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Abstract

1. Estimates of species abundance are of key importance in population and ecosys-

tem level research but can be hard to obtain. Study designs using camera traps are

increasingly being used for large-scalemonitoring of species that are elusive and/or

occur naturally at low densities.

2. Golden eagle (Aquila chrysaetos) is one such species, and we investigate whether

existing large-scale monitoring programs using baited camera traps can be used

to estimate the abundance of golden eagles, as an alternative to traditional

labour-intensive searches for active territories and nest sites during the breeding

period.

3. The camera-trap data allowed two measures of abundance to be estimated within

each of four main study areas in mid and northern Norway; occupancy was mea-

sured as the probability of camera site use, and population size was measured as

the number of individuals using camera siteswithin a study area. Spatial and tempo-

ral patterns in occupancy and population size were explored and evaluated against

independent estimates of breeding pair density in the study areas.

4. Annual estimates of golden eagle occupancy showed low precision, while estimates

of population size were more precise in relation to both estimated and anticipated

abundance fluctuations. Estimates of population size may therefore be suitable for

monitoring within-study area temporal abundance trends, while estimates of occu-

pancy seem unsuitable for such for golden eagles. Across study areas, patterns in

both average occupancy and average population density estimated from popula-

tion size were consistent with the spatial pattern in average breeding pair densities

(r = 0.99, and r = 0.89, respectively). This suggests that camera-trap-based esti-

mates of occupancy and population density, both reflect territory density at large

spatial scales. In conclusion, our results suggest that baited camera traps can be a

cost-effective strategy for monitoring the abundance of golden eagles.
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1 INTRODUCTION

Estimates of species occurrence and abundance are of key importance

in nature management (e.g. Nichols, 2014) and appropriate sampling

designs and statistical analyses are needed to provide unbiased and

robust estimates (Murray & Sandercock, 2020; Royle &Dorazio, 2008;

Yoccoz et al., 2001). Species that have large home ranges, cryptic

behaviour and/or large floater populations provide an extra challenge

in terms of study design, logistics and finances. Investigating the use of

data frommultiple existingmonitoring programs is therefore appealing

as it may enable improved estimation at a low cost (Rich et al., 2017;

Steenweg et al., 2017).

Automated monitoring stations are increasingly used in sampling

designs requiring large temporal and spatial scales (Burton et al., 2015;

Henden et al., 2014; Jachowski et al., 2015; Weingarth et al., 2015).

Automated monitoring stations reduce human presence to a minimum

and may therefore reduce biases associated with invasive count sam-

pling and observer effects (e.g. Caravaggi et al., 2017). An increasing

number of analytical methods are available for analysing data obtained

from such automated sampling designs, including methods account-

ing for non-perfect detection in unmarked populations (e.g. see review

in Bailey et al., 2014) and mark capture–recapture models that take

unique natural markings of individuals into account (e.g. Denes et al.,

2015; Hostetter et al., 2019; Karanth et al., 2004; McClintock, 2015;

Méndez et al., 2019).

Golden eagles (Aquila chrysaetos) have a wide distribution in the

northern hemisphere, but are typically found at low breeding popula-

tion densities and are cryptic for large periods of the year and inhabit

areas that are often difficult to access (Katzner et al., 2020; Nygård

et al., 2016; Watson, 2010). Both migratory and non-migratory popu-

lations have been documented (Katzner et al., 2020), home rangesmay

vary seasonally and in their first years of life individuals join a floater

populationwith extendedgeographic spaceuse (e.g. Brownet al., 2017;

McIntyre et al., 2008; Nygård et al., 2016; Poessel et al., 2016). Moni-

toring programs typically focus on the density and productivity of the

breeding population, through monitoring of territories and nest sites

(e.g. Derlink et al., 2018; Gjershaug et al., 2018; Jachowski et al., 2015;

Katzner et al., 2020; Mabille et al., 2015; Tovmo et al., 2020; Tveraa

et al., 2014;Watson, 2010).Diet varieswidely both temporally and spa-

tially in relation to availability, and golden eagles are both predators

and carrion consumers (Katzner et al., 2020; Mattisson et al., 2017;

Watson, 2010). They are frequent visitors to baits during the winter

months, and this suggests that baited camera traps may be an efficient

approach to monitoring their abundance (Hamel et al., 2013; Hen-

den et al., 2014; Jachowski et al., 2015). Furthermore, considerable

plumage variation exists between individuals (e.g. Ellis, 1979; Orrhult,

2017), but whether it can be used to estimate variation in the abun-

dance of golden eagles using camera traps has received little attention

(e.g. Vukovich et al., 2015; Vukovich et al., 2021).

