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Abstract 

Reductions in whitebark pine (Pinus albicaulis) due to blister rust (Cronartium ribicola) and 

mountain pine beetle (Dendroctonus ponderosae) have prompted some forest managers to 

consider selective thinning and prescribed fire to reduce competition of whitebark pine with 

other conifer species. Whitebark pine is an important food source for grizzly bears (Ursus 

arctos horribilis) in the Greater Yellowstone Ecosystem, but most of the seeds are obtained 

by raiding red squirrel (Tamiasciurus hudsonicus) middens. Therefore, it is important to 

understand which attributes maximize red squirrel midden site selection. The objectives of 

this study were to estimate active midden site selection criteria and quantify the ideal conifer 

composition associated with red squirrel middens in the Cooke City Basin, MT. Active 

midden counts were collected in 810, 30-meter diameter circular plots, equally spaced along 

27 transect lines in the basin. We used generalized linear mixed models to assess variables 

associated with middens. Midden occurrence probability was positively associated in a 

curvilinear relationship with conifer canopy cover and the amount of topographic shading. 

Midden occurrence increased as the percent of whitebark pine increased up to 44 percent. A 

conifer composition of 44 percent whitebark and 56 percent mixture of subalpine fir (Abies 

lasiocarpa) and Engelmann spruce (Picea engelmannii) was ideal for midden sites. 

Whitebark pine treatments to reduce fir and spruce competition should acknowledge the 

tradeoffs to foraging grizzly bears. 

Keywords: Whitebark pine zone, Grizzly bear food, Cooke City, MT, Greater Yellowstone 

Ecosystem 

1. Introduction 

Throughout the Greater Yellowstone Ecosystem (GYE), whitebark pine (WBP; Pinus 

albicaulis), a subalpine keystone conifer species (Tomback, Anderies, Carsey, Powell, & 

Mellmann-Brown, 2001), has declined. This is primarily due to mountain pine beetle 

(Dendroctonus ponderosae) infestations and whitebark pine blister rust (Cronartium ribicola) 

infections, but fire suppression management practices may also be a factor (Logan & Powell, 

2001; Gibson et al., 2008; Logan, Macfarlane, & Willcox, 2010). Blister rust infections and 

pine beetle infestations have reduced the number of cone-bearing WBP in excess of 90 

percent in some areas (van Manen et al., 2013). It is estimated that mountain pine beetle 

outbreaks have resulted in WBP mortality in 82 percent of the WBP distribution in the GYE 

(Macfarlane, Logan, & Kern, 2013). In the GYE, about 5,686,000 hectares are administered 

by the U.S. Forest Service and National Park Service. Of this, WBP is found in 1,023,000 

hectares (Greater Yellowstone Coordinating Committee Whitebark Pine Subcommittee 

[GYCCWPS], 2011). Managers are concerned because WBP plays a crucial role in regulating 

fundamental ecosystem processes (Logan et al., 2010), and its seeds serve as an important 

seasonal food source for federally protected GYE grizzly bears (Ursus arctos horribilis) 
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(Mattson & Reinhart, 1994).  

The GYE grizzly bear was removed from threatened status under the Endangered Species Act 

in 2017. The grizzly bear population is currently at carrying capacity (Bjornlie et al., 2014, 

van Manen et al., 2016), but in the past decade, grizzly bears remained a threatened species 

by federal designation in the GYE due to uncertainty of how this population would cope with 

potential loss of WBP as a major food source. Findings indicate that grizzly bears are 

opportunistic omnivores capable of diet-shifting (van Manen et al., 2013). Although federal 

agencies agreed to delist the GYE grizzly bear, managers still acknowledge the importance of 

WBP seeds as a primary food source for grizzly bears. Consequently, management priorities 

still emphasize WBP research and conservation to ensure that WBP seeds are available to 

bears.  

Whitebark pine seeds serve as an important food source for grizzly bears and red squirrels 

(Mattson & Reinhart, 1994). Grizzly bears consume WBP seeds as a fall food source 

(Mattson & Reinhart, 1994) to build up significant levels of fat crucial for winter survival. 

