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Abstract

Species life history and anthropogenic influence are important drivers of
population performance and viability in human-dominated ecosystems.
How these factors affect habitat selection and occupancy in long-lived spe-
cies is an important topic for their conservation. Long-term datasets are
needed for establishing the underlying drivers of this process. In this
22 year-long study, we conducted annual surveys of Bonelli’s eagle in the
east of the Iberian Peninsula. During this period, 42.8% of the known terri-
tories remained unoccupied. Territories with a higher likelihood of raising
two chicks over time were stable, evidenced by a lower coefficient of varia-
tion in productivity, and were more likely to remain occupied. Moreover,
territories with lower habitat diversity, dominated by coniferous forest or
agricultural fields, and those located further away from the coast and at
higher altitudes showed lower rates of occupancy (i.e., unoccupied >3 con-
secutive years). To validate these associations, we monitored space use of
22 individuals equipped with Global Positioning System/Global System for
Mobile (GPS/GSM) transmitters, which confirmed that eagles selected for
open habitats (mainly scrublands and transitional woodland-scrubs)
intermixed with forest areas within their home ranges. In contrast, individ-
uals avoided areas dominated by agricultural, urban, and continuous for-
ests for breeding in line with the observations for unoccupied territories.
Our results highlight the important interplay between natural and anthro-
pogenic factors, which also have important implications for other raptor
species. Preservation of the most productive territories and the re-
occupancy of unoccupied territories along with reducing threats in the pre-
ferred habitats are fundamental actions that should be taken immediately
to sustain viable populations. Potential management actions include
enhancing natural prey density through habitat restoration and conserva-
tion, mitigating threats and reducing mortality risks due to power lines,
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fences, poisoning, and maintaining habitat heterogeneity important to
eagles’ hunting activities.
KEYWORDS
Aquila fasciata, breeding ecology, conservation, GPS, landscape, telemetry, territoriality
INTRODUCTION territory quality (McIntyre, 2002; Rodriguez et al., 2016;

The central topic for conservation of endangered species
is identifying the underlying causes of their population
decline (Dirzo et al., 2014). Anthropogenic development
driving changes in distribution and availability of natural
habitats is the main cause affecting species populations
and their fitness (Loss et al., 2015; McClure et al., 2018).

Life history traits of species such as low reproductive
rates, body mass, and long generation time can make
them more vulnerable to human-induced environmental
changes (Burger & Gochfeld, 2004; Espin et al., 2016;
Helander et al., 2008; Kovacs et al., 2008; Movalli et al.,
2019; Sergio et al., 2004, 2005, 2006). Apex predators,
including raptors, are particularly susceptible to the
impacts of human-induced developments, such as urban-
ization and intensified agriculture that affect their prey
base and hunting habitats (McClure et al., 2018). There-
fore, protecting these species also ensures the preserva-
tion of natural processes that promote their existence
(Burger & Gochfeld, 2004; Espin et al., 2016; Helander
et al., 2008; Kovacs et al., 2008; Movalli et al., 2019;
Sergio et al., 2005, 2006).

The establishment and maintenance of a breeding ter-
ritory is a fundamental need for raptors, as it directly
influences reproductive success and population persis-
tence (Newton, 1979). Therefore, factors affecting terri-
tory maintenance and occupancy shape their fitness
(Boulinier et al., 2008; Lohmus, 2004; Tapia et al., 2007).
Raptors invest substantial time and energy in securing
and defending their territories, which encompass suitable
foraging areas, nest sites, and resources essential for
rearing their young (Orians & Wittenberger, 1991;
Tapia & Zuberogoitia, 2018). Therefore, territory require-
ments are usually linked to prey availability, inferred
often through raptors’ selection for habitat types or vege-
tation structure, being open areas preferred by many rap-
tor species as hunting grounds as detectability of prey is
higher in them (Demerdzhiev et al., 2022; Ferrer &
Dondazar, 1996; Martinez et al., 2014; Ontiveros et al.,
2005; Tapia et al., 2007, Whitfield et al., 2007). When the
costs of holding a breeding territory outweigh the hunt-
ing success, reproduction and survival, individuals may
abandon these (Adams, 2001; Gordon, 1997; Newton,
1998; Sanchez-Zapata & Calvo, 1999; Wiens et al., 1987).
Occupancy is generally considered a measure of breeding

Sergio & Newton, 2003). Territories may remain occupied
as a consequence of site fidelity due to previous breeding
experience (Forero et al., 1999; Le6n-Ortega et al., 2017,
Martinez et al., 2006; Schmidt, 2004; Sergio & Newton,
2003; Serrano et al., 2001; Whitfield et al., 2007). Territory
abandonment can reflect changes in environment, mor-
tality of territory holders, increased competition, prey
populations decline, or human-induced disturbance
(Tapia & Zuberogoitia, 2018).

