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Abstract 
 Seasonal variation in habitat selection by the mountain goat Oreamnos americanus is 

not well understood due to the difficulties of monitoring animal movement in all months of 

the year.  The use of global positioning system (GPS) wildlife telemetry collars offers an 

opportunity to overcome this obstacle, however satellite acquisition problems associated with 

GPS wildlife telemetry collars create an observational bias of animal locations towards areas 

of favorable signal reception.  To correct for this bias in data from GPS collared mountain 

goats in the Cascades of Washington State, I used an intensive field sampling exercise to 

model the amount of variation in position acquisition rates (PAR) based on remotely sensed 

vegetation and topographic landscape characteristics in a geographic information system 

(GIS) framework.  I then derived GIS habitat maps of predicted potential mountain goat 

habitat in the Western Cascades of Washington. 

I used non-linear mixed modeling with Akaike’s Information Criteria (AIC) and a 

generalized estimating equation (GEE), autoregressive correlation structure (m =1), to 

account for the random effects of the binary clustered GPS bias correction experimental 

design.  I used vegetation data from satellite imagery provided by the Interagency Vegetation 

Management Project (IVMP) and a 10 m digital elevation model (DEM) to derive a set of 

predictor variables.  I sampled GPS PAR at 543 sites across two study areas, the Western and 

Eastern Cascades, which covers roughly 5 million hectares.  I analyzed the data at two spatial 

resolutions, 25 m x 25 m and 75 m x 75 m.  For both study areas, the 25 m x 25 m resolution 

yielded the best models with areas under the receiver-operating curve (ROC) of 0.70 and 

0.69, for the Western and Eastern Cascades, respectively.  Both models fit with expected 

ecological patterns.  These two models were used to produce a continuous GIS raster map of 

predicted GPS PAR for the entire mountain range in Washington.  This data, used with an 

inverse weighting scheme, reduced the signal reception bias found in a habitat study of GPS 

collared mountain goats.  The correction factor helped to account for habitats likely used by 

coastal ecotype mountain goats but unfavorable to GPS satellite acquisition.   

Past research into Washington State's mountain goats has not documented well winter 

habitat selection.  These widely overlooked habitats, lower elevation forests with dense 

canopy cover, may provide critical over-wintering sites for mountain goats.  I analyzed data 

collected over a two-year period from 39 GPS collared mountain goats in the Washington 
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Cascades.  The data set included over 86,000 individual locations from 39 animals.  Each 

location was weighted with the inverse of the predicted GPS PAR to account for the GPS 

bias.  I used a weighted logistic regression procedure with Akaike’s Information Criteria 

(AIC) to choose the most parsimonious model out of an a priori selected set of models.  

Predictor variables were derived from vegetation layers developed by the Interagency 

Vegetation Mapping Project (IVMP) and a 10 m digital elevation model (DEM).  Candidate 

models were developed on the basis of ecological relevance and available GIS data.  I 

partitioned the data into eight datasets, based upon elevation quartiles of mountain goat 

locations and a northern and southern division of available sites.   The individual habitat 

maps were mosaiced into one map and compared with a map generated with the same models 

not taking into account the weighting factor.  The weighted models classified more terrain as 

habitat and had slightly higher classification accuracies.  I also combined predicted potential 

habitat maps with proportional use of each elevation band during summer (July-September) 

and winter (December-April) to examine seasonal differences in habitat use.  The final 

product will assist with management activities, conservation planning and ecological studies 

of Washington's endemic mountain goat populations.       
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Fig. 12:  Empirical cumulative frequency distributions of available (dotted) vs. goat 

locations (solid) for derived topographic predictor variables suggesting selection for areas 

closer to escape terrain and steeper slopes.   
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Fig. 13:  Map showing continuous data layer of predicted potential mountain goat habitat 

for the Western Cascades of Washington based on elevation quartiles from the northern 

and southern halves of the Cascades, split along I-90, based on data from 39 GPS collared 

animals.  
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Fig. 14:  Seasonal habitat maps of potential mountain goat habitat based on subjective 

summer (June, July, August and September) and winter (December, January, February, 

March and April) delineation of seasons, created by taking the predicted potential habitat 

in each elevation band multiplied by the proportion of use during that time frame.  
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Fig. 15:  Close up view of predicted potential mountain goat habitat in the vicinity of Mt. Baker, WA showing fairly contiguous 

habitat patches around the mountain.  Blue designates high predicted probability while red denotes low predicted probability of 

mountain goat habitat.  
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Fig. 16:  Close up view of predicted potential mountain goat habitat around the Three Fingers-Whitehorse mountain complex (to the 

right) and of Glacier Peak, WA (to the left) showing a distinct isolation of the area from more easterly habitats.  Blue designates high 

predicted probability while red denotes low.  
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Fig. 17:  Predicted potential mountain goat habitat around Mt. Rainier, WA showing a more striated pattern of habitat patches then 