Whitebark cones are indehiscent, meaning they do not release seeds when ripe, and remain on 

the trees. Therefore, WBP seeds are not readily available to grizzly bears, because grizzly 

bears rarely climb WBP trees to harvest seeds. As a result, grizzly bears depend on red 

squirrels to harvest WBP cones and store them in midden sites to obtain WBP seeds. It is 

estimated that over 90 percent of seeds consumed by grizzly bears are obtained by raiding red 

squirrel middens (Mattson & Reinhart, 1994).  

Active middens are very good indicators of red squirrel habitat selection, because they are 

located in the center of red squirrel territories (McAdam, Boutin, Sykes, & Humphries, 2007) 

and indicate residency (McKinney & Fiedler, 2010). Therefore, identifying variables 

associated with midden sites provides the greatest insight regarding red squirrel habitat 

requirements. Previous studies indicate that total conifer basal area and canopy cover 

(McKinney & Fiedler, 2010, Mattson & Jonkel, 1990; Zugenmeyer & Koprowski, 2009), 

slope (Zugenmeyer & Koprowski, 2009), aspect (Vahle & Patton, 1983), elevation (Mattson 

& Reinhart, 1994) and conifer species compositions (McKinney & Fiedler, 2010; Koprowski, 

2005) are important variables associated with red squirrel midden site selection. Mattson and 

Reinhart (1990) created a site favorability index for red squirrel midden density and found 

middens were influenced by the amount of solar radiation. Wood (2007) found more 

occupied middens in cooler sites with healthy dense trees, which implies selection for darker 

areas with more shade.  

Red squirrels prefer to establish middens in mixed conifer habitats with a diversity of tree 

species (Mattson & Reinhart, 1997; McKinney & Fiedler, 2010; Koprowski, 2005; Mattson 

& Reinhart, 1990; Mattson, Kendall, & Reinhart, 2001). Red squirrel residency in the 

subalpine zone tends to be low in WBP dominated stands and high in mixed conifer forests 

comprised primarily of subalpine fir (Abies lasiocarpa) and Engelmann spruce (Picea 

engelmannii) where WBP comprises less than 50 percent of total conifer species composition 

(McKinney & Fiedler, 2010). This suggests that mixed conifer stands in GYE subalpine 

zones dominated by subalpine fir and Engelmann spruce with interspersed WBP is the most 
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suitable habitat for red squirrels, but no studies to our knowledge have attempted to quantify 

a conifer species composition within mixed conifer forests that provides optimal red squirrel 

habitat for midden sites. Estimating optimal conifer species mixtures for red squirrel middens 

in the GYE has important management implications for grizzly bears. 

Subalpine zone mixed forests provide good habitat for red squirrels (McKinney & Fiedler, 

2010) but are also key areas of WBP conservation. In light of recent range-wide WBP 

population declines, managers are developing WBP restoration strategies and initiating 

programs to enhance WBP stand longevity (GYCCWPS, 2011; Keane & Parsons, 2010). 

Treatments include removing competing subalpine fir and Engelmann spruce through 

mechanical thinning and prescribed fire (GYCCWPS, 2011; Keane & Parsons, 2010). 

Although treatment effects are significant, they are relatively localized. Project sites in the 

northern Rocky Mountains of Montana and Idaho ranged in size from 4 to over 80 hectares 

(Keane & Parsons, 2010). These treatments may benefit WBP in the long-term by removing 

subalpine fir and Engelmann spruce that outcompete WBP but may negatively impact current 

grizzly bear populations by altering areas most likely to contain red squirrel middens, which 

supply almost all of the WBP seeds harvested by grizzly bears. 

We studied red squirrel habitat selection in the WBP zone of the Cooke City Basin (CCB) of 

Montana. Research objectives were to estimate forest structure and site characteristic factors 

(conifer species composition, total canopy cover, slope, and hillshade) that are associated 

with red squirrel midden site selection, and quantify a conifer species composition at which 

active middens are most likely to occur. Results of this study will identify areas within mixed 

conifer forests containing WBP that provide optimal grizzly bear foraging opportunities for 

WBP seeds.  

