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Abstract
We used a multistate occupancy sampling design to estimate occupancy, breeding
success, and abundance of territorial pairs of golden eagles (Aquila chrysaetos) in the Diablo
Range, California, in 2014. This method uses the spatial pattern of detections and non-detections
over repeated visits to survey sites to estimate probabilities of occupancy and successful
reproduction while accounting for imperfect detection of golden eagles and their young during
surveys. The estimated probability of detecting territorial pairs of golden eagles and their young
was less than 1 and varied with time of the breeding season, as did the probability of correctly
classifying a pair’s breeding status. Imperfect detection and breeding classification led to a
sizeable difference between the uncorrected, naïve estimate of the proportion of occupied sites
where successful reproduction was observed (0.20) and the model-based estimate (0.30). The
analysis further indicated a relatively high overall probability of landscape occupancy by pairs of
golden eagles (0.67, standard error = 0.06), but that areas with the greatest occupancy and
reproductive potential were patchily distributed. We documented a total of 138 territorial pairs of
golden eagles during surveys completed in the 2014 breeding season, which represented about
one-half of the 280 pairs we estimated to occur in the broader 5,169-square kilometer region
sampled. The study results emphasize the importance of accounting for imperfect detection and
spatial heterogeneity in studies of site occupancy, breeding success, and abundance of golden
eagles.
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Introduction
The northern Diablo Range of west-central California is hypothesized to support one of
the densest known breeding populations of golden eagles (Aquila chrysaetos) in North America
(Hunt, 2002; Hunt and Hunt, 2006, 2013). This region includes the Altamont Pass Wind
Resource Area (APWRA), where previous reports suggest that about 65 golden eagles were
killed annually by collisions with wind turbines during 1998–2002 (Smallwood and Thelander,
2008). Concerns about whether the local breeding population of golden eagles surrounding the
APWRA could sustain such mortality prompted a demographic investigation (Hunt and others,
1998; Hunt, 2002; Hunt and Hunt, 2013). One component of that study used radiotelemetry to
examine life-stage-specific movements and survival of golden eagles in an approximately 7,000km2 aerial survey region encompassing APWRA, while another component focused on
determining annual occupancy of nesting territories and reproduction within 30 km of APWRA.
Tracking data indicated that many individuals captured near the wind-energy facility remained
year-round residents of the broader region of the Diablo Range, and that collisions with wind
turbines was the leading cause of death (Hunt and others, 1998; Hunt, 2002). Estimates of
survival and reproduction were used to determine the potential rate of population change and
total number of territorial pairs required to sustain 50 turbine blade-strike fatalities annually
(about 165 pairs; Hunt and others, 1998; Hunt, 2002; Hunt and Hunt, 2006). Golden eagles have not
been systematically surveyed in the broader region to which these demographic estimates apply, thus
the approximate number of breeding pairs that actually occupy this remote and varied landscape
remains unknown.
Monitoring occupancy and reproduction of golden eagles at broad spatial scales can be
logistically challenging and expensive. Recent advances in survey design and interpretation of
distributional data have made species-level monitoring at broad spatial scales considerably more
feasible and cost effective than in the past (Noon and others, 2012). Sampling designs associated
with site occupancy models have been shown to be particularly useful in investigating the
dynamics of territorial species occurrence and evaluating how landscape features or human land
use might influence those dynamics (MacKenzie and others, 2006; Martin and others, 2009;
Wiens and others, 2011). Individuals of many species may be difficult to detect, depending on
physiographic conditions or period of the breeding cycle, so strong inference for site occupancy
studies requires accounting for imperfect detection (that is, the inability of researchers to detect a
species at a sample site with 100 percent certainty). Failing to account for imperfect detection
can lead to inaccurate estimates of population parameters, such as the proportion of sites that are
occupied, the proportion of sites with successful reproduction, or abundance (MacKenzie and
others, 2006, 2009; Nichols and others, 2007). Extensions of basic site-occupancy models
consider multiple biologically relevant states, such as breeding or nonbreeding, which increase
the applicability of these methods to address conservation of species of special concern. In the
case of golden eagles, this approach can be used to estimate, map, and analyze spatial patterns of
occupancy and reproduction over a range of spatial scales. Such information can help identify
areas for conservation prioritization—a key requirement for conservation policy that aims to
maximize breeding success and maintain stable or increasing breeding populations of golden
eagles (U.S. Fish and Wildlife Service, 2013).

2

We used a multistate occupancy study design (Nichols and others, 2007; MacKenzie and
others, 2009) to investigate detection, occupancy, and breeding success for the territorial
population of golden eagles in the northern Diablo Range encompassing APWRA. We also
explored how occupancy data could be used to infer abundance of territorial pairs in the Diablo
Range study area. The surveys included all age classes of golden eagles (that is, juveniles,
subadults, breeders, and nonbreeding adults), but the focus here is on estimation of detection,
occupancy, and reproduction of golden eagles in 2014. Specific objectives of the study were to:
1. Examine potential sources of variation in the probability of detection, occupancy,
and reproduction of territorial pairs;
2. Use estimates of landscape occupancy to estimate the total number of pairs in the
Diablo Range study area; and
3. Provide recommendations to improve strategies for monitoring breeding and
nonbreeding golden eagles exposed to renewable energy development.
Here, we report results from an analysis of survey data collected during the 2014 breeding
season.

Study Area
The 5,170-km2 study area was located in the Diablo Range of west-central California
(fig. 1). We delineated this area based on movements of golden eagles radio-marked near the
APWRA during 1994–2000 (Hunt, 2002). The study area ranged in elevation from 0 to 1,333 m
above sea level and was dominated by chaparral and California oak-woodland communities, with
stands of conifer forest appearing at elevations greater than 1,200 m above sea level. The
northern part of the study area was mostly grassland with occasional rocky outcroppings and
widely scattered stands of oak (Quercus spp.), eucalyptus (Eucalyptus spp.), digger pine (Pinus
sabiniana), bigcone pine (Pinus coulteri), and California buckeye (Aesculus californica).
Grasslands with scattered stands of oak (oak savannah) descend to the agricultural flatlands of
the San Joaquin Valley to the east, and the study area was bounded to the west and southwest by
highly developed urban areas extending from Berkeley and the San Francisco Bay southward to
San Jose. Vegetation types were more diverse in the central part of the study area, which
included a high density of oak woodlands interspersed with chaparral, sage-scrub, and open
grassland. Land use in the study area included private ranchlands with livestock grazing, in
addition to State and county lands characterized by varying levels of grazing and recreational
use. The APWRA was located in the northeastern quadrant of the study area (fig. 1). We
delineate this 17,345 ha area using a minimum convex polygon estimated from 5,425 windturbine locations (http://www.altamontsrc.org/alt_amp.html, accessed February 23, 2013).
Further details on APWRA are provided by Hunt (2002) and Smallwood and Thelander (2008).