The Bonelli’s eagle (Aquila fasciata) is an endangered
top predator in Mediterranean ecosystems (Cramp &
Brooks, 1992; Ontiveros et al., 2004). Bonelli’s eagle’s sur-
vival and reproduction are known to be affected by intra-
specific and interspecific competition, habitat quality,
anthropogenic disturbance, and climatic variables such
as temperature, precipitation, and incidence of sunlight
(Balbontin & Ferrer, 2005; Carrete, Sanchez-Zapata, Mar-
tinez, Sanchez, et al., 2002, 2006; Carrascal &
Seoane, 2009b; Gil-Sanchez et al., 2004; Hernandez-
Matias et al., 2011; Lopez-Lopez et al., 2004; Lopez-
Peinado & Lopez-Lépez, 2023; Martinez-Miranzo
et al, 2022; Ontiveros & Pleguezuelos, 2003; Perona
et al., 2019; Real & Marfiosa, 1997; Real et al., 2001). In
general, Bonelli’s eagles have lower productivity in colder
and higher areas (Gil-Sdnchez, 2000; Gil-Sdnchez et al.,
2004; Lopez-Peinado & Ldpez-Lopez, 2023), whereas
higher proportion of sunny days per year and milder tem-
peratures correlate with a higher breeding performance
(Carrascal & Seoane, 2009a).

The European population of Bonelli’s eagle is esti-
mated between 1100 and 1200 breeding pairs (BirdLife
International, 2023). The main breeding population is
established in the Iberian Peninsula, where it has
decreased in recent years from 733 (2005) to 711 pairs
(2018). Some small subpopulations (especially the north-
ern ones) are extinct, and others are in decline (Del
Moral & Molina, 2018).

To establish the underlying drivers of their decline,
we conducted detailed annual surveys for the entire pop-
ulation of the Bonelli’s eagle in the east of the Iberian
Peninsula beginning in the year 2000 through 2021.
These surveys were aimed at monitoring breeding and
long-term population dynamics to inform conservation.
Therefore, our main goals were to (1) analyze how the
population size has changed over the last 22 years; (2) test
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the relationship between breeding performance and terri-
tory occupancy; (3) evaluate the role of landscape compo-
sition and habitat heterogeneity in territory occupancys;
and (4) analyze habitat selection by individuals in the
population to validate eagles’ preference for particular
habitat types. For (1), we expected a decrease in the num-
ber of occupied territories in accordance with decline
observed for the overall Iberian population. For (2), we
predicted that chronically unoccupied territories would
be characterized by lower productivity, higher rate of
breeding failure, lower rate at which two young were pro-
duced, and higher coefficient of variation of productivity
than occupied territories. Because continentality may
affect breeding timing and success (Lopez-Peinado &
Lopez-Lopez, 2023, 2024), we also hypothesized that most
continental territories (i.e., those located at higher eleva-
tion above sea level (asl) and farther from the coastline)
are more likely to remain consistently unoccupied. For
(3), as human-driven habitat modifications (i.e., agriculture)
are expected to affect breeding performance, we hypo-
thesized that habitat composition should differ
between territories that are consistently occupied ver-
sus those unoccupied. In particular, more heteroge-
neous territories are more likely to be occupied. For
(4), we hypothesized that urban-dominated and inten-
sive agricultural habitats will be avoided, and open nat-
ural areas will be preferred.

METHODS
Study area

Our study area is located in the Castelléon province
(6670 km?, east of Spain). This is a Mediterranean region
that includes elevations up to 1814 m asl, with abrupt
changes in slopes across the region. The study area’s rug-
gedness is ought to the confluence of two mountain
ranges, the Iberian System (northwest-southeast orien-
tated) and the Catalanides (east-southeast orientated),
which results in an abrupt orography full of cliffs,
ravines, and suitable nesting places for eagles. Mean
annual temperature varies from 17°C at lower and
coastal areas to 8°C at the highlands. Annual mean pre-
cipitation varies from 400 to 900 mm, with highest during
autumn and spring and the lowest during summer. The
landscape is composed of Mediterranean forests and
scrublands where prevalent species are pine (Pinus spp.)
and oak (Quercus spp.). The study area is intermingled
with nonirrigated and irrigated cultivation zones. Prey
species for the Bonelli’s eagle include partridges (Alectoris
rufa), pigeons (Columba spp.), rabbits (Oryctolagus
cuniculus), hares (Lepus granatensis), and lizards (Timon
spp.), among others (e.g., Lopez-Lopez & Urios, 2010;

Moleon et al., 2007, Moledn, Sanchez-Zapata, et al., 2009;
Ontiveros & Pleguezuelos, 2000; Ontiveros et al., 2005),
and all of them are present in the different landscapes of
the study area.