We used data from two existing large-scale multi-annual camera

monitoring programs in Norway (Henden et al., 2014; Killengreen

et al., 2012; Rød-Eriksen, 2020) to investigate whether automated

camera monitoring at baits can be used to estimate spatio-temporal

variation in the abundance of golden eagles. We used occupancy mod-

elling (MacKenzie et al., 2017; Royle & Dorazio, 2008) to estimate

camera site probability of occupancy during the sampling period. In

addition, we used mark-recapture analysis (McClintock, 2015) to esti-

mate golden eagle population sizes in the study areas covered by the

camera-trapmonitoring programs, using the natural asymmetrical pat-

terns in eagle plumage as individualmarkers.We compared the pattern

of between-year variation in these two measures of abundance (occu-

pancy and population size) and investigated their relationship with

independent estimates of the density of territories in the study areas

based on the national monitoring scheme for breeding golden eagles in

Norway (e.g. Tovmo et al., 2020).

2 MATERIALS AND METHODS

2.1 Monitoring data

The data used were obtained from two regional research projects tar-

geted towards the conservation of the nationally endangered arctic

fox (Vulpes lagopus) (COAT, 2021; Rød-Eriksen, 2020). Both projects

use baited camera traps (RECONYX©) during late winter with the

primary goal to monitor arctic fox abundances as well as other

potentially competitive species in the scavenger community, includ-

ing golden eagles. Data from the COAT monitoring program originate

from the north-eastern part of Finnmark County (70◦N and 26–30◦E)

in the low arctic tundra bioclimatic zone, and mountain plateaus typ-

ically < 400 m a.s.l. (Killengreen et al., 2007; Figure 1). Data from

the second monitoring program originate from three areas in mid-

Norway (Rød-Eriksen, 2020), Dovrefjell (62◦22′N and 9◦03′E) and
Sylan-Forollhogna (63◦00′N and 12◦09′E) in the low alpine bioclimatic

zone, and Børgefjell (65◦15′ and 13◦46′) in the north boreal to low

alpine bioclimatic zone andwith peaks between 1000 and 1900m a.s.l.

2.2 Study design

In each study area, between seven and 25 camera traps were deployed

each year with placements designed to cover the gradient from the

boreal to the tundra biome (Table 1). Polygonsmade by the convex hull

connecting theouter camera trapswithin each studyarea covered from
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F IGURE 1 Map of the location of cameras used to estimate occupancy and population size of golden eagles. Coloured polygons indicate the
outermost buffer line used to estimate territory density and crosses indicate camera placement

970 to 3200 km2 (Table 1). Each camera trap consisted of a camera

(RECONYX HyperFire Professional P800 IR) positioned half a meter

above ground and 5 m from a 15–20 kg frozen reindeer offal block.

Blocks were replaced non-systematically between two and four times

during each survey period depending on the site. Pictures of the offal

blocks were taken at 10-min intervals. Poor quality images occurred

due to adverse weather or snow covering the lens and only days with

aminimum of 50 good quality pictures were included in analyses.

In Finnmark, we used data from the inception of the monitoring

design in 2005(e.g. Killengreen et al., 2012 for a full description of

monitoring design) until 2015. Preliminary investigation revealed that

there was too little variation to investigate occupancy, abundance and

eagle territory density at finer spatial scales within the Finnmark study

area. In mid-Norway, cameras have been programmed to take images

at predetermined time intervals since 2011 at Dovrefjell, Børgefjell

and Sylan-Forollhogna. At Dovrefjell, monitoring was terminated in

2013. At Børgefjell and Sylan-Forollhogna, we used data from 2011

to 2014.

