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 1. Introduction 
  

The Iberian lynx (Lynx pardinus) is one of the most endangered mammals worldwide, being 
considered since 2002 as critically endangered by the International Union for Conservation of Nature 
(IUCN). Once distributed throughout most of the Iberian Peninsula, the large population decline and 
range contraction suffered by the Iberian lynx restricted its presence at the beginning of the XXI 
century to only two isolated areas (Andújar-Cardeña and Doñana-Aljarafe) with less than 100 
individuals in total (Simón et al. 2012). 
 
Recent conservation efforts have been able to reverse the decline of the Iberian lynx populations that 
was registered until the beginning of the XXI century (Simón et al. 2012). Currently it is estimated that 
the total size of the Iberian lynx population is above 300 individuals according to the most recent 
census data available for year 2013. This considerable population size increase in about a decade has 
been achieved by consolidating and reinforcing the lynx populations in the two areas where it was 
present at the begging of the XXI century (Andújar-Cardeña and Doñana-Aljarafe) and since 2009 by 
reintroducing the species in other areas within the historical range of the Iberian lynx (Guarrizas and 
Guadalmellato), in both cases with the support of captive breeding and genetic reinforcement 
strategies. 
 
Despite this positive population trend in the most recent period, the conservation of the Iberian lynx 
still faces large threats. The current species population size and range are still likely to be insufficient 
to ensure its long term conservation, and are in any case far below the number of individuals and the 
area that the species occupied in the Iberian Peninsula just about one century ago. For this reason, 
current conservation strategies for the Iberian lynx highlight the need of not only preserving currently 
occupied areas, but of reintroducing the species in new areas within its historical range, as long as 
these areas hold the necessary conditions for the establishment and persistence of lynx populations. 
In this context, the main objective of the Iberlince Life+ project (LIFE 10NAT/ES/000570) is to make 
progress in recovering the historical distribution of the Iberian lynx in the Iberian Peninsula, through 
the selection of new reintroduction areas in Portugal and in the Spanish regions of Castilla-La Mancha, 
Extremadura, Murcía and Andalucía. These areas should present the characteristics that allow for the 
establishment of permanent and self-sustainable Iberian lynx populations. Multiple aspects need to be 
considered for the selection of future reintroduction areas, but the support of habitat suitability and 
connectivity models for the entire Iberian Peninsula is certainly among the most important ones. 
 
In the most recent period, in addition to the conservation successes just described, considerable 
efforts have been dedicated to data gathering and research on the biology and behaviour of the 
Iberian lynx. In particular, among these efforts, the development of telemetry systems based on GPS 
collars, and the tracking of Iberian lynx individuals with these systems, has provided essential 
information to understand and quantify the selection of habitat resources by the Iberian lynx. This 
recent information largely improves, in quality and quantity, the one available for the species only a 
few years ago, given the frequency and systematic acquisition of the GPS fixes (locations) and the 
large number of lynx individuals and time periods that have been monitored with these telemetry 
systems. Several dozens of tracked individuals and tens of thousands of GPS locations are now 
available for the Iberian lynx after about five years of monitoring with GPS collars. This large amount 
of information has not been fully exploited and analysed to date for the fundamental purpose of 
improving the knowledge of habitat selection and movement preferences by the Iberian lynx in the 
Iberian Peninsula. 



In this context, the aim of the present study was to apply some of the most recent methodological 
developments in spatial ecology, and in particular those specifically oriented to the analysis of tracking 
data such as those provided by GPS collars, to develop a habitat suitability model and landscape 
permeability model for the Iberian lynx over the entire Iberian Peninsula. In particular, the 
methodologies applied in this study consist of resource selection functions that were implemented, 
from a statistical point of view, through mixed conditional logistic regression models. These 
methodologies are based in considering each lynx movement (between two consecutive GPS 
locations) as an habitat selection action by the animal; from the initial location there is a variety of 
available points to which the lynx may have moved to, but only one of these points is actually 
selected. By comparing the environmental characteristics in the selected areas with those present in 
the available (eventually accessible) but not selected areas it is possible to obtain, in an objective and 
quantitative manner, the preferences of the Iberian lynx for habitat resources and movement areas 
through the landscape. 

For this purpose, in this study we separated the GPS locations into two groups. One group contained 
the locations within the home ranges, which were used to construct the habitat suitability model. The 
second group contained the GPS locations corresponding to the dispersal or exploratory movements 
outside the usual areas utilized by the species; these locations were used to produce the landscape 
permeability model, i.e. the model giving the relative adequacy of each portion of the land to conduct 
the movement of lynx individuals. The explanatory or predictive variables used to characterize the 
environmental conditions all throughout the Iberian Peninsula were land cover (with 12 variables or 
cover classes), terrain slope and the presence of roads with low and high traffic density. 

In this way, this study produced predictive models that are considered useful to support the selection 
of reintroduction areas for the Iberian lynx. This support is provided in a first stage by the habitat 
suitability estimates in the potential reintroduction areas. In subsequent stages, additional insights will 
be obtained from landscape connectivity analysis among established lynx populations and new 
reintroduction areas, which will be developed based on the landscape permeability model here 
presented. 

2. Methods

2.1. Iberian lynx tracking data: GPS collars 

We used telemetry data acquired between December 2008 and November 2013 for a large number of 
Iberian lynx equipped with GPS collars. These telemetry data provided the location of any tracked lynx 
individual every 4 hours. However, in some cases, due to failure in GPS fixes, the time between 
consecutive locations was longer. The raw telemetry data were revised and filtered, with the support 
of the staff of the Iberlince Life+ project, to remove any erroneous coordinates or coordinates that 
should not be considered when building the models, such as locations within the fences in the initial 
period of lynx release in the reintroduction areas or locations corresponding to periods in which GPS 
collars were being tested or adjusted but not carried by an animal. A minimum of 150 valid GPS 
locations (points) per each tracked individual was set in order to use these data in subsequent 
modelling (this would correspond to about four weeks of tracking in case of having one GPS fix every 
four hours). The objective was to assure that the sample was representative enough of the selection 
preferences of a particular lynx and that it could make a significant contribution to the statistical 
models later described.  



 

 

After the filtering process, we obtained a total number of 48 lynx individuals tracked for a sufficient 
amount of time (at least 150 valid locations for each individual) and a total of 44,002 locations for 
those 48 lynx. The mean number of GPS locations per individual was 917 and the maximum was 4,069 
(for the lynx named Gael). Figure 1 shows the spatial distribution of these GPS locations. Table 1 
shows the number of GPS locations in each of the four areas that are currently occupied by Iberian 
lynx populations.  

 

Figure 1. Distribution of the GPS locations used to build the models, the great majority of them within 
the region of Andalucía. 

The full name list of the 48 lynx individuals tracked with GPS collars that were considered for the 
models is the following: Bayón, Caberú, Caribú, Charquena, Damero, Diana, Eclipse, Eider, Eva, Floreal, 
Fraile, Fuegos, Gael, Gaia, Galán, Galega, Gandalf, Gaveta, Gitana, Gomera, Granadilla, Granizo, 
Grazalema, Guadalmellato, Helecho, Heno, Hidalgo, Hiera, Hierba, Higo, Higuera, Hilmice, Hispano, 
Hulla, Íbero, Iznagar, Jabirú, Jade, Jaén, Jam, Janeira, Janga, Jedi, Jembe, Jeropiga, Jiga, Mata, Nuria. 

Table 1. Number of tracked lynx and of GPS locations in each of the four areas that currently present 
stable Iberian lynx populations. The locations corresponding to dispersal or exploratory movements 
outside these areas have been included within the area from which the lynx individual tracking started. 

