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Golden eagles (Aquila chrysaetos) are of increasing conservation concern in western
North America. Effective conservation measures for this wide-ranging, federally
protected raptor species require monitoring frameworks that accommodate strong
inference on the status of breeding populations across vast landscapes. We used a
broad-scale sampling design to identify relationships between landscape conditions,
detection rates, and site occupancy by territorial pairs of golden eagles in coastal
southern California, United States. In 2016 and 2017, we surveyed 175 territory-sized
sample sites (13.9-km2 randomly selected grid cells) up to four times each year and
detected a pair of eagles at least once in 22 (12.6%) sites. The probability of detecting
pairs of eagles varied substantially between years and declined with increasing amounts
of forest cover at survey sites, which obscured observations of eagles during ground-
based surveys. After accounting for variable detection, the mean estimate of expected
site occupancy by eagle pairs was 0.156 (SE = 0.081). Site-level estimates of occupancy
were greatest (>0.30) at sample sites with more rugged terrain conditions, <20%
human development, and lower amounts of scrubland vegetation cover. The proportion
of a sample site with open grassland or forest cover was not strongly correlated with
occupancy. We estimated that approximately 16% of the 5,338-km2 sampling frame
was used by resident pairs of golden eagles, corresponding to a sparsely distributed
population of about 60 pairs (95% CI = 19 – 151 pairs). Our study provided baseline data
for future surveys of golden eagles along with a widely applicable monitoring framework
for identifying spatial conservation priorities in urbanizing landscapes.

Keywords: California birds, detection probability, golden eagle, Aquila chrysaetos, N-mixture model, occupancy
model

INTRODUCTION

Human alteration of landscapes is recognized as a primary threat to the persistence of raptors
throughout the world (McClure et al., 2018). Their high trophic level and associated role in
structuring biological communities has made raptors an important consideration for large-scale,
ecosystem-based management strategies (e.g., Reynolds et al., 1992; Lesmeister et al., 2018).
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Identifying how human land use and other landscape
characteristics shape the distribution of wide-ranging apex
predators is, therefore, a key step toward biodiversity
conservation (Sergio et al., 2006; Lawler et al., 2008; Hole
et al., 2011). In birds of prey, human land-use activities and
associated disturbances can fragment and degrade nesting
and foraging habitats, increase mortality rates, and reduce
reproductive success and territory occupancy (White et al.,
2018; Cooper et al., 2020). Wide-ranging raptor species are
especially susceptible to the cumulative impacts of human-
caused disturbances because localized stressors can translate
to broader impacts on highly interconnected populations (e.g.,
Katzner et al., 2017). The ability to manage or offset these
negative impacts requires a deeper understanding of interactions
between landscape features and the population characteristics
of a species. Broad-scale survey designs are needed to identify
possible population-level responses of rare and highly mobile
raptor species to site-level changes in landscape conditions and to
inform future management decisions. In this sense, monitoring
and survey protocols that are standardized across temporal
and spatial scales are essential in establishing linkages between
small-scale, short-term conservation efforts and long-term
population trajectories (Hewitt et al., 2007; Pavlacky et al., 2017;
Wiens et al., 2018).

Golden eagles (Aquila chrysaetos) are among the largest
and most wide-ranging avian predators in the world. As such,
this species plays a key role in biodiversity functions across
vast landscapes and is generally considered an indicator of
ecosystem health (Katzner et al., 2020). Recent assessments
indicate golden eagle populations in the western U.S. are stable
or slightly decreasing, but that projected increases in energy
development and land-use change could trigger population
declines (Millsap et al., 2013; Nielson et al., 2014; U. S.
Fish and Wildlife Service [USFWS], 2016; Hunt et al., 2017).
Increasing levels of human land use in areas occupied by
golden eagles poses a unique conservation challenge because
of this species’ sensitivity to expanding human development
and recreational activities (Martin et al., 2009; Steenhof et al.,
2014; Spaul and Heath, 2016). Potential risks to golden eagles
from increasing development and recreational activities are
largely indirect, occurring through disturbances to nest sites,
loss of foraging habitat and prey availability, or via exposure
to contaminants (Bloom et al., 1989; Spaul and Heath, 2016;
Herring et al., 2017). Roads, power lines, and wind-energy
sites can result in substantial mortality to eagles via collisions,
electrocutions on power poles, or direct persecution (Whitfield
et al., 2004; Lovich, 2015; Hunt et al., 2017). Recent increases
in wildfire frequency and extent may also result in loss and
alteration of grassland and forested habitats used for foraging
and nesting. In areas where golden eagles are faced with multiple
interacting threats associated with intensifying urbanization
or landscape disturbance, data are needed on the occurrence
and abundance of territorial pairs for long-term monitoring
and spatial conservation planning. Continental-wide monitoring
programs that use aerial surveys to detect golden eagles have
offered important insights into general population trends (e.g.,
Nielson et al., 2014). These surveys do not distinguish between

territorial and non-territorial population segments, however,
so have limited utility for regulatory needs or management
actions associated with locations of territorial pairs of eagles
and their nests.

