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Distribution and Abundance of Aquila chrysaetos
(Golden Eagles) in the East Contra Costa County
Habitat Conservation Plan/Natural Community
Conservation Plan Area, California
By J. David Wiens 1, Patrick S. Kolar1, and Douglas A. Bell 2

Abstract
The East Contra Costa County Habitat Conservation Plan/Natural Community
Conservation Plan (HCP/NCCP) Preserve System was designed to protect and enhance
ecological diversity and function in eastern Contra Costa County, California. Aquila chrysaetos
(golden eagle) is a special-status species expected to benefit from biological goals of the
HCP/NCCP. As part of a broader study, we estimated site-occupancy, abundance, and
reproduction of golden eagles in the HCP/NCCP inventory area in 2019. We completed 99
surveys and recorded a total of 50 detections of territorial pairs of eagles at 20 (67 percent) of 30
sites (13.9-square-kilometer [km2] plots). Detection probability of territorial pairs was highest in
January and February (≥0.75) and lowest in mid-June to late July (<0.50). After correcting for
imperfect detection, the expected probability of site-occupancy was 0.69 (standard error [SE] =
0.09), and mean expected abundance was 0.76 pairs per site (SE = 0.16), or 27.4 pairs per 500
km2. We found evidence of successful nesting (≥1 young fledged) for 3 (14 percent) of 22 pairs
of eagles monitored in 2019. Our study design and baseline results should be useful for future
monitoring and conservation of golden eagles in the HCP/NCCP area.

Introduction
The East Contra Costa County Habitat Conservation Plan/Natural Community
Conservation Plan (HCP/NCCP; hereinafter, Plan) provides a framework to protect and enhance
ecological diversity in the rapidly urbanizing region of eastern Contra Costa County, California
(Jones and Stokes, 2006). The Plan provides comprehensive species, wetlands, and ecosystem
conservation and is intended to contribute to the recovery of sensitive and endangered species.
The Aquila chrysaetos (golden eagle) is a special-status species expected to benefit from
biological goals of the Plan in grassland and oak-woodland habitats. Specifically, the
HCP/NCCP is intended to “maintain or increase population size and distribution of golden eagles
in the Plan area” (Jones and Stokes, table 5-1). Despite the importance of golden eagles to the
biological objectives of the Plan, information on this species in the Plan area is limited (see Hunt
2002; Hunt and Hunt, 2013; H.T. Harvey and Associates, 2018).
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In 2019, we completed a comprehensive survey of golden eagles in the Plan area.
Surveys were completed as part of a larger, concurrent study on population ecology of golden
eagles in the vicinity of the Altamont Pass Wind Resource Area (Hunt and others, 2017; Wiens
and others, 2015, 2018). Our goals were to (1) build upon our existing study design to complete
site-occupancy surveys of golden eagles throughout the entire Plan area; and (2) provide baseline
estimates of distribution, abundance, and reproduction of golden eagles.

Study Area
The 704-km2 HCP/NCCP inventory area is located in eastern Contra Costa County,
California (fig. 1). This area was delineated based on a combination of political, ecological, and
hydrologic factors (Jones and Stokes, 2006). The northern and eastern parts of the Plan area are
dominated by developed, urban, and agricultural lands, whereas the western and southern parts
are mostly grassland with widely scattered stands of Quercus spp. (oak), Eucalyptus spp.
(eucalyptus), and conifer trees (fig. 1). The HCP/NCCP inventory area is located in the
northeastern part of the larger Diablo Range golden eagle study area (fig. 1). This broader study
used a random census-plot design to monitor golden eagles during 2014–19 (for details, see
Wiens and others, 2015, 2018). The Altamont Pass Wind Resource Area overlaps with the
southern boundary of the HCP/NCCP inventory area.