Methods
Sampling Design and Survey Protocol
The study area included all areas in public or private ownership potentially occupied by
territorial pairs of golden eagles. We excluded densely populated areas and agricultural fields of
the San Joaquin Valley from the sampling scheme because golden eagles were rarely observed in
these landscapes (Hunt, 2002, p. 24–25). Surveys could not be performed in all areas potentially
3

Figure 1. Map showing Diablo Range study area of west-central California and distribution of 133
randomly selected survey plots (1,385-hectare hexagons highlighted in yellow) that were repeatedly
searched for evidence of occupancy and breeding success of golden eagles in 2014.
occupied by eagles because of budget constraints, logistical considerations, and limited access to
private lands. As a consequence, we used a probabilistic sampling approach to infer estimates of
occupancy, reproduction, and number of territorial pairs of golden eagles. Specifically, we used a
multistate occupancy sampling framework (Nichols and others, 2007; MacKenzie and others,
2009), where randomly selected sites were surveyed repeatedly and classified as unoccupied
(state = 0), occupied by one or more pairs with no production of young (state = 1), or occupied
with successful reproduction (state = 2). Areas targeted for repeated surveys of golden eagles
were selected randomly from a grid of 373 equal-sized (1,385 ha) hexagonal cells overlaid on the
study area (total area = 516,844 ha; fig. 1). The size of each survey hexagon corresponded to the
estimated mean size of the annual core-use area for territorial golden eagles radio-marked in the
study area during 1994–1999 (about 1,385 ha; Wiens and Hunt, U.S. Geological Survey, unpub.
data, 2012). Thus, in the sampling design, a “site” was defined as a 1,385-ha randomly placed
survey hexagon that had the potential to be occupied by 1 or more pairs of golden eagles during
the breeding season.
4

We followed general recommendations by Driscoll (2010) and Pagel and others (2010)
for determining territory occupancy and reproduction of golden eagles during ground-based
surveys. We partitioned surveys using four developmental stages of the breeding season, based
on mean dates for stages in the breeding cycle of golden eagles in our study area (Hunt and
others, 1996; Hunt, 2002): courtship (January 1–February 28), incubation (March 1–April 30),
nestling (May 1–June 15), and the fledging period (June 16–July 30). Each two-month interval
represented a survey occasion in our occupancy analysis. On each survey, observers established
1–4 observation points on selected ridges and hilltops to provide complete coverage of the focal
sample site. Observers then searched for evidence of occupancy and reproduction by territorial
pairs for up to a 4-hr observation period. The goal of each survey was to characterize the focal
sample site as being in one of three possible observation states: (1) no territorial pair of golden
eagles detected; (2) territorial pair detected but no evidence of nesting observed; or (3) territorial
pair detected with evidence of successful reproduction found (1 or more fledgling produced).
Some sites required more than one survey spaced less than 5 days apart to achieve complete
coverage. When possible, eagles were classified as juveniles, subadults, or adults based on
visible plumage characteristics (Bloom and Clark, 2001). We considered a sample site to be
occupied by a territorial pair if we observed (1) a male and female copulating, undulating, or
perching together, or attacking intruders; (2) an incubating eagle in a nest or a female with a
brood patch; or (3) nestlings or fledglings in or near a nest (Steenhof and others, 1997; Kochert
and others, 2002). We attributed detections of territorial pairs to sample sites by mapping activity
centers of pairs (that is, a nest with young, focal area of copulations, territorial displays, fledged
young, perches). Sample sites were surveyed with pair detections during mid-June to late July to
determine number of young fledged, after most nestlings were greater than 80 percent of average
fledging age (51 days old; Kochert and others, 2002). A site was classified with successful
breeding if nestlings or fledglings of this age were observed (Steenhof and Newton, 2007).

Potential Sources of Variation
Anticipating heterogeneity in parameter estimates and minimizing its effects—through
study design and by collecting data on relevant covariates to model existing variation—is
essential for good performance of occupancy models (MacKenzie and others, 2006).
Consequently, we developed a small set of a priori models to explore potential site- and surveyspecific sources of variation in probability of detection, occupancy, and reproduction of golden
eagles. We anticipated spatial heterogeneity in the probability of detection because some of the
sample sites (n = 33) overlapped areas previously surveyed by Hunt and Hunt (2013) and had a
wealth of historical information available on locations of previously used activity centers,
whereas other sites (n = 100) had never been surveyed and had no historical information on
golden eagles. Observers often used historical information as a basis to locate eagles, so we
anticipated that probability of detection may have been greater for sites where such information
was available. To account for this source of heterogeneity in detection, we used a spatial
covariate that allowed detection rates to vary between sample sites with and without historical
information on golden eagles (for example, the covariate was 1 if historical data were available
for a site and 0 otherwise). We also predicted that the amount of forest cover could have a
negative influence on the probability of detection because golden eagles in the study area nested
almost exclusively in trees, which often obscured observations of adults and young during
surveys, especially at sites with more contiguous patches of oak and conifer forest.
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We hypothesized that landscape features including vegetation cover type and terrain
could influence occupancy and reproduction of golden eagles because prey-detection and
hunting success typically are associated with rugged, open landscapes (Marzluff and others,
1997; Carrete and others, 2000; McIntyre and others, 2006). Accordingly, we used the 1996
classification of the National Oceanic and Atmospheric Administration’s Coastal Change
Analysis Program (C-CAP) regional land cover to characterize the distribution of primary
vegetation types in our study area (National Oceanic and Atmospheric Administration, 2010).
The map included 29 categories of land cover (21 of which occurred within the study area) and
was produced for the Pacific coastal region of California using 30-m resolution Landsat
Thematic Mapper and Landsat Enhanced Thematic Mapper satellite imagery. Extensive field
sampling, validation, and standard quality-control review procedures were used in developing
the map (National Oceanic and Atmospheric Administration, 2010). For our analysis, we
combined existing land-cover types into three general categories that we hypothesized would
represent important sources of spatial variation in the study area—open grassland, scrub/shrub
cover, and evergreen and deciduous forest cover. To evaluate how terrain features might
influence landscape occupancy of golden eagles, we used ArcGIS™ (v. 10.1) and a 10-m
resolution digital elevation model (DEM) to estimate mean terrain ruggedness (TRI) for each
sample site in the study area (Riley and others, 1999). Terrain ruggedness was calculated as the
difference between the elevation value of each 10-m cell of the DEM and the mean of the 8-cell
neighborhood surrounding the focal cell. We considered TRI as a measure of terrain
heterogeneity among sample sites, where larger values indicated greater heterogeneity.