The field of occupancy estimation and modeling (MacKenzie
et al., 2006) provides a rigorous and repeatable framework
for monitoring the status of wide-ranging terrestrial wildlife
species like golden eagles. Occupancy-based studies focused on
monitoring sites (e.g., a territory or other predefined area) have
been increasingly used to examine the population dynamics
of golden eagles and to evaluate how landscape features or
human land use might influence those dynamics (Martin
et al., 2009; Stahlecker et al., 2017; Wiens et al., 2018; Tack
et al., 2020; Watson et al., 2020). A common strength of
these studies is that they accommodate imperfect detection
of golden eagles during surveys, which, if not accounted for,
can lead to inaccurate inferences about site-use, population
status, distribution, or nesting success. Studies of site occupancy
also provide a standardized framework for identifying spatial
relationships between the presence of a given species and
site-specific physiographic conditions. When coupled with a
randomized sampling design, occupancy-based studies can also
provide a means of predicting occupancy at sites that have not
been surveyed (Wiens et al., 2015, 2018; Lukacs et al., 2020),
thereby increasing the efficiency and spatial scope of a given
wildlife monitoring program.

We implemented a broad-scale, site occupancy-based survey
and monitoring strategy to investigate factors affecting the
presence of territorial pairs of golden eagles in coastal southern
California, United States, during 2016 and 2017. Our primary
objectives were to implement a repeatable sampling framework
for monitoring golden eagles within the region of interest during
the breeding season, and to use that framework to establish an
estimate of the occurrence and distribution of territorial pairs
of golden eagles. We also wanted to examine several predictions
concerning how heterogeneous landscape conditions in our study
area may influence the detectability and occurrence of eagle pairs.
First, we predicted that the amount of forest cover at survey
sites negatively affected an observer’s ability to detect pairs of
eagles under the ground-based survey protocols we used (Wiens
et al., 2015). Second, we anticipated that site occupancy by
territorial pairs of golden eagles would be positively associated
with rugged, open landscapes because prey-detection, hunting
success, and nesting locations are most often associated with
these conditions (Marzluff et al., 1997; Singh et al., 2016; Dunk
et al., 2019; Katzner et al., 2020). Based on these previous
findings, and the results of a site-occupancy study in west-
central California (Wiens et al., 2015, 2018), we predicted that
occupancy of golden eagle pairs would be positively associated
with open (grassland) landscapes with increasingly rugged
terrain conditions, but negatively associated with dense chaparral
scrubland. Finally, we predicted that site occupancy of eagles
would be lower at sites with relatively more human development
(Scott, 1985; Tracey et al., 2018a). We then demonstrate how
the monitoring design may be used to estimate and map the
spatial distribution of sites most likely to be used by territorial
pairs of golden eagles, which should be useful for supporting
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local conservation priorities or management decisions for this
federally protected species.

MATERIALS AND METHODS

Study Area and Eagle Population
Our study was conducted during 2016 and 2017 in the
mountains, foothills, canyons, and valleys of the coastal and
transmontane region of southern California, United States
(Figure 1). The focal 5,338-km2 study area spanned from
the Pacific coast to mountains >1,200 m in elevation and
encompassed a range of ecosystem types, including coastal sage
scrub and chaparral, grasslands, oak woodlands, and coniferous
forests (Farley et al., 2017). The region was characterized by
Mediterranean-type climate with a high degree of year-to-year
and within-year precipitation variability, strong seasonality, and
low-level coastal clouds (Clemesha et al., 2016). The coastal
section of our study area was densely populated with people
in urbanized landscapes extending into interior valleys west of
the coast range. Over the past 80 years, much of the study
region was transformed from mostly rural, ranching landscapes
with grassland and scattered oaks, to a landscape with large
expanses of homes and businesses interspersed with protected
open space (Gillespie et al., 2012). Intensive urbanization of
coastal southern California has eliminated much of the native
sage-scrub vegetation cover, leaving undeveloped steep-sided

canyons and protected areas as habitat islands in an urban
sea (Crooks and Soulé, 1999). Habitat loss and fragmentation
are of mounting concern for biodiversity conservation given
the region’s high levels of population growth, increasing
urbanization, and pressure to develop land (Syphard et al., 2011;
Farley et al., 2017; Tracey et al., 2018b).