Figure 1. Distribution of territorial pairs of golden eagles and survey sites (13.9-square-kilometer hexagons)
in the East Contra Costa County Habitat Conservation Plan/Natural Community Conservation Plan
(HCP/NCCP) inventory area, California, 2019. Inset shows the location of the inventory area relative to
sites monitored (highlighted hexagons) in the broader northern Diablo Range golden eagle study area.
2

Methods
Golden Eagle Surveys
Areas targeted for repeated surveys of golden eagles were based on a grid of 30 equalsized (13.9 km2) hexagonal cells overlaid on the Plan area (total area surveyed = 443.2 km2; fig.
1). We excluded densely populated and agricultural landscapes from our surveys because
previous studies show that golden eagles rarely used these landscapes (Hunt, 2002; Hunt and
others, 2017). The size of each survey hexagon corresponded to the estimated mean territory size
of golden eagles (Wiens and others, 2015, 2018). Thus, under our sampling design a “site” was
defined as a 13.9-km2 area that had the potential to be occupied by 1 or more (≥1) territorial pair
of golden eagles during the breeding season. We modified survey protocols developed by
Driscoll (2010) and Pagel and others (2010) to survey golden eagles. We partitioned surveys
within years based on approximate transition dates for stages in the breeding cycle for eagles in
our study area (Hunt, 2002): (1) courtship (December 15–February 28), (2) incubation (March 1–
April 30), (3) nestling (May 1–June 15), and (4) the fledging period (June 16–July 30).
Whenever possible, we classified all eagles as juveniles, subadults, or adults based on visible
plumage characteristics (Bloom and Clark, 2001; Kolar and Wiens, 2017). Further details on our
survey protocols are provided in Wiens and others (2015, 2018).
A sample site was considered to be occupied 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 nestlings in a nest, or a female observed with a brood patch.
We attributed detections of territorial pairs to sample sites by mapping activity centers of pair
observations (a used nest; locations of fledglings; or focal area of copulations, territorial
displays, and perches) (Wiens and others, 2018). We surveyed sites with pair detections during
mid-June to late July to determine the number of young fledged after most nestlings were more
than 80 percent of average fledging age (about 56 days old; Driscoll, 2010). A site was accorded
successful reproduction if ≥1 nestlings of this age or fledglings were observed (Steenhof and
Newton, 2007). During surveys we also recorded observations of Haliaeetus leucocephalus (bald
eagle).

Data Analysis
We estimated site occupancy (ψ), abundance (λ), and detection probability (p) for
territorial pairs of golden eagles with the “unmarked” package in R, version 3.5.0 (Fiske and
Chandler, 2011; R Core Team, 2017). We estimated occupancy using a likelihood-based method
(MacKenzie and others, 2002) and abundance using N-mixture models (Royle, 2004; Fiske and
Chandler, 2011). For both data types, we used an information-theoretic approach (Burnham and
Anderson, 2002) to rank competing sets of models representing different effects of primary land
cover types or topographic conditions on the distribution of eagles. We used the Coastal Change
Analysis Program land cover map of the National Oceanic and Atmospheric Administration to
calculate the proportion of developed/urban, forest, grassland, and scrub/shrub cover types in
each sample site (National Oceanic and Atmospheric Administration, 2010; fig. 1). We evaluated
the effects of landscape topography on eagles by calculating the mean terrain ruggedness index
for each site, calculated as the square root of the sum of the squared differences between the
elevation in a cell and the elevation of its neighboring cells (Riley and others, 1999; Evans and
others, 2014).
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We used the N-mixture model to estimate abundance (λ, the mean number of territorial
pairs per site), which assumes that (1) there is within-plot closure during surveys across the
breeding season, and (2) detection histories among sample sites are independent (Nichols and
others, 2009; Barker and others, 2018). Our study design minimized the likelihood of violating
of these assumptions, but our sample sites were not centered on actual territory locations. As a
consequence, we interpreted λ as the mean number of breeding pairs with territories (defended
areas) overlapping a focal survey site. Counts of territorial pairs during surveys were modeled
using a Poisson distribution because preliminary analyses showed that this specification
outperformed zero-inflated or negative binomial options. We summed site-specific estimates of
mean abundance to yield total expected abundance of territorial pairs and used a parametric
bootstrap approach to calculate associated 95-percent confidence intervals (Fiske and Chandler,
2011). We also estimated density of territorial pairs based on pair detections and mapped
locations of activity centers. This method was analogous to territory spot-mapping techniques
often used to assess model-based methods of density estimation (Bibby and others, 2000;
Chandler and others, 2011). When possible, we also mapped activity centers of territorial pairs in
areas adjacent to our focal sample sites. This helped us ensure that counts of eagle pairs in the
Plan area were accurate and that pairs were not double-counted.
For occupancy and abundance data, we included the day of the survey season on which
each site was surveyed (day 0 = January 1) as a covariate to account for within-season variation
in detection (p) of eagle pairs. We assessed goodness of fit of occupancy models using methods
outlined by MacKenzie and Bailey (2004). We assessed fit of N-mixture models using a
parametric bootstrap approach and the Pearson chi-square test statistic (Chandler and others,
2011). In both cases, we bootstrapped model estimates 500 times to obtain P-values (that is,
evidence against the null hypothesis of no lack of model fit) for our most highly parameterized
models. We also estimated a dispersion parameter (𝑐𝑐̂ ) as the ratio of the observed fit of the chisquare test statistic to the mean of the simulated distribution of the test statistic.

