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Summary 

The Iberian lynx is one of the most endangered and emblematic species in Europe. The conservation of 
the Iberian lynx requires a better knowledge of its habitat and movement preferences, an adequate 
selection of reintroduction areas, an integrated management of the lands used by the species (including 
the landscape matrix between the populations), and a reduction of its main mortality sources. 

With the aim of providing to the Life+ IBERLINCE project useful information for managing the Iberian 
lynx populations and the landscapes they occupy, this study has developed models of habitat suitability, 
landscape permeability, connectivity and roadkill risk for the Iberian lynx in the Iberian Peninsula, 
considering both the currently stable populations and the recent reintroduction areas in Spain and 
Portugal. These models have been based on the analysis of a large tracking dataset comprising dozens 
of thousands of Iberian lynx locations gathered through GPS-GSM collars with a frequency of 4 hours, 
as part of the monitoring efforts of the Life+ IBERLINCE project and other previous projects. These data 
from the GPS-GSM collars have been combined with different spatial layers on land and woodland cover 
to produce predictive models based on some of the most recent developments on spatial ecology, such 
as resource selection functions or ecological network analysis for mapping connectivity patterns. 

This study has produced models of habitat suitability for resident individuals and of landscape 
permeability for the movement of dispersing individuals based on Corine Land Cover for all the Iberian 
Peninsula. A more detailed habitat suitability model has also been produced by considering land cover 
and woodland maps with a higher spatial and thematic resolution in mainland Spain. All these models 
have been produced as raster layers with a spatial resolution of 90 m. The obtained habitat suitability 
models show that the Mediterranean woodlands are the best land cover type to support Iberian lynx 
populations. They also show that the species is able to use a wider variety of land cover and vegetation 
types than what had been estimated in previous studies. There is a large variability in the responses of 
the Iberian lynx to agricultural covers, from some classes that are strongly avoided (such as irrigated 
crops and other intensive agricultural lands) to others that are used with a significant frequency by the 
Iberian lynx, such as mountain olive groves with natural vegetation patches or some agroforestry areas. 
The landscape permeability model shows a remarkable dispersal plasticity of the Iberian lynx; the 
species is less selective and able to use more frequently a wider variety of land covers when dispersing 
that when selecting home ranges. These habitat suitability and landscape permeability models, which 
have a good predictive power as shown by their validation statistics, provide a solid quantitative basis 
for evaluating habitat quality for the Iberian lynx in different locations and for supporting the selection 
of reintroduction areas for the species. 

Using the landscape permeability model as an input, this study has also produced connectivity analyses 
between all the Iberian lynx population and reintroduction areas in Spain and Portugal. These 
connectivity analyses show that set of populations in Sierra Morena (Guadalmellato, Andújar-Cardeña, 
Guarrizas, Sierra Morena Oriental) already has a remarkable level of connectivity. However, the rest of 
the Iberian lynx areas are in general weakly connected, suggesting the need to invest significant efforts 
in managing and restoring the most suitable corridors for the Iberian lynx dispersal between these areas. 
These efforts should aim at ensuring sufficient and spontaneous levels of individual and gene flow 
between populations, without need for an active, dedicated population management through 
translocation or genetic reinforcement in the long term. The connectivity analyses also highlight the 
pivotal role that the area of Sierra Norte de Sevilla could have as a connectivity provider or stepping 
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stone between other Iberian lynx areas. This finding, together with the good habitat quality estimated 
for this area by the habitat suitability models, suggests the need to continue considering Sierra Norte 
de Sevilla as a potential reintroduction area, if the rest of the involved factors different from those 
considered in this study (e.g. prey availability or social attitudes in the rural areas) allow for the release 
and persistence of Iberian lynx individuals in this area. The connectivity analyses provide maps that 
identify the most favourable zones for Iberian lynx dispersal movements, i.e. those zones in which 
Iberian lynx dispersal is more likely to be concentrated when moving between the different population 
and reintroduction areas. These zones are those that need to be prioritized in the corridor conservation 
and restoration efforts, and those in which negative impacts from transport infrastructure or other land 
cover or land use changes need to be minimized. 

Finally, this study has generated a predictive model of the Iberian lynx roadkill risk, using a database of 
more than 100 roadkill records in the stable population areas and their surroundings in the period 1979-
2014 (as provided by the Life+ IBERLINCE project). This model considers the spatial distribution and 
types of transport infrastructure, the habitat suitability for the Iberian lynx in different locations, and 
the connectivity patterns in the Iberian lynx areas and their surroundings. The fitted model shows a 
good predictive power given the validation performed with independent roadkill data. The model has 
allowed generating predictive maps that highlight, for each population and reintroduction area, those 
sectors of transport infrastructure in which there is a higher risk of Iberian lynx mortality due to collision 
with vehicles. These maps allow prioritizing the required road permeablilization measures and other 
related management measures in the Iberian lynx areas. 

In summary, this study provides valuable and novel information, and specific spatially-explicit results, 
able to guide the management strategies and measures for the conservation of the Iberian lynx 
populations, reintroduction areas and landscapes. The results of the developed models and analyses 
are provided as georeferenced spatial layers compatible with geographic information systems, in order 
to facilitate their use by the partners of the Life+ IBERLINCE project and other interested organizations. 
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1. Introduction 

The Iberian lynx (Lynx pardinus) is one of the most endangered felid species in the world. 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 480 individuals according to the most recent census 
data available for year 2016. 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 beginning 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, 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 Life+ IBERLINCE 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 Spain. 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 that was 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 that have been monitored with these telemetry systems for long periods of time. Several 
dozens of tracked Iberian lynx individuals and tens of thousands of GPS locations are now available after 
about five years of monitoring with GPS collars. This large amount of information has not been yet fully 
exploited and analysed for the purpose of improving the knowledge of habitat selection and movement 
preferences by the Iberian lynx in the Iberian Peninsula. 

In this report, we describe the data and methods used, and the results and conclusions obtained, in the 
development of the four stages of this contract. Based on analysing the information gathered by the 
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GPS-GSM collars, as provided by the Life+ IBERLINCE project, together with other spatial datasets, this 
contract has undertaken the development of: 

x A habitat suitability model for the Iberian lynx based on the selection of habitat resources by 
resident Iberian lynx individuals in their home ranges. The model was generated for the entire 
Iberian Peninsula using Corine Land Cover as the main source map (stage 1 of the contract), and 
was later developed in more detail for mainland Spain using the finer-scale information 
provided by the SIOSE land cover map and the Forest Map of Spain (stage 4 of the contract).  

x A landscape permeability model to assess the favourability of the land in different locations for 
the Iberian lynx dispersal movements. This model was generated for the entire Iberian Peninsula 
using Corine Land Cover as the main map source (stage 1 of the contract). 

x Connectivity models and analyses for the Iberian lynx that, using the landscape permeability 
model as an input, aimed to identify the most adequate corridors for the Iberian lynx dispersal 
between the different populations and reintroduction areas, and to assess the potential degree 
of isolation of each of these areas (stage 2 of the contract). 

x A roadkill risk model that allows identifying the roads, or the sectors along these roads, in which 
Iberian lynx mortality due to collisions with vehicles may be concentrated in and around the 
population and reintroduction areas (stage 3 of the contract). This model used as an input the 
information in a database on Iberian lynx roadkills in the areas of Doñana-Aljarafe and of Sierra 
Morena, together with a set of predictive variables related to road type, habitat suitability and 
connectivity patterns. 

For this purpose, as will be described in this report, we applied some of the most recent methodological 
developments on spatial ecology, habitat suitability modelling, and landscape connectivity analyses. 
Their application aimed to improve the knowledge on the habitat preferences and use of the landscape 
by the Iberian lynx, and to support the characterization, selection and management of current and 
future Iberian lynx areas in the Iberian Peninsula, as well as of the landscape matrix in between these 
areas. 

For brevity, in this final report we refer, in some cases, to the individual reports of the four stages of the 
contract for some additional details on the analyses performed and on the results obtained. All the 
obtained models and results described in this report are accompanied by spatial layers in GIS-ready 
formats, which were provided together with the specific reports for each of the four stages of the 
contract. 

2. Methods 

2.1. Habitat suitability and landscape permeability models 

2.1.1. Iberian lynx tracking data: GPS collars 

We used telemetry data acquired since December 2008 for a large number of Iberian lynx equipped 
with GPS collars. The telemetry data provided the location of any tracked lynx individual every 4 hours. 

The raw telemetry data were revised and filtered, with the support of the staff of the  Life+ IBERLINCE 
project, to remove any erroneous coordinates or coordinates that should not be considered when 
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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.  

Specifically, in stage 1 of the contract we developed habitat suitability and landscape permeability 
models for all the Iberian Peninsula based on Corine Land Cover 2006, using the GPS-GSM collar data 
acquired between December 2009 and November 2013 (hereafter referred to as the 2009-2013 period 
for brevity). This tracking dataset included 44,002 GPS locations for a total of 48 lynx individuals 
monitored during a sufficiently large period (the above-mentioned minimum of 150 GPS locations per 
individual). The GPS locations in this dataset corresponded to the populations of Doñana-Aljarafe (13% 
of locations), Andújar-Cardeña (13% of locations), Guarrizas (34% of locations) and Guadalmellato (40% 
of locations). Additional details on these tracking data can be found in the report for stage 1 of the 
contract. The habitat suitability and landscape permeability models generated in stage 1 of the contract 
were also used in stages 2 and 3 of the contract.  

In stage 4 of the contract, we generated a more detailed habitat suitability model using finer-scale land 
cover maps (SIOSE) for mainland Spain. In this more detailed model, we used the GPS-GSM tracking 
data acquired between December 2008 and September 2015 (hereafter referred to as the 2008-2015 
period for brevity). This tracking dataset covered the stable Iberian lynx populations of Doñana-Aljarafe 
(8% of locations), Guarrizas (26% of locations), and Guadalmellato (33% of locations), as well as the 
recent reintroduction areas of Sierra Morena Oriental (7% of locations) and Montes de Toledo (10% of 
locations). In total, 65,889 locations and 67 lynx individuals were included in this tracking dataset for 
mainland Spain. Additional details on this tracking dataset can be found in the report for stage 4 of the 
contract. 

2.1.2. Separating GPS locations: habitat use by resident individuals in their home ranges and dispersal 
and 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. There are evidences showing that in the movements corresponding to 
exploration, dispersal and search of new territories the animals select habitats or land 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) and Gastón et al. (2016). 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 the 
connectivity analyses), the GPS locations were separated into the following two groups: 

x Locations corresponding to the use of habitat by resident individuals within the home ranges. 
These points (locations of the GPS collars) were used to construct the habitat suitability model 
for the Iberian lynx. 

x Locations 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. 
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The GPS locations for the habitat use by resident individuals within the home ranges were identified, 
and differentiated from the locations corresponding to dispersal or exploratory movements 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 1 and 2 show, as an illustrative example for two of the lynx individuals analysed 
in the stage 1 of the contract, the classification of GPS locations into those corresponding to the periods 
within the home ranges and to those corresponding to exploratory or dispersal movements. More 
details on the application of this LoCoH method to the GPS-GSM Iberian lynx tracking data can be found 
in the report of stage 1 of the contract and in Gastón et al. (2016). 

 
Figure 1. 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 
Iberian lynx individual, 1,705 locations were classified as within the home ranges and 266 as dispersal or 
exploration.  
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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 Jedi. From the total number of locations for this Iberian 
lynx individual, 585 locations were classified as within the home ranges and 192 as dispersal or 
exploration. 

The application of the described method assigned to habitat use within the home ranges approximately 
75% of all locations in the analyses performed in stage 1 of the contract for the tracking period 2009-
2013, and 72% of the locations in the analyses performed in stage 4 of the contract for the tracking 
period 2009-2015. Additional details on the GPS location separation procedure and its results are 
available in the reports of stages 1 and 4 of the contract. Note that in stage 1 of the contract both habitat 
use and dispersal locations were used in the analyses, since the objective was to produce both a habitat 
suitability and a landscape permeability model for the Iberian Peninsula. In stage 4 of the contract only 
the habitat use data were used because this stage only aimed to produce a more detailed habitat 
suitability model for mainland Spain. 

2.1.3. 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; Gastón et al. 2016). 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 separated by 4 hours for a given individual were considered. The analyses gave a maximum 
displacement distance (defined as the 99% percentile) of 2956 meters for the home range data for the 
period 2009-2013 considered in stage 1 of the contract (Figure 3), and a very similar maximum distance 
(99% percentile) also close to 3 km (2853 m) for the home range data for the period 2009-2015 
considered in stage 4 of the contract. The maximum distance (percentile 99%) for the dispersal or 
exploratory movements considered in stage 1 of the contract was of 5197 m. 

A Pareto kernel was fitted to the observed distributions of displacement distances for the home range 
data in the period 2009-2013 considered in stage 1 of the contract (Figure 3) and for the home range 
data in the period 2009-2015 considered in stage 4 of the contract, and, only in stage 1, for the dispersal 
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or exploratory movements. The turning angles did not show however a clear trend, as shown in Figure 
4; 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 3. 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 of 
resident individuals within the home ranges in which the individuals were settled. The bars and dashed 
line correspond to the observed frequencies in the period 2009-2013 considered in stage 1 of the contract, 
while the continuous line shows the Pareto kernel fitted to those observed values. The results obtained in 
stage 4 of the contract (for the period 2009-2015) are almost identical to those shown in this figure. 

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 distribution (Figure 3). 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, given that 
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.  
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Figure 4. 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 Iberian lynx individuals for the period 
2009-2013 considered in stage 1 of the contract (results are almost identical for the 2009-2015 tracking 
period considered in stage 4 of the contract). 

2.1.4. Independent variables and spatial layers 

For building the models we used 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 scale of all the Iberian 
Peninsula or all mainland Spain at which the models were 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 all the Iberian Peninsula (stage 1 of the contract) or for all mainland Spain (stage 4 of 
the contract). 

In the habitat suitability and landscape permeability models for the Iberian Peninsula (as generated in 
stage 1 of the contract), we considered a set of 15 explanatory variables: 12 variables corresponding to 
12 land cover types in which the Iberian Peninsula was classified based on the Corine Land Cover map, 
2 variables corresponding to roads (differentiating between high-traffic roads and low-traffic roads), 
and 1 variable corresponding to terrain slope. More details on these variables and their map sources 
are provided in the report of stage 1 of the contract. 
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Table 1. 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) 
for the models developed in stage 1 of the contract for all the Iberian Peninsula. In addition to these land 
cover classes, the models considered two variables related to roads (high-traffic and low-traffic roads) 
and one variable on terrain slope (see additional details in the report for stage 1 of the contract).   