Study species

The Bonelli’s eagle is a long-lived raptor distributed from
the European Mediterranean region to Southeast Asia
(Cramp & Brooks, 1992; Orta et al., 2020). Bonelli’s eagle
is listed as “Least Concern” in Europe (BirdLife
International, 2023; Orta et al., 2020), as “Vulnerable”
in Spain (Royal Decree, 139/2011), and “Endangered”
in the Valencian Region (DOGV Orden 2/2022).
Bonelli’s eagle usually breeds on cliffs, sometimes on
trees (Arroyo et al., 1995) and, in extremely rarely cases,
on electric pylons (Ontiveros, 2016). Bonelli’s eagles build
multiple nests that they may use alternately between
years within same territories (e.g., Martinez et al., 2022).
In Mediterranean Spain, the breeding season starts in
October-November, with nest building and courtship
behavior. By November-December, courtship flights
intensify, and mating occurs usually from December to
April (Lopez-Lépez et al., 2007; Lopez-Peinado & Ldpez-
Lépez, 2024; Morollén et al., 2022a). Laying date varies
with continentality, usually starting in January in coastal
territories until the first weeks of April in some inland
territories located at higher altitudes (Lopez-Peinado &
Loépez-Lopez, 2024). Replacement clutches after early
breeding failure are usually rare (Moleén, Martin-
Jaramillo, et al., 2009). Incubation period usually spans
37-41 days (Arroyo et al., 1995). Brood size usually varies
from zero to two nestlings. Nests with three fledglings are
extremely rare and have never been observed in the study
area (Lopez-Peinado & Lopez-Lépez, 2023).

Fieldwork

Between 2000 and 2021, we monitored at least once a
month (from January to June) all 35 known Bonelli’s
eagles’ territories in the study area, those occupied as
well as the ones that historically had been occupied but
remained consistently unoccupied even though the habi-
tat appeared to be suitable for the species from lack of
any major land modification (Lépez-Lépez et al., 2006;
Lépez-Peinado & Ldpez-Lopez, 2023). Observations were
made with 20-60Xx telescopes during clear days at
>300 m from nesting cliffs to avoid disturbance to eagles
(Lopez-Lopez et al., 2004, 2006, 2007). Every year, we
recorded occupancy of each territory.

Since each territory can hold multiple nests, we
ensured that a territory was unoccupied when all known
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nests were checked multiple times within the breeding
season. Occupancy was confirmed based on observed
nesting attempt, through arranged nests with green
branches, typical pair behavior (i.e., eagles flying together
and courtship behavior), brood rearing activity, or presence
of young (Lopez-Lépez et al., 2007). We also recorded
other variables including nest type (tree nest, covered
shelf, open shelf or cave), orientation/aspect (N, NE, E,
SE, S, SW, W, NW), change of used nest with respect to
the nest used the previous year (yes or no), breeders’ age
(adult, subadult or mixed breeding pair), number of nes-
tlings (0, 1, 2), and number of fledglings (0, 1, 2) (Lopez-
Peinado & Lopez-Lépez, 2023). Young were considered
to have fledged when they reached 80% of the fledging
age (i.e., more than 55 days old) at the last visit, provided
that, at this age, nestlings were fully feathered and ready
to fly (Gil-Sinchez et al., 2004; Lopez-Lopez, 2022;
Lépez-Lopez et al., 2007). We identified territories as con-
sistently unoccupied after being vacant for >3 consecu-
tive years (i.e., no observations of any individual or any
signs of breeding attempts).