2. Materials and Methods 

Field work was conducted in the CCB of Montana in collaboration with the US Forest 

Service and the US Fish and Wildlife Service. The study area encompassed approximately 91 

km
2 

in the CCB located 6 km from the northeast entrance of Yellowstone National Park 

(Mattson, Blanchard, & Knight, 1992). The area is surrounded by designated wilderness areas 

and lies within the Yellowstone Grizzly Bear Primary Conservation Area established by the 

U.S. Fish and Wildlife Service in 1993. Annual average temperature is 1.55 C, with average 

high and low temperatures of 9.1 C and -6 C respectively. Annual precipitation averages 

include 6.28 cm of rainfall and 513 cm of snowfall (usclimatedata.com, 2017).  

A variety of forest communities interspersed with avalanche chutes, talus slopes, alpine 

meadows, and nonforested openings are located throughout the study area. In the context of 

this study, the most important aspect of the CCB is that it contains a subalpine zone with one 

of the largest, healthy, intact WBP populations in the GYE (Macfarlane et al., 2013) and is 

utilized by grizzly bears despite high levels of human activity (Rossi, 2016). Forest 

communities are diverse with conifer species compositions including mixtures of WBP, 

Engelmann spruce, subalpine fir, lodgepole pine (Pinus contorta), and Douglas fir 

(Pseudotsuga menziesii). The dominant tree species in the subalpine zone include WBP, 

Engelmann spruce, and subalpine fir. Lodgepole pine and Douglas fir generally occur below 
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the subalpine zone. Krumholtz forests of WBP, Engelmann spruce, and subalpine fir are 

located at the highest elevations at tree line. Mature forests dominated by single conifer 

species or mixed conifer species are found throughout the area with lodgepole pine and 

Douglas fir only present at the lowest elevations. The proportion of WBP, Engelmann spruce, 

subalpine fir, lodgepole pine, and Douglas fir varies among sites in response to a complex of 

environmental variables. 

2.1 Study Design 

In 1992, the U.S. Forest Service systematically positioned 27 belt transects in 8 drainages in 

the CCB of Montana. Transects were originally designed to evaluate grizzly bear habitat use 

and distribution in response to human activity, including mine reclamation and road 

construction in the CCB. Distance between transects was constant at 500 m but length varied 

from 715 m to 5904 m. Transects were oriented perpendicular to topographic contours to 

cover elevational gradients which ensured that all forest cover types found throughout the 

CCB were represented. Transects covered the total elevational range of the study area from 

2316 m to 3078 m at treeline. Slopes ranging from 0 degrees (flat terrain) to 48 degrees (very 

steep mountain sides) and north, south, east and west facing aspects were found within 

transects. 

Mixed forests and forests dominated by single conifer species occurred along transects. This 

allowed for a comparative assessment of the relationship between forest composition and red 

squirrel habitat selection. The conifer species most abundant in the area were Engelmann 

spruce, subalpine fir, and WBP. Elevations ranging from 2316 - 2591 m contained mixed 

forests composed primarily of subalpine fir and Engelmann spruce that were occasionally 

interspersed with lodgepole pine and Douglas fir. Whitebark pine was mostly absent from this 

elevational range but was present above 2591 m and increased in abundance with elevation, 

depending on the site. Additionally, 0 to 100 percent mixtures of Engelmann spruce and 

subalpine fir were present. For analysis, Engelmann spruce and subalpine fir were combined 

into one conifer group (Pfister, Kovalchik, Arno, & Presby, 1977), because they were always 

associated throughout the study area. The variety of conifer species compositions found in the 

CCB allowed us to estimate an ideal conifer composition for red squirrel midden sites.  

Our study was conducted from July to October, 2012, to ensure data were collected when red 

squirrels were actively caching conifer cones in middens. Red squirrel cone caching activity 

begins as early as July and is at its peak from mid-August to mid-September (Hutchins & 

Lanner, 1982). Circular plots are commonly used to assess squirrel habitat requirements, 

although plot size varies among studies (Merrick, Bertelsen, & Koprowski, 2007; Smith & 

Mannan, 1994). We used circular plots along the center line of the 27 belt transects designed 

by the U.S. Forest Service. Each transect line contained 30 evenly spaced 30 m diameter 

circular plots resulting in a total of 810 plots with over 18,000 conifers surveyed. Vahle and 

Patton (1983) indicated that the best red squirrel habitat consists of mixed conifer forests that 

contain densely grouped conifer stands covering an area of 0.04 hectares (ha) or less. We 

assessed habitat characteristics within 30 meter diameter plots (total area of 0.071 ha) to 

ensure that conifer stands within plots were at least 0.04 ha in area. 
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2.2 Field Data 

