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Golden Eagle (Aquila chrysaetos) Habitat Selection 
as a Function of Land Use and Terrain,  
San Diego County, California 

By Jeff A. Tracey1, Melanie C. Madden1, Peter H. Bloom2, Todd E. Katzner1, and Robert N. Fisher1 

Background 
Beginning in 2014, the U.S. Geological Survey, in collaboration with Bloom Biological, Inc., 

began telemetry research on golden eagles (Aquila chrysaetos) captured in the San Diego, Orange, and 
western Riverside Counties of southern California. This work was supported by the San Diego 
Association of Governments, California Department of Fish and Wildlife, the U.S. Fish and Wildlife 
Service, the Bureau of Land Management, and the U.S. Geological Survey. Since 2014, we have tracked 
more than 40 eagles, although this report focuses only on San Diego County eagles. 

An important objective of this research is to develop habitat selection models for golden eagles. 
Here we provide predictions of population-level habitat selection for golden eagles in San Diego County 
based on environmental covariates related to land use and terrain. 

Methods 
Telemetry Data 

We used Global Positioning System (GPS) telemetry data from 29 golden eagles captured in San 
Diego County, California, from November 2014 to February 2017. These data are described in detail in 
Tracey and others (2016, 2017). The eagles were tracked using Cellular Tracking Technology 
(https://celltracktech.com) GPS telemetry units at 15-minute, 30-second, or 6-second intervals 
(depending on the generation of the telemetry unit, the firmware installed, and the behavior of the 
eagles) during daylight hours. To be used in this analysis, we required that data were from an eagle that 
was captured in San Diego County and tracking occurred within the boundary of San Diego County. We 
limited our initial analysis to San Diego County, because consistent spatial data were available within 
the county from the San Diego Association of Governments and the analysis is computationally 
intensive, and we wanted to limit the spatial extent of our analysis while developing the modeling 
method. As a result, we included data for 17 female eagles (f001, f002, f003, f004, f005, f006, f007, 
f008, f011, f013, f016, f017, f018, f019, f020, f021, f022) and 12 male eagles (m001, m002, m003, 
m004, m005, m006, m007, m009, m010, m011, m013, m015) from Tracey and others (2016, 2017). 

1 U.S. Geological Survey. 
2 Bloom Biological, Inc., Santa Ana, California. 

https://celltracktech.com/


2 

Landscape Data 
In this model, we used four environmental predictors: (1) the proportion of urban development 

within a 1,000-m radius circular moving window, (2) the proportion of exurban development within a 
1,000-m radius circular moving window, (3) vector ruggedness measure (VRM; Sappington and others, 
2007) calculated within a 500-m radius circular moving window, and (4) topographic position index 
(TPI; De Reu and others, 2013) calculated within a 500-m radius circular moving window (fig. 1). The 
radii used to calculate environmental predictors were postulated to be representative of the scale at 
which eagles interacted with these features. Layers for the proportion of urban and exurban 
development were derived from reclassified and rasterized 2014 land use data produced and maintained 
by the San Diego Association of Governments (SanDAG; SanGIS, 2015). Terrain metrics were 
calculated using 10-m USGS digital elevations that were rescaled to 100-m resolution. VRM describes 
heterogeneity of the slope and aspect of the terrain within the moving window, and hence, is a measure 
of ruggedness. TPI quantifies the elevation of a point in relation to the average elevation within the 
moving window centered on the point; if the point is higher than its average surroundings, TPI is 
positive and if it is lower, TPI is negative. All predictors were stored in rasters with 100×100-m cells 
covering the same extent. All four predictors had low Pearson’s correlation coefficients (table 1) and 
were standardized (to have a mean of 0 and standard deviation of 1) prior to use in modeling which 
allows us to directly compare regression coefficients to evaluate the relative influence of each predictor. 
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Figure 1. Maps showing standardized environmental predictors used in the synoptic model for golden eagle habitat 
selection, San Diego County, California. Proportion of urban (top left), proportion of exurban (top right), vector 
ruggedness measure (VRM; bottom left), and topographic position index (TPI; bottom right). The means and 
(standard deviations) of each layer were 0.07905 (0.17719), 0.07276 (0.14612), 0.01064 (0.01978), and 0.92446 
(31.23049), respectively. Major roads are shown as gray lines. Note that there is missing data along the county 
boundary due to the radii of the moving window used when calculating the predictors. 

Table 1.  Pearson’s correlation coefficients for environmental predictors used in the model. 