Data Analysis
Detection, Occupancy, and Reproduction of Territorial Pairs.—We used singleseason multistate occupancy models (Nichols and others, 2007) in Program MARK (White and
Burnham, 1999) to estimate detectability (p), occupancy (ψ1), and breeding state of golden
eagles (ψ2), where :
ψ1i was the probability that sample site i is occupied by 1 or more territorial pairs of
golden eagles, regardless of reproductive state (state 1);
ψ2i was the conditional probability that young occurred, given that sample site i is
occupied by a territorial pair (state 2);
ψi (breeding) was the unconditional probability that sample site i is occupied with
breeding, regardless of occupancy state (= ψ1𝑖 ∗ ψ2𝑖 );
p1it was the probability that occupancy is detected for site i, survey occasion t, given
that true state = 1;
2
pit was the probability that occupancy is detected for site i, survey occasion t, given
that true state = 2; and
δit was the probability that evidence of successful reproduction is found, given
detection of occupancy at site i on occasion t, and true state = 2.
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Primary assumptions of the multistate occupancy analysis were that (1) occupancy status
of sites (1,385-ha sample hexagons) did not change during the breeding season, and (2) detection
histories among sample sites were independent (Nichols and others, 2007; MacKenzie and
others, 2009). We developed and tested models using a sequential approach to model selection
(appendix A). We began by developing a set of 10 a priori models where detection probabilities
(p) were modeled as constant over occupancy states and survey occasions (that is, breeding
stages), varying between occupancy states but constant over survey occasions, constant between
occupancy states but varying with survey occasion, and varying with occupancy state and survey
occasion. Classification probabilities (δ) were modeled as either constant over survey occasions
or time-dependent. We fixed δ1 = 0 in all models because it was not possible to observe
successful reproduction during the first survey occasion (courtship period; January–February).
During this initial analysis, the two occupancy parameters (ψ1i , ψ2i ) were allowed to vary as a
function of grassland and terrain ruggedness covariates. Our intention was to use the most
general model for ψ1i and ψ2i while identifying the best model structure for detection and
classification parameters. In the second step of the analysis, we fixed detection (p) and
classification (δ) to the best model structure from the previous analysis step and evaluated the
relative influence of spatial covariates on occupancy (ψ1i ) and reproduction (ψ2i ). We compared
all models to an intercept-only model, which represented the null hypothesis that probability of
detection, occupancy, and reproduction probabilities remained spatially constant.
We used a deviance-based goodness-of-fit statistic to compute the quasi-likelihoodadjusted, small-sample Akaike’s Information Criterion (QAICc) for model selection (Burnham
and Anderson, 2002; Nichols and others, 2007). The deviance-based variance inflation factor (𝑐̂ )
estimated for our survey data was 1.60, which indicated minor lack of fit of the most general
model. Lack of fit was not severe, and was anticipated because detections of the same territorial
pairs in adjacent sample sites could lead to a minor lack of independence among detection
histories. The use of 𝑐̂ , therefore, was biologically justified and provided a means to adjust model
selection and variance estimation accordingly (Burnham and Anderson, 2002; Mackenzie and
others, 2006). We ranked a total of 24 candidate models using QAICc; the model with the lowest
QAICc value was selected as providing the best description of the survey data. We evaluated
strength of evidence for each model using ΔQAICc and QAICc weights, and calculated modelaveraged parameter estimates and unconditional variances from top-model sets (Burnham and
Anderson, 2002). We further evaluated the effect of covariates by evaluating 95-percent
confidence intervals (95% CI) of slope coefficients (β), based on the degree to which intervals
overlapped zero.
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Estimation of Total Area Occupied and Number of Territorial Pairs.—We used our
top multistate occupancy model to infer estimates of occupancy and reproduction across the
entire study area. For sample sites that were not surveyed, we estimated unconditional occupancy
and reproduction (that is, the probability that site i is occupied based on covariate values
associated with the site; MacKenzie and others, 2006). For surveyed sites where 1 or more pairs
of golden eagles were seen, the probability of occupancy was set to 1. For surveyed sites where
pairs of golden eagles were not seen, conditional estimates of occupancy were calculated using
the site’s detection history and associated covariate values (Rich and others, 2013). To estimate
the total area occupied by pairs of golden eagles in the study area, we multiplied site-specific
estimates of occupancy by the respective size of each sample site (1,385 ha), and summed these
values across all available sites (n = 373). This procedure was similar to that used to estimate
annual numbers of gray wolf (Canis lupus) territories in Montana (Rich and others, 2013), which
assumed minimal overlap among occupied territories and minimal unoccupied space between
territories. To estimate the total number of territorial pairs, we divided our estimate of the total
area occupied by the estimated mean territory size for golden eagles in the study area (1,385 ha).
We used this estimation procedure because it was repeatable, it accounted for spatial variation in
pair occupancy, and it dealt with uncertainties associated with imperfect detection probabilities.
Confidence intervals for total area occupied and number of territorial pairs were obtained using a
parametric bootstrap procedure in program MARK (White and Burnham, 2001). Here, we
repeatedly simulated encounter histories for each survey site using the estimated sampling
uncertainty associated with parameter estimates in the top multistate occupancy model. We then
calculated total area occupied and number of pairs for each bootstrap iteration, and obtained 95%
confidence intervals for these values from the resulting distribution of simulated estimates.

