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Appendix 1 
Clustering  
To reduce misidentification of patches used for resting or other activities than foraging, fixes 

between the peak hours of day and night (10:00–14:00 and 22:00–02:00) were trimmed from the 

datasets before clustering analyses took place. This leaves just relocations from crepuscular times of 

day, when elk are known to be most actively foraging (Owen-Smith et al. 2012).   

 

 
Figure A1. Average hourly step length for members of the Waterton Herd during the 

2011 growing season. This data was used to inform the author’s decision to remove the 

3 peak fixes of day and night in forage cluster analysis.  



Heterogeneity 
Table A1. Sampling protocol. When approaching a novel patch or nonpatch for sampling, 

homogeneity of the patch species composition was assessed as a means of streamlining the time-

intensive sampling process. Number of quadrats sampled at a site was determined by relative 

heterogeneity on a 1–3 scale and quadrats were laid, evenly spaced, along four transects whose 

length was determined by the radius of site. Heterogeneity of the patch was determined visually to 

be between 1, mostly homogeneous (fewer than five species in a sample quadrat), and 3, highly 

heterogeneous (greater than 10 species in a sample quadrat). This rudimentary scale was intended to 

maximize sampling efficiency by adjusting the number of quadrats sampled based on heterogeneity 

of the plot: those patches with greater diversity required more quadrats sampled than extremely 

homogenous patches. 

 

Patch radius 
(meters) 

Transect 
length 
(m) 

Homogeneity  

(1 most homogenous, 3 most heterogeneous) 

  1 2 3 
101–150 50 24 plots 32 plots 48 plots 
51–100 25  16 plots 24 plots 32 plots 
0–50 15  12 plots 16 plots 24 plots 
 



Dry weights  
Traditionally, vegetation analyses are done using dry weights which provide a better estimate of the 

nutritional content of available plant biomass. Our assessment used wet weights given the 

assumption that water content may play a part in patch selection in this relative dry environment. 

Below are the model-averaged results for each subset using dry weights instead of wet for 

comparison. 

 

 

Table A2. Model-averaged coefficients and standard errors for all data subsets. Presented above are 

the model-averaged (with shrinkage) coefficients for all data subsets using dry weight instead of 

wet weights. Standard errors are presented in parentheses below the average coefficient estimates 

for each included covariate. 

 

 

 

 

 

 

 

 

 

 

  

 Pooled Livingstone Waterton Bulls Cows Calving Summer 
        

Forest 0.374  0.999 –1.192 0.519  0.619 
 (0.202)  (0.509) (0.904) (0.224)  (0.272) 

Herbs 0.041 0.096  0.190  .477  
 (0.134) (0.271)  (0.422)  (0.735)  

Slope 0.550 0.558  1.550 0.097   
 (0.315) (0.338)  (0.776) (0.248)   

DistRd 0.215  0.693 1.077    
 (0.310)  (0.446) (0.785)    

Traffic –0.986  –0.626    -0.297 
 (0.840)  (0.922)    (0.670) 

SPC   0.078 0.844  0.079  
   (0.180) (0.469)  (0.260)  



RSF correlation 
Methods 

To compare patch selection results to selection assessed at the home range scale, a resource 

selection function (Manly et al. 2002) was estimated using remotely sensed correlates to the 

covariates included in the patch model analysis: NDVI, DistRd, Ruggedness and Canopy Cover. 

Used as a corollary to the herbaceous biomass parameter sampled for the patch model, peak NDVI, 

or the normative difference vegetation index, was used as a metric of relative forage productivity 

across the area. This value was calculated from MODIS satellite imagery from July 2012, the peak 

image of productivity in this study area (Seidel and Boyce in press). DistRd was calculated from the 

global road model as a metric of human disturbance on the range (Northrup et al. 2012). 

