our study that we outline here. Careful consideration of pika 

life history supports our assumption that pika abundance is a reliable indicator of habitat 

suitability. Habitat quality is an important predictor of persistence for pikas and several other 
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classic metapopulation species and territorial species (Franken & Hik, 2004; Fleishman et al., 

2003; Thomas et al., 2001; Jones, 1990).  Pikas are site-faithful and have small homeranges. 

After dispersal, they occupy a territory for their lifetime without seasonal movement and 

therefore are susceptible to whatever ambient abiotic and biotic conditions exist in that 

particular site. With very little movement of individuals post-dispersal we expect that the 

numbers of pikas in a patch should be a good indicator of how well that patch supports pikas. 

We expected that patches with suitable talus habitat, plentiful forage, and adequate abiotic 

conditions would generally have higher abundance.  

 

In our study we assumed scat densities provide a reliable index of relative pika abundance.  

While most pika studies use direct sign to confirm site occupancy, we were interested in 

obtaining a relative measure of overall site suitability to sustain pika populations. Timing of 

parturition and dispersal of juveniles as well as daily fluctuations in weather could greatly 

affect aural and visual abundance estimates. One caveat regarding our use of scat is that 

abiotic site conditions could affect scat persistence. We assumed that pellets accumulate and 

degrade similarly across all sites. Under these two assumptions, consistently good patches 

will likely remain densely occupied and should therefore have higher scat counts.  

 

We observed higher abundance of sites surveyed in 2011, both Wind resurveys (n = 9) and 

the Bighorns sites. An actual increase in abundance of pikas at resurveyed sites in the Winds 

is an unlikely scenario particularly in a species that displays metapopulation dynamics and 

has a patchy distribution (Hanski, 1991).  Survey methods were consistent across years, 

however, experience and our more specific protocol likely accounts for the difference 
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between years. We are confident that samples within the same year are consistent relative to 

one another and therefore reflect a relative comparison within the same year. The difference 

between years did not affect our analysis because we analyzed the two ranges separately and 

compared observed patterns. Furthermore, we accounted for the difference in the combined 

analyses by adding a year term to the 2011 Bighorns data. Overall, the issue of identifying 

whether we are observing an actual increase of abundance or surveyor efficiency is not 

uncommon and we are confident in our assessment and understanding that the result does not 

influence our findings in this study.  

 

Our results were similar across both the Winds and Bighorns suggesting similar patters 

across the broader North-Central Rocky mountain region. While the forage availability 

metrics differed between ranges, the relationships were similar and the variables were 

comparable.  By pooling the data for a broader analysis including both ranges, we produced a 

comprehensive model for pika abundance given forage and elevation predictors. The model 

predicts few individuals at both low and high elevations and at low forage availability. Our 

model is best suited for the habitat type and range of elevations we sampled (2200 – 4000 m).  

We did not sample any sites at mid elevations with the extreme of high forage availability. 

Such habitats are rare but not inconceivable, and would likely provide insufficient habitat 

cover to support large abundances contrary to what our model would predict. We expect that 

the specific relationship of pika abundance to elevation and forage is appropriate to the 

North-Central Rocky mountain region.  
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Our work here shows that pika abundance in the North-Central Rocky Mountains can be 

predicted by forage availability and elevation.  Highest and lowest elevation sites host some 

of the smallest populations while there is an elevation band, specific to each mountain range, 

with the widest breadth of pika abundances.  The optimal elevation band aligns with sites that 

have talus-meadow edge.  Both within-patch forage and perimeter forage are important site 

features and may be indicative of a balance of site water availability and reasonable number 

of snow-free days for pikas to begin their summer tasks such as reproduction and gathering 

hay for winter.  

 

While there is strong support for warm temperatures driving pika declines in the Great Basin 

and linkages between extirpations and consistently dry sites in the Southern Rocky 

Mountains (Erb et al., 2011), our work addressed what limits pikas at more northern 

latitudes.  Habitat and climate features posing limits on populations appear to differ across 

the species range and are seemingly context-dependent even between different elevations. 

We found clear patterns of abundance in relation to the habitat metrics of elevation and 

forage availability in two distinct mountain ranges.  Our work therefore contributes to the 

broader knowledge of what limits pikas in a region of previously little study and adds to our 

understanding of how this species and their alpine cohorts will be influenced by future 

climate changes range wide.   

 

Conservation implications 

We found pikas in almost all locations of apparently suitable and even sometimes marginal 

habitat, indicating healthy populations in our areas during the two years of the study. The 
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elevation and forage patterns appear to be consistent and applicable for at least some portion 

of the North-Central Rocky Mountains.  The elevation limit on pika abundance we described 

here suggests that in our region what limits pikas may not be as straightforward as hot 

temperatures driving distribution, but rather a combination of limitations affecting pikas 

differently at the edges of their elevational range limits.  

 

Pikas play an integral role in alpine communities by facilitating nutrient richness, aiding in 

succession of the plant community, and providing a critical prey base for many predators 

(McIntire & Hik, 2005; Ivins & Smith, 1983). As a highly integrated species of alpine 

habitat, pikas are considered a potential indicator because of their sensitivity to climate and 

conspicuous nature, and have been regarded as a canary in the coalmine. While they may be 

an indicator of change in some regions of their range, we suggest that in our region, 

dynamics are complex.  Pikas may be resilient to change given sufficient forage and climate-

buffering habitat. However, the upper elevation limitation is contrary to current 

understanding that the lower elevation range limit is the main driver of pika distribution. We 

know that the planet is warming up and all elevations are predicted to experience higher 

temperatures over the next several decades. How that affects the upper elevation limit of this 

species is yet to be investigated, however, we suspect that influences may manifest in 

precipitation patterns or in alpine plant community distribution. Previous research and the 

ESA decision to not list the pika revealed patterns dependent on geographic range context.  

Here, we show that even within a single region, pikas are likely limited by disparate factors 

at different ends of their elevational range. Sole use of their distribution or abundance as an 

indicator of change of alpine habitats throughout their range is risky because climate effects 
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on pikas are context-dependent. Furthermore, broad-scale generalities such as the speculation 

that pikas will migrate upslope in response to climate change as previously suggested are 

likely an oversimplification. Particular attention to drivers of pika distribution specific to a 

portion of their range may be vital in making accurate evaluations of climate impacts.  

 

Our work suggests that optimal pika habitat is at mid-elevation sites.  We conclude that 

critical sites to consider for pika conservation and protection should not be limited to 

mountaintop peaks. A more precise approach would focus on protecting mid-elevation sites 

with abundant forage.  Such sites of optimal habitat are often characterized by high alpine 

flora and faunal diversity and in the North-Central Rocky Mountains, are often found in 

protected wilderness areas. With continued climate change shifting alpine habitat dynamics 

and distribution as well as anthropogenic encroachment in some areas, such habitats will be 

increasingly threatened in the near future. We suggest that a successful monitoring approach 

would focus on a range of elevations with several sites at both particularly low sites and 

particularly high elevation sites.  An investigation into long-term changes in forage 

availability and phenology at monitoring sites as well as population dynamics at high 

elevation sites would be very useful contributions to pika research in the future. Further work 

describing the mechanism of how elevation limits pikas will add to our understanding of the 

complexities of this climate-species relationship and add to the value of future predictions of 

pika distribution and abundance.    
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TABLES 

Table 1 Description of habitat variables and potential climate proxies used in general linear 

models and model selection analyses of relative pika scat abundance.  N/A refers to variables 

included in models as a necessary component of pika habitat but not considered a potential 

climate proxy.  

 

Variable Description Climate proxies 

Elevation Elevation (m) Inversely related to 

        temperature 

Aspect Slope direction (degrees) South and west are  

        warmer aspects 

Elevation difference  

        to nearest summit 

Difference of mean site elevation 

       and elevation of nearest summit 

Index of wind and  

        melt/freeze exposure  

Talus depth Mean estimate of talus interstices N/A 

Patch forage Forage availability estimated within 

      the patch 

N/A 

Perimeter forage Forage availability estimate of 

    distinct talus-vegetation interface 

N/A 
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Table 2  Results of general linear models explaining relative scat abundance in the Winds 

and Bighorns.  Models evaluated were based on Akaike information criterion corrected for 

small sample size (AICc) with ∆AICc within 4 units of the top model.  Model weights (wi) 

are calculated for each model based on the number of parameters (k) and number of sites 

sampled (n). General linear models adjusted r2 values are also reported.  See appendix A 

(Table 5) for full list of models. 

 

                                  Top models n k AICc ∆AICc wi adj r2 

Winds       

(elevation), (elevation2), (patch forage)  43 4 -159.97 0 0.44 0.32 

(elevation), (elevation2), (patch forage), (patch 

forage2) 43 5 -157.76 2.21 0.15 0.31 

(elevation), (patch forage) 43 3 -157.01 2.97 0.10 0.25 

(patch forage), (position on slope) 43 3 -156.12 3.86 0.06 0.24 

Bighorns       

(elevation), (elevation2), (perimeter forage) 40 4 -63.57 0 0.36 0.40 

(elevation), (elevation2), (perimeter forage), 

(perimeter forage2) 40 5 -61.64 1.93 0.14 0.40 

(elevation), (elevation2), (patch forage) 40 4 -61.09 2.48 0.10 0.37 

(elevation), (elevation2) 40 3 -60.74 2.83 0.09 0.34 

(elevation), (elevation2), (aspect) 40 4 -59.94 3.64 0.06 0.35 
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Table 3 Results of general linear models explaining relative scat abundance for the combined 

ranges dataset.  Models evaluated were based on Akaike information criterion corrected for 

small sample size (AICc) with ∆AICc within 4 units of the top model.  Model weights (wi) 

are calculated for each model based on the number of parameters (k) and number of sites 

sampled (n). See appendix A (Table 7) for full list of models. 