Territory holders of golden eagles in Scandinavia show both year-

round attendance and migratory movements outside the breeding

season (Moss et al., 2014; Stien et al. unpub. data; Tikkanen et al.,

2018). In all study areas, the camera trapswere operational in latewin-

ter to spring (February–early June; Table 1). The studydesign therefore

covers thebreeding season, as territorydefence, display andnestbuild-

ing commence in February, and the data are therefore likely to include

individuals holding active territories nearby.
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2.3 Occupancy estimation

We aggregated the information on the camera images to simple

detection/non-detection (1/0) of at least one golden eagle for each day

and camera trap before occupancy analyses. We analysed the daily

data on golden eagle presence/absence at each camera trap using the

single season closedoccupancymodel byMacKenzie et al. (2002), using

zero-inflated binomial models (MacKenzie, 2006; Royle & Dorazio,

2008), and fitted using the R package unmarked (Fiske & Chandler,

2011; R Core Team, 2020). Occupancy models estimate occupancy as

the probability of occurrence (ɯ) adjusted by an estimated probability

of detection (þ) (Royle &Dorazio, 2008).

Probability of detection was modelled as a function of pres-

ence/absence of bait (0/1), presence/absence of a golden eagle at the

camera trap the previous day (0/1), and year fitted as a factor. Occu-

pancy was modelled as a function of year fitted as a factor. Data from

the four study areas were analysed separately. To obtain estimates of

the overall average occupancy within an area, that is, pooled year esti-

mates, we used only the two predictor variables presence of bait and

eagle the previous day in themodel for the probability of detection, and

the intercept alone tomodel occupancy.

2.4 Abundance estimation and density of
individuals

Golden eagles moult annually and have both age-specific and within-

age individual variation in their plumage (Watson, 2010). Moult is

incomplete, bilaterally asymmetrical and can occur between March

and November, so that within a season individual specific plumage

patterns can often be reliably recognized when individuals are seen

repeatedly (Ellis, 1979; Tjernberg, 1977). Moult patterns can also be

used to give a coarse indication of age. We identified age based on

keys in Orrhult (2017) and Leksands Fågelklubb (2021) and used the

estimates of age to evaluate whether individuals were likely to be ter-

ritorial or non-territorial. Golden eagles are long-lived and typically

do not hold a territory before they are 4 years old or more (Wat-

son, 2010). In the present study, we chose to include individuals 3

years old (4th winter plumage) or more. This was done because there

is substantial uncertainty in the ageing of eagles close to 4 years old

due to high variation in their plumage characteristics (e.g. Orrhult,

2017). We have no knowledge of the age and turnover rates of ter-

ritorial individuals locally in the study areas, and individuals less than

4 years old have been recorded as territory holders in some study

systems (Haworth et al., 2006; Sánchez-Zapata et al., 2000; Steen-

hof et al., 1983), suggesting that our youngest age class may also

include territory holders. By including individuals aged as 4th winter

plumage we included two individuals at baits in Finnmark, six indi-

viduals in Børgefjell and seven individuals in Dovrefjell. Whether we

included or excluded individuals with 4th winter plumage when esti-

mating population sizes did not affect the general conclusions of the

study.
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We identified eagles to individual level from individual plumage

characteristics observed on the left- or right-hand side only, or from

both sides. The latter was possible for ringed individuals and consecu-

tive images indicating the same individual had turned round. Incorrect

identification of naturally marked individuals is a potential bias in cam-

era identified individuals (Johansson et al., 2020). To reduce the chance

of incorrect identification, images were classified in two rounds with

several months between rounds. During each round, images were first

labelled in chronological order and thereafter in random order within

known sites. Where individual identification differed between view-

ings, the images were reviewed. In some cases, identity could not be

identified due to poor picture quality or poor visibility of crucial feath-

ers. In addition, false identification at multiple sites was reduced by

ensuring images related to the same individual did not occur atmultiple

cameras too close in time, assuming the average flight speed for golden

eagles to be 18 m/s (Lanzone et al., 2012). In the analyses, we did not

include individuals with plumage indicating that they were 2 years old

or less (first to third winter plumage). These individuals are unlikely to

hold a territory (Watson, 2010) and lacked individual defining feather

plumage.