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)*. 

* Burnt areas are those that were identified as such in 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. 
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In the habitat suitability model for mainland Spain (stage 4 of the contract), we considered the following 
19 explanatory variables: 17 corresponding to 17 land cover types (Table 2) and the other two 
corresponding to high-traffic and low-traffic roads. The 17 land cover types were obtained from the 
SIOSE (Sistema de Información de Ocupación del Suelo en España) map with scale 1:25,000 for year 
2005, complemented with other layers, namely the Forest Map of Spain (scale 1:50,000) for 
characterizing forest canopy cover (FCC) and for correcting the poor accuracy of the “Bare soil” class in 
the SIOSE map (see the report of stage 4 for further details). SIOSE has a minimum mapped unit from 
0.5 to 2 hectares depending on the land cover type, but is 2 ha for most of the natural or semi-natural 
vegetation covers. The Forest Map of Spain (scale 1:50,000) has a minimum mapped unit of 2.5 ha for 
forest cover and of 6.25 for the rest of land covers. The two variables related to roads were derived 
from Open Street Map. Forest canopy cover (FFC) was included because of its hypothesized importance 
for habitat selection by the Iberian lynx, given that it is associated to the presence of shrubby or 
herbaceous vegetation in the forest (more light and soil resources are available for the growth of non-
tree vegetation in open forests). In turn, prey availability may also be favored by the presence of non-
tree vegetation in the understory. The Iberian lynx movements and resource use may be also easier in 
relatively open forests. Olive groves were divided in two classes, mountain olive groves and flatland 
olive groves, depending on terrain slope (higher or lower than 20% respectively) (Table 2). Slope was 
obtained from the terrain digital model of CNIG (Centro Nacional de Información Geográfica, Spain) with 
a spatial resolution of 25 m (MTN25). These two types of olive groves were differentiated to capture, 
even if indirectly and as a proxy, the different level of land use intensification in these orchards, and the 
related different abundance of natural vegetation remnants, given their importance for effective habitat 
use by the Iberian lynx. Finally, it is relevant to note that the class of non-irrigated crops from SIOSE was 
further differentiated in two classes specifically for this study: “Non-irrigated crops mixed with natural 
vegetation” and “Non-irrigated crops” (the latter with no remarkable presence of patches of natural 
vegetation in the surroundings) (Table 2). These two classes were differentiated because previous 
studies on the Iberian lynx, and particularly those in stage 1 of this contract and in Gastón et al. (2016), 
showed that the response by the Iberian lynx to different crops depends on whether those are 
immersed or not, in a broader spatial context, in a heterogeneous matrix with significant abundance of 
natural or seminatural vegetation. The specific report for stage 4 of the contract provides further details 
on the procedure followed to differentiate these two types of non-irrigated crops, and of other aspects 
of interest regarding the variables used in this more details habitat model for mainland Spain.   

In general, both in stage 1 and in stage 4 of the contract, the number and identity of the land cover 
classes used in the models was set following different criteria, complemented in the case of stage 4 with 
the experience and results obtained in stage 1 of the contract. First, we differentiated those land cover 
types for which the Iberian lynx was expected to present a sufficiently different response considering 
the species biology. 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 on 
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 types were 
combined with other classes that were structurally or functionally similar, since the statistical models in 
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general are not able to predict habitat suitability in those cover types that are not present in the areas 
where the lynx had been tracked with GPS collars.  

Table 2. List and short description of the land cover types considered as predictive variables for building 
the habitat suitability model for the Iberian lynx in mainland Spain (stage 4 of the contract) based on the 
SIOSE land cover map and on the Forest Map of Spain. In addition to the 17 land cover types listed in this 
table, the model considered two additional predictive variables corresponding to the presence of high-
traffic and low-traffic roads. FCC stands for forest canopy cover. 

Variable Description 

1. Unsuitable areas Urban and industrial areas, water bodies,                
wetlands, unvegetated areas 

2. Irrigated crops Tree and non-tree irrigated crops 

3. Non-irrigated crops 
Non-irrigated crops (tree and non-tree crops except olive 

groves) with no patches of natural or seminatural 
vegetation in the surroundings 

4. Non-irrigated crops mixed           
with natural vegetation 

Non-irrigated crops (tree and non-tree crops except olive 
groves) mixed with patches of natural or seminatural 

vegetation in the surroundings 

5. Pastureland-shrubland Pastures mixed with low-density shrubs 

6. Dehesas Scattered trees mixed with pastures, shrubs                                              
and /or annual crops 

7. Mountain olive groves Olea europea plantations in terrain with slope <20% 

8. Flatland olive groves Olea europea plantations in terrain with slope ≥20% 

9. Shrubs Shrubby vegetation 

10. Coniferous forest (FCC<25%) Forest dominated by conifer trees and FCC<25% 

11. Coniferous forest (FCC 25-50%) Forest dominated by conifer trees and FCC 25-50% 

12. Coniferous forest (FCC 50-75%) Forest dominated by conifer trees and FCC 50-75% 

13. Coniferous forest (FCC 75-100%) Forest dominated by conifer trees and FCC 75-100% 

14. Broadleaved forest (FCC<25%) Forest dominated by broadleaved trees and FCC<25% 

15. Broadleaved forest (FCC 25-50%) Forest dominated by broadleaved trees and FCC 25-50% 

16. Broadleaved forest (FCC 50-75%) Forest dominated by broadleaved trees and FCC 50-75% 

17. Broadleaved forest (FCC 75-100%) Forest dominated by broadleaved trees and FCC 75-100% 
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The above mentioned variables were used to characterize each of the locations 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 2.1.3.  

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. 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 given the application 
of the models to the entire Iberian Peninsula or to all mainland Spain. 

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. 

2.1.5. Statistical model: 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 conditional logistic regression models (Compton, Rhymer and McCollough 
2002), which are described in more details in the reports for stages 1 and 4 of the contract. In the case 
of the analyses of stage 1, the logistic regression 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 on the other hand (these locations were 
separated as described in section 2.1.2). By doing so, we generated two different models for all the 
Iberian Peninsula: a habitat suitability model from the GPS locations within the home ranges, and a 
landscape permeability model from the dispersal or exploratory locations. As shown later in the results 
in section 3.3, the fitted landscape permeability model had a very good predictive ability, while the 
habitat suitability model had a high but comparatively more modest predictive ability. For this reason, 
stage 4 of the contract aimed to improve the habitat suitability model by incorporating more detailed 
information on land cover that was available for mainland Spain. Therefore, the logistic regression 
model developed in stage 4 was fitted considering only the GPS locations of resident individuals within 
the home ranges, in order to provide such habitat suitability model for all mainland Spain. 

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 5). 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), has been also applied to the Iberian lynx 
(Gastón et al. 2016), and is the one that was applied in this study. 
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Figure 5 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 
6), 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. 

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. In 
the models based on Corine Land Cover for all the Iberian Peninsula (stage 1 of the contract, tracking 
period 2009-2013), we selected land cover class 10 (grasslands and pastures) as the reference class. In 
the more detailed model based on SIOSE for mainland Spain (stage 4 of the contract, tracking period 
2009-2015), we selected land cover class 4 (non-irrigated crops mixed with natural vegetation) as the 
reference class. A probability of 0.5 was assigned to the reference class in each of the models. 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 

Observed displacement 
Alternative displacements 
Forest 
Crops 
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with the reference class. On the contrary, probability values lower than 0.5 for a land cover class indicate 
lower selection or preference than for the reference class. 

 
Figure 6. 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). 

The fitted habitat suitability and landscape permeability models were projected to all the Iberian 
Peninsula (stage 1, model based on Corine Land Cover), and the more detailed habitat suitability was 
projected to all mainland Spain (stage 4, model based on SIOSE), through the above described 
explanatory variables. We produced, for each model, a raster layer with a spatial resolution of 90 meters 
containing the absolute probability values predicted by the model in each location. These probability 
values correspond to the suitability of the land as permanent or stable habitat for the Iberian lynx 
(habitat suitability models in stages 1 and 4 of the contract) and to the adequacy of the land to conduct 
the dispersal or exploratory movements of the Iberian lynx (landscape permeability model in stage 1 of 
the contract). 

2.1.6. Evaluating model predictive power through cross-validation 

The predictive capacity of each of the models 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 Iberian 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 
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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). 

2.2. Connectivity analyses 

2.2.1. Landscape resistance and conductance surfaces 

A resistance surface is a raster layer that quantifies the degree to which different locations in the 
landscape are adequate or hostile to conduct the dispersal movements of a species or set of species 
(Adriaensen et al. 2003; Zeller, McGarigal and Whiteley 2012; Saura 2013). The resistance surface is the 
starting point for almost all methods that aim at determining the intensity of the connections and the 
most suitable areas as corridors among different populations or suitable habitat areas. The resistance 
surface must cover in a continuous manner all the study area: the areas between which connectivity 
will be analysed and the landscapes through which the dispersal movements between those areas may 
occur. The resistance surface indicates, through a value stored in each cell, the resistance to movement 
in each location, associated to the energy expenditure, mortality risk or behavioural aversion to 
dispersal through the land in that cell (Adriaensen et al. 2003; McRae 2006; Zeller, McGarigal and 
Whiteley 2012; Saura 2013). The minimum resistance value (usually equal to 1) is assigned to the most 
favourable areas for species movement, and the resistance values increase as the land characteristics 
are less adequate for the species. Different methods exist to determine the value that the resistance 
surface should have in each cell, but the most recommended ones are those based on telemetry data 
and resource selection functions (Zeller, McGarigal and Whiteley 2012; Zeller et al. 2014). 

To analyse the connectivity for the Iberian lynx in the Iberian Peninsula, we generated a resistance 
surface covering all Spain and Portugal. The resistance values in each cell were assigned based on the 
developed landscape permeability model (see section 2.1), which used a wide set of telemetry data 
(locations corresponding to dispersal or exploratory movements registered by GPS collars) and was built 
through resource selection functions (implemented from a statistical point of view through a conditional 
logistic regression model).  

The resistance surface was generated as a linear transformation of the values given by the landscape 
permeability model based on telemetry data (see section 2.1). After such transformation, the values of 
the resistance surface ranged from 1 to 100 resistance (cost) units; the minimum value of 1 
corresponded to the areas with a higher probability of conducting movement (the maximum probability 
value in the permeability model was 0.860), and the maximum resistance value of 100 corresponded to 
those cells with the lowest probability (equal to zero) in the permeability model. The resistance surface 
was generated with a spatial resolution of 90 meters, i.e. the same as the landscape permeability model. 
This surface was the resistance surface used in the connectivity analyses based on least cost path 
modelling that are described later in sections 2.2.2 and 2.2.5. 

In the case of the circuit-based connectivity analyses, which will be described next in section 2.2.3, there 
are two main differences in what refers to the raster surface provided as an input for the analyses. First, 
instead of using a resistance surface, a conductance surface was generated, because such conductance 
surface is the most direct input for the circuit-based analyses, and also because in this way conductance 
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can be simply taken as proportional to the probability given by the permeability model derived from 
telemetry data in the previous stage of the contract. In this way, a conductance surface was generated 
in which the value in each cell represented the easiness (instead of the resistance) for Iberian lynx 
movement through the portion of land in that cell. Conductance values ranged from 1 to 100; a 
conductance equal to 1 was assigned to the areas with the lowest probability of being selected in the 
Iberian lynx movements as given by the landscape permeability model, and a conductance of 100 was 
assigned to the most permeable areas (the maximum probability value in the permeability model was 
0.860). The conductance and resistance surfaces are basically one the inverse of the other, and are 
conceptually equivalent for the connectivity analyses to be performed. Second, there were strong 
computational limitations involved in circuit-based analyses, which are much more processing time 
demanding than the already demanding least cost path analyses, particularly when large spatial extents 
are to be analysed (as is here the case). Therefore, it was necessary to coarsen the spatial resolution of 
the conductance surface to 180 meters, aggregating the original values that were available at 90 m, in 
order to make computationally feasible the analyses (see the report of stage 2 of the contract for further 
details). 

The connectivity analyses were performed in a mask covering all the provinces or regions of Spain and 
Portugal with presence of any population or reintroduction area, as well as the provinces or regions that 
were adjacent to the former (see more details in the report of stage 2 of the contract). This mask 
therefore covers all the areas with current or foreseen presence of the Iberian lynx and all the lands 
through which dispersal movements of the species may be expected to occur among population or 
reintroduction areas.  

In addition, resistance and conductance surfaces were also obtained from the Iberian lynx habitat 
suitability model based on the maximum entropy method (Maxent) that was developed within project 
LIFE10NAT/ES/570 with a spatial resolution of 500 m. Connectivity analyses based on this Maxent-
derived resistance surface were also performed to allow for their comparison with those obtained from 
the models informed by the GPS-GSM collars in this contract. For brevity, however, these Maxent results 
are not presented in this report; they can be found in the specific report for stage 2 of the contract. 

2.2.2. Effective distances and least cost paths 

The analyses based on least cost paths allow identifying the path with the lowest accumulated cost 
when moving through the landscape between two focal areas (reintroduction or population areas). The 
accumulated cost is the sum of the resistance values for all cells in the resistance surface through which 
that path passes (Adriaensen et al. 2003; Etherington and Holland 2013). All the possible pathways that 
can be followed in the movement between two focal areas are evaluated, and the one presenting the 
lowest cost according to the resistance surface, is the one corresponding to the least cost path (a single 
pathway is identified for each pair of focal areas or populations). 

Two types of results are obtained from least cost path modelling. On one hand, the analysis provides 
the effective distance between population and/or reintroduction areas quantified as the accumulated 
cost along the least cost path. The effective distance is related to the difficulty or frequency with which 
it may be expected that movement occurs between the focal areas (i.e., the degree of isolation between 
them). On the other hand, the analysis provides the trajectory of the least cost paths as a georeferenced 
spatial layer, indicating through which areas of the landscape the Iberian lynx movements would most 
likely concentrate according to this least cost path model. The Linkage Mapper tool (McRae and 
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Kavanagh 2011) was used for the least cost path analyses here performed, using the resistance surface 
with a spatial resolution of 90 m described in the previous section. The least cost paths and effective 
distances were calculated between the edges of the polygons delimiting the population and 
reintroduction areas. 