 

 

Top models n k AICc ∆AICc wi adj r2 

(elevation),(elevation2),(patch forage), 

(year), (elevation*year), (elevation2* year) 
83 7 56.87 0 0.18 0.45 

(elevation),(elevation2),(patch forage),(year), 

(elevation2* year) 
83 6 57.13 0.26 0.16 0.44 

(elevation),(elevation2),(perimeter forage),  

(year), (perimeter forage*year),  

(elevation*year),(elevation2* year) 

83 8 57.74 0.87 0.12 0.45 

(elevation),(elevation2),(patch forage), (year),  

(elevation*year) 
83 6 57.85 0.99 0.11 0.43 

(elevation),(elevation2),(patch forage), (year),  

(patch forage*year), (elevation*year),  

(elevation2* year) 

83 8 58.72 1.85 0.07 0.45 

(elevation),(elevation2),(patch forage), (year),  

(patch forage*year), (elevation2* year) 
83 7 58.86 1.99 0.07 0.44 
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Figure 1 Pika scat/m2 at survey sites in the Wind River Range, WY in 2010 as a function of 

elevation (A) and patch forage availability (B) and in the Bighorn range in 2011 as a function 

of elevation (C) and perimeter forage availability (D) indicated with black dots. The solid 

black curve in each panel shows the predicted relationship of the top model of each 

respective range, holding patch forage (A), perimeter forage (C), and elevation (B, D) at the 

respective mean values. 

 

Figure 2 Pika scat/m2 as a function of elevation. The curves represent the predicted 

relationship of the top model for the combined analysis for a range of elevations while 

holding patch forage at its mean for the Winds and the Bighorns.  Winds data are in black 

and Bighorns data are in gray. See appendix A for full list of models.  

 

Figure 3 Pika scat/m2 as a function of patch forage availability with elevation <3100m in 

white, >3100 and < 3500m in gray, and >3600 m in black for the Winds (A) and the 

Bighorns (B). 

 

Figure 4 Patch forage in white triangles and perimeter forage in black triangles as a function 

of elevation with forage availability axes represented on the left.  The curves represent the 

predicted relationship of the top model for each respective range Winds (A) and the Bighorns 

(B). Scat/m2 model axes are on the right. 
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CHAPTER TWO 

Investigating the strength and utility of climate variables as indexed by elevation and 

their influence on relative American pika (Ochotona princeps) abundance.  

 

ABSTRACT  

Understanding the mechanisms by which climate determines range limits is critical for 

prediction of climate change effects on species and ecosystems. Many studies of range shifts 

resulting from climate change actually use elevation or latitude as proxies for climate effects, 

with no confirmation of how these geographic variables translate to actual climate influences. 

In previous work we found that elevation and forage availability were strong predictors of 

relative pika (Ochotona princeps) abundance indexed by scat/m2. Here, we test the utility and 

explanatory strength of interpolated and climate sensor data to identify influential factors 

indexed by elevation. Hot summer temperatures, winter snowpack and forage availability all 

potentially limit pika abundance, and we investigated patterns of climate variables related to 

these hypotheses. Temperature and summer precipitation variables influenced pika 

abundance and indicated potential limitations on pikas via both forage availability and 

snowpack. Data from local micro temperature loggers were stronger predictors of pika 

abundance than interpolated climate data.  Our data exemplify the complexities of climate 

effects and suggest that climate influences on pikas in our region may primarily arise through 

effects on food availability. With ongoing climate warming, the range of thermal tolerance of 

pikas may move upslope far more rapidly than developed alpine-meadow ecosystems, 

resulting in a disconnect between thermal suitable pika habitat and the range of elevation 

with abundant forage.  
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INTRODUCTION  

Climate is widely recognized as a fundamental factor that regulates species’ distributions and 

abundance and influences fitness components. Because climate is often assumed to change 

along gradients in simplistic ways with measureable spatial features such as elevation and 

latitude, these features are commonly used as proxies for climate in predicting species 

distributions and in interpretation of range shifts and their links to climate change (Parmesan 

& Yohe, 2003; Moritz et al., 2008; Bruun et al., 2006). For example, many researchers have 

predicted that species will migrate upslope with ongoing climate change under the 

assumption that temperature gradients are strongly related to elevation. However, orographic 

and climate complexity in mountain systems means that climate changes in mountain 

ecosystems are likely to be multifaceted and cannot necessarily be assumed to vary in 

simplistic ways across latitudes or elevations. Investigation into which climate factors for 

which elevation is a clear and consistent proxy, will allow for more accurate evaluation of 

species risk and better prediction of species responses to climate change.  

 

Alpine ecosystems are expected to be particularly at risk from climate change (Beniston, 

1997; Theurillat & Guisan, 2001). Species of alpine systems rely on cool temperatures, are 

often poor dispersers, have small home ranges, and often have a limited range of suitable 

climate conditions (Ohlemuller et al., 2008). For many alpine-dwelling species, elevation can 

be thought of as a proxy for climate conditions that influence species abundances. The 

American pika (Ochotona princeps), a tenant of alpine habitats in western North America, is 

an ideal species to investigate the interacting limitations of climate and elevation. Pikas have 

a distinctive suite of natural history traits that make them vulnerable to limitation by ambient 
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climate conditions year-round. These small, hare-like mammals remain active through 

winter, maintain a high metabolic rate, have small territories, and require refugia for 

thermoregulation.  Because of these qualities and their influence on alpine communities, 

pikas are an emblematic species of alpine habitats and are widely viewed as an indicator of 

change in these systems (Bradbury, 2003; McDonald & Brown, 1992). However, a decision 

to not list the pika under the Endangered Species Act was in part based on the need for more 

information of pika status and climate effects throughout its range (Christ, 2010).   

 

Past work on population extirpations in parts of pika range found associations with rising 

temperatures and consistently arid conditions (Beever et al., 2003; Erb et al., 2011), with 

subsequent work at the same sites suggesting that cold stress and forb cover were also strong 

predictors of population persistence, (Beever et al., 2010; Wilkening et al., 2011). Higher 

frequency of melt-freeze cycles and a lack of insulating snow are hypothesized to lead to 

cold stress in other parts of their range (Beever et al. 2010; Ray, pers. comm). However, in 

other regions, stable populations are the norm, including at some exceptionally low elevation 

sites (Millar & Westfall, 2010; Beever et al., 2008; Simpson, 2009). With such variation in 

climatic effects throughout pika range, three prominent hypotheses have emerged to explain 

what factors limit pikas; summer heat causing acute and/or chronic heat stress; lack of 

insulating winter snowpack leading to acute cold stress; and limited forage that does not meet 

the needs of pikas to store large amounts of food to survive the winter. What remains most 

unclear is how climate influences pikas in more mesic and northerly areas.  
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In Chapter 1, we used the common approach of quantifying measurable habitat features to 

create a predictive model of relative pika abundance and found elevation to have strong 

explanatory power; a pattern that was consistent across two geographically distinct mountain 

ranges in the North-Central Rockies. Assuming elevation is inversely related to temperature, 

if pikas simply preferred cooler habitat in our region, we would expect high pika numbers at 

the high elevations, whereas this is not what we found. Mid-elevation sites allowed for the 

highest relative pika abundance and forage availability, therefore indicating elevation as a 

proxy of a climate factor or combination of factors other than simply temperature. Elevation 

potentially influences multiple climate factors that may change at different rates with 

elevation, making predictive models based on elevation of limited utility. Investigating what 

specific factors of climate elevation is a proxy of allows us to identify the mechanisms by 

which pikas are limited by climate.   

 

In this portion of our study, we used two approaches to delineate which aspects of climate are 

indexed by elevation to explain why we see such strong patterns of relative pika abundance 

with elevation. First, we quantified climate using interpolated and remotely sensed 

precipitation (PRISM), temperature (PRISM), and snow cover data (MODIS and SNODAS) 

and second, we used local micro-temperature sensor data loggers. Next, we tested the ability 

of alternative climate variables or explanatory factors to predict pika abundance.  
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METHODS 

Study area and field methods 

We chose a set of survey sites covering a broad range of topography, climate, and habitat 

features to conduct pika abundance and habitat surveys across the Wind River mountain 

range in 2010 (n = 43) and the Bighorn mountain range in 2011 (n = 40). At each survey site, 

we conducted scat surveys to estimate mean scat density, which we use as an index of 

relative pika abundance. We assessed several metrics of relative pika abundance and decided 

scat density was the most stable one as it is the least affected by weather and seasonality and 

likely reflects long-term abundance. We also collected data on habitat characteristics, two of 

which measure food availability (forage within the patch and forage around the perimeter) 

and showed far more predictive power than any other habitat feature. Other habitat features 

included: elevation, slope aspect, elevation difference to nearest summit, and talus depth. The 

methods we used to collect these data are described in detail in Chapter 1. 

 

CLIMATE DATA 

PRISM temperature and precipitation 

We derived variables from a Parameter-elevation Regression on Independent Slopes Model 

(PRISM) climate dataset (http://prism.oregonstate.edu, created 2 August 2004 – 8 June 

2010.). PRISM data are generated from a model that produces pixel values from interpolated 

spatial point data combined with a digital elevation model (DEM).  These data are well suited 

for predictions in complex terrain because they account for predictable mountain climate 

patterns and spatial scale of precipitation and temperature. We obtained monthly means for 

precipitation, minimum and maximum daily temperature data for all months from January 
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2000 to December 2009 from PRISM Climate Group, Oregon State University. We 

generated ten-year averages of five variables: annual minimum (1) and maximum 

temperatures (2), winter (3), summer (4), and annual precipitation (5). We designated 

November-April as winter months and May-October as summer for the seasonal precipitation 

variables. While the three precipitation variables were substantially correlated, we kept all of 

them because they index different potentially important aspects of precipitation (Table 1).  