Landscape composition and heterogeneity

To establish the scale of analyses for landscape com-
position, we used previously published Bonelli’s size esti-
mates for eagle home range (Morollén et al., 2022b).
Home range can be defined as the area used year-round
by individuals during their daily activities such as
searching for food, mates, and perching places (Bosch
et al., 2010). The average (+ standard deviation) individ-
ual home-range size of the Bonelli’s eagles in the study
area estimated during the study period was 54.84
+ 20.78 km? according to Morollén et al. (2022b). Maxi-
mum home ranges were 75.62 km”. Since we did not
have detailed telemetry information of all territories in
the study area over the study period, we used the same
approach for all of them and assumed the existence of
circular home ranges of maximum possible size centered
on the most frequently used nest yielding a 4.90-km
radius. Therefore, we created buffers with a 5.00-km
radius around the most used nest to have a spatial esti-
mator of the approximate available home range for the
Bonelli’s eagles in our study area (for a similar approach
see e.g., Carrete, Sanchez-Zapata, Martinez, Sanchez,
et al., 2002; Eichenwald et al., 2021). Using these buffers,
we extracted the land cover diversity as an index of habi-
tat heterogeneity, during the years 2000-2005, 2006-
2011, and 2012-2018. These are the periods for which the
CORINE land cover (CLC) estimates have been
performed periodically (https://land.copernicus.eu/en/
products/corine-land-cover) and these fell within the
time period of our territory occupancy monitoring.

We recorded the presence and relative abundance of
all CLC classes within each home range as an index
of habitat diversity. We used the “rcorr” function from
“Hmisc” R package to calculate the Pearson’s correlation
coefficients between classes. We combined these correla-
tions and a principal components analysis for associa-
tions between classes based on eigenvalues (PCA, Lé
et al., 2008) to select the most relevant classes for our
study. We grouped the variables selected by the PCA
based on their biological/habitat relevance for eagles.
From the original 47 CLC classes, we obtained seven clas-
ses (Table 1): “Agriculture” (all the agricultural lands that
are present in the study area), “Broad-leaf forest,” “Conif-
erous forest”, “Urban habitats” (noncontinuous urban
environments), “Open natural areas” (natural non-forest
habitats), “Unsuitable habitats” (paved roads and build-
ings), and “Water bodies” (running waters, lakes, ponds,
and pools of fresh water). Primarily to match with the
CLC data availability, we created the temporal compara-
tive classes for territorial occupancy for each territory,
with year 2000 as baseline and whichever relevant later
CLC class when a territory became unoccupied (for >3
consecutive years) as final. We extracted the initial

TABLE 1 Grouped habitat classes obtained by the principal
components analysis (PCA) of CORINE land cover (CLC).

Habitat class CLC label

Agriculture Nonirrigated arable land
Permanently irrigated land
Fruit trees and berry plantations
Olive groves

Pastures

Complex cultivation patterns

Land principally occupied by
agriculture, with significant areas of
natural vegetation
Broad-leaved forest Broad-leaved forest
Coniferous forest Coniferous forest
Urban habitats Discontinuous urban fabric
Industrial or commercial units
Mineral extraction sites
Dump sites
Sport and leisure facilities
Open natural areas Scattered woody vegetation
Sclerophyllous vegetation
Transitional woodland-shrub
Sparsely vegetated areas
Unsuitable habitats Continuous urban fabric
Sea and ocean

Water bodies Inland waters
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(CLC 2000) and the final habitat composition (CLC
2006/2012/2018), for each territory according to the period
they become unoccupied, and the difference between
both periods. We calculated the Shannon-Wiener diver-
sity index with the different habitat categories inside the
territories and their relative frequency, to get a simplistic
proxy of habitat diversity (Kallimanis & Koutsias, 2013).

We obtained the altitude (masl) of the most fre-
quently used nest of the territory (in some cases within
the same cliff) from an elevation map using QGIS 3.3
(http://www.qgis.org). To calculate the distance from
each frequently used nest to the coastline, we used the
function “dist2Line” from the package “geosphere”
(Hijmans et al., 2017).

Trapping and tagging

We trapped 22 territorial Bonelli’s eagles from 10 different
territories, 12 males and 10 females, by means of a fold-
ing net between 2015 and 2017 and equipped them with
48 g solar-powered Global Positioning System/Global
System for Mobile (GPS/GSM) dataloggers (e-obs GmbH,
Munich, Germany). Transmitter duty cycle was progra-
mmed to record one GPS location at 5 min intervals,
from 1 h before sunrise to 1 h after sunset, year-round
(see details in Morollén et al., 2022a, 2022b, 2022c;
Perona et al., 2019). The mass of transmitters was 1.6%—2.4%
of eagles’ body mass, which is within the recommended
limits to avoid negative effects on behavior (Bodey et al.,
2018; Kenward, 2000). Tags were fixed in a backpack con-
figuration using a Teflon tubular harness designed to
ensure that the harness would fall off at the end of the
tag’s life. Data were retrieved, stored, and managed
through the Movebank online repository (wWww.
movebank.org).