Area  
Number of 

lynx 

Number of GPS 

locations 
Percentage of locations 

Doñana-Aljarafe 5 5,856 13.3 % 

Andújar-Cardeña 6 5,757 13.1 % 

Guarrizas 16 14,813 33.7 % 

Guadalmellato 21 17,576 39.9 % 

Total 48 44,002 100 % 



 

 

 2.2. Separating GPS locations: habitat use within home ranges and dispersal or exploratory 
movements 

  
The selection of habitat or cover types by the Iberian lynx may vary depending on the type or 
objective of each particular movement. It is possible that in the movements corresponding to 
exploration, dispersal and search of new territories the animals select habitats or covers in a different 
way than when they are settled in a given home range or territorial area and move within it; see for 
example Zeller et al. (2014). For this reason, and given that the objective of this study is to generate a 
model that estimates habitat suitability and a model that quantifies the permeability of the landscape 
for the lynx movements (this latter model to be used later for connectivity analyses), the GPS locations 
were separated into the following two groups: 
 

 Locations corresponding to the use of habitat within the home ranges. These points (locations 

of the GPS collars) were used to construct the habitat suitability model for the Iberian lynx. 

 Location corresponding to dispersal or exploratory movements outside the usual home 

ranges. These points were used to construct the landscape permeability model for the Iberian 

lynx movements. 

Six of the 48 tracked individuals did not settle in home ranges that could be identified as such within 
the tracking period. All the GPS locations of these 6 lynx individuals were considered as corresponding 
to dispersal or exploratory movements; these were the lynx with names Guadalmellato, Hiera, 
Hilmice, Hispano, Jaén and Mata. The other 42 lynx individuals showed, during the tracking period for 
each of them, both establishment in home ranges or stable areas and dispersal or exploratory 
movements. The GPS locations for these 42 lynx were divided in locations with the home ranges and 
locations when dispersing or exploring outside home rages through the non-parametric a-LoCoH 
adaptive method (Getz et al. 2007). LoCoH is based on overlapping, for a given tracked individual, all 
the minimum convex polygons for subsets of GPS locations. LoCoH was selected because it has shown 
to present a better performance and home range delineation than other parametric methods, 
particularly when hard (sharp) boundaries exist between used and unused areas (e.g. roads, water 
bodies) or when unused holes are present within the home ranges (Getz et al. 2007). These 
advantages of the a-LoCoH method are particularly prominent when there are many locations 
available (Getz et al. 2007), as is the case for the Iberian lynx telemetry data here analysed. Figures 2 
and 3 show, as an illustrative example for two of the analysed lynx individuals, the classification of GPS 
locations into those corresponding to the periods within the home ranges and to those corresponding 
to exploratory or dispersal movements. 

The application of the described method assigned approximately 75% of all locations to habitat use 
within the home ranges (33,513 locations) and the rest 25% to dispersal or exploratory movements 
(10,849 locations) for the full set of lynx and GPS locations. The distribution of these two types of 
locations for all the tracked lynx individuals is shown in Figure 4. 

 



 

 

 

Figure 2. Example with the separation of the GPS locations corresponding to habitat use within the 
home ranges or areas where individuals are settled (shown in brown) and the locations of exploratory 
or dispersal movements (shown in green) for the lynx Caberú. From the total number of locations for 
this individual, 1,705 locations were classified as within the home ranges and 266 as dispersal or 
exploration.  

 

Figure 3. Example with the separation of the GPS locations corresponding to habitat use within the 
home ranges or areas where individuals are settled (shown in brown) and the locations of exploratory 
or dispersal movements (shown in green) for the lynx Jedi. From the total number of locations for this 
individual, 585 locations were classified as within the home ranges and 192 as dispersal or exploration. 

All the analyses that are described in the next sections were performed separately, although in the 
same way, for the home range locations (generating the habitat suitability model) and for the 
dispersal or exploratory locations (generating the landscape permeability model). 

 

 



Figure 4. Distribution of the locations within the home ranges (shown in Brown) and those 
corresponding to dispersal or exploratory movements (shown in green) for the full set of analysed lynx 
individuals and GPS collars. Even when in the figure an apparent dominance of the dispersal or 
exploratory locations may be observed, these only represent 25% of the total number of locations. The 
majority of locations are within the home ranges (75%), but these locations are concentrated in much 
more localized areas, overlapping to a larger extent with one another and hence presenting a lower 
apparent abundance at the scale of this figure. 

2.3. Determining available habitat: distribution of displacement distances and turning angles 
between consecutive locations 

One of the key steps in the methodology here applied consists in defining the available habitat from 
each location. The definition of available habitat goes beyond the chosen destination point recorded 
by the GPS to account for alternative destination points to which the animal did not move even when 
such movement was potentially feasible. To define these other possible or alternative displacements 
(available but not selected), we studied the distribution of displacement distances and turning angles 
between consecutive locations for the lynx individuals tracked with GPS collars, in accordance with the 
procedures applied in previous studies using similar telemetry data (Fortin et al. 2005; Coulon et al. 
2008; Zeller et al. 2014). For this purpose, we analysed separately the home range locations on one 
hand and the dispersal or exploratory locations on the other. Only the consecutive GPS fixes for an 
individual separated by 4 hours were considered. The analyses gave a maximum displacement 
distance (defined as the 99% percentile) of 2,956 meters for the home range data (Figure 5) and of 
5,197 meters for the dispersal or exploratory data (Figure 6). In both cases a Pareto kernel was fitted 
to the observed distribution of displacement distances (Figures 5 and 6). The turning angles did not 
show however a clear trend, as shown in Figure 7; there was no significant directionality, and the lynx 
could follow any direction with a similar likelihood independently of the direction that the animal had 
followed in the previous movement. 



 

 

 

Figure 5. Frequency distribution (density) of the number of displacements between consecutive GPS 
locations (recorded with a time difference of 4 hours) that reached a given distance for the movements 
within the home ranges in which the individuals were settled. The distribution gives a maximum 
displacement distance (99% percentile) of 2,956 meters. The bars and dashed line correspond to the 
observed frequencies while the continuous line shows the Pareto kernel fitted to those observed values.  

 
Figure 6. Frequency distribution (density) of the number of displacements between consecutive GPS 
locations (recorded with a time difference of 4 hours) that reached a given distance for the dispersal or 
exploratory movements outside home ranges. The distribution gives a maximum displacement distance 
(99% percentile) of 5,197 meters. The bars and dashed line correspond to the observed frequencies 
while the continuous line shows the Pareto kernel fitted to those observed values.  

Dispersal or exploration 

Home range 



Figure 7. Distribution of the frequencies of turning angles (angle between two consecutive 
displacements registered by the GPS collar for a given animal) for the all tracked lynx individuals. 

Each observed displacement was paired with the alternatives (available or accessible points) that, 
starting from the same initial location, were at a distance specified by the frequency distributions (up 
to the maximum distance given by the 99% percentile of those distance distributions) and presented 
any turning angle (in accordance with the non-directionality described above). The frequency or 
weight of available points was given by the Pareto kernel fitted to the distance distributions (Figures 5 
and 6). Since these distributions were highly skewed and rapidly decreased with distance, this 
procedure resulted in a smaller weight to the alternative (potential) movements that were at longer 
distances, since these were less frequent or feasible (long distances compared to the usual 
displacements between consecutive GPS fixes), up to the maximum distance of the 99% percentile.  