 

SNODAS snow depth  

The SNOw Data Assimilation System is a model that combines satellite imagery with station 

data to estimate snow cover and several derived variables.  We obtained daily snow depth 

estimates at 1 km spatial resolution for the Wind River Range from National Snow and Ice 

Data Center for 30 September 2003 to 2 December 2010 (http://nsidc.org/data/polaris/ 

accessed on December 2, 2010). We calculated five average values from the seven-year 

SNODAS dataset for our analyses: winter length (1), depth (2), number of days during winter 

with <10 cm (3), number of days during summer with >10 cm (4), and number of days 

during summer with >5 cm (5). We defined start of winter as the date at which snow depth 

was greater than 20 cm for at least 3 days in a row, and the end of winter as the date at which 

snow depth was less than 10 cm and was not followed by a 20 cm day. We took the 

difference of these days to estimate winter length and calculated the mean depth during 

winter to obtain the average snow depth. We extracted measures of number of snow-free 

days during winter by counting the number of days during winter that had a snow depth <10 

cm. To quantify variability in snowpack in late fall and early spring we estimated the number 
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of snowy days during generally snow-free periods by counting number of days during the 

growing season that had snow depth >0 and >5 cm 9 (Table 1).  

 

MODIS snow cover 

We also acquired the daily remotely sensed snow cover data from National Snow and Ice 

Data Center at 500 m spatial resolution for 1 August 2000 to 15 July 2010 (MODIS/Terra 

Snow Cover Daily L3 Global 500m Grid, Version 5, tiles 10.4 and 9.4, from 

http://nsidc.org/data/modis). MODIS pixel values code for snow presence, absence, and snow 

cover uncertainties such as cloud cover, no data, or other uncertainty. We created a binary 

version of these data for all days and for each survey site by replacing all snow values with 

ones and all other values with zeros. We took a subset of these data using two example sites, 

one with a long winter and one with short winter and fit a range of logistic models from first 

to fourth order to investigate which relationship fit the effects of our data on probability of 

snow cover. We fit a third order model, which was flexible enough to fit our data without 

over-fitting to the data for each site and each year. We then used these fits to calculate two 

summary variables across the nine-year dataset: average annual (1) and average maximum 

probability of snow cover (2) and average winter length as the number of days that snow 

cover probability was greater than 25% (3) (Table 1).  

 

Temperature sensor data loggers 

We used thermochron iButton temperature sensors to measure ambient temperatures at all 

sites in the Wind River Range during the 2010/2011-winter season (model DS1921G 

temperature ranges -40°C to 85°C). We set all sensors to track temperature every four hours 
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(0200, 0600, 1000, 1400, 1800, 2400 hrs). We deployed a pair of sensors at the approximate 

center of each survey site within a haypile when available or otherwise beneath a potential 

haypile rock to record ambient temperatures that a pika at that site would likely experience. 

We sealed each sensor in a 0.5-ounce clear plastic case with approximately half of a teaspoon 

of anhydrous calcium chloride desiccant (DampRid). Each sensor was affixed to a rock using 

clear polyvinyl tape and heavy-duty weed whacker line. One sensor was deployed <0.25 m 

below the estimated talus surface and one was placed 0.5-1 m below the talus surface, within 

2 meters of the first. Because each site is unique in talus structure and block size, the surface 

can be quite variable; therefore the talus surface is a rough estimate but was as consistent as 

possible. Upon retrieval, several of the surface loggers were either missing, moved, or 

exposed to direct sunlight and therefore we chose to use the subsurface loggers for our 

analyses. Out of 43 sites, we retrieved 27 subsurface loggers that we are confident were not 

exposed to direct sunlight and that tracked temperature only from 19 September 2010 

through 17 August 2011. 

 

We derived nine climate summary variables from the temperature sensor data: number of 

days temperature reached <0, <-5, <-10°C; mean temperature of days below 0°C; number of 

days above 0, >10, >15°C; mean temperature of days above 0°C; average temperature of 

days above 0; and growing degree days (Table 1). To test for effects of an upper limiting 

threshold temperature, we used days that reached at least 15ºC. We counted the number of 

days below 0°C as a measure of length of winter and number of days below -5 and -10ºC to 

test for two proposed thresholds for acute cold stress on pikas (Beever et al., 2010; 

Wilkening et al., 2011). We used all days with temperature above 0ºC as the length of the 
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growing season and calculated the mean temperature of those days as an estimate mean 

summer temperature.  We calculated growing degree days by multiplying the length of the 

growing season by the mean temperature during the growing season to test the forage 

availability hypothesis. The mean summer temperature and growing degree days variables 

are metrics of climate conditions suitable for vegetation growth, while length of the growing 

season is an indication of absence of snow, therefore indicating two potentially very different 

aspects of the pika growing season environment.  We included all nine variables in our 

analyses (Table 1). 

 

Statistical analyses 

Preliminary analyses investigating general linear models followed by an information 

theoretic approach showed no significant effects of any SNODAS or MODIS variables on 

scat density.  Therefore, we ran two parallel sets of analyses, one using interpolated climate 

data (PRISM) and the other using local iButton temperature sensor data.  For each analysis, 

we developed a suite of explanatory general linear models including combinations of linear 

and squared terms of the climate data as well as forage and a year term. For each set of 

analyses, we used Akaike’s Information Criteria corrected for small sample size (AICc) to 

select the best-supported models given the data and the candidate set of models. 

 

We used the PRISM climate data across all sites in the Winds and Bighorn ranges and ran 

two analyses. First, we separately replaced the linear and squared terms of elevation in the 

best-supported model from our analyses in Chapter 1 (scat = elevation + elevation2 + patch 

forage + year/range) with the linear and squared terms of each of the five derived PRISM 
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climate variables, for a total of six candidate models including the original model with 

elevation. The purpose of this exercise was to specifically investigate which climate variable 

was the best surrogate for elevation in explaining relative pika abundance. Second, we 

created a suite of 28 candidate general linear models that included combinations of linear and 

squared terms of relatively uncorrelated (r < 0.5) PRISM climate variables followed by the 

same list of models with an added term for patch forage, for a total of 56 models (Table A4). 

We included a binary term in all models to account for survey year and/or mountain range.  

 

Using the subset of sites (27 of 43) in the Wind River Range with iButton data, we ran a 

similar pair of analyses as for the PRISM models. First, we replaced the linear and squared 

terms of elevation in the best-supported model from previous analyses in Chapter 1 (scat = 

elevation + elevation2 + patch forage) with each of the nine derived temperature sensor 

climate variables, for a total of ten candidate models including the original model. Second, 

we ran a set of 220 candidate general linear models that included combinations of linear and 

squared terms of relatively uncorrelated (r < 0.5) derived temperature sensor climate 

variables and with and without patch forage (Table A5).  

 

RESULTS 

PRISM data 

Summer precipitation was the best climate variable to replace elevation (wi = 0.0009; adj. r2 

= 0.28), though had very little relative support in comparison to the original elevation model 

(wi = 0.9986; adj. r2 = 0.39) (Table 2).  
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The top model in the full model set included linear and squared effects of mean summer 

precipitation but no other climate variables (Table 2). Summer precipitation increased with 

elevation and was generally higher in the Bighorns (Figure 1A). Scat/m2 was highest at mid-

mean summer precipitation and at mid-elevations and was lowest at both high and low 

summer precipitation and elevation (Figures 1B and C). Scat was higher in the Bighorns sites 

during the 2011 surveys than the Winds 2010 surveys (Figures 1B and C). The next several 

models had similar linear and quadratic combinations of mean summer precipitation and 

some support for linear and quadratic terms of mean maximum and minimum temperature.  

 

Forage carried the most support of all the variables and was present in almost all the top half 

of the model results (Table A4). A model consisting of just forage and year accounted for a 

majority of the explained variance in all the top models (adj. r2 = 0.23).  

 

Forage and summer mean precipitation had the highest summed AICc weights (Table 4). The 

next highest summed AICc weights were for both mean minimum and maximum temperature 

with little support for the remaining two precipitation variables.  

 

iButton temperature data 

The derived climate variables from the iButton data generally performed better than the 

PRISM variables in explaining scat abundance. In the models replacing elevation with each 

temperature variable, the five models that included days below -5°C, days above 10°C, mean 

summer temperature, growing degree days, and mean winter temperature all had greater 

explanatory power than the original elevation model (Table 3). Days above 10°C, mean 
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summer temperature, and growing degree days all decreased with elevation and were 

positively associated with scat; mean winter temperature also decreased with elevation but 

was negatively related to scat (Figure 2). 

 

In the full suite of models, the linear term of above 10°C and forage comprised the top model 

followed by several models with linear and squared terms of below -5°C (Table 3). Days 

above 10°C decreased with elevation and had a positive linear effect on scat (Figure 3).  

Days below -5°C increased with elevation (Figure 4A). However, the quadratic influence of 

below -5°C in several of the top model showed the lowest scat/m2 at both the lowest and 

highest number of days with below -5°C and the highest scat/m2 around a mid-range of days 

below -5°C (Figure 4B,C). Days below -5°C was positively related to scat at low elevation 

sites and a negatively related to scat at the high elevation sites (Figure 5).  

 

A model with only forage showed that the variance explained by the forage was relatively 

low (adj. r2 = 0.164 for this forage-only model versus 0.34 for the top model). Forage and 

days below -5°C had the highest summed weights. There was limited support for days below 

0, summer mean temperature, and growing degree days which were among some of the top 

models and which all had similar summed weights between (Table 4). The other variables we 

tested had even weaker explanatory power including growing season length, winter mean 

temperature, days below -10°C, and days above 15°C.  
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DISCUSSION 

Using derived climate variables from the PRISM and iButton datasets, we found strong 

effects of several temperature variables in relation to American pika abundance. The most 

important variable, days below -5°C, appeared to be beneficial for pikas up to a certain point, 

after which the relationship became negative indicating importance of presence of snowpack 

in relation to pika abundance. Days above 10°C, mean summer temperature, and growing 

degree days, which all which create conditions that have a positive influence on forage 

availability, were all strongly supported; all were also negatively related to elevation. Winter 

mean temperature was also negatively related to elevation showing some support for the 

winter snowpack hypothesis. Summer precipitation, a factor that influences forage 

availability during the growing season, was the only precipitation variable that showed 

important influences on relative pika abundance. Mean annual and winter precipitation as 

well as mean minimum and maximum temperature, days above 15°C, growing season length, 

and days below -10°C were all weak predictors of relative pika abundance.   

