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CHAPTER 1: 
CHARACTERIZING AMERICAN PIKA (Ochotona princeps) HABITAT USE ACROSS 

ELEVATION AND PRECIPITATION GRADIENTS USING FINE AND COARSE 
TEMPORAL SCALE TEMPERATURE MEASUREMENTS 

 

ABSTRACT 

American pikas (Ochotona princeps) are a climate change indicator species because of 

their sensitivity to high temperatures, habitat requirements, philopatry, limited dispersal ability, 

and restricted ranges.  I surveyed for pikas and characterized attributes of talus patch habitat 

across a 1780 m elevation gradient in the North Cascades National Park Service Complex, 

Washington (USA) from 2009 through 2011 to assess habitat suitability in the context of climate 

change.  I recorded 1786 measurements of vegetation cover and surface and sub-surface 

temperatures in 103 patches, and deployed data loggers at and below the talus surface in a 

sample of 27 patches to record temperature every 10 min.  I used regression modeling to analyze 

habitat attributes affecting temperature, heat and cold stress, and snow metrics, and the 

probability of pika talus patch use.  Patch use was correlated with multiple interacting habitat 

attributes including elevation, aspect, and longitude, and the probability of use was higher in 

patches with attributes minimizing heat and cold stress.  Pikas in lower elevation, southerly 

facing, and eastern longitude patches faced the greatest heat and cold stress, with the latter 

related to snow presence.  My findings suggest climate change will have varying impacts on 

pikas depending on the location and attributes of talus patches. 
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1.1.  INTRODUCTION 

 Climate change may influence both summer and winter temperature and precipitation 

patterns, resulting in cascading effects across ecosystems.  Climate models predict increasing 

temperatures throughout the twenty-first century (IPCC 2001) that would affect vegetation, snow 

pack, and the hydrological cycle (Barnett et al. 2005; Post et al. 2008).  Increasing temperatures 

may modify vegetative communities and result in distribution shifts for vegetation species to 

higher elevations or latitudes (Parmesan and Yohe 2003; Jonas et al. 2008; Kelly and Goulden 

2008).  Plant phenology is driven by temperature, precipitation, and the timing of snowmelt 

(Inouye and Wielgolaski 2003) and climate warming is associated with plants growing earlier 

than usual for their species (Parmesan 2006) although phenological responses to climate 

variability are complex (Post et al. 2008; Primack et al. 2009; Aldrige et al. 2011).  Possible 

alterations in precipitation from climate change are not well understood from models, but higher 

temperatures will result in less precipitation falling as snow during winter, reduced snow 

accumulation and runoff, and earlier snowmelt and peak runoff during spring (Barnett et al. 

2005; Adam et al. 2009).  A deep snow pack will restrict heat loss from the ground more than 

shallow snow cover (Smith and Riseborough 1996) and repeated freeze-thaw events, the 

frequency of which may increase with climate change, will increase the conductivity of snow 

pack and result in less insulation and colder temperatures beneath snow (Mellander et al. 2007).  

Absence of snow cover altogether allows ground temperature to fluctuate with changes in air 

temperature, resulting in direct exposure of the ground to cold (Gosnold et al. 1997).   

 These changes in climate may alter the availability of resources and suitable habitats for 

wildlife species, which can subsequently affect population level processes (Hughes 2000).  The 

life-history traits, dispersal and colonization ability, distribution breadth, and physiological 
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requirements of a species are determining factors as to how a population will respond to long-

term climate changes (Parmesan 2006; Schwartz et al. 2006; Moritz et al. 2008).  Specialists 

obligated to particular habitats because of forage availability, protection from predators, or 

thermal attributes are especially sensitive to potential negative impacts from a changing climate 

(Parmesan 2006; Laidre et al. 2008).  Changes in vegetation may force a species to alter its range 

to coincide with preferred forage availability given sufficient habitat connectivity and ability to 

allow for these movements (Parmesan and Yohe 2003; Root et al. 2003).  Species that are 

philopatric to a natal area or lack the ability to emigrate may instead be forced to adapt to the 

changing environment to survive (Hawkes et al. 2009).  Range-restricted species, particularly 

those limited to alpine and polar regions (Stirling et al. 1999; Barbraud and Weimerskirch 2001), 

may be the most affected by climate change with extinction in some already chronicled 

(Parmesan 2006).  Because of a limited ability to expand their ranges owing to geographical or 

physical barriers, range-restricted species may suffer range contractions, which may then result 

in smaller populations and a greater chance of extirpation or extinction. 

 American pikas, Ochotona princeps (Richardson, 1828), and collared pikas, Ochotona 

collaris (Nelson, 1893), are small lagomorphs that have been proposed as a climate change 

indicator species (Beever et al. 2003; Smith et al. 2004) because of their sensitivity to high 

temperatures, specialized habitat requirements, philopatry and limited dispersal ability, and 

restricted ranges (MacArthur and Wang 1974; Smith 1974; Smith and Ivins 1983).  Long-term 

climate warming has been implicated in affecting current pika distributions throughout North 

America, with increasing temperatures resulting in pika range contractions to higher elevations 

or latitudes (Grayson 2000, 2005).  However, some lower elevation populations persist (Beever 

et al. 2008; Simpson 2009; Rodhouse et al. 2010; Manning and Hagar 2011).  Recent pika 
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extirpations at lower latitudes in North America are related to long-term patterns in increasing 

summer temperature and accumulated heat stress (Beever et al. 2003; Beever et al. 2010).  

Exposure to temperatures >25°C for several hours is lethal for pikas (MacArthur and Wang 

1974; Smith 1974) because of their thick fur and high internal body temperature relative to their 

upper lethal temperature (MacArthur and Wang 1973; MacArthur and Wang 1974).  Pikas are 

constrained to talus patches (Smith and Weston 1990) or talus-like habitats (Rodhouse et al. 

2010; Manning and Hagar 2011) surrounded by vegetation for foraging.  Talus provides a cool 

thermal refuge for pikas beneath the surface during summer (Smith 1974).  In addition to 

concerns about increasing summer temperatures owing to climate change, pikas may be affected 

by variable winter conditions.  Pikas use cached vegetation (i.e., haypiles) for food in winter 

(Dearing 1997; Morrison et al. 2009) because they do not hibernate, and rely on snow cover over 

talus for thermal insulation from cold temperatures (Morrison and Hik 2008).  Beever et al. 

(2010) found acute cold stress, defined as the total number of days per year <-5°C, contributed to 

pika extirpations.   

 The North Cascades National Park Service Complex (NOCA) in Washington (USA) 

provides a unique opportunity to examine climate-related issues relevant to species at high 

latitudes because of its 2700 m elevation gradient between valley floors and mountain peaks.  In 

addition, the North Cascades landscape consists of a longitudinal precipitation gradient with 

higher amounts of precipitation to the west and decreasing precipitation heading east across the 

Cascade Crest (Mote et al. 2003).  Therefore, the impacts of climate on a species are highly 

dependent on its distribution breadth across elevations and longitudes in the park.  Climate 

models for the Pacific Northwest predict increases in average annual temperature of 1.1°C, 

1.8°C, and 3.0°C by the 2020s, 2040s, and 2080s, respectively, compared to the historical 
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average from 1970 to 1999 (Mote and Salathé 2010).  Annual precipitation may not change 

significantly, but models project seasonal changes with wetter autumns and winters and drier 

summers (Mote and Salathé 2010). 

 American pikas in the North Cascades are present from low elevation (350 m) forested 

valleys to high elevation (>2100 m) alpine regions (Bruggeman 2010, 2011).  The objectives of 

this study were to characterize pika habitat across the elevation and precipitation gradients in the 

North Cascades and assess the suitability of habitat for pika presence in the context of a changing 

climate.  I also tested the hypothesis that the probability of talus patch use by pikas would be 

higher in patches with habitat attributes that minimize heat stress and cold stress.  The tasks I 

used to accomplish my objectives were to:  (1) quantify habitat attributes affecting summer 

surface and sub-surface talus temperatures using data collected from 1-m2 plots in talus patches; 

(2) assess habitat attributes affecting heat stress, cold stress, and snow pack metrics derived from 

fine temporal scale temperature data from data loggers deployed at and below the talus surface; 

(3) survey talus patches for pika presence and model patch use as a function of habitat attributes, 

and (4) examine surface and sub-surface temperature patterns during summer and winter to 

understand potential heat stress limitations on pika behavior and quantify cold stress on pikas.  

 

1.2.  METHODS 

1.2.1.  Study area, sampling design, and data collection 

The North Cascades National Park Service Complex, comprised of North Cascades 

National Park, Ross Lake National Recreation Area, and Lake Chelan National Recreation Area, 

is located in north central Washington (USA) and consists of mostly roadless wilderness except 

for one road bisecting the park complex (Fig. 1.1).  Elevations in NOCA range from 100 m 



 

 6

valley bottoms to 2800 m mountains (Fig. 1.1).  The Cascade Crest and Picket Crest divides 

affect weather patterns with highest amounts of precipitation occurring to the west of both 

divides (>500 cm annually) and the least to the east of the Cascade Crest (<50 cm annually; 

Mote et al. 2003).  The Natural Resources Conservation Service (NRCS) SNOTEL station at 

Thunder Basin (elevation 1317 m; 48.52 latitude, -120.983 longitude; NRCS 2011) provides an 

indication of climate variability in NOCA.  The average maximum daily temperature for July 

and August from 1989 through 2011 ranged from 16.5˚C to 23.3˚C (mean = 20.0; standard error 

[SE] = 0.4; NRCS 2011).  The average minimum daily temperature from November through 

February from 1989 through 2011 varied between –9.8 and –4.1˚C (mean = -6.7; SE = 0.3; 

NRCS 2011).  The maximum snow pack snow water equivalent (SWE) recorded each winter 

from 1989 through 2011 ranged from 0.45 m to 1.23 m (mean = 0.83; SE = 0.05; NRCS 2011) 

while the date of spring snowmelt varied between 26 May and 6 July (mean = 12 June; SE = 2 

days; NRCS 2011).   

I used GIS techniques in ArcGIS 9.2 (ESRI 2006) to establish a sampling universe by 

creating a grid of 2598 1-km2 square survey areas across NOCA.  For each survey area, I 

calculated the mean elevation and nearest distance to a trail or road, and determined its location 

(west; middle; east) relative to NOCA’s Cascade Crest and Picket Crest divides.  I removed 918 

survey areas from the sampling universe that were >3 km from a road or trail owing to the high 

cost and extensive time required to access these locations.  I used NOCA landform GIS data 

(Riedel and Probala 2005) and U.S. Department of Agriculture National Agriculture Imagery 

Program 1-m satellite imagery to identify potential talus patches within the remaining survey 

areas.  I removed survey areas from the sampling universe without any habitat classified as 

potential talus.  I assigned the remaining 861 survey areas to 1 of 15 strata based on mean 
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elevation (low: <914 m; moderately low: 914 m to 1218 m; middle: 1219 m to 1523 m; 

moderately high: 1524 m to 1827 m; high: ≥1828 m) and location relative to the divides (west; 

middle; east).  Based on resources available for 2009 surveys, I selected a sample of 30 survey 

areas using a stratified random sampling design with proportional allocation across strata 

(Thompson 2002).  Resources were available for resurveying 13 areas in both 2010 and 2011, 

and I selected a stratified random sample of 13 of the 30 areas to resurvey. 

I divided each 1-km2 survey area into 100-m x 100-m squares and identified squares with 

potential talus habitat.  During 2009, I visited the 30 survey areas and navigated through each 

square to scan for and locate talus patches.  Upon location of a talus patch, I mapped the patch 

boundary on a satellite photo of the survey area at 1:3000 scale.  Because a patch may consist of 

a mosaic of vegetation and talus, and pika home ranges are generally <25 m in radius (Smith and 

Weston 1990; Morrison and Hik 2007; Morrison and Hik 2008), talus had to be separated by >25 

m of vegetation to be classified as different patches.  I surveyed for pikas in 115 talus patches 

located in the 30 survey areas from late June through September 2009, resurveyed 58 patches in 

13 survey areas during July and August 2010, and resurveyed the same 58 patches in 13 survey 

areas during September and October 2011.  I walked parallel transects separated by 10 m and 

spanning each patch and intensively looked for pikas; therefore, the time spent surveying the 

patch was proportional to the patch area.  I counted pikas by recording sightings, vocal 

individuals, and active haypiles consisting of recently collected vegetation, and recorded all 

types of detections for each pika.  I took care not to double count pikas using active haypiles 

because pikas often build more than one haypile.  Smith and Weston (1990) provided pika 

territory area estimates and the largest documented territory was 1982 m2 for males and females 

combined, which corresponds to a radius of 25 m assuming a circular territory.  I used visual 
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observations of haying pikas to help clarify the haypiles belonging to each individual and any 

haypiles within 25 m of the location were assumed to belong to the same pika to minimize the 

chance of over counting pikas.  For each pika counted, I recorded the location using a GPS, time 

of the observation, talus surface temperature, and weather conditions (cloudy; mostly cloudy; 

partly cloudy; sunny).  In patches with no pikas but having sign from previous years (e.g., old 

haypiles; scat), I recorded the location of old sign.  I counted the number of pikas in 115 talus 

patches located in the 30 survey areas from late June through September 2009, resurveyed 58 

patches in 13 survey areas during July and August 2010, and resurveyed the same 58 patches in 

13 survey areas during September and October 2011.  In 2009, I surveyed eight survey areas that 

included 18 patches up to three times, with surveys occurring on different dates, to document 

variability in pika abundance throughout summer.  The remaining 22 areas were surveyed once 

during the summer.  In 2010, I surveyed three survey areas encompassing five patches three 

times on different dates with the remaining 10 areas surveyed once.  In 2011, I surveyed the 13 

survey areas only once. 

I collected talus patch temperature and vegetation cover data during pika surveys in 2009 

and 2010 by recording habitat and temperature data in 1-m2 plots located every 5 m along a 25-m 

transect.  I completed at least one transect at a randomly selected pika location in patches with 

active pika presence.  In patches without active pika presence, but with old pika sign (e.g., scat; 

old haypiles), I completed at least one transect at the location of the sign.  In patches without 

active pika presence or old sign, I completed at least one transect at a random location.  I 

recorded the locations of the transect start and end points with a GPS and corresponding aspect 

of the patch.  Within each plot I recorded the vegetation categories present and corresponding 

percent cover with cover assigned to one of six ranges:  0% to 5%; 5% to 25%; 25% to 50%; 
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50% to 75%; 75% to 95%, or 95% to 100% (Daubenmire 1959).  I classified vegetation as 

bryophytes, cushion plants, ferns, forbs, graminoids, lichens, shrubs, or trees using Pojar and 

MacKinnon (2004).  When ground, small rocks (<0.2 m diameter), talus (0.2 m to 1 m; Smith 

and Weston 1990), or large rocks (>1 m) were present, I recorded the percent cover of each.  

When plots were comprised of talus or large rocks, I recorded the maximum depth and 

temperatures at the talus surface, 0.5 m depth, and 1 m depth using a temperature meter with a 1-

m probe (Model HI93510, Hanna Instruments, Ann Arbor, Michigan, USA).  When the 

maximum depth was <0.5 m or between 0.5 m and 1 m, I recorded temperature at the maximum 

depth.   

 I deployed data loggers (Model T1100P, Beartooth Wildlife Research, Farmington, 

Minnesota, USA) at and below the talus surface in a sample of patches to record temperature at 

10-min intervals from October 2010 through September 2011.  Resources existed to deploy pairs 

of data loggers in 27 of the 58 patches in the 13 survey areas that were surveyed in 2010 and 

2011.  I used a random sampling design (Thompson 2002) to select patches in which to deploy 

loggers with the number of logger pairs per survey area proportional to the number of patches in 

each area.  I chose the location for logger deployment in each patch based on a random selection 

from pika locations obtained in 2009 and 2010.  If the patch did not have pika presence, then I 

randomly selected a location for the logger.  In each patch, I placed one data logger encased in a 

sun radiation shield at the talus surface and one buried 0.5 m beneath the surface. 

 

1.2.2.  Statistical Analyses 

1.2.2.1.  Modeling factors affecting surface and sub-surface temperatures in 1-m2 plots 
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I defined response variables TEMPsurf and TEMPsub as the temperature recorded at the 

talus surface and below the talus surface, respectively, as part of habitat data collection in 1-m2 

plots.  I only used the temperature at the greatest depth for plots that had more than one sub-

surface temperature measurement.  I defined 10 covariates for use in the modeling analyses:  

ELEV, the elevation of the transect extracted from a GIS Digital Elevation Model (DEM) layer; 

DATE, the day of the year on which the temperature was recorded; TIME, the time of day at 

which the temperature was recorded; SLOPE, the slope of the patch at the transect location 

extracted from a GIS layer developed using the DEM layer (ESRI 2006); COVERbry,plot, the 

percent cover of bryophytes in the 1-m2 plot based on the average of the corresponding cover 

range; COVERtalus,plot, the percent cover of talus in the 1-m2 plot; COVERrock,plot, the percent 

cover of large rock in the 1-m2 plot; COVERveg,plot, the total percent cover of vegetation in the 1-

m2 plot based on the sum of percentages of graminoid, forb, cushion plant, fern, bryophyte, 

lichen, shrub, and tree cover; DEPTH, the depth beneath the talus at which the temperature was 

recorded for sub-surface measurements, and ASPECT, the cosine of the aspect of the patch at the 

transect location.  Taking the cosine of the aspect results in a number between –1 and 1 with 

values of –1 and 1 representing a south-facing (i.e., 180°) and north-facing (i.e., 0°) aspect, 

respectively.  As the cosine of the aspect increases, the patch becomes more north facing. 

I developed competing a priori hypotheses expressed as mixed-effects regression models 

(Pinheiro and Bates 2000; Zuur et al. 2009) for the surface and sub-surface temperature analyses 

consisting of additive combinations of covariate main effects and interactions.  Each model 

included a random intercept effect, TRANSECT, because multiple temperature measurements 

were taken along each transect.  I calculated variance inflation factors (VIFs; Neter et al. 1996) 

while forming the model list to quantify multicollinearity among covariates and those having a 
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VIF>10, which indicates multicollinearity problems, were not included.  Based on previous 

results (Bruggeman 2011) I included TIME in models as a quadratic effect.  I centered and scaled 

each covariate and used mixed-effects regression techniques in R (Pinheiro and Bates 2000; R 

Development Core Team 2008) to fit models and estimate covariate coefficients.  Each model 

included an auto-regressive correlation structure (Zuur et al. 2009) with respect to the plot 

number along each transect to account for any correlation among observations.  I calculated a 

corrected Akaike’s Information Criterion (AICc) value for each model based on the number of 

parameters (K) in the model, and separately ranked and selected the best approximating models 

for each response variable using ΔAICc values (Burnham and Anderson 2002).  I calculated 

Akaike weights (wi) for each model to obtain a measure of model selection uncertainty and 

model-averaged coefficients for covariates included in the best models for each response variable 

(Burnham and Anderson 2002).   

 

1.2.2.2.  Modeling factors affecting temperature and snow attributes using logger data 

I used temperature data from loggers to calculate nine response variables to depict 

biologically relevant heat stress, cold stress, and snow pack factors that may affect pikas.  First, I 

defined TIME25, TIME0, and TIME-5 as the total accumulated time to the nearest 10 min spent at 

temperatures >25°C, <0°C, and <-5°C, respectively, at the talus surface from 5 October 2010 

through 4 September 2011.  Second, I defined TMAXsurf and TMAXsub as the average daily 

maximum temperatures recorded at and below the snow-free talus surface, respectively, during 

July and August 2011.  Third, I defined TMINsurf and TMINsub as the average daily minimum 

temperature recorded at and below the talus surface, respectively, between November 2010 and 

February 2011.  Finally, I defined DAYSSNOW as the number of days with snow cover on the 
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surface and MELTDATE as the day of the year of snowmelt in the talus patch in 2011.  I 

determined whether the surface had snow cover for each logger by examining plots of the daily 

variance of temperature because daily fluctuations in temperature under snow were minimal (i.e., 

<2°C) and variance was small (i.e., <0.5°C).  I defined the beginning of snow accumulation as 

the date when the daily variance was <0.5°C and did not experience fluctuations >0.5°C for 

several days after.  I defined the date of snowmelt as the date when the daily variance was 

>0.5°C and remained as such for several days after. 

I defined nine covariates for use in modeling analyses:  ELEV, the elevation of the logger 

extracted from a GIS DEM layer; ASPECT, the cosine of the aspect of the patch at the logger 

location; SLOPE, the slope of the patch at the logger location; LONG, the longitude at the logger 

location; LAT, the latitude at the logger location; COVERtalus, the percent cover of talus in the 

patch; COVERrock, the percent cover of large rock in the patch; COVERveg, the total percent cover 

of vegetation in the patch based on the sum of graminoid, forb, cushion plant, fern, bryophyte, 

lichen, shrub, and tree cover, and MAXDEPTH, the average maximum talus depth in the patch.  I 

determined the maximum depth and percent cover of talus, large rock, and vegetation in each 

patch using data from habitat transects.  I calculated the average percent cover for each cover 

type for each transect and multiplied this by the patch area, determined from a GIS layer of patch 

boundaries, to obtain an area for each cover type.  I divided the cover type area by the number of 

transects for 2009 and 2010 combined, and then added the values together to get a weighted total 

area for each cover type within each patch.  I then calculated the percent cover for each cover 

type in each patch.   

I developed competing a priori hypotheses for each of the nine response variables 

expressed as regression models (Neter et al. 1996) consisting of additive combinations of 
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covariate main effects and interactions.  Models containing covariates and interactions having a 

VIF>10 (Neter et al. 1996) were not included in the model list.  Each covariate was centered and 

scaled prior to analysis.  I used regression techniques in R (R Development Core Team 2008) to 

separately fit models and estimate covariate coefficients for the nine response variables.  I 

calculated an AICc, wi, and adjusted-R2 value (Neter et al. 1996) for each model, ranked and 

selected the best approximating models using ΔAICc values for each of the nine response 

variables, and calculated model-averaged coefficients for covariates included in the best models 

for each response variable (Burnham and Anderson 2002).   

 

1.2.2.3.  Modeling factors influencing the probability of pika talus patch use 

I used pika survey data from 2009 through 2011 to assign a binary response variable to 

each talus patch depending on whether I found active pika presence in the patch (1) or whether it 

was available for use and contained either no pikas or old sign (0).  I defined 10 covariates for 

use in the analysis:  ELEV, the patch elevation; ASPECT, the cosine of the aspect of the patch; 

SLOPE, the slope of the patch; LONG, the patch longitude; LAT, the patch latitude; 

PERIMETER, the perimeter of the patch, and COVERtalus, COVERrock, COVERveg, and 

MAXDEPTH as defined in the previous section.  I developed a priori hypotheses expressed as 32 

mixed-effects logistic regression models (Hosmer and Lemeshow 2000; Zuur et al. 2009) 

consisting of additive combinations of covariate main effects and interactions.  Models 

containing covariates and interactions having a VIF>10 (Neter et al. 1996) were not included.  

Hypotheses for the direction of correlation of each covariate are provided in supplementary 

Table 1.S1.  Each model included a random intercept effect, PATCH, because repeat surveys 

were conducted in 58 of the patches.  Each continuous covariate was centered and scaled prior to 
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analysis.  I used mixed-effects logistic regression techniques in R (R Development Core Team 

2008; Zuur et al. 2009) to fit models and estimate covariate coefficients.  I calculated an AICc 

and wi value for each model, ranked and selected the best models using ΔAICc values, and 

calculated model-averaged coefficients for covariates (Burnham and Anderson 2002).  I assessed 

the goodness-of-fit for the best approximating model using the Hosmer-Lemeshow goodness-of-

fit statistic, Ĉ (Hosmer and Lemeshow 2000), which was determined by grouping estimated 

probabilities into 1 of 10 categories based on percentiles. 

 

1.2.2.4.  Examining temperature attributes by elevation, aspect, and time using logger data 

 I used logger data to calculate and define TIME0,sub and TIME-5,sub as the total 

accumulated time to the nearest 10 min spent at temperatures <0°C and <-5°C, respectively, 

below the talus surface from 5 October 2010 through 4 September 2011.  I used analysis of 

variance (ANOVA) techniques (Neter et al. 1996) to examine whether TIME0,sub, TIME-5,sub, and 

previously defined TIME25, TIME0, and TIME-5 varied among the five previously defined 

elevation strata.  I used the Tukey multiple comparison procedure (Neter et al. 1996) for each 

response variable to compare differences across all elevation strata and identify significant 

differences at  = 0.05.  I also used ANOVA techniques to examine whether TIME25, TIME0, 

and TIME-5  varied by patch aspect with aspect assigned to east, north, south, and west 

categories.  I used the Tukey multiple comparison procedure (Neter et al. 1996) to compare 

differences across all aspects and identify significant differences at  = 0.05.   