Estimation of population size was undertaken using the library mul-

timark (McClintock, 2015) in R (R Core Team, 2020). Although natural

marks may be unique to an individual, they may be bilaterally asym-

metrical. Multimark facilitates the joint analysis of only partly known

(type 1 – known left hand side encounter Ŷ1, type 2 – known right hand

side encounter Ŷ2) and known encounter histories (Ŷknown – type 3

encounter), while accounting for uncertainty in the number of unique

individuals encountered. Latent encounter histories (Y) generate the

observed encounter histories (Ŷ1, Ŷ2, Ŷknown) and the analysis esti-

mates the set of latent encounter histories that are feasible given the

observed encounter histories so that capture–recapturemodels canbe

fitted (McClintock et al., 2013). Models were fitted separately to data

from Finnmark (2011–2015), Børgefjell (2011–2014) and Dovrefjell

(2011–2013) for each year as moult histories from 1 year to the next

are unknown. As in McClintock et al. (2013), observations that could

not be assigned identity were excluded from the analysis. In total there

were n = 29 encounter his from Finnmark (23 seen more than once),

n= 16 for Børgefjell (9 seen more than once) and n= 30 for Dovrefjell

(23 seenmore than once). Therewere too little data to allow themodel

to be fitted to the data from Sylan-Forollhogna, that is, in 2011, there

was only one eagle detected and no recaptures; in 2012, there were

two eagles detected and no recaptures; in 2013, there were three indi-

viduals and no recaptures; and in 2014, there were three individuals

and only one of these with one recapture.

Individual daily encounter histories were coded using: 0 = no

encounter, 1= left-hand side encounter, 2= right-hand side encounter

and 3 = known non-simultaneous left and right-hand side encounter

histories. Preliminary exploration of the data indicated that models

couldonly be fittedwith an intercept to estimate abundance anddetec-

tion probabilities. Models were fitted using 50,000 MCMC iterations

with burn in of 25,000 iterations. Conditional probabilities for left- and

right-hand encounters were allowed to vary. Model diagnostics that

assessed chain convergence and effective sample size were obtained

using the R package coda. Model selection was carried out by inspect-

ing the estimates and their 95% credibility intervals. Eagle density was

estimated by dividing the estimated population sizewithin a study area

by an estimate of the study area and scaled to give an estimate of the

density of eagles per 1000 km2. The area that the camera traps cov-

ered was defined using a convex hull (R package rgeos) covering the

geographical coordinates of the camera traps and is hereafter referred

to as the camera site area with buffer= 0 km (Figure S1 and Table S1).

2.5 Territory density estimation

Thebaitmonitoring period (February–mid June) overlapped thebreed-

ing period for golden eagles which is February–end of August in

Norway. All camera traps were in the vicinity of one or more known

golden eagle territories (Dahl et al., 2015, https://rovdata.no) and ter-

ritory holders are expected to be more numerous than non-territorial

birds (Nilsen et al., 2015).We therefore expected abundance estimates

to be positively related to the density of territory holding golden eagles

in the study areas.

We estimated golden eagle territory densities using co-ordinates

from known nest sites recorded in the national database for golden

eagle territories (https://rovdata.no). A territory is defined as a specific

area having one ormore knownnests (https://rovdata.no/Konge%C3%

B8rn/Instrukser.aspx) and is in agreement with the non-ambiguous

terminology recommended in Steenhof et al. (2017). Where mul-

tiple nests were recorded within the same territory, we used the

Euclidean mid-point of the nests as the territory co-ordinate. All ter-

ritories within a study area were counted when estimating territory

densities.

In the absence of empirical data on the space use of golden eagles,

we used different definitions for the area covered by camera traps

within each study area. Theminimum study area was defined using the

camera-trap locations as the border of the study area as given by the

camera site areawith buffer=0 km. In addition, we added buffer zones

around each camera trap with 5 km intervals up to a maximum dis-

tanceof30km (Table S1andFigure1). This buffer range corresponds to

the range of breeding territory areas (20–700 km2) reported in Scandi-

navia and Scotland (Moss et al., 2014; Singh et al., 2016; Tikkanen et al.,

2018;Whitfield et al., 2001) assuming circular territories. Buffer zones

are clipped to coastline and due to absence of nesting territory data

from Sweden, the national border with Sweden.

