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Abstract Traditional land use practices declined through-
out many of Europe’s rural landscapes during the th cen-
tury. Rewilding (i.e. restoring ecosystem functioning with
minimal human intervention) is being pursued in many
areas, and restocking or reintroduction of key species is
often part of the rewilding strategy. Such programmes re-
quire ecological information about the target areas but
this is not always available. Using the example of the
Iberian ibex Capra pyrenaica within the Rewilding Europe
framework we address the following questions: () Are
there areas in Western Iberia that are environmentally fa-
vourable for reintroduction of the species? () If so, are
these areas well connected with each other? () Which of
these areas favour the establishment and expansion of a vi-
able population of Iberian ibex in a reintroduction pro-
gramme? We modelled environmental favourableness for
the species in the Iberian Peninsula using a logistic regres-
sion with a forward–backward stepwise procedure, and as-
sessed landscape connectivity using a graph analytical
approach after downscaling the model to the Western
Iberia region. Our results indicate that several habitat
patches in the study area present favourable environmental
conditions for reintroduction of the Iberian ibex. Overall,
most of the habitat connectivity was concentrated in nor-
thern and central patches. We highlight the potential and
practical application of the analytical protocol used, for suc-
cessful integration of species distribution modelling and
landscape connectivity in the design of broad-scale reintro-
duction and recovery programmes.

Keywords Capra pyrenaica, environmental favourableness,
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Introduction

Man has shaped landscapes for centuries (Vos &
Meekes, ). In the last  decades socio-economic

and lifestyle changes have driven a rural exodus and the
abandonment of land throughout many of Europe’s rural
landscapes (MacDonald et al., ; Höchtl et al., ).
In some cases sociocultural and economic problems have
created new opportunities for conservation (Theil et al., ).
Land abandonment and degradation, rural depopulation
and the perception of the presence of small pockets of intact
nature has increased the interest in wilderness throughout
Europe, and rewilding has emerged as a novel concept with-
in restoration and conservation management (for a review,
see Jepson, ). Rewilding aims to restore ecosystem func-
tioning with minimal human intervention (Sandom et al.,
), which cannot be achieved without the reintroduction
of species that have key roles in shaping the landscape
(McKnight, ). In this context a fundamental part of
the minimal human intervention is the reintroduction of
keystone species (Schadt et al., ; Manning et al., ;
Sandom et al., ; Cianfrani et al., ). Since  the
Rewilding Europe project has been active in turning land
abandonment problems into opportunities (Helmer et al.,
). One of its most emblematic projects aims to reintro-
duce viable and self-sustaining populations of the European
bison Bison bonasus in connected areas across Europe (van
de Vlasakker, ). In the Iberian Peninsula (Portugal and
Spain) an important goal of Rewilding Europe is to develop
natural grazing systems to facilitate the return of iconic and
ecologically important species such as the Iberian ibex
Capra pyrenaica, the wild rabbit Oryctolagus cuniculus
and the Iberian lynx Lynx pardinus, which are considered
to be key species in this region.

Modelling the environmental favourableness and land-
scape connectivity of a territory in the context of a reintro-
duction programme is particularly challenging because
ecological data on the species to be reintroduced are usually
not available for the target area. To date, little has been
done on the application of species distribution models in
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planning the recovery of reintroduced species (Chauvenet
et al., ) within the Rewilding Europe framework.
However, the first step in any reintroduction programme is
to identify favourable areas for a species and the connectivity
between those areas. This is required to optimize the success
of reintroduction and the establishment and dispersal of the
introduced population (Armstrong & Seddon, ).