I used surface and sub-surface logger temperature data to calculate the total time for each 

hour of the day that temperatures were >25°C, from 22°C to 25°C, from 19°C to 22°C, and 

<19°C from June, or the date of snowmelt if later, through August 2011.  My rationale for using 
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these temperature ranges was that temperatures >25°C would be very stressful on pikas and 

potentially lethal over several hours (MacArthur and Wang 1974; Smith 1974), temperatures 

from 22°C to 25°C would be stressful, temperatures from 19°C to 22°C would be moderately 

stressful, and temperatures <19°C would provide minimal stress.  I separated data into one of the 

five elevation strata based on the elevation of the logger and calculated the percentage of time for 

each hour per stratum spent in the four temperature categories.  I also used surface and sub-

surface logger data to calculate temperature distributions by elevation strata from November 

2010 through February 2011. 

 

1.3.  RESULTS 

1.3.1.  Pika surveys and talus patch habitat and temperature characteristics 

During 2009 I mapped the boundaries of 115 talus patches contained within 30 1-km2 

survey areas.  The number of patches surveyed per survey area ranged from 1 to 15 (mean = 3.8; 

95% confidence interval [CI] = 2.6, 5.0) and the elevation of patches ranged from 351 m to 2130 

m (mean = 1428; 95% CI = 1340, 1517).  The perimeter of individual patches varied between 

0.02 km and 9.5 km (mean = 0.98; 95% CI = 0.68, 1.3).  I found active pika presence in 85 talus 

patches ranging in elevation between 351 m and 2130 m (mean = 1457; 95% CI = 1370, 1543).  

The elevation of patches in which I found no active pika presence ranged from 373 m to 2080 m 

(mean = 1335; 95% CI = 1075, 1596).  During both 2010 and 2011 I found active pika presence 

in 44 of 58 patches.  In 2010 I found pikas in patches ranging in elevation from 351 m to 2130 m 

(mean = 1370; 95% CI = 1223, 1518) whereas patches without pikas ranged from 1329 m to 

2081 m (mean = 1723; 95% CI = 1559, 1886).  In 2011 I found pikas in patches ranging in 

elevation between 351 m and 2130 m (mean = 1455; 95% CI = 1305, 1606) whereas patches 
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without pikas ranged from 500 m to 2081 m (mean = 1455; 95% CI = 1232, 1678).  Among the 

58 patches surveyed in both 2009 and 2010, I found three patches went from occupied to 

unoccupied and three from unoccupied to occupied by pikas.  Between 2010 and 2011, five 

patches went from occupied to unoccupied and five from unoccupied to occupied.   

I completed 196 25-m transects encompassing 1176 1-m2 plots in 103 patches in 2009.  

Habitat data was not recorded in 12 patches owing to time constraints during surveys.  In 2010 I 

revisited 58 patches and completed 126 transects that included 756 1-m2 plots.  The number of 

patches with habitat data for the patch use analysis was 103.  Talus surface temperatures in 1-m2 

plots varied between 5.9˚C and 42.5˚C (mean = 20.5; 95% CI = 20.2, 20.9; n = 1786; Fig. 1.2a).  

Sub-surface talus temperatures ranged from 1.8˚C at a depth of 0.43 m to 34.0˚C at a depth of 

0.41 m (mean = 14.2; 95% CI = 14.0, 14.4; n = 2107; Fig. 1.2b).  The average maximum talus 

depth per transect ranged from 0 m to 1.3 m (mean = 0.43; 95% CI = 0.41, 0.46).  The mean 

temperature change between the sub-surface and surface was –6.7˚C (95% CI = -6.9, -6.4; n = 

2107) with the largest drop of –24.9˚C recorded at 1 m depth (supplementary Fig. 1.S1).  

Summary statistics for the frequency of occurrence and mean average percent cover for cover 

types are provided in Table 1.1.  The mean average percent cover varied significantly with 

elevation for many cover types with the most notable differences among elevations being for 

bryophytes and lichens (Table 1.1; supplementary Fig. 1.S2, Table 1.S2). 

I deployed all data loggers by 5 October 2010 and recovered the first pair on 5 September 

2011.  Examples of time-series data from loggers are provided in Fig. 1.3 with more examples in 

supplementary Figs. 1.S3-1.S5.  The distribution of loggers across elevations included:  five 

pairs of loggers in five patches at low elevations; three pairs of loggers in three patches at 

moderately low elevations; three pairs of loggers in three patches at middle elevations; 10 pairs 
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of loggers in 10 patches at moderately high elevations, and six pairs of loggers in six patches at 

high elevations.  Overall summary statistics for logger response variables are provided in Table 

1.2 and summary statistics for logger response variables by elevation strata are provided in 

supplementary Tables 1.S3-1.S9. 

 

1.3.2.  Modeling factors affecting surface and sub-surface temperatures in 1-m2 plots 

There were three best approximating models with ΔAICc<2 for the surface temperature 

analysis (supplementary Table 1.S10) with the first- (ΔAICc = 0.0, wi = 0.22, K = 11), second- 

(ΔAICc = 1.21, wi = 0.12, K = 10), and third-best models (ΔAICc = 1.48, wi = 0.10, K = 12) each 

containing significant negative ELEV (supplementary Fig. 1.S6a), ASPECT, and quadratic TIME 

(Fig. 1.2a) covariates with coefficient CIs not overlapping zero (Table 1.3).  Additionally, each 

of the three best models included a negative DATE covariate (supplementary Fig. 1.S6b) and 

positive ELEV*ASPECT interaction with coefficient CIs that slightly overlapped zero (Table 

1.3).  The variance for the random intercept effect, TRANSECT, was 32.3. 

There were also three best approximating models with ΔAICc<2 for the sub-surface 

temperature analysis (supplementary Table 1.S11).  The first- (ΔAICc = 0.0, wi = 0.24, K = 13), 

second- (ΔAICc = 0.55, wi = 0.18, K = 12), and third-best models (ΔAICc = 1.15, wi = 0.14, K = 

13) included significant negative ELEV (supplementary Fig. 1.S7a), DATE (supplementary Fig. 

1.S7b), ASPECT, and DEPTH covariates, a significant positive COVERrock,plot covariate, and 

significant positive ELEV*ASPECT and ELEV*COVERveg,plot interactions with coefficient CIs 

not spanning zero (Table 1.3).  The three best models also included negative quadratic TIME 

(Fig. 1.2b) and COVERveg,plot covariates with coefficient CIs that slightly overlapped zero (Table 

1.3).  The variance for the random intercept effect, TRANSECT, was 12.7. 
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1.3.3.  Modeling factors affecting temperature and snow attributes using logger data 

There was one best approximating model with ΔAICc<2 for each of the heat stress 

response variables TIME25, TMAXsurf, and TMAXsub with adjusted-R2 values for the best models 

of 0.91, 0.90, and 0.73, respectively (supplementary Table 1.S12).  Each of the best models 

contained a significant negative ELEV covariate with coefficient CIs not spanning zero (Table 

1.4).  Best models for TIME25 and TMAXsurf included a significant negative ASPECT covariate 

with coefficient CIs not spanning zero (Table 1.4).  Best models for TIME25, TMAXsurf, and 

TMAXsub contained a significant positive LONG covariate with coefficient CIs not spanning zero 

(Table 1.4).  Best models for TIME25 and TMAXsurf included a significant positive 

ELEV*ASPECT interaction with coefficient CIs not spanning zero (Table 1.4).  

I found two best approximating models with ΔAICc<2 for each of the four cold stress 

response variables TIME0, TIME-5, TMINsurf, and TMINsub with adjusted-R2 values for the best 

models of 0.83, 0.68, 0.78, and 0.41, respectively (supplementary Table 1.S13).  Best models for 

TIME0 included a significant positive ELEV covariate with coefficient CIs not spanning zero 

(Table 1.5).  Best models for TIME-5 and TMINsurf included a significant negative and positive 

ELEV*ASPECT interaction, respectively, with coefficient CIs not spanning zero (Table 1.5).  

Best models for TIME0 and TMINsurf contained a significant negative ELEV*LONG interaction 

whereas the best models for TIME-5 included significant positive ELEV*LONG interaction 

(Table 1.5).  Best models for TMINsub contained significant negative COVERtalus and COVERrock 

covariates with coefficient CIs not spanning zero (Table 1.5).  Best models for TIME-5 and 

TMINsurf included a significant negative and positive COVERveg covariate, respectively (Table 

1.5).  
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 There were four and two models best models with ΔAICc<2 for the DAYSSNOW and 

MELTDATE response variables, respectively (supplementary Table 1.S14) with maximum 

adjusted-R2 values of 0.89 and 0.91 (Table 1.6).  Best models for both snow response variables 

contained a positive ELEV covariate and ASPECT*LONG interaction, and a negative COVERveg 

covariate and ELEV*ASPECT interaction with coefficient CIs not spanning zero (Table 1.6).  

Best models for DAYSSNOW also included significant positive ASPECT and COVERrock 

covariates and a significant negative ELEV*LONG interaction (Table 1.6).  

 

1.3.4.  Modeling factors influencing the probability of pika talus patch use 

There were eight best approximating models with ΔAICc<2 (Table 1.7) with the first-best 

model (ΔAICc = 0.0, wi = 0.12, K = 10) having nearly twice as much support as the second-best 

model (ΔAICc = 1.08, wi = 0.07, K = 9).  The remaining six best models had ΔAICc values 

ranging from 1.56 to 1.98 (Table 1.7).  The PERIMETER, ASPECT, and SLOPE covariates were 

positively correlated with the probability of patch use and each had coefficient CIs not 

overlapping zero (Table 1.8).  The LONG covariate and an ELEV*ASPECT interaction were 

significant, negative effects with coefficient CIs not spanning zero (Table 1.8).  Positive ELEV 

and MAXDEPTH covariates and a negative ELEV*SLOPE interaction had coefficient CIs that 

slightly spanned zero (Table 1.8).  Based on the magnitude of covariate coefficients the most 

influential covariate was PERIMETER followed by SLOPE, ASPECT, ELEV, LONG, and 

MAXDEPTH.  The variance for the random intercept effect, PATCH, was 2.15.  The Hosmer-

Lemeshow goodness-of-fit statistic for the best approximating model was Ĉ = 8.94 and the 

corresponding P-value computed from the chi-square distribution was 0.35, indicating a logistic 

model is appropriate and the model fits the data well (Hosmer and Lemeshow 2000). 
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1.3.5.  Examining temperature attributes by elevation, aspect, and time using logger data 

TIME25 varied significantly with elevation stratum (ANOVA: F4,19 = 11.9; P<0.001; 

adjusted-R2 = 0.65) as loggers at low (<914 m) and moderately low (914 m to 1218 m) 

elevations had significantly more time at temperatures >25˚C compared to those at middle (1219 

m to 1523 m), moderately high (1524 m to 1827 m), and high (≥1828 m) elevations 

(supplementary Fig. 1.S8, Table 1.S15).  TIME0 varied significantly with elevation stratum 

(ANOVA: F4,19 = 24.4; P<0.001; adjusted-R2 = 0.80).  Loggers at low elevations had 

significantly less time at temperatures <0˚C compared to all other elevation strata, and loggers at 

moderately low and middle elevations had significantly less time at temperatures <0˚C compared 

to those at moderately high and high elevations (supplementary Fig. 1.S8, Table 1.S15).  TIME-5 

did not vary significantly with elevation stratum (ANOVA: F4,19 = 2.1; P = 0.12; adjusted-R2 = 

0.16), although loggers at middle and moderately high elevations did have less time at 

temperatures <-5˚C compared to those at high elevations with CIs slightly spanning zero 

(supplementary Fig. 1.S8, Table 1.S15).  TIME0,sub varied significantly with elevation stratum 

(ANOVA: F4,21 = 6.6; P = 0.001; adjusted-R2 = 0.47).  Sub-surface loggers at high elevations 

had significantly more time at temperatures <0˚C compared to all other elevation strata 

(supplementary Fig. 1.S8, Table 1.S15).  TIME-5,sub did not vary significantly with elevation 

stratum (ANOVA: F4,21 = 1.1; P = 0.38; adjusted-R2 = 0.02; supplementary Fig. 1.S8, Table 

1.S15).  Only one logger beneath the surface recorded temperatures >25˚C with 37 total hrs spent 

>25˚C.  Eight sub-surface loggers recorded temperatures >19˚C with a range of total time >19˚C 

between 0 hrs and 658 hrs (8% of time) with a mean of 51 hrs (95% CI = 0, 111). 
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TIME25 varied significantly with patch aspect (ANOVA: F3,20 = 4.5; P=0.01; adjusted-R2 

= 0.32) as loggers in patches with eastern aspects had significantly more time at temperatures 

>25˚C compared to those in patches with northern and western aspects (supplementary Table 

1.S16).  Loggers in patches with eastern aspects had more time at temperatures >25˚C compared 

to those in patches with southern aspects with CIs slightly spanning zero (supplementary Table 

1.S16).  No significant differences existed among the other aspects.  TIME0 did not vary 

significantly with patch aspect (ANOVA: F3,20 = 0.93; P=0.44; adjusted-R2 = -0.01).  Likewise, 

TIME-5 did not vary significantly with patch aspect (ANOVA: F3,20 = 0.76; P=0.53; adjusted-R2 

= -0.03).   

 Hourly temperatures at the talus surface from June through August 2011 varied among 

elevations (Fig. 1.4).  Loggers at low and moderately low elevations experienced surface 

temperatures >25˚C as early as 09:00 with 6.3% and 7.2 % of time spent >25˚C, respectively 

(Fig. 1.4a,b).  Loggers at middle elevations recorded temperatures >25˚C as early as 11:00 with 

2.3% of time spent >25˚C (Fig. 1.4c).  Loggers at moderately high and high elevations recorded 

surface temperatures >25˚C as early as 13:00 with 0.5% and 0.3 % of time spent >25˚C, 

respectively (Fig. 1.4d,e).  Hourly temperatures below the talus surface remained primarily 

<19°C except at low and moderately low elevations.  Sub-surface loggers at low elevations 

recorded temperatures >25˚C between 14:00 and 22:00 with 0.3% of time spent >25˚C, 2.0% of 

time from 22°C to 25°C, and 7.9% of time from 19°C to 22°C (Fig. 1.4f).   

Winter temperatures at the talus surface were primarily between –5°C and 0°C with the 

percentage of time ranging from 62.7% for low elevation loggers to 94.0% for moderately high 

elevation loggers (Fig. 1.5a).  The percentage of time between –10°C and –5°C at the surface 

ranged from 1.0% for moderately high elevation loggers to 16.9% for high elevation loggers 
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(Fig. 1.5a).  The percentage of time <-10°C at the surface ranged from 0% for middle elevation 

loggers to 3.5% for high elevation loggers (Fig. 1.5a).  The percentage of time >0°C at the 

surface ranged from 1.2% for high elevation loggers to 31.0% for low elevation loggers (Fig. 

1.5a).  Winter temperatures below the talus surface were also primarily between –5°C and 0°C 

with the percentage of time ranging from 53.1% for moderately high elevation loggers to 95.0% 

for high elevation loggers (Fig. 1.5b).  Sub-surface temperatures between 0°C and 5°C accounted 

for 29.6% of all recorded winter temperatures (Fig. 1.5b).  The percentage of time <-5°C below 

the surface ranged from 0.1% for moderately high elevation loggers to 5.1% for moderately low 

elevation loggers (Fig. 1.5b).  The percentage of time spent >0°C below the surface ranged from 

0.4% for high elevation loggers to 46.9% for moderately high elevation loggers (Fig. 1.5b).   

 

1.4.  DISCUSSION 

 My hypothesis that the probability of pika talus patch use would be higher in patches 

with habitat attributes that minimized heat stress and cold stress was supported by the data.  Pika 

patch use in the North Cascades was influenced by multiple, interacting habitat attributes, and 

the relevance of these attributes on pika ecology is understood through their relationships with 

temperature, snow pack, and resource availability.  The probability of patch use was positively 

correlated with elevation and the cosine of the patch’s aspect, and negatively correlated with an 

elevation-aspect interaction.  This suggests pikas were more likely to use patches at higher 

elevations or with more northerly aspects, but these effects were diminished in extreme high 

elevation and north-facing patches.  The amount of time the talus surface temperature was >25°C 

and the average maximum daily surface and sub-surface temperatures during summer were each 

negatively correlated with elevation and aspect, indicating heat stress on pikas decreased with 
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elevation and in more northerly facing patches.  Temperature measurements from 1-m2 plots 

further support these findings with surface and sub-surface temperatures negatively correlated 

with elevation and aspect.  My findings corroborate other studies that have documented elevation 

as a primary factor related to pika occurrence (Beever et al. 2003; Rodhouse et al. 2010), pika 

preference for patches with more northerly aspects, and pika use of patches with all aspects 

(Millar and Westfall 2010). 

My results indicate pikas in lower elevation and southerly-facing patches faced the 

combination of greater heat and cold stress, which likely explains the lower probability of patch 

use in these patches given historical pika extirpations are related to these factors (Beever et al. 

2010).  Regarding cold stress, the amount of time the talus surface temperature was <0°C and <-

5°C was positively correlated with elevation and negatively correlated with an elevation-aspect 

interaction, respectively.  The duration of snow cover was positively correlated with elevation 

and aspect and, therefore, an insulating snow layer kept temperatures between -5°C and 0°C for 

more time in patches at higher elevations and with more northerly aspects.  From logger data I 

found patches at lower elevations had shorter durations of snow cover and often lacked 

continuous snow cover in winter, thereby directly exposing pikas to cold (Fig. 1.5).  This is 

supported by model results for the average minimum daily winter surface temperature, which 

was positively correlated with an elevation-aspect interaction, suggesting a better insulating 

snow layer at higher elevations and in northerly-facing patches.  However, the negative 

correlation of patch use with an elevation-aspect interaction suggests extreme high elevation and 

north-facing patches may not provide as suitable of habitat for pikas.  This is possibly because of 

the long duration of snow cover and late snowmelt in these patches that results in later green-up 

and growth of vegetation (Inouye and Wielgolaski 2003).  Further, the probability of patch use 
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was positively correlated with the slope of the patch, which may be attributed to lingering snow 

and later snowmelt in patches with shallow slopes or situated in flat depressions.  Earlier 

snowmelt affords more time for pikas to graze and hay (Morrison et al. 2009), which may benefit 

survival rates and fecundity.  Morrison and Hik (2007) found survival of adult pikas was higher 

during years of earlier snowmelt because of earlier plant green-up and growth.  Also, Kreuzer 

and Huntly (2003) documented talus patches located in low-lying depressions that accumulated 

more snow and had later snowmelt acted as population sinks and had pika birth rates negatively 

correlated with the date of melt.  In contrast, patches located on meadow slopes had earlier 

snowmelt, had higher birth rates, and acted as population sources (Kreuzer and Huntly 2003). 

 The probability of patch use was negatively correlated with the longitude of the talus 

patch, suggesting the longitudinal precipitation gradient across the North Cascades was 

influential on my study populations of pikas.  The amount of time the talus surface temperature 

was >25°C and the average maximum daily surface and sub-surface temperatures during summer 

were positively correlated with longitude, suggesting heat stress on pikas increased with 

longitude and was greater in patches east of the Cascade Crest.  An elevation-longitude 

interaction was positively correlated with the amount of time the surface temperature was <-5°C, 

but negatively correlated with the average minimum daily surface temperature during winter, 

suggesting pikas east of the Cascade Crest, especially those at higher elevations, faced greater 

cold stress (Fig. 1.5).  The duration of snow cover and date of snowmelt were each positively 

correlated with an aspect-longitude interaction, with the duration of snow cover also negatively 

correlated with an elevation-longitude interaction.  This indicates the duration of snow cover was 

shorter in high elevation, eastern longitude patches, which resulted in greater cold stress because 

of a lack of insulating snow cover during periods with colder air temperatures.  However, 
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northerly-facing, eastern longitude patches experienced longer snow cover that may lessen this 

effect.  My results indicate pikas at eastern longitudes faced greater heat and cold stress and the 

exacerbating factor of shorter duration of snow cover that magnifies cold stress, which may 

result in a lower probability of patch use.  Pika persistence has been related to precipitation in 

some areas, with pikas in warmer and drier sites more likely to be extirpated (Millar and Westfall 

2010; Erb et al. 2011).  Manning and Hagar (2011) suggested the climate of western slopes of 

the Cascade Range in Oregon allowed pikas to live in a variety of talus-like habitats within even 

low elevation, forested areas. 

  The probability of patch use was positively correlated with maximum talus depth.  

Patches with greater talus depths had cooler beneficial microclimates available beneath the 

surface during summer, as I found the sub-surface temperature in 1-m2 plots was negatively 

correlated with depth beneath the surface.  In patches with greater depths, the space and 

increased rock structure below the surface traps cooler air during hot summer days, thereby 

making patches with greater sub-surface depths more favorable to pika thermoregulation (Millar 

and Westfall 2010).  However, the sub-surface temperature was positively correlated with the 

amount of large rock cover, which is likely because of larger interstitial space among large rocks 

that allow for increased convection of warmer air from the surface (Phillips et al. 2009).  Smaller 

rocks may assist in trapping cooler air below the surface because of smaller interstices among 

rocks.  I found a similar result, but with opposite effect, from my best models for the average 

minimum daily sub-surface winter temperature, which was negatively correlated with the 

amounts of large rock cover and talus cover.  This suggests increased sub-surface cooling 

through the transfer of warmer air below the talus surface to the surface in patches with larger 

rocks and talus (Herz et al. 2003; Millar and Westfall 2010).   
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 Temperatures at and below the talus surface in 1-m2 plots during summer were negatively 

correlated with the time of day as a quadratic effect, indicating temperatures are lower during 

early morning and late evening hours, and greatest during afternoon when pikas would be most 

susceptible to thermal stress (Fig. 1.2).  These findings are supported by my logger data in Fig. 

1.4 that suggest a time-elevation interaction on summer surface temperatures.  I found pikas 

experienced minimal, if any, thermal stress across all elevations before 9:00 each morning 

because most surface temperatures were <19°C.  As the day progressed, however, the potential 

for thermal stress became more pronounced quicker at lower elevations with results suggesting 

periods of temperature limitations on pika surface activity from mid-morning through mid-

evening.  Surface temperatures at moderately high and high elevations rarely reached >25°C 

with the majority of time for all hours of the day at <19°C, suggesting minimal limitations on 

surface activity.  Smith (1974) documented pika surface activity by hour at a lower latitude site 

and found pikas remained largely inactive at the surface from late morning through afternoon at 

lower elevations, but increased activity in early morning and evening hours.  At high elevations, 

pikas were active on the surface during all hours of the day (Smith 1974).  Beever et al. (2010) 

suggested this type of behavioral thermoregulation was a factor limiting the number of pika 

extirpations in the Great Basin.  My results indicate pikas at lower elevations in the North 

Cascades may need to use similar activity patterns to forage enough to meet summer energy 

requirements while caching sufficient vegetation for winter.  

 My findings suggest climate change will have varying impacts on pikas in the North 

Cascades depending on the location and attributes of their talus patch.  Pikas at lower elevations 

are likely at the edge of their bioclimatic envelope and are already challenged with greater heat 

and cold stress than higher elevation populations, and climate change will further exacerbate 
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these effects through warmer summer temperatures and reduced snow pack.  Populations located 

at eastern longitudes may face added heat and cold stress based on similar rationale.  However, 

earlier snowmelt may prove beneficial for higher elevation populations and those west of the 

Cascade Crest through a lengthened summer foraging season.  In addition to habitat attributes 

already discussed, I found the probability of patch use was positively correlated with patch 

perimeter.  Because pikas establish territories as individuals (Smith and Weston 1990), patches 

with larger perimeters are likely to support a higher number of territories, have greater pika 

abundance, and remain occupied.  Smaller patches have a higher probability of extinction events 

between years because of lower abundance (Moilanen et al. 1998) and, therefore, smaller patches 

at lower elevations and eastern longitudes may experience more frequent changes in pika 

occupancy among years.  Overall, the short-term negative effects of climate change may 

manifest themselves through decreased probability of pika use of smaller patches at lower 

elevations and with southerly aspects, especially those located east of the Cascade Crest.  Long-

term implications may be a range contraction resulting from pika extirpations at lower elevations 

with extirpations occurring sooner in patches with southerly aspects and east of the Cascade 

Crest.  There may also be positive consequences of climate change on pika populations as higher 

elevation patches with northerly aspects may experience an increased probability of use owing to 

beneficial changes in snow pack and the timing of snowmelt.  Accumulating additional years of 

pika survey data and temperature data using loggers, expanding logger deployment to more 

patches, and placing multiple loggers per patch is essential to document climate variability and 

change while researching limitations and effects on pikas. 

 Given pikas’ patch fidelity and obligation to talus and talus-like habitats, adaptation to a 

changing climate through behavioral and physiological means is necessary to minimize 
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additional extirpations across North America, especially for populations at the edge of their 

bioclimatic envelope.  Adaptation through behavioral thermoregulation may allow pikas to 

persist in patches with higher surface temperatures by minimizing foraging bouts during the day 

in favor of early morning or night foraging when temperatures are cooler (Smith 1974; Beever et 

al. 2010).  Pikas at lower elevations must survive on a different suite of vegetation species and 

cover types than those at higher elevations, and pikas must adapt accordingly as vegetation 

communities shift upslope with increasing temperature.  Small mammals living in harsh winter 

environments cope with extreme cold through multiple physiological, morphological, and 

behavioral changes, including decreased body mass, increased basal metabolic rate, and 

increased capacity for nonshivering thermogenesis (Jansky 1973; Wang et al. 2006).  Pikas 

living in snow-covered environments rely on increased basal metabolic rate, do not change body 

mass, and may not develop much brown adipose tissue that is required for nonshivering 

thermogenesis unless snow cover is inadequate to insulate from extreme cold (Wunder 1992; 

Wang et al. 2006).  In contrast, Ochotona species living in cold areas without snow cover 

develop brown adipose tissue and use an increased level of nonshivering thermogenesis during 

winter, but have no changes in body mass or basal metabolic rate (Wang et al. 2006).  Adaptive 

evolution of leptin, a hormone that regulates the energy balance through determining changes in 

energy expenditure and food intake, in some pika species is suggested to have been driven by 

cold stress and allowed pikas to adapt to extreme environmental stress (Yang et al. 2008). 