 2.4. Independent variables and spatial layers 

2.4.1. General description of the explanatory (independent) variables considered 

We selected those explanatory variables (included as independent variables in the statistical models) 
that were considered to have relevance and capacity to explain, through a plausible causal 
relationship, the habitat use and selection by the Iberian lynx at the wide scales at which the model 
was developed. These variables were selected based on expert knowledge and on previous results on 
the biology and habitat suitability for the Iberian lynx, and among those variables or factors for which 
homogeneous and spatially continuous information was available for the entire Iberian Peninsula 
(since the models needed to be projected and fully comparable both for Spain and Portugal). The 
following 15 explanatory variables were included in the models: 

12 variables corresponding to 12 land cover types in which the Iberian Peninsula was classified 

based on the Corine Land Cover map and classification system. 

0° 90° 180° -180° -90°

Turning angle (degrees) 

Fr
eq
ue
nc
y 



 

 

 2 variables corresponding to roads, differentiating between roads with high traffic density and 

roads with low traffic density (hereafter high-traffic roads and low-traffic roads). 

 1 variable corresponding to terrain slope.  

These variables, and the spatial layers from which they were derived, are described in more detail in 
the next sections. 
 
2.4.2. Land cover classes 
 
Land cover classes were obtained from the Corine Land Cover 2006 map, which has the same 
characteristics and methodology for both Spain and Portugal and is available at 
http://www.eea.europa.eu/data-and-maps/data/clc-2006-vector-data-version-2. The 44 classes that 
are differentiated in Corine Land Cover were reclassified into 12 categories (Table 2) for the purposes 
of the statistical models and resource selection functions. This reclassification into 12 categories was 
performed following several criteria. First, we differentiated those land cover types for which the 
Iberian lynx was expected to present a sufficiently different response considering the biology of the 
species. Second, we avoided aggregating in a single class two cover types when each had a large 
number of GPS locations, since this allowed for the statistical models to estimate a differential 
response and selection of the Iberian lynx for each of these classes (if this was considered supported 
in biological grounds). Third, we avoided producing a land cover classification with a large number of 
classes both for preventing fitting or convergence problems in the statistical models and for avoiding 
spurious estimates for certain cover types that may not have a clear biological or causal support. Four, 
and for similar reasons as for the previous point, we did not considered individually (without 
aggregating with other classes) those land cover types that had no (or that had few) GPS locations; 
these classes were combined with other classes that were structurally or functionally similar, since the 
statistical models in general are not able to predict habitat suitability in those cover types that are not 
present in the areas where the lynx have been tracked with GPS collars (either in the areas that the 
lynx moved to or in those that were available as given by the distance distributions even if not finally 
selected by the animals). The set of 12 land cover classes considered in the models and their 
equivalence with one or more Corine Land Cover classes is shown in Table 2. 

Table 2. List of the 12 land cover classes considered as independent variables in the model (left 
column) defined from the combination of one or more Corine Land Cover classes (as indicated in the 
right column).   

Land cover class considered in 

the model 
Corine Land Cover classes included 

1. Unsuitable (artificial, 

unvegetated, water bodies) 

Artificial surfaces (all classes 1.x)*, water bodies and wetlands 

(all classes 4.x and 5.x), open spaces with little or none 

vegetation (3.3.1, 3.3.2, 3.3.3, 3.3.5). 

2. Non-irrigated and non-tree 

crops 
Non-irrigated arable land (2.1.1), vineyards (2.2.1). 

3. Irrigated agricultural areas Permanently irrigated land (2.1.2), rice fields (2.1.3). 

4. Olive groves Olive groves (2.2.3). 



 

 

5. Other fruit tree crops Fruit trees and berry plantations (2.2.2). 

6. Heterogeneous agricultural 

areas 

Annual crops associated with permanent crops (2.4.1), complex 

cultivation patterns (2.4.2). 

7. Agricultural lands mixed with 

natural vegetation 

Land principally occupied by agriculture, with significant areas 

of natural vegetation (2.4.3). 

8. Agroforestry areas Agroforestry areas (2.4.4). 

9. Forests 
Broad-leaved forest (3.1.1), coniferous forest (3.1.2), mixed 

forest (3.1.3). 

10. Grasslands and pastures Pastures (2.3.1), natural grasslands (3.2.1). 

11. Shrublands Sclerophyllous vegetation (3.2.3), moors and heathland (3.2.2). 

12. Transitional woodland-

shrub 

Transitional woodland-shrub (3.2.4), burnt areas in 2006 or 

earlier (3.3.4)**. 

* Includes urban fabric, industrial and commercial units, mines, etc. Transport infrastructure is only 
included within this Corine class when its width is of at least 100 meters, which excludes almost all the 
transport infrastructure in Spain and Portugal. For this reason roads where considered in the model 
through a different spatial layer and explanatory variable different from Corine Land Cover, as 
described in the main text. 

** Burnt areas are those that were identified as such in the year 2006 when the Corine Land Cover map 
was developed (forest fires that occurred in 2006 or three years earlier). It was observed however that 
these areas presented a significant development of woody vegetation (shrubs and/or trees) in the 
moment in which this study was developed, based on which this class was included within transitional 
woodland-shrub. The impact of this burnt area class, and of the decision to include it within class 12, is 
however minimal for the purposes of the models here developed, since this class 3.3.4 represent less 
than 0.1% of the total area of the Iberian Peninsula according to Corine Land Cover, and a much lower 
percentage in the areas where the Iberian lynx is distributed. 
 
2.4.3. Roads 
 
Transport infrastructure was classified into roads with a high traffic density (defined as those with a 
maximum speed of at least 100 km/h, a road shoulder, and two lanes in both directions or sectors 
with two lanes in one direction and one lane in the other) and roads with a low traffic density (rest of 
paved roads); these two types of roads are hereafter referred to as high-traffic roads and low-traffic 
roads respectively. The source spatial layers were BCN200 for Spain (Ministerio de Fomento) and the 
cartography developed by Servicio Geográfico del Ejército at a scale 1:200,000 for Portugal. Both 
layers were corrected, updated and integrated by SECAD (Servicio de Cartografía Digital e 
Infraestructura de Datos Espaciales de la Universidad de Extremadura, Vicerrectorado de 
Investigación, Innovación e Infraestructura Científica) with the support of Mapa Oficial de Carreteras 
Interactivo for year 2006 (Ministerio de Fomento) for Spain and of the images of Guía Campsa for year 
2006 for Portugal; the combined layer for both countries was obtained from 
http://ide.unex.es/geonetwork/srv/es/metadata.show?id=4703.  



 

 

It should be noted that Corine Land Cover includes one class corresponding to transport  
infrastructure (Corine class 1.2.2, included within class 1 for the models, see Table 2). This Corine 
class, however, only includes those roads with a width of at least 100 meters, which excludes almost 
all the transport infrastructures in Spain and Portugal, which are accounted for in the models by the 
spatial layer and explanatory variable different from Corine Land Cover just described earlier in this 
section. 
 
2.4.4. Slope 
 
Terrain slope (in degrees) was obtained from digital elevation models (DEM) for Spain (DME25 from 
Instituto Geográfico Nacional, with a spatial resolution of 25 meters, 
http://www.ign.es/ign/layoutIn/modeloDigitalTerreno.do) and Portugal (DEM for Portugal Continental 
e Regiões Autónomas, with a spatial resolution of 30 meters, 
http://www.arcgis.com/home/search.html?t=content&q=owner:ESRI-PT). Spatial resolution of both 
DEMs was homogenized in a single layer with a pixel size of 30 meters. Altitude was not included as an 
explanatory variable in the models because the effect of altitude is not direct but indirect through 
other variables such as land cover, while slope may indeed have a clearer direct effect (e.g. energetic 
cost for lynx movement). 
 