The Iberian ibex is an emblematic species that was once
widely distributed in the Iberian Peninsula and French
Pyrenees (Pérez et al., ). In the th century hunting
pressure, habitat loss and outbreaks of sarcoptic mange
led to a local reduction, and consequently fragmentation,
of wild goat populations (Pérez et al., ). Of the four sub-
species described by Cabrera () only two are extant: C.
pyrenaica hispanica and C. pyrenaica victoriae. Capra pyre-
naica lusitanica inhabited the north-western corner of the
Iberian Peninsula and went extinct in the last decades of
the th century, and C. pyrenaica pyrenaica inhabited the
Pyrenees and has been considered to be extinct since
. However, several translocations were carried out in
the last decades of the th century and C. pyrenaica cur-
rently has a wide distribution in Spain (Acevedo &
Cassinello, ). In  individuals of the subspecies C.
pyrenaica victoriae were reintroduced in north-west Spain,
in Baixa Limia-Serra do Xurés National Park (a transbound-
ary park with Portugal), from the Gredos mountains of cen-
tral Spain (Moço et al., ). This subspecies is categorized
as Critically Endangered in the Portuguese Red Data Book
(Cabral et al., ), Near Threatened in the Spanish Red
Data Book (Acevedo & Cassinello, ) and Least
Concern on the IUCN Red List (Herrero & Pérez, ).
The Iberian ibex is considered to be a mixed feeder (browser
and grazer), dependent on plant availability (Moço et al.,
; Perea et al., ). It is also an ecosystem engineer as
it creates and modifies habitats, with significant effects on
ecosystem functioning (Byers et al., ).

The Western Iberia region (a montado–sierra landscape
in Portugal, bordering Spain) is one of five pilot areas se-
lected for the Rewilding Europe project. This is a rural
area in the interior of Portugal, where land abandonment
and rural depopulation have resulted in the density of peo-
ple and roads being generally low.

We applied a two-fold analytical framework to address
the following questions related to planning the reintroduc-
tion of the Iberian ibex within the Rewilding Europe per-
spective: () Are there areas in central Western Iberia that
are environmentally favourable for the Iberian ibex? () If
so, are these areas well connected with each other? ()
Which of these areas favour the establishment and expansion
of a viable population of Iberian ibex in a reintroduction pro-
gramme? Firstly, we modelled the distribution of the Iberian
ibex in the Iberian Peninsula using a UTM (Universal
Transverse Mercator) grid of  ×  km cells. Secondly, we
downscaled the model to central Western Iberia, our area

of interest, using aUTMgridof  × kmcells. Finally,we eval-
uated the connectivity between the favourable localities in
Western Iberia. By quantifying the importance of each indi-
vidual habitat area it is possible to focus conservation and
management actions directly on those areas that have greater
importance for overall connectivity.

Study area

The Iberian Peninsula is a heterogeneous territory. There
are four main climatic types: Atlantic (mild year-round,
with abundant rainfall spread throughout the year; typical
of the north-west areas), Continental (wide annual tempera-
ture range among seasons), Mediterranean (warm and dry
summers and mild winters), and Semi-arid (drought and
hot summers). These characteristics play a key role in the
distribution of biodiversity (Tenorio et al., ). The
study was focused on the Western Iberia region, in an
area of , km in the valley of the River Côa (Fig. ). At
a coarse scale the climate is predominantly dry and
Mediterranean, with some Atlantic influence, mainly in
the northern and western areas. The temperature is fre-
quently . °C in late spring and summer, daily thermal
amplitudes may reach –°C and annual precipitation is
often, mm. The vegetation is varied and characterized
by Quercus suber, Quercus pyrenaica, Quercus rotundifolia
and mixed patches interspersed with understorey species
such as Erica australis, Pterospartum tridentatum, Hali-
mium alyssoides and Cistus ladanifer. The area is crossed
by a diversity of rivers and small streams. Scattered culti-
vated areas are mainly planted with vines and olive and
almond trees. Sympatric ungulates include the semi-wild
garrano Equus ferus caballus, the wild boar Sus scrofa and
the roe deer Capreolus capreolus. The area has a low
human population density and was one of the areas histor-
ically occupied by the Iberian ibex, probably C. pyrenaica
lusitanica (Cabrera, ).