2.2.3. Current maps obtained from circuit-based analyses 

Despite being widely used and accepted for connectivity analyses in landscape ecology, least cost paths 
are based, as any model, in certain assumptions that may be oversimplified in some cases (Saura 2013). 
Least cost path modelling only considers the best, most favourable pathway for movement, and 
assumes that all movement is concentrated through the least cost path. All the other possible pathways, 
even when they may have an accumulated cost that is only slightly higher than that of the least cost 
path, are not accounted for when characterizing the connections between focal areas and the related 
potential intensity or frequency of the dispersal fluxes. It seems however reasonable that, even when 
the least cost paths are the same, the rates of gene flow and individual movement are larger in those 
landscapes in which the rest of the matrix and available pathways are also highly suitable or permeable 
for movement. Multiple feasible pathways may exist in the landscape that, besides the optimal one, 
may be used with some frequency when dispersing between focal areas. On the other hand, it may not 
be realistic to assume that dispersing individuals always take the optimal decisions (the least cost path) 
when moving through the landscape, particularly when exploring new areas about which they have no 
previous knowledge (Fahrig 2007).  

For these reasons it is of interest to consider, besides least cost paths, analyses based on circuit theory 
(McRae et al. 2008) for mapping and evaluating the strength of the connections between Iberian lynx 
population and reintroduction areas. The circuit-based approach jointly considers the effects and 
contribution of all possible pathways existing in the landscape, and not just that with the lowest cost. 
The circuit-based approach has a demonstrated analytical relationship with the amount of dispersal flux 
for species that move with some randomness through heterogeneous landscapes (McRae et al. 2008). 
This approach is particularly useful for those processes and species that positively respond to the 
presence of a wider set of pathways and alternative connections, as it might be the case for the Iberian 
lynx, and not necessarily moving along a single and hypothetically optimal pathway for dispersal 
between populations or habitat areas (McRae 2006; McRae et al. 2008).  

A current map between each pair of reintroduction or population areas was produced from the circuit-
based analyses. A current map is a raster spatial layer with the same resolution as the conductance 
surface (180 m) in which each cell indicates the amount of dispersal flux (current) that is estimated to 
flow through that particular area of the landscape according to a circuit-based connectivity analysis. All 
the circuit-based analyses were here performed through the Circuitscape software (McRae, Shah and 
Mohapatra 2013). The results of the circuit-based analysis tend to identify, in general, the connectors 
among focal areas in a more distributed, less concentrated manner than the least cost paths, as will 
become evident in the result section later on. While least-cost paths identify a single (optimal) route for 
movement among each pair of focal areas, the circuit-based analyses highlight a wider set of possible 
pathways among the focal areas, with more or less value as connectors depending on the amount of 
flux (current) they are expected to concentrate. As it may be expected, the areas corresponding to the 
least cost paths tend to be highlighted as well as areas with high flux (current) in the maps resulting 
from circuit theory, as will be apparent later in the results in section 3.6. 
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Through the circuit-based analyses, we also obtained estimates of the effective resistances (also called 
resistance distance) between focal areas. Effective resistances can be considered to some degree 
conceptually analogous to the effective distances described in the previous section (related with the 
degree of isolation of focal areas), but based on circuit theory rather than on least cost paths. For 
brevity, and given the potential limitations of these effective resistances (Mateo-Sánchez et al. 2014a), 
we do not include in this report any results for these effective resistances; further details and results on 
these effective resistances can be found in the report for stage 2 of the contract. 

2.2.4. Estimating the probabilities of connections 

We translated the quantified effective distances (see section 2.2.2) into an evaluation of the degree to 
which it is considered feasible that a successful Iberian lynx dispersal occurs between certain population 
or reintroduction areas. For this purpose we calculated, using a negative exponential function (dispersal 
kernel), the probability that a single dispersing Iberian lynx can reach a given destination area j starting 
from a source area i (where i and j can be an stable population or reintroduction area) as a function of 
the effective distance between the two areas. In this exponential function we considered a mean 
dispersal distance of 18.8 km for the Iberian lynx, as estimated in other previous studies (Ferreras et al. 
2004; Fordham et al. 2013) and used in other assessments for the Iberian lynx that were performed at 
the scale of the Iberian Peninsula (Fordham et al. 2013). This negative exponential function is the one 
most frequently used in connectivity analyses, either based on spatial graphs (Urban and Keitt 2000; 
Saura and Pascual-Hortal 2007; Awade, Boscolo and Metzger 2012; Saura, Bodin and Fortin 2014) or on 
metapopulation theory (Hanski and Ovaskainen 2000; Moilanen and Nieminen 2002). The effective 
distances between the Iberian lynx populations or reintroduction areas are those obtained from the 
least cost based modelling described in section 2.2.2. Further details on the procedure followed to 
calculate these probabilities can be found in the report for stage 2 of the contract.  

The obtained pij probabilities for each pair of reintroduction or population areas were summarized in a 
single weighted mean probability for the connections of each reintroduction area with all the areas with 
stable lynx populations and of each population area with all the other population areas. The weighting 
factor for the calculation of such mean probability was the number of lynx individuals in the stable 
population areas as given by the surveys for year 2013 (Junta de Andalucía 2013): 169 individuals in 
Andújar-Cardeña, 94 in Doñana-Aljarafe, 39 in Guadalmellato and 30 in Guarrizas. 

Additionally, stage 2 of the contract included an evaluation of the most limiting factors for connectivity 
between reintroduction and population areas, considering the effect of three types of factors in the 
permeability: land cover types (as obtained from Corine Land Cover), terrain slope, and presence of 
roads. For brevity, the methods and results for this particular analysis are not included in this report, 
but they can be found in the specific report for stage 2 of the contract. 

2.2.5. Internal connectivity 

In addition to the connectivity analyses described in section 2.2, we performed an internal connectivity 
analysis consisting in the assessment of the connectivity of the habitat locations suitable for the Iberian 
lynx within each of the reintroduction and population areas. For this purpose, we overlaid a 1 km x 1 
km square grid on the reintroduction and population areas. The locations (points) to connect within 
these areas were identified as those vertices of the grid falling into habitat locations with a habitat 
suitability for the Iberian lynx higher than the median habitat suitability for the species. The median 
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habitat suitability was calculated as the median value of the habitat suitability model in those locations 
where there were GPS fixes classified as locations within home ranges. The habitat suitability model 
was the one produced based on Corine Land Cover with a spatial resolution of 90 m, using only the GPS 
fixes within home ranges for the period 2009-2013, as considered in stage 1 of the contract (see section 
2.1). 

We determined the least cost paths between all pairs of points identified within each population or 
reintroduction area, and we calculated, using the Unicor software (Landguth et al. 2012), the density 
(number) of least cost paths passing through a buffer of 200 m around each cell of the analysed raster 
layer (with a spatial resolution of 90 m). In this way, the final value obtained in each cell represents the 
number of least cost paths that pass through that cell (in a buffer around 200 m), i.e. how frequently it 
is expected that the lynx movements among the suitable habitat locations pass through that particular 
area. These frequently traversed cells could be considered as preferential corridors for the internal 
connectivity (Landguth et al. 2012; Mateo-Sánchez, Cushman and Saura 2014).  

For brevity, this report does not include the results for this internal connectivity analysis, which can be 
found in the more detailed report for stage 2 of the contract. 

2.3. Estimating roadkill risk 

The analyses described next have been developed, within stage 3 of the contract, in two steps. In the 
first step, the predictive model has been built and validated in the two population areas that have a 
sufficiently large record of roadkills for such purpose, i.e. Doñana-Aljarafe and Sierra Morena (Andújar-
Cardeña, Guarrizas and Guadalmellato). In the second step, the fitted model has been applied not only 
to the populations of Doñana-Aljarafe and Sierra Morena but also to the new reintroduction areas, in 
which there is no or very little information on roadkills (so that fitting a separate predictive models with 
specific data for these reintroduction areas is not possible):  Vale do Guadiana, Montes de Toledo, Sierra 
Morena Oriental (previously known as Campo de Calatrava-Guarrizas), Matachel and Sierra Norte de 
Sevilla. These two latter reintroduction areas (Matachel and Sierra Norte de Sevilla) were merged in a 
single study area for applying the predictive model due to their spatial proximity. 

2.3.1. Roadkill data and study areas 

We used the coordinates of a total of 104 Iberian lynx roadkills that occurred in the stable population 
areas and their surroundings in the period 1979-2014 (Figures 7 and 8). The surrounding area was 
defined as a distance of 18.8 km around the limits of the population areas of Doñana-Aljarafe and Sierra 
Morena (Figures 9 and 10). The study area of Sierra Morena includes, because of their spatial proximity, 
the populations of Andújar-Cardeña, Guarrizas and Guadalmellato. The distance of 18.8 km is the mean 
dispersal distance for the Iberian lynx reported in previous studies (Ferreras et al. 2004; Fordham et al. 
2013) and used in other analyses for this species at the scale of the entire Iberian Peninsula (Fordham 
et al. 2013).  
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Figure 7. Distribution of the 68 Iberian lynx roadkills that occurred in Doñana-Aljarafe and its surroundings 
in the period 1979-2014. The limits of the population area of Doñana-Aljarafe are also shown over the 
habitat suitability layer generated in stage 1 of this contract. 

 
Figure 8. Distribution of the 36 Iberian lynx roadkills that occurred in Sierra Morena (populations of 
Andújar-Cardeña, Guarrizas and Guadalmellato) and its surroundings in the period 1979-2014. The limits 
of the population areas of Andújar-Cardeña, Guarrizas and Guadalmellato are also shown over the habitat 
suitability layer generated in stage 1 of this contract. 
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Figure 9. Study area of Doñana-Aljarafe considered for the road mortality risk and related connectivity 
assessments for the Iberian lynx. The figure also shows the 68 roadkills that occurred in the area in the 
period 1979-2014, the transport infrastructure network (roads) and the polygons delimiting the Doñana-
Aljarafe population area. 

 
Figure 10. Study area of Sierra Morena considered for the road mortality risk and related connectivity 
assessments for the Iberian lynx. The figure also shows the 36 roadkills that occurred in the area in the 
period 1979-2014, the transport infrastructure network (roads) and the polygons delimiting the 
population areas of Andújar-Cardeña, Guarrizas and Guadalmellato. 
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The coordinates of these 104 roadkills were obtained from the mortality database of the Life+ IBERLINCE 
project. A few of the records in this database were excluded for these analyses, such as three occurring 
in railways (an insufficient number to develop a predictive model specifically for this type of transport 
infrastructure), and a few others occurring outside the above described areas, such as a single roadkill 
occurred on October 2014 in the reintroduction area of Matachel, since they were not sufficiently 
frequent as to allow developing a predictive model outside the defined study areas of Doñana-Aljarafe 
and Sierra Morena. A total of 104 roadkill records were obtained after excluding those few cases from 
the original database. Of these 104 roadkills, 68 occurred in the study area of Doñana-Aljarafe (Figure 
7) and 36 in the study area of Sierra Morena (Figure 8). Even when the 104 roadkills have been recorded 
during more than 35 years (1979-2014), most of them correspond to a more recent period, because of 
the more intensive and systematic monitoring of Iberian lynx populations and because of the increase 
in species population size and occupied range during the last 15 years; 76% of the 104 roadkills occurred 
between 2000 and 2014, and 47% occurred between 2010 and 2014 (both years included).  

The limits of the study areas considered for Doñana-Aljarafe and Sierra Morena were defined as an 18.8 
km buffer (mean dispersal distance estimated for the species) around the 104 roadkills; see the resultant 
study area limits in Figures 9 and 10. These limits apply to the road sectors for which mortality risk is 
assessed, and to the lands in which the Iberian lynx potential movement patterns are evaluated 
according to the connectivity analyses that are described later. In this way, the study areas cover both 
the population areas in which the usual movements within home ranges occur, as well as a sufficiently 
wide spatial context around these population areas in order to capture potential dispersal or 
exploratory movement pathways. 

The study areas for the reintroduction areas could not be delimited exactly in the same way as for the 
population areas of Doñana-Aljarafe and Sierra Morena, since the reintroduction areas lack of road 
mortality records. The study areas for the reintroduction areas were defined so that their total 
extension and distances to the centre of the area was similar as those obtained for Doñana-Aljarafe and 
Sierra Morena. This resulted in the study areas being defined as a 26 km buffer around the limits of the 
reintroduction areas of Montes de Toledo, Vale do Guadiana, Sierra Morena Oriental, Matachel and 
Sierra Norte de Sevilla. Since this procedure resulted in a very high overlap between the buffers around 
Matachel and Sierra Norte de Sevilla, these two reintroduction areas were considered as part of the 
same study area for the road mortality risk assessment; this joint study area is hereafter called, for the 
sake of brevity, Matachel-Sierra Norte.  

2.3.2. Connectivity analyses for estimating roadkill risk 

We performed specific connectivity analyses aimed at assessing road mortality risk for the Iberian lynx. 
These analyses apply similar methods to those described in section 2.2 for evaluating connectivity 
between population and reintroduction areas, but now specifically adapted for new analyses aimed at 
assessing road mortality risk. 

The performed connectivity analyses aimed at estimating the sectors with a higher potential 
concentration of lynx individual movement (preferential paths for movement) in the considered study 
areas. For this purpose, 200 points were randomly distributed within each study area (both for 
population and reintroduction areas). The potential movement pathways between all these points were 
determined through two approaches for connectivity modelling already described and used in section 
2.2: density of least cost paths (Landguth et al. 2012; Mateo-Sánchez, Cushman and Saura 2014) and 
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current intensity estimated from circuit theory (McRae 2006; McRae et al. 2008). Figures 11 and 12 
show an example of these analyses for the study area of Sierra Morena. Least cost paths are based on 
the assumption of individuals being able to identify and use the optimal path (the one with the smallest 
accumulated cost) in the movement between two points (Adriaensen et al. 2003). Circuit-based current 
is based on comparatively more random movement patterns and on movement decisions taken locally 
by the individuals, which generally highlights a wider number of potential movement pathways (McRae 
2006; McRae et al. 2008). Both approaches have in common that they rely on a resistance surface, i.e. 
a raster layer that quantifies the extent to which different cells in the landscape are hostile or permeable 
for species movements. For the analyses based on the density of least cost paths we used the software 
Unicor (Landguth et al. 2012), and for the circuit-based analyses we used Circuitscape (McRae, Shah and 
Mohapatra 2013). A more detailed description of these approaches for connectivity analyses (resistance 
surfaces, least cost path modelling, circuit theory) can be found in section 2.2 of this report and in the 
report of stage 2 of the contract. 