 

In all analyses, estimates of forage availability were consistently one of the strongest 

predictor variables and often accounted for a majority of the explained variance in a given 

model. Resource availability is critical for all species, and for herbivores, plant productivity 

enhances body condition and fitness potential therefore making forage availability influential 

on abundance and distribution of many species (Hutchinson, 1957; MacArthur & Pianka, 

1966). For pikas, who cache food for winter, the patchy distribution of forage on the 

landscape creates a wide range of forage availabilities. Pikas will move up to a few hundred 

meters for forage, but generally stay within a short distance of their territory to maintain their 
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haypiles and ward off intruders (Smith, 1974; Smith & Ivins, 1986). With such small home 

ranges and generally a short growing season, their life-history traits render them particularly 

vulnerable to food availability.  

 

Our results suggest that temperature sensor data had stronger effects on pika abundance than 

the PRISM data and therefore we concentrate on these results. Factors approximating warmer 

and wetter summer conditions were positively associated with pika abundance. The likely 

mechanism for these relationships is increased plant productivity and therefore forage 

availability. Several experimental manipulations have shown that environmental conditions 

such as earlier spring, warmer growing season temperatures, and wetter summer allow for 

increased plant growth and reproduction including at high elevation ecosystems (Totland, 

1997; Walker et al., 1999; Billings, 1973).  Earlier spring promotes earlier vegetative growth, 

which is not necessarily accompanied by earlier senescence, allowing for an overall longer 

growing season (Arft et al., 1999). Consistent moisture and mild temperatures during 

summer stimulate plant growth particularly in cold environments (Bell & Bliss, 1980; 

Billings, 1987). Snowfields in our region can persist for a large majority of the year, 

particularly at high elevations, and can provide a water source through a dry season, 

however, effects on soil properties can limit overall plant growth (Oberbauer & Billings, 

1981; Körner, 2003). An early spring can be favorable for vegetation growth and therefore 

pika foraging activities and reproduction (Golian, 1985; Morrison et al., 2009; Smith, 1974). 

Our results suggest that climate factors that will favor higher plant growth are especially 

important in predicting pika abundance; thereby reinforcing our previous finding that access 

to abundant forage is important in explaining patterns of abundance.  
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While we did not directly measure snow with iButton data, days below -5°C indicate days 

where thermal insulation was weak. There is some evidence that pikas may experience cold 

stress at 0, -5, or -10ºC (Beever et al., 2010; Ray, pers. comm.). However, unlike the upper 

critical temperature, (26-28°C; Smith, 1974; MacArthur and Wang, 1973), the lower 

threshold has not been experimentally tested, and so remains speculative. If acute cold stress 

occurred at our sites, a signature would most likely be captured at our coldest sites and 

indexed by days below -5 or -10°C. The several best-supported models had quadratic terms 

of days below -5°C showing that having some days below -5°C appeared to be beneficial for 

pikas but that as the number of days exceeds 115 days, pika abundance decreases. These 

below -5°C events usually occurred during the onset of winter when snowpack is unstable 

and in several cases occurred for bouts lasting from 1-8 weeks during mid-winter. Pikas at 

low elevation sites, therefore, benefit from having more days below -5, however none of the 

low sites had more than 125 days of below -5°C. Our data show that -5°C may be a good 

indicator of a cold winter, but does not suggest that -5°C is a limiting threshold for pikas.   

 

We found no evidence for melt-freeze cycles as temperatures did not exceed 0ºC within the 

winter period at any elevation. However, sites at high elevation appeared to be more 

vulnerable to greater number of days below -5°C (Figure 5). Wind can have a substantial 

effect on snow distribution and influence snowpack properties such as insulation in several 

ways (Schmidt, 1982). Wind generally increases with elevation; pockets of exposure and 

scouring versus wind-loaded accumulation are generally more pronounced at high elevation 

(Körner, 2003). A combination of wind and habitat features such as a rock or tree, can 
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expose subnivean environments to ambient air causing increased convection throughout a 

subnivean environment (Taylor & Buskirk, 1996).  Furthermore, when snow condenses over 

time or melts and refreezes, the structure of the snow crystals change shape, losing the 

insulation properties and increasing the possibility for convection (Fierz & Baunach, 2000). 

All these factors combined may create conditions where pikas experience -5°C temperatures 

differently across a range of elevations. Our temperature sensors did not account for 

convection and were only in a single location of the patch and therefore these mechanisms 

driving patters of abundance are speculative.      

 

Several of our sites experienced numerous days of extreme cold during winter, including 

temperatures of 5-10° below zero. Such extreme temperatures were not rare and therefore 

pikas likely have strategies to persist under these conditions. While the primary function of 

haypiles is for sustenance through winter, pikas also use them for insulation as evidenced by 

scat accumulation in haypiles (Dearing, 1997). However, as pikas are exposed to cold 

temperatures for any length of time, they may maintain a higher metabolism than previously 

supposed, stressing the importance of haypiles and summer foraging activities.   

 

Our sensors recorded temperature well below the talus surface (.5-1m) and by counting days 

above 15°C, we captured variation in our data.  We therefore considered above 15°C an 

appropriate threshold for testing for limiting temperatures, even though 15°C is well within 

the physiologically suitable range for pikas. The recordings were taken every four hours and 

were therefore a conservative estimate of days that reached limiting temperatures. 

Temperature readings of our paired surface loggers were highly correlated with subsurface 
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loggers, which also agrees with previous research (Beever et al., 2011). Therefore, we 

expected that above 15°C was an appropriate and conservative test of the summer heat 

hypothesis for which we found almost no support with our sensor data. 

 

The patterns of precipitation and scat that we found coincided with patterns found at 

historical sites in the Southern Rocky Mountains where mean annual precipitation was a 

strong predictor of site persistence (Erb et al., 2011).  Erb et al. propose three likely 

mechanisms: lack of winter insulation, insufficient moisture content of vegetation, or a 

combination of these two factors. We propose another mechanism for how precipitation is 

limiting at our more northern study area: summer precipitation can provide a prolonged 

season for forage growth and productivity (Körner, 2003), which our data suggest is a strong 

limiting habitat component.  Hydrologic regimes are changing and over the last few decades 

there have been higher frequencies of springs typified by short, intense mountain run-off 

rather than previously more regular sustained spring snowmelt (Rood et al., 2008; Knox, 

2000; Stewart et al., 2004). Such changes in hydrology have implications for the broader 

alpine community and may emphasize the importance of different aspects of climate. Our 

data suggest summer precipitation may become increasingly important for sustained water 

availability and plant growth throughout the growing season as climate change continues. 

 

The clear relationship of elevation with several of the climate variables indicates a range of 

conditions indexed by elevation that are most suitable to support high abundance. The 

generic prediction that alpine species, including pikas, will migrate upslope with climate 

change is not supported with our data. Rather, we suggest that pikas that can find micro-sites 
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with suitable conditions are more likely to persist in higher abundance in those areas, which 

will become increasingly important with climate change. Comprehensive consideration of 

climate variables and how they change across elevations is necessary to make such broad-

scale predictions. Current climate conditions may be such that pikas already exist in the 

highest abundances possible at alpine elevations at these more northern latitudes of pika 

range in the North-Central Rocky Mountains.  

 

With ensuing climate change, the time that it may take the alpine plant community to respond 

and colonize higher elevations may lag behind the time it takes for the suitable thermal range 

of pikas to move upslope.  Plant species are expected to respond in two ways: Type A, 

“immediate” response where soil development and range extension are not required for 

persistence and Type B, “full” response where these two factors are necessary for continued 

growth and often result in a lagged response (Thompson, 1986). Plant species within the 

alpine meadow ecosystem and the treeline ecotone are likely to have differential responses to 

climate change according to species requirements (Huntly, 1991). In responding to thermal 

stresses, pikas may outpace the ability of plant communities to move upslope. Consideration 

of how interacting species may respond differently to climatic effects may be essential to 

generating reliable predictions of future range shifts. 

 

Several ecological studies have used PRISM climate data and other remote sensing data to 

model species distribution (Hamanni & Wang, 2006; Tingley, 2009; Jarnevich & Stohlgren, 

2009). However, few pika-related studies have used PRISM data (Erb et al., 2011; Millar & 

Westfall, 2010) or climate data such as from weather stations (Beever et al., 2010). With a 
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spatial and temporal resolution of PRISM data at 4 km monthly estimates, we considered the 

data potentially useful particularly in identifying climatic differences between the two 

mountain ranges. Other research has shown sub-surface talus temperature readings were 

highly correlated with weather station data over 100 kilometers away (Beever et al., 2010). 

We therefore expected that interpolated data would be correlated with local temperatures. We 

investigated potential correlations between common PRISM and sensor derived temperature 

variables and found maximum temperature measured by the sensor was uncorrelated with 

PRISM-derived mean summer maximum and mean maximum temperatures (r = 0.05 and 

0.09). There were clear differences between mountain ranges in the top-two predictor 

variables (mean summer precipitation and mean maximum temperature) indicating that 

PRISM data would likely perform better if aggregated across a larger spatial extent rather 

than by a single talus survey patch. Typically, climate data are averaged across 30 years. 

However, we chose the ten-year means as satisfactory in characterizing site climate because 

we expect the scat/m2 index of relative abundance to be indicative of long-term suitability 

since pika scat can remain at a site for several years (Nichols, 2010). Finer spatial resolution 

would also likely enhance the utility of these potentially useful tools.  

 

We identified several climatic variables that predict pika abundance and are indexed by 

elevation. Several of those variables support the idea of the importance of forage availability, 

which enhances our understanding of what limits pikas in the North-Central Rocky 

Mountains.  Our data also suggest that numerous days below -5°C negatively influences 

pikas, exemplifying the importance of insulating winter snowpack. Investigation into the 

influence of site-specific snow conditions on pika abundance and how such properties change 
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with wind conditions and elevation on talus slopes would be a helpful future contribution.  