Results
We searched 133 sample sites over four occasions and recorded 899 detections of golden
eagles—534 (59 percent) adults, 164 (18 percent) subadults, 67 (8 percent) juveniles (first-year
birds), and 134 (15 percent) golden eagles of unknown age-class. We observed 98 territorial
pairs of golden eagles at 87 sample sites (table 1). Based on mapped locations of used nests and
pair activity centers, 77 (88.5 percent) of the 87 sample sites were occupied by one pair of
golden eagles, 9 (10.3 percent) were occupied by two pairs, and 1 (1.1 percent) was occupied by
three pairs (𝑥̅ = 1.13 pairs per sample site). During surveys, we observed an additional 40
territorial pairs of golden eagles with activity centers outside the boundary of the focal survey
site. Thus, we identified a total of 138 territorial pairs of golden eagles, 98 of which were located
in focal sample sites and included in occupancy analyses. No golden eagles were detected in 14
(11 percent) of 133 sites surveyed, and subadults or juveniles, but no adults, were detected at 27
(20 percent) sites.
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Table 1. Survey effort and detections of golden eagles and their young during multistate occupancy
surveys conducted in the Diablo Range, California, 2014.
[Breeding stages were courtship (January 1–February 28), incubation (March 1–April 30), nestling (May 1–June
15), and fledgling (June 16–July 31)]
Survey occasion and
breeding stage

Sites
surveyed

Number of sites
surveyed with 1 or more
golden eagles detected
(percentage)

Number of sites
surveyed with 1 or
more territorial pairs
detected (percentage)

Number of occupied
sites with 1 or more
young produced
(percentage)

1: courtship

111

95 (77.5)

64 (57.7)

2: incubation

123

90 (72.6)

64 (52.0)

2 (1.6)

3: nestling

113

80 (64.0)

39 (34.5)

11 (9.7)

4: fledgling

71

49 (76.6)

20 (28.2)

11 (15.5)

133

119 (89.5)

87 (65.4)

17 (19.5)

All visits combined

Detection and Breeding Classification of Territorial Pairs
Detection histories of sample sites that were surveyed at least once are shown in appendix
B. Model selection results for detection and classification probabilities showed that the
probability of detecting pairs of golden eagles was dependent on time of season (that is, stage of
the reproductive cycle) and site-specific availability of historical data on previously used activity
centers (table 2, fig. 2A). As predicted, availability of historical data during a survey had a
positive effect on detection probability (β� = 0.840, 95% CI = 0.046–1.634). Models where
detection probabilities differed between breeding and nonbreeding occupancy states were not
well-supported (ΔQAICc ≥ 5.5; table 2). We found a weak negative effect of forest cover on the
probability of detecting golden eagles and their young (β� = –0.629, 95% CI = –2.552–1.295), but
the confidence interval of the beta coefficient included zero, and models with this effect received
relatively weak support. The per-visit probability of misclassifying an occupied sample site with
successful reproduction decreased from 0.91 for surveys conducted during the early nestling
period to near 0 for surveys conducted late in the breeding season (fig. 2B).
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Table 2. Ranking of single-season multistate occupancy models used to characterize variation in the
probability of occupancy (ψ1), breeding success (ψ2), detection (p), and breeding classification (δ) for
territorial pairs of golden eagles in the Diablo Range, California, 2014.
[Model: Time effects modeled as constant (.) or varying with survey occasion (t). Spatial covariates included:
sample site availability of historical data (HD), proportion of sample site with grassland, forest, or scrub cover, and
terrain ruggedness (TRI). QAICc = quasi-likelihood Akaike’s Information Criterion for small sample size; ∆QAICc
= difference between the QAICc value of each model and the lowest QAICc model; wi = model QAICc weight]
Model

Number of
parameters

QAICc

ΔQAICc

Weight, wi

14
13
14
17
11
10
15
11
9
8

376.9
379.0
381.1
382.9
383.4
384.4
389.3
390.1
391.6
395.7

0.0
2.1
4.2
5.9
6.5
7.4
12.4
13.1
14.7
18.7

0.63
0.22
0.08
0.03
0.02
0.02
0.00
0.00
0.00
0.00

13
13
13
12
14
13
11
14
10
12
11
12
17
11
11
12
12

371.8
375.8
376.6
376.8
376.9
377.9
380.6
381.1
381.9
382.5
382.5
382.5
382.9
384.1
384.3
384.3
386.2