Data collected in 2012 included tree counts by species, active midden counts, and midden 

area measurements for each plot. Active middens (n=201) were identified by the presence of 

freshly cut cones, cone scales, or chewed cone cores on or within larger multiple year 

accumulations of cone debris (Finley Jr, 1969). Conifers were only included in counts if they 

were of cone-bearing age ranging from pole trees (Diameter at Breast Height (DBH) of 12.7 

cm to 22.9 cm) to mature trees (DBH of 22.9 cm or larger). Trees smaller than 12.7 cm DBH 

generally did not produce cones (LaMontagne et al., 2013) in the CCB and were therefore not 

included in our count. 

2.3 GIS Data 

Digital elevation maps (DEM) were used in the software ArcGIS to acquire canopy cover, 

slope, elevation, aspect, and hillshade values for each 30 m diameter circular plot (n=810). 

Canopy cover was a numerical variable obtained from a 30 m resolution DEM ArcGIS layer 

(United States Geological Survey [USGS], 2004) that quantified percent canopy cover in 

categories. The categories were either 0 percent or 15 to 95 percent by 10 percent increments. 

Hillshade, which is a measure of the amount of light an area receives based on topography 

considering azimuth equals 225º and sun angle equals 45º, was calculated using ArcGIS 

spatial analyst tools. Lower hillshade values were associated with “cooler” locations 

(northeast aspects) and lower light conditions, while higher values were associated with 

“warmer” locations (southwest aspects) and more light exposure. (Ciarniello, Boyce, Heard, 

& Seip, 2007). 

2.4 Statistical Analyses 

We used generalized linear mixed models (GLMM) (Zuur, Ieno, Walker, Saveliev, & Smith, 

2009) to assess which measured environmental factors were associated with red squirrel 

midden site selection in the CCB. The response variable was coded as 1 for plots that 

contained an active red squirrel midden and 0 for plots where an active midden was absent. 

This response was assumed to follow binomial (Bernoulli) distribution with the logit link 

function. Explanatory variables incorporated into the model were percent of WBP, canopy 

cover, slope, and hillshade for each plot. The conifer species composition variable was 

identified as the “percent of WBP” to indicate the percent WBP of overall conifer species 

composition based on tree counts. Conifer species compositions at midden sites were 

primarily composed of a mixture of WBP, subalpine fir, and Engelmann spruce. Therefore, 

assessing how conifer species composition impacted midden site selection only required 

incorporating the percent of WBP contained in a plot. The quadratic term of percent WBP 

was included in the analysis, because we hypothesized that midden site selection was higher 

for stands with intermediate percentages of WBP when compared to WBP dominated stands, 

or stands with no WBP. All variables were included in the model in their original scale, 

except for hillshade, which was re-scaled from the original 0 – 255 interval to the 0 – 100 

interval to aid model convergence. A random intercept for the categorical variable of transect 

was included in all models, and variance inflator factors (Zuur et al., 2009) were used to 

assess collinearity among explanatory variables. We did not include elevation and aspect in 
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our models because collinearity was present between elevation and the percent of WBP, and 

between aspect and hillshade.  

Four candidate models were developed using these predictors to test hypotheses associated 

with red squirrel midden site selection (Table 1). These models were compared using Akaike 

Information Criterion (AIC), and the model with the lowest AIC was considered the most 

parsimonious model for red squirrel midden site selection in the CCB. After the model was 

selected, 85 percent confidence intervals were used to indicate which factors in the model 

were associated with probability of a red squirrel selecting a midden site. We considered 85 

percent confidence intervals to ensure model-selection and parameter-evaluation were 

consistent (Arnold, 2010). All models were fit using the package “lme4” (Bates, Mächler, 

Bolker, & Walker, 2014) in R software (R Core Team, 2014). The Moran's I test of the R 

package “ape” (Paradis, Claude, & Strimmer, 2004) was used to test for spatial 

autocorrelation in the residuals of the model. 

Table 1. Competing models designed to test hypotheses about factors associated with red 

squirrel midden site selection in the Cooke City Basin, Montana 

Model Variables/Tested hypothesis 

M0 

 

Intercept only 

Hypothesis: The measured variables, supported by the literature as good predictors 

of high quality red squirrel habitat, are not associated with red squirrel midden site 

selection. 