The need for adaptation to a changing climate encompasses many habitat specialist 

species as resource availability and habitats change (e.g., Hilderbrand et al. 2007; Laidre et al. 

2008).  Populations can respond to strong selection pressures on traits important for fitness 

imposed by climate change through range shifts to other suitable habitats, remaining in their 
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range and habitat and adapting to new conditions through phenotypic plasticity, or adapting 

through genetic changes and evolution (Holt 1990; Gienapp et al. 2007).  However, the rate at 

which climate change alters abiotic and biotic factors combined with the species’ life history 

traits, distribution breadth, and dispersal ability will determine whether a species can respond 

quick enough to avoid local and broad scale extirpations (Holt 1990; Meyers and Bull 2002; 

Davis et al. 2005).   

 

1.5.  LIST OF SYMBOLS 

Symbol Definition 

ASPECT Cosine of the aspect of the patch or at the transect or logger location 

 

COVERbry,plot Percent cover of bryophytes in the 1-m2 plot based on the average of the 

corresponding cover range 

COVERrock Percent cover of large rock in the patch 

COVERrock,plot Percent cover of large rock in the 1-m2 plot based on the average of the 

corresponding cover range 

COVERtalus Percent cover of talus in the patch 

COVERtalus,plot Percent cover of talus in the 1-m2 plot based on the average of the corresponding 

cover range 

COVERveg Total percent cover of vegetation in the patch based on the sum of percentages 

of graminoid, forb, cushion plant, fern, bryophyte, lichen, shrub, and tree covers 

COVERveg,plot Total percent cover of vegetation in the 1-m2 plot based on the sum of 

percentages of graminoid, forb, cushion plant, fern, bryophyte, lichen, shrub, 
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and tree covers 

DATE Day of the year on which the temperature was recorded in the 1-m2 plot 

DAYSSNOW Number of days with snow cover on the talus surface from 5 October 2010 

through 4 September 2011 as determined from logger data 

DEPTH Depth beneath the talus at which the temperature was recorded for sub-surface 

measurements in the 1-m2 plot 

ELEV Elevation of the patch or at the transect or logger location 

LAT Latitude of the patch or at the logger location 

LONG Longitude of the patch or at the logger location 

MAXDEPTH Average maximum talus depth in the patch 

MELTDATE Day of the year of snowmelt in the talus patch in 2011 as determined from 

logger data 

PATCH Random intercept effect to account for the repeated annual surveys for pikas in 

the 58 of the talus patches 

PERIMETER Perimeter of the patch 

SLOPE Slope of the patch or at the transect or logger location 

TEMPsub Temperature recorded below the talus surface in the 1-m2 plot 

TEMPsurf Temperature recorded at the talus surface in the 1-m2 plot 

TIME Time of day at which the temperature was recorded in the 1-m2 plot 

TIME0 Total accumulated time to the nearest 10 min spent at temperatures <0°C at the 

talus surface from 5 October 2010 through 4 September 2011 as determined 

from logger data 

TIME0,sub Total accumulated time to the nearest 10 min spent at temperatures <0°C below 
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the talus surface from 5 October 2010 through 4 September 2011 as determined 

from logger data 

TIME25 Total accumulated time to the nearest 10 min spent at temperatures >25°C at the 

talus surface from 5 October 2010 through 4 September 2011 as determined 

from logger data 

TIME-5 Total accumulated time to the nearest 10 min spent at temperatures <-5°C at the 

talus surface from 5 October 2010 through 4 September 2011 as determined 

from logger data 

TIME-5,sub Total accumulated time to the nearest 10 min spent at temperatures <-5°C below 

the talus surface from 5 October 2010 through 4 September 2011 as determined 

from logger data 

TMAXsub Average daily maximum temperature recorded below the snow-free talus 

surface during July and August 2011 as determined from logger data 

TMAXsurf Average daily maximum temperature recorded at the snow-free talus surface 

during July and August 2011 as determined from logger data 

TMINsub Average daily minimum temperature recorded below the talus surface from 

November 2010 through February 2011 as determined from logger data 

TMINsurf Average daily minimum temperature recorded at the talus surface from 

November 2010 through February 2011 as determined from logger data 

TRANSECT Random intercept effect to account for the multiple temperature measurements 

taken along each transect during habitat data collection in 1-m2 plots 
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Table 1.1.  Summary statistics for 11 cover types as recorded in 1-m2 plots along 322 transects 
in 103 talus patches in the North Cascades National Park Service Complex, Washington during 
2009 and 2010.  Provided for each cover type is the frequency of occurrence in transects and the 
mean average percent cover per transect with 95% confidence interval (CI).  Statistics from 
analysis of variance (ANOVA) models (F statistic, P-value, and adjusted-R2) are provided for 
each vegetation cover type for models examining variation in mean average percent cover per 
transect among five elevation strata (<914 m; 914 m to 1218 m; 1219 m to 1523 m; 1524 m to 
1827 m; ≥1828 m).  Pairwise comparisons based on ANOVA models are provided in detail in 
supplementary Table 1.S2. 

ANOVA 

Cover type 

Frequency of 

occurrence  

Mean average percent 

cover (95% CI) F4,317 P-value Adjusted-R2 

Bryophytes 0.87 14.7% (12.6, 16.8) 110 <0.001 0.58 

Cushion plants 0.39 2.8% (2.1, 3.4) 9.8 <0.001 0.10 

Ferns 0.30 1.1% (0.7, 1.4) 4.2 0.003 0.04 

Forbs 0.53 2.3% (1.8, 2.8) 4.7 0.001 0.04 

Graminoids 0.54 1.8% (1.4, 2.2) 7.7 <0.001 0.08 

Large rocks* 0.80 16.7% (14.8, 18.6)    

Lichens 0.62 2.3% (1.9, 2.7) 25.2 <0.001 0.23 

Shrubs 0.56 5.8% (4.8, 6.8) 8.4 <0.001 0.09 

Small rocks* 0.76 5.5% (4.6, 6.5)    

Talus* 1.0 43.6% (41.4, 45.8)    

Trees 0.11 0.4% (0.2, 0.5) 3.0 0.02 0.02 

* ANOVA models were not run for large rock, small rock, and talus cover types 
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Table 1.2.  Ranges, means, and 95% confidence intervals for 13 variables calculated using 
temperature data from 27 pairs of data loggers deployed at and below the surface in talus patches 
in the North Cascades National Park Service Complex, Washington from 5 October 2010 
through 4 September 2011.  Abbreviated variables are defined in the text. 
Logger variable Range Mean (95% confidence interval) 

Average minimum daily sub-

surface temperature during July 

and August 2011 

5.0˚C to 16.8˚C 9.9˚C (8.2, 11.6) 

Average minimum daily surface 

temperature during July and 

August 2011 

4.0˚C to 13.1˚C 8.1˚C (6.9, 9.3) 

DAYSSNOW 10 days to 340 days 218 days (187, 249) 

MELTDATE 3 March to 13 October 1 July (9 June, 23 July) 

TIME-5,sub 0 hrs to 691 hrs 74 hrs (16, 132) 

TIME0,sub 64 hrs to 7625 hrs  3619 hrs (2633, 4606) 

TIME-5 0 hrs to 2131 hrs  236 hrs (45, 426) 

TIME0 1256 hrs to 7620 hrs  5624 hrs (4890, 6357) 

TIME25 0 hrs to 287 hrs  50 hrs (16, 83) 

TMAXsub 6.1˚C to 20.7˚C 12.3 (10.4, 14.2) 

TMAXsurf 16.6˚C to 27.1˚C 20.5 (19.0, 22.0) 

TMINsub –3.6˚C to 0.7˚C -0.6 (-1.0, -0.3) 

TMINsurf –6.9˚C to –0.3˚C -1.7 (-2.4, -1.1) 
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Table 1.3.  Model-averaged coefficient estimates and 95% confidence intervals (CI) for 
covariates contained in the best approximating models from modeling analyses examining 
factors influencing temperature at (TEMPsurf) and below (TEMPsub) the talus surface as recorded 
in 1-m2 plots in 322 transects in the North Cascades National Park Service Complex, 
Washington during 2009 and 2010.  Covariates with estimates significant at  = 0.05 are denoted 
in bold.  An “n/a” indicates the covariate was not included in the best models.  Response 
variables and covariates are defined in the text.   

Response variable TEMPsurf TEMPsub 

Covariate Coefficient estimate (95% CI) Coefficient estimate (95% CI) 

Intercept 24.3 (22.5, 26.0) 16.5 (15.4, 17.7) 

ELEV -3.00 (-4.47, -1.52) -2.42 (-3.48, -1.36) 

DATE -0.029 (-0.059, 0.001) -0.031 (-0.051, -0.010) 

TIME 3.76 (2.29, 5.23) 1.87 (0.97, 2.77) 

TIME2 -10.8 (-13.6, -7.9) -1.70 (-3.53, 0.121) 

ASPECT -2.30 (-3.22, -1.39) -1.57 (-2.18, -0.959) 

SLOPE -0.069 (-2.05, 1.91) 0.625 (-0.678, 1.93) 

COVERbry,plot -0.296 (-0.749, 0.158) n/a 

DEPTH n/a -2.26 (-2.60, -1.92) 

COVERveg,plot n/a -0.302 (-0.671, 0.066) 

COVERrock,plot n/a 0.643 (0.355, 0.932) 

ELEV*ASPECT 1.52 (-0.112, 3.15) 1.19 (0.099, 2.28) 

ELEV*SLOPE 0.495 (-3.30, 4.29) 0.477 (-2.09, 3.04) 

ELEV* COVERveg,plot n/a 1.54 (0.878, 2.20) 
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Table 1.4.  Model-averaged coefficient estimates and 95% confidence intervals (CI) for 
covariates contained in the best approximating models from modeling analyses examining 
factors influencing three heat stress response variables relevant to American pika (Ochotona 
princeps) ecology.  Response variables were calculated using temperature data from 27 pairs of 
data loggers deployed at and below the surface in talus patches in the North Cascades National 
Park Service Complex, Washington during 2010 and 2011.  The maximum adjusted-R2 value 
among best models for each response variable is provided.  Covariates with estimates significant 
at  = 0.05 are denoted in bold.  Response variables and covariates are defined in the text. 

Response variable TIME25 TMAXsurf TMAXsub 

Adjusted-R2 0.91 0.90 0.73 

Covariate Coefficient estimate (95% CI) 

ELEV -146 (-169, -124) -5.92 (-6.97, -4.87) -6.85 (-9.05, -4.63) 

ASPECT -48.7 (-65.1, -32.3) -1.13 (-1.94, -0.315) -1.14 (-2.73, 0.45) 

LONG 40.7 (3.59, 77.7) 2.51 (0.639, 4.39) 3.24 (0.181, 6.31) 

LAT -24.4 (-55.7, 6.81) -0.364 (-1.98, 1.25) 1.04 (-1.88, 3.96) 

ELEV*ASPECT 58.3 (34.6, 82.0) 1.35 (0.251, 2.45) 1.08 (-1.13, 3.29) 

ELEV*LONG -29.0 (-71.7, 13.8) -1.18 (-3.18, 0.813) -2.61 (-5.87, 0.65) 
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Table 1.5.  Model-averaged coefficient estimates and 95% confidence intervals (CI) for 
covariates contained in the best approximating models from modeling analyses examining 
factors influencing four cold stress response variables relevant to American pika (Ochotona 
princeps) ecology.  Response variables were calculated using temperature data from 27 pairs of 
data loggers deployed at and below the surface in talus patches in the North Cascades National 
Park Service Complex, Washington during 2010 and 2011.  The maximum adjusted-R2 value 
among best models for each response variable is provided.  Covariates with estimates significant 
at  = 0.05 are denoted in bold.  An “n/a” indicates the covariate was not included in the best 
models.  Response variables and covariates are defined in the text. 
Response variable TIME0 TIME-5 TMINsurf TMINsub 

Adjusted-R2 0.83  0.68  0.78 0.41 

Covariate Coefficient estimate (95% CI) 

ELEV 2226  

(1483, 2969) 

-24.3  

(-322, 273) 

-0.114  

(-0.989, 0.761) 

0.057  

(-0.82, 0.942) 

ASPECT -77.8  

(-602, 446) 

-122  

(-339, 96.0) 

0.029  

(-0.610, 0.669) 

-0.258  

(-0.846, 0.330) 

LONG 745  

(-429, 1918) 

-182  

(-656, 293) 

0.468  

(-0.912, 1.85) 

-0.204  

(-1.32, 0.913) 

LAT -49.8 

 (-1203, 1104) 

-269  

(-647, 110) 

0.718  

(-0.298, 1.73) 

0.365  

(-0.636, 1.37) 

ELEV*ASPECT -121 

 (-897, 656) 

-519  

(-799, -239) 

1.34  

(0.539, 2.14) 

0.597  

(-0.270, 1.47) 

ELEV*LONG -1828  

(-3209, -448) 

788  

(180, 1396) 

-2.72 

 (-4.45, -0.980) 

-0.486  

(-1.90, 0.928) 

SLOPE -670 

 (-1545, 204) 

n/a n/a n/a 

COVERtalus n/a n/a n/a -1.16 
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 (-2.21, -0.106) 

COVERrock n/a n/a n/a -1.03 

 (-2.05, 0.002) 

COVERveg n/a -440 

 (-904, 24.4) 

1.44  

(0.114, 2.77) 

n/a 
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Table 1.6.  Model-averaged coefficient estimates and 95% confidence intervals (CI) for 
covariates contained in the best approximating models from modeling analyses examining 
factors influencing the duration of snow cover (DAYSSNOW) and the date of snowmelt 
(MELTDATE) in talus patches.  Response variables were calculated using temperature data from 
27 pairs of data loggers deployed at and below the surface in talus patches in the North Cascades 
National Park Service Complex, Washington during 2010 and 2011.  The maximum adjusted-R2 

value among the best models for each response variable is provided.  Covariates with estimates 
significant at  = 0.05 are denoted in bold.  An “n/a” indicates the covariate was not included in 
the best models.  Response variables and covariates are defined in the text. 

Response variable DAYSSNOW MELTDATE 

Adjusted-R2 0.91 0.89 

Covariate Coefficient estimate (95% CI) 

ELEV 100 (72.9, 127) 72.5 (51.5, 93.5) 

ASPECT 26.7 (5.9, 47.4) 12.3 (-4.15, 28.7) 

LONG -20.8 (-57.2, 15.6) -23.3 (-52.1, 5.57) 

LAT -14.0 (-43.3, 15.3) -8.32 (-31.4, 14.8) 

ELEV*ASPECT -45.6 (-77.7, -13.6) -23.6 (-48.2, 1.01) 

ELEV*LONG -55.9 (-97.0, -14.8) -25.6 (-58.3, 7.15) 

ASPECT*LONG 36.0 (7.80, 64.2) 27.2 (5.44, 49.0) 

COVERtalus -22.8 (-50.3, 4.69) n/a 

COVERrock 19.5 (-2.37, 41.3) n/a 

COVERveg -35.1 (-76.2, 5.95) -26.3 (-56.0, 3.34) 
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Table 1.7.  The eight best approximating models with ΔAICc<2 for the modeling analysis 
examining factors influencing the probability of American pika (Ochotona princeps) talus patch 
use in 103 talus patches between 2009 and 2011 in the North Cascades National Park Service 
Complex, Washington.  Listed for each model are the ΔAICc value, number of parameters (K), 
and Akaike weight (wi).  Covariates are defined in the text; PATCH is a random intercept effect. 

Model Structure ΔAICc K wi 

PERIMETER + ELEV + LONG + ASPECT + ELEV*ASPECT + 

SLOPE + SLOPE*ELEV + MAXDEPTH + PATCH 

0.00* 10 0.119 

PERIMETER + ELEV + LONG + ASPECT + ELEV*ASPECT + 

SLOPE + SLOPE*ELEV + PATCH 

1.08 9 0.069 

PERIMETER + ELEV + LONG + ASPECT + ELEV*ASPECT + 

MAXDEPTH + PATCH 

1.56 8 0.054 

PERIMETER + ELEV + LONG + ASPECT + ELEV*ASPECT + 

PATCH 

1.64 7 0.052 

PERIMETER + ELEV + LONG + ASPECT + ELEV*ASPECT + 

SLOPE + SLOPE*ELEV + MAXDEPTH + COVERtalus + PATCH 

1.74 11 0.050 

PERIMETER + ELEV + LONG + ASPECT + ELEV*ASPECT + 

SLOPE + SLOPE*ELEV + MAXDEPTH + COVERrock + PATCH 

1.80 11 0.048 

PERIMETER + ELEV + LONG + ASPECT + ELEV*ASPECT + 

SLOPE + SLOPE*ELEV + MAXDEPTH + COVERveg + PATCH 

1.95 11 0.045 

PERIMETER + ELEV + LONG + ASPECT + ELEV*ASPECT + 

SLOPE + SLOPE*ELEV + MAXDEPTH + LAT + PATCH 

1.98 11 0.044 

* AICc = 173.61 for first-best model 
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Table 1.8.  Model-averaged coefficient estimates and 95% confidence intervals (CI) for 
covariates contained in the best approximating models for the modeling analysis examining 
factors influencing the probability of American pika (Ochotona princeps) talus patch use in 103 
talus patches between 2009 and 2011 in the North Cascades National Park Service Complex, 
Washington.  Covariates with estimates significant at  = 0.05 are denoted in bold.  Covariates 
are defined in the text.   
Covariate Coefficient estimate (95% CI) 

Intercept 20.1 (8.66, 31.5) 

ASPECT 2.49 (0.722, 4.26) 

ELEV 2.30 (-0.287, 4.89) 

SLOPE 2.50 (0.294, 4.70) 

ELEV*ASPECT -3.97 (-7.04, -0.899) 

ELEV*SLOPE -4.26 (-8.55, 0.027) 

LONG -1.96 (-3.77, -0.153) 

PERIMETER 20.4 (8.26, 32.6) 

MAXDEPTH 1.34 (-0.233, 2.92) 

LAT 0.707 (-2.34, 3.75) 

COVERrock 0.439 (-0.943, 1.82) 

COVERtalus 0.632 (-1.23, 2.49) 

COVERveg -0.424 (-2.07, 1.22) 
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Fig. 1.1  The 30 1-km2 survey areas that were surveyed for American pikas (Ochotona princeps) 
during 2009 through 2011 in the North Cascades National Park Service Complex, Washington.  
The 17 survey areas that were only surveyed in 2009 are denoted with white squares and the 13 
survey areas that were surveyed in each year are denoted with black squares. 
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(b) 
Fig. 1.2.  The relationship between the time of day and temperature (ºC) (a) at the talus surface, 
and (b) below the talus surface at depths up to 1 m.  Temperature data were collected using a 
temperature meter with probe in 1786 1-m2 plots in 322 transects during late June through 
September in 2009 and 2010 in the North Cascades National Park Service Complex, 
Washington. 
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Fig. 1.3.  The temperature (ºC) at the talus surface (in gray) and below the surface (in black) 
between 4 October 2010 and 5 September 2011 in a (a) low elevation (503 m) talus patch with a 
southeastern aspect, and (b) high elevation (2016 m) talus patch with a northwestern aspect.  
Temperature data were recorded every 10 min using paired data loggers.  Note the relatively 
constant surface and sub-surface temperatures in (b) from December through early August, 
which is indicative of snow cover over the logger. 
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Fig. 1.4.  The percentage of time during each hour of the day from June through August 2011 
spent at temperatures <19ºC, 19ºC to 22ºC, 22ºC to 25ºC, and >25ºC at the talus surface in talus 
patches at (a) low elevations (<914 m); (b) moderately low elevations (914 m to 1218 m); (c) 
middle elevations (1219 m to 1523 m); (d) moderately high elevations (1524 m to 1827 m), and 
(e) high elevations (>1827 m), and (f) below the talus surface in low elevation talus patches. 
Temperature data were recorded every 10 min using a total of 27 pairs of data loggers placed at 
and 0.5 m below the talus surface with the number of pairs of loggers per elevation strata being n 
= 5 for low, n = 3 for moderately low, n = 3 for middle, n = 10 for moderately high, and n = 6 for 
high elevations. 
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(b) 
Fig. 1.5.  The percentage of time from November 2010 through February 2011 spent at 
temperatures <-5ºC, -5ºC to 0ºC, and >0ºC at low (<914 m), moderately low (914 m to 1218 m), 
middle (1219 m to 1523 m), moderately high (1524 m to 1827 m), and high (>1827 m) 
elevations (a) at the talus surface, and (b) below the talus surface.  Temperature data were 
recorded every 10 min using a total of 27 pairs of data loggers placed at and 0.5 m below the 
talus surface with the number of pairs of loggers per elevation strata being n = 5 for low, n = 3 
for moderately low, n = 3 for middle, n = 10 for moderately high, and n = 6 for high elevations. 
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Table 1.S1.  Hypotheses for the direction of correlation of covariate coefficients (β) evaluated in 
the modeling analysis examining factors influencing the probability of American pika (Ochotona 
princeps) talus patch use in 103 talus patches between 2009 and 2011 in the North Cascades 
National Park Service Complex, Washington.  Covariates are defined in the text.   

Covariate Hypothesis Biological Rationale 
ELEV β > 0 Higher elevations should be more beneficial to pika 

thermoregulation needs during summer because higher 
elevations experience lower summer temperatures.  High 
elevation patches will also have longer duration of snow cover, 
thereby reducing winter cold stress.  High elevation meadows 
may have increased abundance of preferred forage, resulting in 
increased resource availability.   

ASPECT β > 0 Patches with northerly aspects receive less direct sunlight and 
have lower temperatures during summer, whereas south-facing 
patches experience the opposite.   

LONG β < 0 A precipitation gradient exists in the North Cascades with 
decreasing precipitation heading from west to east.  Pikas in 
patches east of the Cascade Crest will face a warmer and drier 
climate, resulting in greater heat stress. 

LAT β > 0 Patches at more northern latitudes may have cooler 
temperatures and longer duration of snow pack, resulting in less 
heat and cold stress.  

SLOPE β < 0 Patches with steeper slopes are exposed to more direct solar 
radiation and may experience higher temperatures than patches 
with more gradual slopes. 

PERIMETER β > 0 Patches with larger perimeters offer greater resources, can 
support more pika territories, and allow for greater pika 
abundance, making use more likely. 

COVERveg β > 0 Patches with a higher amount of vegetation cover within the 
patch should be beneficial to pikas because of reduced exposure 
to thermal stress and predation risk.  Availability of greater 
forage within the patch allows pikas to minimize time spent on 
the surface and repeated trips to the patch edge to forage. 

COVERrock β < 0 Patches with greater large rock cover will have less vegetation 
for foraging within the patch, which is related to the hypothesis 
for COVERveg. 

COVERtalus β < 0 Patches with greater talus cover will have less vegetation for 
foraging within the patch, which is related to the hypothesis for 
COVERveg. 

MAXDEPTH β > 0 Patches with greater maximum depths beneath the talus surface 
may provide more beneficial cool microclimate habitat for pikas 
than patches with shallow depths. 

ASPECT*ELEV β < 0 Patches at higher elevations and with more northerly aspects 
may have a long duration of snow cover that results in a short 
growing season for vegetation and limited time for pikas to 
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graze and hay. 
SLOPE*ELEV β > 0 Patches with steeper slopes at higher elevations will experience 

cooler summer temperatures than steep slope, low elevation 
patches.  Patches with steeper slopes at higher elevations may 
experience earlier snowmelt than gradual slope, high elevation 
patches and have a longer growing season during which pikas 
can forage. 
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Table 1.S2.  Pairwise differences among the five elevation strata in mean percent cover in talus patches with 95% confidence intervals 
for bryophyte, cushion plant, fern, forb, graminoid, lichen, shrub, and tree cover types.  Data was collected in 322 transects in talus 
patches during 2009 and 2010 in the North Cascades National Park Service Complex, Washington.  The elevation strata numbers are:  
(1) <914 m; (2) 914 m to 1218 m; (3) 1219 m to 1523 m; (4) 1524 m to 1827 m, and (5) ≥1828 m.  Differences that are statistically 
significant at  = 0.05 based on the Tukey multiple pairwise comparison technique are denoted in bold. 

