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1. Introduction 
 
Conservation and expansion of Iberian lynx populations, and of the areas occupied by this species, 
requires controlling and mitigating the main mortality sources for the Iberian lynx, particularly the 
non-natural sources (Simón et al. 2012). One of the main mortality causes for the Iberian lynx, and 
even more so in recent years, is road mortality due to collisions with motor vehicles. About 44% of the 
lynx individuals found dead in the period 2002-2014 were killed in roads. This percentage however 
decreases to 26% if only radiotracked individuals are considered (Junta de Andalucía 2014), which is 
likely to be a less biased estimate because of the more comparable detectability rates of different 
mortality sources for tracked individuals. In 2014, 64% of the lynx found dead were killed in roads, 
clearly above the percentage (44%) for all the period 2002-2014 (Junta de Andalucía 2014). 
 
Reducing roadkills is one of the priorities of the Iberian lynx conservation efforts and particularly of 
the efforts being made within the ongoing Life+ Iberlince project (LIFE 10NAT/ES/000570). This is 
increasingly a priority because the species reintroduction and range expansion is covering new and 
potentially more fragmented areas (even if within the historical species range), with a higher density 
of transport infrastructures than in those areas in which the species was present at the end of the 
20th century (basically in the Doñana National Park and in Andújar-Cardeña). On the other hand, the 
fluctuations in rabbit populations (the main prey of the Iberian lynx), and their decrease in some 
recent years, have promoted and may continue to promote an enlargement of the home ranges and 
an increased number of dispersal and exploratory events, therefore yielding a higher number of road 
crossing and, eventually, of roadkills. 
 
While in the areas where the Iberian lynx has always been present (Doñana-Aljarafe and Andújar-
Cardeña) there is a record of roadkills that is sufficiently large as to indicate by itself some of the road 
mortality hotspots in these areas, no information on roadkills or road mortality risk is available in the 
new reintroduction areas in which lynx individuals are being released since 2014-2015. Information is 
therefore lacking on where the permeabilisation and road mortality mitigation measures should be 
implemented with higher priority.  
For this reason, this third stage of the contract has had the objective of developing a predictive model 
to estimate road mortality risk in different road sectors in the Iberian lynx population and 
reintroduction areas. Among the impacts that transport infrastructure can have on Iberian lynx 
populations, the barrier effect (limitations to dispersal movements and connectivity) was already 
evaluated in the two previous stages of this contract. Only a moderate barrier effect was found when 
lynx individuals dispersed to new areas (see reports for stages 1 and 2 of the contract). For this reason, 
this stage 3 focuses on evaluating road mortality risk, which has not been addressed in previous stages 
of this contract. 
 
Road mortality risk has been assessed through predictive models based on logistic regression, on a 
large database with the coordinates of more than 100 roadkills in the populations of Doñana-Aljarafe 
and Sierra Morena (Andújar-Cardeña, Guarrizas and Guadalmellato) and their surroundings, and on a 
set of predictive variables regarding the type of road, habitat quality, connectivity (giving the potential 



 

 

concentration of lynx movements through certain areas), and the interaction between connectivity 
and road type. The final model, fitted with roadkill data from Doñana-Aljarafe and Sierra Morena, has 
been applied for estimating road mortality risk in these two populations and also in the new five 
reintroduction areas (Vale do Guadiana, Montes de Toledo, Campo de Calatrava-Guarrizas, Matachel 
and Valdecigueñas-Guadalcanal-Sierra Norte) and their surroundings. 
 
The results obtained in this stage of the contract include the classification of road sectors into five 
mortality risk classes, the identification of the roads with the highest accumulated mortality risk for 
the Iberian lynx, and an indicator of the global roadkill risk in each of the population and 
reintroduction areas. Combining the results from this stage of the contract with those from the 
previous two stages on habitat quality and connectivity, we provide a joint prioritization of 
reintroduction areas by their relative suitability to sustain Iberian lynx populations in the short and 
long term. 
 

2. Methods 
 
The analyses described next have been developed 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, Campo de 
Calatrava-Guarrizas, Matachel and Valdecigueñas-Guadalcanal-Sierra Norte (these two latter 
reintroduction areas were merged in a single study area for applying the predictive model due to their 
spatial proximity). 