Handling was authorized and conducted under per-
missions issued by regional authorities (Generalitat
Valenciana) and all efforts were made to minimize han-
dling time to avoid capture myopathy to eagles.

Data preparation and analysis

We grouped breeding parameters and territory occupancy
(accounting for multiple nests within a territory) every
6 years since 2000 to analyze them in relation to land-
scape variation using the CLC: 2000-2005, 2006-2011,
2012-2017. We computed the following proxies of breed-
ing performance: (1) “productivity”: number of chicks
fledged/number of breeding attempts; (2) “rate of breed-
ing failure”: proportion of breeding attempts with zero
fledged chicks; (3) “rate of maximum brood size”: propor-
tion of breeding attempts with two chicks fledged; and

(4) “coefficient of variation” of productivity: standard
deviation/average productivity. For all the territories we
calculated these proxies during the last six-year period in
which abandonment took place (2000-2005, 2006-2011,
or 2012-2017) and for all the years we had information of
the territory (since 2000 until the last occupancy).

To assess the relationships for all our objectives we
used logistic regressions and ranked different models
based on Akaike’s information criterion (AIC), selecting
as the best model the one with lower AIC and with more
than two units of AIC difference with the next one
(Anderson & Burnham, 2002). Our response variable was
territory consistently unoccupied (1) or occupied (0).
Models were fitted using the “glm” function in R, with a
binomial error distribution and the “logit” link. The
explanatory variables for objective (2) were CV, rate of
breeding failure, rate of maximum brood size, and pro-
ductivity for the six-year period when a territory became
unoccupied, and for all the years of occupancy of the ter-
ritory. We also computed models for the interaction
between CV and the other proxies for the six-year period
and the entire history of the territory. For objective
(3) explanatory variables were altitude, distance from the
coastline, original composition of the territories (surfaces
of CLC before it became unoccupied), habitat composi-
tion after territory became unoccupied (surfaces of CLC
after occupancy ends and the composition in 2018 for
occupied territories), and differences between both com-
positions (surfaces of CLC after-before).

For objective (4), we calculated preferences in habi-
tat/land cover use based on Integrated Step Selection
Models (Avgar et al., 2016), using the “amt” package
(Signer et al., 2019), which allowed us to study the habi-
tat selection using actual habitat use and availability. We
resampled the raw data every 15 min for each individual
taking into account all the relocations recorded between
2015 and 2021. Using these data, we validated the results
of the other hypotheses and compared if the habitats/
land cover types more relevant for periods when terri-
tories were unoccupied were avoided or less used than
the other habitats available. All analyses were conducted
using R version 4.1.0 (R Core Team, 2023).

RESULTS
Population trend

After 22 years of Bonelli’s eagle breeding monitoring in
35 territories, 15 became unoccupied (for >3 consecutive
years), that is, 42.86% reduction in the number of occu-
pied territories. Dividing the data into periods, six
territories were consistently unoccupied between 2000
and 2005 (17.14% of 35 territories), five between 2006
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and 2011 (17.24% of 29 territories), and four between
2012 and 2017 (16.67% of 24 territories).

Abandoned territories and breeding
performance

Territories with lower productivity (Estimate = —1.11;
Z value = —1.51) and a lower rate of maximum brood
size (Estimate = —2.38; Z value = —1.56) during the six-
year period were more likely to became unoccupied. A
higher rate of breeding failure during the six-year period
also was positively related to consistent territory
unoccupancy (Estimate = 1.47; Z value = 1.23).

The higher the CV of the productivity during the full
period for all territories, the more likely they were to
become unoccupied (Estimate = 1.57; Z value =1.50).
This was, however, not observed for six-year periods, that
exhibited a very moderate effect (Estimate = —0.07;
Z value = —0.10). The final model based on the ranking
via AAIC (Appendix S1: Table S1), contained the CV of
productivity and the rate of maximum brood size, along
with their interaction (Table 2; Figure 1).

Territory quality and continentality

Territories farther away from the coastline (Estimate =
0.03; Z value =1.27) and at higher altitude (Estimate =
0.00; Z value = 0.71) had a lower occupancy rate, with
distance from the coastline showing a stronger correla-
tion (Figure 2).

Landscape composition and territory
occupancy

There were significant differences in landscape composi-
tion between consistently unoccupied and occupied

TABLE 2 Summary of the best model predicting the
relationship between abandonment and proxies of breeding

performance.
Estimate  Std.error Zvalue Pr(>z|)
Intercept 4.83 2.77 1.75 0.08
rt2 —14.24 7.20 —1.98 0.05
Cv —4.59 2.43 —1.89 0.06
rt2:CV 14.24 7.57 1.88 0.06

Note: The variables with absolute Z value higher than 1 are highlighted
in bold.