M1 

 

Slope + Hillshade + Canopy cover 

Hypothesis: Slope, hillshade, and canopy cover are associated with red squirrel 

midden site selection in the CCB but the percentage of WBP trees is not associated 

with midden site selection. 

M2 Slope + Hillshade + Canopy cover + Percent of WBP 

Hypothesis: Slope, hillshade, and canopy cover are associated with midden site 

selection in the CCB. In addition, the percentage of WB trees is associated with red 

squirrel midden site selection in a monotonic way. 

M3 Slope + Hillshade + Canopy cover + Percent of WBP + Percent of WBP 
2 

Hypothesis: Slope, hillshade, and canopy cover are associated with midden site 

selection in the CCB, and there is a quadratic association between percentage of 

WBP trees and probability of midden site selection. 

We used ten-fold cross validation to assess the predictive capability of the model (Boyce, 

Vernier, Nielsen, & Schmiegelow, 2002; Johnson, Nielsen, Merrill, McDonald, & Boyce, 

2006) by dividing the data set into ten parts of equal size. The best model was then fit to nine 

tenths of the data and the remaining tenth was used as a validation set. Ten resource selection 

probability function (RSPF) bins were created by predicting RSPF values using the fitted 

coefficients and remaining tenth of the data. Predicted values were grouped using deciles 

(quantiles from 10 to 100 percent by 10 percent increments). Johnson et al. (2006) advised 

that bins of equal area should be generated. Since all plots in this study had the same area, 

organizing data into bins that contained the same number of plots produced bins of equal area. 
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The procedure was repeated using each of the ten parts of the data alternatively as a 

validation set. Mid-points of the RSPF bins were re-scaled to 0-1 and then regressed against 

the proportion of used locations in each bin (Johnson et al., 2006). If the models have high 

predictive capability, the regression of proportion of used locations and RSPF bin mid-points 

should have high R
2
, intercept not different than zero, and slope not different than one 

(Johnson et al., 2006). 

3. Results 

Results from the AIC model selection (Table 2) indicated model 3 (M3) as the most 

parsimonious among the candidates, which suggested that red squirrel midden site selection 

in the CCB could be associated with the factors: slope, hillshade, canopy cover, and a 

quadratic function of the percent of WBP in a plot. Results from the most parsimonious 

model (M3; Table 3) provided evidence to support an association between probability of 

midden site selection and all variables included in the model. The odds-ratio of a midden 

occurring increased about 2 percent per 1 percent increase in canopy cover and decreased 

about 1.8 percent per 1 percent increase in hillshade. Results of this model also suggested that 

the probability of red squirrel midden site selection was maximized when WBP comprised 

43.6 percent of the overall conifer species composition in plots (Fig 1). Results from the 

Moran's I test provided no evidence of spatial auto-correlation in the residuals (p-value = 

0.69).  

Even though the estimated correlation between bin mid-points and proportion of used 

locations in 10-fold cross validation was 0.93 and the R
2
 of the regression was 0.98, the 

confidence intervals for the intercept and coefficient did not contain zero (95% C.I. = -0.06, 

-0.01) and one (95% C.I. = 1.25, 1.57) respectively (Fig 2). When the regression was repeated 

excluding the bins associated with locations of the 20 percent highest probability of use 

(points A and B of Fig 2) the intercept and coefficient were not different than zero (95% C.I. 

= -0.03, 0.01) and one (95% C.I. = 0.33, 1.07) respectively. These results indicated that the 

model was good at predicting red squirrel midden site selection in areas of 80 percent lowest 

use, but it overestimated the probability of selection in areas of 20 percent highest use. The 

conditional modes of the random effects for transects (Fig 3) indicated there was relatively 

high variability in probability of use for the different transects, mainly for transects ML1 and 

ML2. The odds of selecting a midden site was 32 times higher in ML1 and 7.6 times higher 

in ML2 than the estimated average (Fig 3). These results indicate that there could be factors 

associated with transects that were not accounted for in our analysis such as age of stand or 

tree density. 
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Table 2. Results from the Akaike Information Criterion (AIC) model selection of red squirrel 

midden site selection candidate models with models ranked from the most parsimonious (M3) 

to the least parsimonious (M0) 