 
Figure 11. Example of the connectivity analyses based on least cost path density for the study area of 
Sierra Morena (Andújar-Cardeña, Guarrizas and Guadalmellato). The figure shows the 200 points 
randomly located within the study area and the density of least cost paths between these points that was 
obtained by using the joint resistance surface. 

The connectivity analyses have been performed using a joint resistance surface obtained as an inverse 
of a resource selection model that has considered all available GPS locations for the Iberian lynx (the 
same set of locations as used in stage 1 of this contract), without differentiating home range locations 
from those locations corresponding to dispersal or exploratory movements outside home ranges 
(otherwise following the same procedure as for the resistance surface based on landscape permeability 
for dispersal movements). In the detailed analyses of stage 3 of the contract, other two resistance 
surfaces (separately considering home range use and dispersal preferences) were used, as described in 
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the report for stage 3. However, the joint resistance surface described above was the one that best 
performed in predicting roadkill risk, and hence we will only refer to this joint resistance surface 
hereafter in this report (see the report of stage 3 for other details). All the connectivity were performed 
based on raster layers with a spatial resolution of 180 m. 

 
Figure 12. Example of the connectivity analyses based on circuit theory for the study area of Sierra Morena 
(Andújar-Cardeña, Guarrizas and Guadalmellato). The figure shows the 200 points randomly located 
within the study area and the current intensity between these points that was obtained by using the joint 
resistance surface. 

2.3.3. Statistical models: dependent variable, explanatory variables and spatial layers 

Statistical models were based on penalized logistic regression and had the risk of Iberian lynx roadkill as 
the dependent variable (variable to estimate or predict). The penalized logistic regression models were 
fitted through the R package rms (Harrell 2015). For the logistic regression models, the 104 roadkills 
were considered as presence data. Absence data were generated as points every 500 m along the road 
network (as given by the Open Street Map layer later described) that fulfilled the following two 
conditions: being at a distance not smaller than 500 m from any roadkill, and being at a distance not 
smaller than 50 m from any road sector corresponding to tunnels or bridges (as given by the Open Street 
Map layer), considering that in these sectors lynx movement could occur without risk of collision with 
motor vehicles. These distance values were set considering the accuracy of the roadkill coordinates and 
of the road spatial layers. 

A set of candidate independent variables (explanatory or predictive variables) were considered for the 
logistic regression models, all of them in raster format and at a spatial resolution of 180 m.  These 
variables were the following: 
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x Roads: spatial distribution and types. This information was obtained from the Open Street Map 
spatial layers (www.openstreetmap.org), which provided detailed and homogeneous information 
for the entire Iberian Peninsula, which was important for the comparability of the analyses for all 
Spain and Portugal. Only roads, and not railways, were considered, because roads account for more 
than 97% of Iberian lynx roadkills and because there were too few roadkill records in railways (only 
three) as to allow for developing a predictive model for this type of transport infrastructure. Roads 
in the population and reintroduction areas were classified in five types as differentiated in the Open 
Street Map layers, considering their importance and traffic intensity (Table 3). The vector layers of 
Open Street Map were converted to raster format with a spatial resolution of 180 m, which is the 
same as for the rest of spatial layers used in the roadkill risk models. 

x Habitat suitability for the Iberian lynx, as given by the spatial layer obtained based on Corine 
Land Cover and by analysing the locations of GPS-collared lynx within their home ranges for the 
period 2009-2013. The spatial resolution of the habitat suitability layer used in this contract was 180 
m, as for all the other variables used in these models. The habitat suitability value considered in the 
models for each point (cell) with or without a roadkill was quantified at two scales or spatial extents. 
The first one was the habitat suitability value in the cell corresponding to the considered point. The 
second one was the average habitat suitability in a window with a 180 m radius around the 
considered point (3x3 cell window). This second value intended to account for (i) the actual accuracy 
of the roadkill coordinates and of the rest of spatial layers, and for (ii) the potential effect of the 
immediate spatial context in the probability of presence or road crossing of lynx individuals in a 
given point or road sector. 

x Connectivity for the Iberian lynx, i.e. estimation of the potential sectors through which the 
movement of lynx individuals may concentrate (preferential movement pathways), as given by the 
analytical approaches described in section 2.2. These connectivity analyses were performed using 
the joint resistance surface described in section 2.3.2 and provided two connectivity-related 
variables: density of least cost paths and accumulated current intensity in each point with our 
without a roadkill record. These variables were quantified, as for the habitat suitability model, in 
two different scales or spatial extents: value of the density of least cost paths or current intensity in 
the cell corresponding to the considered point, and average value of the density of least cost paths 
or current intensity in a window with a 180 m radius around the considered point (3x3 cell window).  

x Interaction between the type of road (see the five road types in Table 3) and connectivity and/or 
habitat suitability. In this was the model was able to evaluate if a given increase in connectivity or 
habitat suitability translated or not in a higher increase in mortality risk depending on the road type 
considered (e.g., smaller roadkill risk, even when connectivity or habitat quality increases very 
much, in a road with a low or very low traffic intensity).  

The logistic regression model was fitted in the following three cases, in all of them using the same set 
of variables and procedure: (A) model only for the road mortality records and study area of Doñana-
Aljarafe, (B) model only for the road mortality records and study area of Sierra Morena, and (C) model 
fitted considering jointly all the 104 road mortality records and the study areas of both Doñana-Aljarafe 
and Sierra Morena (hereafter called joint model). The model fit and validation was performed separately 
for each of these three models, in order to quantify in more detail their individual predictive ability. 
However, the model finally used in estimating road mortality risk in the population and reintroduction 
areas was the joint model (C), because it covered a larger variety of conditions and therefore was 
considered to provide a more robust and synoptic summary of the roadkill patterns when applied to 
other study areas. 
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Table 3. Five road types differentiated from the information in Open Street Map. These five types are those 
considered in the predictive models of road mortality risk for the Iberian lynx. 

Road type 
Name in Open 

Street Map  
Description 

Type 1 Motorway 
Highways and motorways (two lanes in each 

direction and a median strip) 

Type 2 Primary, trunk National and regional roads of different 
importance according to Open Street Map Type 3 Secondary 

Type 4 Tertiary 
Provincial roads (such as those labelled in Spain 
as SE-XXXX, HU-XXXX, CO-XXXX, JA-XXXX, etc.) 

Type 5 Track, residential Dirty roads, access to residential areas, etc. 

2.3.4. Validation of the roadkill risk model 

The roadkill risk models were validated by evaluating their predictive performance under the following 
two modalities: 

x Internal validation (within the same study area in which the model was built). This validation 
consists in fitting a model in a given study area using all but a certain percentage of the roadkill 
records in that area, and evaluating the predictive ability of that model against those roadkill records 
that were not used in building the model. This is by far the most common type of validation used 
for evaluating the predictive ability of this type of models. The internal validation was applied to the 
three predictive models (A, B and C) described in the previous section. Model predictive ability was 
evaluated through ten-fold cross-validation (e.g. Johnson et al. 2006), i.e. dividing the total set of 
roadkill records in ten equally-sized portions, fitting ten times the model (excluding one of the 
portions in each fit), and evaluating ten times the ability of the model to predict the roadkills of the 
portion not used to build the model. The final models were fitted using all available roadkill records 
in each study area (Doñana-Aljarafe for model A, Sierra Morena for model B, and both study areas 
for model C). The internal validation of their predictive ability was however performed following the 
above-described ten-fold cross-validation procedure. 

x External validation (in a study area different from that considered when building the model). It 
consists in evaluating a model built in a certain study area (for example in Doñana-Aljarafe) through 
its ability to predict roadkills that occurred in a different study area not considered when building 
the model (for example Sierra Morena). This is a much more demanding evaluation of model 
performance and, as can be expected, it yields in general lower assessments of model predictive 
abilities than the internal validation. It can be noted that this external validation is more realistic in 
reflecting the ability of the model built with data from Doñana-Aljarafe and Sierra Morena to 
estimate road mortality risk in the new reintroduction areas where no roadkill records are available 
for building a predictive model. In the external validation, model A (the one fitted for Doñana-
Aljarafe) was evaluated by its performance in predicting the roadkills that occurred in Sierra 
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Morena, and model B (the one built in Sierra Morena) was evaluated by its performance in 
predicting the roadkills that occurred in Doñana-Aljarafe. The external validation could not be 
applied for model C (the one considering jointly all data for both Doñana-Aljarafe and Sierra 
Morena) because there was no other study area (with a sufficient number of roadkill records) 
different from Doñana-Aljarafe or Sierra Morena where model performance could be evaluated. 

In all the cases (internal and external validation), the model discriminative ability was quantified through 
the area under the curve (AUC) of the ROC (Receiver Operating Characteristic). AUC estimates the 
probability that the model prediction (road mortality risk) in a given point of a road where a roadkill has 
occurred is higher than the model prediction (mortality risk) in a point where no roadkill has happened, 
both points being selected at random among those in which a roadkill occurred or not (Fielding and Bell 
1997). 

3. Results and discussion 

3.1. Fitted habitat suitability models 

The models fitted to estimate habitat suitability for the Iberian lynx, given by the coefficients for each 
explanatory or predictive variable (land cover type), are shown in Table 4 for the model based on Corine 
Land Cover for all the Iberian Peninsula, and in Table 5 for the model based on SIOSE for mainland Spain.  

There are, as expected, differences in these two habitat suitability models, given the different scale and 
explanatory variables considered in each model, but there are also several common patterns that can 
be highlighted. First, Mediterranean woodlands, or Mediterranean open forests, are the land cover or 
vegetation type that is more strongly preferred by the Iberian lynx; this vegetation type corresponds to 
transitional woodland-shrub in the model based  on Corine Land Cover (Table 4), and to shrublands and 
open broadleaved forest (with a forest canopy cover below 25%) in the model based on SIOSE (Table 
5). These are the land cover types with the highest coefficient values in the fitted models, as shown in 
Tables 4 and 5 (note that the coefficient values are not comparable between the two models due to 
differences in the source maps and in the used reference class). Therefore, these are the most suitable 
land covers for the Iberian lynx. 

Second, the Iberian lynx tends to largely avoid the artificial areas or the areas with no vegetation, all of 
them included within the “unsuitable areas” class in both models (Tables 4 and 5). The species also 
avoids, as given by the negative coefficients compared to the reference class, irrigated crops and some 
other crop types (Tables 4 and 5).  

Third, 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. 
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 paragraph) and other classes for which the lynx shows a 
much higher preference or probability of selection than for the reference class (and hence with positive 
coefficients in the fitted models). The latter is the case of agricultural areas that retain some frequency 
or abundance of natural vegetation in the form of mosaic landscapes and/or correspond to tree crops, 
such as agricultural lands mixed with natural vegetation, agroforestry areas such as dehesas, or olive 
groves, particularly mountain olive groves (Tables 4 and 5). The Iberian lynx shows also preference for 
areas not affected by the presence of roads, according to the negative coefficients for these variables 
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in the two fitted models (Tables 4 and 5), as well as for terrains with little slope, according to the results 
of the model developed for all the Iberian Peninsula (Table 4). 

Table 4. Coefficients of the conditional logistic regression model fitted to estimate habitat suitability for 
the Iberian lynx in the Iberian Peninsula based on the land cover classification obtained from Corine Land 
Cover (as developed in stage 1 of the contract). For the land cover classes, class 10 (grasslands and 
pastures) is the reference class, so 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 coefficient 
for the reference class is by definition equal to 0). 

 
Variable Coefficient 

Variables not obtained 
from Corine Land Cover 

Slope -1.533 

High-traffic roads -427·104 

Low-traffic roads -1.195 

Variables derived from 
the Corine Land Cover 

classification 

1. Unsuitable  -21.340 

2. Non-irrigated and non-tree crops -3.069 

3. Irrigated agricultural areas -52.810 

4. Olive groves 1.351 

5. Other fruit tree crops 0.791 

6. Heterogeneous agricultural areas -0.566 

7. Agricultural lands mixed with natural 
vegetation 

1.420 

8. Agroforestry areas 1.595 

9. Forests 2.107 

10. Grasslands and pastures 0.000 

11. Shrublands 2.083 

12. Transitional woodland-shrub 2.398 

The more detailed model based on SIOSE for mainland Spain considered the effect of forest canopy 
cover (FCC) on Iberian lynx habitat selection. Results show that open broadleaved forests (FCC<25%) 
are those with the highest habitat quality for the Iberian lynx (Table 5), and that an increase in forest 
canopy cover (above the minimum 25% threshold considered) translates in general into a reduced 
habitat suitability for the Iberian lynx (Table 5). The habitat suitability decrease for higher FCC is 
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particularly noticeable for broadleaved forests (Table 5). These results suggest the need of forest 
management measures that maintain or promote open forests in which resources such as light and 
nutrients are available for the understory plants, favouring the development of a vigorous shrub and 
herbaceous layer together with the open tree canopy. As shown in Table 5, broadleaved forests are in 
general preferred by the Iberian lynx compared to conifer forests (with the only exception of the forests 
with a canopy cover above 75%, which in any case only present a moderate suitability for the Iberian 
lynx). 

Table 5. Coefficients of the conditional logistic regression model fitted for Iberian lynx habitat suitability 
in mainland Spain, based on the SIOSE land cover map and on the Forest Map of Spain (stage 4 of the 
contract). The reference class is class 4 (non-irrigated crops mixed with natural vegetation”); 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 to the reference class (the model coefficient for the reference class is by 
definition equal to 0). FCC stands for forest canopy cover.  

Variable Coefficient 

1. Unsuitable areas -8.43 

2. Irrigated crops -2.35 

3. Non-irrigated crops -0.81 

4. Non-irrigated crops mixed with natural vegetation 0.00 

5. Pastureland-shrubland 2.02 

6. Dehesas 2.53 

7. Mountain olive groves  1.03 

8. Flatland olive groves 3.04 

9. Shrubs 3.50 

10. Coniferous forest (FCC<25%) 1.22 

11. Coniferous forest (FCC 25-50%) 0.69 

12. Coniferous forest (FCC 50-75%) 1.09 

13. Coniferous forest (FCC 75-100%) 0.80 

14. Broadleaved forest (FCC<25%) 4.37 

15. Broadleaved forest (FCC 25-50%) 2.38 

16. Broadleaved forest (FCC 50-75%) 1.65 

17. Broadleaved forest (FCC 75-100%) -1.13 

High-density transport infrastructure -13.84 

Low-density transport infrastructure -17.95 
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Figures 13 and 14 show the habitat suitability maps obtained from these two models. These maps are 
available in digital format as two raster layers with a spatial resolution of 90 meters, in the information 
sent together with the report of stage 1 of the contract (for the model based on Corine Land Cover) and 
in stage 4 of the contract (for the model based on SIOSE). Some additional details on these fitted models 
are provided in the reports for stages 1 and 4 of the contract. 