Methods

The variables used to model the distribution of the Iberian
ibex were selected based on information about the species’
ecology (Granados et al., ; Pérez et al., ; Acevedo
et al., a; Acevedo & Real, ). These variables included
gradients related to habitat structure and vegetation product-
ivity, topographical features andhumandisturbance (Table ).
The habitat structure comprised three broad land use/land
cover categories: forest stands, agricultural fields and scrub-
land. Forest stands are important as they provide cover for
the species. Scrubland plays an important role in providing
food but can also provide protection if the shrub layer is
high enough to cover a standing ibex. The normalized differ-
ence vegetation index, recently linked to the body condition of
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Iberian ibexes (Carvalho et al., ), was used as a proxy for
vegetationproductivity (Pettorelli,).The slopewasusedas
an index of topographic heterogeneity. We also included two
variables that accounted for human disturbance: population
density and road density. All variables were handled and pro-
cessed in ArcGIS v. . (ESRI, Redlands, USA).

Our approach consisted of two main steps. Firstly, we
identified favourable areas in the Iberian Peninsula, using
logistic regression modelling and a forward–backward step-
wise procedure with UTM  ×  km cells. Secondly, we
downscaled the favourableness values to Western Iberia,
with UTM  ×  km cells. Finally, we evaluated the connect-
ivity between the favourable localities in Western Iberia,
using a graph-based method (Fig. ).

Environmental favourableness

The extent of the study area affects the outputs of species
distribution modelling (Barve et al., ; Acevedo et al.,

). By modelling the species distribution with the third-
degree polynomial of the spatial coordinates as predictors
(trend surface analysis; Acevedo et al., ) we delimited
the territory adequate to model the distribution of the
Iberian ibex. This procedure selected , UTM  × 

km cells, of which the Iberian ibex was reported in 

cells. The ecogeographical drivers of distribution of the
Iberian ibex were determined on the basis of the locations
in which the species currently occurs. Prior to modelling,
the database was divided into training (%, , grid
cells) and validation (%, , grid cells) datasets. To
avoid problems with multicollinearity we quantified the
variance inflation factor in the training dataset and excluded
predictors with a variance inflation factor .  from the
analyses (Montgomery & Peck, ). Variance inflation
factors were calculated for each predictor as the inverse of
the coefficient of non-determination of the regression of
each predictor against all others, using HH (Heiberger,
) in R v... (R Development Core Team, ). The

FIG. 1 Location of the study area in the
Iberian Peninsula. Grey shaded cells
represent UTM  ×  km grid cells
where the Iberian ibex Capra pyrenaica
was recorded. The rewilding area is an
area identified as having high
favourableness for the reintroduction of
the Iberian ibex.

TABLE 1 Variables used to assess the environmental favourableness of habitat patches in Western Iberia (Fig. ) for the Iberian ibex Capra
pyrenaica, with their mean values per UTM  ×  km grid cell in the Iberian Peninsula and throughout the species’ range.

Variable

Mean (Range)

Iberian Peninsula Iberian ibex range

Slope (°) 9.15 (0–39.47) 12.77 (3.05–25.83)
Forest stands (%) 18.61 (0–95.10) 23.50 (0–90.60)
Scrubland (%) 14.82 (0–100) 23.63 (0–91.10)
Agricultural fields (%) 39.67 (0–100) 26.61 (0–99.10)
Human population density (individuals km−2) 108 (0–26,453) 45 (0–6,136)
Road density (km km−2) 0.24 (0–6.63) 0.20 (0–0.55)
Normalized difference vegetation index 0.43 (−0.3–0.85) 0.43 (0.19–0.76)
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predictors selected after controlling the variance inflation
factor were considered in a multiple logistic regression
(Hosmer & Lemeshow, ) in which the presence or ab-
sence of C. pyrenaica was used as the response variable. The
final model was obtained using a forwards–backwards step-
wise procedure based on the Akaike information criterion.
Predictions from the logistic regression were included in the
favourableness function to make the predicted values inde-
pendent of the species’ prevalence in the study area (Real
et al., ). The favourableness values are interpretable in
absolute terms and can therefore be used as a threshold to
identify favourable and unfavourable areas for the species
(Acevedo & Real, ). Predictive performance of the
final model was assessed on the validation dataset and in-
cludes the discrimination capability (area under the receiver
operating characteristic curve, AUC). The resolution at
which distribution data are available does not always
match with the interests of conservation and management.
Changes in the spatial resolution of model predictions (i.e.
downscaling: the projection of models built at one reso-
lution to a finer spatial resolution) hold potential benefit
for ecology and conservation (e.g. Barbosa et al., ).
Thus, the final model was downscaled to UTM  ×  km
cells in Western Iberia, to carry out the connectivity
analyses.