Model Degrees of 

freedom 

AIC delta 

AIC 

AIC 

Weight 

M3 = Slope + Hillshade + Canopy cover + 

Percent of WBP + Percent of WBP 
2
 

7 497.59 0.00 0.86 

M1 = Slope + Hillshade + Canopy cover 5 501.90 4.32 0.10 

M2 = Slope + Hillshade + Canopy cover + 

Percent of WBP 

6 503.81 6.23 0.04 

M0 = Intercept only 2 519.10 21.51 0.00 

Table 3. Parameter estimates, standard (Std.) error, exponentiated (Exp.) estimates and 

confidence intervals (C.I.) for exponentiated estimates from the most parsimonious model 

(M3) for red squirrel midden site selection in the Cooke City Basin, Montana 

Variable Estimate Std. Error Exp. Estimate Exp. C.I. Lower Exp. C.I. Upper 

(Intercept) -2.3136 0.808 0.0989 0.0309 0.3166 

Percent WBP 0.0416 0.015 1.0425 1.0197 1.0659 

Percent BP
2
 -0.4772** 0.175** 0.9995 0.9992 0.9998 

Slope -0.0216 0.018 0.979* 0.9540 1.0038 

Hillshade -0.0178 0.009 0.9824* 0.9700 0.9949 

Canopy cover 0.0196 0.005 1.0198* 1.0121 1.0275 

* Exponentiated coefficients of these variables can be interpreted as the multiplicative effect 

for one-unit change in the explanatory variable on the odds-ratio of midden site selection. 

The exponentiated estimate suggests that the odds of site selection increased 2% for an 

increase of 1% in canopy cover and decreased 2.1% and 1.8% for a 1% unit increase in slope 

and hillshade, respectively. An exponentiated confidence interval that overlaps 1 indicates no 

selection of avoidance associated with the predictor. Interpretation of percent WBP, which 

includes the quadratic term, requires the use of a plot (Figure 1). 

**Coeffiecient and standard error of the quadratic term were multiplied by 10
3
 to allow 

visualization of more decimals places.  
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Figure 1. Estimated effects of habitat variables (85% confidence bands) on red squirrel 

midden site selection 

 

Figure 2. Mid-points of RSPF bins plotted against proportion of used locations. Models 

with high predictive capability yield regression lines with intercept not different than zero 

and coefficient not different than one (expected line). The fitted regression line indicates good 

prediction for the areas of lowest 80% use (excluding points A and B) 
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Figure 3. Exponentiated conditional modes (95% confidence bands) estimated for 

transects regarding red squirrel midden site selection 

The estimated values can be interpreted as the multiplicative effect on odds-ratios of red 

squirrel midden site selection. For example, the estimate of 1.66 for the transect MC1 

suggests that the odds of a location having an active red squirrel midden site in MC1 was 66% 

higher than the average. 

4. Discussion 

Active middens are located in the center of red squirrel territories (McAdam et al., 2007; 

Gurnell, 1984) and indicate residency (McKinney & Fiedler, 2010). Therefore, they are very 

good indicators of red squirrel habitat selection, and conclusions about red squirrel habitat 

selection can be made by assessing forest structure and site-specific variables associated with 

active midden sites.  



Environmental Management and Sustainable Development 

ISSN 2164-7682 

2018, Vol. 7, No. 2 

http://emsd.macrothink.org 26 

Results of our study supported the hypothesis that red squirrels select habitats to establish 

middens based on the amount of hillshade, canopy cover, and WBP present in a conifer stand. 

The probability of an active midden site occurring increased as canopy cover increased but 

decreased as hillshade values increased, which suggests that red squirrels selected cool, 

shaded areas with dense canopy cover. These sites may help preserve cones stored within 

middens, provide greater protection from predators, and provide a more abundant and 

consistent conifer seed food source. The increased probability of an active midden occurring 

at a site as shade increased is supported by the findings of Finley Jr. (1969) who reported that 

middens require cool, moist conditions to keep stored cones from drying out, opening, and 

losing seeds. Previous studies also indicated that midden occurrence increased as canopy 

cover increased (McKinney & Fiedler, 2010; Mattson & Jonkel, 1990; Zugenmeyer & 

Koprowski, 2009) confirming the findings from our study.  