Results
Site Occupancy and Abundance of Golden Eagles
We searched 30 of 32 hexagon survey sites overlapping the HCP/NCCP area up to 4
times each (mean = 3.3 surveys per site) and detected 22 territorial pairs of eagles in 20 (67
percent) of these sites (fig. 1). Based on mapped locations of used nests and activity centers, 2
(10 percent) of the 20 occupied sites were used by two pairs of eagles each. We also documented
two additional pairs of eagles with activity centers outside the boundary of the Plan area and our
focal survey sites (fig. 1). These additional pairs were observed using areas within the Plan area
but were not included in analyses of occupancy and abundance.
Expected estimates of landscape occupancy (ψ
�) and abundance (λ�) of territorial pairs of
eagles estimated under the best models (ΔAICc = 0.00 3; appendix 1) are provided in table 1.
Estimated total abundance (23 pairs) was similar to the naïve estimate (22 pairs) calculated using
maximum plot counts and unadjusted for detection probability. We found some support for a
negative effect of developed land use on expected site-occupancy (ΔAICc = 0.72; appendix 1),
but the precision of this relationship was poor (𝛽𝛽̂ = –3.67, SE = 2.77). Occupancy and abundance
3
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models including landscape and terrain covariates generally outperformed a null model without
these effects, but 95-percent confidence intervals of covariate slope coefficients widely
overlapped zero, indicating little to no support for these effects in our analyses. We found no
strong evidence of lack of fit for occupancy (P = 0.13; 𝑐𝑐̂ = 1.30) or abundance (P = 0.97; 𝑐𝑐̂ =
0.69) models, indicating adequate fit of our survey data to model assumptions.

Table 1. Parameter estimates from the best models used to characterize site occupancy and abundance of
territorial pairs of golden eagles in the East Contra Costa County Habitat Conservation Plan/Natural
Community Conservation Plan Inventory area, California, 2019.
Parameter

Estimate

Standard error

95-percent
confidence interval

Expected site occupancy (ψ
�)
Expected mean number of pairs per site (𝜆𝜆̂)
Expected pair abundance

0.69
0.76
23

0.09
0.16
0.11

0.55–0.78
0.49–1.16
22–29

Detection Probability
Detection probability (p) of territorial pairs in the Plan area was negatively associated
with survey date (𝛽𝛽̂ = –0.01, SE = 0.01, fig. 2, appendix 1). Detection of pairs was highest during
surveys conducted during the courtship phase of the breeding season in January and February
(≥0.75), and lowest during the fledging-dependency period in mid-June to late-July (<0.50). This
result was similar in both analyses of occupancy and abundance, and consistent with previous
findings in the broader Diablo Range study area (Wiens and others, 2015, 2018).