 

 

Figure 13. 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 for the period 2009-2013, and using the land cover 
types derived from Corine Land Cover (stage 1 of the contract). 
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Figure 14. Habitat suitability map for the Iberian lynx in mainland Spain obtained from the model fitted 
with the GPS locations within the home ranges for the period 2009-2015, and based on SIOSE and on the 
Forest Map of Spain (stage 4 of the contract). The limits of the Spanish provinces in mainland Spain are 
show overlaid in the habitat suitability map. 

3.2. Landscape permeability model for the Iberian Peninsula 

The coefficients of the fitted landscape permeability model for the Iberian lynx for the Iberian Peninsula 
are shown in Table 6. This permeability model (Table 6) shows some common patterns with the habitat 
suitability model (Table 4), also based on Corine Land Cover, which can be highlighted. First, the land 
cover type that is more frequently selected by the Iberian lynx is the transitional woodland-shrub. 
Second, the species largely avoids the artificial areas or the areas with no vegetation. Third, the species 
prefers to avoid steep terrain and transport infrastructure. Fourth, it negatively selects (compared with 
the reference class) the non-tree crops (either irrigated or non-irrigated). Fourth, there is a large 
variability and heterogeneity in the response to, and in the selection of, different agriculture-related 
land cover classes, including some classes with a selection frequency that is significantly above that of 
the reference class, such as agricultural lands mixed with natural vegetation, agroforestry areas or olive 
groves (Table 6). 

  

Habitat suitability 
High 

Low 



 

33 

Table 6. Coefficients of the conditional logistic regression model fitted to estimate landscape permeability 
for the dispersal or exploratory movements of the Iberian lynx in the Iberian Peninsula based on the land 
cover classification obtained from Corine Land Cover (as developed in stage 1 of the contract). For the 
land cover classes, class 10 (grasslands and pastures) is the reference class, so 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 coefficient for the reference class is by definition equal to 0). 

 
Variable Coefficient 

Variables not obtained 
from Corine Land Cover 

Slope -0.235 

High-traffic roads -7.078 

Low-traffic roads -0.072 

Variables derived from 
the Corine Land Cover 

classification 

1. Unsuitable  -69.374 

2. Non-irrigated and non-tree crops -1.899 

3. Irrigated agricultural areas -3.656 

4. Olive groves 1.553 

5. Other fruit tree crops 0.098 

6. Heterogeneous agricultural areas -5.828 

7. Agricultural lands mixed with natural 
vegetation 

1.726 

8. Agroforestry areas 1.440 

9. Forests 1.716 

10. Grasslands and pastures 0.000 

11. Shrublands 1.296 

12. Transitional woodland-shrub 1.814 
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There are, however, significant differences that can be highlighted between the landscape permeability 
(Table 6) and the habitat suitability model (Table 4). First, the most favourable class for the Iberian lynx 
(class 12, transitional woodland-shrub) has a lower coefficient value in the landscape permeability 
model (Table 6) than in the habitat suitability model (Table 4). This result indicates 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 4 and 6). 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 0.315 units than the coefficient of the next class with 
the highest coefficient (Table 4). 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 
(Table 6).  

Second, 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 (Tables 4 and 6).  

Third, while the Iberian lynx strongly avoids the areas affected by roads when establishing home ranges, 
particularly the high-traffic roads (Table 4), it is much less sensitive to the presence of transport 
infrastructure when dispersing or exploring new areas. Even when roads also present negative 
coefficients in the landscape permeability model, their absolute values are much smaller than in the 
habitat suitability model, particularly for high-traffic roads (Table 6). Additional details on these 
differences between the results of the habitat suitability and landscape permeability model are 
provided in the report of stage 1 of the contract. 

Figure 15 shows the landscape permeability map for the Iberian Peninsula obtained through the fitted 
model. This map is available, in a digital format compatible with geographic information systems (raster 
layer with a spatial resolution of 90 m), in the information sent together with the report of stage 1. 
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Figure 15. 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 (tracking period 2009-2013), and using the land cover types derived from Corine Land Cover. 

3.3. Evaluation of the predictive power of the habitat suitability and landscape permeability models 
through cross-validation 

3.3.1. Validation of the habitat suitability models 

The evaluation of the predictive power of the models 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 based on Corine Land Cover and of 0.80 for the habitat suitability model 
based on SIOSE (Table 7), which is a good predictive ability. These AUC values are remarkable 
considering the large spatial extent and the variety of conditions in the analysed areas, and the 
application to the entire Iberian Peninsula or mainland Spain. It also needs to be considered that the 
fitted models capture the common pattern in the selection preferences of a large number of lynx 
individuals (with different characteristics and behaviours), whereas this common pattern is later 
confronted with GPS locations and movement data for specific lynx individuals in the validation process.  

It is worth noting that the model based on Corine Land Cover (as developed in stage 1 of the contract) 
used tracking data for the period 2009-2013 and, therefore, only considered data for the areas where 
the Iberian lynx was already present before 2014 (Andújar-Cardeña, Doñana-Aljarafe, Guadalmellato 

Landscape permeability 
High 

Low 



 

36 

and Guarrizas). The model based on SIOSE (as developed in stage 4 of the contract) used tracking data 
for the period 2009-2015, thereby including information of Iberian lynx use in recent reintroduction 
areas (Montes de Toledo and Sierra Morena Oriental). For this reason, to provide a wider and more 
comparable information on the predictive power of these models, we calculated two additional AUC 
values. First, the AUC value for the model based on SIOSE that would result from using the older tracking 
dataset (2009-2013) as considered in stage 1 of the contract. Second, the AUC value for the model based 
on Corine Land Cover that would result if using the more recent tracking data for the period 2009-2015 
(including data for Montes de Toledo and Sierra Morena Oriental). These AUC values are reported in 
Table 7. 

It can be appreciated that the model based on SIOSE (together with other layers like the Forest Map of 
Spain) improves the prediction of the model based on Corine, as apparent by the comparison of the 
AUC values for the same set of tracking data (Table 7). This happens both when the AUC of the models 
are compared for the period 2009-2013 and when they are compared for the period 2009-2015 (Table 
7). We interpret that this improvement is associated to the higher spatial resolution (finer spatial scale) 
and higher thematic resolution (more classes differentiated, considering for instance forest canopy 
cover) of the model based on SIOSE compared to the model based on Corine Land Cover.  

Table 7. Evaluation of model predictive power, as given by the AUC value, for the habitat suitability models 
based on Corine Land Cover (stage 1 of the contract) and based on SIOSE (stage 4 of the contract), using 
the GPS data for mainland Spain in the period 2009-2013 (covering lynx individuals from the populations 
of Andújar-Cardeña, Doñana-Aljarafe, Guadalmellato and Guarrizas) and in the period 2009-2015 (in 
which, in addition to the former populations, there are also GPS data for Montes de Toledo and Sierra 
Morena Oriental).  

 
Main land cover map used to 

generate the explanatory 
variables 

Period of the   
GPS locations 

CORINE SIOSE 

2009-2013 0.78 0.86 

2009-2015 0.72 0.80 

On the other hand, it can also be appreciated that by considering a wider set of GPS locations and 
population areas (period 2009-2015 instead of period 2009-2013) the predictive power (AUC value) 
decreases both for the Corine and for the SIOSE model (Table 7). This decrease may be due to the higher 
difficulty of predicting a joint common pattern of Iberian lynx preferences as new data for a wider set 
of reintroduction areas are considered (note that the period 2009-2015 includes GPS locations also for 
lynx individuals released in Montes de Toledo and in Sierra Morena Oriental). When these new 
reintroduction areas are considered, a more heterogeneous set of landscapes and a wider variety of 
land covers are put together into the model, with the subsequent impact on the AUC value of a model 
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that comprises all these areas in a single fit. In addition, the preferences and selection patterns of the 
lynx individuals may not be yet fully established and settled in these new reintroduction areas compared 
to other areas with stable populations for longer periods, which may also have an effect on the 
predictive ability of the fitted models. 

3.3.2. Validation of the landscape permeability model 

The evaluation of the predictive ability of the landscape permeability model through cross-validation 
gave an AUC value of 0.91, i.e. a very good predictive power. This AUC value is higher than those 
obtained for the habitat suitability models (see previous section). The lower AUC values for the habitat 
suitability models possibly 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 or, particularly, on 
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 or 
mainland Spain. Given the very good predictive ability of the landscape permeability model generated 
in stage 1 of the contract, and the comparatively more modest AUC value for the habitat suitability 
model obtained in stage 1, stage 4 aimed to improve the predictive power of the habitat model 
incorporating the available SIOSE information for mainland Spain, and not the landscape permeability 
model, which already provided a very high predictive ability as based on Corine Land Cover (see above). 

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

Table 8 shows the average habitat suitability given by the models in each of the areas that currently 
host stable Iberian lynx populations and in each of the reintroduction areas considered for year 2014, 
according to the delimitation of these areas shown in Figure 16. These areas include Sierra Norte de 
Sevilla (previously known as Valdecigueñas-Guadalcanal-Sierra Norte), even if no Iberian lynx has been 
so far released in this area, because it is still being considered as a potential reintroduction area in the 
future. 

The area that presents the highest habitat quality, as estimated both by the Corine and the SIOSE model, 
is Andújar-Cardeña (Table 8). In this respect, it is remarkable that even when the GPS location data are 
dominated by those gathered in Guarrizas and Guadalmellato (see section 2.1.1), it is Andújar-Cardeña 
the area with the highest habitat suitability despite of having a considerably lower number of GPS 
locations in the analysed tracking dataset. This result indicates that the lynx individuals in Guarrizas and 
Guadalmellato, and in the rest of the considered areas, show preference, in their habitat selection 
decisions, for the land covers that are present to a larger extent in Andújar-Cardeña. 
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Figure 16. Iberian lynx stable reintroduction areas (dark green) and stable population areas (other colours) 
in mainland Spain, according to the initial delimitation of these areas in year 2014 (before the lynx 
individuals were released in these reintroduction areas, which started in late 2014). 

After Andújar-Cardeña, the next area with a highest average habitat suitability for the Iberian lynx is 
Guarrizas, as indicated by the models based both on SIOSE and on Corine (Table 8). The two models also 
agree in indicating Valle del Matachel as the area with the comparatively lower habitat quality, if we 
consider the initial delimitation of this and of the rest of the areas in 2014, before lynx individuals were 
released in these new reintroduction areas. 

The results change significantly when, instead of considering the initial delimitations of these areas in 
year 2014 (as shown in Figure 16), we consider only the locations with actual presence of Iberian lynx 
(presence as usual habitat within home ranges, excluding dispersal or exploratory movements) as given 
by the available GPS fixes in these areas. It can be appreciated that in all the areas, and according to 
both Corine and SIOSE models, there is a noticeable increase in mean habitat suitability when we 
consider the locations actually used by the Iberian lynx (GPS fixes), rather than the initial delimitation 
of these areas in 2014 (Table 8). Such increase is particularly high in Valle del Matachel and in Sierra 
Morena Oriental (Table 8). This result suggests a good performance of the fitted models, since the 
portions of land used by Iberian lynx are estimated by the models to have a higher suitability that the 
entire set of conditions within these areas as initially delimited. On the other hand, this result suggests 
that there might be a considerable heterogeneity of conditions within these areas as initially delimited. 
For this reason, when characterizing the overall quality of a given reintroduction area, it might be not 
so important the value of mean habitat suitability calculated over a given initial delimitation of that 
area, as long as there are some large portions of land with high habitat suitability for the Iberian lynx 
within that area.  
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Table 8. Average habitat suitability in the different Iberian lynx stable population and reintroduction areas 
according to the model generated in stage 1 of the contract based on Corine Land Cover and according to 
the model generated in stage 4 of the contract based on SIOSE. The table shows, for both models, (i) the 
mean habitat suitability calculated for all the extent of these population and reintroduction areas as 
initially delimited in year 2014, and (ii) the mean habitat suitability estimated by the models for the 
locations with actual presence of Iberian lynx using habitat within their home ranges (as given by the GPS-
GSM collar data). This latter mean obviously excludes the area of Sierra Norte de Sevilla (previously known 
as Valdecigueñas-Guadalcanal-Sierra Norte), since to date no Iberian lynx individuals have been released 
in this area. The values in the averages for (i) and (ii) are different because the locations actually selected 
and used by the Iberian lynx as home ranges do not necessarily match the delimitation of these areas that 
was performed in 2014 (as shown in Figure 16), before Iberian lynx individuals were released in several of 
these areas. The values for the reintroduction area of Vale do Guadiana (Portugal) are not available for 
the SIOSE model because this model only covers mainland Spain. 

 
Initial delimitation of the areas in 

2014 
Locations with presence of Iberian lynx 
individuals as indicated by GPS collars 

Area CORINE model SIOSE model CORINE model SIOSE model 

Andújar-Cardeña 0.827 0.830 0.916 0.873 

Guadalmellato 0.748 0.782 0.772 0.816 

Guarrizas 0.792 0.819 0.840 0.865 

Doñana-Aljarafe 0.758 0.678 0.751 0.713 

Sierra Morena 
Oriental 

0.616 0.756 0.690 0.871 

Sierra Norte de 
Sevilla 

0.687 0.812 -- -- 

Valle del Matachel 0.505 0.677 0.614 0.828 

Montes de Toledo 0.641 0.682 0.648 0.712 

Vale do Guadiana 0.675 -- 0.821 -- 

 

It can also be appreciated that the SIOSE model estimates in general a higher habitat suitability in the 
population and reintroduction areas than the Corine model; this happens for all areas except for 
Doñana-Aljarafe (Table 8). This result may be due to two factors. On one hand, the higher spatial and 
thematic resolution of the SIOSE model allows to better capture key habitat and land cover 
characteristics for the Iberian lynx, which may be unreported when using the coarser Corine Land Cover 
map, leading to an underestimate of habitat suitability in this latter case. On the other hand, the Corine 
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model used GPS data for the period 2009-2013 covering only the areas with stable lynx populations in 
that moment, while the SIOSE model includes also GPS data for the recent reintroduction areas of 
Montes de Toledo and Sierra Morena Oriental. For this reason, the SIOSE model may better evaluate 
habitat use and quality in other landscapes, possibly more heterogeneous and/or fragmented, thereby 
indicating a higher habitat suitability for the Iberian lynx in land covers that were underrepresented, 
and potentially undervalued, in the older data set. This effect would also explain the fact that the highest 
increases in habitat suitability in the SIOSE model as compared to the Corine model are found in the 
four new reintroduction areas, and particularly in Sierra Morena Oriental, Sierra Norte de Sevilla and 
Valle del Matachel (Table 8). 