Cover type Bryophytes 

Cushion 

plants Ferns Forbs Graminoids Lichens Shrubs Trees 

Strata 

being 

compared Difference in percent vegetation cover (95% confidence interval) 

1 – 2 

26.6 

(18.8,  

34.4) 

-0.032 

(-3.54,  

3.48) 

-1.42 

(-3.48,  

0.640) 

-1.50 

(-4.17,  

1.18) 

-0.028 

(-2.23,  

2.18) 

2.69 

(0.727,  

4.66) 

-1.95 

(-7.47,  

3.56) 

-0.772 

(-1.70,  

0.158) 

1 – 3 

30.4 

(24.2,  

36.6) 

-1.97 

(-4.76,  

0.827) 

-1.91 

(-3.55,  

-0.267) 

-2.53 

(-4.66,  

-0.400) 

-1.31 

(-3.07,  

0.440) 

3.42 

(1.86,  

4.98) 

-4.66 

(-9.05,  

-0.270) 

-0.165 

(-0.904, 

0.575) 

1 – 4 

39.2 

(33.4,  

45.0) 

-4.99 

(-7.61,  

-2.37) 

-0.877 

(-2.41,  

0.661) 

-2.20 

(-4.19,  

-0.199) 

-2.82 

(-4.46,  

-1.17) 

5.11 

(3.65,  

6.58) 

-7.93 

(-12.1,  

-3.81) 

0.202  

(-0.491,  

0.896) 
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1 – 5 

44.1 

(37.6,  

50.6) 

-3.70 

(-6.63, 

 -0.777) 

0.085 

(-1.63,  

1.80) 

-3.35 

(-5.58,  

-1.12) 

-0.838 

(-2.68,  

0.999) 

4.57 

(2.93,  

6.21) 

-2.79 

(-7.39,  

1.81) 

0.191  

(-0.584, 

0.966) 

2 – 3 

3.79 

(-3.57,  

11.1) 

-1.94 

(-5.26,  

1.39) 

-0.487 

(-2.44,  

1.46) 

-1.03 

(-3.57,  

1.50) 

-1.29 

(-3.37,  

0.799) 

0.729 

(-1.13,  

2.59) 

-2.71 

(-7.93,  

2.51) 

0.607  

(-0.273,  

1.49) 

2 – 4 

12.6 

(5.6,  

19.7) 

-4.96 

(-8.13,  

-1.78) 

0.543 

(-1.32,  

2.41) 

-0.699 

(-3.12,  

1.72) 

-2.79 

(-4.79,  

-0.797) 

2.42 

(0.645,  

4.20) 

-5.97 

(-11.0,  

-0.981) 

0.974  

(0.133,  

1.82) 

2 – 5 

17.5 

(9.9, 

 25.1) 

-3.67 

(-7.11,  

-0.237) 

1.51 

(-0.510,  

3.52) 

-1.85 

(-4.47, 

0.768) 

-0.811 

(-2.97,  

1.35) 

1.88 

(-0.041,  

3.80) 

-0.840 

(-6.24,  

4.56) 

0.963  

(0.053,  

1.87) 

3 – 4 

8.8 

(3.6,  

14.1) 

-3.02 

(-5.38,  

-0.658) 

1.03 

(-0.356,  

2.42) 

0.334 

(-1.47,  

2.13) 

-1.51 

(-2.99, 

 -0.023) 

1.69 

(0.372,  

3.02) 

-3.27 

(-6.98,  

0.444) 

0.367  

(-0.258, 

0.992) 

3 – 5 13.8 -1.74 1.99 -0.817 0.476 1.15 1.87 0.356  
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(7.8,  

19.7) 

(-4.43,  

0.961) 

(0.409,  

3.57) 

(-2.87,  

1.24) 

(-1.22,  

2.17) 

(-0.358,  

2.66) 

(-2.37,  

6.11) 

(-0.358,  

1.07) 

4 – 5 

4.92 

(-0.656,  

10.5) 

1.28 

(-1.24, 

3.80) 

0.962 

(-0.515,  

2.44) 

-1.15 

(-3.07,  

0.768) 

1.98 

(0.400,  

3.56) 

-0.543 

(-1.95,  

0.866) 

5.13 

(1.18,  

9.09) 

-0.011  

(-0.678, 

0.655) 
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Table 1.S3.  Ranges, means, and 95% confidence intervals for the number of days with snow 
cover (DAYSSNOW) and date of snowmelt (MELTDATE) calculated using temperature data from 
pairs of data loggers deployed at and below the surface in talus patches across five elevation 
strata in the North Cascades National Park Service Complex, Washington from 5 October 2010 
through 4 September 2011.  The numbers of pairs of loggers deployed within each elevation 
strata were:  five pairs of loggers in five patches at elevations <914 m; three pairs of loggers in 
three patches at elevations from 914 m to 1218 m; three pairs of loggers in three patches at 
elevations from 1219 m to 1523 m; 10 pairs of loggers in 10 patches at elevations from 1524 m 
and 1827 m, and six pairs of loggers in six patches at elevations ≥1828 m.   
 Range Mean (95% confidence interval) 

Elevation 

stratum 

DAYSSNOW MELTDATE DAYSSNOW MELTDATE 

<914 m 10 days to  

167 days 

3 March to  

11 May 

81 days  

(16, 146) 

27 March  

(26 February,  

26 April) 

914 m to 1218 m 175 days to  

218 days 

18 May to  

21 June 

200 days  

(159, 241) 

6 June  

(5 May, 7 July) 

1219 m to 1523 m 211 days to  

256 days 

24 June to  

30 July 

235 days  

(193, 276) 

11 July  

(24 June, 30 July) 

1524 m to 1827 m 236 days to  

340 days 

22 July to  

13 October 

278 days  

(255, 300) 

15 August  

(7 July,  

2 September) 

≥1828 m 208 days to  

254 days 

30 June to  

2 August 

234 days  

(213, 255) 

16 July  

(1 July, 31 July) 
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Table 1.S4.  Ranges, means, and 95% confidence intervals for the average daily maximum 
surface temperature (TMAXsurf) and sub-surface temperature (TMAXsub) during July and August 
calculated using temperature data from pairs of data loggers deployed at and below the surface in 
talus patches across five elevation strata in the North Cascades National Park Service Complex, 
Washington from 5 October 2010 through 4 September 2011.  The numbers of pairs of loggers 
deployed within each elevation strata were:  five pairs of loggers in five patches at elevations 
<914 m; three pairs of loggers in three patches at elevations from 914 m to 1218 m; three pairs of 
loggers in three patches at elevations from 1219 m to 1523 m; 10 pairs of loggers in 10 patches 
at elevations from 1524 m and 1827 m, and six pairs of loggers in six patches at elevations 
≥1828 m.   
 Range Mean (95% confidence interval) 

Elevation 

stratum 

TMAXsurf TMAXsub TMAXsurf TMAXsub 

<914 m 22.3ºC to 27.1ºC 15.8ºC to 20.7ºC 24.9ºC  

(21.9, 27.8) 

18.0ºC  

(15.9, 20.2) 

914 m to 1218 m 22.8ºC to 25.6ºC 12.2ºC to 16.6ºC 24.4ºC  

(21.8, 27.0) 

15.0ºC  

(10.5, 19.6) 

1219 m to 1523 m 18.2ºC to 19.8ºC 6.7ºC to 12.6ºC 18.8ºC  

(17.1, 20.4)  

10.0ºC  

(4.5, 15.5) 

1524 m to 1827 m 16.6ºC to 19.1ºC 8.1ºC to 14.1ºC 17.9ºC  

(16.7, 19.1) 

10.7ºC  

(8.6, 12.9) 

≥1828 m 16.7ºC to 20.1ºC 6.1ºC to 9.0ºC 18.7ºC  

(17.3, 20.1) 

7.7ºC  

(6.1, 9.3) 
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Table 1.S5.  Ranges, means, and 95% confidence intervals for the average daily minimum 
surface temperature (TMINsurf,JULAUG) and sub-surface temperature (TMINsub,JULAUG) during July 
and August calculated using temperature data from pairs of data loggers deployed at and below 
the surface in talus patches across five elevation strata in the North Cascades National Park 
Service Complex, Washington from 5 October 2010 through 4 September 2011.  The numbers of 
pairs of loggers deployed within each elevation strata were:  five pairs of loggers in five patches 
at elevations <914 m; three pairs of loggers in three patches at elevations from 914 m to 1218 m; 
three pairs of loggers in three patches at elevations from 1219 m to 1523 m; 10 pairs of loggers 
in 10 patches at elevations from 1524 m and 1827 m, and six pairs of loggers in six patches at 
elevations ≥1828 m.   
 Range Mean (95% confidence interval) 

Elevation 

stratum 

TMINsurf,JULAUG TMINsub,JULAUG TMINsurf,JULAUG  TMINsub,JULAUG  

<914 m 10.7ºC to 

13.1ºC 

13.6ºC to 

16.8ºC 

12.1ºC  

(10.4, 13.8) 

15.3ºC  

(13.8, 16.7) 

914 m to 1218 m 9.6ºC to 11.5ºC 11.0ºC to 

14.7ºC 

10.5ºC  

(8.7, 12.3) 

12.9ºC  

(9.5, 16.3) 

1219 m to 1523 

m 

6.6ºC to 8.3ºC 5.4ºC to 10.5ºC 7.6ºC  

(6.0, 9.3)  

8.0ºC  

(3.3, 12.6) 

1524 m to 1827 

m 

4.0ºC to 7.6ºC 6.1ºC to 9.0ºC 6.1ºC  

(4.5, 7.7) 

7.8ºC  

(6.9, 8.7) 

≥1828 m 5.4ºC to 7.6ºC 5.0ºC to 7.2ºC 6.1ºC  

(5.3, 7.0) 

6.1ºC  

(4.6, 7.6) 
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Table 1.S6.  Ranges, means, and 95% confidence intervals for the average daily minimum 
surface temperature (TMINsurf) and sub-surface temperature (TMINsub) during November through 
February calculated using temperature data from pairs of data loggers deployed at and below the 
surface in talus patches across five elevation strata in the North Cascades National Park Service 
Complex, Washington from 5 October 2010 through 4 September 2011.  The numbers of pairs of 
loggers deployed within each elevation strata were:  five pairs of loggers in five patches at 
elevations <914 m; three pairs of loggers in three patches at elevations from 914 m to 1218 m; 
three pairs of loggers in three patches at elevations from 1219 m to 1523 m; 10 pairs of loggers 
in 10 patches at elevations from 1524 m and 1827 m, and six pairs of loggers in six patches at 
elevations ≥1828 m.   
 Range Mean (95% confidence interval) 

Elevation 

stratum 

TMINsurf  TMINsub  TMINsurf  TMINsub 

<914 m -1.5ºC to  

–0.68ºC 

-0.88ºC to 

0.74ºC 

-1.1ºC 

(-1.6, -0.61) 

-0.20ºC  

(-0.90, 0.49) 

914 m to 1218 m -2.2ºC to  

–0.66ºC 

-1.6ºC to  

–0.85ºC 

-1.6ºC 

(-3.0, -0.11) 

-1.1ºC 

(-1.9, -0.36) 

1219 m to 1523 m -1.7ºC to  

–0.30ºC 

-1.8ºC to 

0.37ºC 

-0.89ºC 

(-2.2, 0.45) 

-0.59ºC 

(-2.7, 1.5) 

1524 m to 1827 m -1.6ºC to  

–0.48ºC 

-0.91ºC to 

0.51ºC 

-0.86ºC 

(-1.2, -0.49) 

-0.07ºC 

(-0.43, 0.28) 

≥1828 m -6.9ºC to  

–2.1ºC 

-3.6ºC to  

–0.64ºC 

-3.7ºC 

(-5.6, -1.8) 

-1.6ºC 

(-2.8, -0.48) 
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Table 1.S7.  Ranges, means, and 95% confidence intervals for the total accumulated time (hours) 
spent at temperatures <-5ºC at the talus surface (TIME-5) and below the talus surface (TIME-5,sub) 
as calculated using temperature data from pairs of data loggers deployed at and below the surface 
in talus patches across five elevation strata in the North Cascades National Park Service 
Complex, Washington from 5 October 2010 through 4 September 2011.  The numbers of pairs of 
loggers deployed within each elevation strata were:  five pairs of loggers in five patches at 
elevations <914 m; three pairs of loggers in three patches at elevations from 914 m to 1218 m; 
three pairs of loggers in three patches at elevations from 1219 m to 1523 m; 10 pairs of loggers 
in 10 patches at elevations from 1524 m and 1827 m, and six pairs of loggers in six patches at 
elevations ≥1828 m.   
 Range Mean (95% confidence interval) 

Elevation 

stratum 

TIME-5 TIME-5,sub TIME-5 TIME-5,sub 

<914 m 120 hours to 

223 hours 

47 hours to  

151 hours 

175 hours  

(115, 235) 

108 hours 

(64, 153) 

914 m to 1218 m 0 hours to  

386 hours 

62 hours to  

257 hours 

232 hours  

(0, 607) 

143 hours 

(0, 330) 

1219 m to 1523 m 0 hours to  

87 hours 

0 hours to  

156 hours 

29 hours  

(0, 121) 

52 hours 

(0, 218) 

1524 m to 1827 m 0 hours to  

167 hours 

0 hours to  

11 hours 

38 hours  

(0, 86) 

1.2 hours  

(0, 4) 

≥1828 m 51 hours to 

2131 hours 

0 hours to  

691 hours 

645 hours  

(0, 1436) 

131 hours 

(0, 408) 
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Table 1.S8.  Ranges, means, and 95% confidence intervals for the total accumulated time (hours) 
spent at temperatures <0ºC at the talus surface (TIME0) and below the talus surface (TIME0,sub) as 
calculated using temperature data from pairs of data loggers deployed at and below the surface in 
talus patches across five elevation strata in the North Cascades National Park Service Complex, 
Washington from 5 October 2010 through 4 September 2011.  The numbers of pairs of loggers 
deployed within each elevation strata were:  five pairs of loggers in five patches at elevations 
<914 m; three pairs of loggers in three patches at elevations from 914 m to 1218 m; three pairs of 
loggers in three patches at elevations from 1219 m to 1523 m; 10 pairs of loggers in 10 patches 
at elevations from 1524 m and 1827 m, and six pairs of loggers in six patches at elevations 
≥1828 m.   
 Range Mean (95% confidence interval) 

Elevation 

stratum 

TIME0 TIME0,sub TIME0 TIME0,sub 

<914 m 1256 hours to 

4275 hours 

1536 hours to 

2779 hours 

2683 hours  

(963, 4403) 

2160 hours  

(1506, 2813) 

914 m to 1218 m 4496 hours to 

5287 hours 

1681 hours to 

5099 hours 

4976 hours  

(4202, 5751) 

3686 hours 

(407, 6965) 

1219 m to 1523 m 3084 hours to 

5841 hours 

64 hours to 

5423 hours 

4708 hours  

(2057, 7359) 

2467 hours 

(0, 7468) 

1524 m to 1827 m 6565 hours to 

7620 hours 

195 hours to 

6555 hours 

6988 hours  

(6637, 7339) 

2676 hours 

(943, 4410) 

≥1828 m 5987 hours to 

7052 hours 

6049 hours to 

7625 hours 

6547 hours  

(6112, 6982) 

6794 hours 

(6201, 7387) 
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Table 1.S9.  Ranges, means, and 95% confidence intervals for the total accumulated time (hours) 
spent at temperatures >25ºC at the talus surface (TIME25) as calculated using temperature data 
from pairs of data loggers deployed at and below the surface in talus patches across five 
elevation strata in the North Cascades National Park Service Complex, Washington from 5 
October 2010 through 4 September 2011.  The numbers of pairs of loggers deployed within each 
elevation strata were:  five pairs of loggers in five patches at elevations <914 m; three pairs of 
loggers in three patches at elevations from 914 m to 1218 m; three pairs of loggers in three 
patches at elevations from 1219 m to 1523 m; 10 pairs of loggers in 10 patches at elevations 
from 1524 m and 1827 m, and six pairs of loggers in six patches at elevations ≥1828 m.   
Elevation 

stratum 

Range Mean (95% confidence interval) 

<914 m 60 hours to 287 hours 151 hours (15, 288) 

914 m to 1218 m 77 hours to 214 hours 149 hours (22, 275) 

1219 m to 1523 m 2 hours to 63 hours 31 hours (0, 87) 

1524 m to 1827 m 0 hours to 8 hours 3 hours (0, 5) 

≥1828 m 0 hours to 18 hours 5 hours (0, 11) 
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Table 1.S10.  The three best approximating models with ΔAICc<2 for the modeling analysis 
examining factors influencing summer talus surface temperatures in 1-m2 plots during 2009 and 
2010 in the North Cascades National Park Service Complex, Washington.  Listed for each model 
are the ΔAICc value, number of parameters (K), and Akaike weight (wi).  Covariates are defined 
in the main text; TRANSECT is a random intercept effect. The intercept and auto-regressive 
correlation included in each model are not depicted in the model structure. 

Model Structure ΔAICc K wi 

ELEV + DATE + TIME + TIME2 + ASPECT + SLOPE + 

ELEV*ASPECT + ELEV*SLOPE + TRANSECT 

0.00* 11 0.217 

ELEV + DATE + TIME + TIME2 + ASPECT + SLOPE + 

ELEV*ASPECT + TRANSECT 

1.21 10 0.118 

ELEV + DATE + TIME + TIME2 + ASPECT + SLOPE + 

ELEV*ASPECT + COVERbry,plot + TRANSECT 

1.48 12 0.103 

* AICc value for the first-best model was 8910.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 70

Table 1.S11.  The three best approximating models with ΔAICc<2 for the modeling analysis 
examining factors influencing summer talus sub-surface temperatures in 1-m2 plots during 2009 
and 2010 in the North Cascades National Park Service Complex, Washington.  Listed for each 
model are the ΔAICc value, number of parameters (K), and Akaike weight (wi).  Covariates are 
defined in the main text; TRANSECT is a random intercept effect. The intercept and auto-
regressive correlation included in each model are not depicted in the model structure. 

Model Structure ΔAICc K wi 

DEPTH + ELEV + DATE + TIME + TIME2 + ASPECT + SLOPE + 

ELEV*ASPECT + ELEV*SLOPE + COVERrock,plot + TRANSECT 

0.00* 13 0.240 

DEPTH + ELEV + DATE + TIME + TIME2 + ASPECT + SLOPE + 

ELEV*ASPECT + COVERrock,plot + TRANSECT 

0.55 12 0.182 

DEPTH + ELEV + DATE + TIME + TIME2 + ASPECT + SLOPE + 

ELEV*ASPECT + COVERveg,plot + ELEV*COVERveg,plot + 

TRANSECT 

1.15 13 0.135 

* AICc value for the first-best model was 7932.5 
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Table 1.S12.  The two best approximating models for each of the three heat stress response 
variables, TIME25, TMAXsurf, and TMAXsub, relevant to American pika (Ochotona princeps) 
ecology.  Response variables were calculated using temperature data from 27 pairs of data 
loggers deployed at and below the surface in talus patches in the North Cascades National Park 
Service Complex, Washington during 2010 and 2011.  Listed for each model are the ΔAICc 
value, number of parameters (K), Akaike weight (wi), and adjusted-R2 value.  Response variables 
and covariates are defined in the main text.  The intercept is not depicted in the model structure. 

Model Structure ΔAICc K wi Adjusted-R2
 

Response variable:  TIME25 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

0.00 7 0.522 0.91 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERrock 

2.46 8 0.152 0.91 

Response variable:  TMAXsurf 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

0.00 7 0.698 0.90 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERveg 

3.76 8 0.107 0.90 

Response variable:  TMAXsub 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

0.00 7 0.696 0.73 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + SLOPE 

4.19 8 0.086 0.72 
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Table 1.S13.  The three best approximating models for each of the four cold stress response 
variables, TIME0, TIME-5, TMINsurf, and TMINsub, relevant to American pika (Ochotona 
princeps) ecology.  Response variables were calculated using temperature data from 27 pairs of 
data loggers deployed at and below the surface in talus patches in the North Cascades National 
Park Service Complex, Washington during 2010 and 2011.  Listed for each model are the ΔAICc 
value, number of parameters (K), Akaike weight (wi), and adjusted-R2 value.  Response variables 
and covariates are defined in the main text. The intercept is not depicted in the model structure. 

Model Structure ΔAICc K wi Adjusted-R2
 

Response variable:  TIME0 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

0.00 7 0.434 0.81 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + SLOPE 

1.11 8 0.249 0.83 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERtalus 

2.68 8 0.114 0.81 

Response variable:  TIME-5 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERveg 

0.00 8 0.420 0.68 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

0.54 7 0.320 0.63 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + SLOPE 

3.22 8 0.084 0.64 

Response variable:  TMINsurf 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERveg 

0.00 8 0.568 0.78 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 1.95 7 0.214 0.73 



 

 73

ELEV*LONG 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERveg + COVERrock 

5.13 9 0.044 0.77 

Response variable:  TMINsub 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERtalus+ COVERrock 

0.00 9 0.380 0.41 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

0.57 7 0.285 0.23 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERrock 

2.60 8 0.103 0.26 
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Table 1.S14.  The best approximating models with ΔAICc<2 for the DAYSSNOW and 
MELTDATE snow pack response variables relevant to American pika (Ochotona princeps) 
ecology.  Response variables were calculated using temperature data from 27 pairs of data 
loggers deployed at and below the surface in talus patches in the North Cascades National Park 
Service Complex, Washington during 2010 and 2011.  Listed for each model are the ΔAICc 
value, number of parameters (K), Akaike weight (wi), and adjusted-R2 value.  Response variables 
and covariates are defined in the main text.  The intercept is not depicted in the model structure. 

Model Structure ΔAICc K wi Adjusted-R2
 

Response variable:  DAYSSNOW 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG + COVERrock 

0.00 9 0.274 0.91 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG  

0.64 8 0.199 0.89 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG + COVERveg 

0.76 9 0.187 0.90 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG + COVERveg+ 

COVERtalus 

1.68 10 0.119 0.91 

Response variable:  MELTDATE 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG 

0.00 8 0.330 0.87 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG + COVERveg 

0.19 9 0.300 0.89 
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Table 1.S15.  Pairwise differences among the five elevation strata in accumulated time (hours) response variables with 95% 
confidence intervals.  Response variables were calculated using temperature data from 27 pairs of data loggers deployed at and below 
the talus surface in talus patches between October 2010 and September 2011 in the North Cascades National Park Service Complex, 
Washington.  The elevation strata numbers are:  (1) <914 m; (2) 914 m to 1218 m; (3) 1219 m to 1523 m; (4) 1524 m to 1827 m, and 
(5) ≥1828 m.  Statistically significant differences at  = 0.05 based on the Tukey multiple pairwise comparison technique are in bold. 
Response 

variable TIME25 TIME0 TIME-5 TIME0,sub TIME-5,sub 

Strata being 

compared Difference in accumulated time in hours (95% confidence interval) 

1 – 2 2.76 (-104, 109) -2294 (-4070, -517) -56.7 (-1008, 894) -1526 (-5398, 2346) -34.6 (-344, 275) 

1 – 3 121 (14.3, 227) -2025 (-3802, -248) 146 (-805, 1097) -307 (-4179, 3565) 56.3 (-254, 366) 

1 – 4 149 (63.5, 234) -4305 (-5730, -2881) 137 (-625, 899) -517 (-3474, 2441) 107.1 (-129, 344) 

1 – 5 147 (56.8, 237) -3864 (-5366, -2362) -470 (-1274, 334) -4634 (-7845, -1424) -23.0 (-280, 234) 

2 – 3 118 (4.20, 232) 268 (-1631, 2168) 203 (-813, 1219) 1219 (-3110, 5548) 90.9 (-255, 437) 

2 – 4 146 (51.8, 240) -2012 (-3587, -437) 194 (-649, 1037) 1010 (-2525, 4544) 142 (-141, 425) 

2 – 5 144 (45.5, 242) -1570 (-3215, 74.7) -413 (-1294, 467) -3108 (-6857, 641) 11.7 (-288, 312) 

3 – 4 28.1 (-66.2, 123) -2280 (-3855, -705) -8.95 (-852, 834) -210 (-3744, 3325) 50.8 (-232, 334) 

3 – 5 26.0 (-72.5, 125) -1839 (-3484, -194) -616 (-1496, 264) -4327 (-8076, -578) -79.3 (-379, 221) 

4 – 5 -2.14 (-77.4, 73.1) 442 (-815, 1698) -607 (-1280, 65) -4118 (-6912, -1323) -130 (-354, 93.5) 
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Table 1.S16.  Pairwise differences among patch aspects in the amount of time (hours) spent at 
temperatures >25ºC (TIME25) with 95% confidence intervals.  TIME25 was calculated using 
temperature data from 27 pairs of data loggers deployed at and below the talus surface in talus 
patches between October 2010 and September 2011 in the North Cascades National Park Service 
Complex, Washington.  Statistically significant differences at  = 0.05 based on the Tukey 
multiple pairwise comparison technique are in bold. 
Patch aspects being 

compared 

Difference in accumulated time in hours  

(95% confidence interval) 

East – North 146 (24.5, 268) 

East – South 125 (-4.16, 254) 

East – West 159 (29.8, 287) 

North – South -21.3 (-117, 74.8) 

North – West 12.7 (-83.4, 109) 