Coastal southern California has a rich history of ornithological
investigation dating back to the 1800’s (Grinnell, 1898). Historical
(pre-1900) records of golden eagles and their nests were primarily
made by egg collectors. More detailed observations of territorial
pairs of eagles in northwestern San Diego County were first
documented in the early 1900’s (Dixon, 1937) but not again
until the early 1980’s (Scott, 1985). Surveys completed in the
later study indicated that many of the golden eagle territories
first described by Dixon (1937) had been abandoned as a
result of development and increasing urbanization, resulting
in local population declines as severe as 60% (Scott, 1985).
Golden eagles in coastal southern California historically used
closed canopy coast live oak (Quercus agrifolia) woodland and
grassland savannahs in the lowlands, while often nesting in
coast live oak and canyon live oak (Quercus chrysolepis) forests
in the uplands, or occasionally in western sycamores (Platanus
racemosa) and non-native eucalyptus (Eucalyptus spp.) trees.
With increasing urbanization, golden eagles may be increasingly
restricted to cliff-side nests in more rugged, inland landscapes
of southern California, including deserts to the east (Brown,
2014). Resident birds, non-territorial individuals (i.e., floaters and

FIGURE 1 | The golden eagle study area, sampling grid, and expected estimates of site occupancy in coastal southern California, United States. (A) Location of the
study region in the western U.S. (B) Extent of the sampling grid of 13.9 km2 hexagon sites (n = 384), including 175 randomly selected sites (blue hexagons) that
were repeatedly surveyed for eagles in 2016 and 2017. (C) Spatial distribution of model-averaged values of expected site occupancy for territorial pairs of golden
eagles. Black hexagons indicate sites where a pair of eagles was detected at least once (i.e., ψconditional = 1.0). Mean expected occupancy across the 5,338-km2

sampling frame was 0.156 (SE = 0.081), indicating that approximately 833 km2 of the 5,338-km2 study area was used by resident pairs of eagles (equivalent to
about 60 occupied sites).
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younger age-classes), and migratory eagles all use the region in
winter (Tracey et al., 2018a, 2020).

Sampling Design and Survey Protocol
Our sampling design and field protocols replicated those used
to monitor a large, tree-nesting population of golden eagles in
west-central California (Wiens et al., 2015, 2018, 2020). As such,
areas targeted for surveys were randomly selected from a grid of
equal-sized (13.9 km2) hexagonal sample cells overlaid across the
region of interest (Figure 1B). The size of each survey hexagon
approximated the mean territory size of golden eagles (Wiens
et al., 2015). Thus, under our sampling design a “site” was defined
as a territory-sized hexagonal cell that had the potential to be
occupied by at least one territorial pair of golden eagles during
the breeding season (January – July). Our focal interest was in
characterizing distribution and abundance of eagles across the
matrix of publicly owned lands and designated protected areas
of western San Diego and Riverside Counties, in addition to
eastern Orange County (Figure 1B). Accordingly, a hexagon was
considered available for random selection if it was comprised of
≥50% publicly owned and≤50% developed land (n = 384 eligible
hexagons in the sample frame). We focused on this subset of sites
to facilitate access during field surveys, but also because these
lands were more likely to remain protected and be managed to
maintain golden eagles over the long-term. We used program
GENPRES to evaluate design trade-offs between the number of
sites monitored and number of surveys to each site (Bailey et al.,
2007). Based on the results, we randomly selected 175 of the
384 eligible hexagons to receive 4 visits each per year. Thus,
we randomly sampled and surveyed approximately 2,433-km2

(46%) of the 5,338-km2 sampling frame. An important element
of this survey design was that all sample units (hexagons) in
the sampling frame were equally available for selection, which
permitted statistical inference to the entire focal population
within the sample frame, including sites not surveyed (Thompson
et al., 1998; Wiens et al., 2015; Lukacs et al., 2020).

We partitioned surveys within seasons based on approximate
transition dates for stages in the breeding cycle of golden eagles
in the study region: courtship (15 December–28 February),
incubation (1 March–30 April), nestling (1 May–15 June), and

the fledging-dependency period (16 June–30 July). During each
survey, observers established ground-based observation points
on ridges or hilltops that provided views of the focal sample site.
Observers then searched for evidence of occupancy by golden
eagles within the site for up to 4-h per survey using binoculars
and spotting scopes (Wiens et al., 2015, 2018). A sample site was
considered to be used by a territorial pair of eagles if we observed:
(1) a male and female copulating, undulating, perching together,
or attacking intruders; or (2) an incubating eagle in a nest, young
in a nest, or a female with a brood patch. We attributed detections
of territorial pairs to sample sites by mapping activity centers of
pair observations, defined by a used nest, locations of fledglings
with adults, or a focal area of copulations, territorial displays, and
pairs perching together (Wiens et al., 2015, 2018). Detections of
eagle pairs with activity centers outside of focal sample sites were
recorded, but not included in analyses of occupancy.