2.4.5. Spatial layer processing for the explanatory variables 
 
The 15 above mentioned variables were used to characterize the land cover type, the presence or 
absence of roads, and the terrain slope in each of the points to which the lynx individuals moved 
starting from the previous GPS location and in the available areas (locations to which the lynx might 
have moved but that were not selected by the animal) according to the weights and distance 
frequency distributions described in section 2.3. The characterization of the explanatory variables in 
the available and selected locations was made for all variables by rasterizing the spatial layers to the 
same spatial resolution of 30 meters (this was the spatial resolution of the DEM layer produced for 
Spain and Portugal). The final predictive maps on habitat suitability and landscape permeability were 
however generated at a resolution of 90 meters, since this resolution was considered sufficiently 
detailed considering the application of the model to the entire Iberian Peninsula and the actual 
1:100,000 scale of the Corine Land Cover map. Explanatory variables were not standardized to avoid 
biases or differences for the different variables in the fitted models depending on the adopted 
standardization criterion, considering the different characteristics of the statistical distributions of 
each of the explanatory variables. 
 
The comparison of the characteristics (values of the explanatory variables) in the selected locations 
(those to which the lynx in fact moved) and in the available but non-selected ones was the basis for 
estimating the lynx preferences in habitat use and movement, as quantified through the statistical 
models described in the next section. 
 

 2.5. Statistical models: resource selection functions and conditional logistic regression 
  

For analysing the above described variables and data, and for estimating the selection of resources by 
the Iberian lynx, we fitted a mixed conditional logistic regression model with the individuals (each lynx 
equipped with a GPS collar) as the random effect and the explanatory variables as fixed effects 
(Compton, Rhymer and McCollough 2002; Gillies et al. 2006; Duchesne, Fortin and Courbin 2010; 
Zeller et al. 2014). This statistical model was fitted separately to the GPS locations corresponding to 
habitat use within the home ranges on one hand and to the GPS locations corresponding to dispersal 



 

 

or exploratory movements (as described in section 2.2) on the other hand, generating two models: a 
habitat suitability model from the GPS locations within the home ranges, and a landscape permeability 
model from the dispersal or exploratory locations. 
 
The adopted statistical approach (conditional logistic regression) is particularly suited to the analysis 
of tracking data of GPS-collared animals, such as those available for the Iberian lynx, and for 
estimating the preferences of the animals for different types of resources (environments) from such 
data. Each displacement between two consecutive GPS locations can be considered as a habitat 
selection decision by the lynx. From a given point, a certain number of possible displacement locations 
exist, each with different environmental characteristics (explanatory variables), and the animal selects 
only one of those options (Figure 8). This type of data can be modelled through resource selection 
functions and conditional logistic regression (Compton, Rhymer and McCollough 2002). This 
methodology is being increasingly used in the estimation of habitat selection and movement 
preferences by tracked animals (Zeller, McGarigal and Whiteley 2012; Zeller et al. 2014), and is the 
one that was applied in this study. 

 
Figure 8. Each displacement between two consecutive GPS locations can be considered as a selection 
decision taken by the Iberian lynx. In this hypothetical example, from location A the lynx chose to move 
to B instead than to other alternatives at similar distances from A such as b1, b2, b3 or b4. Studying 
the habitat characteristics (explanatory variables) in the selected option and comparing them with 
those existing in the available but non-selected locations, it was possible to estimate, through the 
described statistical models, the habitat and movement preferences of the Iberian lynx. In the 
illustrative example of this figure there is a preference for forests and an avoidance of agricultural 
areas (crops). 

Conditional logistic regression was used to compare the characteristics of the habitat selected in each 
movement with those at the alternative (available or accessible) locations that were not selected 
(Figure 9), adopting in particular the methods proposed by Zeller et al. (2014). Such comparison is 
performed through stratified data; each stratum is formed by each observation and its alternatives, 
which allows removing the effect of the stratum from a statistical point of view (Agresti 2002) and 
thereby estimating the general preference of the lynx for each type of environment. The fitted model 
allows predicting the suitability of each portion of land for the Iberian lynx considering the values of 
the explanatory variables in it. 

Observed displacement 

Alternative displacements 

Forest 

Crops 



 

 

 

 

Figure 9. Analyses through conditional logistic regression of a hypothetical set of observed movements 
(continuous lines) and its possible alternatives (dashed lines). The fitted model estimates the 
probability of selection of each location depending on the environmental characteristics and allows 
predicting the suitability of each portion of land as a function of the considered explanatory variables 
(distance to urban areas in the hypothetical example in this figure). 

Since conditional logistic regression models compare the selection of a given environment or cover 
type with those other available (accessible) but non-selected cover types, the probabilities that are 
directly generated by the model are relative probabilities, i.e. the probability that land cover type A is 
selected when the alternative is land cover B, or the probability that land cover type A is selected 
when the alternative is land cover C. To express such probabilities as absolute probabilities (that can 
be interpreted as an indicator of the habitat suitability of a given cover type), it is necessary to specify 
a reference class to which a reference absolute probability (e.g. habitat suitability) is assigned a priori. 
Here we selected land cover class 10 (grasslands and pastures) as the reference class, since this was 
considered the land cover class that, among those presenting natural (or seminatural) vegetation, was 
the less favourable for the Iberian lynx due to the lack of shrubs or trees. A probability of 0.5 was 
assigned to this reference class 10. In this way, when the results obtained from the fitted models 
provide a probability higher than 0.5 for a given land cover class, this means that this class is selected 
with higher frequency or preferred in comparison with class 10 (grasslands and pastures). On the 
contrary, probability values lower than 0.5 for a land cover class indicate lower selection or preference 
than for the reference class 10. 

 
In addition, it is necessary to take into account that not all lynx individuals have exactly the same 
habitat or movement preferences. It would be possible to fit a different conditional regression model 
for each individual and then calculate the average habitat selection preferences, but such an approach 
presents many statistical drawbacks. Recent studies have shown that constructing a single mixed 
conditional logistic regression model with the individuals as the random effect and the explanatory 
variables as fixed effects largely improves the quantification of animal habitat preferences and of 
related resource selection functions  (Gillies et al. 2006; Duchesne, Fortin and Courbin 2010). For this 
reason, we used these mixed models for the purposes of this study. 
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The fitted habitat suitability and landscape permeability models were projected to all the Iberian 
Peninsula through the above described explanatory variables. We produced two raster layers with a 
spatial resolution of 90 meters containing the absolute probability values predicted by the models in 
each location. These probability values correspond to the suitability of the land as permanent or 
stable habitat for the Iberian lynx (habitat suitability model) and to the adequacy of the land to 
conduct the dispersal or exploratory movements of the Iberian lynx (landscape permeability model). 
 

 2.6. Evaluating model predictive power through cross-validation 
  

The predictive capacity of each of the two models (habitat suitability and landscape permeability) was 
evaluated through cross-validation (e.g. Johnson et al. 2006). The full set of GPS locations used in each 
model was divided in ten portions of the same size, and the models were fitted ten times (each time 
excluding one of the portions from the fitting process). The capacity of the models to predict the lynx 
selection of resources was evaluated in the GPS locations from the portion excluded from the model 
fit. This process was repeated once with each of the ten portions, and with these ten fits the mean 
predictive power of the models was assessed. The finally fitted models used all existing GPS locations, 
but the evaluation of their predictive power was performed through this procedure that excluded one 
of the portions each time. 
 