[TPI, topographic position index; VRM, vector ruggedness measure; –, not applicable] 

Urban Exurban VRM TPI 
Urban 1.0000 -0.0775 -0.2710 -0.0043
Exurban – 1.0000 -0.1570 -0.0042
VRM – – 1.0000 0.0693 
TPI – – – 1.0000 
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Habitat Selection Model 

Overview of the Synoptic Modeling Approach 
We modeled habitat selection using a hierarchical Bayesian implementation of the synoptic 

modeling approach, which provides a natural way to incorporate non-uniform availability of spatial 
locations at the individual level (Thomas and others, 2006; Horne and others, 2008; Tinker and others, 
2017). The synoptic model consists of a null model for an individual’s space-use and a regression 
component that weights the null model as a function of environmental predictors. Conceptually, the null 
models reflect what is available to individual eagles given their tendency to remain in a general area 
(Horne and others, 2008). The null model for each individual is further weighted by a function of 
environmental predictors. This weighting describes habitat selection. The estimated population-level 
parameters of this function are then used to predict habitat selection across the entire area. 

Null Model Component 
For each eagle, we developed kernel-based null models for the probability of space-use in the 

absence of effects from environmental predictors based on distances eagles moved during 15-minute 
time intervals. For each eagle, we matched locations separated by 15-minute time intervals to form 
move steps. Each move step consists of a “from-location” at the start of the move step and a “to-
location” at the end of the move step 15 minutes later. Across all eagles, 209,292 fifteen-minute move 
steps were used in the analysis. The from-locations were used as the centroids of kernels for the null 
model and the to-locations were used as the basis of the response variables in the statistical model. The 
kernels were based on the distribution of Euclidean distances of the move steps. We fit the distribution 
of move step distances for each eagle to a gamma distribution. A kernel was formed from the joint 
distribution of this gamma distribution for move distance and a uniform distribution for move direction. 
The final null model was formed by placing the kernel over each from-location and summing the 
kernels. In essence, the null model provides a probabilistic representation of location availability within 
15 minutes of movement from every observed from-location for a given eagle (see fig. 2 for an 
example). 

For each eagle, we also created a raster (with the same cell size and properties of all other rasters 
used in the analysis) with cells that contained counts of to-locations in each cell (Tracey and others, 
2018). These counts were the response variables used to parameterize the habitat selection model. 
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Figure 2.  An example of probability contours for a null model for golden eagle F001. The eagle “from-locations” on 
which the null model is based are shown as white points with black fill. The contours are 100 percent (dark gray), 
99 percent (teal), 95 percent (dark teal), 90 percent (lightest orange), 80, 70, 60, and 50 percent (darkest orange).  
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Habitat Selection Component 
Following the synoptic modeling approach for habitat suitability, we weight the null model 

within each grid cell by an exponential function of the four environmental predictors in that cell 
(Thomas and others, 2006; Johnson and others, 2008). This represents the selection of grid cells by the 
individual at a level above or below that specified by the null model.  

More formally, the general form of the synoptic model at the individual level is: 

𝑝𝑝𝑖𝑖�𝒔𝒔�𝒙𝒙𝑠𝑠, β𝒊𝒊� =  
𝑎𝑎𝑖𝑖𝑖𝑖 × exp(∑ 𝑥𝑥𝑠𝑠,𝑗𝑗

4
𝑗𝑗=1 × 𝛽𝛽𝑖𝑖,𝑗𝑗)

∑ 𝑎𝑎𝑖𝑖𝑖𝑖 × exp(∑ 𝑥𝑥𝑠𝑠,𝑗𝑗
4
𝑗𝑗=1 × 𝛽𝛽𝑖𝑖,𝑗𝑗)𝑠𝑠

 

where ais is the probability density from the null model for individual eagle i in raster cell s, xs = (xs,1, 
…, xs,4)′ is a vector of environmental predictors (in order of urban, exurban, VRM, and TPI) for raster 
cell s, and βi = (βi,1, …, βi,4)′ is a vector of regression coefficients for individual i that must be 
estimated. The function exp(∑ 𝑥𝑥𝑠𝑠,𝑗𝑗

4
𝑗𝑗=1 × 𝛽𝛽𝑖𝑖,𝑗𝑗) modifies the null distribution. In the denominator, the 

function is summed over all raster cells to yield a normalizing constant. 
This individual-level spatial probability distribution represents the probability that a given eagle 

will select each raster cell in the study area. Thus, when we multiply this probability density by the total 
number of to-locations for that individual, we get an expected count of that eagle’s locations within each 
raster cell. Following Tinker and others (2017), we assume a Poisson distribution for the counts; hence, 
the final statistical model at the individual level is: 

𝑝𝑝�𝑐𝑐𝑖𝑖,𝑠𝑠�𝒙𝒙𝑠𝑠, β𝒊𝒊�~𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑁𝑁𝑖𝑖 × 𝑝𝑝𝑖𝑖�𝒔𝒔�𝒙𝒙𝑠𝑠, β𝒊𝒊�) 

Where cis is the count of the telemetry locations for the ith eagle in raster cell s and Ni is the total 
number of to-locations for eagle i, as described at the end of the section on null models. 