 
2.1. 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. 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 1 
and 2). 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 from 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). This distance is compatible with the distances observed in the telemetry data (locations from 
GPS-collared individuals) that were used in the stage 1 of this contract. 
 
The coordinates of these 104 roadkills were obtained from the mortality database provided by the 
Life+ Iberlince project (LIFE 10NAT/ES/000570). A few of the records in that database were excluded 
for the analyses in this stage of the contract, 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 in sufficient numbers 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 1) and 36 in 



 

 

the study area of Sierra Morena (Figure 2). 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). 

 
Figure 1. 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 2. 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. 

 
Figure 3. Study area of Doñana-Aljarafe considered for the connectivity and road mortality risk 
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 4. Study area of Sierra Morena considered for the connectivity and road mortality risk 
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. 

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 3 and 4. 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, Campo de Calatrava-Guarrizas, 
Matachel and Valdecigueñas-Guadalcanal-Sierra Norte. Since this procedure resulted in a very high 
overlap between the buffers around Matachel and Valdecigueñas-Guadalcanal-Sierra Norte, 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. The 
CD provided together with this report includes spatial layers in GIS format with the limits of the study 
areas for all population and reintroduction areas. The limits of the study areas for the reintroduction 
areas are shown in the figures in section 3.3 of this report. 
 



 

 

2.2. Connectivity analyses  
 
We performed specific connectivity analyses in this stage of the contract aimed at assessing road 
mortality risk for the Iberian lynx. These analyses were based, in part, on the results obtained in the 
previous two stages of the contract. The analyses apply similar methods to those used in stage 2 of the 
contract 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 
stage 2 of this contract: density of least cost paths (Landguth et al. 2012; Mateo-Sánchez, Cushman 
and Saura 2014) and current intensity estimated from circuit theory (McRae 2006; McRae et al. 2008). 
Figures 5 and 6 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). The report on stage 2 of this 
contract provides a more detailed description of these approaches for connectivity analyses 
(resistance surfaces, least cost path modelling, circuit theory). 
 
The connectivity analyses have been performed using three different resistance surfaces, each giving a 
different estimate of least cost path density and of current intensity. The three considered resistance 
surfaces have been the following: 

 Resistance surface obtained as an inverse of the landscape permeability model generated in 

stage 1 of this contract by using the dispersal or exploratory movements in the GPS collar data 

for the Iberian lynx. This resistance surface is the same as that used in the connectivity 

analyses of stage 2 of this contract. A more detailed description of this resistance surface, and 

of the procedure followed to generate it, can be found in the report for stage 2 of this 

contract. 

 Resistance surface obtained as an inverse of the habitat suitability model generated in stage 1 

of this contract by using the GPS collar locations within Iberian lynx home ranges (otherwise 

following the same procedure as for the resistance surface based on landscape permeability 

for dispersal movements). 

 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). This joint habitat selection model, and the resistance surface 

derived from it, has been generated during the development of this stage 3 of the contract. 

All the connectivity analyses have been performed based on raster layers with a spatial resolution of 
180 m, which is the same resolution as that in the circuit-based connectivity analyses in stage 2 of this 
contract. 

 

 
Figure 5. 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. 



 

 

 
Figure 6. 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. 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: 

 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, as required in this contract. 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 1). The vector layers of Open Street Map were converted to 

raster format with a spatial resolution of 180 m, the same as for the rest of spatial layers in the 

models. 

 Habitat suitability for the Iberian lynx, as given by the spatial layer obtained in stage 1 of this 

contract by analysing the locations of GPS-collared lynx within their home ranges. The spatial 

resolution of the habitat suitability layer used in this contract was 180 m, as for all the other 

variables used in the 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. 

 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 provided two 

connectivity-related variables: density of least cost paths and accumulated current intensity in 

each point with our without a roadkill record. These connectivity-related variables were obtained 

based on three different resistance surfaces (see section 2.2) and, as for the habitat suitability 

model, they were quantified 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). This allowed selecting the connectivity model (least cost paths 

or circuit-based current), the resistance surface, and the spatial extent that provided the best 

predictive ability in the final model. 