Landscape Conditions
We used the National Oceanic and Atmospheric Administration’s
Coastal Change Analysis Program (C-CAP) regional land cover
map (NOAA, 2010) to characterize primary vegetation types and
developed areas in the study region. This was the same map used
in previous applications of the survey design (Wiens et al., 2015,
2018), which facilitated comparisons of results between the two
different California study areas. The C-CAP map included 29
categories of land cover (21 of which occurred within our study
area) and was produced using 30-m resolution Landsat Thematic
Mapper and Landsat Enhanced Thematic Mapper satellite
imagery (NOAA, 2010). We combined existing land-cover types
into four general categories (developed areas, open grassland,
scrub and shrub vegetation, and forest cover) and calculated their
proportion in each 13.9 km2 sample site (Table 1).

Landscape topography interacts with wind to promote flight
behaviors, hunting tactics, and habitat use by golden eagles
(McLeod et al., 2002; Katzner et al., 2012; Wiens et al., 2018; Sur
et al., 2020). We explored associations between terrain conditions
and site occupancy of eagles using the 30-m resolution National
Elevation Dataset DEM (U. S. Geological Survey [USGS], 2015)
to calculate a mean terrain ruggedness index (TRI; Riley et al.,
1999) for each sample site in our study area. We calculated mean

TABLE 1 | Landscape covariates used to characterize spatial variation in site occupancy of territorial pairs of Golden Eagles in coastal southern California,
United States, 2016 – 2017.

Covariate Description Mean value (SD, min – max)b

Developeda Low-, medium-, and high-intensity development, roads, constructed surfaces, and associated trees
and grasses (NOAA, 2010).

0.03 (0.08, 0.00 – 0.46)

Grasslanda Graminoid or herbaceous vegetation, generally greater than 80% of total vegetation (NOAA, 2010). 0.14 (0.16, 0.00 – 0.94)

Scrublanda Shrubs less than 5-m tall with shrub canopy > 20% of total vegetation cover. Included tree shrubs
and young trees in early successional stage (NOAA, 2010).

0.70 (0.23, 0.02 – 0.99)

Foresta Trees generally >5-m tall and >20% of total vegetation cover. Included deciduous, evergreen and
mixed coniferous species (NOAA, 2010).

0.11 (0.19, 0.00 – 0.89)

Terrain ruggedness (TRI) A measure of terrain heterogeneity, where larger values indicate greater heterogeneity, or more rugged
areas (Riley et al., 1999; Evans et al., 2014).

4.09 (2.50, 0.06 – 12.07)

aCalculated as the proportion within survey sites (13.9 km2 hexagons).
bCalculated using the sample of sites surveyed (n = 175).
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values of TRI for each site as the square root of the sum of the
squared differences between the elevation in a 30-m cell and the
elevation of its neighboring cells using the Geomorphometric and
Gradient Metrics Toolbox in ArcGIS 10.3 (Evans et al., 2014; Sur
et al., 2020). We considered mean values as a measure of relative
terrain heterogeneity among sites, where larger values indicated
greater heterogeneity, or a more rugged area.

Modeling Site Occupancy of Territorial
Pairs
We used a multi-season occupancy model (MacKenzie et al.,
2003) to estimate site occupancy and detection rates of territorial
pairs of golden eagles. The model allowed us to estimate (1)
ψt , the probability that a site is occupied by at least one pair
of golden eagles in year t; (2) pi,t , the probability of detecting
at least one pair of eagles given that one is present on survey
i of year t; (3) γt , the probability that an unoccupied site in
year t will be occupied in year t + 1 (local colonization);
and (4) εt , the probability that an occupied site in year t
will be unoccupied in year t + 1 (local extinction). We used
this analytical framework because it correctly accounted for
dependency between years in the occupancy status of repeatedly
surveyed sample sites. The approach assumed that (1) there
was within-site closure during repeated surveys within the
breeding season; and (2) detection histories among sample
sites were independent. The study design and field protocols
we used minimized the risk of violating these assumptions,
but our sample sites (i.e., randomly placed hexagons) were
not centered on actual territory locations or home ranges
of golden eagles. Accordingly, we considered our occupancy
response variable (ψ) to reflect “site-use” by territorial pairs
of eagles (MacKenzie, 2005; MacKenzie et al., 2006), and
p as the joint probability that a pair of eagles was both
available and detected during a given survey occasion. We
retain the term “occupancy” to maintain standard terminology
used for this modeling approach. We assessed goodness of
fit for occupancy models using simulation methods and the
Pearson chi-square test statistic (MacKenzie and Bailey, 2004;
Fiske and Chandler, 2011). Specifically, we bootstrapped model
estimates 1,000 times to obtain P-values of model fit and to
estimate a dispersion parameter (ĉ) as the ratio of the observed
chi-square statistic to the mean of the simulated distribution
(Burnham and Anderson, 2002).