Sampling effort in the monitoring of territories varied between

years (Dahl et al., 2015). We used data from the time period corre-

sponding to the cameramonitoring periodwhen calculatingmeannum-

ber of territories per area, that is, for Børgefjell and Sylan-Forollhogna

2011–2014, Dovrefjell 2011–2012, while for Finnmark we used the

time-period 1995–2015. Territory densities were expressed as the

number of territories per 1000 km2.

https://rovdata.no
https://rovdata.no
https://rovdata.no/Konge%C3%B8rn/Instrukser.aspx
https://rovdata.no/Konge%C3%B8rn/Instrukser.aspx
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F IGURE 2 Estimates of annual eagle occupancy (black points) and
population size (brown points) at cameramonitored baits in late
winter and spring for (a) north-east Finnmark, (b) Børgefjell, (c)
Sylan-Forollhogna and (d) Dovrefjell. Estimates are shownwith 95%
confidence intervals

3 RESULTS

4 Estimates of annual occupancy and annual
abundance

In all study areas, annual estimates of golden eagle occupancy had

low precision (Figure 2). The estimated confidence limits for annual

estimates were large in relation to both the estimated and the theoret-

ically possible variation in occupancy (0–1). This makes the estimates

of occupancy unsuitable for evaluating temporal trends in abundance.

The most precise estimates were obtained in Finnmark where occu-

pancy estimates varied around 0.4 for most years, but with the

estimated occupancy in 2009 being higher (0.73; Figure 2(a)). In the

occupancy models, the probability of detection was in general esti-

mated to be low, butwas improvedwhen a bait was present, and by the

presence of a golden eagle the previous day (Table 2).

The precision of the estimates of golden eagle population size

(Figure 2) varied depending on data quality with the narrowest 95%

confidence intervals occurring when both sides of individuals were

identified inmost individuals. Therewasno strong correlationbetween

annual estimates of occupancy and population size within the study

areas where both statistics were estimable (Finnmark: r = −0.04;

Børgefjell: r= 0.15).

4.1 Study area level estimates of occupancy,
eagle density and territory density

Territory density was lowest for Finnmark (0.3 territories

per 1000 km2), slightly higher for Børgefjell (0.8 per 1000 km2),

higher again for Sylan-Forollhogna (2.1 per 1000 km2) and highest for

TABLE 2 Detection coefficient estimates (logit-scale) for bait
(bait= 1), previous day presence (prev.pres= 1) and year (with 2005
being the reference level) for golden eagles associated with estimates
of golden eagle occupancy at camera sites in Sylan-Forollhogna,
Finnmark, Børgefjell and Dovrefjell

Area ρ Estimate ±SE

Sylan Forollhogna Intercept −14.60 64.00

Bait 12.00 64.00

Dovrefjell Intercept −6.54 1.01

Bait 4.55 1.01

Prev. pres 1.47 0.28

Bjørgefjell Intercept −6.76 1.02

Bait 4.08 1.02

Prev. pres 2.39 0.44

Finnmark Intercept −5.17 0.40

Bait 2.63 0.32

Prev. pres 2.18 0.14

2006 0.06 0.34

2007 0.58 0.32

2008 0.33 0.38

2009 0.84 0.33

2010 0.54 0.35

2011 0.96 0.34

2012 0.73 0.39

2013 0.80 0.33

2014 0.07 0.36

2015 0.45 0.33

Dovrefjell (4.8 per 1000 km2, all estimates based on 0 km buffer zone;

Table S1). The rank of the areas with respect to territory density was

independent of the width of the buffer zone used around the camera

traps when calculating territory densities (Table S1). The estimates of

the population density of eagles, based on population size estimates

using mark-recapture models, showed the same pattern across areas

with 1.3, 3.3 and 5.1 individuals per 1000 km2 for Finnmark, Børgefjell

and Dovrefjell, respectively (r = 0.89; Figure 3 and Table S1). The

average golden eagle occupancy in the four study areas were also

strongly correlated to their territory density (r= 0.99; Figure 3).

As one territory contains one eagle pair, population densities, esti-

mated from population size could be expected to be at least twice the

territory density.While the relationship between territory density and

populationdensitywaspositive, the ratio of populationdensity to terri-

tory density decreased with increasing territory density and was close

to 1 for Dovrefjell (Figure 3). If assuming reasonable territory sizes

of 100 km2 - 300 km2 when estimating territory densities (Table S1)

population density was only about two thirds the territory density for

Børgefjell and around half the estimated territory density in Dovrefjell

(Table S1).
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F IGURE 3 Relationship between estimated density of golden
eagle territories (per 1000 km2 and 0 km buffer), estimated golden
eagle occupancy (black points) and estimated golden eagle population
densities (per 1000 km2, brown points). Estimates are plotted with
95%CI. The data points represent areas of increasing territory
densities from Finnmark with lowest density, then Børgefjell and
Sylan-Forollhogna andDovrefjell with the highest density