Finally, it is noteworthy that none of the new reintroduction areas presents the level of habitat quality 
estimated for Andújar-Cardeña. However, some of these reintroduction areas do have higher habitat 
suitability values than Doñana-Aljarafe according to the SIOSE model, as is the case of Sierra Norte de 
Sevilla or Sierra Morena Oriental (Table 8), even when this does not happen according to the Corine-
based model. 

3.5. Probabilities of connection between stable population areas and reintroduction areas 

Tables 9, 10 and 11 show the probabilities of connection estimated between the population and 
reintroduction areas, according to the methods described in section 2.2.4. These probabilities are to be 
interpreted in relative terms, i.e. adequate for ranking the strength of the connections between the 
different areas, more than as an absolute value of probability. This is because these probabilities have 
been obtained from the estimate of Iberian lynx mean dispersal distance available to date, which is of 
18.8 km (see section 2.2.4), while the most recent dispersal records for the Iberian lynx, obtained thanks 
to the monitoring efforts done in the Life+ IBERLINCE project, suggest dispersal distances and capacities 
larger than what thought to date. If longer dispersal distances would be considered in the analyses, 
higher probability values than those here reported would be obtained as well, but always maintaining 
the same ranking of the areas by the strength (probability) of their connection. On the other hand, it is 
of interest to note that the probabilities that are shown in Tables 9, 10 and 11 correspond to the 
probability of a successful dispersal event by a single Iberian lynx individual between the considered 
areas. A dispersal event between these areas could happen with a higher probability than that here 
indicated when there would be several lynx attempting to disperse between these areas, as given by 
the accumulated probability for several dispersing individuals, which can be determined from the 
probability for a single dispersal event. Finally, note that it is not necessary that the connection 
probabilities are arbitrarily high to meet some of the conservation targets. In particular, from the 
genetic point of view, it is enough with one or a few migrants per generation (Mills and Allendorf 1996, 
Vucetich and Waite 2000) to guarantee the levels of individual exchange that maintain genetic 
variability and avoid the deleterious effects of inbreeding, without need for the successful migration of 
a high number of individuals every year or every few years. 

Keeping in mind these considerations, we can conclude that the reintroduction areas present very 
different probabilities of receiving a Iberian lynx dispersing from the areas that currently present stable 
populations of the species (Tables 9 and 10). The reintroduction areas with better conditions in this 
regard are Sierra Morena Oriental (previously known as Campo de Calatrava-Guarrizas) and Sierra Norte 
de Sevilla (previously known as Valdecigueñas-Guadalcanal-Sierra Norte). The case is Sierra Morena 
Oriental is somehow obvious given the location of this reintroduction area, immediately contiguous to 
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the population of Guarrizas (Figure 16), which gives a probability of connection almost equal to 1 with 
Guarrizas, but also high probability values with the other populations in Sierra Morena and in particular 
with Andújar-Cardeña. More interesting may be the case of Sierra Norte de Sevilla, which presents 
significant connection probabilities with Guadalmellato and, to a lower extent, also with Doñana-
Aljarafe. Sierra Norte de Sevilla can play, in the future, an important connection role as an intermediate, 
stepping stone population linking these two stable Iberian lynx populations. The rest of the 
reintroduction areas (Matachel, Vale do Guadiana and Montes de Toledo) present much weaker 
connection probabilities with the stable population areas, several orders of magnitude lower than those 
of Sierra Morena Oriental and Sierra Norte de Sevilla. The only exception might be the connection 
between Vale do Guadiana and Doñana-Aljarafe, which even if weak it does not present a probability 
of connection as low as in the rest of the connections of these three reintroduction areas (Tables 9 and 
10).  

Table 9. Probabilities of connection between the reintroduction areas and the areas with stable Iberian 
lynx populations. 

 
Doñana - 
Aljarafe 

Guadalmellato 
Andújar - 
Cardeña 

Guarrizas 

Sierra Morena Oriental 0.00001 0.04542 0.43365 0.99615 

Sierra Norte de Sevilla 0.01949 0.04127 0.00507 0.00087 

Matachel 0.00000 0.00099 0.00031 0.00005 

Vale do Guadiana 0.00497 0.00003 0.00000 0.00000 

Montes de Toledo 0.00000 0.00003 0.00027 0.00005 

Table 10. Mean probability of connection of each reintroduction area with all the stable Iberian lynx 
population areas, obtained as a weighted average of the probabilities shown in Table 9. The weighting 
factor used has been the number of lynx individuals in each of the population areas as estimated from the 
surveys for year 2013. 

Sierra Morena Oriental 0.31609 

Sierra Norte de Sevilla 0.01302 

Matachel 0.00028 

Vale do Guadiana 0.00141 

Montes de Toledo 0.00014 
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The probabilities of connection between the reintroduction areas is in general low or very low, even 
equal or close to zero in several cases (Table 11). Comparatively higher, even if below 1%, are the 
probabilities of connection of Sierra Norte de Sevilla with Matachel and with Vale do Guadiana (Table 
11). This finding, together with the previously mentioned results on the connection probabilities of 
these reintroduction areas with the stable Iberian lynx population areas, highlights the connectivity 
importance of Sierra Norte de Sevilla (previously known as Valdecigueñas-Guadalcanal-Sierra Norte), 
and its potentially relevant role to uphold the exchange of individuals between several other 
reintroduction and population areas. 

Table 11. Probabilities of connection between the reintroduction areas. 

 
Sierra 

Morena 
Oriental 

Sierra Norte de 
Sevilla 

Matachel 
Vale do 

Guadiana 
Montes de 

Toledo 

Sierra Morena 
Oriental 

1 0.00070 0.00004 0.00000 0.00005 

Sierra Norte de 
Sevilla 

0.00070 1 0.00595 0.00147 0.00000 

Matachel 0.00004 0.00595 1 0.00000 0.00000 

Vale do Guadiana 0.00000 0.00147 0.00000 1 0.00000 

Montes de Toledo 0.00005 0.00000 0.00000 0.00000 1 

3.6. Least cost paths and current maps between stable populations and reintroduction areas 

In the analyses of stage 2 of the contract, we generated least cost paths and current maps between all 
pairs of population and reintroduction areas, as well as internal connectivity maps within each of these 
areas. In this report, we include a joint map with the least cost paths and current maps between all the 
Iberian lynx reintroduction and stable population areas in the Iberian Peninsula (Figure 17). Of the 
numerous and more detailed least cost path and current maps for each pair of Iberian lynx areas, we 
only include in this report, for brevity, some of these pairs (Figures 18–23). The rest of the maps, as well 
as other related details, can be found in the specific report for stage 2. The least cost path and current 
maps for all reintroduction and population areas were provided as georeferenced spatial layers in a DVD 
that was sent together with the report for stage 2 of the contract. 

It can be appreciated that the current is higher and more continuous in Sierra Morena, particularly in 
the axis Guadalmellato-Andújar-Guarrizas-Sierra Morena Oriental and their surroundings (Figure 17), 
while it is lower and much more constrained in narrower areas around Doñana and other areas (Figure 
17). Regarding the least cost paths it can be appreciated, for example, that the least cost path between 
Doñana-Aljarafe and Andújar-Cardeña follows a quite distinctive pattern (Figures 17 and 18). The first 
part of it starts from Doñana-Aljarafe towards the north following the valley of Guadiamar river, and 
later turns to the northeast to reach the population of Andújar-Cardeña (Figures 17 and 18). In general, 
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the current maps highlight a higher set of zones through which the Iberian lynx dispersal movements 
may be concentrated, compared to the single corridor highlighted by the least cost path between each 
pair of lynx areas (Figures 18–23). The high current zones generally include those highlighted by the 
least cost paths but also some others that may be effectively used as corridors by the Iberian lynx 
(Figures 18–23). The estimated current is particularly high in areas where bottlenecks are found, i.e. 
where the dispersal movements have to necessarily concentrate through narrow strips of permeable 
land embedded in a hostile matrix in their surroundings; see for example those several potential 
corridors parallel to the least cost path that departs from Doñana-Aljarafe towards the north (Figure 
18). In other zones in which there is a low resistance to movement over relatively large extents, the 
dispersal movements can equally happen through any part of those large land tracts, and therefore they 
do not appear with any concentrated current in a particular location. This is not necessarily indicating 
that there is a low connectivity in this zone, but that there are no significant limitations that force the 
dispersal movements to funnel in a few unsuitable areas for movement; see for example most of the 
zonas surrounding the least cost path sector with a northeast direction from Doñana-Aljarafe to 
Andújar-Cardeña (Figure 18).  

 
Figure 17. Least cost paths and areas with more potential concentration of dispersal movements (current) 
between the Iberian lynx areas in the Iberian Peninsula, including the reintroduction areas (dark green 
polygons) and the areas that currently present stable populations of the species (polygons with other 
colours). Current has been calculated as the sum of the current estimated between each pair of areas, in 
a scenario (future or hypothetical) in which all the areas present consolidated Iberian lynx populations, 
i.e. with a similar number of dispersing individuals potentially departing from each of the areas. 
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Figure 18. Least cost path and current map between the population areas of Doñana-Aljarafe and Andújar-
Cardeña. 

 
Figure 19. Least cost path and current map between the reintroduction area of Vale do Guadiana and the 
population area of Doñana-Aljarafe. 
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Figure 20. Least cost path and current map between the reintroduction area of Sierra Norte de Sevilla 
(previously known as Valdecigueñas - Guadalcanal - Sierra Norte) and the population area of Doñana-
Aljarafe. 

 
Figure 21. Least cost path and current map between the reintroduction areas of Matachel and Sierra Norte 
de Sevilla. 
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Figure 22. Least cost path and current map between the reintroduction areas of Vale do Guadiana and 
Matachel. 

 

Figure 23. Least cost path and current map between the reintroduction areas of Matachel and Montes de 
Toledo. 
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3.7. Roadkill risk for the Iberian lynx 

3.7.1. Logistic regression model for estimating roadkill risk 

The statistical model that showed the highest performance in predicting the likelihood of Iberian lynx 
road mortality included the following explanatory variables: road type (the five types described in Table 
3), current intensity obtained from the circuit-based connectivity analysis and quantified as the mean 
value in a 180 m radius, and the interaction between these two variables (road type and current). This 
applies to each of the models fitted independently in each of the study areas with roadkill records 
(Doñana-Aljarafe on one hand and Sierra Morena on the other hand) as well as to the joint model 
considering the two study areas and all roadkill records. 

Among the variables that could explain the probability of presence or crossing of an individual in a given 
location of the road network (current intensity, density of least cost paths, and habitat suitability), 
current intensity was the one that, when included in the model, provided the highest predictive 
performance. Current intensity was therefore the variable included in the final models. The density of 
least cost paths or the habitat suitability were not significant when added in a model in which current 
intensity had already been included as a predictive variable. 

 

Figure 24. Road mortality risk (probability in the logistic regression model) as a function of current intensity 
for the five considered road types.  

As shown in Figure 24, the logistic regression model predicts a higher road mortality risk as current 
intensity increases. How much mortality risk increases with current is, however, variable depending on 
the road type considered, which is because the model includes the interaction between current 
intensity and road type as one of the explanatory variables. While for road types 2 and 3 (national and 
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regional roads) mortality risk increases sharply with current intensity, mortality risk remains low or very 
low in roads of type 4 and 5 even when the expected number of individuals moving through that area 
(current intensity) is very high (Figure 24). The obtained results also indicate that, according to the fitted 
model, road mortality is lower, at least when current is high, for highways and motorways (road type 1) 
than for national or regional roads (road types 2 and 3). This result may be because highways and 
motorways have in general wider and better designed fauna passages and perimeter fences, and 
measures are taken more frequently to remove adjacent vegetation than in national or regional roads, 
all of which reduces the risk of road mortality in roads of type 1 compared to types 2 and 3 for a given 
current intensity. 

3.7.2. Validation of the roadkill risk model 

3.7.2.1. Internal validation  

The results of the internal validation show a high (AUC about 0.8) or very high (AUC about 0.9 or higher) 
predictive ability of the fitted models (Table 12). This conclusion applies to the models separately 
constructed for the study areas of Doñana-Aljarafe on one hand and of Sierra Morena on the other, and 
also to the joint model (the one fitted considering all the roadkill data for both Doñana-Aljarafe and 
Sierra Morena, which is the one applied for estimating road mortality risk in the results that are shown 
in sections 3.7.3 and 3.7.4) 

It can be appreciated in Table 12 that AUC for the internal validation is significantly higher in Doñana-
Aljarafe than in Sierra Morena, i.e. roadkills appear to be comparatively easier to predict in Doñana-
Aljarafe. This result may be because Sierra Morena is a larger area covering a higher number of Iberian 
lynx populations (Andújar-Cardeña, Guarrizas and Guadalmellato) and a wider variety of environmental 
conditions than Doñana-Aljarafe. The joint model presents, as may be expected, an AUC value that is in 
between the AUC value for the individual models for Doñana-Aljarafe and Sierra-Morena (Table 12). 

It can be also noted in Table 12 that the AUC of the models is significantly higher when validation focuses 
only on the roadkills that occurred between 2010 and 2014 (about half of the total number of roadkills), 
even when all the roadkills in the period 1979-2014 have been used in building the models. This result 
may be because of several reasons. First, the land cover data, and the habitat suitability and connectivity 
models that are derived from these data (see the reports for the different stages of the contract), 
correspond to the most recent period; it may be therefore expected that the model built with those 
recent environmental data is able to better predict the roadkills that occurred in the last few years than 
those that happened further away in the past. Second, the limits of the study areas for the connectivity 
analyses (estimated movement patterns) have been defined considering the current distribution of 
Iberian lynx populations and the polygons for these populations available for year 2013. Therefore the 
study areas are defined according to the current and not the old Iberian lynx populations, which are 
quite different given the large increase in total population size and species range in recent years. Finally, 
the efforts made for the permeabilisation and reduction of roadkills in several mortality hotspots have 
gradually modified the spatial pattern of roadkills through time in some areas. In any case, it is a positive 
feature that the models perform better when considering the more recent roadkills, since obviously the 
models are intended to predict the road mortality risk in the current landscapes and conditions. 
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Table 12. AUC values for the internal validation of the roadkill models. The AUC values are shown both for 
the cases in which validation is performed with a subset of roadkills that occurred in all the period (1979-
2014) or that occurred only in the most recent period (2010-2014), even when in all cases the models were 
fitted considering the entire period 1979-2014. 