 Interaction between the type of road (see the five road types in Table 1) 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).  

Table 1. 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. 



 

 

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. 

 
2.4. Model validation  
 
Models were validated by evaluating their predictive performance under the following two modalities: 

 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) mentioned by the end of 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. 

 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 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. Logistic regression model 
 
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 1), current intensity obtained from the circuit-based connectivity analysis based on the joint 
resistance surface 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) and also 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. 
 
The performance of current intensity as a predictive variable for road mortality risk was higher when 
derived from the joint resistance surface than when using the permeability (dispersal) resistance 
surface or the habitat suitability (home range) resistance surface. Therefore, the current intensity 
derived from the joint resistance surface was the one included in the final statistical models. 
Finally, the best estimate of mortality risk in a given road location (cell or pixel of 180 m, which was 
the spatial resolution of the raster spatial layers) was obtained when current intensity was calculated 
as the mean value in a 180 m radius and not as just the current value in the single pixel of the 
considered location.  



 

 

 

Figure 7. Road mortality risk (probability in the logistic regression model) as a function of current 
intensity for the five considered road types. The values of current intensity were obtained from the 
joint resistance surface and calculated as the average value in a radius of 180 m around each road 
location. 

As shown in Figure 7, 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 
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 7). 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. 

 
3.2. Model validation 
 
3.2.1. 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 2). 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 the next sections). 
It can be appreciated in Table 2 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 with 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 2). 
Table 2. AUC values for the internal validation of 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 

It can be also noted in Table 2 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. 
3.2.2. 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 3 and compare with Table 2). 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 3. 



 

 

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 3), because of 
similar reasons as those outlined in the previous section. 

Table 3. AUC values for the external validation of 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 

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 3), which 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 2). 

 
3.3. Spatial layers with the estimated mortality risk in each location and the roads with higher 
accumulated mortality 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, 
Campo de Calatrava-Guarrizas and Matachel-Sierra Norte; this latter study area included the 
reintroduction areas of Matachel and Valdecigueñas-Guadalcanal-Sierra Norte). The spatial layers with 
the probability values (mortality risk) resulting from the model with a spatial resolution of 180 m are 
provided in a CD together with this report. 
 



 

 

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 as described in Table 4. This five classes have 
been applied in the same way to the six study areas (two population areas and four reintroduction 
areas), as shown in the figures later on (sections 3.3.1-3.3.6). The spatial layers in GIS format with this 
risk classification are provided, for the six study areas, in the CD provided with this report. 

Table 4. Five road mortality risk classes defined from the probability values and percentiles resulting in 
the application of the joint model to Doñana-Aljarafe and Sierra Morena. The indicated percentiles 
only apply to the combination of the study areas of Doñana-Aljarafe and Sierra Morena (study areas in 
which the model has been built), yielding the indicated probability ranges. These probability ranges 
have been applied in the same way to all the study areas, yielding the distribution of mortality risk 
classes shown in the figures in sections 3.3.1-3.3.6. The class of very high risk corresponds to the 10% 
of the pixels (with roads in Doñana-Aljarafe and Sierra Morena) that have the highest roadkill risk, the 
high risk class to the next 10% percentile, and analogously for the rest of the classes, expect for the low 
risk class, which included the 60% of the pixels (with roads in Doñana-Aljarafe and Sierra Morena) that 
have the lowest risk of roadkill according to the model. 

Risk class Probability Percentile 

Very high ≥ 0.0313 ≥ 90% 

High 0.0127 - 0.0313 80% - 90% 

Intermediate 0.0088 - 0.0127 70% - 80% 

Moderate 0.0060 - 0.0088 60% - 70% 

Low < 0.0060 < 60% 

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 all the 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 
these reasons it is in general more recommended and accurate to use the spatial layer with the five-
class mortality risk classification, and not just the set of roads with the highest accumulated risk. The 
next sections (3.3.1-3.3.6) show the set of roads with the highest accumulated mortality risk in each 
study area. The spatial layers in GIS format can be found in the CD provided together with this report. 