5 DISCUSSION

The data from baited camera traps resulted in population size esti-

mates based on individual feather patterns that had relatively high

precision. This suggests that such study designs could be useful inmon-

itoring variation in golden eagle abundance on an annual scale.We also

found that average density estimates for the study areas, based on our

population size estimates, showed high correlation with estimates of

average territory density and occupancy. This suggests that all of these

estimates are spatially consistent. Population size estimates based on

individual identification of feather patterns therefore seems like the

most promising approach for monitoring golden eagle abundance in

monitoring programs utilizing baited camera traps. A challenge is, how-

ever, the large amount of work involved in distinguishing individual

feather patterns, and also that many images do not allow individual

identification. Lack of suitable images was largely due to a lack of rel-

evant body shots of the eagles. The use of video instead of pictures

could improve the chances of individual identification, as birds can be

quite active, presenting different body angles andpostureswhilst feed-

ing. Vukovich et al. (2015) have suggested an alternative approach by

identifying individuals basedonuniqueadult tail patterns.However,we

found very few pictures that were suitable for tail-based identification,

and far fewer than using left and right-hand side body images.

The camera-trap data resulted in annual estimates for occupancy

with very low precision. This suggests that the study designs used

in the two existing monitoring programs for research on arctic fox is

not suitable for documenting between year variation in golden eagle

occupancy. The model we used (MacKenzie et al., 2002) is designed

to account for incomplete detection in rare species, however, low

precision is a common problem in these situations (e.g. Sileshi et al.,

2009; Steenweg et al., 2018). Hamel et al. (2013) found that estima-

tion of occupancy stabilized, and precision was maximized when data

from 20 to 30 consecutive days of problem free camera functioning

was available for species with intermediate presence, including golden

eagles. Furthermore, frequent renewals of the bait would help tomain-

tain its attractiveness. We had more than 30 sampling days for most

camera traps, except for Sylan-Forollhogna, where only one of four

survey years had more than 30 sampling days. Still, occupancy anal-

ysis appears to have limited use for the monitoring of between year

variation in the abundance of golden eagles.

Area-level average estimates of occupancy that were pooled over

multiple years had higher precision, suggesting that this measure

resulted in useful information with respect to large scale spatial vari-

ability in abundance. Accordingly, both estimates of occupancy and

population size showed a positive relationship to abundance estimated

by territory density. For all the measures of golden eagle abundance,

the estimates of abundance decreased with latitude. The lowest esti-

mates of abundance were from the northernmost tundra in Finnmark

(territory density 1 pair per c.1000–3000 km2; Figure 3). Golden eagle

abundance estimates were lower in the mountain region of Børgefjell

(1 pair per c.400–1200 km2), and the highest estimates were for the

most southern regions of Sylan-Forollhogna (1 pair per 300–500 km2)

and Dovrefjell (1 pair per 200 km2; Figure 1 and Table S1). The esti-

mates of territory densities in Finnmark were similar to estimates

obtained at high latitudes in North America (1 pair per 961 km2 in

Hudson Bay; Katzner et al., 2020). Territory sizes consistent with the

territory densities in the study areas further south in Norway have

been reported for breeding birds in Finland (150–320 km2; Tikkanen

et al., 2018) while smaller territories have been reported from Swe-

den (30–70 km2; Singh et al., 2016). Territory size is expected to be

negatively related to the local food availability (Watson, 2010).

Our study provides proof of the concept that monitoring programs

using baited camera traps can deliver suitable data for the monitor-

ing of the abundance of golden eagle. Camera-trap data have wide

reaching applicability, including quantification of demographic pro-

cesses (e.g. Abadi et al., 2010; Arnold et al., 2018; Fasce et al., 2011),

the role of carcass consumers in ecosystem functioning and wildlife

conflicts (e.g. Blazquez et al., 2009; Moleon et al., 2014; Tveraa et al.,

2014), regional variation in movement patterns (Katzner et al., 2020),

intraspecies and interspecies interactions at baits (Halley &Gjershaug,

1998) and improved understanding of individual variation inmoult (e.g.