Most previous research on the American pika has suggested climate-driven physiological 

constraints on pika distribution. Our work reveals the complex dynamics of how climate 

limits this species through limitations on forage availability via temperature and precipitation 

conditions during the growing season that are indexed by elevation.  Overall, our research 

contributes to the knowledge of how combinations of climate conditions and forage 

availability can provide regions of suitable habitat and high pika abundance, with 

implications for the broader alpine community.  
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Table 1 Description of derived climate variables with associated source and hypothesis used 

in general linear models and model selection analyses of relative pika scat abundance.    

Variable Source Description Hypothesis 
Mean min temp PRISM 10-year average of minimum temperature Snowpack 
Mean max temp PRISM 10-year average of maximum temperature Heat 
Mean annual precip PRISM 10-year average annual precipitation Snowpack 
Mean winter precip PRISM 10-year average precipitation Nov-April Snowpack 
Mean summer precip PRISM 10-year average precipitation May-Oct Snowpack 
Start winter SNODAS Date when snow depth >20 cm for at least 3 

days 
NA 

End winter SNODAS Date when snow depth <10 cm followed by 
no days with >20 cm of snow 

NA 

Winter length SNODAS Start Winter – End Winter  Forage 
Mean depth SNODAS Average depth during defined winter period Snowpack 
Snow-free winter days SNODAS # days during winter with <10 cm snow Snowpack 
Snowy summer days >0 
cm 

SNODAS # days during summer with >0 cm snow Snowpack 

Snowy summer days >5 
cm 

SNODAS # days during summer with >5 cm snow Snowpack 

Winter length MODIS 9-year mean of days when probability of 
snow cover was greater than 25% 

Forage 

Mean annual  
pr(snow cover) 

MODIS 9-year mean of third order logistic regression 
model 

Snowpack 

Maximum annual  
pr(snow cover) 

MODIS 9-year mean of maximum value of third 
order logistic regression model 

Snowpack 

days below 0°C iButtons Total number of days temperature reached 
<0 

Forage 

winter mean iButtons Average temperature of days <0  Snowpack 
days above 10°C iButtons Total of days temperature reached at least 10 Heat 
mean summer temperature  iButtons Average temperature of days >0 Forage 
days above 15°C iButtons Total of days temperature reached at least 15 Forage 
days below -5°C iButtons Total of days temperature down to at least -5 Snowpack 
days below -10°C iButtons Total of days temperature down to at least -

10 
Snowpack 

growing degree days iButtons Total days above 0 * average temperature Forage 
length of growing season iButtons Total # of days above 0 Forage 
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Table 2 Results of general linear models explaining relative scat abundance using PRISM 

climate data.  The first section of the table shows the two best-supported models that replace 

elevation with climate effects; and the second section shows the best models of the full suite 

of PRISM models. Only models within the within 2 ∆AICc units of the top model are shown. 

Variables with negative coefficients are italicized. Models evaluated were based on Akaike 

information criterion corrected for small sample size (AICc). Model weights (wi) are 

calculated for each model based on the number of parameters (k) and number of sites 

sampled (n). See appendix A (Table 1) for full list of models. 

 

Top models n k AICc ∆AICc wi adjr2 

Replace elevation       

(elevation),(elevation2),(forage),(year) 83 5 62.69 0.00 1.00 0.39 

(mean summer precip),(mean summer precip2), 

(forage),(year) 83 5 76.61 13.92 0.00 0.28 

Full model set       

(mean summer precip),(mean summer precip2), 

(forage),(year) 83 5 76.61 0.00 0.20 0.28 

(mean max temp),(mean max temp2),(mean summer 

precip),(mean summer precip2),(forage),(year) 83 7 76.78 0.16 0.18 0.30 

(mean max temp),(mean summer precip),(mean 

summer precip2),(forage),(year) 83 6 78.61 2.00 0.07 0.27 
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Table 3 Results of general linear models explaining relative pika scat abundance at 27 Wind 

River Range sites using iButton temperature sensor data. The first section of the table shows 

the five best-supported models that replace elevation with climate effects; and the second 

section shows the best models of the full suite of iButton models. Only models within the 

within 2 ∆AICc units of the top model are shown. Variables with negative coefficients are 

italicized. Models evaluated were based on Akaike information criterion corrected for small 

sample size (AICc) with ∆AICc within 4 units of the top model.  Model weights (wi) are 

calculated for each model based on the number of parameters (k) and number of sites 

sampled (n). See appendix A (Table 3) for full list of models. 
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Table 3 
Top models n k AICc ∆AICc wi adj r2 

Replace elevation:       

(below -5), (below-5)2, (forage) 27 4 -15.88 0.00 0.45 0.29 

(above 10), (above 10)2 , (forage) 27 4 -13.74 2.13 0.16 0.24 

(growing mean), (growing mean)2, (forage) 27 4 -12.70 3.17 0.09 0.21 

(growing degree days), (growing degree days)2, 

(forage) 27 4 -11.90 3.98 0.06 0.18 

(winter mean), (winter mean)2, (forage) 27 4 -11.63 4.25 0.05 0.17 

(elevation), (elevation)2, (forage) 27 4 -11.21 4.66 0.04 0.16 

Full model set:       

(above 10), (forage) 27 3 -15.15 0.00 0.05 0.27 

(below -5), (below -5)2 27 3 -14.63 0.52 0.04 0.25 

(below -5), (below -5)2, (growing degree days), 

(forage)  27 5 -14.58 0.57 0.03 0.34 

(below -5), (below -5)2, (forage) 27 4 -14.57 0.58 0.03 0.29 

(below -10), (above 10), (forage) 27 4 -14.53 0.62 0.03 0.29 

(summer mean), (forage) 27 3 -14.06 1.09 0.03 0.24 

(below -5), (above 10), (forage) 27 4 -13.96 1.19 0.03 0.28 

(below -10), (below -10)2, (above 10), (forage)  27 5 -13.93 1.22 0.02 0.32 

(below -5), (below -5)2, (growing length), (forage)  27 5 -13.83 1.32 0.02 0.32 

(below -5), (below -5)2, (growing length)  27 4 -13.80 1.35 0.02 0.27 

(below -5), (growing degree days), (forage)  27 4 -13.72 1.43 0.02 0.27 

(below -5), (below -5)2, (below 0) 27 4 -13.57 1.58 0.02 0.27 

(below -5), (below -5)2, (below 0), (forage)  27 5 -13.49 1.66 0.02 0.31 

(growing degree days), (forage) 27 3 -13.36 1.79 0.02 0.22 

(below -5), (below -5)2, (above 10), (forage)  27 5 -13.20 1.95 0.02 0.31 

(winter mean), (above 10), (forage) 27 4 -13.20 1.95 0.02 0.26 

(below -5), (below -5)2, (growing degree days) 27 4 -13.20 1.95 0.02 0.26 

(below -5), (growing mean), (forage) 27 4 -13.15 2.00 0.02 0.26 
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Table 4 Summed AICc weights >0.05 of predictor variables in PRISM and iButton data 
analyses. 
 

Variable Summed 
AICc weights 

PRISM analysis  

Forage 0.93 

Mean summer precip 0.71 

Mean max temp 0.39 

Mean min temp 0.39 

Mean annual precip 0.18 

Mean winter precip 0.07 

iButton analysis  

Forage 0.81 

Days below -5ºC 0.47 

Days above 10ºC 0.25 

Days below -10ºC 0.17 

Summer mean 0.17 

Growing degree days 0.16 

Growing season length 0.15 

Days below 0ºC 0.14 

Winter mean 0.14 

Days above 15ºC 0.07 
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Figure 1 Mean summer precipitation (A) and pika scat/m2 (B) as a function of elevation, and 

pika scat/m2 as a function of mean summer precipitation (C) with the Winds in black and 

Bighorn data in gray.   

Figure 2 Number of days above 10°C (A) and pika scat/m2 (B) as a function of elevation and 

pika scat/m2 as a function of number of days above 10°C (C) for 27 iButton temperature 

sensor sites in the Wind River Range, WY.   

Figure 3 Scat as a function of four top predictor variables in the temperature sensor analysis: 

days above 10 (A), mean summer temperature (B), growing degree days (C), and mean 

winter temperature (D). 

 Figure 4 Number of days below -5°C (A) and pika scat/m2 (B) as a function of elevation 

and pika scat/m2 as a function of number of days below -5°C (C) for 27 iButton temperature 

sensor sites in the Wind River Range, WY.   

Figure 5 Pika scat/m2 as a function of days below -5°C recorded with temperature loggers at 

27 sites in the Wind River Range over winter 2010-2011.  Low-elevation sites below 3300 m 

are in white (n=9), mid-elevation sites >3300 m and < 3600 m are in gray (n=14), and high-

elevation sites >3600 m are in black (n=4).  The curve represents the predicted relationship 

of the top model of the temperature sensor analysis.   

Figure 6 Conceptual representation of present day (A) and future (B) pika distribution in 

relation to elevation on a mountain top island. With expected pika distribution and abundance 

in gray-filled curve.  The dashed lines represent the thermal suitable elevation ranges of pikas 

under the two scenarios and the solid curves represent the distribution of alpine-meadow 

habitat indicative of pika forage availability.     