 All roadkills 2010-2014 roadkills only 

Model for Doñana-Aljarafe 0.915 0.945 

Model for Sierra Morena 0.814 0.855 

Joint  model 0.861 0.897 

3.7.2.2. External validation 

The external validation, more demanding and less frequently applied in evaluating the predictive ability 
of this type of models, provides, as expected, lower AUC values than the internal validation (see Table 
13 and compare with Table 12). The AUC values in the external validation of the joint model are however 
remarkable, above 0.8 or even close to 0.87 when only the roadkills in the most recent period (2010-
2014) are considered, as shown in Table 13. 

As it also was found for the internal validation, the AUC values in the external validation increase when 
only the roadkills in the more recent period (2010-2014) are considered (Table 13), because of similar 
reasons as those outlined in the previous section. 

It can also be appreciated that the model built in Doñana-Aljarafe has a relatively limited performance 
(AUC below 0.8) of predicting the roadkills that occurred in Sierra Morena, which may be due to the 
different and wider variety of conditions, and the larger study area in Sierra Morena compared to 
Doñana-Aljarafe. On the contrary, the model built only with data for Sierra Morena is able to predict 
quite well the roadkills that occurred in Doñana-Aljarafe (AUC above 0.85 or even above 0.94 for the 
most recent roadkills). A model that has been trained in more demanding conditions (Sierra Morena) is 
able to perform well even when it is projected to other areas with less variability (Doñana-Aljarafe). It 
is noteworthy that the model fitted in Sierra Morena has, for the roadkills occurred in the period 2010-
2014, AUC=0.941 in the external validation (Table 13). This is almost the same as the predictive ability 
of the Doñana model itself when confronted in the internal validation with roadkills that occurred within 
the same area of Doñana in the period 2010-2014 (AUC=0.945 in the internal validation, see Table 12). 
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Table 13. AUC values for the external validation of the roadkill models. The AUC values are shown both for 
the cases in which validation is performed with a subset of roadkills that occurred in all the period (1979-
2014) or that occurred only in the most recent period (2010-2014), even when in all cases the models were 
fitted considering the entire period 1979-2014. The external validation could not be applied to the joint 
model (the one considering jointly all data for both Doñana-Aljarafe and Sierra Morena) because there 
was no other study area (with a sufficient number of roadkill records) different from Doñana-Aljarafe or 
Sierra Morena where model performance could be evaluated; the AUC values shown for the joint model 
are hence simply the mean of the AUC values for the two models built separately for the Doñana-Aljarafe 
and Sierra Morena datasets. 

 All roadkills 2010-2014 roadkills only 

Model for Doñana-Aljarafe 0.773 0.797 

Model for Sierra Morena 0.859 0.941 

Mean for the joint model 0.816 0.869 

 

 
Figure 25. Classification of road mortality risk for the Iberian lynx in the study area of Doñana-Aljarafe. 
The figure also shows the polygons corresponding to the stable Iberian lynx population of Doñana-Aljarafe 
and the roadkills that occurred in this study area in the period 1979-2014. 
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3.7.3. Spatial layers with the estimated roadkill risk and the roads with the highest accumulated risk 

The fitted logistic regression model (joint model for Doñana and Sierra Morena) was projected to the 
six considered study areas, i.e. the two study areas for stable Iberian lynx populations (Doñana-Aljarafe 
and Sierra Morena) and the four reintroduction areas (Montes de Toledo, Vale do Guadiana, Sierra 
Morena Oriental and Matachel-Sierra Norte; this latter study area included the reintroduction areas of 
Matachel and Sierra Norte de Sevilla). The spatial layers with the probability values (mortality risk) 
resulting from the model with a spatial resolution of 180 m were provided in a CD sent together with 
the report of stage 3 of the contract. 

To facilitate the visualization and comparison of the results on mortality risk, the probability values from 
the model have been classified in five risk classes, so that the very high risk area corresponds to the 10% 
top percentile of higher roadkill probability, the high risk are to the next 10% percentile, and so on and 
so forth except for the last (fifth) class of low roadkill risk, which includes the 60% of all pixels with 
lowest roadkill probability values. More details on these classes and the probability values they cover 
can be found in table 4 of the report for stage 3 of the contract. These five classes were applied in the 
same way to each of the six study areas (two population areas and four reintroduction areas), 
generating maps of roadkill risk for each of them, but for brevity here we only include, as an illustration, 
these maps for two of these areas (Figures 25 and 26). The rest of the maps can be found in the report 
of the stage 3 of the contract. The spatial layers in GIS format with this risk classification at a spatial 
resolution of 180 m were provided, for the six study areas, together with the report for stage 3 of the 
contract. 

 
Figure 26. Classification of road mortality risk for the Iberian lynx in the study area of Montes de Toledo. 
The figure also shows the polygon corresponding to the reintroduction area. 
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In addition to the spatial layers with the road mortality risk classification, we identified the roads with 
the highest accumulated road mortality risk for the Iberian lynx. For this purpose, we calculated the sum 
of the probability values provided by the logistic regression model for all pixels along a given road, and 
selected those roads for which that sum was highest, until the set of selected roads included 50% of the 
total roadkill risk in the study area. It is important to note that the roads selected in this way only 
consider a global risk value along the entire road. This selection of roads therefore does not replace the 
identification of particular road sectors within roads not selected as those with the highest accumulated 
risk; for example, a short road with a high mortality risk will not accumulate a high total value along it 
(just because there are few pixels for that road), or a road with a given high-risk sector may not be 
selected if the rest of the road has a low roadkill risk. It is also possible that sectors with low risk exist 
along some of the roads that are selected as those with the highest accumulated risk. For brevity, this 
report only shows the roads with highest accumulated roadkill risk for some of the Iberian lynx 
population or reintroduction areas (Figures 27, 28 and 29); please see the detailed report for stage 3 of 
the contract for the rest of the areas and other details on the results and their discussion. 

 
Figure 27. Roads with the highest accumulated roadkill risk in the study area of Sierra Morena Oriental. 
This set of roads is a simplified summary that does not exclude the identification of high-risk road sectors 
occurring in these or other roads within the study area (see for more details the risk classification for this 
area in the report of stage 3 of the contract). The figure also shows the polygon corresponding to the 
reintroduction area of Sierra Morena Oriental and the roadkills that occurred in this study area in the 
period 2010-2014 (given that the first lynx individuals were released in the nearby population of Guarrizas 
in 2009-2010). The blue dashed ellipses indicate the approximate location of the two road sectors where 
two Iberian lynx were killed in road A-301 and in road A-4 during the two first weeks of June 2015, after 
completing the tasks and predictive model of this stage of the contract (these mortality records have 
therefore not been used in fitting the predictive model).  
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Figure 28. Roads with the highest accumulated roadkill risk in the study area of Matachel-Sierra Norte. 
This set of roads is a simplified summary that does not exclude the identification of high-risk road sectors 
occurring in these or other roads within the study area (see for more details the risk classification for this 
area in the report of stage 3 of the contract). The figure also shows the polygons corresponding to the 
reintroduction areas of Matachel and Sierra Norte de Sevilla, and the only roadkill that had occurred in 
this area when the study was performed in year 2014.  

 
Figure 29. Roads with the highest accumulated roadkill risk in the study area of Vale do Guadiana. This set 
of roads is a simplified summary that does not exclude the identification of high-risk road sectors occurring 
in these or other roads within the study area. The figure also shows the polygon corresponding to the 
reintroduction area of Vale do Guadiana. 
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3.7.4. Overall roadkill risk in the stable population and reintroduction areas 

Using the roadkill risk values in the cells (pixels) with roads, we calculated two indicators of the overall 
road mortality risk for the Iberian lynx in each study area: 

x Risk indicator based on all risk classes. This indicator was calculated as the sum of all roadkill 
risk values (probability of the logistic regression model) in all the pixels with roads divided by 
the total extent of the study area. The result was multiplied by 10,000 in order to avoid too low 
values of the indicator. 

x Risk indicator based on the class of very high roadkill risk (90% percentile). This indicator was 
calculated as the percentage of the area (pixels) covered by roads in a given study region that 
had been classified as of very high mortality risk. The distribution of this very high risk class is 
shown, for some of the lynx areas, in Figures 25 and 26. 

The second risk indicator may be considered more appropriate to assess the overall road mortality risk 
in a given study area, because the very high risk class seems to be the one more determinant for the 
occurrence of roadkills. In this sense, the effective roadkill risk will tend to be lower in a study area in 
which all roads have intermediate risk values (with no road sector with very high risk) than in an area in 
which road sectors with very low and very high risk coexist, even when the total sum of model 
probability values across the entire study area, and the total extent of the study area, is the same in 
both cases (therefore both study areas having the same value of the first indicator). These two indicators 
may be however viewed as providing complementary information. As it is apparent in Table 14, both 
indicators tend to highlight quite the same areas as those most and least risky for Iberian lynx road 
mortality. 

Table 14. Values of the two indicators of the overall road mortality risk in each study area. Even when 
Matachel and Sierra Norte de Sevilla have been treated together within a single study area when applying 
the roadkill risk model, the indicator values have been calculated separately for each reintroduction area 
considering the pixel values only within a 26 km buffer around each of these individual reintroduction 
areas. 

Study area 
Indicator based on          

all risk classes 
Indicator based on the very high 

risk class (90% percentile) 

Doñana-Aljarafe 6.03 1.73 

Sierra Morena 3.45 0.94 

Montes de Toledo 5.12 1.80 

Vale do Guadiana 5.21 1.47 

Sierra Morena Oriental 3.70 1.53 

Matachel 3.07 0.98 

Sierra Norte de Sevilla 3.66 0.97 
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It can be appreciated that the study area with a higher roadkill risk is, according to both indicators, 
Doñana-Aljarafe (Table 14). The overall risk in Doñana-Aljarafe is about the double of that in Sierra 
Morena, which is the study area with the lowest overall risk (Table 14). The overall risk values in the 
study areas for the new reintroduction areas are in general in between those for Doñana-Aljarafe and 
Sierra Morena (Table 14). Montes de Toledo and Vale do Guadiana are the reintroduction areas with 
the highest estimated road mortality risk, together with Sierra Morena Oriental (previously known as 
Campo de Calatrava-Guarrizas) if the indicator based on the class with very high risk is considered (Table 
14). The reintroduction areas of Matachel and Sierra Norte de Sevilla are those with the lowest road 
mortality risk according to the considered indicators. 

3.8. Overall prioritization of reintroduction areas 

The results obtained in previous sections allow prioritizing the reintroduction areas according to 
different relevant criteria for Iberian lynx population viability in these areas: habitat suitability (section 
3.4), connectivity with other stable populations and reintroduction areas (section 3.5) and road 
mortality risk (section 3.7.4).  

Here we present (i) a summary of the prioritization of the reintroduction areas according to each of 
these individual criteria (Table 15), (ii) a joint prioritization of the reintroduction areas simultaneously 
considering these three criteria (habitat suitability, connectivity, road mortality risk) with different 
weights according to expert criteria.  

The joint prioritization of reintroduction areas is provided in two scenarios. One scenario focuses on the 
more determinant factors for lynx survival and establishment in the short term. The other scenario 
focuses on population viability and self-sustainability in the long term. In both scenarios, habitat 
suitability in the reintroduction area has been considered the most important factor for the joint 
prioritization. Connectivity with other Iberian lynx populations or reintroduction areas has been 
considered of minor importance in the short term, because the factors related to habitat suitability and 
road mortality are assumed to be those more determinant for individual survival in the short term. 
Connectivity has a larger weight in the long term scenario, because of the key role that connectivity has 
at broad spatial and temporal scales by facilitating gene flow (and hence promoting genetic diversity in 
the reintroduction areas) and allowing to compensate for population fluctuations due to environmental 
or demographic stochasticity. 

For the habitat suitability criterion we have considered the values resulting from the model based on 
Corine Land Cover (Table 8), which is the one that is available in a comparable manner for all the Iberian 
Peninsula, including the reintroduction area of Vale do Guadiana in Portugal. However, at the end of 
this section it is described how the prioritization would change if the habitat suitability values from the 
more detailed map based on SIOSE were used for the lynx areas in Spain. For the connectivity criterion, 
in the short term scenario we have considered the mean connection probability values of each 
reintroduction area with the areas that currently present stable Iberian lynx populations (Doñana-
Aljarafe, Andújar-Cardeña, Guarrizas and Gudalmellato); these probability values are those presented 
in Table 10 of this report for the reintroduction areas, and in table 9 of the report for stage 2 for the 
stable population areas. In the long term scenario we have considered the case in which all population 
and reintroduction areas were occupied by sufficiently large populations (all of them with similar size 
regarding their role for connectivity). In this case we have calculated a mean probability of connection 
considering the probability values between reintroduction and stable population areas that are shown 
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in Tables 9 and 11 of this report and in table 8 of the report for stage 2 of the contract. Regarding the 
road mortality criterion, both indicators in Table 14 of section 3.7.4 are useful, but for this prioritization 
we have considered the indicator based on the very high roadkill risk class (90% percentile), assuming 
that this indicator better reflects the actual occurrence of roadkills in particular road sectors. For this 
criterion, the same risk indicator value has been assigned to the three populations of Andújar-Cardeña, 
Guarrizas and Guadalmellato, since all of them have been considered within the same study area of 
Sierra Morena for the road mortality risk assessment. The values for each of these three partial criteria 
in the population and reintroduction areas are shown in Table 15. The values obtained for the 
reintroduction areas according to each of the three criteria (habitat suitability, connectivity and road 
mortality risk) were standardized with mean equal to 0 and standard deviation equal to 1 (considering 
for this mean and standard deviation the values both in the reintroduction areas and in the stable 
population areas), so that they could be combined in the joint prioritization with the weights that are 
presented below. 