Patch connectivity

Graph theory has been suggested as an effective and flexible
procedure to assess landscape connectivity (Pascual-Hortal
& Saura, ; Saura & Torné, ; Saura & Rubio, ).
Within this framework the landscape is described as a set of
habitat patches (nodes) and their connecting elements
(links; for more details see Saura & Rubio, ). A link re-
presents the functional connectivity (i.e. the likelihood of
dispersal between two habitat patches) and can correspond
to an ecological/physical corridor or the dispersal ability of
the species. All habitat patches with a certain area are con-
sidered to be landscape elements. The habitat patch is

described by an attribute value, such as habitat area or habi-
tat suitability (Pascual-Hortal & Saura, ). In this case
the attribute value of the habitat patch was the area quality,
which corresponds to the habitat area divided by the favour-
ableness value derived from modelling. To assess functional
connectivity specifically in relation to the Iberian ibex it
is essential to include the species’ dispersal ability.
According to previous studies the mean dispersal distance
of the Iberian ibex is . km (. km, Alados & Escós,
; . km, Escós, ). The landscape connectivity was
evaluated via the probability of connectivity index (PC;
Saura & Pascual-Hortal, ; Saura & Torné, ). This
is expressed as the probability that two points arbitrarily
located within the landscape are in habitat areas that are
accessible from each other (i.e. interconnected; Saura &
Pascual-Hortal, ). Node importance (d) expresses the
importance of each habitat patch for the overall connectivity
(Saura & Torné, ). The dPC value can then be divided
into three components considering the various ways in
which a certain landscape element i (patch or link) can con-
tribute to overall habitat connectivity in the landscape:

dPCi = dPCintrai + dPCfluxi + dPCconnectori (1)

where dPCintrai is the contribution of patch i in terms of
intrapatch connectivity, dPCfluxi corresponds to the disper-
sal flux through the connections of patch i to or from all of
the other patches in the landscape when i is either the initial
or ending patch of that connection (dPCfluxdepends bothon
the attribute value of patch i—all things being equal, a patch
with a higher attribute value produces more flux—and on its
position within the landscape), and dPCconnectori is the con-
tribution of patch or link i to the connectivity between other
habitat patches, as a connecting element or stepping stone be-
tween them. dPCconnector is dependent only on the topo-
logical location of a patch or link within the landscape.

The connectivity analyses were done only after down-
scaling the model to the Western Iberia region. To evaluate
the importance of habitat patches for landscape connectiv-
ity, and thus to identify optimal sites for future Iberian ibex

FIG. 2 The approach used to model the
environmental favourableness of
Western Iberia for the Iberian ibex and
the connectivity between habitat
patches.
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reintroductions, we used Conefor . and its geographical
information system extensions (Saura & Torné, ).

Results

Environmental favourableness

Our model facilitated the identification of a set of favourable
areas for Iberian ibex in the Iberian Peninsula (Fig. ). Circa
%of the Peninsula has environmental favourableness. .
and the species is already present in % of this area. In
Western Iberia the environmental favourableness for the spe-
cies varied throughout the region. The north-centre of the
study area was associated with patches of dense shrub layer,
rough and sloping ridge tops and valleys, low human popu-
lation and low road density (Table ). The finalmodel showed
good predictive discrimination at the original  ×  km
resolution (AUC= .).