0.0
4.0
4.8
5.0
5.1
6.1
8.8
9.3
10.1
10.7
10.7
10.7
11.1
12.3
12.5
12.5
14.5

0.66
0.09
0.06
0.05
0.05
0.03
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Probability of detection and classification
ψ1(grassland + TRI) ψ2(grassland2) p(t + HD) δ(t)
ψ1(grassland + TRI) ψ2(grassland2) p(t) δ(t)
ψ1(grassland + TRI) ψ2(grassland2) p(t + forest) δ(t)
ψ1(grassland + TRI) ψ2(grassland2) p1(t) p2(t) δ(t)
ψ1(grassland + TRI) ψ2(grassland2) p1(.) p2(.) δ(t)
ψ1(grassland + TRI) ψ2(grassland2) p(.) δ(t)
ψ1(grassland + TRI) ψ2(grassland2) p1(t) p2(t) δ(.)
ψ1(grassland + TRI) ψ2(grassland2) p(t) δ(.)
ψ1(grassland + TRI) ψ2(grassland2) p1(.) p2(.) δ(.)
ψ1(grassland + TRI) ψ2(grassland2) p(.) δ(.)
Probability of occupancy and reproduction
ψ1(grassland + TRI) ψ2(scrub) p(t + HD) δ(t)
ψ1(grassland + TRI) ψ2(grass) p(t + HD) δ(t)
ψ1(grassland + TRI) ψ2(forest2) p(t + HD) δ(t)
ψ1(grassland + TRI) ψ2(.) p(t + HD) δ(t)
ψ1(grassland + TRI) ψ2(grass2) p(t + HD) δ(t)
ψ1(grassland + TRI) ψ2(forest) p(t + HD) δ(t)
ψ1(grassland) ψ2(.) p(t + HD) δ(t)
ψ1(grassland + TRI) ψ2(grass2) p(t + forest) δ(t)
ψ1(.) ψ2(.) p(t + HD) δ(t)
ψ1(grassland2) ψ2(.) p(t + HD) δ(t)
ψ1(forest) ψ2(.) p(t + HD) δ(t)
ψ1(forest + TRI) ψ2(.) p(t + HD) δ(t)
ψ1(grassland + TRI) ψ2(grass2) p1(t) p2(t) δ(t)
ψ1(TRI) ψ2(.) p(t + HD) δ(t)
ψ1(scrub) ψ2(.) p(t + HD) δ(t)
ψ1(forest2) ψ2(.) p(t + HD) δ(t)
ψ1(scrub + TRI) ψ2(.) p(t + HD) δ(t)
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Figure 2. Graphs showing seasonal change in probability of (A) detecting 1 or more territorial pairs of
golden eagles in the Diablo Range, California, with and without historical data available on locations of
previously used nests and activity centers, and (B) misclassifying a site with successful reproduction as
nonbreeding given the site was occupied in 2014. Vertical bar shows 95% confidence interval.

Probability of Occupancy and Successful Reproduction
We detected at least one pair of golden eagles in 87 of the 133 sites surveyed, yielding a
naïve occupancy probability (that is, uncorrected for imperfect detection) of ψ
�1 = 0.65. The
1
model-averaged probability that a sample site was occupied by a territorial pair,ψ
� , was 0.67
(95% CI = 0.53–0.78), which was only slightly larger than the naïve estimate owing to the
overall high probability of detecting territorial pairs that were present. Nesting (incubating eagle
or young present) at was evident at 20 sample sites; 5 pairs fledged 2 young each, 12 pairs
fledged 1 young each, and 3 pairs failed in their nesting attempt during the incubation stage for
unknown reasons (mean number of fledglings per successful nest = 1.1, standard error [SE] =
0.14). Successful reproduction (nestlings or fledglings present) was detected at 17 of the 87
occupied sites, yielding a naïve probability of successful reproduction at an occupied site of 𝜓� 2 ≈
0.20. The model-averaged probability that successful reproduction occurred in an occupied
2
site,ψ
� , was 0.30 (95% CI = 0.12–0.57). The model-averaged, unconditional probability that a
given sample unit was occupied with successful breeding, ψ
� (breeding) , was 0.20 (95% CI = 0.08–
0.42), whereas the naïve estimate of the proportion of sites surveyed with successful
reproduction was ψ
� 1*2 = 0.13. Thus, the occurrence of territorial pairs that successfully produced
young was underestimated by about one-third when the uncorrected, naïve estimate was used for
inference.
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Models that incorporated the influence of spatial covariates on probability of occupancy
and reproduction greatly outperformed models without these effects (table 2). Our overall top
model included the additive and positive effects of grassland cover and mean terrain ruggedness
on probability of occupancy (fig. 3). We also found support for a negative effect of scrub/shrub
cover on the probability of successful reproduction (β = –9.83, 95% CI = –19.67–0.02), but the
precision of this relationship was poor, likely owing in part to the low number of sites with
breeding (n = 17). Models that considered quadratic effects of vegetation cover on occupancy
parameters were not competitive relative to models without these effects (ΔQAICc >5.0).

Figure 3. Graphs showing probabilities of occupancy (ψ1) and successful reproduction (ψ2) of territorial
pairs of golden eagles as a function of vegetation cover and terrain ruggedness in the Diablo Range,
California, 2014. Solid black lines represent predicted values estimated under the top multistate occupancy
model (ΔQAICc = 0.00; table 2); dotted lines represent 95% confidence intervals.
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Total Area Occupied and Number of Territorial Pairs
Using our best-fitting multistate occupancy model and the approach outlined by Rich and
others (2013), we estimated that 388,217 ha (68.9 percent) of the 516,844-ha study area was
occupied by territorial pairs of golden eagles in 2014. Thus, assuming an average territory size of
1,385 ha, the estimated total number of territorial pairs of golden eagles in the entire study area
was 280 (bootstrap SE = 12.2, 95% CI = 256–305 pairs of eagles).