South – West 34.0 (-71.3, 139) 
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(b) 
Fig. 1.S1.  Variation in (a) temperature (ºC) recorded beneath the talus surface and depth beneath 
the surface (m), and (b) temperature difference between the talus surface and sub-surface and 
depth (m).  Temperature data was collected from 1786 1-m2 plots in talus patches during summer 
2009 and 2010 in the North Cascades National Park Service Complex, Washington. 
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(c) 
Fig. 1.S2.  The variation in mean average percent cover per transect with 95% confidence 
intervals with elevation stratum of (a) bryophytes (BRY), lichens (LIC), and shrubs (SHR), (b) 
cushion plants (CUS), forbs (FOR), and trees (TRE), and (c) ferns (FER) and graminoids (GRA).  
Vegetation cover type data was recorded within 322 transects in talus patches during 2009 and 
2010 in the North Cascades National Park Service Complex, Washington.
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Fig. 1.S3.  The temperature (ºC) at the talus surface (in gray) and below the surface (in black) 
between 4 October 2010 and 5 September 2011 in a moderately low elevation (1120 m) talus 
patch with a northeastern aspect that was located east of the Cascade Crest and Picket Crest 
divides in the North Cascades National Park Service Complex, Washington.  Temperature data 
were recorded every 10 min using paired data loggers.   
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Fig. 1.S4.  The temperature (ºC) at the talus surface (in gray) and below the surface (in black) 
between 4 October 2010 and 5 September 2011 in a middle elevation (1491 m) talus patch with a 
southwestern aspect that was located west of the Cascade Crest and Picket Crest divides in the 
North Cascades National Park Service Complex, Washington.  Temperature data were recorded 
every 10 min using paired data loggers.   
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Fig. 1.S5.  The temperature (ºC) at the talus surface (in gray) and below the surface (in black) 
between 4 October 2010 and 5 September 2011 in a moderately high elevation (1644 m) talus 
patch with a southern aspect that was located in between the Cascade Crest and Picket Crest 
divides in the North Cascades National Park Service Complex, Washington.  Temperature data 
were recorded every 10 min. using paired data loggers.
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(b) 
Fig. 1.S6.  The relationship between the talus surface temperature (ºC) and (a) elevation (m), and 
(b) date (month/day).  Temperature data was collected from 1786 1-m2 plots in talus patches in 
summer 2009 and 2010 in the North Cascades National Park Service Complex, Washington. 
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(b) 
Fig. 1.S7.  The relationship between the sub-surface talus temperature (ºC) and (a) elevation (m), 
and (b) date (month/day).  Data was collected from 1786 1-m2 plots in talus patches in summer 
2009 and 2010 in the North Cascades National Park Service Complex, Washington. 
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(c) 
Fig. 1.S8.  Variation in the average number of hours with elevation stratum (m) that surface and 
sub-surface data loggers recorded temperatures (a) >25°C, (b) <0°C, and (c) <-5°C between 5 
October 2010 and 4 September 2011 in 27 talus patches located in the North Cascades National 
Park Service Complex, Washington.  Temperature data were recorded every 10 min using paired 
data loggers with one logger deployed at the talus patch surface and one logger buried 0.5 m 
beneath the surface. 
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CHAPTER 2: 
CLIMATE AND HABITAT FACTORS AFFECTING  

AMERICAN PIKA (Ochotona princeps) POPULATIONS  
ACROSS MULTIPLE SPATIAL AND TEMPORAL SCALES 

 

ABSTRACT 

The population dynamics and extirpation patterns of American pikas (Ochotona 

princeps) have been related to climate variability, as pikas are considered a climate change 

indicator species.  I researched pika populations in the North Cascades National Park Service 

Complex, Washington (USA) during 2009 through 2011 to understand multi-scale abiotic and 

biotic factors affecting variability in pika abundance and population growth rates.  I surveyed for 

pika abundance in 115 talus patches, recorded 1786 measurements of vegetation cover, and 

deployed data loggers at and below the talus surface in a sample of 27 patches to record 

temperature every 10 min.  I used regression modeling and information-theoretic techniques to 

analyze climate and habitat factors affecting growth rates and pika abundance on large and 

medium spatial scales.  Abundance was positively correlated with the winter Pacific Decadal 

Oscillation (PDO) index, duration of snow cover, resource availability, elevation, and patch 

aspect, and negatively correlated with the average daily maximum summer temperature and an 

elevation-aspect interaction.  Population growth rates were positively correlated with the winter 

PDO index and elevation, and negatively correlated with a heat stress covariate.  My results 

suggest variation in population sizes during my study was largely attributable to winter climate 

variability and summer heat stress.   
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2.1.  INTRODUCTION 

 Climate variability across multiple spatial and temporal scales is a primary factor 

affecting population dynamics of wildlife species owing to impacts on resource availability 

(Stenseth et al. 2002).  Large-scale climate variability affects population processes on annual and 

longer time scales, and may synchronize population fluctuations of multiple species across broad 

spatial scales due to density related feedbacks (Ranta et al. 1995, 1997; Steen et al. 1996).  The 

El Niño-Southern Oscillation (Zhang et al. 1997) affects rainfall and plant productivity in South 

America, which influences dynamics of small mammal populations that, in turn, affects predator 

populations (Jaksic et al. 1997; Lima et al. 2002; Milstead et al. 2007).  Variability in the North 

Atlantic Oscillation (NAO; Hurrell and Van Loon 1997) influences snow accumulation and the 

timing of snowmelt across Europe, which affects breeding phenology and population fluctuations 

of many species (Sanz 2003; Forschhammer et al. 2005; Tkadlec et al. 2006).  Similarly, 

variation in the NAO affects Canadian winter weather, and results in regional and spatially 

variable population dynamics for mammals (Yao et al. 2000; Stenseth et al. 2004). 

 Medium-scale variation in climate encompasses local weather conditions relevant to 

individual populations that act across seasonal and monthly time scales (e.g., Yoccoz and Ims 

1999).  Temperature and precipitation patterns affect vegetation phenology (Inouye and 

Wielgolaski 2003) that may influence seasonal habitat use of herbivores owing to variations in 

vegetation nutritional quality and biomass, which subsequently affect survival rates and 

fecundity (Liu et al. 2007; Pettorelli et al. 2007).  Temporal variation in resource availability also 

influences the timing of reproduction in many species (O’Connell 1989).  Herbivore populations 

at higher latitudes are affected by snow pack dynamics as the timing of snowmelt influences 

vegetation green-up and growth (Van der Wal et al. 2000).  Dense snow and ice affect habitat 
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use and survival rates owing to limitations on accessing forage (Korslund and Steen 2006) and 

providing protection from predators (Sanecki et al. 2006; Hoset et al. 2009; Kielland et al. 2010).  

 Small-scale climate variability acts on short temporal scales or influences spatial and 

temporal habitat use within an individual’s home range, often in response to ephemeral resource 

availability (Orians and Wittenberger 1991).  Hourly variation in temperature during hot summer 

months may influence small-scale habitat selection by mammals in an attempt to thermoregulate 

during day and night (Licht and Leitner 1967; Deavers and Hudson 1981; Walsberg 2000).  

During winter months at higher latitudes, snow provides insulation from cold air temperatures 

for small mammals and a thermally favorable subnivean microclimate needed for survival 

(Happold 1998; Duchesne et al. 2011).  Subnivean reproduction by small mammals requires 

energy in addition to that needed to thermoregulate in cold temperatures and, therefore, selection 

of a nest site with deep insulating snow is necessary to minimize the likelihood of overwinter 

mortality and increase fecundity (MacLean et al. 1974; Reid et al. 2012).   

 The population dynamics, habitat use, and extirpation patterns of American pikas 

(Ochotona princeps; Richardson, 1828) and collared pikas (Ochotona collaris; Nelson, 1893) 

have been related to climate variability across multiple scales, as pikas are considered a climate 

change indicator species (Smith 1978; Kreuzer and Huntly 2003; Smith et al. 2004; Morrison 

and Hik 2007; Beever et al. 2010).  Pikas are habitat specialist small mammals obligated to talus 

patches or talus-like habitats (Smith and Weston 1990) owing to their sensitivity to high 

temperatures as exposure to temperatures >25°C for several hours is lethal (MacArthur and 

Wang 1974; Smith 1974).  Interstitial area beneath the talus surface provides a cooler 

microclimate to assist pikas in thermoregulation (MacArthur and Wang 1973; MacArthur and 

Wang 1974; Millar and Westfall 2010; Chapter 1) and offers protection from predators.  Long-
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term increases in summer temperature and heat stress have resulted in pika extirpations at lower 

elevations and latitudes in North America (Beever et al. 2003; Beever et al. 2010).  Pikas are 

philopatric to their natal talus patch when territories are available and limited in their ability to 

disperse >2 km to other patches (Peacock 1997; Peacock and Smith 1997).  Therefore, pikas are 

sensitive to summer climate variability across multiple scales and must respond to this 

unpredictability by foraging at the talus surface when temperatures allow and finding favorable 

microclimates below the talus surface to thermoregulate when surface temperatures inhibit 

activity (MacArthur and Wang 1974). 

 Winter climate variability may have just as much impact because pikas do not hibernate 

and rely on vegetation they cached in haypiles during summer (Smith and Weston 1990; Dearing 

1997; Morrison et al. 2009).  Pikas rely on snow cover over talus for thermal insulation from 

cold air temperatures (Morrison and Hik 2008) and acute cold stress has contributed to pika 

extirpations (Beever et al. 2010).  Pikas vary initiation of litters and their parturition date in 

response to snow accumulation and melt (Smith 1978; Smith and Ivins 1983; Franken and Hik 

2004), and birth rates may be higher in talus patches with earlier snowmelt and higher quality 

forage (Kreuzer and Huntly 2003).  Unpredictability in the timing of snowmelt may result in 

higher adult mortality and unstable populations (Smith 1978).  Morrison and Hik (2007) found 

the Pacific Decadal Oscillation (PDO; Mantua et al. 1997), which provides a measure of large-

scale climate variability for northwestern North America, was a key factor affecting survival 

rates of adult pikas and suggested earlier snowmelt and plant phenology also resulted in higher 

survival and population growth.  Despite findings from these studies a need for additional 

research on winter climate effects on pika populations remains (Morrison and Hik 2007). 
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 The primary goal of this study was to address this need for information by researching 

American pika populations in the North Cascades National Park Service Complex (NOCA), 

Washington (USA) during 2009 through 2011 to understand multi-scale abiotic and biotic factors 

affecting variability in pika abundance and population growth rates.  Pikas in my high latitude 

study area were present in talus patches at elevations from 350 m to >2100 m and experienced a 

wide range of winter and summer climate conditions (Chapter 1).  My research provides insights 

into mechanisms influencing pika populations in multiple ways.  First, I derived winter and 

summer climate covariates relevant to pika ecology using fine temporal scale temperature data 

from data loggers deployed at and below the talus surface.  Second, I assessed climate and 

habitat influences on annual variation in pika abundance on two spatial scales.  I used abundance 

and habitat data from aggregations of talus patches located in 1-km2 survey areas on a large-

scale, population level, and from individual talus patches on a medium-scale, subpopulation level 

(Fig. 2.1).  I evaluated competing hypotheses to quantify the relative contributions of large-scale 

winter climate variability (PDO), snow pack, winter and summer temperatures, cumulative heat 

and cold stress, resource availability, and talus patch attributes on survey area and talus patch 

abundance.  Finally, I evaluated competing hypotheses to quantify the role of winter and summer 

climate factors and resource availability on annual population growth rates in survey areas. 

 

2.2.  METHODS 

2.2.1.  Study area, sampling design, and data collection 

 A full description of the study area, sampling design, pika surveys, and habitat and 

temperature data collection is provided in section 1.2.1 in Chapter 1.  For analyses conducted for 

Chapter 2 I also obtained daily snow pack SWE and maximum and minimum temperature data 
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from October 2008 through September 2011 from 14 NRCS SNOTEL stations located in and 

around NOCA for the purpose of developing models to estimate snow and temperature metrics 

from 2009 through 2011 for each talus patch surveyed.  Because logger temperature data was 

only available for 2011 in a sample of patches, I used the SNOTEL derived estimates in 

conjunction with logger data to predict snow and temperature covariates for patches for 2009 and 

2010, and for patches without loggers in 2011.  Eleven stations had all three years of data:  

Beaver Pass, Elbow Lake, Harts Pass, Marten Ridge, Middle Fork Nooksack, Park Creek Ridge, 

Pope Ridge, Rainy Pass, Swamp Creek, Thunder Basin, and Wells Creek (NRCS 2011).  The 

Brown Top and Easy Pass stations had data from October 2009 through September 2011 and the 

Lyman Lake station had data from October 2008 through September 2009 (NRCS 2011). 

 

2.2.2.  Statistical Analyses 

2.2.2.1.  Using SNOTEL and logger data to estimate temperature and snow variables 

I defined five response variables using data from each SNOTEL station for each year j (j: 

2009, 2010, 2011):  snowj, the number of days with snow cover between 1 October and 30 

September; tmaxj, the average daily maximum temperature during July and August; tminj, the 

average daily minimum temperature during November through February; days25, j, the number of 

days the maximum daily temperature was >25°C between 1 October and 30 September, and 

days0,j, the number of days the minimum daily temperature was <0°C between 1 October and 30 

September.  I defined four covariates for each station:  elevation; latitude; longitude, and year, a 

categorical variable denoting the year.  I was not able to use aspect and slope covariates because 

publicly available coordinates for each station were approximate (NRCS 2011).  I developed 

competing mixed-effects regression models (Pinheiro and Bates 2000; Zuur et al. 2009) for each 
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response variable consisting of additive combinations of covariates and elevation* latitude and 

elevation*longitude interactions.  Each model included a random intercept effect, station, 

because repeated years of data were used from most stations.  I centered and scaled each 

continuous covariate and used mixed-effects regression techniques in R (Pinheiro and Bates 

2000; R Development Core Team 2008) to fit models and estimate covariate coefficients.  I 

calculated a corrected Akaike’s Information Criterion (AICc) value for each model based on the 

number of parameters (K) in the model, and separately ranked and selected the best 

approximating models for each response variable using ΔAICc values (Burnham and Anderson 

2002).  I calculated Akaike weights (wi) for each model to obtain a measure of model selection 

uncertainty and model-averaged coefficient estimates for covariates included in the best models 

for each response variable (Burnham and Anderson 2002).  I then used the model-averaged 

covariate coefficients to estimate snowj, tmaxj, tminj, days25, j, and days0, j for 2009, 2010, and 

2011 for each of the 115 talus patches initially surveyed in 2009. 

I used temperature data from loggers to calculate five response variables to depict 

biologically relevant factors that may affect pikas.  I defined TIME25,2011 and TIME0,2011 as the 

total accumulated time to the nearest 10 min spent at temperatures >25°C and <0°C, 

respectively, at the talus surface from 5 October 2010 through 4 September 2011.  I defined 

TMAXsurf,2011 as the average daily maximum temperature recorded at the snow-free talus surface, 

during July and August 2011.  I defined TMINsurf,2011 as the average daily minimum temperature 

record at the talus surface from November 2010 through February 2011.  Finally, I defined 

DAYSSNOW2011 as the number of days with snow cover on the surface from 5 October 2010 

through 4 September 2011 (Chapter 1).  I defined nine covariates for use in modeling analyses:  

ELEV, the elevation of the logger; SLOPE, the slope of the patch at the logger location; LONG, 
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the longitude at the logger location; LAT, the latitude at the logger location; COVERtalus, the 

percent cover of talus in the patch; COVERrock, the percent cover of large rock in the patch; 

COVERveg, the total percent cover of vegetation in the patch based on the sum of graminoid, forb, 

cushion plant, fern, bryophyte, lichen, shrub, and tree cover types (Chapter 1); MAXDEPTH, the 

average maximum talus depth in the patch, and ASPECT, the cosine of the aspect of the patch at 

the logger location.  Taking the cosine of the aspect results in a number between –1 and 1 with 

values of –1 and 1 representing a south-facing (i.e., 180°) and north-facing (i.e., 0°) aspect, 

respectively.  As the cosine of the aspect increases, the patch becomes more north facing.  I 

developed competing hypotheses for each response variable expressed as regression models 

(Neter et al. 1996) and used regression techniques in R (R Development Core Team 2008) to fit 

models and estimate covariate coefficients.  I ranked and selected the best approximating models 

using ΔAICc values for each response variable, and calculated model-averaged coefficient 

estimates for covariates included in the best models (Burnham and Anderson 2002).  I used 

model-averaged covariate coefficient values to estimate TIME25,2011, TIME0,2011, TMAXsurf,2011, 

TMINsurf,2011, and DAYSSNOW2011 for each of the 88 of 115 patches initially surveyed in 2009 

without loggers.  

I calculated a correction factor for three logger data derived response variables for each 

of the 115 patches by subtracting the SNOTEL data derived estimate from the logger data 

derived estimate for 2011.  Specifically, I calculated correction factors as:  ΔDAYSSNOW = 

DAYSSNOW2011 – snow2011; ΔTMAXsurf = TMAXsurf,2011 - tmax2011, and ΔTMINsurf = TMINsurf,2011 – 

tmin2011.  I calculated an estimate for each variable for 2009 and 2010 by adding the correction 

factor to the SNOTEL derived estimate for the corresponding year and defined estimates as 

follows:  DAYSSNOWj = ΔDAYSSNOW + snowj; TMAXsurf,j =  ΔTMAXsurf + tmaxj, and TMINsurf,j 
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=  ΔTMINsurf + tminj.  I developed regression models (Neter et al. 1996) to correlate TIME25,2011 

to days25,2011 and TIME0,2011 to days0, 2011 for the 27 patches with loggers.  For each response 

variable I developed a linear and quadratic model consisting of the corresponding covariate and 

used regression techniques in R (R Development Core Team 2008) to fit models and estimate 

coefficients.  I selected the model with the highest adjusted-R2 value (Neter et al. 1996) for each 

response to use for prediction.  I used the estimates of days25, j and days0, j to predict TIME25,j and 

TIME0,j for each of the 115 patches for 2009 and 2010.   

 

2.2.2.2.  Developing models to account for variability in within-year pika survey counts 

I defined response variables COUNTarea and COUNTpatch as the number of pikas counted 

in each 1-km2 survey area and each talus patch, respectively, using data from the repeat surveys 

of eight survey areas consisting of 18 talus patches in 2009 and three survey areas consisting of 

five patches in 2010.  I defined eight covariates for use in analyses:  SURVEYDATE, the day of 

the year of the survey; TEMP, the average temperature at which locations were obtained or the 

survey was conducted; WEATHER, a categorical variable denoting the predominant weather 

condition during the survey (i.e., cloudy, partly cloudy, mostly cloudy, sunny); ROCKCOVER, 

the sum of proportions of talus, large rock, and small rock cover for all patches in the survey area 

or the individual patch; MAXDEPTH and MAXDEPTHpatch, the average maximum talus depth 

recorded for all patches in the survey area or the individual patch, respectively; VISUAL, the 

proportion of all pika detections that included a visual location, and HAY, the proportion of all 

detections that included a haypile location.  Hypotheses for the direction of correlation of each 

covariate with the response variables are provided in supplementary Table 2.S1. 
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I developed competing hypotheses for each response variable expressed as mixed-effects 

Poisson regression models (Zuur et al. 2009) consisting of additive combinations of covariates.  

Because the count data consisted of repeat abundance measurements from each survey area and 

patch during each year, I defined AREA_YEAR and PATCH_YEAR as random intercept effects in 

each model for COUNTarea and COUNTpatch, respectively.  I used mixed-effects Poisson 

regression techniques in R (R Development Core Team 2008; Zuur et al. 2009) to fit models and 

estimate covariate coefficients.  I calculated an AICc and wi value for each model, ranked and 

selected the best approximating models for each response using ΔAICc values, and calculated 

model-averaged coefficient estimates for covariates included in the best models (Burnham and 

Anderson 2002).  I used model-averaged coefficients and covariates included in models with 

ΔAICc<4 to develop one predictive model for COUNTarea for survey areas and one predictive 

model for COUNTpatch for patches. 

 

2.2.2.3.  Modeling factors affecting pika abundance on large 1-km2 survey area scales 

I used the predictive model for COUNTarea to estimate COUNTarea,j, defined as the 

estimated pika count for year j for each of the 13 1-km2 survey areas that were surveyed during 

2009, 2010, and 2011.  I calculated correction factors for each survey area for 2010 and 2011 as 

COUNTarea,2009/COUNTarea,2010 and COUNTarea,2009/COUNTarea,2011, respectively.  The purpose of 

the correction factor was to make the pika count for each survey area comparable among years 

because of the different date and weather conditions encountered during surveys.  For example, I 

was able to take advantage of haypiles to help in locating pikas in late summer, but not during 

June or early July, so a late summer survey would be likely to result in higher pika counts than if 

the survey was conducted in early summer.  Also, surveys conducted later in the summer will 
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account for all juveniles that have emerged from under the talus whereas early summer surveys 

may not depending on the timing of snowmelt in the survey area.  I multiplied the correction 

factor for each survey area for 2010 and 2011 by their respective actual pika counts from 2010 

and 2011 to obtain a corrected abundance to adjust 2010 and 2011 pika counts relative to the 

date and temperature of the 2009 survey.  I used the maximum count for 2009 and 2010 for areas 

in which multiple surveys were conducted.  I defined a response variable, ABUNDANCEarea, as 

the total number of pikas counted within each survey area for each year with the 2010 and 2011 

values representing corrected counts and 2009 values consisting of actual counts.  I defined nine 

covariates based on attributes from all patches in each survey area to be used in the analysis:  

PERIMETERarea, the sum of patch perimeters; ELEVarea, the average elevation of patches; 

DAYSSNOWarea, the average duration of snow cover; TMAXsurf,area, the average maximum daily 

surface temperature for July and August; TMINsurf,area, the average minimum daily surface 

temperature for November through February; TIME25,area, the average total accumulated time to 

the nearest 10 min spent at temperatures >25°C; TIME0,area, the average total accumulated time 

to the nearest 10 min spent at temperatures <0°C; COVERforage,area the sum of proportions of 

cushion plant, forb, and graminoid cover (Chapter 1), and PDO, the average value of the PDO 

index (Hare 1996; Zhang 1996; Mantua et al. 1997; available from 

http://jisao.washington.edu/pdo/ [accessed 11 November 2011) for November through February 

of each year.  The PDO is a pattern of North Pacific sea surface temperature anomalies that has 

been related to productivity of various species in Pacific marine and terrestrial ecosystems in 

northwestern North America (Mantua et al. 1997; Francis et al. 1998; Vandenbosch 2000; 

Morrison and Hik 2007).  Positive PDO values represent warm phases that coincide with 

anomalously dry and warm periods whereas negative PDO values reflect cool phases 
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characterized by wet and cool weather in northwestern North America (Mantua and Hare 2002).  

Hypotheses for each covariate regarding its correlation with the response variable are provided in 

supplementary Table 2.S2.  

I developed competing a priori hypotheses expressed as 20 mixed-effects Poisson 

regression models (Zuur et al. 2009) consisting of additive combinations of covariate main 

effects.  I calculated variance inflation factors (VIFs; Neter et al. 1996) to quantify 

multicollinearity among covariates while forming the model list and models with a covariate 

with a VIF>10 were not considered.  Each model included AREA as a random intercept effect 

because abundance data included repeated measurements in 13 of the same survey areas during 

each year.  ELEVarea was not included in the same models as DAYSSNOWarea, TMAXsurf,area, 

TMINsurf,area, TIME25,area, and TIME0,area because elevation was used in models to estimate the 

other covariates.  Although a positive correlation existed between ELEVarea and PERIMETERarea, 

the VIF = 1.6 and both covariates could be included together in models.  I centered and scaled 

each covariate and used mixed-effects Poisson regression techniques in R (R Development Core 

Team 2008; Zuur et al. 2009) to fit models and estimate covariate coefficients.  I calculated an 

AICc and wi value for each model, ranked and selected the best approximating models using 

ΔAICc values, and calculated model-averaged coefficient estimates for covariates included in 

models with ΔAICc<4 (Burnham and Anderson 2002).   

 

2.2.2.4.  Modeling factors influencing annual population growth rates in 1-km2 survey areas 

I defined a response variable as the annual population growth rate between 2010 and 

2011 and 2009 and 2010 for each of the 13 1-km2 survey areas as λ2011 = ABUNDANCEarea,2011 / 

ABUNDANCEarea,2010 and λ2010 = ABUNDANCEarea,2010 / ABUNDANCEarea,2009, respectively, 
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where the 2010 and 2011 values represented corrected counts as defined earlier.  I used seven 

previously defined covariates for the analysis:  ELEVarea; PDO; DAYSSNOWarea; TMAXsurf,area; 

TMINsurf,area; TIME25,area, and TIME0,area.  I formulated a hypothesis for each covariate regarding 

its correlation with growth rates (supplementary Table 2.S3).  I developed competing a priori 

hypotheses expressed as seven mixed-effects regression models (Pinheiro and Bates 2000; Zuur 

et al. 2009) consisting of additive combinations of covariates.  I calculated VIFs while forming 

the model list and models having a covariate with VIF>10 were not considered.  Each model 

included a random intercept effect, AREA, because repeat abundance measurements were taken 

in each area.  I removed four observations representing unusually high growth rates (λ>3) owing 

to their leverage effects on regression coefficients.  I centered and scaled each covariate and used 

mixed-effects regression techniques in R (Pinheiro and Bates 2000; R Development Core Team 

2008) to fit models and estimate covariate coefficients.  I calculated an AICc and wi value for 

each model, ranked and selected the best models using ΔAICc values, and calculated model-

averaged covariate coefficient estimates (Burnham and Anderson 2002).   