To quantify the model predictive power we used the AUC (Area Under the Curve) of the Receiving 
Operating Characteristic (ROC). AUC estimates the probability that the prediction of the model 
(regarding habitat suitability or landscape permeability) in a location actually selected by the Iberian 
lynx is higher than the probability that the model predicts in a location that was available but was not 
selected by the lynx, with both locations taken randomly among the selected and available (non-
selected) locations in the portion excluded for the model fit (Fielding and Bell 1997). Since the data in 
the conditional regression model are stratified (the selected locations are paired with the locations 
that were available but were not selected by the lynx), the selection of the pairs of random locations 
for the calculation of AUC is performed within a given strata (Pennells et al. 2013). 
 

 3. Results and discussion 

  
In this section we present the results obtained both for the habitat suitability model and for the 
landscape permeability model. In several cases, however, more emphasis is made on the results of the 
habitat suitability model, which is the one that can most support the selection of reintroduction areas 
in this stage, considering that the landscape permeability model will be the basis for the connectivity 
analyses among lynx populations and reintroduction areas to be performed later in subsequent 
stages. 
 

 3.1. Fitted habitat suitability and landscape permeability models 

The models fitted to estimate habitat suitability (habitat use within the home ranges) and landscape 
permeability (dispersal or exploratory movements), given by the non-standardised coefficients for 
each explanatory or predictive variable, are shown in Table 3.  

In these two fitted models (habitat suitability and landscape permeability) there are common patterns 
and results, but also remarkable differences. 

Table 3. Coefficients of the mixed conditional logistic regression models fitted for habitat suitability 
(GPS locations within home ranges) and landscape permeability (GPS locations for dispersal or 
exploratory movements outside home ranges). For the 12 land cover classes derived from the Corine 



 

 

Land Cover classification the reference class is class 10 (grasslands and pastures); this means that the 
model coefficient for a given land cover class estimates the preference or selection of that class by the 
Iberian lynx compared with the reference class (the model coefficient for the reference class is by 
definition equal to zero). 

 

Variable 

Coefficient in the 

habitat suitability 

model 

Coefficient in the 

landscape permeability 

model 

Variables not 

obtained 

from Corine 

Land Cover 

Slope -1.533 -0.235 

High-traffic roads -427·104 -7.078 

Low-traffic roads -1.195 -0.072 

Variables 

derived from 

the Corine 

Land Cover 

classification 

1. Unsuitable  -21.340 -69.374 

2. Non-irrigated and 

non-tree crops 
-3.069 -1.899 

3. Irrigated 

agricultural areas 
-52.810 -3.656 

4. Olive groves 1.351 1.553 

5. Other fruit tree 

crops 
0.791 0.098 

6. Heterogeneous 

agricultural areas 
-0.566 -5.828 

7. Agricultural lands 

mixed with natural 

vegetation 

1.420 1.726 

8. Agroforestry areas 1.595 1.440 

9. Forests 2.107 1.716 

10. Grasslands and 

pastures 
0.000 0.000 

11. Shrublands 2.083 1.296 

12. Transitional 

woodland-shrub 
2.398 1.814 

 

 



 

 

The main results common to both models are the following:  
a) The land cover type that is selected more frequently by the Iberian lynx is the 

transitional woodland-shrub (class 12); this is the land cover that presents the highest coefficient in 

the fitted models (Table 3) and hence the one with a higher habitat suitability and landscape 

permeability for the Iberian lynx when all the other factors are constant (slope and roads), as 

shown in Table 4 and in Figures 10 and 11. 

b) The Iberian lynx tends to largely avoid the land covers corresponding to artificial or 

unvegetated areas (class 1), and also selects negatively (compared to the reference class 10) non-

tree crops, either irrigated or non-irrigated (classes 2 and 3), and the heterogeneous agricultural 

areas (class 6), as indicated by the negative coefficient values in the fitted models (Table 3) and as 

reflected in the resultant probability values shown in Table 4 and in Figures 10 and 11. 

c) There is a large heterogeneity and variability in the Iberian lynx response and selection 

of different land cover classes that could be included, in all or in part, within the typology of 

agricultural lands (classes 2 to 8). Within these agricultural areas we find both classes that are 

strongly avoided by the Iberian lynx (such as some of those mentioned in the previous point) and 

other classes for which the lynx shows a much higher preference or probability of selection than for 

the reference class 10 (and hence with positive coefficients in the fitted models), particularly when 

these agricultural areas retain some frequency or abundance of natural vegetation in the form of 

mosaic landscapes and/or correspond to tree crops. This is the case of the agricultural lands mixed 

with natural vegetation (class 7), the agroforestry areas (class 8) or the olive groves (class 4), as 

shown in Tables 3 and 4. 

d) The Iberian lynx shows preference for areas with little slope and not affected by the 

presence of roads, according to the negative coefficients for these variables in the fitted models 

(Table 3). 

e) Land cover classes are in general much more important to determine the habitat 

suitability and landscape permeability for the Iberian lynx than the rest of factors related with road 

presence and terrain slope. The weight of the land cover types in the habitat suitability and 

landscape permeability in a given area (or in the decrease of that suitability and permeability in a 

given area) is in general much higher than the weight of the other explanatory variables (roads and 

slope), particularly when these weights are assessed over relatively large areas (in the order of 

some thousands of hectares or larger). This result can be appreciated in Figure 18 (for the areas 

that currently present stable Iberian lynx populations) and in Figure 23 (for potential reintroduction 

areas) for the habitat suitability model, as will be presented later in more detail in section 3.4. 

f) However, as shown in the example in Figure 12, the slope modulates or locally adjusts 

the habitat suitability or landscape permeability that would correspond to a given cover type, 

although in general it does not modify it drastically. It can also be noted that the habitat suitability 

in the best land covers (those more preferred or selected by the Iberian lynx) tends to be less 

sensitive to an increased slope, as it can be appreciated by comparing the examples in Figures 12 

and 13 for land cover classes 12 (transitional woodland-shrub) and 10 (grasslands and pastures) 

respectively. It is noteworthy however that the relatively important effect of terrain slope in the 

local decrease of habitat suitability (as can be appreciated for instance in the example in Figure 13) 

does not translate with such intensity into the results for the areas with stable Iberian lynx 

populations (Figure 18) or for the potential reintroduction areas (Figure 23). This difference is 



 

 

because the slope in these population or reintroduction areas is in average much smaller (mean 

slope is below 15° in all these areas) than the range of variation of the slope that is presented in 

the horizontal axis of Figures 12 and 13, and also smaller than the slope values for which the 

decrease in habitat suitability is more prominent in Figures 12 and 13. These results do not exclude 

the possibility of the slope having a larger effect locally, in localized zones with abrupt terrain 

within the larger extent of a given population or reintroduction area. 

g) High-traffic roads have a much larger effect than low-traffic roads (for the same 

amount of area affected by both types of roads), as shown in Figure 14 and in the model 

coefficients (Table 3). In addition, roads can locally decrease habitat suitability (in the adjacent 

areas directly affected by these transport infrastructures) at much higher rates than terrain slope, 

as can be appreciated by comparing Figure 14 with Figures 12 and 13. However, when the effect of 

roads is evaluated in the entire extent of a given population area or reintroduction area, their 

effect is the least important one to determine the average habitat suitability in such areas with an 

extent of several thousands of hectares (less important than that of slope), as shown in Figures 18 

and 23. This is because the negative effect of roads, even it can be important locally (see Figure 

14), is limited just to the closest areas to the transport infrastructure. The extent affected by roads 

within the Iberian lynx population or reintroduction areas is however quite low: less than 1.5% of 

the total area of the population or reintroduction areas is covered by roads. As a result, the 

average effect of roads is modest in an entire population or reintroduction area, compared to the 

effect of vegetation cover and, to a lesser extent, of slope, both of which have an effect all 

throughout the extent of the considered areas. Similarly, considering that in the population or 

reintroduction areas the number and extent of high-traffic roads is much lower than of low-traffic 

roads (in the order of 10 to 20 times lower for high-traffic roads), high-traffic roads can end up 

having a total or average effect that is lower than that of low-traffic roads for many of these areas 

(Figures 21 and 26), even when high-traffic roads, when they are present, have a larger impact than 

low-traffic roads on habitat suitability (see the example in Figure 14). 