Hierarchical Bayesian Modeling Approach for Population-Level Inference 
Raster cells were the unit of analysis. Each cell contained a vector of values for each of the four 

environmental predictors and a vector of response variables which were the to-location counts for each 
of the 29 eagles in the cell. Hence, our response variable was multivariate. Due to the number of cells 
(i.e. 1,049,102 data-containing cells) in the spatial raster storing the data, we randomly sampled 100,000 
cells without replacement to form the final dataset used for the Bayesian analysis. 

We took a hierarchical Bayesian modeling approach to allow estimation of the regression 
parameters for each individual eagle (the βi values) that are drawn from population-level distributions, 
each distribution with population-level mean and standard deviation hyper-parameters. The individual-
level regression coefficients depend on population-level hyper-priors ϕj and σj by 𝛽𝛽𝑖𝑖,𝑗𝑗~𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝜑𝜑𝑗𝑗, 1/
𝜎𝜎𝑗𝑗). The population-level priors are uninformative priors 𝜑𝜑𝑗𝑗~𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(0, 1/1000) and 
𝜎𝜎𝑗𝑗~𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈(0, 100). This provided simultaneous individual-level and population-level inference of 
habitat selection parameters. Samples from the posterior distribution of 124 (8 population-level hyper-
parameters and 4 individual-level parameters for each of the 29 eagles) were simulated using JAGS 
(Just Another Gibbs Sampler; Plummer, 2015) from R (R Core Team, 2017) via the runjags package 
(Denwood, 2016). 

The final population-level predictions of habitat selection are based on a null model of uniform 
availability weighted by the function of environmental covariates using the population-level parameter 
estimates (Tinker and others, 2017). 
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Results 
An exploration of the data shows that the count of all eagle to-locations divided by the total 

number of to-locations increases as the proportion of urban land use within 1,000 m within cells 
decreases (fig. 3). 

 

 
 
Figure 3.  Proportion of observed eagle “to-locations” across all eagles is inversely related to the proportion of 
urban land use. On the y-axis is 1 + the count of all eagle locations in the cell divided by 1 + the count of eagle 
locations across all cells (on a log scale). One was added so the natural logarithm of the normalized count would 
be finite if the count was zero. The proportion of urban land use within 1,000-meter radius circular window around 
the cell is shown on the x-axis. 

 
Four independent chains of 5,000 samples (after discarding 1,000 burn-in samples) from the 

joint posterior distribution of 155 unknown model parameters were generated using JAGS. All 155 
model parameters (10 population-level parameters (mean and standard deviation hyper-priors) and 5 
individual-level parameters for 29 eagles) successfully converged based on diagnostic output (effective 
samples sizes were greater than 1,700, R-hat values were ≈ 1, and autocorrelation was small for all 
individual-level and population-level parameters). Population-level parameter posterior means are given 
in table 2. The population-level parameter values indicate strong avoidance of urban development 
including areas near urban development, moderate avoidance of exurban development, weak selection 
in favor of rugged terrain (as quantified by VRM), and moderate selection in favor of areas higher than 
those surrounding it (as quantified by TPI). 
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Table 1  Posterior means, standard deviations, and effective number of independent draws from the posterior (neff) 
of the population-level hyper-prior means for the individual-level regression coefficients.  
 

Parameter Predictor Mean SD neff 
ϕ1 Proportion urban -2.879988 0.704036 3,260 
ϕ2 Proportion exurban -0.790471 0.181360 8,216 
ϕ3 VRM 0.130581 0.116530 12,922 
ϕ4 TPI 0.681908 0.100178 15,580 

 
 
Using the rasters for the standardized predictors and the population-level parameter means from 

table 2, we generate population-level predictions for golden eagle habitat selection in San Diego 
County. The raw probability of selection in shown in figure 4 and contours for these probabilities are 
shown in figure 5. 