Abbreviations: CV, coefficient of variation of the productivity; rt2, rate of
maximum brood size.

territories. Territories dominated by agricultural lands or
coniferous forest were more likely to become unoccupied
(Table 3). A higher occurrence of human-dominated hab-
itats affected occupancy positively (Table 3; Figure 3).

Landscape heterogeneity and territory
occupancy

There was a negative relationship between the land cover
diversity index and probability that a territory would
become unoccupied (Estimate =—2.17; Z value =
—1.42). Habitat diversity was lower in unoccupied terri-
tories (Figure 4).

Habitat use

Among the habitat/land cover classes, eagles selected open
natural areas (Estimate = 1.63; Z value = 86.60), conifer-
ous forests (Estimate = 1.46; Z value = 68.70), water bod-
ies (Estimate = 0.97; Z value = 6.24), and broad-leaved
forest (Estimate = 0.30; Z value = 7.02) over agricultural
lands (Figure 5). On the other hand, eagles avoided
unsuitable habitats (Estimate = —3.31; Z value = —18.30)
and human-dominated habitats (Estimate = —0.59;
Z value = —8.40) more than agricultural lands (Figure 5).

DISCUSSION

Long-term field monitoring is essential to assess popula-
tion trends and identify the factors affecting survival and
breeding performance (Bakker et al., 2018; Oppel
et al., 2022; Votier et al., 2008). Habitat selection analyses
demonstrated by tracked eagles confirmed eagles’ prefer-
ence for open habitats (mainly scrublands and transi-
tional woodland-scrubs) intermixed with forest areas to
establish their territories and avoidance of urban habi-
tats. Hence, tracking results combined with long-term
field monitoring and patterns associated with land cover
changes over time suggest habitat management is crucial
for Bonelli’s eagle conservation. Open and semi-open nat-
ural areas were preferred over human-dominated habi-
tats. The habitat selection function shows a clear
avoidance of urban habitats, in agreement with previous
studies (Gil-Sanchez, 1996; Moreno-Rueda et al., 2009;
Perona et al., 2019). Bonelli’s eagle tolerates but not pre-
fers human presence. Furthermore, satellite telemetry
information confirms eagles’ preference for open natural
areas, mainly scrubland and transitional woodland scrub
area where it is easier to detect the main prey species:
rabbits, pigeons, partridges, other birds, and lizards
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TABLE 3 Parameter estimates of the best model predicting the (Moledn et al., 2007; Ontiveros et al., 2005). Thereby,

relationship between chronically unoccupied territories and GPS information validated the results obtained by the
landscape composition. approach we made to make data comparable among
Std. territories.

Estimate error Zvalue Pr(>z|)

Intercept —7.47 7.44 —1.01 0.32 p lati decli
i0n 1n

Agriculture 0.00 0.00 1.98 0.05 opulation decline

Broad-leaf forest 000 000 0-51 061 The substantial decline of this subpopulation, shown in
Coniferous forest LY DY — Ll this study, follows the general trend reported in other
Urban habitats —0.05 0.02  -1.97 0.05 Spanish regions according to the latest national survey
Open natural area 0.00 0.00 0.84 0.40 (Del Moral & Molina, 2018). Furthermore, historical data
Unsuitable habitats ~ —0.01 002  —044 0.66 suggest an existing downward trend in the whole Iberian
Water bodies 0.06 8.51 0.01 0.99 population. By the time our study began, our subpopula-

tion had already suffered a significant regression in the

Note: See Table 1 for details on how variables were aggregated. The variables decades before as reported in nearby regions such as

with absolute Z value higher than 1 are highlighted in bold.
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FIGURE 3 Effects of the variables with absolute Z value (test statistic) higher than 1 from the best model predicting abandonment in
relation to landscape composition.
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Catalonia (Real & Marfiosa, 1997; Rocamora, 1994) and
Murcia (Carrete, Sanchez-Zapata, Martinez, et al., 2022).
Furthermore, breeding parameters for the study popula-
tion have not shown any significant improvement despite
reduced intraspecific competition (Lépez-Peinado &
Lépez-Lopez, 2023).