The main differences that can be highlighted between the results for the habitat suitability model and 
those for the landscape permeability model are the following: 

a) The most favourable class for the Iberian lynx (class 12, transitional woodland-shrub) 

has a lower coefficient value (Table 3) and a lower probability (Table 4) in the landscape 

permeability model than in the habitat suitability model. This result may indicate that the species is 

more generalist or plastic when dispersing than when selecting areas to get established, i.e. it 

shows less pronounced preferences for a given cover type in dispersal or exploratory movements 

than in home range use, even when such cover type is the best or more frequently selected one in 

both models. There is a convergence among the coefficient values in the models (and hence in the 

selection preferences of the Iberian lynx) when the results of the most favourable classes in the 

habitat suitability model are compared with those for the same classes in the landscape 

permeability model (Tables 3 and 4). For instance, in the habitat suitability model, the most 

frequently selected cover type (class 12, transitional woodland-shrub) has a coefficient that is 

higher by 0.3015 units than the coefficient of the next class with the highest coefficient. In the 

landscape permeability model, however, even when the same class 12 is the one most preferred, 

the coefficient value for class 12 decreases and is only 0.088 units higher than that of the next class 

with the highest coefficient value in that landscape permeability model (Figure 3). This reduction or 

narrowing of the differences among the best land cover classes can also be appreciated by 



 

 

comparing Figures 10 and 11. In the same way, in the habitat suitability model there is a clearly 

higher preference for the classes with presence of forest trees (classes 9 and 12, with coefficients 

of 2.107 and 2.398 respectively) than for the classes with presence of agriculture that are more 

favourable for the Iberian lynx (classes 4, 7 and 8, with coefficients ranging from 1.351 from 1.595). 

In the landscape permeability model, however, these differences are largely reduced; classes 9 and 

12 (with coefficients of 1.716 and 1.814 respectively) present selection frequencies that are much 

closer and in some cases overlap with those for the classes with presence of agriculture that are 

the most suitable for the Iberian lynx (classes 4, 7 and 8, with coefficients ranging from 1.330 to 

1.726 in the landscape permeability model). These results are shown in Table 3 and can also be 

appreciated in the probability values (derived from the model coefficients) in Table 4 and in Figures 

10 and 11. 

b) When dispersing or exploring outside the home ranges, the Iberian lynx is considerably 

less sensitive to terrain slope than when selecting an area in which to get established permanently 

or for a relatively long period. This result is shown by the much lower absolute value of the slope 

coefficient in the landscape permeability than in the habitat suitability model (Table 3). This result 

can also be appreciated in the examples in Figures 12 and 13, in which increases in slope translate 

into a smaller reduction in landscape permeability than in habitat suitability. 

Table 4. Probability values given by the models for an area all covered by a single land cover class and 
in the most favourable case regarding the rest of the variables (i.e. flat terrain and absence of roads). 
These probability values correspond to habitat suitability in the model fitted with the GPS locations 
within home ranges and to landscape permeability in the model fitted with the GPS locations in 
dispersal or exploratory movements outside home ranges. The reference class is class 10 (grasslands 
and pastures), to which a probability of 0.5 was assigned a priori. 

Land cover class 
Habitat suitability with no 

slope and no roads 

Landscape permeability with 

no slope and no roads 

1. Unsuitable 0.000 0.000 

2. Non-irrigated and non-tree 

crops 
0.044 0.130 

3. Irrigated agricultural areas 0.000 0.025 

4. Olive groves 0.794 0.825 

5. Other fruit tree crops 0.688 0.524 

6. Heterogeneous agricultural 

areas 
0.362 0.003 

7. Agricultural lands mixed with 

natural vegetation 
0.805 0.849 

8. Agroforestry areas 0.831 0.808 

9. Forests 0.892 0.848 



 

 

10. Grasslands and pastures 0.500 0.500 

11. Shrublands 0.889 0.785 

12. Transitional woodland-shrub 0.917 0.860 

c) While the Iberian lynx strongly avoids the areas affected by roads when establishing 

home ranges, particularly the high-traffic roads, it is much less sensitive to the presence of 

transport infrastructure when dispersing or exploring new areas (Figure 14). Even when roads also 

present negative coefficients in the landscape permeability model, their absolute values is much 

smaller than in the habitat suitability model, particularly for high-traffic roads (Table 3). 

 
Figure 10. Variation in habitat suitability (probability value given by the mixed conditional regression 
model) as a function of the proportion of land occupied by each land cover class, with the rest of the 
land being occupied by the reference class 10 (the sum of both proportions is equal to 1) and assuming 
a flat terrain and no presence of roads. The probability values when the proportion of a particular class 
is equal to 1 are those shown in Table 4 for the habitat suitability model. The numbers of the land 
cover classes are as in Tables 2, 3 and 4. A probability value (habitat suitability) of 0.5 was assigned to 



 

 

reference class 10 (grasslands and pasture); this class is not shown in the figure since it is the reference 
class for the calculation of the probabilities of selection shown in the vertical axes for the other land 
cover classes. 

 
Figure 11. Variation in landscape permeability (probability value given by the mixed conditional 
regression model) as a function of the proportion of land occupied by each land cover class, with the 
rest of the land being occupied by the reference class 10 (the sum of both proportions is equal to 1) and 
assuming a flat terrain and no presence of roads. The probability values when the proportion of a 
particular class is equal to 1 are those shown in Table 4 for the landscape permeability model. The 
numbers of the land cover classes are as in Tables 2, 3 and 4. A probability value (landscape 
permeability) of 0.5 was assigned to reference class 10 (grasslands and pasture); this class is not 
shown in the figure since it is the reference class for the calculation of the probabilities of selection 
shown in the vertical axes for the other land cover classes. 

 
 
 
 



 

 

 
Figure 12. Probability given by the habitat suitability and landscape permeability models as a function 
of terrain slope (degrees) for an area covered by transitional woodland-shrub (class 12) and with no 
presence of roads. It can be appreciated that slope modulates the probability values for this land cover 
type but does not change them drastically, even for relatively high slopes. It can also be appreciated 
that an increase in slope translates into a much lower reduction in landscape permeability than in 
habitat suitability. 

 



 

 

Figure 13. Probability given by the habitat suitability and landscape permeability models as a function 
of terrain slope (degrees) for an area covered by grasslands and pastures (class 10) and with no 
presence of roads. It can be appreciated that an increase in slope translates into a much lower 
reduction in landscape permeability than in habitat suitability. 