 

 
Figure 4.  Population-level probability of golden eagle habitat selection. 
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Figure 5.  Contours of the population-level probabilities of golden eagle habitat selection. For example, the 50 
percent contour, shown in red, includes the cells with the highest probability of selection that sum to 0.5. This 
means that although the red is not 50 percent of all available areas, it does represent 50 percent of the habitat 
selection.  Likewise, the orange and red together represents 75 percent of the eagle selection, and orange, red, 
and yellow represent 90 percent of all eagle habitat selection. Thus adding all of the black area only gains another 
5 percent of the habitat selection area, even though it has a large geographic footprint. 
 

Discussion 
For the last several decades, research into how to best understand resource use and availability 

from wildlife studies has been a major research focus (Thomas and others, 1990). In this report we 
utilize modern statistical tools to present a hierarchical Bayesian synoptic model for habitat selection for 
the golden eagle in San Diego County, California (Thomas and others, 2006; Horne and others, 2008; 
Tinker and others, 2017). The model allows simultaneous inference at the individual and population 
levels. The goal with this initial version of the model was to assess the effects of land use and terrain on 
golden eagle habitat selection. Our results indicate strong avoidance of urban areas, moderate avoidance 
of exurban areas, and avoidance of a buffer around these landscape elements (figs. 3–6). In contrast, 
eagles prefer areas with higher ruggedness (as measured by VRM) and topographic position index. 

An important consideration is that suitable habitat may be unoccupied by golden eagles for 
numerous reasons; for example, the habitat patches are too small to support a territory, lack of 
functional connectivity to other eagle habitat, disturbance from recreation or other human activities, or 
lack of prey. 
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Figure 6.  Effect of urbanization on population-level golden eagle habitat selection extends well beyond the urban 
edge. The probability of selection is shown on the y-axis (log-scale) and the proportion of urban within a 1,000-
meter radius is shown on the x-axis. Because our statistical model uses an exponential link function, the relation 
between the log(probability) and the proportion urban is linear. At the urban edge, the proportion urban is roughly 
0.5 (if the edge is straight). As seen when the proportion urban is 0.0, the decreased probability of selection is 
evident all the way to the 1,000-meter radius within which we calculated the proportion urban. 
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Appendix 1. JAGS Model Specification 
 
# n  - number of raster cells (data) 
# m  - number of eagles 
# p  - number of predictors 
# a  - matrix of availability probabilities 
# x  - matrix of habitat predictors 
# y  - matrix of location counts by cell and individual eagle 
# N  - a total number of locations for each eagle 
# f  - matrix to store final cell*eagle probability potentials 
# k  - vector to store sum of cell values in f for each eagle 
# mu - matrix to store expected cell*eagle location counts 
 
 
# model specification 
model { 
# likelihood ------------------------------------ 
for(i in 1:n) { 
  for (j in 1:m) { 
    y[i,j] ~ dpois(mu[i,j]) 
    mu[i,j] <- N[j]*f[i,j]/k[j] + 0.00000000001 
  } 
} 
 
# Sum cell probability potentials --------------- 
for (j in 1:m) { 
  k[j] <- sum(f[,j]) 
} 
 
# Calculate cell probability potentials --------- 
for (i in 1:n) { 
  for (j in 1:m) { 
    f[i,j] <- a[i,j]*exp(beta1[j]*x[i,1] + beta2[j]*x[i,2] + 
beta3[j]*x[i,3] + beta4[j]*x[i,4]) 
  } 
} 
 
# Individual-level priors ----------------------- 
for (j in 1:m) { 
  beta1[j] ~ dnorm(phi1, tau1) 
  beta2[j] ~ dnorm(phi2, tau2) 
  beta3[j] ~ dnorm(phi3, tau3) 
  beta4[j] ~ dnorm(phi4, tau4) 
} 
 
# Population-level hyperpriors ------------------ 
phi1 ~ dnorm(0, 0.001) 
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phi2 ~ dnorm(0, 0.001) 
phi3 ~ dnorm(0, 0.001) 
phi4 ~ dnorm(0, 0.001) 
 
tau1 <- 1/var1 
tau2 <- 1/var2 
tau3 <- 1/var3 
tau4 <- 1/var4 
var1 <- pow(sd1, 2) 
var2 <- pow(sd2, 2) 
var3 <- pow(sd3, 2) 
var4 <- pow(sd4, 2) 
sd1 ~ dunif(0, 100) 
sd2 ~ dunif(0, 100) 
sd3 ~ dunif(0, 100) 
sd4 ~ dunif(0, 100) 
} 
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