Figure 2. Probability of detecting 1 or more territorial pairs of golden eagles decreased with survey date
(January 1–July 24) in the East Contra Costa County Habitat Conservation Plan/Natural Community
Conservation Plan area, California, 2019. Solid black line represents expected values estimated under the
best model of site occupancy; shading represents 95-percent confidence intervals.
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Nesting Success and Reproductive Output
We found evidence of successful nesting (≥1 young fledged) for 3 (14 percent) of the 22
pairs of eagles monitored in the Plan area in 2019. The mean number of young detected per
successful pair was 1.33 (2 pairs fledged 1 young each and 1 pair fledged 2 young), and the mean
number of young fledged per pair was 0.19. Three (50 percent) of 6 nesting attempts failed
during the early incubation or nestling stages, based on evidence collected at used nests. An
additional pair of golden eagles successfully fledged 1 young from a historical nest located on
the Concord Naval Weapons Base near the northwest edge of the HCP/NCCP area (fig. 1).

Bald Eagle Observations
While surveying golden eagles, we identified a previously undocumented pair of bald
eagles that nested within the boundary of the Plan area and successfully fledged 2 young. The
nest location was approximately 7 km from the closest body of water.

Discussion
Our estimate of landscape occupancy by territorial pairs of golden eagles in the Plan area
(0.69) in 2019 was similar to estimates reported for the broader northern Diablo Range study
area during 2014–16 (0.68–0.79; Wiens and others, 2018). This result indicated that, on average,
occurrence and distribution of eagles in the Plan area were comparable to that in the broader
study region. Expected occupancy and abundance of eagle pairs in the Plan area was negatively
associated with the amount of developed land use at survey sites, but that the precision of this
relationship was poor. Indeed, landscape conditions known to strongly influence the distribution
of eagles in the broader study region like the amount of open grassland or terrain ruggedness
were not well-supported in our analysis in the smaller Plan area. We attribute this inconsistency
to the relatively small sample of sites used in our single-season (2019) analysis of the Plan area
(n = 30 sites) relative to estimates derived from multiple years of surveys in the broader study
area (n = 138 sites; Wiens and others, 2018). Estimated abundance of territorial pairs in the Plan
area was 0.76 pairs per 13.9 km2 (or 27.4 pairs per 500 km2), which is substantially greater than
reported elsewhere for this species (Watson, 2010). Prior to our study, we estimate that historical
surveys documented 16 of the 22 pairs we detected in the Plan area (Hunt, 2002; 2017; H.T
Harvey and Associates, 2018). We also identified an additional 2 pairs of eagles that were
regularly observed using the Plan area but had activity centers (nests) located outside of the Plan
area boundary (fig. 1). Thus, in total, we documented 24 pairs of eagles that were associated
with, and regularly used, the Plan area, which fell within the 95-percent confidence interval of
our N-mixture estimate of total expected abundance (22–29 pairs). Naïve and modeled estimates
of abundance were similar because of a relatively high probability of detecting pairs during
surveys (mean = 0.66 percent).
Our findings were consistent with previous analyses (Wiens and others, 2018) that
highlighted the importance of accounting for imperfect detection in estimates of landscape
occupancy and abundance of golden eagles. We found that the detection of pairs decreased over
the course of the breeding season. We attribute this pattern to seasonal changes in territorial
behaviors (for example, undulation displays) that enhance an observer’s ability to detect
territorial pairs. This finding emphasized how surveys conducted early in the breeding season
(December–February) can optimize detection rates and help provide rapid assessments of site
occupancy.
6

