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Abstract 

 
This research project evaluates the changes in Sierra-Nevada bighorn sheep habitat over the 
past 75 years using historical aerial photography. 
 

Background and Relevance  
 

The bighorn sheep population in the Sierra Nevada (Ovis canadensis sierrae) was listed 
endangered in 2000 (65 FR 20, 2000). The causes of the population decline have been 
attributed to illegal hunting (Advisory Group 1997, Wehausen and Hansen 1988), 
disease (Buechner 1960), and the direct and indirect effects of predation (Wehausen 
1996). The vulnerability of the population may be exasperated by low nutrition, 
environmental stochasticity, and anthropogenic disturbance (65 FR 20, 2000). The 
recovery effort on behalf of the California Department of Fish and Game and the Sierra 
Nevada Bighorn Sheep Recovery Program (SNBSRP) may be further impeded by 
changes in the landscape over the last century. Bighorn sheep tend to prefer open 
terrain allowing for better visibility of predators (65 FR 20, 2000), and tree 
encroachment, specifically by single-leaf piñon (Pinus monophylla), has been 
documented in the Sierra Nevada (Burwell 1999, Miller and Rose 1999, Gruell 2001, 
Romme et al. 2009). The scale of tree encroachment in bighorn sheep habitat has not 
been directly investigated 
 
The principal goal of this research project was to evaluate the changes in Sierra-Nevada 
bighorn sheep habitat over the past 75 years using historical aerial photography. We 
hypothesized that changes in bighorn sheep habitat could be characterized by spatial 
and terrain-related variables such as low elevations, northern aspects, and north 
latitudes. Our analysis specifically focused on winter habitat ranges with substantial low 
elevation forest. The application of geographic information science and remote sensing 
will be useful for managers of the SNBSRP in restoring lost or vulnerable habitat to 
further aid the recovery of the subspecies. 
 



 
Methods and Data 

 
The study area is based in the Sierra Nevada mountain range of California, and is 
focused on four of the bighorn sheep herd units that have been identified as priorities 
for recovery (Figure 1). A total of 92 historical aerial photographs of the study area from 
1929 and 1944 were found in hard-copy archives. Approximately 36000 hectares of 
sheep habitat were covered by the historical imagery, although the extent of the imagery 
was limited to the eastern front of the sheep's range. The imagery was scanned, 
orthorectified, and made available by the SNBSRP. True-colour and colour-infrared 
aerial photographs from 2005 with 1-meter spatial resolution were collected as digital 
orthophoto quadrangles from the online Cal-Atlas database (http://atlas.ca.gov/). A 10-
meter digital elevation model (DEM) and shape files of the herd units were also 
provided by the SNBSRP. 
 
A manual interpretation of the imagery was performed using a multi-stage sampling 
design. Semivariogram analysis was initially performed on a 2005 classified air 
photograph of tree cover to aid in determining the coarse level of analysis. The study 
area for each herd unit was then stratified by the results of the semivariogram analysis 
to 600 meter by 600 meter (0.36-km2) grids, and was sub-sampled systematically by 
eight 50-meter plots (2500 m2). The sampling design needed to be non-biased in 
evaluating tree encroachment across bighorn sheep habitat, but it also required 
sampling flexibility in order to avoid major distortions and shadows in both the old and 
new imagery sets. The sampling design allowed for discretion in choosing alternate plots 
based on major distortions or shadows in the grid. The DEM was resampled to 50 
meters using window averaging, and slope, cosine aspect, and elevation were recorded 
at each plot after resampling. Sampling also occurred across a range of elevations, but 
due to the variation of seasonal habitat use by the herd units and the extent of the 
historical imagery, only winter habitat is included in the analysis.  The 2005 colour-
infrared imagery was initially classified in the object-based software, Definiens 
Developer 7.0, and change was calculated as a difference of vegetation cover between 
the historical and current dataset by area (m2). Overall, 58- 600-meter grids were 
identified in the four study area units resulting in 421 50-meter interpreted plots 
 
Linear mixed model regression in R was used to predict change with the terrain 
variables of slope, aspect, and elevation. The authors chose not to model the loss of 
vegetation or negative change because it was assumed that the variables affecting 
vegetation loss would be different than tree encroachment. Due to zero-inflation of the 
data, we initially modeled change as a binary categorical response in a generalized 
mixed model under the binomial family, and then proceeded to model positive change 
as a linear mixed model.  Models were evaluated based on residual plots, and 
significance values were used to evaluate the predictor variables. A validation 
assessment was also performed on the change areas. 
 



 
Figure 1. The four primary herd units of the Sierra Nevada include, from 

north to south, Warren, Gibbs, Williamson and Langley. 
 
 

Results 
 
 Change was less than +4% on average for each of the herd units. One of the north herd 
units, Mt. Gibbs, had the most amount of change, and Mt. Langley in the south had the 
least. The results of the mixed model analysis indicated that the herd units were not 
significantly different from each other. Positive change was associated most with north 
aspects, low elevations, and steep slopes. More change rather than less change was also 
associated with low elevations and north aspects.  



 
Our study indicates that tree encroachment in bighorn sheep range of the Sierra Nevada 
is not prevalent, but that local change may still be impacting the individual herd units in 
their winter and summer ranges. 

 
Conclusions  

 
Tree encroachment in the bighorn sheep herd units of the Sierra Nevada was found to 
be <+4%. The increase in tree cover may be attributed to external variables not explored 
in this analysis. The recovery of bighorn sheep however has benefited from viewing the 
historical landscape prior to major eras of settlement and anthropogenic change during 
the late 1800s and early 1900s. The methods employed for the interpretation of 
historical imagery were found to be robust to the shortcomings of the data, and further 
studies should seek to incorporate and extend the historical reach in time by using such 
methods.  
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