those around Mt. Baker.  Blue designates high predicted probability while red denotes low, with the grey summit falling above the 

highest observed mountain goat elevations and consequently outside of the analysis.    
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Fig. 18:  Close up view of the Pickett Range, east of Mt. Baker, WA, encompassing the North Cascade National Park showing some of 

the highest quality, most well-connected and densest predicted habitat despite having few observed mountain goats.  The Canadian 

border forms the northern border of the image. 
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Fig. 19:  Close up view of Garfield Mt. in the middle Cascades, a region with lots of predicted potential habitat but few mountain 

goats.  Blue designates high predicted probability while red denotes low.  
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Fig. 20:  Close up view of the southern Cascades depicting a more disjointed landscape of mountain goat habitat although supporting 

known populations of animals.  Goat Rocks Wilderness area appears in the upper right, Mt. Adams (with marginal habitat at best) in 

the lower right and Mt. St. Helens in the lower left.  Blue designates high predicted probability while red denotes low. 
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Appendix 
A.  Sky Visibility  

   The sky visibility algorithm performed a discrete approximation of a hemispherical 

integral and worked with a large DEM (Bill Huber, pers. comm.).  The algorithm 

generated a series of hillshade grids, each with the sun at a different elevation and 

azimuth angle.  For a given sun elevation and azimuth, the hillshade function determined 

whether each grid cell fell in full sun or shadow.  A final output grid consisted of a 

weighted tally of the number of “sun hits” each grid cell received.  This weighted tally 

expressed the percentage of the maximum possible number of “sun hits” (the number of 

azimuth angles times the number of elevation angles).  Each of the initial grids received 

weighting using the cosine of the elevation angle.  This weighting corrected for the fact 

that low elevation angles represented a greater section of sky than high elevation angles.  

The net result quantified the percentage of the sky visible from each grid cell, based on 

surrounding topography.  Unobstructed sky provided access to more satellites; 

topographic obstructions in one or more portions of the sky blocked access    
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B. GPS PAR models  

This is a list of the a prior selected models used for testing GPS PAR based on ecological 

expectations based on the variable nomenclature found in Table 5. 

 

asp elev slp sv bc2 bc3 bc4 qmd2 qmd3 cc2 cc3 tvc2 tvc3 

  

asp slp elev qmd2 qmd3 

  

asp slp elev bc2 bc3  

                  

asp slp elev sv cc2 cc3 

  

asp slp elev tvc2 tvc3  

                  

asp elev slp sv qmd3 cc3 tvc3  

                  

qmd2 qmd3 cc2 cc3 tvc2 tvc3 bc2 bc3 bc4  

                 

elev slp sv asp  

                  

slp cc3 qmd3 tvc3 

  

asp 

                  

sv 

 

elev 

                  

slp  

 

qmd2 qmd3  
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cc2 cc3  

                  

tvc2 tvc3  

 

bc2 bc3 bc4  

                  

asp cc2 cc3 

                  

asp slp elev qmd2 

                  

asp tvc2 tvc3  

                  

asp tvc3 qmd3  

               

asp elev slp sv bc2 bc3 bc4 qmd2 qmd3 cc2 cc3 tvc2 tvc3  

                 

asp elev slp sv tvc2 tvc3 
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C. Non-linear mixed macro 

This is the macro written for implementation in SAS that executed the non-linear mixed 

modeling scheme for the GPS PAR model.  The model executes an ordinary logistic 

regression to generate initial parameter estimates prior to using the non-linear modeling.  

This macro was used during model selection to account for the random effects error 

structure due to the repeated measure of GPS PAR at each sample site. 

 

%macro Logisticmixed(data1,data2,depvar,nvars,nparm,variables,parms); 

title "Initial logistic fit with covariates:&variables"; 

proc logistic data=&data1 descending outest=betas; 

    model &depvar= &variables /aggregate=(cluster) scale=none rsquare lackfit; 

 ods output FitStatistics=Fitstat LackFitChiSq=HLtest RSquare=r2; 

*GoodnessOfFit=gof; 

data betas; set betas;  

array x{&nparm} intercept &variables; 

array b{&nparm} &parms; 

 do i=1 to &nparm; 

    b{i}=x{i}; 

   end; 

 keep &parms; 

 

proc nlmixed data=&data1 technique=nrridg maxiter=500 maxfunc=500; 

parms s=1 / data=&data2; 

 array b{&nparm} &parms; 

 array x{&nvars} &variables; 

 eta=ranvar+b{1}; 

 do i=1 to &nvars ; 

   eta=eta+b{i+1}*x{i}; 

   end; 

  model &depvar ~ binary(1-1/exp(eta)); 

  random  ranvar ~ normal(0,s*s) subject=cluster; 
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  ods output FitStatistics=FitStatistics; 