 

 
Figure 14. Probability given by the habitat suitability and landscape permeability models as a function 
of the proportion of land affected by high-traffic and low-traffic roads in an area with transitional 
woodland-shrub (class 12) and with no slope (flat terrain). It can be appreciated how high-traffic roads 
produce a much more drastic reduction of the probability than low-traffic roads, and that the effect of 
high-traffic roads is very strong even for relatively small proportions of affected land. It can also be 
appreciated that the effects of roads are considerably larger in the probability of the habitat suitability 
model than in the probability of the landscape permeability model, particularly when high-traffic roads 
are considered. 
 

 3.2. Evaluation of the predictive power of the models through cross-validation 
  

The evaluation of the model predictive power through cross-validation (capacity of predicting the 
Iberian lynx resource selection in GPS data not used to fit the models) yielded AUC values of 0.78 for 
the habitat suitability model and of 0.91 for the landscape permeability model, corresponding to a 
good and very good predictive power respectively. 
The lower AUC value for the habitat suitability value possible reflects that the resource selection of 
the Iberian lynx in the home ranges is comparatively more driven by fine-scale factors than the 
selection of areas for dispersal or exploratory movements (landscape permeability model). Capturing 
such finer-scale factors may need from more spatially or thematically detailed variables on habitat 
structure and composition (beyond the classification and scale 1:100,000 of Corine Land Cover) or 



 

 

variables related to prey availability (rabbits), for which currently there is no information that has 
been gathered in a homogeneous, comparable and complete manner for the entire Iberian Peninsula.  
In any case, the validation results for both models are remarkable considering the large extension and 
variability of conditions in the analysed areas, the scale of the study for the entire extent of Spain and 
Portugal, and the fact that the mixed models extract the common pattern in the selection of a large 
number of individuals (with characteristics, behaviour and preferences that are not necessarily 
coincident), with such common pattern being confronted with GPS locations corresponding to 
particular lynx individuals in the validation process. 
 
3.3. Habitat suitability and landscape permeability maps 
 
Figures 15 and 16 show the habitat suitability and landscape permeability predictive maps obtained 
from the fitted models. These maps are provided in digital format as two raster layers with a spatial 
resolution of 90 meters in the DVD accompanying this report. 
 

 
Figure 15. Map of habitat suitability for the Iberian lynx in the Iberian Peninsula, obtained from the 
model fitted with the GPS locations within the home ranges. 
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Figure 16. Map of landscape permeability for the Iberian lynx in the Iberian Peninsula, obtained from 
the model fitted with the GPS locations corresponding to dispersal or exploratory movements outside 
home ranges. 
 

 3.4. Results of the habitat suitability model in the areas with stable lynx populations and in 
the potential reintroduction areas 

  
Tables 5 and 6 show the average habitat suitability given by the model in each of the areas that 
currently host stable Iberian lynx populations and in each of the potential reintroduction areas 
considered for year 2014 (see Figures 17 and 22 for the location of these areas). Here we only present 
the results for the habitat suitability model, and not for the landscape permeability model, since this 
latter model will be used as the starting point for the connectivity analysis among population and 
reintroduction areas to be later conducted in a next stage. 

Among the areas with stable lynx populations (Figure 17), the one with the highest habitat suitability 
according to the model is Andújar-Cardeña, with a considerable difference with the next area with the 
highest suitability, which is Guarrizas (Table 5). After these two areas we find, ordered by decreasing 
average suitability, Doñana-Aljarafe and Guadalmellato, with a smaller difference in habitat suitability 
among them than for the other two areas (Table 5).  
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Figure 17. Distribution of the areas that currently present stable populations of the Iberian lynx, all of 
them located within the region of Andalucía. 

It is noteworthy that the GPS location data are dominated by individuals located in Guarrizas and 
Guadalmellato (the two areas in which the most recent lynx populations have been established after 
the reintroductions that started in 2009); almost 75% of GPS locations have been recorded in these 
two areas (see Table 1). In spite of this fact, Andújar-Cardeña is the area that largely stands out as the 
one with the highest habitat suitability (Table 5), even when only 13% of the GPS locations that were 
used to fit the models correspond to Andújar-Cardeña (Table 1). These results mean that the lynx 
individuals located in Guarrizas and Guadalmellato tend to show preference, in their habitat selection 
actions, for the land covers and environmental conditions that are present to a larger extent in 
Andújar-Cardeña. 

Table 5. Average habitat suitability in each of the four areas with stable Iberian lynx populations (see 
Figure 17 for their location). 

Areas with stable Iberian 

lynx populations 

Mean habitat 

suitability 

Doñana-Aljarafe 0.758 

Andújar-Cardeña 0.827 

Guadalmellato 0.748 

Guarrizas 0.792 
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Figure 18. Increase in the mean habitat suitability that would occur, according to the model, in each of 
the areas with stable Iberian lynx populations in the following cases: (1) if all the area was covered by 
transitional woodland-shrub (class 12, the one most preferred by the Iberian lynx) and there was no 
variation in the other factors (same roads and slope as those currently existing in these areas), (2) if 
there was no effect from high-traffic or low-traffic roads, with the same land cover classes and slope as 
those currently existing in these areas, (3) if terrain was flat (no slope), but with the same land cover 
types and roads as those currently present in these areas. It can be appreciated that, at the relatively 
large extent covered by these population areas (they range from 14,300 to 72,100 hectares in extent), 
land cover is the most influential factor on habitat suitability, followed at considerable distance by 
terrain slope and lastly by high-traffic and low-traffic roads. 

In all the areas with stable Iberian lynx population, land cover is the most important factor 
determining a reduction of habitat suitability (i.e. the factor in which concentrating efforts to improve 
habitat suitability would be more relevant), as shown in Figures 18 and 19 for the hypothetical case in 
which all the extension of these areas was covered by the most favourable cover type for the Iberian 
lynx according to the model results. The gain in habitat suitability that may be achieved by managing 
land cover is however limited in some areas such as Andújar-Cardeña (Figure 19), which already 
present good characteristics in this respect. The rest of the factors (roads and slope) are much less 
important for determining the average habitat suitability in these population areas, but differences 
exist regarding the relative importance of each of these other factors in the four population areas. 
Slope has a much smaller impact in habitat suitability in Doñana-Aljarafe than in the other three 
population areas (Figure 20). High-traffic roads have a much larger impact in Guarrizas than in the 
other areas with stable lynx populations (Figure 21), while low-traffic roads produce more similar 
habitat suitability reductions in the different areas (Figure 21). 
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Figure 19. Increase in mean habitat suitability that would occur according to the model in each of the 
areas with stable Iberian lynx populations if all the area was covered by transitional woodland-shrub 
(class 12, the one with the highest suitability for the Iberian lynx) assuming that there is no change in 
the other factors (roads and slope). 
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Figure 20. Increase in mean habitat suitability that would occur according to the model in each of the 
areas with stable Iberian lynx populations if the terrain was flat (no slope), assuming that there is no 
other change in the land cover or roads currently present in those areas. 
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Figure 21. Increase in mean habitat suitability that would occur according to the model in each of the 
areas with stable Iberian lynx populations if there was no effect of high-traffic and low-traffic roads, 
and assuming no change in the land cover and terrain slope in these areas. 

Among the potential reintroduction areas for year 2014 (Figure 22), the one with the highest habitat 
suitability according to the model is Valdecigueñas - Guadalcanal - Sierra Norte, followed by Val do 
Guadiana and by Montes de Toledo (Table 6). After these areas, by decreasing order of mean habitat 
suitability, we find Campo de Calatrava – Guarrizas (although with a relatively small difference in 
habitat suitability compared to the previous area) and, with a considerably lower habitat suitability 
than all the other reintroduction areas, Matachel (Table 6). 