  

2.2.2.5.  Modeling factors affecting pika abundance on medium, individual talus patch scales 

I used the predictive model for COUNTpatch to estimate COUNTpatch,2009, COUNTpatch,2010, 

and COUNTpatch,2011, defined as the estimated pika counts for 2009, 2010, and 2011, respectively, 

for the 58 talus patches surveyed each year.  I calculated correction factors for each patch for 

2010 and 2011 as COUNTpatch,2009 / COUNTpatch,2010 and COUNTpatch,2009 / COUNTpatch,2011, 

respectively.  I multiplied correction factors for each patch for 2010 and 2011 by their respective 

actual pika counts from 2010 and 2011 to obtain a corrected abundance.  I used the maximum 

count for 2009 and 2010 for patches in which multiple surveys were conducted.  I defined a 
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response variable, ABUNDANCEpatch, as the number of pikas counted within each patch for each 

year with the 2010 and 2011 values representing corrected counts and 2009 values consisting of 

actual counts.  I defined 11 covariates based on values for each patch to be used in the a priori 

analysis:  PERIMETERpatch, the patch perimeter; ELEVpatch, the patch elevation; DAYSSNOWpatch, 

the duration of snow cover; TMAXsurf,patch, the average maximum daily surface temperature for 

July and August; TMINsurf,patch,, the average minimum daily surface temperature for November 

through February; TIME25,patch, the total accumulated time to the nearest 10 min spent at 

temperatures >25°C; TIME0,patch, the total accumulated time to the nearest 10 min spent at 

temperatures <0°C; COVERforage,patch, the sum of proportions of cushion plant, forb, and 

graminoid cover; MAXDEPTHpatch, the average maximum talus depth; ASPECTpatch, the average 

cosine of the patch aspect, and PDO as defined earlier.  Hypotheses for each covariate are 

provided in supplementary Table 2.S4.  

I developed competing a priori hypotheses expressed as 27 mixed-effects Poisson 

regression models (Zuur et al. 2009) consisting of additive combinations of covariates.  Models 

having a covariate with VIF>10 were not considered.  Each model included PATCH as a random 

intercept effect because abundance data included repeated measurements in 58 of the same 

patches during 2009, 2010, and 2011.  ELEVpatch was not included in the same models as 

DAYSSNOWpatch, TMAXsurf, patch, TMINsurf, patch, TIME25 ,patch, and TIME0,patch because elevation 

was used in models to estimate the other covariates.  Although a positive correlation existed 

between PERIMETERpatch and ELEVpatch the VIF = 1.04 and both covariates could be included 

together in models.  I centered and scaled each covariate prior to analysis and used mixed-effects 

Poisson regression techniques in R (R Development Core Team 2008; Zuur et al. 2009) to fit 

models and estimate coefficients.  I calculated an AICc and wi value for each model, ranked and 
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selected the best approximating models using ΔAICc values, and calculated model-averaged 

covariate coefficient estimates (Burnham and Anderson 2002).    

 

2.3.  RESULTS 

2.3.1.  Pika surveys, habitat data, and logger climate data 

I found pikas in 27 of 30 1-km2 survey areas between 21 June and 27 September 2009 

with abundance per survey area ranging from 0 to 101 pikas (mean = 23.6; 95% confidence 

interval [CI] = 14.1, 33.0).  I counted a total of 707 pikas in 115 talus patches, of which 85 had 

pikas and 14 had old pika sign.  Abundance per patch ranged from 0 to 65 pikas (mean = 6.2; 

95% CI = 4.3, 8.1).  I found pikas in all 13 survey areas resurveyed between 1 July and 26 

August 2010 with abundance per area ranging from 4 to 106 pikas (mean = 30.6; 95% CI = 11.1, 

50.2).  I counted a total of 398 pikas in 58 talus patches, of which 44 had pikas; I found old sign 

in 14 patches.  Abundance per patch ranged from 0 to 56 pikas (mean = 6.9; 95% CI = 3.6, 10.1).  

I found pikas in all 13 survey areas resurveyed between 5 September and 2 October 2011 with 

abundance per area ranging from 2 to 160 pikas (mean = 31.5; 95% CI = 5.9, 57.0).  I counted a 

total of 409 pikas in 58 talus patches, of which 44 had pikas.  Abundance per patch ranged from 

0 to 75 pikas (mean = 7.1; 95% CI = 3.2, 10.9).  Among all 1514 locations collected from 2009 

through 2011, I recorded 52.4% as visual sightings, 40.5% as pika vocalizations, and 7.1% as 

active haypiles.  I recorded visual locations at temperatures between –1.7°C and 34.6°C (mean = 

16.6; 95% CI = 16.1, 17.0), and audible locations between –1.3°C and 36.1°C (mean = 19.3; 

95% CI = 18.8, 19.8).  Across all three years I found pikas in 87 unique patches ranging in 

elevation from 351 m to 2130 m (mean = 1476; 95% CI = 1389, 1562), which spanned the entire 

range of elevations for patches surveyed. 
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Pika abundance increased in nine of the 13 survey areas between 2009 and 2010 and in 

four of 13 areas between 2010 and 2011 (Fig. 2.2).  Two survey areas experienced population 

growth while one area had a decline in abundance both years (Fig. 2.2).  All four low elevation 

(<914 m) and three moderately low elevation (914 m to 1218 m) survey area populations 

experienced a decrease in pika abundance between 2010 and 2011 after each had growth 

between 2009 and 2010 (Figs. 2.2a, 2.2b).  The survey area population at a middle elevation 

(1371 m) had slight growth between 2010 and 2011 although pika abundance remained below its 

2009 level (Fig. 2.2c).  Two of three survey area populations at moderately high elevations (1524 

m to 1827 m) experienced declines in pika abundance between 2010 and 2011 (Fig. 2.2d).  The 

two high elevation (>1827 m) survey area populations experienced growth both years (Fig. 2.2e). 

The number of patches surveyed in the 30 survey areas ranged from 1 to 15 (mean = 3.8; 

95% CI = 2.6, 5.0).  The perimeter of individual talus patches varied between 0.02 km and 9.5 

km (mean = 0.98; 95% CI = 0.68, 1.3) and the total patch perimeter per survey area ranged from 

0.46 km to 10.5 km (mean = 3.7; 95% CI = 2.5, 4.8).  I completed 196 25-m vegetation transects 

encompassing 1176 1-m2 plots in 103 patches in 2009; habitat data was not recorded in 12 

patches owing to time constraints during surveys.  In 2010 I revisited 58 patches and completed 

126 transects that included 756 1-m2 plots.  The number of patches with habitat data for analyses 

was 103.  A summary of vegetation cover statistics from the habitat data is found in Chapter 1 

and in supplementary Table 2.S5.  I deployed all data loggers by 5 October 2010 and recovered 

the first pair on 5 September 2011.  A summary of statistics for climate variables derived from 

logger data is found in Chapter 1 and supplementary Table 2.S6.  The PDO covariate had values 

of –1.27, 0.33, and –0.95 for 2009, 2010, and 2011, respectively. 
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2.3.2.  Deriving estimates of temperature and snow variables from SNOTEL and logger 

data 

 The best approximating SNOTEL data derived models for snow, tmax, tmin, days25, and 

days0 each included significant elevation, longitude, and year covariates (supplementary Tables 

2.S7-2.S8).  The latitude covariate and elevation*longitude and elevation*latitude interactions 

were significant in some of the best models (supplementary Tables 2.S7-2.S8).  Some of the best 

approximating logger data derived models for TIME25,2011, TIME0,2011, TMAXsurf,2011, 

TMINsurf,2011, and DAYSSNOW2011 contained significant ELEV, LONG, and ASPECT covariates, 

and ELEV*ASPECT and ELEV* LONG interactions (Chapter 1; supplementary Tables 2.S9-

2.S12).  Covariates for percent vegetation, talus, and large rock cover in the patch were also 

significant in some models (Chapter 1; supplementary Tables 2.S9-2.S12).  Correlations between 

values of the five response variables from actual logger data from the 27 patches compared to 

values estimated from logger-derived models are provided in Table 2.1 with plots in 

supplementary Fig. 2.S1.  Correlations between estimates from logger-derived models and 

SNOTEL data derived models for 2011 are provided in Table 2.1 with plots in supplementary 

Fig. 2.S2.  I found quadratic models correlating TIME25,2011 and days25,2011, and TIME0,2011 and 

days0, 2011 had the higher adjusted-R2 values than linear models (supplementary Fig. 2.S3) with 

correlations between each provided in Table 2.1.   

 

2.3.3.  Modeling factors to account for variability in within-year pika survey counts 

There were four best approximating models with ΔAICc<2 for the COUNTarea response 

variable (supplementary Table 2.S13).  The first- (AICc = 66.4, ΔAICc = 0.0, wi = 0.22, K = 5), 

second- (ΔAICc = 0.74, wi = 0.15, K = 6), third- (ΔAICc = 0.83, wi = 0.14, K = 5), and fourth-best 
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models (ΔAICc = 1.86, wi = 0.09, K = 4) each contained a significant positive ROCKCOVER 

covariate (estimate = 4.36; 95% CI = 2.24, 6.48; supplementary Fig. 2.S4a) and a positive 

SURVEYDATE covariate (estimate = 0.005; 95% CI = -0.002, 0.011; supplementary Fig. 2.S4b).  

Other covariates included in models with ΔAICc<4 were a negative MAXDEPTH (estimate = -

0.064; 95% CI = -0.136, 0.008) and positive VISUAL (estimate = 0.794; 95% CI = -0.093, 1.68) 

that each had coefficient CIs slightly spanning zero, and TEMP and HAY with coefficient CIs 

that overlapped zero (supplementary Table 2.S14).  The variance for the random intercept effect, 

AREA_YEAR, was 0.28. 

 I found four best approximating models with ΔAICc<2 for the COUNTpatch response 

variable (supplementary Table 2.S15).  The first- (AICc = 116, ΔAICc = 0.0, wi = 0.22, K = 5), 

second- (ΔAICc = 0.58, wi = 0.17, K = 4), third- (ΔAICc = 1.81 wi = 0.09, K = 6), and fourth-best 

models (ΔAICc = 1.95, wi = 0.08, K = 6) each contained a significant positive VISUAL covariate 

(estimate = 1.14; 95% CI = 0.426, 1.85; supplementary Fig. 2.S5a).  The four best models also 

included a positive ROCKCOVER covariate (estimate = 1.85; 95% CI = -0.255, 3.95; 

supplementary Fig. 2.S5b) with coefficient CIs slightly overlapping zero.  The SURVEYDATE, 

TEMP, MAXDEPTHpatch, and HAY covariates were included in models with ΔAICc<4, but each 

had coefficient CIs spanning zero (supplementary Table 2.S14).  The variance for the random 

intercept, PATCH_YEAR, was 0.85. 

 

2.3.4.  Modeling factors affecting pika abundance and growth rates 

 I found two best approximating models with ΔAICc<2 for the large scale, survey area 

abundance analysis (supplementary Table 2.S16).  The first- (AICc = 209, ΔAICc = 0.0, wi = 

0.24, K = 5) and second-best models (ΔAICc = 1.42, wi = 0.12, K = 5) each contained significant 
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positive PERIMETERarea (Fig. 2.3a), DAYSSNOWarea (Fig. 2.3b), ELEVarea (Fig. 2.4a), and PDO 

covariates with coefficient CIs not spanning zero (Table 2.2).  Models with ΔAICc<4 also 

included positive TIME0,area (Fig. 2.5a) and COVERforage,area (supplementary Fig. 2.S6a) 

covariates with coefficient CIs slightly overlapping zero (Table 2.2).  The TMAXsurf,area, 

TMINsurf,area, and TIME25,area covariates were included in models with ΔAICc<4, but each had 

coefficient CIs that overlapped zero (Table 2.2).  The variance for the random intercept effect, 

AREA, was 0.42.   

There was one best approximating model with ΔAICc<2 for the large scale population 

growth rate analysis with AICc = 26.8, ΔAICc = 0.0, wi = 0.49, and K = 3 (supplementary Table 

2.S17).  The second-best model had ΔAICc = 2.5, wi = 0.14, and K = 4.  The first-best model 

contained a significant positive PDO covariate with coefficient CIs not spanning zero (Table 

2.2).  Models with ΔAICc<4 also included positive ELEVarea (Fig. 2.4b) and negative TIME25,area 

(supplementary Fig. 2.S6b) covariates with coefficient CIs slightly spanning zero (Table 2.2).  

The DAYSSNOWarea, TMAXsurf,area, and TIME0,area covariates were included in models with 

ΔAICc<4, but each had coefficient CIs spanning zero (Table 2.2).  Variance for the random 

intercept, AREA, was <0.01.   

There was one best approximating model with ΔAICc<2 for the medium scale, patch 

abundance analysis with AICc = 522, ΔAICc = 0.0, wi = 0.47, and K = 7 (supplementary Table 

2.S18).  The second-best model had ΔAICc = 3.2, wi = 0.10, and K = 6.  The first-best model 

included significant positive PERIMETERpatch and PDO covariates and a significant negative 

ELEVpatch*ASPECTpatch interaction with coefficient CIs not spanning zero (Table 2.3).  The first-

best model also included a positive ASPECTpatch covariate with coefficient CIs slightly spanning 

zero and an ELEVpatch covariate with coefficient CIs overlapping zero (Table 2.3).  Models with 
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ΔAICc<4 also included a significant negative TMAXsurf,patch (Fig. 2.5b) with coefficient CIs not 

spanning zero, and positive MAXDEPTHpatch and negative COVERforage,patch with coefficient CIs 

slightly spanning zero (Table 2.3).  The variance for the random intercept, PATCH, was 1.04.   

 

2.4.  DISCUSSION 

Multiple abiotic and biotic factors acting across several spatial and temporal scales 

influenced pika populations in the North Cascades.  The average winter value of the PDO index 

(Hare 1996; Zhang 1996; Mantua et al. 1997), which provides a large-scale measure of winter 

climate variability, was positively correlated with total pika abundance and annual population 

growth rates in 1-km2 survey areas, and pika abundance in individual talus patches.  Positive 

winter PDO values represent below average precipitation and above average temperatures 

whereas negative winter PDO values depict above average precipitation and below average 

temperatures (Mantua and Hare 2002).  Winter PDO values are also negatively correlated with 

the timing of spring snowmelt with positive PDO values indicative of earlier melt (Morrison and 

Hik 2007).  Morrison and Hik (2007) documented adult pika survival was positively correlated 

with winter PDO values with a time lag of one year and suggested timing of snowmelt was a 

primary factor influencing variation in population growth rates.  Although I did not gather data 

on vital rates, my results corroborate those of Morrison and Hik (2007) in principle as abundance 

and population growth rates were greater during years with higher PDO values.  Average winter 

PDO values were –1.27, 0.33, and –0.95 for 2009, 2010, and 2011, respectively, and the majority 

of my pika populations experienced growth between 2009 and 2010 and declines between 2010 

and 2011, especially at lower elevations (Fig. 2.2).  As with the pika populations studied by 

Morrison and Hik (2007), my results are likely related to snow pack dynamics. 
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On large scales, total pika abundance in survey areas was positively correlated with the 

duration of snow cover, which may influence pikas in several ways because trade-offs exist in 

the benefits and drawbacks of later snowmelt.  Because the duration of snow cover and 

associated timing of melt are related to snow accumulation, a longer duration of snow cover may 

be indicative of a deeper snow pack that provides better insulating thermal cover (Pomeroy and 

Brun 2001) for pikas from late fall through early spring, which may result in increased vital rates 

and abundance owing to reduced cold stress (Morrison and Hik 2008; Beever et al. 2010).  Other 

studies have shown the most stressful times of year for small mammals are late fall prior to snow 

accumulation and early spring when snow is melting because of cold air temperatures (Pruitt 

1970; Courtin et al. 1991; Happold 1998).  The presence of snow kept winter surface and sub-

surface talus temperatures primarily between –5˚C and 0˚C in my patches with data loggers 

(Chapter 1).  I found total pika abundance in survey areas was positively correlated with the total 

annual time talus surface temperature was <0˚C, further suggesting presence of an insulating 

snow cover was beneficial and resulted in greater pika abundance.  The need for insulating snow 

cover by other small mammal species includes considerations for thermoregulation, reducing 

energy requirements, and providing a favorable microclimate for nest sites, all of which affect 

over-winter survival (Chappell 1980; Happold 1998; Duchesne et al. 2011; Reid et al. 2012).  

Conversely, a longer duration of snow cover also results in later green-up and growth of 

vegetation, which may be detrimental to pika grazing and haying efforts.  Areas with earlier 

snowmelt provide more time to forage, and have earlier growth of high quality vegetation and 

greater forage availability throughout summer, which may benefit pika vital rates through 

improved body condition and nutrition (Smith 1978; Morrison and Hik 2007; Morrison et al. 

2009).  Kreuzer and Huntly (2003) suggested patterns of snowmelt were primary causes of 
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habitat-specific demography in pika populations as birth rates were negatively correlated with 

the date of snowmelt in talus patches located in low-lying areas that accumulated more snow and 

had later snowmelt.  The correlation between greater pika abundance with a longer duration of 

snow cover in my survey areas likely owes to a combination of reduced cold stress and a 

moderate timing of vegetation phenology that still afforded pikas sufficient time to forage and 

stock haypiles during summer.  However, additional research on the effects of snow and 

vegetation phenology on pika vital rates is needed. 

My results suggest cumulative heat stress may have limited pika populations as 

population growth rates were negatively correlated with the total annual time talus surface 

temperature was >25˚C.  Additionally, I found pika abundance in individual talus patches was 

negatively correlated with the average daily maximum surface temperature during July and 

August.  Higher surface temperatures act to regulate the duration of pika surface activities 

because of their thermoregulatory needs with the amount of time spent at the talus surface 

negatively correlated with temperature (MacArthur and Wang 1973; MacArthur and Wang 

1974).  During periods with high surface temperatures, pikas primarily remain under the talus 

surface (Smith 1974) where temperatures are lower (Millar and Westfall 2010; Chapter 1).  This 

limitation on access to the surface results in less time available for pikas to graze to meet 

immediate summer energy needs and cache food for winter.  Lacking adequate resources, pika 

survival rates and fecundity will decrease owing to poor nutrition and body condition (Morrison 

and Hik 2007).  Pikas may also experience direct thermal stress from higher temperatures that 

will result in lower vital rates (Smith 1974).  Combined, these factors will result in lower 

abundance and population growth rates.  Extirpations of pikas in the Great Basin of North 
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America have been related to long-term patterns in increasing summer temperature and 

accumulated heat stress (Beever et al. 2010; Beever et al. 2011; Wilkening et al. 2011). 

Resource availability affected pika abundance on both large and small scales, as talus 

patch perimeter and the proportion of forage cover within patches were positively correlated with 

abundance.  Because pikas establish territories as individuals (Smith and Weston 1990; Peacock 

1997), patches with larger perimeters are likely to support more territories and pikas.  A higher 

proportion of forage cover within the patch means pikas can forage more often without having to 

leave the patch, which may be advantageous in multiple ways.  First, being able to forage within 

the patch reduces predation risk for pikas because they can quickly find cover under talus.  Pikas 

foraging in meadows outside the patch travel quickly and focus on foraging rather than being 

vigilant for predators to minimize time spent away from talus (Roach et al. 2001).  Second, 

having more quality forage available within the patch allows pikas to spend less time on the 

surface making foraging trips when alternating between bouts of foraging and spending time 

under the surface.  This could allow pikas to better meet forage resource needs while also 

balancing thermoregulation requirements.  Third, being able to forage more often within the 

patch may offer pikas more forage resources with less effort, which may better allow pikas to 

graze to meet summer energy needs and hay to accumulate enough vegetation for winter 

haypiles.  Roach et al. (2001) found pikas preferentially foraged on vegetation within the talus 

patch when available and ventured into meadows surrounding patches only when vegetation 

within the patch was scarce.  Finally, Wilkening et al. (2011) found that relative forb cover was a 

predictor of pika persistence and higher at sites where pikas were extant compared to sites where 

historical extirpations occurred.  Forbs may play an important role in haypiles because they 

contain secondary compounds that break down over time and contribute to nutritional value of 
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forage (Dearing 1997).  Because forb abundance is negatively correlated with temperature (Harte 

and Shaw 1995; Loik et al. 2000) Wilkening et al. (2011) suggested pikas might be stressed 

when attempting to forage in a low-forb vegetative community, which may have contributed to 

extirpations.  Overall, these factors may combine to have a positive effect on pika abundance by 

affording more per capita resources and increasing vital rates. 

Total pika abundance and population growth rates in survey areas were positively 

correlated with elevation, which is the result of interacting climate and habitat factors affected by 

elevation.  Summer temperatures at and below the talus surface were negatively correlated with 

elevation in the North Cascades (Chapter 1), indicating higher elevation talus patches provided 

more favorable thermal conditions for pikas that may result in increased survival, abundance, 

and growth rates.  Beever et al. (2003) found persistence of pika populations was positively 

affected by increasing elevation and the maximum elevation of available talus, suggesting higher 

elevation talus patches offered a refuge if lower elevation populations became extirpated owing 

to higher temperatures.  Higher elevation talus patches in my study area had a longer duration of 

snow cover than those at lower elevations (Chapter 1), suggesting higher elevations had more 

insulating snow cover and a lower probability of pika mortality from cold stress.  Further, 

warmer winter temperatures at lower elevations may contribute to freezing rain or repeated 

freeze-thaw events that reduce the insulating value of snow pack (Pomeroy and Brun 2001) and 

increase likelihood of cold-related mortality (Morrison and Hik 2008).  Finally, percent cover of 

vegetation in talus patches varied across elevations in my study area with lower elevation patches 

having greater cover of bryophytes and lichens, and higher elevations having greater cushion 

plant and forb cover (Chapter 1).  The better nutritional quality of vegetation at higher elevations 

may positively influence pika abundance and population growth rates. 
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Pika abundance in individual talus patches increased as the patch became more northerly 

facing, but decreased in very high elevation and north-facing patches.  Patches with a southerly 

aspect (i.e., south, southwest, southeast) had higher summer temperatures and experienced more 

time >25˚C than those with northerly aspects (i.e., north, northwest, northeast) (Chapter 1), 

which may result in lower vital rates and abundance in southerly patches owing to heat-related 

stress.  However, north-facing patches at very high elevations experienced a longer duration of 

snow cover and later snowmelt (Chapter 1) that may negatively impact pika vital rates as 

discussed earlier.  Millar and Westfall (2010) found pikas occurred in patches with all aspects, 

but preferred patches with north to easterly aspects compared to those with southerly aspects.  At 

lower elevations pikas preferred north-facing patches, which likely is related to temperature 

factors (Millar and Westfall 2010). 

 While my results make biological sense relevant to pika ecology, I must address the 

limitations of this study.  First, I was only able to deploy data loggers in a sample of talus 

patches surveyed and during one year of the study.  This necessitated estimating temperature and 

snow covariates for the other two years and in patches without loggers.  I also did not have a 

large enough sample size of loggers to leave data out to fully evaluate the prediction capabilities 

of my models.  Considering the alternative was not including these types of covariates in models, 

however, I believe estimation of these variables to quantify relationships was valuable.  Second, 

my use of models to estimate winter temperature variables at and below the talus surface was 

affected by the presence of snow cover as some of my loggers experienced continuous snow 

cover while others did not.  I initially developed and estimated a covariate to depict the total 

annual time talus surface and sub-surface temperatures were <-5˚C based on findings of cold 

stress impacts on pikas from Beever et al. (2010), but prediction capability of these models was 
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low and I did not use the covariates in my analyses.  Finally, my analyses of factors affecting 

population growth rates used only three years of data and given the highly variable fluctuations 

in pika populations, influential climate factors may vary year-to-year and over short time 

periods.  Additional years of data will also assist in evaluating the role of density related 

feedbacks. 

Understanding the influence of climate variability on small mammal populations, 

especially for sensitive and endangered species, is necessary given forecasted climate change 

impacts across broad and regional scales (IPCC 2001; Parmesan 2006; Mote and Salathé 2010).  

My results suggest variation in pika population sizes (Fig. 2.2) was largely attributable to winter 

climate variability and summer heat stress acting across multiple scales.  Highly variable 

temporal fluctuations in the size of pika populations have been documented in other regions of 

North America (Smith 1978).  Morrison and Hik (2008) found variability and trend in pika 

population sizes in Yukon (Canada) varied with aspect, and suggested unpredictable winter 

precipitation and warmer winters were likely causes.  Southwick et al. (1986) documented an 

average annual percent change of 30% in population sizes of pikas in Colorado (USA), and 

suggested the fluctuations were natural and represented stability in the populations despite highly 

variable environmental conditions.  Other small mammal species experience fluctuations in 

population size that are even larger and more variable (e.g., Yoccuz and Ims 1999; Kielland et al. 

2010).  With pikas and many small mammal populations, there is difficulty in determining a 

significant population trend.  Even with 10 years of continuous data, Morrison and Hik (2008) 

indicated their results might not be indicative of the full range of natural population variability.  