Patch connectivity

The relative importance of each landscape element for over-
all habitat connectivity for the Iberian ibex (as quantified by
dPC and its three components: dPCintra, dPCflux and

dPCconnector) was heterogeneously distributed in the land-
scape; however, the most important landscape elements
were located in the north and central areas of the study
area (Table ; Fig. ). Our results indicate that landscape
element  and landscape element  (Fig. ) were the most
important landscape elements in maintaining the function-
ality of habitat connectivity for the Iberian ibex. Landscape
element  had the highest contribution to the overall
connectivity (dPC = %) and the highest values of the
dPCflux component (%), followed by landscape element 
(dPC = %), with the highest values of the dPCconnector
component (%; Table ). Landscape element  was well
connected to the other habitat patches within the dispersal
distance of the Iberian ibex (high dPCflux), whereas
landscape element  was strategically located to sustain
the connectivity between other habitat patches (high
dPCconnector). Both landscape elements  and  had the
second highest values of dPCflux and dPCconnector (land-
scape element : dPCflux = %, dPCconnector = %; land-
scape element : dPCflux = %, dPCconnector = %).
Landscape elements  and  had the highest values of
dPCintra (% for each; Table ). Landscape element  had
the highest dPCconnector, followed by landscape element
 (Table ).

FIG. 3 (a) Environmental
favourableness of UTM  × 

km grid cells for the Iberian
ibex in the Iberian Peninsula
and (b) in Western Iberia after
downscaling to UTM  ×  km
cells. The rewilding area is an
area identified as having high
favourableness for the
reintroduction of the Iberian
ibex.

TABLE 2 Variables (Table ) retained in the environmental favourableness model, with their associated coefficients (β), standard error (SE),
Wald test values and statistical significance (P).

Variables β SE Wald value P

(Intercept) −1.09 0.26 −4.25 , 0.01
Slope 0.16 0.01 12.58 , 0.01
Forest stands 0.03 0.00 8.41 , 0.01
Scrubland 0.02 0.00 7.64 , 0.01
Agricultural fields −0.004 0.002 −2.11 , 0.05
Human population density −0.001 0.0004 −1.84 0.06
Road density −2.10 0.48 −4.36 , 0.01
Normalized difference vegetation index −7.18 0.61 −11.82 , 0.01
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Discussion

We identified favourable areas that could serve as potential
nuclei of reintroduction for the Iberian ibex in the Iberian
Peninsula, which in turn could lead to establishment of
the species and expansion of its distribution. The Western
Iberia region is strategically located to enhance the natural
expansion of existing populations, including the nearby
Spanish population in the Sierra de las Batuecas.
Furthermore, the region is characterized by well-connected
habitat patches and relatively low human pressure, offering
favourable conditions for reintroduction and establishment
of the Iberian ibex. The species would have access to con-
tinuous habitat to fulfil its ecological requirements, increas-
ing the likelihood of its long-term survival. Previous studies
have highlighted the importance of protecting and enhanc-
ing existing favourable areas to facilitate the dispersal and
survival of the species (Schadt et al., ; Bleyhl et al.,
). The favourable areas that were identified in the
north and centre of Western Iberia could potentially serve
as reintroduction nuclei (Fig. ), and their strategic location
would facilitate the movement of populations among the
nuclei. The areas with highest favourableness include
dense vegetation, well-developed tree cover interspersed
with areas with a continuum of dense and sparse shrub
layer, and a rich herbaceous layer, which provide refuge
and feeding places for species establishment and reproduc-
tion. Additionally, forest stands and tall shrub may serve as
ecological corridors for range expansion. The species’ pref-
erence for low-disturbance regions has already been shown
(Acevedo & Cassinello, ). In an area with low disturb-
ance, such as the study area, the main threats to the Iberian
ibex are the increasing presence of domestic livestock, which
can act as reservoirs of wildlife diseases, and interspecific
competition for resources (Acevedo et al., b).