 



 

 

3.3.1. Doñana-Aljarafe 
 
Figures 8 and 9 show, respectively, the roadkill risk classification for the Iberian lynx and the roads 
with the highest accumulated roadkill risk in the study area of Doñana-Aljarafe. It can be appreciated 
that the great majority of the roadkills have occurred in the areas highlighted as those with highest 
risk by the model, in agreement with the AUC values shown in section 3.2.1. There are however some 
exceptions (roadkills in road sectors that are not classified as of high or very high risk according to the 
model), as can be appreciated in Figure 8. 
 
In general, as mentioned in the previous section, the five roadkill risk classes in Figure 8 reflect better 
the actual mortality likelihood and match better to the registered roadkills than the simplified 
selection of the entire roads with the highest accumulated risk that is shown in Figure 9. In fact, road 
N-442 is not one of the six roads that in Doñana-Aljarafe have been highlighted as those with the 
highest accumulated risk (Figure 9). Having a closer look to the results for this road N-442 and the five 
roadkills that have occurred in it (Figure 10), it can be noted that four of these five roadkills are within 
the high or very high risk classes, and that the other roadkill is in a pixel with intermediate risk but 
adjacent to other pixels with high roadkill risk. This happens even when N-442 has not been selected 
as one of the roads with the highest accumulated risk because N-442 is not a very long road and 
because the rest of the N-442 sectors towards the NW are classified as of moderate risk (one of the 
two classes with lowest risk), as shown in Figure 10. 
 
 

 
Figure 8. 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. 

 



 

 

 
Figure 9. Roads with the highest accumulated roadkill risk in the study area of Doñana-Aljarafe. 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 in 
Figure 8). 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. The black 
rectangle indicates a detailed area focusing in the roadkills that occurred in road N-442; this area is 
shown enlarged in Figure 10. 



 

 

 
Figure 10. Classification of road mortality risk for the Iberian lynx in the detailed area covering road N-
442 (see the location of this detailed area indicated by the rectangle in Figure 9), within the study area 
of Doñana-Aljarafe. Road N-442 is shown in orange. The figure also shows the roadkills that occurred 
in this area in the period 1979-2014. 
 

3.3.2. Sierra Morena 
 
Figures 11-14 show the roadkill risk classification for the Iberian lynx and the roads with the highest 
accumulated roadkill risk in the study area of Sierra Morena (populations of Andújar-Cardeña, 
Guarrizas and Guadalmellato). It can be appreciated that the majority of the roadkills have occurred in 
the areas highlighted as those with highest risk by the model, but that there is a significant number of 
roadkills that occurred in areas that are not classified as of very high or high risk for the Iberian lynx. 
The number of roadkills outside the high or very high risk sectors according to the model is higher in 
Sierra Morena than in Doñana, in agreement with the lower AUC obtained in Sierra Morena in the 
internal validation (Table 2). 
 
Model omissions (areas without high risk according to the model but where a roadkill actually 
occurred) are much less (not just in number but in the proportion of the total number of roadkills) if 
only the roadkills for the period 2010-2014 are considered (Figure 12). The same applies if the roads 
with the highest accumulated risk are compared against the total set of roadkills for the period 1979-
2014 (Figure 13) and against the more recent roadkills in the period 2010-2014 (Figure 14). This is an 
important difference, particularly in the study area of Sierra Morena, because the limits of the study 
area, in which the analyses of connectivity and potential movement patterns that feed the model are 
based, have been defined taking into account the present Iberian lynx populations in the study area 
and their delimitations for year 2013. The Iberian lynx population increase in this study area has been 
very large in recent years, with a current population more than four times higher than that estimated 
by the end of the 20th century (Junta de Andalucía 2014). From a single population in Andújar-



 

 

Cardeña by the end of the 20th century, the Iberian lynx in Sierra Morena is now distributed in three 
different populations after the successful reintroduction of the species in Guarrizas and 
Guadalmellato. Since the Iberian lynx reintroduction only started in 2009-2010, it is a reasonable 
result that the model results match better to the roadkill patterns in 2010-2014 than to older roadkill 
patterns. Other factors may also contribute to explain the improved model fit in the more recent 
period, such as the date of the land cover maps that have been used for developing the resistance 
surfaces used in this stage of the contract. 
 