Occupancy and N-mixture models can produce biased estimates when there are few sites,
few repeated visits to each site, and few detections; or when heterogeneity in detectability and
abundance is not accommodated (Barker and others, 2018, Duarte and others, 2018). Although
the number of sites included in our analysis of the Plan area was relatively small, estimates of
detection were relatively high across survey periods (>50-percent) and we used a covariate to
account for within-season change in detectability of eagles. Moreover, the size of our survey
sites matched the biological scale at which territorial pairs of eagles operate within the study
region, and modeled estimates of pair abundance aligned well with naïve estimates based on
maximum plot counts. As a consequence, we believe that our estimates of site-occupancy and
abundance for the Plan area were accurate, robust to analytical assumptions, and repeatable.
Accurate estimates of site-occupancy and abundance provide baseline information
essential to assess the effectiveness of conservation strategies in benefitting wildlife like golden
eagles. Our findings on the spatial distribution and density of golden eagles in the HCP/NCCP
preserve system provide resource managers with an opportunity to prioritize site-specific
conservation actions (for example, minimizing disturbance at used nests) that can help minimize
the negative impacts of human-caused stressors (for example, fatalities caused by collisions with
wind-turbines at the Altamont Pass Wind Resource Area). Because golden eagles are wideranging, long-lived apex predators, local actions that promote survival and productivity can also
benefit regional populations and ecosystems.
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Appendix 1. Ranking of Candidate Occupancy and Abundance Models
Table 1.1 Ranking of models used to estimate landscape occupancy (ψ) and abundance (λ) of territorial
pairs of golden eagles in the East Contra Costa County Habitat Conservation Plan/Natural Community
Conservation Plan area, California, 2019.
[Model parameters include: days=survey date (number of days since Jan 1); developed = proportion of survey site
with developed landscape; forest = proportion of survey site with forest cover; scrub = proportion of site with scrubshrubland type; grassland = proportion of survey site with grassland; TRI = terrain ruggedness index; AICc =
Akaike’s Information Criterion for small sample size, ΔAICc = difference between the AICc value of each model
and the lowest AICc model; AICc wt. = AICc weight of each model; K = the number of model parameters].
Models

K
AICc
Occupancy models

ΔAICc

AICc wt.

ψ(.) p(days)
ψ(developed) p(days)
ψ(.) p(days2)
ψ(forest) p(days)
ψ(scrubland) p(days)
ψ(TRI) p(days)
ψ(grassland) p(days)
ψ(forest2) p(days)
ψ(grass2) p(days)
Null model: ψ(.) p(.)
ψ(scrubland2) p(days)
ψ(TRI2) p(days)

3
121.7
4
122.4
4
122.9
4
123.0
4
124.1
4
124.3
4
124.3
5
125.1
5
126.7
2
127.0
5
127.0
5
127.2
Abundance models
145.14
3
146.73
4
147.46
4
147.69
4
147.78
4
147.81
4
150.21
5
150.33
5
150.54
5
150.56
5
154.55
2
163.87
4

0.00
0.72
1.24
1.31
2.47
2.67
2.67
3.42
5.04
5.28
5.31
5.48

0.25
0.17
0.13
0.13
0.07
0.07
0.06
0.04
0.02
0.02
0.02
0.02

0.00
1.59
2.33
2.56
2.65
2.68
5.07
5.20
5.40
5.42
9.41
18.74

0.35
0.16
0.11
0.10
0.09
0.09
0.03
0.03
0.02
0.02
0.00
0.00

λ(.) p(days)
λ(developed) p(days)
λ(scrubland) p(days)
λ(forest) p(days)
λ(grassland) p(days)
λ(TRI) p(days)
λ(grass2) p(days)
λ(forest2) p(days)
λ(scrubland2) p(days)
λ(TRI2) p(days)
Null model: λ(.) p(.)
λ(.) p(days2)
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