After assessing the existence of favourable habitats we
evaluated whether they were sufficiently well connected to
facilitate movement between populations and ensure that
suitable patches could be colonized. By ranking the contri-
bution of each landscape element to the maintenance of the
overall landscape connectivity we identified high-priority

habitat patches for future conservation andmanagement ac-
tions. Specifically, our results show that the central area of
Western Iberia plays a fundamental role in the dispersal
of the Iberian ibex. The landscape elements are strategically
located (e.g. in a central position) and are large and well con-
nected to the other habitat patches within the dispersal dis-
tance of the species (high intra-patch connectivity).
Moreover, they enhance the connectivity between the
north, south and eastern parts of the study area, which
will promote the natural expansion of the existing popula-
tions on the Spanish side. Specifically, both landscape ele-
ments  and  had high contributions to overall
connectivity because they are well connected to other habi-
tat patches within the dispersal distance of the Iberian ibex
(high dPCflux) and are large enough and centrally located,
supporting connectivity between other habitat patches (high
dPCconnector). Landscape elements  and  have the largest
total area (AL) and therefore high dPCintra. Landscape ele-
ments  and , in the central part of the study area, have the
highest dPCconnector (i.e. they may function as stepping
stones between other isolated patches), highlighting the
high probability of colonization of these habitat patches.
Stepping stones are known to be fundamental for the spread
of species (Carranza et al., ; Saura et al., ).
Fragmentation of the vital core area would probably impede
establishment of the Iberian ibex. Connectivity between
habitat patches has been shown to be important in securing
genetic flux between populations, increasing the efficiency
of reintroduction programmes (Olech & Perzanowski,
). According to the dispersal characteristics of the
Iberian ibex (Escós, ; Alados & Escós, ), natural dis-
persal to the south and east of the study area is expected, as
there are potentially effective connections between the re-
introduction sites and the southern habitat patches. By
quantifying the importance of each habitat area it is possible
to focus conservation and management actions directly in
areas that have greater importance for overall connectivity.

We suggest that the approach used here for the Iberian
ibex in Western Iberia could be extended to other species
and conservation purposes, and is particularly important
in reintroduction projects where species data are not

TABLE 3 Contribution of each landscape element (i.e. habitat patch) to the maintenance of the overall landscape connectivity as measured
by dPC (overall habitat connectivity), dPCintra (contribution of each patch to intrapatch connectivity), dPCflux (depends on both the
attribute value of a patch and its position within the landscape) and dPCconnector (contribution of each patch to the connectivity between
other patches, as a connecting element or stepping stone between them) (Fig. ).

Area (km2) dPC dPCintra dPCflux dPCconnector

Landscape element 1 55.09 18.77 1.45 11.48 5.84
Landscape element 2 25.04 18.12 0.24 5.36 12.52
Landscape element 3 39.06 17.90 0.80 8.97 8.15
Landscape element 4 39.07 15.13 0.65 8.47 6.01
Landscape element 5 65.13 14.27 2.22 10.88 1.18
Landscape element 6 63.10 11.87 2.29 8.26 1.33
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available. However, the success of reintroduction pro-
grammes depends not only on evaluating favourable
and connected areas but also on the ability to manage
them appropriately (Jepson, ). A main goal of the EU
Biodiversity Action Plan is to restore % of the EU’s de-
graded or abandoned land, and the creation of a functional
ecosystem through rewilding would contribute to achieving
this goal. Our proposed methodology for identifying high-
priority habitats in target areas is a valuable tool for conser-
vation planning, helping to determine high-priority habitats
within target areas. This is particularly significant as rewild-
ing projects are assuming a more widespread role in restor-
ing degraded landscapes (Jepson, ).
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