Territories with poor occupancy had low
rates of reproduction

As per our expectations, chronically unoccupied terri-
tories were consistently less productive, produced fewer
nestlings, and had a higher rate of breeding failure, as
previously reported with other raptors (Forero et al.,
1999; Ledn-Ortega et al., 2017; Martinez et al., 2006;
Schmidt, 2004; Sergio & Newton, 2003; Serrano et al.,
2001; Whitfield et al., 2007) and with Bonelli’s eagle
(Carrete, Sanchez-Zapata, Martinez, Sanchez,
et al., 2002). For example, Carrete, Sanchez-Zapata, Mar-
tinez, Sanchez, et al. (2002) also found that the standard
deviation of productivity was higher in consistently unoc-
cupied territories, but they did not discuss this relation-
ship. We expected to find similarly higher values of CV
for consistently unoccupied territories and found that for
the overall study period, it was true, but not for the six-
year periods in which we divided our dataset. Clearly,
availability of yearly time series data on land cover
change could be more useful to explore in this context.
However, in our study, it could be explained by the fact
that most territories that became eventually unoccupied
exhibited no variance, primarily attributed to the fact that

in the years immediately preceding the time when they
became consistently unoccupied, breeding attempts were
unsuccessful, resulting in zero productivity.

When the interaction between the rate of maximum
brood size and the CV was taken into account the effect
became more evident. Territories with a higher brood
size were less likely to be consistently unoccupied. There-
fore, a reduction of the yearly brood size and/or an
increased variability of the productivity could be the
warning signs for territories on the verge of becoming
consistently vacant. Nevertheless, we cannot deny that
these factors are driven by others such as annual variabil-
ity in weather conditions or high turnover rate due to
adult mortality (Lopez-Peinado & Lopez-Lépez, 2023),
which may affect these predictions. Overall, they should
be taken into account too along with habitat changes.

Continentality reduces quality of
territories

In our study area and generally, Bonelli’s eagles prefer
warm temperatures and have a higher breeding success
in territories located in areas with warmer and milder
winters (Lépez-Peinado & Loépez-Lopez, 2023). Fur-
thermore, Bonelli’s eagle had earlier laying date in ter-
ritories with milder winter weather (Lopez-Peinado &
Lopez-Lopez, 2024) and in those located at lower alti-
tudes (Gil-Sanchez, 2000). Other studies have shown
that areas with higher average temperatures are more
suitable for eagles’ reproduction resulting in larger
brood sizes (Muiioz et al., 2005; Ontiveros & Pleguezuelos,
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2003). In agreement with these previous studies, our results
showed that more extreme territory settings (i.e., those
located at higher altitude and far from the coastline) are
more likely to be abandoned.

The effect of the distance from the coastline was stron-
ger than the effect of the altitude, highlighting the effect of
continentality in reducing the quality of territories. This is
linked again with the declining trend in Bonelli’s eagle’s
population observed all over Spain (Del Moral &
Molina, 2018) as well as the north-south positive gradient
in breeding performance described in the literature
(Lopez-Lopez et al., 2007; Ontiveros &
Pleguezuelos, 2003). This is also in agreement with the
“melting range” analogy proposed by Rodriguez (2002) for
a declining species that are more likely to lose territories
close to the edge of its breeding range (Kriiger et al., 2014).

Consistently unoccupied territories show
different land cover composition

We found differences in the landscape composition
between consistently occupied or unoccupied territories
and before and after the territory became unoccupied. This
can be attributed to the fact that large areas of some habitat
classes can reduce habitat suitability and some urban habi-
tats are positively related with Bonelli’s eagle territorial
occupancy. In particular, the model shows that when the
territories include more than 3000 ha of agricultural lands
or more than 4000 ha of coniferous forest the probability of
abandonment is over 50%.

Bonelli’s eagle can use agricultural lands as hunting
grounds depending on the cultivation pattern in the area.
In general, intensive irrigated agricultural areas have a
negative effect on prey abundance (Marzluff &
Ewing, 2008) and therefore on Bonelli’s eagle probability
of occurrence (Ferguson-Lees & Christie, 2001; Orta
et al., 2020). Landscapes dominated by agriculture with-
out other habitats show a negative effect on eagles’ occu-
pancy (Carrete, Sanchez-Zapata, Martinez, Sanchez,
et al., 2002).

Coniferous forests are one of the most common habi-
tats in the area and show positive effects on abundance
of some prey populations (Moreno & Villafuerte, 1995),
shelter, perching places and potential nesting places for
Bonelli’s eagle (Orta et al., 2020). Nonetheless, coniferous
forest cover reduces prey availability and thus hunting
areas available to open-country eagles (Carrete, Sanchez-
Zapata, Martinez, Sanchez, et al, 2002; Marquiss
et al., 1985; Ontiveros et al., 2005; Whitfield et al., 2001).
Therefore, landscapes dominated by coniferous forest are
less suitable for eagles that prey in open areas (Whitfield
et al., 2007).