Discussion
Three general findings characterized our investigation of detectability, occupancy, and
reproduction of territorial pairs of golden eagles in the Diablo Range in 2014. First, the
probability of detecting breeding golden eagles and their young during surveys was less than 1
and varied with time of the breeding season, as did the probability of correctly classifying a
pair’s breeding status. These two sources of uncertainty—imperfect detection and
classification—led to a notable difference between the naïve estimate of the proportion of sites
with successful reproduction (0.13) and our model-based estimate (0.20). Second, our multistate
occupancy analysis provided strong support for non-random spatial distribution in occurrence
and breeding success of territorial pairs of golden eagles in the broader landscapes surrounding
APWRA. Spatial variation in these parameters was best explained by broad-scale differences
among survey sites in primary vegetation types and terrain conditions. Third, the relatively high
probability of landscape occupancy (0.67) and number of territorial pairs we estimated to occur
in the Diablo Range study area (about 280) supported the perception that the high density of
breeding golden eagles observed near APWRA by Hunt and Hunt (2006, 2013) extends into
much of the broader surrounding region of the Diablo Range.
Our results emphasize the importance of accounting for imperfect detection and spatial
heterogeneity in broad-scale investigations of occupancy and reproduction of golden eagles. The
analysis presented here was limited in that it was based on a single breeding season. Moreover,
this study was conducted during a period of extreme drought conditions in central California,
which could have influenced behavior and reproduction of golden eagles (Steenhof and others,
1997; McIntyre and Schmidt, 2012). Additional years of survey data are required to investigate
spatial dynamics of occupancy and reproduction, to evaluate predictive performance of models,
and to capture a broader range of environmental conditions affecting golden eagles in the region.
Despite these limitations, our sampling design was highly effective in estimating and detecting
variation in landscape occupancy and breeding success of golden eagles while accounting for
variable and imperfect detection of adults and their young during surveys. The multistate
occupancy study design offers a promising technique for monitoring the spatial distribution of
occupancy and reproduction of golden eagles at broad spatial scales when alternative methods
may be limited by logistics, accessibility, or budget constraints.
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Detectability of Golden Eagles and Their Young
The probability of detecting 1 or more territorial pairs of golden eagles during groundbased surveys of an occupied sample site (mean = 0.80 over four survey occasions) was
comparable to that estimated for golden eagles during aerial surveys of cliff nests (0.68; Booms
and others, 2010) and during a combination of aerial- and ground-based surveys (about 0.90;
Martin and others, 2009). Golden eagles are large, conspicuous birds with highly visible
territorial displays, but our finding that detection probability during a single survey was less than
1, regardless of breeding state, indicates that multiple surveys are required to reliably detect pairs
of golden eagles that are present. In our study, detection probability was greatest during the early
stages of breeding, when pairs were most heavily engaged in courtship behaviors and territorial
displays that made them readily observable. Detection probability also increased when observers
used historical data on previously used nest locations or activity centers to locate eagles during
surveys. Golden eagles often re-use alternate nest structures within their territories (Kochert and
others, 2012), so the ability to integrate historical data into our survey protocol and analysis of
detection rates was a major advantage of our approach. Despite our predictions, we found only
weak evidence that detection probability was negatively influenced by the amount of forest cover
in a survey site. Our measure of forest cover, however, was coarse in that it did not account for
finer-scale attributes of forest patches that could have influenced visibility of golden eagles and
their young (for example, tree species, tree height, or canopy cover). Given the difficulties we
experienced observing golden eagles and their young in heavily forested parts of the study area,
we suspect that detection rates are more strongly influenced by forest conditions than what was
supported by our analysis. Future analyses could examine this hypothesis by incorporating more
detailed spatial covariates in modelling detection in forested areas.
The importance of accounting for imperfect detection of nests and young during groundbased surveys of golden eagles was highlighted by our analysis. Successful breeding by
territorial pairs was correctly identified only about one-half the time when the naïve, uncorrected
survey data were used. Correct classification probabilities at sample sites where young were
produced were very low during surveys conducted during early stages of nestling development
(0.09–0.53), but increased to near 1.0 later in the breeding season as young eagles began to
fledge from their tree nests and became more visible to observers. These sources of uncertainty
encountered during surveys led to a considerable difference between naïve (0.13) and modelbased (0.24) estimates of the proportion of sites with successful reproduction. Our analysis was
limited in that it was based on a single survey season with a low number of sites with successful
breeding detected (n = 17). Nonetheless, these findings clearly illustrate the importance of
appropriately accounting for uncertainty in detection and breeding classification of golden
eagles. Given recent studies showing imperfect detection of cliff-nesting golden eagles
inhabiting much more open landscapes than our study area (Booms and others, 2010), we
suggest that estimation approaches such as those we used here be considered for future
demographic analyses of golden eagles.
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Spatial Pattern of Occupancy and Breeding Success
Golden eagles were nonrandomly distributed in the study area, with occupancy being
greatest in sample sites with relatively rugged terrain and greater amounts of open grassland
habitats. Our analysis indicated a relatively high probability of landscape occupancy by pairs of
golden eagles (0.67), but that areas with the greatest predicted occupancy potential (>0.6) were
patchily distributed. By projecting our occupancy model across the study area (fig. 4), we
illustrated that the spatial pattern of pair occupancy and successful breeding was not uniform.
Several studies have identified relationships between terrain conditions and foraging areas of
golden eagles, and our results were consistent with these findings in that occupancy was
positively associated with terrain ruggedness. Topography is an important component of the
landscape that may interact with wind conditions and vegetation to influence how golden eagles
use space (McLeod and others, 2002; Katzner and others, 2012). The coarse-scale spatial
covariates we used to represent vegetation cover and terrain features likely missed many of the
fine-scale features that influence occupancy and breeding success of golden eagles (for example,
prey abundance), but the strong support for these effects in our analysis showed clear
associations between landscape structure, distribution of territorial pairs, and reproductive
success. This finding has important implications for conservation prioritization for golden eagles,
as it highlights a potential linkage between landscape composition and population vital rates—a
connection relevant to understanding fitness consequences of changes in site quality, source-sink
dynamics, and other aspects of metapopulation dynamics (Pulliam, 1988; Runge and others,
2006). We emphasize that dynamic occupancy models that incorporate multiple years of data and
focus on characterizing how rates of local colonization and extinction vary spatially and over
time hold the best promise for understanding and predicting such connections (Yackulic and
others, 2015).
Perhaps owing to the extreme drought conditions in central California in 2014, few
territorial pairs were documented nesting in the study area, and even fewer successfully produced
young. Our naïve estimate of the probability of successful breeding at an occupied survey site
(0.20) was lower than that estimated from six previous annual reproduction surveys of golden
eagles completed within 30 km of APWRA (range = 0.33–0.65; Hunt and Hunt, 2013).
Predictions from our best-supported multistate occupancy model indicated a negative, albeit
imprecise, association between proportion of scrubland vegetation cover at a site and breeding
success. Large patches of scrubland, which dominated sites in the central part of the study area,
included chaparral shrubs 2–5 m tall, tree shrubs, young trees in early successional state, and
trees stunted from environmental conditions (National Oceanic and Atmospheric Administration,
2013). We posit that these conditions limit prey availability and foraging opportunities for
golden eagles. It is also possible that prey abundance was reduced in these areas because of the
severe drought conditions in 2014. In many areas, for example, golden eagles nest more often
and produce more fledglings when their primary prey is abundant and weather conditions are
favorable (Steenhof and others, 1997; Kochert and others, 2002; McIntyre and Schmidt, 2012).
Our analysis was based on a single breeding season, and we used simplistic land-cover
categories to demonstrate the ecological applications of our sampling method and estimation
techniques. A more detailed analysis would include additional years of data and the refinement
of spatial and climatic covariates.
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Figure 4. Maps showing estimated spatial pattern of (A) occupancy (ψ1), and (B) occupancy with
successful reproduction (ψ(breeding)) for territorial pairs of golden eagles in the Diablo Range study area,
California, 2014. We estimated predicted values under the top multistate occupancy model (ΔQAICc =
0.00; table 2). Altamont Pass Wind Resource Area also is shown (black polygon).