Orrhult, 2017). Camera-trap monitoring programs are expensive to

run, e. g. field and image processing costs in themonitoring program for

mid-Norway are c.40 000 EUR per year. Therefore, using the data gen-

erated from monitoring multiple target species can be a cost-effective

strategy. Costs of utilizing image data from camera traps are likely to

be cut further with the continual development of automatic taxonomic

and individual identification of species (e.g. Delplanque et al., 2021;

Ferreira et al., 2020). Estimation of population size is widely applica-

ble for any species where identification of individuals from visual body

patterns is possible from camera-trap images and utilizing existing data

series is especially useful considering the importance and need for

long-time data series for knowledge-based management of biodiver-

sity and ecosystems (Legge et al., 2018; O’Donnell et al., 2021; Rushing

et al., 2016).
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A logical next step will be to expand the network of camera traps

to include a wider range of areas with known golden eagle territory

densities. Thiswill facilitate independent evaluation of the relationship

between territory densities and abundance estimates based on cam-

era traps. In addition, camera placement and an increase in the number

of cameras at each bait should be trialled to provide optimal angle and

distance to collect image data that increase the chance of individual

identification of naturally marked and/or ringed individuals. Indeed,

improved registration of individual rings could aid the identification

of individuals younger than 4th winter which was not possible in the

current study due to lack of variation in plumage patterns, as juvenile

eagles are annually ringed in the nest in Norway (pers. comm. Husebø).

Such data could improve current survival estimates, for both golden

eagles and white-tailed eagles (Haliaeetus albicilla), and also improve

age specific survival estimates, thereby providing valuable additional

knowledge for eagle conservationmanagement.
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Table S.1. Number of territories and estimates of the density of territorial golden eagle pairs in the study regions in north-eastern Finnmark, Børgefjell, 

Dovrefjell and Sylan-Forollhogna estimated from national monitoring data. The table gives the name of the study area, buffer width around the camera 

traps and the associated assumed territory size used to calculate territory density. The resulting area of the polygon covering the study area, the number of 

territories within this polygon and resulting estimate of territory density. The mean distance (km) from cameras to nearest known golden eagle nest site 

with minimum and maximum distances given in brackets. Estimated population sizes of eagles as obtained from multimark models based on plumage 

patterns and associated estimates of population density of eagles. Number and density of territories are calculated for cumulative 5 km buffer widths 

increments around each regional camera site area representing bands of increasing territory sizes that still encompass at least one camera. Buffer width = 0 

km represents a polygon with camera coordinates corresponding to outer points for each region, and buffer widths 5 km and 30 km describe polygons 

representing the minimum and maximum territory size recorded for golden eagles in Scandinavia and Scotland, assuming a theoretical circular territory.   

 

Study 
area 

  
Buffer 
width 
(km) 

Territory 
size 

(km2) 

Polygon 
Area 
(km2) 

No. 
Territories 

Territory 
Density-

1000km2 

Mean 
distance 

of 
cameras 
to nests 

(km) 

Population 
size 

Population 
Density 

1000km2 

Finnmark  0 - 3206.74 1 0.3  4.1 1.3 

  5 20 4627.88 2 0.4    

  10 100 6158.53 3 0.7    

  15 200 7724.24 4 0.7    

  20 300 9122.3 6 0.7    

  25 500 10284.44 12 1.2    



  30 700 11346.19 12 1.1 
71 (48 - 

86) 
  

Børgefjell 0 - 1228.15 1 0.8  4.1 3.3 
  5 20 1937.57 5 2.6    

  10 100 2634.52 6 2.3    

  15 200 3384.91 8 2.4    

  20 300 4188.81 11 2.6    

  25 500 5049.52 12 2.4    

  30 700 5973 13 2.2 
33 (22 - 

50) 
  

Dovrefjell 0 - 1655.65 8 4.8  8.4 5.1 
  5 20 2678.64 13 4.9    

  10 100 3856.06 20 5.2    

  15 200 5186.72 27 5.2    

  20 300 6661.51 30 4.5    

  25 500 8277.77 40 4.8    

  30 700 10042.95 49 4.9 
46 (25 - 

72) 
  

Sylan-Forollhogna 0 - 968.75 2 2.1  - - 
  5 20 1756.73 4 2.3    

  10 100 2674.72 8 3    

  15 200 3640.98 11 3    

  20 300 4683.34 18 3.8    

  25 500 5813.66 23 4    

    30 700 7015.82 26 3.7 
38 (23 - 

53)  
    

 