We used a secondary candidate set model building strategy
(Morin et al., 2020) to explore how landscape conditions may
have affected the presence of eagle pairs in our sample sites.
The strategy entailed ranking a separate candidate set of sub-
models for ψ and p first, then combining the best supported
models from each sub-model set to attain a final candidate set
of models. Given the short duration of our study (2 years),
we treated turnover rates in occupancy status between years
(ε, γ) as constant (.) and focused model development on ψ

and p. We initially ranked 8 competitive models for p and
10 models for ψ, including null (intercept-only) models for
comparisons (Supplementary Table 1). We fixed p to a general
time-varying model (year) when evaluating sub-models for

ψ, and we treated ψ as constant (.) when evaluating sub-
models for p. Each candidate model represented a different
hypothesis about factors affecting site occupancy or detection
rates of golden eagles. In competing models for p we allowed
detection to be constant, vary between primary sampling periods
(years), vary among secondary sampling periods (i.e., stages of
the breeding cycle within years), or to vary both within and
between years. We also explored associations between detection
and the proportion of a survey site with forest cover, which
may negatively affect an observer’s ability to detect pairs of
eagles under the survey protocol we used (Wiens et al., 2015).
Initial competing models for ψ included univariate effects of
5 different landscape covariates (Table 1). Correlation between
pairs of landscape covariates was low (all Pearson’s r < 0.51),
so we considered biologically relevant, additive combinations of
relevant landscape covariates in the final candidate set of models.
We ranked and evaluated all models using information-theoretic
methods and Akaike Information Criterion values adjusted for
small sample size (AICc; Burnham and Anderson, 2002). We
considered models within 4 AICc units of the top-ranked model
to have some support and those within 2 AICc units to have
substantial support from the data (Burnham and Anderson,
2002). Thus, we combined all sub-models from the initial stage
of the analysis that were within 4 AICc units of the lowest AICc
model, resulting in a final set of 44 candidate models for ψ and p
(Supplementary Table 1).

We used the final candidate set of models to calculate model-
averaged estimates (and unconditional standard errors) of all
model parameters (Burnham and Anderson, 2002). We then
calculated the model-averaged probability of site occupancy for
each of the 384 sites in the sampling frame using known covariate
values for each site and fixing ψ = 1 for sites with at least one
detection (MacKenzie et al., 2006; Wiens et al., 2015, 2018; Lukacs
et al., 2020). We estimated the expected total number of sites used
by territorial pairs of eagles as the sum of site-specific, model-
averaged estimates of occupancy divided by the total number of
sites in the sampling frame (n = 384; Rich et al., 2013; Wiens
et al., 2015; Black et al., 2019). Given that our sampling units
approximated the mean size of a single golden eagle territory,
we believe the expected number of sites used was a reasonable
approximation of abundance of territorial pairs. For comparison
with modeled estimates, we calculated naïve abundance of golden
eagle pairs using the sum of maximum counts of pair detections
across the 175 sites surveyed (Bibby et al., 2000; Chandler et al.,
2011; Wiens et al., 2020). We used the “unmarked” (Fiske and
Chandler, 2011) and “AICcmodavg” (Mazerolle, 2020) packages
in R version 3.5.1 (R Core Team, 2020) for these analyses.

RESULTS

In 2016 and 2017, we surveyed 175 sample sites up to four times
each year (mean = 3.6 surveys per site per year) and detected
a territorial pair of golden eagles on 53 (4%) of 1,252 survey
occasions. We detected pairs of eagles at 14 sites (8%) in 2016
and at 19 sites (11%) in 2017. We detected a pair of eagles at least
once at 22 (13%) of the 175 sites surveyed in both years of the
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study. We had no observations of >1 pair of eagles using the same
sample site on the same survey occasion.

We found no evidence of lack of fit for the most generalized
occupancy model (χ2 = 116.7, P = 0.241, ĉ = 0.690), indicating
adequate model fit to the survey data and model assumptions.
Model-averaged estimates of the probability of detection (̂p)
increased from 0.21 (95% CI = 0.11 – 0.35) in 2016 to 0.75 (95%
CI = 0.37 – 0.93) in 2017 (a 71% increase between years). All
models with a 1AICc ≤ 4 in the final candidate set of 44 models
included the effects of year and forest cover on p (Supplementary
Table 1). The probability of detecting pairs of eagles that were
present was negatively related to the amount of forest cover at
survey sites (̂β = –4.33, SE = 2.23; Figure 1A). Models that
assumed: (1) constant detection over time; or (2) changes in
detection over the course of the breeding season, were not well
supported by the data and analysis (Supplementary Table 1).