Therefore, my three years of abundance data for 13 populations should be viewed as a basis for 

future work towards understanding how climate variability affects pikas. 
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2.5.  LIST OF SYMBOLS 

Symbol Definition 

ABUNDANCEarea Total number of pikas counted in all talus patches within each 1-km2 survey 

area for each year 

ABUNDANCEpatch Number of pikas counted within each patch for each year  

AREA Random intercept effect used in mixed-effects models denoting the survey 

area number 

AREA_YEAR Random intercept effect used in mixed-effects models denoting the survey 

area number and year for the repeat survey 

ASPECT Cosine of the aspect of the talus patch at the logger location 

ASPECTpatch Average cosine of the talus patch’s aspect 

COUNTarea Number of pikas counted in each 1-km2 survey area using data from within-

year repeat surveys during 2009 and 2010 

COUNTpatch Number of pikas counted in each talus patch using data from within-year 

repeat surveys during 2009 and 2010 

COVERforage,area Sum of proportions of cushion plant, forb, and graminoid cover within all 

talus patches in the survey area as determined from habitat transect data 

COVERforage,patch Sum of proportions of cushion plant, forb, and graminoid cover within the 

talus patch as determined from habitat transect data 

COVERrock Percent cover of large rock in the patch as determined from habitat transect 

data 

COVERtalus Percent cover of talus in the patch as determined from habitat transect data 
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COVERveg Total percent cover of vegetation in the patch based on the sum of 

graminoid, forb, cushion plant, fern, bryophyte, lichen, shrub, and tree cover 

as determined from habitat transect data 

days0,j Number of days the minimum daily temperature was <0°C between 1 

October and 30 September at the SNOTEL station during year j 

days25, j Number of days the maximum daily temperature was >25°C between 1 

October and 30 September at the SNOTEL station during year j 

DAYSSNOW2011 Number of days with snow cover on the surface from 5 October 2010 

through 4 September 2011 as determined from data loggers 

DAYSSNOWarea Estimated average duration of snow cover among all talus patches in the 

survey area 

DAYSSNOWpatch Estimated duration of snow cover in the talus patch  

ELEV Elevation of the logger 

ELEVarea Average elevation of patches among all talus patches in the survey area 

elevation Elevation of the SNOTEL station 

ELEVpatch Talus patch elevation 

HAY Proportion of all detections that included a haypile location during within-

year repeat surveys 

j Year of the study:  2009, 2010, or 2011 

LAT Latitude at the logger location 

latitude Latitude of the SNOTEL station 

LONG Longitude at the logger location 

longitude Longitude of the SNOTEL station 
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MAXDEPTH Average maximum talus depth among all talus patches in the survey area as 

determined from habitat transect data 

MAXDEPTHpatch Average maximum talus depth in the talus patch as determined from habitat 

transect data 

PATCH Random intercept effect used in mixed-effects models denoting the talus 

patch number 

PATCH_YEAR Random intercept effect used in mixed-effects models denoting the talus 

patch number and year for the repeat survey 

PDO Average value of the Pacific Decadal Oscillation index for November 

through February  

PERIMETERarea Sum of patch perimeters for all talus patches in the survey area 

PERIMETERpatch Talus patch perimeter 

ROCKCOVER Sum of proportions of talus, large rock, and small rock cover for all patches 

in the survey area or the individual patch as determined from habitat transect 

data 

SLOPE Slope of the patch at the logger location 

snowj Number of days with snow cover between 1 October and 30 September at 

the SNOTEL station during year j 

station Random intercept effect used in mixed-effects models denoting the 

SNOTEL station from which data was obtained 

SURVEYDATE Day of the year of the survey 

TEMP Average temperature at which locations were obtained or the survey was 

conducted for within-year repeat surveys 
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TIME0,2011 Total accumulated time spent at temperatures <0°C at the talus surface from 

5 October 2010 through 4 September 2011 as determined from data loggers 

TIME0,area Estimated average total accumulated time from October to September spent 

at temperatures <0°C among all talus patches in the survey area 

TIME0,patch Estimated total accumulated time from October to September spent at 

temperatures <0°C in the talus patch 

TIME25,2011 Total accumulated time spent at temperatures >25°C at the talus surface 

from 5 October 2010 through 4 September 2011 as determined from data 

loggers 

TIME25,area Estimated average total accumulated time from October to September spent 

at temperatures >25°C among all talus patches in the survey area 

TIME25,patch Estimated total accumulated time from October to September spent at 

temperatures >25°C in the talus patch 

tmaxj Average daily maximum temperature during July and August at the 

SNOTEL station during year j 

TMAXsurf,2011 Average daily maximum temperature recorded at the snow-free talus surface 

during July and August 2011 as determined from data loggers 

TMAXsurf,area Estimated average maximum daily surface temperature for July and August 

among all talus patches in the survey area 

TMAXsurf,patch Estimated average maximum daily surface temperature for July and August 

in the talus patch 

tminj Average daily minimum temperature during November through February at 

the SNOTEL station during year j 
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TMINsurf,2011 Average daily minimum temperature record at the talus surface from 

November 2010 through February 2011 as determined from data loggers 

TMINsurf,area Estimated average minimum daily surface temperature for November 

through February among all talus patches in the survey area 

TMINsurf,patch Estimated average minimum daily surface temperature for November 

through February in the talus patch 

VISUAL Proportion of all pika detections that included a visual location during 

within-year repeat surveys 

WEATHER Categorical variable denoting the predominant weather condition (cloudy, 

partly cloudy, mostly cloudy, sunny) during the within-year repeat survey  

year Categorical variable denoting the year from which SNOTEL data was used 

λ2010 Annual population growth rate in the 1-km2 survey area between 2009 and 

2010 

λ2011 Annual population growth rate in the 1-km2 survey area between 2010 and 

2011 
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Table 2.1.  Coefficient estimates, standard errors, and P-values, and R2 values for models 
examining correlations between values of actual logger data and logger derived estimates of 
response variables, and logger-derived estimates and SNOTEL data derived estimates.  Logger 
data derived estimates were calculated using temperature data from 27 pairs of data loggers 
deployed at and below the surface in 27 talus patches in the North Cascades National Park 
Service Complex (NOCA), Washington during 2010 and 2011.  SNOTEL data derived estimates 
were calculated using climate data from October 2008 through September 2011 from 14 NRCS 
SNOTEL stations located in and around NOCA.  Response variables are defined in the text. 

Response variable(s) Coefficient estimate (standard error) P-value R2 

Models comparing logger data derived estimates and actual logger data 

DAYSSNOW2011 0.97 (0.06) <0.001 0.92 

TMAXsurf,2011 1.06 (0.07) <0.001 0.92 

TMINsurf,2011 0.98 (0.09) <0.001 0.83 

TIME25,2011 0.99 (0.05) <0.001 0.94 

TIME0,2011 0.88 (0.07) <0.001 0.88 

Models comparing logger data derived estimates and SNOTEL data derived estimates 

DAYSSNOW2011 vs. snow2011 1.43 (0.08) <0.001 0.77 

TMAXsurf,2011 vs. tmax2011 0.76 (0.04) <0.001 0.79 

TMINsurf,2011 vs.  tmin2011 0.49 (0.06) <0.001 0.43 

TIME25,2011 vs. days25,2011 Linear term:  2.13 (0.70) 

Quadratic term:  0.04 (0.02) 

0.006 

0.12 

0.65 

TIME0,2011 vs. days0,2011 Linear term:  111 (29.0) 

Quadratic term:  -0.23  (0.09) 

0.001 

0.02 

0.78 
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Table 2.2.  Model-averaged coefficient estimates and 95% confidence intervals (CIs) for 
covariates contained in the best approximating models with ΔAICc<4 from the modeling 
analyses examining factors influencing American pika (Ochotona princeps) abundance 
(ABUNDANCEarea) in up to 30 1-km2 survey areas and annual population growth rates (λ) in 13 
survey areas from 2009 through 2011 in the North Cascades National Park Service Complex, 
Washington.  A total of 30 survey areas were surveyed during 2009 and 13 survey areas were 
resurveyed during both 2010 and 2011.  Covariates with estimates significant at  = 0.05 are 
denoted in bold; an “n/a” indicates the covariate was not included in the best models.  Response 
variables and covariates are defined in the text.   

Response variable ABUNDANCEarea λ 

Covariate Coefficient estimate (95% CI) Coefficient estimate (95% CI) 

Intercept 3.10 (2.65, 3.54) 0.950 (0.789, 1.11) 

PERIMETERarea 0.967 (0.379, 1.56) n/a 

ELEVarea 0.839 (0.240, 1.44) 0.182 (-0.055, 0.419) 

PDO 0.112 (0.034, 0.190) 0.237 (0.087, 0.386) 

DAYSSNOWarea 0.591 (0.008, 1.18) 0.154 (-0.099, 0.408) 

TMAXsurf,area -0.169 (-0.766, 0.429) -0.152 (-0.407, 0.103) 

TMINsurf,area 0.249 (-0.251, 0.749) n/a 

TIME25,area -0.151 (-0.700, 0.398) -0.195 (-0.431, 0.041) 

TIME0,area 0.413 (-0.205, 1.03) 0.166 (-0.099, 0.431) 

COVERforage,area 0.527 (-0.103, 1.16) n/a 
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Table 2.3.  Model-averaged coefficient estimates and 95% confidence intervals for covariates 
contained in the best approximating models with ΔAICc<4 from the modeling analysis 
examining factors influencing American pika (Ochotona princeps) abundance in up to 103 talus 
patches (ABUNDANCEpatch) from 2009 through 2011 in the North Cascades National Park 
Service Complex, Washington.  A total of 103 patches were surveyed during 2009 and 58 
patches were resurveyed during both 2010 and 2011.  Covariates with estimates significant at  
= 0.05 are denoted in bold.  Response variables and covariates are defined in the text.   
Covariate Coefficient estimate (95% confidence interval) 

Intercept 3.12 (2.41, 3.83) 

PERIMETERpatch 2.70 (2.02, 3.37) 

PDO 0.089 (0.026, 0.152) 

ELEVpatch -0.054 (-0.543, 0.434) 

ASPECTpatch 0.251 (-0.090, 0.593) 

ELEVpatch*ASPECTpatch -1.12 (-1.74, -0.488) 

TMAXsurf,patch -0.477 (-0.882, -0.072) 

COVERforage,patch -0.625 (-1.39, 0.136) 

MAXDEPTHpatch 0.402 (-0.155, 0.960) 
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2.8.  FIGURES 
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Fig. 2.1.  A conceptual diagram illustrating the medium and large spatial scales of nine 
individual talus patches (shaded in gray) located in a 1-km2 survey area (black line) that were 
surveyed for American pika (Ochotona princeps) abundance during 2009 through 2011 in the 
North Cascades National Park Service Complex, Washington.   
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Fig. 2.2.  Variation in total American pika (Ochotona princeps) abundance in 13 1-km2 survey 
areas surveyed during 2009, 2010, and 2011 in the North Cascades National Park Service 
Complex, Washington across the following elevation strata:  (a) low: <914 m; (b) moderately 
low: 914 m to 1218 m; (c) middle: 1219 m to 1523 m; (d) moderately high: 1524 m to 1827 m; 
(e) high: ≥1828 m. 
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(b) 
Fig. 2.3.  The relationship between total American pika (Ochotona princeps) abundance in 30 1-
km2 survey areas (ABUNDANCEarea) surveyed during 2009 and the 13 survey areas surveyed 
during 2010 and 2011 in the North Cascades National Park Service Complex, Washington with 
(a) the total perimeter (km) of all talus patches within the survey area (PERIMETERarea), and (b) 
the average estimated number of days with snow cover for all talus patches within the survey 
area (DAYSSNOWarea). 
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(b) 
Fig. 2.4.  The relationship between the average elevation of talus patches within 1-km2 survey 
areas (ELEVarea) in the North Cascades National Park Service Complex, Washington and the (a) 
total American pika (Ochotona princeps) abundance in each survey area (ABUNDANCEarea), and 
(b) annual population growth rate of pikas each survey area (λ).  A total of 30 survey areas were 
surveyed during 2009 and 13 survey areas were resurveyed during both 2010 and 2011.   
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(b) 
Fig. 2.5.  The relationship between the (a) average estimated total accumulated time per year 
talus surface temperature was <0°C (TIME0,area) and total American pika (Ochotona princeps) 
abundance in 1-km2 survey areas (ABUNDANCEarea), and (b) average estimated maximum daily 
talus surface temperature for July and August (TMAXsurf,patch) and pika abundance in individual 
talus patches (ABUNDANCEpatch).  Pika abundance data was collected in a total of 30 survey 
areas consisting of 103 talus patches during 2009, and 13 survey areas consisting of 58 talus 
patches during both 2010 and 2011 in the North Cascades National Park Service Complex 
(NOCA), Washington.   
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Table 2.S1.  Hypotheses for the direction of correlation of covariate coefficients (β) evaluated in 
the modeling analyses examining factors influencing variability in counts of American pikas 
(Ochotona princeps) in 1-km2 survey areas (COUNTarea) and talus patches (COUNTpatch) using 
data from within-year repeat surveys conducted during 2009 and 2010 in the North Cascades 
National Park Service Complex, Washington.  Response variables and covariates are defined in 
the text.   

Covariate Hypothesis Biological Rationale 

SURVEYDATE β > 0 COUNT would be positively correlated with SURVEYDATE 

because pikas spend proportionately more time building 

haypiles as summer progresses and the presence of active 

haypiles would make pikas more detectable, resulting in higher 

counts.  Also, later season surveys may account for juveniles 

that emerged from the talus and dispersed after early season 

surveys were completed.   

TEMP β < 0 COUNT would be negatively correlated with TEMP because 

pikas would be less detectable as temperature increases because 

pikas are more likely to remain under the talus in cooler 

microclimates during periods of high surface temperatures. 

WEATHER 

Cloudy 

Mostly cloudy 

Partly cloudy 

Sunny 

 

β > 0 

β > 0 

β < 0 

β < 0 

Based on similar reasoning to the preceding hypothesis, 

COUNT would be higher in cloudy and mostly cloudy than 

sunny and party cloudy weather conditions because of less 

exposure to direct sunlight, thereby reducing daytime 

temperatures and making surface conditions more favorable to 

pikas, which would result in increased likelihood of detecting 

pikas. 

ROCKCOVER β > 0 COUNT would be positively correlated with ROCKCOVER 

because patches with a higher proportion of rock cover provide 

more talus habitat for pikas, which would result in greater 

abundance.  Greater abundance may result in increased 

likelihood of detecting pikas because of alarm calls the pikas 

make among individuals to alert each other to potential danger. 

MAXDEPTH β < 0 COUNT would be negatively correlated with MAXDEPTH 

because greater talus depths may result in decreased 
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detectability as pikas may remain under the talus and not make 

an alarm call during the survey if they feel sufficiently 

protected. 

VISUAL β > 0 COUNT would be positively correlated with VISUAL because 

the presence of pikas at the talus surface would result in 

increased detectability and higher counts. 

HAY β > 0 COUNT would be positively correlated with HAY because the 

presence of active haypiles would make pikas more detectable 

and avoid missing non-visible and non-vocal pikas, resulting in 

higher counts.   
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Table 2.S2.  Hypotheses for the direction of correlation of covariate coefficients (β) evaluated in 
the modeling analysis examining factors influencing American pika (Ochotona princeps) 
abundance in 1-km2 survey areas (ABUNDANCEarea) during 2009 through 2011 in the North 
Cascades National Park Service Complex, Washington.  Response variables and covariates are 
defined in the text.   

Covariate Hypothesis Biological Rationale 

PERIMETERarea β > 0 ABUNDANCEarea would be positively correlated with 

PERIMETERarea because pikas live and forage at the patch 

edge, and larger perimeters would result in increased resource 

availability, which may result in increased pika abundance.   

ELEVarea β > 0 ABUNDANCEarea would be positively correlated with ELEVarea 

because higher elevations should be more beneficial to pika 

thermoregulation needs during summer than those at lower 

elevations because higher elevations experience lower overall 

summer temperatures.  Further, high elevation meadows may 

have increased abundance of preferred forage and forbs, 

resulting in increased resource availability and greater 

abundance.   

PDO β > 0 ABUNDANCEarea would be positively correlated with PDO.  

Morrison and Hik (2007) documented a positive correlation 

between pika survival and winter PDO values that, in turn, was 

negatively correlated with timing of snowmelt.  Earlier spring 

snowmelt results in longer growing seasons and more time for 

pikas to forage to meet energy requirements during summer and 

stock haypiles for winter, which may result in greater 

abundance from higher survival rates and recruitment. 

DAYSSNOWarea β > 0 ABUNDANCEarea would be positively correlated with 

DAYSSNOWarea because longer durations of snow cover in the 

survey area would provide better thermal insulation from cold 

air temperatures for pikas under the snow.  This would limit 

cold stress from late fall through early spring and result in 

higher overwinter survival rates and fecundity, and greater pika 
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abundance overall. 

TMAXsurf,area β < 0 ABUNDANCEarea would be negatively correlated with 

TMAXsurf,area because higher maximum daily temperatures at 

the talus surface during summer would limit pika surface 

activity, resulting in less time available for foraging to meet 

summer and winter energy requirements.  This limitation may 

lower vital rates through poor body condition and nutrition, and 

lower total abundance.  Higher temperatures may also lower 

survival rates owing to heat stress, which would reduce 

abundance. 

TMINsurf,area β > 0 ABUNDANCEarea would be positively correlated with TMINarea 

because higher minimum daily winter temperatures would limit 

cold stress.  Extreme cold (e.g., <5ºC [Beever et al. 2010]) may 

be detrimental to pika over-winter survival, thereby reducing 

abundance.   

TIME25,area β < 0 ABUNDANCEarea would be negatively correlated with 

TIME25,area because higher amounts of cumulative time at 

temperatures >25ºC at the talus surface during the year results 

in greater heat stress and limits pika foraging activities to meet 

energy and nutritional needs.  These factors may manifest 

themselves through lower survival rates and abundance. 

TIME0,area β < 0 ABUNDANCEarea would be negatively correlated with 

TIME0,area because temperatures <0ºC, and especially <5ºC 

(Beever et al. 2010), may result in lower overwinter survival 

rates and fecundity, and lower abundance during the following 

summer.  Higher amounts of cumulative time at temperatures 

<0ºC during the year may result in greater cold stress. 

COVERforage,area β > 0 ABUNDANCEarea would be positively correlated with 

COVERforage,area because higher overall proportions of forage 

cover within patch in the survey area would result in increased 

foraging opportunities for pikas without having to leave the 
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patch edge, thereby reducing predation risk and minimizing 

thermal stress during the warmest hours of the day.  Higher 

proportions of cushion plant, forb, and graminoid cover also 

would provide higher quality forage than other types of 

vegetation, such as lichens and bryophytes. 
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Table 2.S3.  Hypotheses for the direction of correlation of covariate coefficients (β) evaluated in 
the modeling analysis examining factors influencing American pika (Ochotona princeps) 
population growth rates (λ) in 30 1-km2 survey areas from 2009 through 2011 in the North 
Cascades National Park Service Complex, Washington.  Response variables and covariates are 
defined in the text.   

Covariate Hypothesis Biological Rationale 

ELEVarea β > 0 λ would be positively correlated with ELEVarea because higher 

elevations may contain greater abundance of higher quality, 

preferred forage, have cooler maximum summer temperatures, 

and deeper insulating snow pack than lower elevations, 

resulting in resources and conditions more favorable higher 

survival rates and fecundity, which would lead to population 

growth.   

PDO β > 0 λ would be positively correlated with PDO because higher PDO 

values are indicative of earlier snowmelt and vegetation 

phenology, which affords pikas more time to forage and 

improve body condition.  This may result in increased vital rates 

and population growth. 

DAYSSNOWarea β > 0 λ would be positively correlated with DAYSSNOWarea because 

longer durations of snow cover provide better thermal insulation 

from cold air temperatures for pikas under the snow.  This 

would limit cold stress, result in higher overwinter survival 

rates and fecundity, and higher population growth rates. 

TMAXsurf,area β < 0 λ would be negatively correlated with TMAXsurf,area because 

higher maximum daily temperatures at the talus surface during 

summer would limit pika surface activity, resulting in less time 

available for foraging to meet energy requirements.  This 

limitation may lower vital rates through poor body condition 

and nutrition, resulting in lower population growth rates.  

Higher temperatures may also lower survival rates owing to 

heat stress, which would lower growth rates. 

TMINsurf,area β > 0 λ would be positively correlated with TMINsurf,area because 
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higher minimum daily temperatures during winter may be 

beneficial to pika overwinter survival and fecundity by limiting 

cold stress, which would result in higher population growth 

rates.   

TIME25,area β < 0 λ would be negatively correlated with TIME25,area because 

higher amounts of cumulative time at temperatures >25ºC at the 

talus surface during the year results in greater heat stress and 

limits pika foraging activities to meet energy and nutritional 

needs.  These factors may manifest themselves through lower 

vital rates and lower population growth rates. 

TIME0,area β < 0 λ would be negatively correlated with TIME0,area because 

temperatures <0ºC, and especially <5ºC (Beever et al. 2010), 

may lead to cold stress in pikas that may result in lower 

overwinter survival rates and fecundity, and lower population 

growth rates.  Higher amounts of cumulative time at 

temperatures <0ºC during the year may result in greater cold 

stress. 
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Table 2.S4.  Hypotheses for the direction of correlation of covariate coefficients (β) evaluated in 
the modeling analysis examining factors influencing American pika (Ochotona princeps) 
abundance in talus patches (ABUNDANCEpatch) during 2009 through 2011 in the North Cascades 
National Park Service Complex, Washington.  Response variables and covariates are defined in 
the text.   

Covariate Hypothesis Biological Rationale 

PERIMETERpatch β > 0 ABUNDANCEpatch would be positively correlated with 

PERIMETERpatch because pikas live and forage at the patch 

edge, and larger patch perimeters would result in increased 

resource availability, which may result in increased pika 

abundance.   

ELEVpatch β > 0 ABUNDANCEpatch would be positively correlated with 

ELEVpatch because higher elevation patches should be more 

beneficial to pika thermoregulation needs during summer than 

those at lower elevations because higher elevations experience 

lower overall summer temperatures.  High elevation meadows 

surrounding patches may also have increased abundance of 

preferred forage, resulting in increased resource availability 

and greater abundance.   

PDO β > 0 ABUNDANCEpatch would be positively correlated with PDO.  

Morrison and Hik (2007) documented a positive correlation 

between pika survival and winter PDO values that, in turn, was 

negatively correlated with timing of snowmelt.  Later spring 

snowmelt results in shorter growing seasons and reduced time 

for pikas to forage to meet energy requirements during summer 

and stock haypiles for winter, which may result in lower 

abundance from reduced survival rates and recruitment. 

DAYSSNOWpatch β > 0 ABUNDANCEpatch would be positively correlated with 

DAYSSNOWpatch because longer durations of snow cover in the 

patch would provide better thermal insulation from cold air 

temperatures for pikas under the snow.  This would limit cold 

stress, result in higher overwinter survival rates and fecundity, 
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and greater pika abundance overall. 

TMAXsurf,patch β < 0 ABUNDANCEpatch would be negatively correlated with 

TMAXsurf,patch because higher maximum daily temperatures at 

the talus surface during summer would limit pika surface 

activity, resulting in less time available for foraging.  This 

limitation may lower vital rates through poor nutrition and 

result in lower abundance within the patch.  Higher 

temperatures may also lower survival rates owing to heat 

stress, which would also reduce abundance. 

TMINsurf,patch β > 0 ABUNDANCEpatch would be positively correlated with 

TMINsurf,patch because higher minimum daily winter 

temperatures would limit cold stress.  Extreme cold (e.g., <5ºC 

[Beever et al. 2010]) may be detrimental to pika over-winter 

survival, thereby reducing abundance.   

TIME25,patch β < 0 ABUNDANCEpatch would be negatively correlated with 

TIME25,patch because higher amounts of cumulative time at 

temperatures >25ºC at the talus surface during the year results 

in greater heat stress and limits pika foraging activities to meet 

energy and nutritional needs.  These factors may manifest 

themselves through lower survival rates and abundance. 

TIME0,patch β < 0 ABUNDANCEpatch would be negatively correlated with 

TIME0,patch because temperatures <0ºC, and especially <5ºC 

(Beever et al. 2010), may result in lower overwinter survival 

rates and fecundity, and lower abundance during the following 

summer.  Higher amounts of cumulative time at temperatures 

<0ºC during the year may result in greater cold stress. 

ASPECTpatch β > 0 ABUNDANCEpatch would be positively correlated with 

ASPECTpatch. Abundance would be greater in patches with 

northerly aspects (NW, N, NE) and lower in patches with 

southerly aspects (SW, S, SE) because south facing patches 

receive more direct sunlight and have higher temperatures 
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during summer, whereas northerly patches would generally 

experience the opposite.  Therefore, patches with northerly 

aspects would likely be more favorable to pika 

thermoregulation than those with southerly aspects. 

COVERforage,patch β > 0 ABUNDANCEpatch would be positively correlated with 

COVERforage,patch because higher proportions of forage cover 

within the patch would result in increased foraging 

opportunities for pikas without having to leave the patch edge, 

thereby reducing predation risk and minimizing thermal stress 

during the warmest hours of the day.  Higher proportions of 

cushion plant, forb, and graminoid cover also would provide 

higher quality forage than other types of vegetation, such as 

lichens and bryophytes. 