Estimated Abundance of Territorial Pairs
We documented a total of 138 territorial pairs of golden eagles during surveys completed
in the 2014 breeding season, which represented about one-half of the estimated 280 pairs in the
study area. The method we used to estimate the number of territorial pairs of golden eagles from
occupancy data was based on three key assumptions that warrant careful consideration. The first
assumption was that our estimate of mean territory size (1,385 ha) was accurate. That estimate
was based on the mean size of the core-use area estimated from adult golden eagles radiomarked in the study and on the sizes of previously studied, contiguous territories. The mean
number of territorial pairs observed per 1,385-ha sample site (1.1 pairs) also did not deviate
substantially from 1, which gave us further confidence that our sampling scale was appropriate
for the study population. We found 1 or more pairs of eagles in 9 of 133 surveyed sites, however,
and our estimate of total number of pairs did not account for 1 or more pairs per site. As a
consequence, our estimate of the total number of pairs in the study area should be viewed as
conservative. The second assumption was that there was minimal overlap among territories of
adjacent pairs of golden eagles. We do not believe there was a major violation of this assumption
because the relatively high density of breeding pairs in the study area likely resulted in minimal
overlap among territorial boundaries. The third assumption was that unoccupied space between
territories was minimal. Some spatial separation among territory boundaries was likely,
particularly in parts of the study area with lower probability of occupancy (fig. 4). By not
accounting for inter-territory buffer space within unoccupied habitats, the estimate of the number
of pairs would have been positively biased. A possible approach to correct estimates of
abundance for inter-territory space would be to allow territory size to vary spatially in
accordance with site-specific conditions.
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Applications for Monitoring and Conservation
The development of wind-power and solar facilities is expected to increase dramatically
in habitats occupied by golden eagles the Western United States. A key objective of conservation
plans for golden eagles exposed to renewable energy development includes monitoring
population trends so that regulatory officials can determine the appropriate number of permits to
issue for take requests by renewable energy projects while maintaining the goal of a stable or
increasing breeding population (U.S. Fish and Wildlife Service, 2013). The monitoring of
changes in vital rates of a wide-ranging, long-lived species such as the golden eagle, however, is
strongly limited by the cost and logistical challenges associated with implementing traditional
sampling methods and mark-recapture studies at broad spatial scales. Our findings suggest that
estimation of breeding state and associated detection probabilities, as defined by Nichols and
others (2007) and MacKenzie and others (2009), may be an especially effective tool for
identifying and monitoring spatial patterns of occupancy and reproduction of golden eagles
exposed to renewable energy development. Under this framework, failure to detect young at a
site does not necessarily indicate absence of successful reproduction, but instead admits the
uncertainty associated with classifying the breeding state of a site. In our study, undetected nests
and young during surveys led to a negative bias in determining breeding success at sites
occupied by territorial pairs. The magnitude of this bias further suggested that estimates of
fecundity and population trends derived from data collected during remote surveys of golden
eagles also would be biased low. We base this conclusion on well-established sampling theory
and repeatable modeling techniques that provide population estimates accompanied by measures
of uncertainty. We have carefully described our sampling design, and the underlying
assumptions of our models used to estimate occupancy, reproduction, and the number of
territorial pairs occupying a given area, such that these assumptions can be critically evaluated
by future work. Accordingly, we encourage the development of multi-season occupancy models
that directly account for imperfect detection of breeding and nonbreeding golden eagles in
estimates of occupancy and nesting success. Indeed, this adaptable approach promises a clearer
understanding of the dynamic spatial mechanisms influencing populations of golden eagles (also
see Martin and others, 2009).
Conservation policy often is aimed at managing landscape change, either through
restoration, mitigation, or protection. Identifying linkages between landscapes, climate, and
population vital rates, therefore, is a critical step in the development of effective conservation
policy aimed at managing species sensitive to changes in human land use and climate (Lawler
and others, 2008; Hole and others, 2011). This study provides quantitative information on spatial
patterns of occupancy and reproduction of golden eagles near a large wind-energy facility during
a period of extreme drought. Additional years of survey data are required to confirm good
performance of the sampling design and to capture a broader range of environmental conditions
that may influence breeding success of golden eagles in the region. We also note that the analysis
presented here was focused on detections of territorial pairs of golden eagles, but that our
surveys included all golden eagles (that is, juveniles, subadults, breeding and nonbreeding
adults). Surveys focused solely on the territorial segment of golden eagle populations do not
account for nonbreeding, floater individuals of a golden eagle population that can quickly replace
breeder mortality and complicate estimates of population trends (Hunt, 2002; Hunt and Hunt,
2006. Future research could evaluate the estimation methods we present here in identifying
spatial patterns of occurrence of the nonbreeding segment of golden eagle populations.
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Appendix A. A priori Models Used to Characterize Variation in Detection,
Occupancy, and Successful Reproduction of Golden Eagles in the Diablo
Range, California, 2014
[Model: Time effects modeled as constant (.) or varying with survey occasion (t). Spatial covariates included
sample site availability of historical data (HD); and proportion of sample site with grassland, forest, or scrub cover,
and terrain ruggedness (TRI). We used the most general covariate structure for ψ1 and ψ2 when modeling
probabilities of detection and classification]
Model

Description of model structure

Probability of detection (p1, p2) and breeding classification (δ)
1

ψ1(grassland + TRI) ψ2(grassland2)

Detection varies by occupancy state and occasion,
classification varies with occasion

2

ψ1(grassland + TRI) ψ2(grassland2)

Detection varies by occupancy state but not occasion,
classification varies with occasion

p1(t) p2(t) δ(t) - General model
p1(.) p2(.) δ(t)

1

3

ψ (grassland + TRI) ψ2(grassland2) p(t)

Detection constant between states but varies with occasion,
classification varies with occasion

4

ψ1(grassland + TRI) ψ2(grassland2) p(.)