The model-averaged estimate of site occupancy (Ŝ9) was
0.16 (unconditional 95% CI = 0.02 – 0.64). All models with
1AICc ≤ 4 in the final set of candidate models included the
effects of terrain ruggedness (TRI), developed land cover, or
scrubland vegetation cover on the estimated probability of site
occupancy (Supplementary Table 1). Model-averaged estimates
of expected occupancy were greatest at sites with intermediate

to high levels of terrain ruggedness, <20% developed land
cover, and intermediate proportions of scrubland vegetation
cover (Figure 2). The overall top model (1AICc = 0.00)
indicated that site occupancy had a non-linear, quadratic
relationship with mean terrain ruggedness (Table 2). Mean
expected occupancy estimated the top model was 0.16 in 2016
(bootstrap 95% CI = 0.07 – 0.25) and 0.13 in 2017 (bootstrap
95% CI = 0.06 – 0.20). Bootstrapped 95% confidence intervals
of annual estimates of occupancy broadly overlapped, indicating
little evidence of a difference between years in occupancy.
A closely competing model (1AICc = 0.13) indicated a positive
relationship between terrain ruggedness and occupancy (̂β
= 0.34, SE = 0.14), a negative relationship between occupancy
and the developed land cover (̂β = –10.31, SE = 7.16), and
a non-linear (quadratic) effect of scrubland vegetation cover
(̂βscrub = 16.46, SE = 11.24; β̂scrub

2 = –14.66, SE = 8.65).
The proportion of a site with forest or grassland cover
types was not strongly correlated with occupancy (Table 2).
Model-averaged estimates indicated that the probability that an
unoccupied site would be occupied in 2017 (̂Sγ) was essentially
zero (<0.01, SE = 0.01), whereas the probability that an
occupied site would become unoccupied (̂Sε) was 0.17 (95%
CI = 0.02 – 0.98).

FIGURE 2 | Influence of landscape composition on the probability of detection (A) and expected site occupancy (B–D) of territorial pairs of golden eagles in coastal
southern California, United States, 2016 – 2017. Solid lines represent estimates from the best model containing each landscape covariate while holding all other
covariates in the model at median values. Shading represents 95% confidence intervals.
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TABLE 2 | Best model containing the effect of each landscape covariate on site occupancy (ψ) of territorial pairs of golden eagles in coastal southern California,
United States, 2016 – 2017.

Covariate Best model 1AICc Effect β̂ SE LCL UCL

Grassland ψ(grass + grass2) γ(.) ε(.) p(year) 4.85 grass 6.770 4.634 0.097 13.440

grass2
−10.960 8.870 −23.730 1.180

Scrubland ψ(TRI + developed + scrub + scrub2) γ(.) ε(.) p(year + forest) 0.13 scrub 16.464 11.242 −5.570 38.497

scrub2
−14.657 8.653 −31.616 2.303

Developed ψ(TRI + developed + scrub + scrub2) γ(.) ε(.) p(year + forest) 0.13 developed −10.306 7.160 −20.613 0.000

Forest ψ(forest) γ(.) ε(.) p(year) 4.14 forest −1.570 1.704 −4.023 0.883

Terrain ruggedness index (TRI) ψ(TRI + TRI2) γ(.) ε(.) p(year + forest) 0.00 TRI 8.004 0.369 2.303 13.705

TRI2 −0.485 0.032 −0.952 −0.010

Model covariate coefficients (̂β), standard errors (SE), and lower (LCL) and upper (UCL) 85% confidence limits are included for the specified covariate effect in each model.

Mapped, site-specific estimates of Ŝ9 illustrated the spatial
distribution of sites with the greatest likelihood of use by
territorial pairs of eagles (Figure 1C). Contiguous areas of
relatively greater expected occupancy were located primarily
in the northwest section of the study area, or in more
remote areas along the eastern edge of the sampling grid. The
average probability of occupancy across all 384 sites was 0.156
(SE = 0.081), indicating that approximately 833 km2 of the
5,338 km2 sampling frame was used by territorial pairs of eagles
during the study. Assuming a mean territory size among pairs
equivalent to the size of each sample site (13.9 km2), the expected
number of sites occupied by pairs of golden eagles in the sampling
frame was 60 (95% CI = 19 – 151), and the expected number
of sites occupied by pairs within the focal sample of 175 sites
surveyed was 27 (95% CI = 9 – 67). In comparison, the observed
(naïve) estimate of the total number of pairs detected at surveyed
sites (i.e., sum of the maximum number of pairs detected per site)
was 22, or 18.5% lower than the modeled estimate.

DISCUSSION

We used a standardized sampling framework to identify
relationships between landscape conditions and the presence of
territorial pairs of golden eagles in an increasingly urbanized
landscape. Our analysis and results showed that the presence
of golden eagles in coastal southern California was most
strongly associated with the spatial arrangement of remote
and rugged terrain conditions, developed land cover, and to a
lesser extent, scrubland vegetation cover. These findings were
in general accordance with predicted habitat associations of
golden eagles from previous studies of site occupancy that
we used to guide model development (Wiens et al., 2018;
Tack et al., 2020). Moreover, our findings echoed those from
historical surveys (Dixon, 1937; Scott, 1985) and more recent
telemetry studies of individually marked birds (Tracey et al.,
2018a, 2020) that emphasized the sensitivity of golden eagles
to expanding human development. Together, these previous
studies and ours highlight the conservation value of remote,
non-urbanized landscapes to remaining breeding pairs of golden
eagles in coastal southern California. If resource managers
and decision makers are interested in maintaining breeding