Midden occurrence probability was highly variable among transects, which indicates that 

other factors not accounted for in our analysis may be responsible for the observed variations. 

While other factors may be at play, we suggest that variations observed may be due to the fact 

that middens did not always occur in plots along transects that the model predicted should 

contain middens. The explanation could be attributed to our sampling strategy. Our transects 

were oriented perpendicular to topographic contours to cover elevational gradients. This 

ensured that all forest compositions found throughout the CCB were represented among the 

810, 30 m diameter circular plots contained within transects, but we were restricted to 

surveying for middens in areas only contained within plots. Even though some plots that the 

model predicted should have middens were devoid of middens, it is possible that middens 

were present in adjacent areas surrounding our plots but were not accounted for in our study. 

Furthermore, mixed conifer habitats with a diversity of conifer species have been identified 

as red squirrel preferred habitat (Mattson & Reinhart, 1997; McKinney & Fiedler, 2010; 

Koprowski, 2005; Mattson & Reinhart, 1990; Mattson et al., 2001). Our results similarly 

indicated that red squirrels preferentially selected habitats in mixed conifer forests to 

establish middens, and midden occurrence was maximized in mixed forests comprised of 

approximately 44 percent WBP and a 56 percent mixture of subalpine fir and Engelmann 

spruce. We identified a quadratic relationship between midden occurrence and the percent 

WBP of overall conifer species composition in our plots. Probability of a midden occurring 

increased as the percent WBP in overall composition increased up to 44 percent but decreased 

after this threshold was surpassed. 

These findings indicated that red squirrel habitat conditions became less hospitable as WBP 

abundance in stands increased above 44 percent. Similar conclusions were made by 

McKinney and Fiedler (2010) who observed that red squirrel population residency was low in 

WBP-dominated stands (WBP comprises greater than 50 percent of total conifer species basal 

area) and high in mixed conifer forests with WBP comprising less than 50 percent of total 

conifer species basal area. Mattson and Reinhart (1997) also concluded that red squirrels 

prefer mixed conifer habitats but indicated that midden occurrence was positively associated 

with lodgepole pine basal area. Our results differed from Mattson and Reinhart (1997) due to 

differences in subalpine zone conifer species compositions between our study areas. 
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Lodgepole pine was most commonly associated with WBP at midden locations in the Mount 

Washburn study area of Mattson and Reinhart (1997), but lodgepole only occurred in 5 

percent of our plots that contained middens in the CCB. The remaining 95 percent of our 

plots with middens were located in mixed forests comprised only of subalpine fir, Engelmann 

spruce, and WBP.  

Differences in habitat conditions between CCB mixed forests containing WBP and 

WBP-dominated forests provide one possible explanation for the observed decrease in 

midden occurrence as WBP abundance increased above 44 percent in conifer stands. 

Whitebark is stress-tolerant and dominates the upper subalpine zone at elevations ranging 

from 2743 m - 2896 m at treeline where harsh conditions inhibit the growth of less tolerant, 

competing conifer species (Arno, 2001). As wind exposure and elevation increase, WBP 

dominance increases (Mattson & Reinhart, 1994). Mature WBP stands grow in clumps and 

are widely disconnected, which greatly increases exposure to prevailing winds and provides 

less overhead protection for red squirrels. Alternatively, mixed forests containing WBP are 

located in the lower subalpine zone (2591 m - 2743 m) where conditions are not as harsh, 

enabling subalpine fir and Engelmann spruce to persist with WBP (Arno, 2001). Forests in 

this area are dense and highly connected (Pfister et al., 1977) providing red squirrels with 

greater protection from wind and overhead predators. As a result, middens were more likely 

to occur in mixed conifer forests containing WBP rather than WBP-dominant forests in our 

study area. Our findings were supported by those of Mattson and Reinhart (1994) which 

indicated that a negative relationship exists between WBP dominance and red squirrel 

density.  