Ruggedness (calculated according to Riley et al. 1999), is highly correlated with the slope 

parameter included in patch models to estimate the influence of terrain on habitat selection. Canopy 

Cover, a corollary for the Cover covariate used in the patch model, was calculated from a 2005 map 

created by the Foothills Research Institute (McDermid et al. 2009). The map includes data on land 

cover and crown closure, as well as species composition, and agricultural and regeneration masks at 

a 30m resolution using LandSat technology. Daytime code was included in the analysis to account 

for autocorrelation of GPS relocations and to account for individual variation. ElkID was included 

as a random effect. This RSF model was estimated using relocation data from animals within the 

Livingstone and Waterton herds during June through August of 2007–2012. Data from eight 

individuals in the Waterton herd and 12 animals across the Livingstone Range were included in the 

RSF analysis. These data include but are not limited to the data used for identification of patches 

and non-patches in the previous analysis. For animals within a single herd, availability was 

considered constant and available points pulled randomly from within a 95% kernel representation 

of herd ranges calculated using the kernel density tool in ArcGIS with a search radius of 5 km. To 

compare selection estimated using the RSF with the estimates of patch selection, we used the 

cor.test function in R (stats package; <www.r-project.org>).   

 

Results 

Calculating the correlation between the relative probability of selection at a patch given by an RSF 

and the relative probability of being selected as a patch given our conditional patch models is a 

means to test agreement in predicted value of pixels between two differently scaled analyses. Using 

the model-average coefficients from entire patch dataset (the ‘pooled’ model, Table 4), we 

calculated the predicted value of each patch location. Predicted selection values for each patch were 

also calculated using model-averaged coefficients from each herd subset. Using the coefficients 

from the RSF outputs for respective herds, we calculated the predicted selection value at each patch 



location. As opposed to the data used within the patch models that were already collected at a scale 

to characterize the value of an entire patch, at the herd scale, selection values within the extent of 

each patch had to be averaged to assign a selection value. Adapting the minimum cell size of its 

inputs, the habitat selection layers created from our RSFs had a resolution of 30 m2.To characterize 

selection value of a patch from these layers an average of all pixel values within each patch was 

calculated. Correlation between predicted site values from the ‘pooled’ patch model and the 

Waterton RSF model was 0.306 (n = 46, p =0.034). When the predicted selection was calculated 

using coefficients from the patch model assessed from solely Waterton animals, the correlation with 

predicted RSF value increased to 0.715 (n = 46, p <0.001).  Correlation between predicted site 

values from the ‘pooled’ patch model and the Livingstone RSF model was 0.178 (n = 39, p = 

0.267). Using the Livingstone patch model, the correlation with predicted RSF value was –0.553 (n 

= 39, p < 0.001). This result was highly sensitive to the inflated DistRd coefficient within the 

Livingstone model (Table 4); without it, correlation between the models was 0.266 (n = 39, p = 

0.093). 

   

Discussion 

Comparison of scale 

With the RSF for Waterton animals, the most important predictor was Ruggedness, seconded by 

CanopyCover, DistRd and lastly NDVI (Supplementary material Appendix 1 Table A2). Animals 

within the Waterton herd were attracted to cover and areas further from roads, but avoid rugged 

terrain and areas with high NDVI values, an index for productivity. Across Livingstone, model 

results suggest animals select strongly for areas with higher levels of productivity. In fact, NDVI, 

was the model most important predictor as ranked by z-score. Livingstone animals tended to select 

for productive sites further from roads, and avoid dense canopy cover and rugged terrain. 

When interpreting the results of a resource selection function, availability is a central 

consideration. This is also true within our analysis. Assessing availability at different scales, Boyce 

et al. (2003) used multiple RSFs to demonstrate sensitivity of habitat selection metrics to scale and 

remind us of the dynamic nature of selection in space and time. Creating an ‘available’ set from 

animal relocations not within foraging patches, therefore used but not for foraging, we have 

produced a highly restricted RSF asking what elk are selecting while foraging rather than where or 

what are elk selecting overall. An unrestricted RSF using all relocations from an animal does not 

differentiate between two used areas, even when used in different ways. What is more, when using 

all relocations within a herds range as we did, an RSF reflects the probability of selecting a resource 

unit given the use patterns and habitat availability across the extent of that range. At a much finer 

scale, our patch model reflects habitat contrast between two used sites, individual patch and 



nonpatch pairs (i.e. comparisons of a maximum area of 141 300 m2, given patches with a 300 m 

diameter). Correlation between the predicted selection values of patches calculated using both scale 

analyses was positive (r = 0.178, n = 39, p = 0.267, and r = 0.306, n = 46, p = 0.034) and improved 

when estimated between Waterton specific patch and RSF models (0.715, n = 46, p < .001, Table 6, 