pairs of golden eagles in the study region, our results indicate
that the current strategy of maintaining open-space areas with
minimal human interference is beneficial. Our results further
demonstrated that site occupancy of golden eagles varied
spatially in accordance with site-level landscape conditions.
The randomized sampling design we used permitted us to not
only identify existing relationships between site-level landscape
conditions and the presence of eagle pairs, but also to project
the spatial distribution of expected site-use by territorial pairs
across sampled and unsampled areas of interest. This information
provided regulatory officials and resource managers with (1) a
map of specific landscape conditions and sites relevant to future
conservation and monitoring activities for golden eagles; and
(2) a strong baseline for assessing future changes in the site-
level occurrence and status of territorial pairs of golden eagles in
the study region.

The sampling design, field protocols, landscape covariates, and
analytical approach we used replicated those used to investigate
the site-occupancy dynamics in a large population of golden
eagles in the northern Diablo Range and Altamont Pass Wind
Resource Area of west-central California (Wiens et al., 2015,
2018). Estimates if density of territorial pairs of golden eagles in
the Diablo Range are among the highest on record for this species
worldwide (approximately 54 pairs per 1,000 km2; Wiens et al.,
2015; Hunt et al., 2017; Katzner et al., 2020). Estimates of site
occupancy for territorial pairs in the Diablo Range indicated that
about 74% of the hexagon sampling grid was used by resident
pairs of golden eagles during 2014 – 2018 (Wiens et al., 2018).
In comparison to this robust northern population, our analyses
in coastal southern California indicated that about 15% of the
sampling grid was used by pairs of golden eagles. Underlying
differences between the two study regions in terms of population
stressors (e.g., urbanization) and availability of critical resources
to eagles, such as prey, topography, wind conditions, and nesting
substrates (e.g., rocky canyon cliffs vs. savannah oak woodlands),
are most likely to explain the large difference we observed
in patterns of occurrence. A strong and consistent finding in
both study populations was a positive association between site
occupancy by territorial pairs of eagles and rugged terrain
conditions. Rugged terrain conditions are source contributors to
orographic winds used by large, soaring birds of prey like golden
eagles (Katzner et al., 2012; Fielding et al., 2020; Sur et al., 2020).
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The coarse-scale spatial covariates we used to represent
landscape conditions likely missed many of the fine-scale
features that influence occupancy and breeding success of
golden eagles (for example, prey abundance), but the support
for landscape covariates indicated that our analysis captured
anticipated associations between landscape structure and
expected occupancy by territorial pairs of eagles. Our analysis
and results indicated that the probability of occupancy by eagles
declined at sites with >20% developed land cover (or >2.8 km2

per territory-sized sample site). The study design predisposed us
to have low power to detect relationships with developed areas,
however, as sites with >50% development were excluded from
the sampling frame to facilitate our study objectives. Nonetheless,
our findings paralleled those of recent telemetry studies in San
Diego County showing that individual golden eagles avoided
developed landscapes (Tracey et al., 2018a, 2020). Together these
studies illustrate linkages between the behavioral mechanisms of
resource selection and the occurrence and spatial distribution
of sites used by breeding pairs of eagles. These results further
indicate that territories currently used by golden eagles along
the urban interface of coastal southern California are likely to be
at the highest risk of extirpation as development increases. We
estimated that the average rate at which sites became unoccupied
between years of the study (local extinction; ε) was 17%, whereas
the rate at which sites became occupied between years (local
colonization; γ) was essentially zero. We note, however, that the
precision of estimated transition parameters was low. Additional
years of monitoring would allow future analyses to accommodate
possible sources of spatial variation in local extinction and
colonization rates, thereby more fully capturing the site-level
factors affecting the occupancy dynamics of golden eagles in
our study region. Future analyses could also incorporate current
or anticipated changes in landscape conditions, especially with
regards to human land use and development, to identify how
such conditions may interact with other, site-level population
stressors (e.g., wildfire) to affect site-occupancy dynamics
of golden eagles.

Our study emphasized the importance of accounting for
imperfect and spatially variable detection rates in monitoring
programs for golden eagles. The amount of forest cover at
survey sites was an especially relevant factor affecting the
detection of eagle pairs in our study. In contrast, detectability
of territorial pairs of golden eagles in the northern Diablo Range
declined within years over the course of the breeding season and
varied little between years or with increasing amounts of forest
cover at survey sites (Wiens et al., 2018, 2020). The capability
to accommodate variable yet biologically relevant changes in
detectability of eagles over space and time was a key benefit of our
survey design and analytical approach. In our study, detectability
of territorial pairs was approximately 50% lower in the first year
of surveys relative to the second, on average. We attributed a
low detection probability in the first year of the study to: (1) a
lack of familiarity and poor initial access to sites by field crews;
and (2) a higher rate of nesting by territorial pairs in 2017,
which may have facilitated detection of pairs in that year. Future
monitoring efforts in the study region could improve detectability
of pairs with more repeat surveys, or by integrating alternative

field methods into the survey design, such as aerial or helicopter
surveys of nest sites within sample sites (e.g., Watson et al., 2020).
Many pairs of golden eagles are known to nest in steep, rocky
canyons in our study area that could be surveyed more effectively
with the integration of aerial approaches.