 



71 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 

Mean summer precipitation 
               (mm*100)

5000 6000 7000

M
ea

n 
su

m
m

er
 p

re
ci

pi
ta

tio
n 

(m
m

*1
00

)

5000

5500

6000

6500

7000

7500

Elevation (m)

2500 3000 3500

Sc
at

/m
2

0.0

0.5

1.0

1.5

A

B C



72 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 
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Figure 4 
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Figure 5 
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Figure 6 
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APPENDIX A 

  
 
 
Table A1 General linear model and AICc model selection results for the Wind River Mountains sampled 2010.   
 
model elevation elevation2 patch 

forage 
patch 

forage2 depth depth2 aspect  difference to near 
summit  

perimeter 
forage 

perimeter 
forage2 n k AICc ∆AICc wi adj. r2 

22 x x x        43 4 -159.97 0.00 0.44 0.32 
23 x x x x       43 5 -157.76 2.21 0.15 0.31 
20 x  x        43 3 -157.01 2.97 0.10 0.25 
38   x     x   43 3 -156.12 3.86 0.06 0.24 
18   x        43 2 -155.13 4.84 0.04 0.20 
21 x  x x       43 4 -154.84 5.13 0.03 0.24 
39   x x    x   43 4 -154.34 5.63 0.03 0.23 
24   x  x      43 3 -154.22 5.75 0.02 0.20 
30   x      x  43 3 -153.76 6.21 0.02 0.19 
28   x    x    43 3 -153.55 6.42 0.02 0.19 
31   x      x x 43 4 -153.42 6.56 0.02 0.21 
25   x  x x     43 4 -153.29 6.69 0.02 0.21 
19   x x       43 3 -153.06 6.91 0.01 0.18 
27   x x x      43 4 -151.87 8.10 0.01 0.18 
29   x x   x    43 4 -151.58 8.40 0.01 0.18 
32   x x     x  43 4 -151.58 8.40 0.01 0.18 
33   x x     x x 43 5 -151.15 8.82 0.01 0.20 
26   x x x x     43 5 -150.85 9.12 0.00 0.19 
6 x x   x x     43 5 -150.07 9.90 0.00 0.18 
2 x x         43 3 -148.48 11.50 0.00 0.09 
4 x    x x     43 4 -148.15 11.82 0.00 0.11 

14 x x   x x x    43 6 -147.57 12.40 0.00 0.16 
5 x x   x      43 4 -147.20 12.78 0.00 0.09 
1 x          43 2 -147.12 12.85 0.00 0.03 

11 x x     x    43 4 -146.82 13.15 0.00 0.08 
7       x    43 2 -146.72 13.26 0.00 0.02 

13 x    x x x    43 5 -146.33 13.65 0.00 0.10 
10 x      x    43 3 -146.28 13.69 0.00 0.04 
3 x    x      43 3 -146.08 13.90 0.00 0.04 

17 x x      x   43 4 -146.04 13.93 0.00 0.06 
36 x x       x  43 4 -146.04 13.93 0.00 0.06 
8     x  x    43 3 -145.42 14.55 0.00 0.02 



ii 
 

model elevation elevation2 patch 
forage 

patch 
forage2 depth depth2 aspect  difference to near 

summit  
perimeter 

forage 
perimeter 
forage2 n k AICc ∆AICc wi adj. r2 

9     x x x    43 4 -145.31 14.66 0.00 0.05 
15       x x   43 3 -145.18 14.79 0.00 0.02 
12 x    x  x    43 4 -145.02 14.95 0.00 0.04 
37 x x       x x 43 5 -144.97 15.00 0.00 0.07 
16 x       x   43 3 -144.80 15.17 0.00 0.01 
34 x        x  43 3 -144.80 15.17 0.00 0.01 
35 x        x x 43 4 -143.99 15.98 0.00 0.02 
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Table A2 General linear model and AICc model selection results for the Bighorn Mountains sampled 2011.   
 
model elevation elevation2 patch 

forage 
patch 

forage2 depth depth2 aspect  difference to near 
summit  

perimeter 
forage 

perimeter 
forage2 n k AICc ∆AICc wi adj. r2 

36 x x       x  40 4 -64.09 0.00 0.37 0.41 
37 x x       x x 40 5 -62.20 1.89 0.14 0.40 
22 x x x        40 4 -61.44 2.65 0.10 0.37 
2 x x         40 3 -61.20 2.89 0.09 0.34 

11 x x     x    40 4 -60.33 3.76 0.06 0.35 
6 x x   x x     40 5 -59.63 4.46 0.04 0.36 
5 x x   x      40 4 -59.41 4.68 0.04 0.33 

17 x x      x   40 4 -59.14 4.95 0.03 0.33 
23 x x x x       40 5 -58.82 5.27 0.03 0.35 
14 x x   x x x    40 6 -58.53 5.56 0.02 0.37 
31   x      x x 40 4 -58.39 5.70 0.02 0.32 
13 x    x x x    40 5 -56.83 7.26 0.01 0.32 
4 x    x x     40 4 -56.59 7.50 0.01 0.28 

30   x      x  40 3 -56.50 7.59 0.01 0.26 
33   x x     x x 40 5 -56.11 7.99 0.01 0.30 
35 x        x x 40 4 -55.07 9.02 0.00 0.26 
12 x    x  x    40 4 -54.91 9.18 0.00 0.25 
32   x x     x  40 4 -54.18 9.91 0.00 0.24 
3 x    x      40 3 -53.98 10.11 0.00 0.21 

20 x  x        40 3 -53.66 10.43 0.00 0.20 
10 x      x    40 3 -53.61 10.48 0.00 0.20 
34 x        x  40 3 -53.39 10.70 0.00 0.20 
1 x          40 2 -52.71 11.38 0.00 0.16 

28   x    x    40 3 -52.17 11.92 0.00 0.17 
18   x        40 2 -51.50 12.59 0.00 0.13 
21 x  x x       40 4 -51.19 12.90 0.00 0.18 
16 x       x   40 3 -51.14 12.95 0.00 0.15 
38   x     x   40 3 -51.09 13.01 0.00 0.15 
24   x  x      40 3 -50.32 13.77 0.00 0.13 
29   x x   x    40 4 -49.70 14.40 0.00 0.15 
25   x  x x     40 4 -49.21 14.88 0.00 0.14 
19   x x       40 3 -49.16 14.93 0.00 0.11 
39   x x    x   40 4 -48.61 15.48 0.00 0.13 
27   x x x      40 4 -47.91 16.18 0.00 0.11 
26   x x x x     40 5 -46.61 17.48 0.00 0.12 
8     x  x    40 3 -46.31 17.78 0.00 0.04 
7       x    40 2 -46.26 17.83 0.00 0.01 

15       x x   40 3 -45.80 18.29 0.00 0.03 
9     x x x    40 4 -44.51 19.58 0.00 0.03 



iv 
 

Table A3 General linear model and AICc model selection results combining data for the Wind River and Bighorn mountains and 
testing for interactions with year.   
 
 

model elevation elevation2 patch 
forage 

perimeter 
forage year elevation

*year 
elevation2 

*year 
patch 

forage*year 
perimeter 

forage*year n k AICc ∆AICc wi adj. r2 

6 X X X  X X X   83 7 56.87 0 0.18 0.45 
5 X X X  X  X   83 6 57.13 0.26 0.16 0.44 
18 X X  X X X X  X 83 8 57.74 0.87 0.12 0.45 
4 X X X  X X    83 6 57.85 0.99 0.11 0.43 
9 X X X  X X X X  83 8 58.72 1.85 0.07 0.45 
8 X X X  X  X X  83 7 58.86 1.99 0.07 0.44 
12 X X  X X    X 83 6 59.13 2.26 0.06 0.43 
17 X X  X X  X  X 83 7 59.42 2.55 0.05 0.43 
7 X X X  X X  X  83 7 59.54 2.67 0.05 0.43 
16 X X  X X X   X 83 7 59.93 3.06 0.04 0.43 
15 X X  X X X X   83 7 59.97 3.10 0.04 0.43 
14 X X  X X  X   83 6 61.23 4.37 0.02 0.41 
13 X X  X X X    83 6 62.10 5.23 0.01 0.40 
2 X X X  X     83 5 62.69 5.82 0.01 0.39 
3 X X X  X   X  83 6 63.52 6.65 0.01 0.39 
11 X X  X X     83 5 67.35 10.48 0.00 0.36 
10 X X  X      83 4 76.66 19.79 0.00 0.27 
1 X X X       83 4 77.84 20.97 0.00 0.26 
 
 
 
 
 
 
 
 
 
 
 
 



v 
 

 
Table A4 General linear model and AICc model selection results for PRISM climate data for the Wind River and Bighorn mountain 
ranges. Predictor variables are: forage, maximum temperature (tmax), minimum temperature (tmin), summer precipitation (spp), 
winter precipitation (wpp), and annual precipitation (ypp).  
 
model forage tmax tmax2 tmin tmin2 spp spp2 wpp wpp2 ypp ypp2 n k AICc ∆AICc wi adj. r2 

10 X     X X     83 5 76.61 0.00 0.20 0.28 
21 X X X         83 7 76.78 0.16 0.18 0.30 
19 X X    X X     83 6 78.61 2.00 0.07 0.27 
20 X   X  X X     83 6 78.75 2.14 0.07 0.27 
5 X     X      83 4 78.91 2.30 0.06 0.25 
8 X         X X 83 5 79.53 2.92 0.05 0.25 
3 X         X  83 4 79.74 3.13 0.04 0.24 
49  X X   X X     83 6 80.86 4.24 0.02 0.25 
17 X X    X      83 5 80.94 4.33 0.02 0.24 
4 X       X    83 4 80.95 4.34 0.02 0.23 
14 X   X      X X 83 6 81.08 4.47 0.02 0.25 
22 X   X X X X     83 7 81.11 4.50 0.02 0.26 
13 X X        X X 83 6 81.12 4.51 0.02 0.25 
18 X   X  X      83 5 81.17 4.56 0.02 0.24 
9 X       X X   83 5 81.50 4.89 0.02 0.24 
11 X X        X  83 5 81.90 5.29 0.01 0.23 
38      X X     83 4 81.94 5.33 0.01 0.22 
12 X   X      X  83 5 81.97 5.36 0.01 0.23 
1 X X          83 4 82.30 5.69 0.01 0.22 
2 X   X        83 4 82.43 5.82 0.01 0.22 
47  X    X X     83 5 83.11 6.50 0.01 0.22 
6 X X X         83 5 83.19 6.58 0.01 0.22 
24 X   X    X    83 5 83.21 6.60 0.01 0.22 
23 X X      X    83 5 83.22 6.61 0.01 0.22 
15 X X X       X X 83 7 83.25 6.64 0.01 0.24 
16 X   X X     X X 83 7 83.44 6.83 0.01 0.24 
26 X   X    X X   83 6 83.53 6.92 0.01 0.23 
48    X  X X     83 5 83.72 7.10 0.01 0.22 
25 X X      X X   83 6 83.78 7.17 0.01 0.23 
7 X   X X       83 5 83.87 7.26 0.01 0.21 
33      X      83 3 85.15 8.54 0.00 0.18 
36          X X 83 4 85.55 8.94 0.00 0.19 
27 X X X     X X   83 7 85.58 8.97 0.00 0.22 
28 X   X X   X X   83 7 85.65 9.04 0.00 0.22 
41  X        X X 83 5 85.88 9.27 0.00 0.19 