 
Figure 22. Location of the potential reintroduction areas considered for year 2014. These areas are 
located in Portugal and in the Spanish regions of Extremadura, Castilla-La Mancha and Andalucía. 



 

 

Table 6. Average habitat suitability in each of the five potential reintroduction areas for year 2014 (see 
Figure 22 for their location). The table differentiates the average habitat suitability with and without 
the expansion zones proposed in the two reintroduction areas in the region of Extremadura (additional 
related values are shown in italics). 

Potential reintroduction areas Mean habitat suitability 

Campo de Calatrava – Guarrizas 0.616 

Valdecigueñas - Guadalcanal - Sierra Norte (with the 

expansion zone proposed by Extremadura) 
0.687 

Valdecigueñas - Guadalcanal - Sierra Norte (without 

expansion zone) 
0.708 

Expansion zone of Valdecigueñas - Guadalcanal - Sierra 

Norte 
0.665 

Val do Guadiana 0.675 

Matachel (with the expansion zone proposed by 

Extremadura) 
0.505 

Matachel (without expansion zone) 0.497 

Expansion zone of Matachel 0.516 

Montes de Toledo 0.641 

It is noteworthy that, according to the model results, none of the potential reintroduction areas for 
year 2014 achieves values of the man habitat suitability as those existing in the areas that currently 
host stable populations of the Iberian lynx (compare Tables 5 and 6). The best of the five potential 
reintroduction areas (Valdecigueñas - Guadalcanal - Sierra Norte) has a mean habitat suitability that is 
clearly lower than in the current population area with the lowest suitability (Guadalmellato), as can be 
appreciated in Tables 5 and 6. 

In all reintroduction areas land cover is the most important factor determining a decrease in the mean 
habitat suitability, i.e. the factor in which concentrating efforts to improve habitat suitability would be 
more relevant. This result is shown in Figures 23 and 24 for the hypothetical case in which all the 
extension of these reintroduction areas was covered by the most favourable cover type for the Iberian 
lynx according to the model results. The rest of the factors (roads and slope) are much less important 
for determining the average habitat suitability in these reintroduction areas, but differences exist 
regarding the relative importance of each of these other factors in the five areas. The slope has a 
more prominent effect in reducing habitat suitability in Campo de Calatrava - Guarrizas and in 
Valdecigueñas - Guadalcanal - Sierra Norte in comparison with the other three reintroduction areas 
(Figure 25). High-traffic roads only have a noticeable presence and effect in Campo de Calatrava – 
Guarrizas, although this effect is considerable compared with the overall impact of roads in all 
reintroduction areas (Figure 26). Low-traffic roads produce a decrease in habitat suitability that is 
more similar among all reintroduction areas than the one produced by high-traffic roads (Figure 26). 



 

 

Valdecigueñas - Guadalcanal - Sierra Norte is the reintroduction area where the impact of low-traffic 
roads is highest according to the model results (Figure 26). 

Land cover is the factor explaining to a larger degree the decrease in habitat suitability in the potential 
reintroduction areas compared with the areas that currently host stable Iberian lynx populations. 
While improving land cover in the population areas would increase habitat suitability only in the range 
of 0.07 to 0.155 units (Figure 19), the same measure would increase habitat suitability in the range of 
0.217 to 0.405 units in the reintroduction areas (Figure 24). The impacts of slope and low-traffic roads 
on habitat suitability are more similar among population areas (Figures 20 and 21) and reintroduction 
areas (Figures 25 and 26) than those of land cover. The impacts of high-traffic roads are in most of the 
cases smaller in the potential reintroduction areas (Figure 26) than in the areas currently occupied by 
Iberian lynx populations (Figure 21). 
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Figure 23. Increase in mean habitat suitability that would occur, according to the model, in each of the 
potential reintroduction areas for year 2014 in the following cases: (1) if all the area was covered by 
transitional woodland-shrub (class 12, the one most preferred by the Iberian lynx) and there was no 
variation in the other factors (same roads and slope as those currently existing in these areas), (2) if 
there was no effect from high-traffic or low-traffic roads, with the same land cover classes and slope as 
those currently existing in these areas, (3) if terrain was flat (no slope), but with the same land cover 
types and roads as those currently present in these areas. The values for the reintroduction areas of 
Valdecigueñas - Guadalcanal - Sierra Norte and Matachel include the expansion zones proposed by 
Extremadura. It can be appreciated that, at the relatively large extent covered by these reintroduction 
areas (they range from 25,000 to 57,000 hectares in extent), land cover is the most influential factor on 
habitat suitability, followed at considerable distance by terrain slope and lastly by low-traffic and high-
traffic roads (in this order). 
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Figure 24. Increase in mean habitat suitability that would occur according to the model in each of the 
potential reintroduction areas for year 2014 if all the area was covered by transitional woodland-shrub 
(class 12, the one with the highest suitability for the Iberian lynx) assuming that there is no change in 
the other factors (roads and slope). The values for the reintroduction areas of Valdecigueñas - 
Guadalcanal - Sierra Norte and Matachel include the expansion zones proposed by Extremadura. 
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Figure 25. Increase in mean habitat suitability that would occur according to the model in each of the 
potential reintroduction areas considered in year 2014 if the terrain was flat (no slope), assuming that 
there is no other change in the land covers or roads currently present in those areas. The values for the 
reintroduction areas of Valdecigueñas - Guadalcanal - Sierra Norte and Matachel include the 
expansion zones proposed by Extremadura. 
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Figure 26. Increase in mean habitat suitability that would occur according to the model in each of the 
potential reintroduction areas considered in year 2014 if there was no effect of high-traffic and low-
traffic roads, and assuming no change in the land cover and terrain slope in these areas. The values for 
the reintroduction areas of Valdecigueñas - Guadalcanal - Sierra Norte and Matachel include the 
expansion zones proposed by Extremadura. 
 

 3.5. Final remarks 
  

The models produced in this study are considered to be an important improvement and step forward 
in (1) evaluating the Iberian lynx resource selection preferences and in (2) obtaining predictive maps 
that area able to estimate habitat suitability and landscape permeability for the Iberian lynx in 
different zones all throughout the Iberian Peninsula (with the landscape permeability model being the 
basis for subsequent connectivity analyses for the species). With these results we have provided, in 
summary, an objective and quantitative support for selecting potential reintroduction areas for the 
Iberian lynx in the Iberian Peninsula. 
The new insights, improvements and final products related with the Iberian lynx habitat use and 
movement preferences that have been obtained in this study have been possible thanks to the 
combination of a large data set of GPS locations of lynx individuals and of very recent methodological 
developments for the analysis of telemetry data, resource selection functions and related statistical 
models. 
The predictive models and maps here obtained, or the methodologies adopted for their development, 
are open to additional applications or subsequent improvements that may be possible or necessary in 
the future. These possible new applications and improvements include the evaluation of the suitability 
of other potential reintroduction areas that may be delimited in the following years, the analysis of 
landscape connectivity among established lynx populations and reintroduction areas (building from 
the landscape permeability model developed in this study), the potential improvement of the models 
through new or more detailed variables and spatial layers that may be available in the future better 
characterizing important habitat and environmental characteristics, either covering the entire Iberian 
Peninsula or more localized and detailed study areas (as long as the spatial information covers in a 
homogeneous and comparable way both the areas where the GPS locations are recorded and those 
where the models want to be projected), or the incorporation of new telemetry data, either for lynx 



 

 

individuals located within the areas currently occupied by stable lynx populations or for individuals 
reintroduced in new areas in 2014 and subsequent years.  
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