Breeding pairs of golden eagles were once regularly distributed
throughout much of western San Diego County (Dixon, 1937;
Scott, 1985). Historically, the primary form of habitat loss
for golden eagles in southern California was farming, the
diversion of water, and the conversion of native habitats into
ranches and farmland (Hunter et al., 2003). More recent losses
of both foraging and nesting areas of golden eagles have
occurred in the form of residential (including golf courses)
and commercial development, parks, wind farms, solar projects,
military activity, mining operations, and an increasing frequency
of wildfire (Tracey et al., 2018b; Syphard et al., 2019). Sprawling
urbanization over the past 80 years, especially along coastal
regions, is likely to have had a large impact on the historical
distribution of golden eagles and led to an overall decline in
numbers of breeding pairs. Although most urban development
has occurred along coastal regions, development is increasingly
moving eastward (Syphard et al., 2011, 2019). Based on
observations of 27 pairs of golden eagles in northwestern San
Diego County between 1900 and 1936, Dixon (1937) suggested
36 mi2 (93 km2) for the average home range size per pair. Scott
(1985) resurveyed territories studied by Dixon (1937), in addition
to areas of eastern San Diego County, and detected a total of
38 pairs of golden eagles during 1977 – 1981, or one pair per
88 – 150 km2 surveyed. Our modeled estimates indicated that the
number of territory-sized sites used by pairs of eagles in the study
region was approximately 60, or one pair per 111 km2, which was
within the range of historical observations. We note, however,
that we sampled a larger area that included less developed and
more remote landscapes of central San Diego, eastern Orange,
and western Riverside counties relative to historical surveys.

Applications for Monitoring and
Conservation
Mounting concerns about landscape and climate change,
coupled with uncertainties regarding the response of golden
eagles to conservation and management activities, highlight the
importance of high-quality monitoring data that are applicable
across multiple spatial and temporal scales. Our study used a
probabilistic design based in the principles of sampling theory to
identify the target population, sampling frame, and biologically
appropriate sampling unit (Thompson et al., 1998; Wiens et al.,
2015). Results from the design provided statistically robust
and repeatable information on the presence and distribution
of territorial golden eagles across multiple spatial scales while
accounting for highly variable detection rates during surveys.
Estimates of site occupancy provided here represent a valuable
starting point for monitoring, rather than an absolute estimate of
population status or size in the region. Nonetheless, the design
easily accommodates dynamic modeling over multiple years to
monitor and estimate population trends, changes in distribution
(MacKenzie et al., 2006), or to identify sources of variation in
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other population parameters like nesting success (Wiens et al.,
2015, 2018). Similar, random-plot based study designs have been
shown to be effective for estimating broad-scale patterns in site
occupancy for a variety of other wide-range terrestrial wildlife
including barred owls (Strix varia; Wiens et al., 2011), large
macaws (Ara spp.; Berkunsky et al., 2016), and wolverines (Gulo
gulo; Lukacs et al., 2020). Results from these studies have allowed
researchers and land managers to accurately define and map
landscape attributes and environmental conditions that promote
site-level occupancy and use, thereby highlighting specific areas
for conservation and management.

Population responses of golden eagles to changes in human
land use, landscape conditions, and climate are likely to be scale-
dependent, emphasizing the need to monitor their populations at
multiple spatial scales. The sampling design and field protocols
we used were well suited for monitoring golden eagles at a
variety of spatial scales relevant to the management of golden
eagles, ranging from individual territories (Kolar and Wiens,
2017) to clusters of territories within protected landscapes
(Wiens et al., 2020) to broader regional populations exposed
to multiple threats (Wiens et al., 2015, 2018). Our analysis
and results highlighted the linkages between site-level landscape
composition and distribution of territorial golden eagles at broad
spatial scales. The spatial pattern we identified in the occurrence
of golden eagles can serve as a useful prioritization metric
for both monitoring and management efforts. We estimated
the greatest site-level occupancy rates in the remote, nearly
undeveloped portions of our sampling grid, including eastern and
southern portions of San Diego County, the eastern portion of
Orange County, and the southwestern portion Riverside County,
suggesting these areas may have the greatest, most immediate
conservation value for golden eagles in the study region. Because
golden eagles are wide-ranging predators, targeted efforts to
reduce human-caused disturbances to existing pairs and their
nests can benefit broad-scale conservation of this species.
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