There are, however, even in the recent period, some mortality records in road sectors that were not 
identified as of high risk by the model (see Figures 12 and 14), as it may be expected in any model with 
AUC below 1. These mortality records correspond to roadkills in provincial roads (road type 4), such as 
CR-5042 or A-6177 (the latter also labelled as JV-5010). These roads do not present a high mortality 
risk according to the model, even if the circuit-based current intensity (potential concentration of lynx 
individual movement) is high (Figure 7), because of the low importance or traffic intensity in this type 
of roads. The model does not estimate a higher mortality risk in these roads because in such case it 
would increase commission errors (areas indicated as of high risk but no roadkills) more than what it 
would reduce omission errors, resulting in an overall poorer performance and predictive ability of the 
model. 
 
Examining in more detail these provincial roads (type 4) in which, without having a high mortality risk 
according to the model some roadkills have actually occurred, a large variability in their characteristics 
can be observed (dense vegetation at different distances from the road edge, width of the road 
shoulders, winding or straight roads, terrain slope next to the road, etc.). These characteristics may 
have a considerable influence on the road mortality risk in some cases, but the information on these 
characteristics is not available in the Open Street Map layer or in any other spatial layer that may be 
used for the entire Iberian Peninsula as required in this and previous stages of this contract. A more 
detailed characterization of each road, either through information acquired on the ground or through 
remote sensing, may allow for more accurate predictions of mortality risk in this type of roads. To 
conclude, it may be noted that roads such as CR-5042 or A-6177 are within the 5% of roads of type 4 
(tertiary or provincial roads according to Open Street Map) with a higher mortality risk for the Iberian 
lynx, even when the finally assessed risk is low compared to other roads because, as noted earlier, the 
fitted model estimates a low or moderate roadkill risk for roads of type 4. 
 
 



 

 

 
Figure 11. Classification of road mortality risk for the Iberian lynx in the study area of Sierra Morena. 
The figure also shows the polygons corresponding to the stable Iberian lynx populations of Sierra 
Morena (Andújar-Cardeña, Guarrizas and Guadalmellato) and the roadkills that occurred in this study 
area in the period 1979-2014 
 
 
 



 

 

 
Figure 12. Classification of road mortality risk for the Iberian lynx in the study area of Sierra Morena. 
The figure also shows the polygons corresponding to the stable Iberian lynx populations of Sierra 
Morena (Andújar-Cardeña, Guarrizas and Guadalmellato) and the roadkills that occurred in this study 
area in the period 2010-2014. 
 
 
 
 



 

 

 
Figure 13. Roads with the highest accumulated roadkill risk in the study area of Sierra Morena. 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 in 
Figure 11). The figure also shows the polygons corresponding to the stable Iberian lynx populations of 
Sierra Morena and the roadkills that occurred in 1979-2014.  
 
 
 
 
 



 

 

 
Figure 14. Roads with the highest accumulated roadkill risk in the study area of Sierra Morena. 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 in 
Figure 12). The figure also shows the polygons corresponding to the stable Iberian lynx populations of 
Sierra Morena and the roadkills that occurred in 2010-2014.  
 
3.3.3. Campo de Calatrava-Guarrizas 
 
Figures 15 and 16 show, respectively, the road mortality risk classification for the Iberian lynx and the 
roads with the highest accumulated roadkill risk in the study area of Campo de Calatrava-Guarrizas. 
Figures 15 and 16 only include the roadkills that occurred in the period 2010-2014, given that it is 
since 2009-2010 when lynx individuals were reintroduced in the nearby population area of Guarrizas. 
It can be observed that three of the four roadkills that occurred in this study area are located in road 
sectors with very high mortality risk according to the model (Figure 15) and within the roads with 
more accumulated mortality risk for the Iberian lynx (Figure 16). The other roadkill is found in a road 
sector with moderate risk (with some nearby pixels of intermediate risk) (Figure 15). This road sector 
corresponds to a provincial road (type 4), road type for which the model does not estimate a high 
mortality risk no matter how high is the current intensity in that location, as already described and 
discussed in the previous section for the case of Sierra Morena. 