vi 
 

model forage tmax tmax2 tmin tmin2 spp spp2 wpp wpp2 ypp ypp2 n k AICc ∆AICc wi adj. r2 
50    X X X X     83 6 85.88 9.27 0.00 0.21 
31          X  83 3 86.22 9.61 0.00 0.17 
45  X    X      83 4 86.40 9.79 0.00 0.18 
42    X      X X 83 5 87.27 10.66 0.00 0.18 
37        X X   83 4 87.30 10.68 0.00 0.17 
46    X  X      83 4 87.31 10.70 0.00 0.17 
32        X    83 3 87.54 10.92 0.00 0.15 
39  X        X  83 4 87.75 11.14 0.00 0.16 
43  X X       X X 83 6 88.07 11.46 0.00 0.19 
40    X      X  83 4 88.43 11.82 0.00 0.16 
44    X X     X X 83 6 89.04 12.43 0.00 0.18 
53  X      X X   83 5 89.09 12.48 0.00 0.16 
54    X    X X   83 5 89.37 12.76 0.00 0.16 
51  X      X    83 4 89.54 12.93 0.00 0.15 
52    X    X    83 4 89.73 13.12 0.00 0.14 
30    X        83 3 90.86 14.25 0.00 0.12 
29  X          83 3 90.97 14.36 0.00 0.12 
55  X X     X X   83 6 91.02 14.41 0.00 0.16 
56    X X   X X   83 6 91.70 15.09 0.00 0.15 
34  X X         83 4 91.86 15.25 0.00 0.12 
35    X X       83 4 92.81 16.20 0.00 0.11 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



vii 
 

Table A5 General linear model and AICc model selection results for the 27 Wind River iButton temperature sensor sites. Predictor 
variables are forage (f), below -5°C (-5), (below -5°C)2 (-52), above 10°C (a10), (above 10°C)2 (a102), below -10°C (-10), (below -
10°C)2 (-102), growing mean (gmn), (growing mean) 2 (gmn2), growing degree days (ggd), (growing degree days)2 (gdd2), growing 
length (gl), (growing length)2 (gl2), below 0°C, (0), (below 0°C)2, winter mean (wmn), (winter mean) 2 (wmn2), above 15°C (a15), 
(above 15°C)2 (a152), 
 

mod f -5 -52 a10 a102 -10 -102 gmn gmn2 gdd gdd2 gl gl2 0 02 wmn wmn2 a15 a152 n k AICc ∆AICc wi adj r2 
13          x x     x x   27 3 -15.15 0.00 0.05 0.27 
29      x      x x       27 3 -14.63 0.52 0.04 0.25 

108 x               x x x x 27 5 -14.58 0.57 0.03 0.34 
20                x  x  27 4 -14.57 0.58 0.03 0.29 
74                  x x 27 4 -14.53 0.62 0.03 0.29 
17  x      x x           27 3 -14.06 1.09 0.03 0.24 
60            x x   x    27 4 -13.96 1.19 0.03 0.28 

120 x     x x       x x     27 5 -13.93 1.22 0.02 0.32 
117 x     x x     x x       27 5 -13.83 1.32 0.02 0.32 
94          x x     x    27 4 -13.80 1.35 0.02 0.27 
62    x x           x    27 4 -13.72 1.43 0.02 0.27 
84    x x       x        27 4 -13.57 1.58 0.02 0.27 

107    x        x x       27 5 -13.49 1.66 0.02 0.31 
18        x      x x     27 3 -13.36 1.79 0.02 0.22 

106 x           x x     x x 27 5 -13.20 1.95 0.02 0.31 
66    x x   x x           27 4 -13.20 1.95 0.02 0.26 
85              x x   x  27 4 -13.20 1.95 0.02 0.26 
63        x x     x      27 4 -13.15 2.00 0.02 0.26 

109      x x   x x         27 5 -13.14 2.01 0.02 0.31 
77      x x       x x     27 4 -13.04 2.11 0.02 0.25 

199 x             x x   x x 27 6 -12.76 2.39 0.01 0.35 
67              x    x x 27 4 -12.74 2.41 0.01 0.24 
68        x x       x    27 4 -12.46 2.69 0.01 0.24 
79  x                x x 27 4 -12.44 2.71 0.01 0.24 
22        x x       x x   27 4 -12.44 2.71 0.01 0.24 
10      x x x x           27 3 -12.33 2.82 0.01 0.18 
16        x x   x        27 3 -12.10 3.05 0.01 0.18 
61        x    x x       27 4 -12.07 3.08 0.01 0.22 
83            x      x x 27 4 -12.03 3.12 0.01 0.23 

116                x x x x 27 5 -12.01 3.14 0.01 0.27 
71            x x     x  27 4 -12.00 3.15 0.01 0.22 
86      x x           x x 27 4 -11.96 3.19 0.01 0.22 
12      x x     x x       27 3 -11.92 3.23 0.01 0.17 



viii 
 

mod f -5 -52 a10 a102 -10 -102 gmn gmn2 gdd gdd2 gl gl2 0 02 wmn wmn2 a15 a152 n k AICc ∆AICc wi adj r2 
93                x  x x 27 4 -11.90 3.25 0.01 0.22 

176    x x       x x       27 5 -11.69 3.46 0.01 0.27 
78        x x     x x     27 4 -11.68 3.47 0.01 0.21 

166              x x   x x 27 5 -11.68 3.47 0.01 0.27 
209        x x   x x       27 6 -11.63 3.52 0.01 0.32 
64            x x     x x 27 4 -11.62 3.53 0.01 0.21 
75          x x     x x   27 4 -11.60 3.55 0.01 0.21 
82      x      x x       27 4 -11.57 3.58 0.01 0.21 
65 x               x x x x 27 4 -11.50 3.65 0.01 0.21 

200                x  x  27 6 -11.50 3.65 0.01 0.32 
14                  x x 27 3 -11.48 3.67 0.01 0.16 

152  x      x x           27 5 -11.47 3.68 0.01 0.26 
113            x x   x    27 5 -11.43 3.72 0.01 0.26 
11 x     x x       x x     27 3 -11.41 3.74 0.01 0.16 
26 x     x x     x x       27 4 -11.40 3.75 0.01 0.21 

123          x x     x    27 5 -11.30 3.85 0.01 0.26 
69    x x           x    27 4 -11.21 3.94 0.01 0.2 

155    x x       x        27 5 -11.21 3.94 0.01 0.25 
186    x        x x       27 5 -11.19 3.96 0.01 0.25 
111        x      x x     27 5 -11.11 4.04 0.01 0.25 
15 x           x x     x x 27 3 -11.03 4.12 0.01 0.14 

112    x x   x x           27 5 -10.83 4.32 0.01 0.24 
212              x x   x  27 6 -10.75 4.40 0.01 0.30 
154        x x     x      27 5 -10.69 4.46 0.00 0.24 
115      x x   x x         27 5 -10.63 4.52 0.00 0.24 
27      x x       x x     27 4 -10.59 4.56 0.00 0.18 

158 x             x x   x x 27 5 -10.59 4.56 0.00 0.24 
73              x    x x 27 4 -10.52 4.63 0.00 0.18 

177        x x       x    27 5 -10.39 4.76 0.00 0.23 
24  x                x x 27 4 -10.32 4.83 0.00 0.17 
76        x x       x x   27 4 -10.31 4.84 0.00 0.17 

114      x x x x           27 5 -10.30 4.85 0.00 0.23 
153        x x   x        27 5 -10.14 5.01 0.00 0.22 
160        x    x x       27 5 -10.11 5.04 0.00 0.22 
169            x      x x 27 5 -10.01 5.14 0.00 0.22 
198                x x x x 27 6 -9.95 5.20 0.00 0.27 
72            x x     x  27 4 -9.93 5.22 0.00 0.16 

201      x x           x x 27 6 -9.90 5.25 0.00 0.28 
88      x x     x x       27 4 -9.85 5.30 0.00 0.16 

171                x  x x 27 5 -9.84 5.31 0.00 0.21 
163    x x       x x       27 5 -9.82 5.33 0.00 0.21 



ix 
 

mod f -5 -52 a10 a102 -10 -102 gmn gmn2 gdd gdd2 gl gl2 0 02 wmn wmn2 a15 a152 n k AICc ∆AICc wi adj r2 
80        x x     x x     27 4 -9.78 5.37 0.00 0.16 

159              x x   x x 27 5 -9.75 5.40 0.00 0.21 
25        x x   x x       27 4 -9.69 5.46 0.00 0.15 
19            x x     x x 27 4 -9.66 5.49 0.00 0.15 

185          x x     x x   27 5 -9.59 5.56 0.00 0.21 
124      x      x x       27 5 -9.57 5.58 0.00 0.21 
51 x               x x x x 27 3 -9.55 5.60 0.00 0.10 
3                x  x  27 2 -9.50 5.65 0.00 0.20 

125                  x x 27 5 -9.45 5.70 0.00 0.20 
70  x      x x           27 4 -9.39 5.76 0.00 0.14 

208            x x   x    27 6 -9.39 5.76 0.00 0.26 
21 x     x x       x x     27 4 -9.19 5.96 0.00 0.14 

174 x     x x     x x       27 5 -9.12 6.03 0.00 0.19 
121          x x     x    27 5 -9.10 6.05 0.00 0.19 
92    x x           x    27 4 -9.06 6.09 0.00 0.13 
1    x x       x        27 2 -9.05 6.10 0.00 0.03 

81    x        x x       27 4 -9.05 6.10 0.00 0.13 
38        x      x x     27 3 -9.00 6.15 0.00 0.08 
4 x           x x     x x 27 2 -9.00 6.15 0.00 0.03 