MAXDEPTHpatch β > 0 ABUNDANCEpatch would be positively correlated with 

MAXDEPTHpatch because patches with greater sub-surface 

depths may have more talus structure and cooler microclimates 

during summer that are beneficial to pika thermoregulation and 

provide more protection from predators.   
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Table 2.S5.  Summary statistics for 11 cover types as recorded in 1-m2 plots along 322 transects 
in 103 talus patches in the North Cascades National Park Service Complex, Washington during 
2009 and 2010.  Provided for each cover type is the frequency of occurrence in transects and the 
mean average percent cover per transect with 95% confidence interval (CI).  Statistics from 
analysis of variance (ANOVA) models (F statistic, P-value, and adjusted-R2) are provided for 
each vegetation cover type for models examining variation in mean average percent cover per 
transect among five elevation strata (<914 m; 914 m to 1218 m; 1219 m to 1523 m; 1524 m to 
1827 m; ≥1828 m).   

ANOVA 

Cover type 

Frequency of 

occurrence  

Mean average percent 

cover (95% CI) F4,317 P-value Adjusted-R2 

Bryophytes 0.87 14.7% (12.6, 16.8) 110 <0.001 0.58 

Cushion plants 0.39 2.8% (2.1, 3.4) 9.8 <0.001 0.10 

Ferns 0.30 1.1% (0.7, 1.4) 4.2 0.003 0.04 

Forbs 0.53 2.3% (1.8, 2.8) 4.7 0.001 0.04 

Graminoids 0.54 1.8% (1.4, 2.2) 7.7 <0.001 0.08 

Large rocks* 0.80 16.7% (14.8, 18.6)    

Lichens 0.62 2.3% (1.9, 2.7) 25.2 <0.001 0.23 

Shrubs 0.56 5.8% (4.8, 6.8) 8.4 <0.001 0.09 

Small rocks* 0.76 5.5% (4.6, 6.5)    

Talus* 1.0 43.6% (41.4, 45.8)    

Trees 0.11 0.4% (0.2, 0.5) 3.0 0.02 0.02 

* ANOVA models were not run for large rock, small rock, and talus cover types 
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Table 2.S6.  Ranges, means, and 95% confidence intervals for five variables calculated using 
temperature data from 27 pairs of data loggers deployed at and below the surface in talus patches 
in the North Cascades National Park Service Complex, Washington from 5 October 2010 
through 4 September 2011.  Abbreviated variables are defined in the text. 
Logger variable Range Mean (95% confidence interval) 

DAYSSNOW2011 10 days to 340 days 218 days (187, 249) 

TIME0, 2011 1256 hrs to 7620 hrs  5624 hrs (4890, 6357) 

TIME25, 2011 0 hrs to 287 hrs  50 hrs (16, 83) 

TMAXsurf, 2011 16.6˚C to 27.1˚C 20.5 (19.0, 22.0) 

TMINsurf, 2011 –6.9˚C to –0.3˚C -1.7 (-2.4, -1.1) 
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Table 2.S7.  The best approximating models with ΔAICc<4 for each of the five SNOTEL station 
data derived response variables, snow, tmax, tmin, days25, and days0.  Response variables were 
calculated using snow and temperature data from October 2008 through September 2011 from 14 
NRCS SNOTEL stations located in and around the North Cascades National Park Service 
Complex, Washington.  Listed for each model are the ΔAICc value, number of parameters (K), 
and Akaike weight (wi).  Response variables and covariates are defined in the main text; station 
is a random intercept effect; the intercept is not depicted in the model structure. 

Model Structure ΔAICc K wi 

Response variable:  snow 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*longitude + elevation*latitude + station 

0.00 9 0.819 

Response variable:  tmax 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*latitude + station 

0.00 8 0.580 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*longitude + elevation*latitude + station 

1.17 9 0.323 

Response variable:  tmin 

elevation + longitude + latitude + year2010 + year2011 + 

station 

0.00 7 0.422 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*latitude + station 

1.26 8 0.224 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*longitude + station 

2.27 8 0.136 

elevation + longitude + year2010 + year2011 + station 2.67 6 0.111 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*longitude + elevation*latitude + station 

3.93 9 0.059 
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Response variable:  days25 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*longitude + elevation*latitude + station 

0.00 9 0.694 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*latitude + station 

3.39 8 0.127 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*longitude + station 

3.41 8 0.126 

Response variable:  days0 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*longitude + elevation*latitude + station 

0.00 9 0.867 

elevation + longitude + latitude + year2010 + year2011 + 

elevation*longitude + station 

3.83 8 0.128 
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Table 2.S8.  Model-averaged coefficient estimates and 95% confidence intervals for covariates contained in the best approximating 
models with ΔAICc<4 for each of the five SNOTEL station data derived response variables, snow, tmax, tmin, days25, and days0.   
Response variables were calculated using snow and temperature data from October 2008 through September 2011 from 14 NRCS 
SNOTEL stations located in and around the North Cascades National Park Service Complex, Washington.  Covariates with estimates 
significant at  = 0.05 are denoted in bold.  The variance is provided for the random intercept effect, station.  Response variables and 
covariates are defined in the main text. 

Response 

variable snow tmax tmin days25 days0 

Covariate Coefficient estimate (95% confidence interval) 

Intercept 

237  

(222, 252) 

21.0  

(20.3, 21.6) 

-3.66  

(-4.12, -3.19) 

23.2  

(17.5, 28.9) 

154  

(145, 164) 

elevation 

64.8  

(43.0, 86.5) 

-7.71  

(-9.07, -6.35) 

-2.61  

(-3.38, -1.85) 

-29.5  

(-42.7, -16.4) 

75.9  

(56.5, 95.2) 

longitude 

-27.4  

(-47.1, -7.70) 

2.55  

(1.78, 3.31) 

-2.35  

(-2.92, -1.78) 

11.1  

(3.51, 18.7) 

34.1  

(24.7, 43.6) 

latitude 

-8.89  

(-31.7, 13.9) 

0.591  

(-0.338, 1.52) 

-0.812  

(-1.45, -0.173) 

4.68  

(-4.34, 13.7) 

17.0  

(4.89, 29.2) 

year2010 

16.4  

(4.89, 27.9) 

-1.26  

(-1.85, -0.679) 

1.21  

(0.825, 1.60) 

-9.90  

(-13.2, -6.62) 

-12.3  

(-24.7, 0.066) 
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year2011 

30.4  

(18.9, 41.9) 

-3.15  

(-3.74, -2.57) 

-0.338  

(-0.725, 0.048) 

-12.5  

(-15.8, -9.27) 

-3.61  

(-16.0, 8.78) 

elevation* 

longitude 

-10.8  

(-35.2, 13.6) 

-0.704  

(-2.27, 0.866) 

-0.277  

(-1.38, 0.822) 

-7.12  

(-22.8, 8.55) 

-29.2  

(-48.1, -10.4) 

elevation* 

latitude 

-18.3  

(-48.9, 12.3) 

2.64  

(0.933, 4.34) 

0.589  

(-0.561, 1.74) 

7.18  

(-8.58, 22.9) 

-7.23  

(-32.3, 17.9) 

station 

(variance) 

158 0.346 0.171 46.5 1.01 
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Table 2.S9.  The best approximating models with ΔAICc<4 for each of the five temperature data 
logger derived response variables, TIME25,2011, TIME0,2011, TMAXsurf,2011, TMINsurf,2011, and 
DAYSSNOW2011.  Response variables were calculated using temperature data from 27 pairs of 
data loggers deployed at and below the surface in talus patches in the North Cascades National 
Park Service Complex, Washington during 2010 and 2011.  Listed for each model are the ΔAICc 
value, number of parameters (K), Akaike weight (wi), and adjusted-R2 value.  Response variables 
and covariates are defined in the text. 

Model Structure ΔAICc K wi Adjusted-R2
 

Response variable:  TIME25,2011 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

0.00 7 0.522 0.91 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERrock 

2.46 8 0.152 0.91 

Response variable:  TMAXsurf,2011 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

0.00 7 0.698 0.90 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERveg 

3.76 8 0.107 0.90 

Response variable:  TIME0,2011 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

0.00 7 0.434 0.81 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + SLOPE 

1.11 8 0.249 0.83 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERtalus 

2.68 8 0.114 0.81 

Response variable:  TMINsurf,2011 
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ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERveg 

0.00 8 0.568 0.78 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG 

1.95 7 0.214 0.73 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + COVERveg + COVERrock 

5.13 9 0.044 0.77 

Response variable:  DAYSSNOW2011 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG + COVERrock 

0.00 9 0.274 0.91 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG  

0.64 8 0.199 0.89 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG + COVERveg 

0.76 9 0.187 0.90 

ELEV + ASPECT + LONG + LAT + ELEV*ASPECT + 

ELEV*LONG + ASPECT*LONG + COVERveg+ 

COVERtalus 

1.68 10 0.119 0.91 
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Table 2.S10.  Model-averaged coefficient estimates and 95% confidence intervals for covariates 
contained in best approximating models from analyses examining factors influencing 
temperature data logger derived response variables, TIME25,2011 and TMAXsurf,2011.  Response 
variables were calculated using temperature data from 27 pairs of data loggers deployed at and 
below the surface in talus patches in the North Cascades National Park Service Complex, 
Washington during 2010 and 2011.  The maximum adjusted-R2 values among top models for 
each response variable are provided.  Covariates with estimates significant at  = 0.05 are 
denoted in bold.  Response variables and covariates are defined in text. 

Response variable TIME25,2011 TMAXsurf,2011 

Adjusted-R2 0.91 0.90 

Covariate Coefficient estimate (95% confidence interval) 

ELEV -146 (-169, -124) -5.92 (-6.97, -4.87) 

ASPECT -48.7 (-65.1, -32.3) -1.13 (-1.94, -0.315) 

LONG 40.7 (3.59, 77.7) 2.51 (0.639, 4.39) 

LAT -24.4 (-55.7, 6.81) -0.364 (-1.98, 1.25) 

ELEV*ASPECT 58.3 (34.6, 82.0) 1.35 (0.251, 2.45) 

ELEV*LONG -29.0 (-71.7, 13.8) -1.18 (-3.18, 0.813) 
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Table 2.S11.  Model-averaged coefficient estimates and 95% confidence intervals for covariates 
contained in best approximating models from modeling analyses examining factors influencing 
temperature data logger derived response variables, TIME0,2011 and TMINsurf,2011.  Response 
variables were calculated using temperature data from 27 pairs of data loggers deployed at and 
below the surface in talus patches in the North Cascades National Park Service Complex, 
Washington during 2010 and 2011.  The maximum adjusted-R2 values among top models for 
each response variable are provided.  Covariates with estimates significant at  = 0.05 are 
denoted in bold.  An “n/a” indicates the covariate was not included in top models.  Response 
variables and covariates are defined in the text. 
Response variable TIME0,2011 TMINsurf,2011 

Adjusted-R2 0.83 0.78 

Covariate Coefficient estimate (95% confidence interval) 

ELEV 2226 (1483, 2969) -0.114 (-0.989, 0.761) 

ASPECT -77.8 (-602, 446) 0.029 (-0.610, 0.669) 

LONG 745 (-429, 1918) 0.468 (-0.912, 1.85) 

LAT -49.8 (-1203, 1104) 0.718 (-0.298, 1.73) 

ELEV*ASPECT -121 (-897, 656) 1.34 (0.539, 2.14) 

ELEV*LONG -1828 (-3209, -448) -2.72 (-4.45, -0.980) 

SLOPE -670 (-1545, 204) n/a 

COVERveg n/a 1.44 (0.114, 2.77) 
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Table 2.S12.  Model-averaged coefficient estimates and 95% confidence intervals for covariates 
contained in top approximating models from modeling analyses examining factors influencing 
the duration of snow cover (DAYSSNOW2011) in talus patches.  The response variable was 
calculated using temperature data from 27 pairs of data loggers deployed at and below the 
surface in talus patches in the North Cascades National Park Service Complex, Washington 
during 2010 and 2011.  The maximum adjusted-R2 value among top models is provided.  
Covariates with estimates significant at  = 0.05 are denoted in bold.  The response variable and 
covariates are defined in the text. 

Response variable DAYSSNOW2011 

Adjusted-R2 0.91 

Covariate Coefficient estimate (95% CI) 

ELEV 100 (72.9, 127) 

ASPECT 26.7 (5.9, 47.4) 

LONG -20.8 (-57.2, 15.6) 

LAT -14.0 (-43.3, 15.3) 

ELEV*ASPECT -45.6 (-77.7, -13.6) 

ELEV*LONG -55.9 (-97.0, -14.8) 

ASPECT*LONG 36.0 (7.80, 64.2) 

COVERtalus -22.8 (-50.3, 4.69) 

COVERrock 19.5 (-2.37, 41.3) 

COVERveg -35.1 (-76.2, 5.95) 
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Table 2.S13.  The best approximating models with ΔAICc<4 from the modeling analysis 
examining factors influencing variability in counts of American pikas (Ochotona princeps) in 
eight 1-km2 survey areas (COUNTarea) using data from within-year repeat surveys conducted 
during 2009 and 2010 in the North Cascades National Park Service Complex, Washington.  
Response variables and covariates are defined in the text; AREA_YEAR is a random intercept 
effect; the intercept is not depicted in the model structure. 

Model Structure ΔAICc K wi 

SURVEYDATE + ROCKCOVER + VISUAL + AREA_YEAR 0.00‡ 5 0.217 

SURVEYDATE + ROCKCOVER + MAXDEPTH + VISUAL + 

AREA_YEAR 

0.74 6 0.150 

SURVEYDATE + ROCKCOVER + MAXDEPTH + AREA_YEAR 0.83 5 0.143 

SURVEYDATE + ROCKCOVER + AREA_YEAR 1.86 4 0.085 

SURVEYDATE +ROCKCOVER + MAXDEPTH + TEMP + 

AREA_YEAR 

2.10 6 0.076 

SURVEYDATE +ROCKCOVER + TEMP + AREA_YEAR 2.67 5 0.057 

SURVEYDATE + ROCKCOVER + VISUAL + TEMP + 

AREA_YEAR 

3.13 6 0.045 

SURVEYDATE + ROCKCOVER + VISUAL + HAY + AREA_YEAR 3.15 6 0.045 

SURVEYDATE + ROCKCOVER + MAXDEPTH + HAY + 

AREA_YEAR 

3.60 6 0.036 

‡ AICc = 66.4 for first-best model 
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Table 2.S14.  Model-averaged coefficient estimates and 95% confidence intervals (CIs) for 
covariates contained in the best approximating models with ΔAICc<4 from the modeling 
analyses examining factors influencing variability in counts of American pikas (Ochotona 
princeps) in eight 1-km2 survey areas (COUNTarea) and 18 talus patches (COUNTpatch) using data 
from within-year repeat surveys conducted during 2009 and 2010 in the North Cascades National 
Park Service Complex, Washington.  Covariates with estimates significant at  = 0.05 are 
denoted in bold.  Response variables and covariates are defined in the main text.   

Response variable COUNTarea COUNTpatch 

Covariate Coefficient estimate (95% CI) Coefficient estimate (95% CI) 

Intercept 0.028 (-2.56, 2.62) 0.085 (-1.68, 1.85) 

SURVEYDATE 0.005 (-0.002, 0.011) 0.003 (-0.003, 0.009) 

ROCKCOVER 4.36 (2.24, 6.48) 1.85 (-0.255, 3.95) 

MAXDEPTH -0.064 (-0.136, 0.008) -0.027 (-0.111, 0.056) 

TEMP -0.007 (-0.023, 0.009) -0.001 (-0.015, 0.014) 

VISUAL 0.794 (-0.093, 1.68) 1.14 (0.426, 1.85) 

HAY -0.228 (-2.14, 1.68) 0.528 (-0.834, 1.89) 
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Table 2.S15.  The best approximating models with ΔAICc<4 from the modeling analysis 
examining factors influencing variability in counts of American pikas (Ochotona princeps) in 18 
talus patches (COUNTpatch) using data from within-year repeat surveys conducted during 2009 
and 2010 in the North Cascades National Park Service Complex, Washington.  Response 
variables and covariates are defined in the text; PATCH_YEAR is a random intercept effect; the 
intercept is not depicted in the model structure.  

Model Structure ΔAICc K wi 

SURVEYDATE + ROCKCOVER + VISUAL + PATCH_YEAR 0.00‡ 5 0.222 

SURVEYDATE + VISUAL + PATCH_YEAR 0.58 4 0.166 

SURVEYDATE + ROCKCOVER + VISUAL + HAY + 

PATCH_YEAR 

1.81 6 0.090 

SURVEYDATE + ROCKCOVER + VISUAL + MAXDEPTH + 

PATCH_YEAR 

1.95 6 0.084 

SURVEYDATE + VISUAL + HAY + PATCH_YEAR 2.33 5 0.069 

SURVEYDATE + TEMP + ROCKCOVER + VISUAL + 

PATCH_YEAR 

2.47 6 0.065 

SURVEYDATE + MAXDEPTH + VISUAL + PATCH_YEAR 2.61 5 0.060 

SURVEYDATE + TEMP + VISUAL + PATCH_YEAR 2.97 5 0.050 

SURVEYDATE + ROCKCOVER + MAXDEPTH + VISUAL + HAY 

+ PATCH_YEAR 

3.96 7 0.031 

‡ AICc = 116.10 for first-best model 
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Table 2.S16.  The best approximating models with ΔAICc<4 from the modeling analysis 
examining factors influencing American pika (Ochotona princeps) abundance 
(ABUNDANCEarea) in up to 30 1-km2 survey areas from 2009 through 2011 in the North 
Cascades National Park Service Complex, Washington.  A total of 30 survey areas were 
surveyed during 2009 and 13 survey areas were resurveyed during both 2010 and 2011.  
Response variables and covariates are defined in the text; AREA is a random intercept effect; the 
intercept is not depicted in the model structure.  

Model Structure ΔAICc K wi 

PERIMETERarea + PDO + ELEVarea + AREA 0.00‡ 5 0.238 

PERIMETERarea + PDO + DAYSSNOWarea + AREA 1.42 5 0.117 

PERIMETERarea + PDO + COVERforage,area + AREA 2.18 5 0.080 

PERIMETERarea + PDO + DAYSSNOWarea + COVERforage,area + 

AREA 

2.46 6 0.070 

PERIMETERarea + PDO + DAYSSNOWarea + TMINsurf,area +  AREA 2.93 6 0.055 

PERIMETERarea + PDO + DAYSSNOWarea + TIME0,area +  AREA 3.11 6 0.050 

PERIMETERarea + PDO + TMAXsurf,area + COVERforage,area + AREA 3.20 6 0.048 

PERIMETERarea + PDO + COVERforage,area + TIME0,area +  AREA 3.58 6 0.040 

PERIMETERarea + PDO + TMAXsurf,area + TIME0,area + AREA 3.64 6 0.039 

PERIMETERarea + PDO + TIME0,area + AREA 3.68 5 0.038 

PERIMETERarea + PDO + DAYSSNOWarea + TMAXsurf,area + AREA 3.84 6 0.035 

PERIMETERarea + PDO + DAYSSNOWarea + TIME25,area + AREA 3.90 6 0.034 

PERIMETERarea + PDO + COVERforage,area + TIME25,area + AREA 3.90 6 0.034 

‡ AICc = 208.98 for first-best model 
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Table 2.S17.  The best approximating models with ΔAICc<4 from the modeling analysis 
examining factors influencing American pika (Ochotona princeps) annual population growth 
rates (λ) in 13 1-km2 survey areas from 2009 through 2011 in the North Cascades National Park 
Service Complex, Washington.  Response variables and covariates are defined in the text; AREA 
is a random intercept effect; the intercept is not depicted in the model structure.  

Model Structure ΔAICc K wi 

PDO  + AREA 0.00‡ 3 0.487 

PDO + TIME25,area + AREA 2.54 4 0.137 

PDO + ELEVarea + AREA 2.93 4 0.113 

PDO + TIME0,area + AREA 3.57 4 0.082 

PDO + DAYSSNOWarea + AREA 3.75 4 0.075 

PDO + TMAXsurf,area + AREA 3.80 4 0.073 

‡ AICc = 26.77 for first-best model 
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Table 2.S18.  The best approximating models with ΔAICc<4 from the modeling analysis 
examining factors influencing American pika (Ochotona princeps) abundance 
(ABUNDANCEpatch) in up to 103 talus patches from 2009 through 2011 in the North Cascades 
National Park Service Complex, Washington.  A total of 103 talus patches were surveyed during 
2009 and 58 survey areas were resurveyed during both 2010 and 2011.  Response variables and 
covariates are defined in the text; PATCH is a random intercept effect; the intercept is not 
depicted in the model structure.  

Model Structure ΔAICc K wi 

PERIMETERpatch + PDO + ELEVpatch + ASPECTpatch + 

ELEVpatch*ASPECTpatch + PATCH 

0.00‡ 7 0.465 

PERIMETERpatch + PDO + TMAXsurf,patch + COVERforage,patch + 

PATCH 

3.16 6 0.096 

PERIMETERpatch + PDO + TMAXsurf,patch + PATCH 3.69 5 0.074 

PERIMETERpatch + PDO + TMAXsurf,patch + MAXDEPTHpatch + 

PATCH 

3.78 6 0.070 

‡ AICc = 521.62 for first-best model 
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Fig. 2.S1.  Plots of actual data from temperature data loggers from 27 talus patches against 
values predicted from models developed from logger data for the (a) number of days with snow 
cover in the patch (DAYSSNOW2011), (b) average daily maximum temperature (˚C) during July 
and August (TMAXsurf,2011), (c) average daily minimum temperature (˚C) during November 
through February (TMINsurf,2011), (d) total number of hours with surface temperature >25˚C 
between 5 October 2010 and 4 September 2011 (TIME25,2011), and (e) total number of hours with 
surface temperature <0˚C between 5 October 2010 and 4 September 2011 (TIME0,2011).  
Variables were calculated using temperature data from 27 pairs of data loggers deployed at and 
below the surface in talus patches in the North Cascades National Park Service Complex, 
Washington during 2010 and 2011.  Variables are defined in the main text.  The lines in each 
plot depict a 1:1 relationship with points below the line representing an overestimate and lines 
above the line an underestimate. 
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(c) 
Fig. 2.S2.  Plots of values estimated from temperature logger data derived models against those 
from SNOTEL station data derived models for 103 talus patches for the (a) number of days with 
snow cover between 5 October 2010 and 4 September 2011 (DAYSSNOW2011 vs. snow2011), (b) 
average daily maximum surface temperature (˚C) during July and August 2011 (TMAXsurf,2011 vs. 
tmax2011), and (c) average daily minimum surface temperature (˚C) from November 2010 
through February 2011 (TMINsurf,2011 vs.  tmin2011).  The line depicted in each plot is the line of 
best fit from a linear regression model.  Temperature logger variables were calculated using 
temperature data from 27 pairs of data loggers deployed at and below the surface in talus patches 
in the North Cascades National Park Service Complex, Washington during 2010 and 2011.  
SNOTEL station variables were calculated using climate data from 2008 through 2011 from 14 
NRCS SNOTEL stations located in and around the North Cascades National Park Service 
Complex, Washington.  Variables are defined in the main text. 
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(b) 
Fig. 2.S3.  Relationships between actual values from temperature data loggers against values 
estimated from SNOTEL station data derived models for 27 talus patches for the (a) number of 
hours talus surface temperature was >25˚C (TIME25,2011) vs. the number of days the maximum 
daily temperature was >25˚C (days25,2011) between 5 October 2010 and 4 September 2011, and 
(b) number of hours talus surface temperature was <0˚C (TIME0,2011) vs. the number of days the 
minimum daily temperature was <0˚C (days0, 2011) between 5 October 2010 and 4 September 
2011.  The line depicted in each plot is the quadratic line of best fit from a regression model.   
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(b)  
Fig. 2.S4.  The relationship between the total number of American pikas (Ochotona princeps) 
counted in 1-km2 survey areas during within-year repeat surveys (COUNTarea) in the North 
Cascades National Park Service Complex, Washington during 2009 and 2010 and (a) the overall 
proportion of rock cover for all talus patches within the survey area (ROCKCOVER), and (b) the 
date (month/day) of the survey (SURVEYDATE).   
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(b) 
Fig. 2.S5.  The relationship between the number of American pikas (Ochotona princeps) counted 
in individual talus patches from within-year repeat surveys (COUNTpatch) in the North Cascades 
National Park Service Complex, Washington during 2009 and 2010 and (a) the proportion of all 
pika detections that included a visual location (VISUAL), and (b) the proportion of rock cover 
within the talus patch (ROCKCOVER).  A total of 44 repeat surveys in 18 talus patches were 
conducted in 2009, and 15 repeat surveys in five patches were completed in 2010. 
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(b) 
Fig. 2.S6.  The relationship between the (a) total number of American pikas (Ochotona princeps) 
counted in 1-km2 survey areas (ABUNDANCEarea) and the average total proportion of forage 
cover within all talus patches located in the survey area (COVERforage,area), and (b) annual 
population growth rate (λ) and the estimated average total accumulated time per year (hours) 
spent at temperatures >25°C at the talus surface (TIME25,area). 