Additionally, differences in seed energy content among conifer species and the inconsistency 

of WBP annual cone crops may also explain why midden sites were primarily found in mixed 

forests containing WBP, subalpine fir, and Engelmann spruce. Red squirrels are strategic 

foragers and harvest cones from conifer species with the highest cone energy content first 

(Smith, 1968; Smith, 1970). In the GYE, WBP seeds have the highest energy content (27.7 

kcal per cone) (Smith, 1970; Tomback, 1982) of all conifer species present: subalpine fir, 

Engelmann spruce, lodgepole pine, and Douglas fir (Smith, 1970; Tomback, 1982). Subalpine 

fir yields the second highest cone energy content at 15.7 kcal per cone (Smith, 1970; 

Tomback, 1982) which is roughly half that of WBP. We observed an increase in midden 

occurrence as WBP abundance increased to 44 percent of overall composition in conifer 

stands, which suggests that red squirrels prefer to consume WBP seeds when available.  

The decrease in midden occurrence as WBP increased above 44 percent may be explained by 

inconsistency of WBP annual cone crops. Whitebark is a masting species and has variable 

annual yields of seed production with good and poor seed production alternating every two to 

three years (Costello et al., 2014). Subalpine fir and Engelmann spruce may have more 

consistent annual cone crops than WBP (Boe, 1954), thus providing red squirrels with a more 

stable food supply. In our study area, red squirrels maximized survival by establishing 

middens in mixed forests containing a slightly larger abundance of subalpine fir and 

Engelmann spruce than WBP to ensure that they would still have an adequate cone supply to 

survive winter even in years of WBP cone crop failure. Mixed forests provide more stable 
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and predictable annual seed supplies for red squirrels, because multiple conifer species are 

present. It is unlikely that all species in mixed forests will experience poor cone crops or cone 

crop failures in a given year, which ensures that red squirrels have dependable annual seed 

supplies. 

Podruzny, Reinhart and Mattson (1997) examined the effects of the 1988 Yellowstone fires on 

red squirrel middens and bear use of middens in the Mount Washburn region of Yellowstone 

National Park. They found that bear use of pine seeds decreased 64% from pre-fire to post 

fire. They predicted fires would negatively impact red squirrels and bears for 70 to 100 years. 

Podruzny et al. (1997) suggested that managers should maintain large secure areas with 

habitat that supports stable WBP and red squirrel numbers and re-evaluate prescribed fires or 

timber harvest that result in further loss of seed producing conifers. Managers are currently 

targeting subalpine mixed conifer forests containing WBP for thinning and burning to prevent 

successional replacement of WBP by Engelmann spruce and subalpine fir, and to prevent the 

spread of mountain pine beetle (GYCCWPS, 2011). However, mountain pine beetles are 

found in 95% of GYE forest stands containing WBP (Macfarlane, Logan & Kern, 2009) and 

have caused moderate to severe mortality in 82% of the WBP distribution in the GYE 

(Macfarlane et al. 2013). A potential solution for this loss is to plant WBP seeds in openings 

created by thinning or burning management. These solutions offer long-term responses to 

reduce WBP losses in the next 300 years, but sacrifice WBP seed production in the 

short-term. 

5. Conclusion 

Red squirrels are critical intermediary agents that make whitebark pine seeds available to 

grizzly bears by storing whitebark pine cones in middens. Successful management of 

whitebark pine for the current grizzly bear population relies on understanding which areas 

within mixed conifer forests are most likely to contain red squirrel middens. Our study found 

that red squirrel midden sites are most likely located in mixed forest conifer stands comprised 

of approximately 44 percent whitebark pine and 56 percent subalpine fir and Engelmann 

spruce. Our findings inform multi-resource management decisions affecting areas with 

similar conifer species composition in the Greater Yellowstone Ecosystem subalpine zone by 

identifying optimal grizzly bear foraging areas. 

Whitebark pine treatments to reduce fir and spruce competition should acknowledge the 

tradeoff to foraging grizzly bears. Although removing shade-tolerant conifers through 

prescribed burning or selective cutting is a means of promoting whitebark pine growth by 

reducing competition, decades are required for seedlings and saplings to become 

cone-bearing trees that benefit squirrels and bears. Moreover, forests with whitebark pine are 

vulnerable to natural fire events. Given the frequency and size of wildfires in the Greater 

Yellowstone Ecosystem, natural processes will inevitably reduce the current amount of ideal 

squirrel habitat in the subalpine zone, which reinforces the need to consider the effects of 

small-scale prescribed treatments. Therefore, management objectives for subalpine forests 

with high midden density should be carefully considered. 
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