Table 15. Values of the partial criteria for the prioritization of Iberian lynx reintroduction areas (the last 
five listed in the first column) and population areas (the first four in the first column). For the 
reintroduction areas it is indicated, between parentheses, the ranking according to the considered 
criterion (with 1 being the most favourable and 5 the least favourable position according to that criterion). 
Even when for the joint prioritization shown in Table 16 only the reintroduction areas are considered, the 
values in the stable population areas have also been included for the standardisation (mean 0, standard 
deviation 1) of the values for the different criteria. The mean habitat suitability values are those obtained 
from the model based on Corine Land Cover, which is the one that is available in a comparable manner 
for all the Iberian Peninsula, including the reintroduction area of Vale do Guadiana in Portugal. 

Population or 
reintroduction area 

Habitat 
suitability 

Connectivity 
with stable lynx 

populations 

Connectivity with 
all population and 

reintroduction 
areas 

Road mortality 
risk (based on 
the very high 

risk class) 

Doñana-Aljarafe 0.757964 0.00011 0.00312 1.73038 

Andújar-Cardeña 0.826906 0.17846 0.16378 0.93884 

Guadalmellato 0.748476 0.19544 0.05912 0.93884 

Guarrizas 0.791870 0.31072 0.19945 0.93884 

Sierra Morena Oriental 0.616394 (4) 0.31609 (1) 0.18450 (1) 1.52708 (4) 

Sierra Norte de Sevilla 0.687234 (1) 0.01302 (2) 0.00935 (2) 0.96750 (1) 

Vale do Guadiana 0.674797 (2) 0.00141 (3) 0.00081 (4) 1.46719 (3) 

Matachel 0.505177 (5) 0.00028 (4) 0.00092 (3) 0.97772 (2) 

Montes de Toledo 0.641361 (3) 0.00014 (5) 0.00005 (5) 1.79552 (5) 

The weights that have been set for each criterion in the short term scenario are the following: 60% for 
habitat suitability, 10% for connectivity with stable Iberian lynx populations, 30% for road mortality risk. 
This weight of 30% for roadkill risk is close to the 26% of total mortality that is attributed to roadkills 
considering the radiotracked lynx individuals that were found dead in Andalucía in the period 2002-
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2014 (Junta de Andalucía 2014). In the prioritization for the long term scenario, the following weights 
have been considered: 55% for habitat suitability, 30% for the connectivity with other reintroduction 
and population areas, and 15% for road mortality risk. The weight of habitat suitability in the long term 
scenario is slightly lower than in the short term; this is because it is assumed that in consolidated and 
eventually expanding populations the possibilities for demographic and genetic exchanges gain 
importance compared to the local habitat values within a given localized area. For similar reasons, in 
consolidated populations that may be saturated with individuals, the impact of some mortality due to 
roadkills is comparatively less a limiting factor for population viability than in the short term (initial 
stages of Iberian lynx reintroduction). It may also be considered that the efforts for roadkill mitigation 
and road permeabilization measures that will be made throughout the years in the reintroduction areas 
may reduce the road mortality rates in the longer term. 

Table 16. Joint prioritization of the five Iberian lynx reintroduction areas considering the criteria of habitat 
suitability, connectivity and road mortality risk for the short term and long term scenarios. 

 
Short term 

prioritization 
Long term 

prioritization 

Sierra Norte de Sevilla 1 1 

Sierra Morena Oriental 3 2 

Vale do Guadiana 2 3 

Montes de Toledo 4 4 

Matachel 5 5 

The results of the joint prioritization of the Iberian lynx reintroduction areas in the short term and long 
term are shown in Table 16. According to this joint prioritization, the reintroduction area with the 
highest suitability for stable Iberian lynx populations is Sierra Norte de Sevilla, both in the short and long 
term (Table 16). This is because Sierra Norte de Sevilla is well ranked (first or second position) according 
to each of the three partial criteria considered (Table 15). The last positions of the joint prioritization 
correspond to Montes de Toledo (fourth place) and Matachel (fifth place), while Sierra Morena Oriental 
and Vale do Guadiana occupy intermediate positions in the prioritization (Table 16).  

The obtained prioritizations are considerably stable within relatively wide ranges of variation of the 
weights given to each partial criterion in each scenario, i.e. small changes in the weights do not modify 
the prioritization ranking shown in Table 16. In fact, the remarkable difference in the weights for the 
short term and long term scenarios only translated in one small change in the rankings: while in the 
short term Sierra Morena Oriental (previously known as Campo de Calatrava-Guarrizas) was the third 
and Vale do Guadiana was the second reintroduction area in the ranking, in the long term they change 
their positions and Vale do Guadiana becomes the third and Sierra Morena Oriental the second in the 
ranking (Table 16). 

If we incorporate, however, for the reintroduction areas located in Spain, the mean habitat suitability 
estimated by the more detailed model based on SIOSE (Table 5), rather than by the model based on 
Corine, there is a small variation in the overall prioritization of reintroduction areas: Matachel gets a 
higher priority than Montes de Toledo, which is then considered as the lowest priority of the five 
reintroduction areas, both for the short and long term prioritization. 
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4. Conclusions 

This study has applied a novel set of methods and modelling approaches which, combined with the 
Iberian lynx tracking data through GPS-GSM collars (provided by the Life+ IBERLINCE) and other 
information sources, have allowed to obtain concrete results and maps able to support the conservation 
strategies and management measures for the Iberian lynx populations and landscapes in the Iberian 
Peninsula. 

First, the study has significantly advanced the evaluation of the habitat preferences and resource 
selection by the Iberian lynx, and has generated models with good predictive ability that allow 
estimating habitat suitability for the species in different areas of its current or potential range. These 
results provide an objective and quantitative basis to guide the selection of potential new reintroduction 
areas in the Iberian Peninsula, as well as to assess the impacts of potential changes in the habitats or 
land uses in these areas. 

The results of the habitat suitability models clearly show the importance of considering forest canopy 
cover, given the very different preference that the Iberian lynx has for forest areas depending on the 
amount of tree cover, selecting open broadleaved forests much more frequently than other forests. 
Results also show the large variability in the Iberian lynx responses to different types of agricultural 
lands. The agricultural matrix is far from being a homogeneous and fully unsuitable entity for the 
species. It contains a variety of covers that are differently perceived by the Iberian lynx, from strongly 
avoided areas such as irrigated crops and other intensive agriculture areas, to other cover that are 
significantly used by the Iberian lynx, particularly the mountain olive groves or some agroforestry areas. 
In any case, even these latter agricultural lands do not meet, obviously, the quality estimated by the 
models for the Mediterranean woodlands (very open forests and shrublands), which are by far those 
found to have the highest habitat suitability for the Iberian lynx populations.  

Our results indicate that, among the four areas that currently present stable Iberian lynx populations, 
Andújar-Cardeña is clearly the one with the highest habitat quality for the species, followed by 
Guarrizas, and at a considerable distance from the other population in which the Iberian lynx persisted 
all throughout the last century (Doñana-Aljarafe). It is also noteworthy the good habitat suitability 
estimated by the models for Sierra Norte de Sevilla. This finding, together with the potentially crucial 
pivotal role that this area may have for upholding the connectivity of other Iberian lynx populations and 
areas (as concluded from the connectivity analyses performed in this study), suggest the interest of 
continuing to consider Sierra Norte de Sevilla as a potential reintroduction area, as long as the rest of 
the conditions and involved factors allow it so. 

We have compared the estimates of the habitat suitability models obtained from tracked Iberian lynx 
in different periods, and in different areas where the species is present. The results of this comparison 
highlight the need to continue with the Iberian lynx monitoring efforts through GSP-GSM collars to 
further improve the habitat suitability estimates, particularly in the new or future reintroduction areas, 
which may present different characteristics, and may be also used differently by the Iberian lynx, 
compared to the stable or classical population areas of the species. We recommend that future tracking 
efforts, in current and future areas with Iberian lynx presence, continue to use GPS-GSM collars with an 
acquisition frequency of 4 hours, which is the one used in most of the tracking data gathered to date 
for the Iberian lynx. 



 

59 

The results of the habitat suitability models have to be contrasted and complemented, as for any model, 
with direct observations on the ground that allow a more precise evaluation of factors involved in the 
habitat quality for the Iberian lynx. This needs particularly to be done for those factors not considered 
specifically in these models, due to the lack of continuous and comparable information in all the study 
area, such as the abundance of prey (rabbits), the prevalence of infectious diseases, or the attitudes of 
the human populations in the rural areas towards the Iberian lynx reintroduction. 

Second, the study has generated a landscape permeability model aimed to capture the favourability of 
different landscapes and locations for the dispersal movements of the Iberian lynx. The validation of 
this model has shown a very good predictive ability, thereby supporting subsequent connectivity 
analyses for the Iberian lynx that have used this model as an input. The landscape permeability model 
shows a considerable dispersal plasticity of the Iberian lynx. The species is able to use a wider variety of 
land covers when dispersing than when selecting areas for home range use, i.e. it switches to a more 
generalist or less selective behaviour when it undertakes dispersal events. This dispersal plasticity is 
larger than what previously described for the species, which suggests that the ability of the Iberian lynx 
to move throughout the Iberian landscapes may have been underestimated to some extent in previous 
assessments. 

Third, and using the landscape permeability model for the species in the Iberian Peninsula, this study 
has completed a set of connectivity analyses that have provided two types of results, each of them with 
a different but complementary focus. These results may be of help to understand and manage the 
connectivity patterns for the Iberian lynx population and reintroduction areas. 

The results of the connectivity analyses regarding the connection probabilities between the different 
Iberian lynx areas show that the axis of populations in Sierra Morena (Guadalmellato, Andújar-Cardeña, 
Guarrizas, Sierra Morena Oriental) already has notable levels of functional connectivity. These levels 
may be sufficient both regarding genetic and demographic processes, and may make these areas 
potentially be an effective and functional metapopulation in the long term. The rest of the 
reintroduction areas, however, present weak or very weak connections, with the exception of Sierra 
Norte de Sevilla. Sierra Norte de Sevilla has a noticeable probability of individual exchange with 
Guadalmellato and, even if to a lower extent, also with Doñana-Aljarafe, which may allow Sierra Norte 
to play in the future a key connection role as a stepping stone between other Iberian lynx populations. 
Even if lower than in the previous cases, the linkage between Doñana-Aljarafe and Vale do Guadiana 
presents a non-negligible probability of connection in relative terms, not as low as for most other 
reintroduction areas. In summary, these results suggest the need to concentrate the landscape matrix 
restoration and permeabilization efforts in two zones. First, and particularly if and when a new Iberian 
lynx population may be reintroduced and get established in Sierra Norte de Sevilla, in the landscapes 
between Sierra Norte and other reintroduction areas, particularly Matachel, and other population 
areas, particularly Doñana-Aljarafe and Guadalmellato. Second, in the interesting and strategic 
transnational connections between Doñana-Aljarafe and Vale do Guadiana.  

The connectivity analyses also produced a set of spatial layers and maps with the least cost paths and 
expected dispersal current between the Iberian lynx areas. These maps and connectivity patterns are 
not easy to summarize in a few concluding sentences, given that they provide a large amount of 
spatially-explicit information on the connections and potential corridors between all the population and 
reintroduction areas. The obtained connectivity maps correspond to two different methodologies for 
analysing landscape connectivity and for identifying ecological corridors (least cost path modelling and 
circuit-based analyses), which provide valuable complementary information based on different 
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assumptions on species movements (optimum and random walk, respectively). The combination of 
these two methodologies allowed to provide a wider and richer view of the potential corridors and 
dispersal areas between the considered Iberian lynx areas. The spatially explicit results provided 
through these analyses are important to guide the required conservation, restoration and 
permeabilisation efforts of the landscape matrix between Iberian lynx areas, including the avoidance of 
the impacts of potential land use changes or infrastructure development in the key landscapes here 
identified. In this way, our study contributes to guide the final aim of ensuring sufficient and 
spontaneous levels of gene flow between the Iberian lynx populations, thereby supporting the long-
term and self-sufficient conservation of these populations in the long term. 

The performed connectivity analyses, and the results obtained through them, may be refined or further 
improved in different ways in the future, such as through mode detailed, finer-scale analysis in some 
localized areas with more detailed spatial data there available. On the other hand, the connectivity 
analyses could be performed in the future for other new reintroduction areas, or for new and more 
accurate delimitations of the current reintroduction areas, as better knowledge on the specific locations 
actually used by the Iberian lynx individuals is gained when they get more established and settled in 
these areas. 

Fourth, the roadkill risk model here developed shows a good predictive ability (as shown in the external 
and internal validation) and provides a valuable contribution to guide the measures to control and 
reduce this important source of mortality for the Iberian lynx. The obtained results identify the roads, 
and the sectors along these roads, with the highest risk of Iberian lynx roadkill in the population and 
reintroduction areas. The developed model may also be applied, in the future, to other new areas in 
which the species may be reintroduced or to which it may naturally expand in the Iberian Peninsula. 
This study also provided overall estimates of roadkill risk for each of the population and reintroduction 
areas as a whole. These estimates indicate that Doñana-Aljarafe is the area with the highest roadkill 
risk, and Sierra Morena (Andújar-Cardeña, Guarrizas and Guadalmellato) the one with the lowest risk. 
The new reintroduction areas show intermediate levels of roadkill risk compared to these stable 
population areas. According to these estimates, Matachel is the reintroduction area with the lowest 
roadkill risk for the Iberian lynx, followed by Siera Norte de Sevilla. Combining this roadkill risk factor 
with the rest of criteria considered in this study (habitat suitability and connectivity), we have provided 
an integrated prioritization of the five reintroduction areas. This joint prioritization indicates that Sierra 
Norte de Sevilla (previously known as Valdecigueñas - Guadalcanal - Sierra Norte) is the reintroduction 
area that presents the best conditions for hosting Iberian lynx populations according to the three 
considered criteria (habitat suitability, connectivity, roadkill risk), followed by Sierra Morena Oriental 
(previously known as Campo de Calatrava – Guarrizas) and Vale do Guadiana. 

In summary, this study provides novel and valuable information to guide the conservation strategies 
and management measures in the Iberian lynx population and reintroduction areas, as well as in the 
wider landscapes in which they are embedded and those through which the species may be more likely 
to disperse in the Iberian Peninsula. The advances and improvement in the understanding and in the 
final products for Iberian lynx conservation have been possible thanks to the combination of a large set 
of Iberian lynx tracking data acquired through GPS-GSM collars with some of the most recent 
developments in the field of animal movement analysis, resource selection functions, connectivity 
analysis, and spatially-based statistical models. All the results of this study are provided as GIS-ready 
spatial layers in order to facilitate their use by the beneficiaries of the Life+ IBERLINCE project and other 
interested parties. 
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