Detection is constant between states and over occasions,
classification varies with occasion

5

ψ1(grassland + TRI) ψ2(grassland2)

Detection varies by occupancy state and survey occasion,
classification is constant

6

ψ1(grassland + TRI) ψ2(grassland2)

Detection varies by occupancy state but not occasion,
classification is constant

δ(t)
δ(t)

p1(t) p2(t) δ(.)
p1(.) p2(.) δ(.)

1

7

ψ (grassland + TRI) ψ2(grassland2) p(t)

Detection constant between states but varies with occasion,
classification is constant

8

ψ1(grassland + TRI) ψ2(grassland2) p(.)

Detection is constant between states and over survey
occasion, classifications is constant

9

ψ1(grassland + TRI) ψ2(grassland2)

Detection probability is dependent on availability of preexisting historical data on eagle locations

10

ψ1(grassland + TRI) ψ2(grassland2)

Detection probability is dependent on forest cover

δ(.)

δ(.) - Null model

p(best structure from 1—8 + HD) δ(best
structure from 1—8)
p(best structure from 1—8 + forest)
δ(best structure from 1—8)
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Description of model structure

Model
Probability of occupancy (ψ1) and breeding success (ψ2)
11

ψ1(forest) ψ2 p(best structure from 1—10)
δ(best structure from 1—10)

Occupancy is dependent on amount of forest

12

ψ1(forest2) ψ2 p(best structure from 1—10)
δ(best structure from 1—10)

Nonlinear, quadratic effect of amount of forest on occupancy

13

ψ1(grassland) ψ2 p(best structure from 1—
10) δ(best structure from 1—10)

Occupancy is dependent on amount of grassland

14

ψ1(grassland2) ψ2 p(best structure from 1—
10) δ(best structure from 1—10)

Nonlinear, quadratic effect of amount of grassland on
occupancy

15

ψ1(scrub) ψ2 p(best structure from 1—10)
δ(best structure from 1—10)

Occupancy is dependent on amount of scrub/shrub cover

16

ψ1(TRI) ψ2 p(best structure from 1—10)
δ(best structure from 1—10)

Occupancy is dependent on terrain ruggedness (TRI)

17

ψ1(forest + TRI) ψ2 p(best structure from 1
- 10) δ(best structure from 1—10)

Additive effects of forest and TRI on occupancy

18

ψ1(grassland + TRI) ψ2 p(best structure
from 1—10) δ(best structure from 1—
10)

Additive effects of grassland and TRI on occupancy

19

ψ1(scrub + TRI) ψ2 p(best structure from
1—10) δ(best structure from 1—10)

Additive effects of scrub/shrub cover and TRI on occupancy

20

ψ1(best structure from 11—19) ψ2(forest)
p(best structure from 1—10) δ(best
structure from 1—10)

Reproduction is dependent on amount of forest
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ψ1(best structure from 11—19) ψ2(forest2)
p(best structure from 1—10) δ(best
structure from 1 - 10)

Nonlinear, quadratic effect of amount of forest on
reproduction

22

ψ1(best structure from 11—19)
ψ2(grassland) p(best structure from 1—
10) δ(best structure from 1—10)

Reproduction is dependent on amount of grassland

23

ψ1(best structure from 11—19)
ψ2(grassland2) p(best structure from 1—
10) δ(best structure from 1—10)

Nonlinear, quadratic effect of amount of grassland on
reproduction

24

ψ1(best structure from 11—19) ψ2(scrub)
p(best structure from 1—10) δ(best
structure from 1—10)

Reproduction is dependent on amount of scrub/shrub cover

.
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Appendix B. Multistate Occupancy Detection Histories of 133 Sample Sites
Searched Repeatedly for Evidence of Occupancy and Successful
Reproduction by Territorial Pairs of Golden Eagles in the Diablo Range,
California, 2014
Detection histories (formatted for program MARK) show whether a particular site was
classified as unknown occupancy status (0), occupied by a territorial pair (1), or occupied by a
territorial pair with young present (2) on each survey occasion. A “.” denotes a missing
observation (see details in Nichols and others, 2007).
1.1. 1;
100. 1;
.1.0 1;
1110 1;
1002 1;
1010 1;
1.11 1;
111. 1;
.10. 1;
1110 1;
111. 1;
000. 1;
1111 1;
112. 1;
00.0 1;
110. 1;
1111 1;
.00. 1;
000. 1;
1111 1;
1010 1;
1100 1;
000. 1;
000. 1;
000. 1;
1110 1;
.110 1;
1101 1;
.111 1;
1111 1;
000. 1;
110. 1;
000. 1;
1.0. 1;

.00. 1;
00.0 1;
1000 1;
1.10 1;
00.0 1;
.100 1;
.000 1;
100. 1;
11.1 1;
100. 1;
1101 1;
110. 1;
1100 1;
0110 1;
1120 1;
.0.0 1;
00.. 1;
00.0 1;
.0.0 1;
1111 1;
1100 1;
010. 1;
000. 1;
01.0 1;
011. 1;
1012 1;
1111 1;
0110 1;
..11 1;
1101 1;
..00 1;
.010 1;
10.. 1;
000. 1;

11.. 1;
.112 1;
0111 1;
1101 1;
1111 1;
112. 1;
1112 1;
.110 1;
.0.. 1;
1001 1;
.000 1;
1112 1;
1000 1;
0101 1;
.12. 1;
1122 1;
1110 1;
1101 1;
1110 1;
.1.1 1;
00.0 1;
01.0 1;
1.22 1;
122. 1;
00.0 1;
0..0 1;
000. 1;
012. 1;
000. 1;
000. 1;
1..2 1;
110. 1;
100. 1;
000. 1;
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0.0. 1;
111. 1;
110. 1;
111. 1;
111. 1;
112. 1;
0000 1;
000. 1;
1110 1;
110. 1;
1022 1;
1222 1;
000. 1;
000. 1;
000. 1;
0112 1;
000. 1;
0000 1;
000. 1;
11.. 1;
1100 1;
000. 1;
.110 1;
000. 1;
000. 1;
000. 1;
000. 1;
.00. 1;
000. 1;
.00. 1;
011. 1;
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