Territories where the landscape is dominated by agri-
cultural lands and coniferous forest showed an increase
in the probability of becoming unoccupied, with the
opposite effect when landscape was dominated by open
habitat types. Open natural areas characterized by
scrublands and intermixed scrubland-woodland can be
present up to more than 6000 ha within territories
before the predicted probability of becoming unoccu-
pied reaches 25%. This indicates that these habitats are
preferred hunting grounds for Bonelli’s eagle since
these habitats are preferred by their prey (Delibes-
Mateos et al., 2007, 2009a, 2009b; Delibes-Mateos &
Galvez-Bravo, 2009; Moreno & Villafuerte, 1995;
Palomares & Delibes, 1997), and where eagles have a
higher hunting success (Martinez et al., 2014). Most
research suggests that Bonelli’s eagle shows a high tol-
erance, but no preference, for human presence (Gil-
Sanchez, 1996; Mufoz et al., 2005; Carrascal &
Seoane, 2009b), being human presence to be a source
of disturbance that altered eagle behavior (Perona
et al., 2019).

Consistently unoccupied territories show
less land cover heterogeneity

Our results show that territories with higher land cover
richness are less likely to become unoccupied. Habitat
heterogeneity facilitates species diversity, so more prey
species are expected in more habitat diverse territories
(Tuanmu & Jetz, 2015). Moreover, heterogeneous
landscapes showed more ecotone areas where detect-
ability increases (Demerdzhiev et al., 2022; Ferrer &
Donazar, 1996; Ontiveros et al., 2005; Whitfield
et al., 2007). Abandonment of rural areas and tradi-
tional activities in the Mediterranean region, especially
nonirrigated agriculture and pastoralism, have led to
landscape homogenization and is a serious concern for
wildlife conservation throughout the entire region
(Roura-Pascual et al., 2005; Xystrakis et al.,, 2017
Zakkak et al., 2014). The presence of diverse habitats
within eagles’ home range can help to mitigate the neg-
ative effects of some of the habitats offering shelter and
food for their prey (Delibes-Mateos et al., 2007, 2009a,
2009b; Delibes-Mateos & Galvez-Bravo, 2009; Moreno
& Villafuerte, 1995; Palomares & Delibes, 1997).
Therefore, like other studies, we also show that habitat
heterogeneity favors the presence of hunting habitats
for eagles (Demerdzhiev et al., 2022; Ferrer & Dondzar,
1996; Ontiveros et al., 2005; Whitfield et al., 2007). As
the landscape becomes more homogenized, the avail-
ability of suitable hunting habitats diminishes for the
Bonelli’s eagle.
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Conservation implications

The Bonelli’s eagle subpopulation studied in Castellén
(Spain) has declined in the latest two decades. The causes
affecting this population in our region do not differ from
those that may be affecting other populations across the
breeding range (Del Moral & Molina, 2018; Martinez-
Miranzo et al., 2022). Therefore, our results are important
to understand the general declining trend observed in
this endangered species across its distribution range
in the Mediterranean region and inform management
actions.

Our results show that extant territories included
urban-dominated habitats, even though eagles avoid
these habitats. The convergence between humans’ and
Bonelli’s eagles’ toward lower, warmer, and coastal envi-
ronments will increase human-eagle conflicts in the long
term. Therefore, land protection in natural parks and
maintaining natural prey populations may mitigate con-
flicts in coastal regions. Finally, the reduction of mortal-
ity risks in these human-dominated habitat types is
necessary, including wire marking and retrofitting of
power lines, the modification of irrigation ponds to pre-
vent mortality due to drowning, as well as the implemen-
tation of measures to deter direct persecution, including
both illegal hunting and poisoning (Lépez-Peinado,
Urios, et al., 2024).

Our results highlight the relevance of breeding
parameters as early warning signals of reduction in terri-
torial quality. Early detection of a consistent decrease in
productivity or an increase in its variation among years
could help managers to focus interventions on those ter-
ritories to reduce the probability they will become consis-
tently unoccupied. Moreover, simple approaches such as
field monitoring can be useful when resources for more
detailed data are scarce. Furthermore, long-term moni-
toring linked to landscape composition changes can be
useful to understand the drivers of population trends
and give as the hint for establish effective and specific
management actions. Measures aimed at improving
habitat heterogeneity within territories, mainly
through the reduction of continuous coniferous forest
and intensive agricultural surfaces in combination with
an increase in open habitats will provide positive
benefits.
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