157    x x   x x           27 5 -8.99 6.16 0.00 0.19 
175              x x   x  27 5 -8.99 6.16 0.00 0.19 
178        x x     x      27 5 -8.93 6.22 0.00 0.19 
23      x x   x x         27 4 -8.91 6.24 0.00 0.13 

110      x x       x x     27 5 -8.81 6.34 0.00 0.18 
33 x             x x   x x 27 3 -8.76 6.39 0.00 0.07 
97              x    x x 27 4 -8.76 6.39 0.00 0.12 

167        x x       x    27 5 -8.71 6.44 0.00 0.18 
161  x                x x 27 5 -8.69 6.46 0.00 0.18 
170        x x       x x   27 5 -8.67 6.48 0.00 0.18 

7      x x x x           27 2 -8.63 6.52 0.00 0.01 
48        x x   x        27 3 -8.63 6.52 0.00 0.07 

156        x    x x       27 5 -8.62 6.53 0.00 0.18 
128            x      x x 27 5 -8.57 6.58 0.00 0.18 
215                x x x x 27 6 -8.46 6.69 0.00 0.23 

9            x x     x  27 2 -8.42 6.73 0.00 0.01 
50      x x           x x 27 3 -8.27 6.88 0.00 0.05 

205      x x     x x       27 6 -8.16 6.99 0.00 0.23 
42                x  x x 27 3 -8.09 7.06 0.00 0.05 
54    x x       x x       27 3 -8.07 7.08 0.00 0.05 

173        x x     x x     27 5 -8.06 7.09 0.00 0.16 
39              x x   x x 27 3 -8.04 7.11 0.00 0.04 



x 
 

mod f -5 -52 a10 a102 -10 -102 gmn gmn2 gdd gdd2 gl gl2 0 02 wmn wmn2 a15 a152 n k AICc ∆AICc wi adj r2 
55        x x   x x       27 3 -8.04 7.11 0.00 0.04 
2            x x     x x 27 2 -8.02 7.13 0.00 -0.01 

203          x x     x x   27 6 -7.99 7.16 0.00 0.22 
52      x      x x       27 3 -7.99 7.16 0.00 0.04 

165 x               x x x x 27 5 -7.97 7.18 0.00 0.16 
90                x  x  27 4 -7.95 7.20 0.00 0.10 
8                  x x 27 2 -7.94 7.21 0.00 -0.01 

53  x      x x           27 3 -7.93 7.23 0.00 0.04 
122            x x   x    27 5 -7.72 7.43 0.00 0.15 
204 x     x x       x x     27 6 -7.71 7.44 0.00 0.21 
37 x     x x     x x       27 3 -7.68 7.47 0.00 0.03 
46          x x     x    27 3 -7.52 7.63 0.00 0.03 
6    x x           x    27 2 -7.50 7.65 0.00 -0.03 

119    x x       x        27 5 -7.48 7.67 0.00 0.14 
207    x        x x       27 6 -7.47 7.68 0.00 0.21 
168        x      x x     27 5 -7.44 7.71 0.00 0.14 
206 x           x x     x x 27 6 -7.37 7.78 0.00 0.20 

5    x x   x x           27 2 -7.27 7.88 0.00 -0.04 
143              x x   x  27 4 -7.17 7.98 0.00 0.07 
162        x x     x      27 5 -7.15 8.00 0.00 0.13 
30      x x   x x         27 3 -7.14 8.01 0.00 0.01 

172      x x       x x     27 5 -7.12 8.03 0.00 0.13 
118 x             x x   x x 27 5 -7.02 8.13 0.00 0.13 
89              x    x x 27 4 -6.98 8.17 0.00 0.06 
44        x x       x    27 3 -6.95 8.20 0.00 0.01 

164  x                x x 27 5 -6.91 8.24 0.00 0.12 
180        x x       x x   27 5 -6.89 8.26 0.00 0.12 
43      x x x x           27 3 -6.89 8.26 0.00 0.00 
56        x x   x        27 3 -6.88 8.27 0.00 0.00 

126        x    x x       27 5 -6.76 8.39 0.00 0.12 
28            x      x x 27 3 -6.69 8.46 0.00 0.00 

217                x x x x 27 6 -6.68 8.47 0.00 0.18 
41            x x     x  27 3 -6.62 8.53 0.00 0.00 
40      x x           x x 27 3 -6.61 8.54 0.00 0.00 

127      x x     x x       27 5 -6.56 8.59 0.00 0.11 
49                x  x x 27 3 -6.51 8.64 0.00 -0.01 
31    x x       x x       27 3 -6.49 8.66 0.00 -0.01 

216        x x     x x     27 6 -6.48 8.67 0.00 0.18 
91              x x   x x 27 4 -6.44 8.71 0.00 0.05 

142        x x   x x       27 4 -6.33 8.82 0.00 0.04 
59            x x     x x 27 3 -6.27 8.88 0.00 -0.02 



xi 
 

mod f -5 -52 a10 a102 -10 -102 gmn gmn2 gdd gdd2 gl gl2 0 02 wmn wmn2 a15 a152 n k AICc ∆AICc wi adj r2 
130          x x     x x   27 4 -6.26 8.89 0.00 0.04 
100      x      x x       27 4 -6.21 8.94 0.00 0.04 
101 x               x x x x 27 4 -6.17 8.98 0.00 0.04 
57                x  x  27 3 -6.09 9.06 0.00 -0.03 
34                  x x 27 3 -6.09 9.06 0.00 -0.03 

150  x      x x           27 4 -6.09 9.06 0.00 0.03 
189            x x   x    27 5 -6.07 9.08 0.00 0.10 
184 x     x x       x x     27 5 -6.06 9.09 0.00 0.10 
36 x     x x     x x       27 3 -6.04 9.11 0.00 -0.03 
96          x x     x    27 4 -6.01 9.14 0.00 0.03 

213    x x           x    27 6 -5.98 9.17 0.00 0.16 
140    x x       x        27 4 -5.93 9.22 0.00 0.027 
45    x        x x       27 3 -5.89 9.26 0.00 -0.03 
99        x      x x     27 4 -5.88 9.27 0.00 0.03 
98 x           x x     x x 27 4 -5.85 9.30 0.00 0.02 

220    x x   x x           27 6 -5.81 9.34 0.00 0.16 
35              x x   x  27 3 -5.54 9.61 0.00 -0.05 
47        x x     x      27 3 -5.52 9.63 0.00 -0.05 

147      x x   x x         27 4 -5.51 9.64 0.00 0.012 
202      x x       x x     27 6 -5.50 9.65 0.00 0.14 
131 x             x x   x x 27 4 -5.46 9.69 0.00 0.01 
144              x    x x 27 4 -5.40 9.75 0.00 0.01 
134        x x       x    27 4 -5.34 9.81 0.00 0.01 
146  x                x x 27 4 -5.30 9.85 0.00 0.00 
129        x x       x x   27 4 -5.29 9.86 0.00 0.00 
182      x x x x           27 5 -5.23 9.92 0.00 0.07 
145        x x   x        27 4 -5.20 9.95 0.00 0.00 
219        x    x x       27 6 -5.06 10.09 0.00 0.13 
58            x      x x 27 3 -5.00 10.15 0.00 0.00 
32                x x x x 27 3 -4.95 10.20 0.00 -0.07 

132            x x     x  27 4 -4.79 10.36 0.00 -0.01 
138      x x           x x 27 4 -4.75 10.40 0.00 -0.02 
211      x x     x x       27 6 -4.63 10.52 0.00 0.12 
214                x  x x 27 6 -4.49 10.66 0.00 0.11 
136    x x       x x       27 4 -4.45 10.70 0.00 -0.03 
135        x x     x x     27 4 -4.36 10.79 0.00 -0.03 
102              x x   x x 27 4 -4.12 11.03 0.00 -0.04 
148        x x   x x       27 4 -4.10 11.05 0.00 -0.04 
87            x x     x x 27 4 -4.04 11.11 0.00 -0.04 

218          x x     x x   27 6 -3.98 11.17 0.00 0.10 
181      x      x x       27 5 -3.96 11.19 0.00 0.02 



xii 
 

mod f -5 -52 a10 a102 -10 -102 gmn gmn2 gdd gdd2 gl gl2 0 02 wmn wmn2 a15 a152 n k AICc ∆AICc wi adj r2 
95 x               x x x x 27 4 -3.92 11.23 0.00 -0.04 

133                x  x  27 4 -3.86 11.29 0.00 -0.05 
193                  x x 27 5 -3.85 11.30 0.00 0.02 
188  x      x x           27 5 -3.85 11.30 0.00 0.02 
210            x x   x    27 6 -3.84 11.31 0.00 0.09 
141 x     x x       x x     27 4 -3.79 11.36 0.00 -0.05 
137 x     x x     x x       27 4 -3.64 11.51 0.00 -0.05 
139          x x     x    27 4 -3.61 11.54 0.00 -0.05 
183    x x           x    27 5 -3.53 11.62 0.00 0.01 
192    x x       x        27 5 -3.53 11.62 0.00 0.01 
105    x        x x       27 4 -3.51 11.64 0.00 -0.06 
151        x      x x     27 4 -3.50 11.65 0.00 -0.06 
103 x           x x     x x 27 4 -3.34 11.81 0.00 -0.07 
196    x x   x x           27 5 -3.32 11.83 0.00 0.00 
149              x x   x  27 4 -3.31 11.84 0.00 -0.07 
190        x x     x      27 5 -3.06 12.09 0.00 -0.01 
191      x x   x x         27 5 -2.93 12.22 0.00 -0.02 
104      x x       x x     27 4 -2.77 12.38 0.00 -0.09 
194 x             x x   x x 27 5 -1.08 14.07 0.00 -0.09 
179              x    x x 27 5 -1.02 14.13 0.00 -0.09 
187        x x       x    27 5 -0.88 14.27 0.00 -0.10 
197  x                x x 27 5 -0.48 14.67 0.00 -0.11 
195        x x       x x   27 5 -0.31 14.84 0.00 -0.12 
 
 