   

data mixedresult; 

   set FitStatistics; 

   length variables $ 50; 

   keep AICc variables; 

   if Descr= "AICC (smaller is better)" then do; 

       AICc=Value; 

    variables= "&variables"; 

    output; 

  end; 

   title "subset:&variables"; 

   data summary; set summary mixedresult Fitstat HLtest r2 ; 

   run; 

 

%mend logisticmixed: 
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D.  Habitat models 

This is the list of a prior selected models used for testing based upon ecological 

expectations: 

 

d2et  

                  

slope  

                  

slope slope_stdv  

                  

elev  

           

elev elev_stdv  

                                

aspcos  

                                 

aspsin  

                  

aspsin aspcos  

                                

tvc2 tvc3 tvc4 tvc5 tvc6  

                                

tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety  

                               

cc2 cc3            

                 

cc2 cc3 cc_variety  

                 

qmd1 qmd2 qmd3  

              

qmd1 qmd2 qmd3 qmd_variety  
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aspcos aspsin elev elev_stdv slope slope_stdv d2et tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety 

qmd1 qmd2 qmd3 qmd_variety cc2 cc3 cc_variety  

                  

aspcos aspsin elev slope d2et tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety qmd1 qmd2 qmd3 

qmd_variety cc2 cc3 cc_variety  

                  

tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety qmd1 qmd2 qmd3 qmd_variety cc2 cc3 cc_variety  

 

qmd1 qmd2 qmd3 cc2 cc3 tvc2 tvc3 tvc4 tvc5 tvc6  

                  

tvc_variety cc_variety qmd_variety  

                  

aspcos aspsin elev elev_stdv slope slope_stdv d2et 

                  

aspcos aspsin elev slope d2et 

                  

d2et slope slope_stdv elev_stdv 

 

d2et slope 

                  

d2et slope slope_stdv 

                  

d2et slope tvc6 

                  

slope tvc2 tvc3 tvc4 tvc5 tvc6 

 

d2et slope cc2 cc3 

 

d2et slope qmd1 qmd2 qmd3 
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d2et slope tvc6 aspsin aspcos 

 

d2et slope tvc6 cc_variety qmd_variety 

                  

d2et slope aspcos tvc2 tvc3 tvc4 tvc5 tvc6 cc_variety cc2 cc3 qmd_variety 

                  

d2et slope aspcos aspsin elev_stdv tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety cc_variety cc2 

cc3 qmd1 qmd2 qmd3 qmd_variety 

                  

d2et slope aspcos aspsin elev_stdv tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety cc_variety cc2 

cc3 qmd_variety 

                  

aspsin tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety cc_variety cc2 cc3 qmd1 qmd2 qmd3 

qmd_variety 

 

aspcos aspsin elev elev_stdv slope slope_stdv d2et tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety 

qmd1 qmd2 qmd3 cc2 cc3 cc_variety  

 

aspcos aspsin elev elev_stdv slope slope_stdv d2et tvc4 tvc5 tvc6 tvc_variety qmd1 qmd3 

cc2 cc3  

                  

aspcos aspsin elev elev_stdv slope slope_stdv d2et tvc4 tvc5 tvc6 tvc_variety qmd3 cc2 

cc3 

                  

,aspcos aspsin elev elev_stdv slope slope_stdv d2et tvc4 tvc5 tvc6 tvc_variety qmd1 cc2 

cc3  

                  

aspcos aspsin elev elev_stdv slope slope_stdv d2et tvc4 tvc5 tvc6 tvc_variety qmd1 qmd2 

qmd3 cc2 cc3  
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aspcos aspsin elev slope slope_stdv d2et tvc4 tvc5 tvc6 tvc_variety qmd1 qmd2 qmd3 

cc2 cc3  

                  

aspcos aspsin elev slope slope_stdv d2et tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety qmd1 qmd2 

qmd3 cc2 cc3 cc_variety  

                  

aspcos aspsin elev slope slope_stdv d2et tvc4 tvc5 tvc6 tvc_variety qmd1 qmd3 cc2 cc3  

                  

aspsin elev slope slope_stdv d2et tvc4 tvc5 tvc6 tvc_variety qmd3 cc2 cc3  

                  

aspcos aspsin elev slope slope_stdv d2et tvc4 tvc5 tvc6 tvc_variety qmd1 cc2 cc3  

                  

aspcos aspsin elev slope slope_stdv d2et tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety qmd1 qmd2 

qmd3 qmd_variety cc2 cc3 cc_variety 

                  

aspcos aspsin elev slope slope_stdv d2et tvc4 tvc5 tvc6 tvc_variety qmd1 qmd2 qmd3 

cc2 cc3  

                  

aspcos aspsin elev slope slope_stdv d2et tvc2 tvc3 tvc4 tvc5 tvc6 tvc_variety qmd2 qmd3 

qmd_variety cc2 cc3 cc_variety            
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