Fig. 3). Notably the correlations were significant only when patch likelihood values were calculated 

using coefficients from the top model from each herd subset, not the top model coefficients from 

analysis of all patches, which seems reasonable given that the distribution of availables was quite 

different between the two areas (Table 1, Fig. 2). Even with low correlation, estimated coefficients 

demonstrated similar direction and relative strength across both analyses with the exception of the 

DistRd covariate across Livingstone models. For instance, at the herd-scale Waterton animals select 

denser canopy cover and Livingstone animals seek less canopy cover, similar to top models 

reported by our analysis. Within the RSF, Livingstone animals are only nominally influenced by 

distance to road but Waterton animals are sensitive to a much higher degree. Productivity of 

biomass, as measured by peak NDVI, was a positive selective coefficient in Livingstone whereas in 

Waterton, higher levels of productivity seemed to marginally detract from selection reflecting the 

inclusion and exclusion of HerbBiom in respective top herd models.  

Central differences between temporal and spatial scales of the analysis explain the reduced 

correlation between model predictions. Availability within the large-scale RSF models was assumed 

to remain constant across all animals within a herd and across all five years of relocations. Patch or 

nonpatch models were interpreted at the scale of a single growing season and result from a series of 

within week comparisons, restricting the temporal variability and noise drastically. Furthermore, 

available points are limited to the movement path of the animal within a week rather than the entire 

spatial area of a seasonal home range as in the RSF model. These restrictions were useful for 

clarifying fine-scale foraging decisions but for prediction or extrapolation, our herd-scale models 

are more powerful inherently because these incorporate sites of greater contrast (used and available 

versus the comparison of two differently used sites), more animals, and a larger spatial extent. 

Additionally, at the larger scale there is greater variance over which the RSF is calculated (Boyce et 

al. 2003). These scale differences and the alternative natures of these analyses change interpretation 

of the models as well. Our RSFs assess relative probabilities of selection across the extent of each 

herd on a five-year interval whereas the conditional approach is intended to highlight habitat 

contrasts between foraging patches and otherwise used areas within a single growing season. The 

patch-scale analysis indeed only identifies the selection of patches by individuals whereas the herd-

level RSF model yields selection of the landscape being used as well as the patch within that 

landscape. 



Table A3. Patch model and resource selection function correlation. A RSF model was calculated 

using remotely sensed correlates to top model covariates included in the patch model analysis for 

the pooled dataset. Availability within the RSF was assumed to be the same for animals within a 

single herd but was calculated separately for Livingstone and Waterton animals. Directions of 

coefficients were the same in both RSF and Patch model outputs across herds, excluding the DistRd 

coefficient in the patch model for Livingstone animals. Correlation between selection value at 

patches as assessed by the RSF model and the top pooled and herd models are reported. *When 

DistRd not included, correlation between Livingston RSF value and Livingstone patch model is 

0.266 (n = 39, p = 0.093). 

Resource selection model (RSF) Waterton   Livingstone 
 Coefficient z-value  Coefficien

t 
z-value  

NDVI –2.56E-05 –1.59  6.22E-04 41.56 
Ruggedness –1.00E-01 –32.36  –8.09E-03 –8.32 

Distance to Road 3.26E-04 14.31  1.70E-04 10.51 
Canopy Cover 9.17E-03 16.86  –9.40E-03 –24.3 

      
Correlation between RSF and 
Pooled model 

0.306 n = 46, 
p = 
0.034 

  
0.178 

n = 39, p = 
0.267 

Correlation between RSF and Herd 
model 

0.715 n = 46, p 
< 0.001 

 –0.553* n = 39, p < 
0.001 

 

  



 

Figure A2. Patch distribution on RSF surfaces for Livingstone (A) and Waterton (B) herds. A 

resource selection surface was constructed using elk relocations from summers 2007–2012, 

assuming identical availability within herds, and considering Peak Productivity (NDVI), Canopy 

Closure, Distance to Roads and Ruggedness. Patches identified by the STPSS procedure and 

sampled over the 2012 season are overlain on the RSF surface to offer a visual comparison of the 

two methods (clips from both ranges are presented). 

 

Group size 

	  

Figure A3. Average observed group size over the 2012 summer season.  
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