 

 

 
Figure 15. Classification of road mortality risk for the Iberian lynx in the study area of Campo de 
Calatrava-Guarrizas. The figure also shows the polygon corresponding to the reintroduction area of 
Campo de Calatrava-Guarrizas 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 brown dashed ellipses indicate the approximate location of the two road sectors where two 
Iberian lynx roadkills occurred during the two first weeks of June 2015, after completing the tasks and 
predictive model in this stage of the contract (these mortality records have therefore not been used in 
fitting the predictive model). These two roadkills occurred in road A-301 (in the municipality of Vilches, 
Jaén) and in road A-4 (in the municipality of Viso del Marqués, Ciudad Real). Even when at this moment 
we do not have the information on the exact coordinates of these two roadkills, it can be observed that 
both of them are located in road sectors all included within the very high mortality risk class according 
to the model. 
 
After finalizing the tasks of this stage of the contract, and after elaborating the figures in this report, 
we got to know about two new roadkills that occurred in the first two weeks of June 2015 in roads A-
301 (in the municipality of Vilches, Jaén) and A-4 (in the municipality of Viso del Marqués, Ciudad 
Real). These two roadkill records have not been used in fitting the model. Even when at this moment 
we do not have the information on the exact coordinates where these roadkills occurred, it can be 
observed that both roadkills are located in road sectors within the very high mortality risk class 
according to the model (Figure 15). Roads A-301 and A-4 are also amongst the roads selected as those 
with the highest accumulated mortality risk for the Iberian lynx within this study area of Campo de 
Calatrava-Guarrizas (Figure 16).  



 

 

 
Figure 16. Roads with the highest accumulated roadkill risk in the study area of Campo de Calatrava-
Guarrizas. 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 in Figure 15). The figure also shows the polygon corresponding to the reintroduction area 
of Campo de Calatrava-Guarrizas 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 brown dashed ellipses indicate the approximate location of the two road sectors where two 
Iberian lynxs were killed 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). These two roadkills occurred in road A-301 (in the municipality of Vilches, 
Jaén) and in road A-4 (in the municipality of Viso del Marqués, Ciudad Real). Even when at this moment 
we do not have the information on the exact coordinates of these two roadkills, it can be observed that 
both A-301 and A-4 are within those roads with the highest accumulated mortality risk for the Iberian 
lynx. 
 
3.3.4. Matachel-Sierra Norte 
 
Figures 17 and 19 show, respectively, the roadkill risk classification for the Iberian lynx and the roads 
with the highest accumulated risk in the study area of Matachel-Sierra Norte (which includes the two 
reintroduction areas of Matachel and of Valdecigueñas - Guadalcanal - Sierra Norte).  



 

 

 
Figure 17. Classification of road mortality risk for the Iberian lynx in the study area of Matachel-Sierra 
Norte. The figure also shows the polygons corresponding to the reintroduction areas of Matachel-
Sierra Norte (Matachel and Valdecigueñas - Guadalcanal - Sierra Norte) and the only roadkill 
registered in this study area in year 2014. The black ellipse in the north of the study area indicates the 
sector of road EX-335 in which a roadkill occurred in May 2015; this focused area is shown in more 
detail in Figure 18. 

The only roadkill that has occurred in this study area (October 2014) is shown in Figures 17 and 19. 
Although a single roadkill is completely insufficient to validate a model, it is included here just as an 
illustrative example regarding the predictive performance of the developed model, which has been 
built without using the information on this particular roadkill. It can be appreciated that the roadkill is 
located in a road sector where high and very high risk values are found (the exact location of this 
roadkill is within the high risk class). This would speak positively, even when a single record does not 
provide at all sufficient statistical support, of the performance of the model in this area. In addition, 
after concluding the tasks in this stage of the contract, and finalizing as well the figures included in this 
report, we got to know about a new roadkill registered the 14th of May 2015 in road EX-335, relatively 
near to the reintroduction area of Matachel. Even when at this moment we don’t have information on 
the exact coordinates of this roadkill, it can be observed that a part (approximately the half) of the 
entire road EX-335 is located within the study area here considered (Figures 17 and 18). All this part of 
EX-335 is classified as of very high risk according to the predictive model (Figures 17 and 18). We do 
not have information however on whether this roadkill occurred within this study area or in the part 
of road EX-335 outside it, although it may be assumed that the classification of EX-335 as of very high 
risk would be extended to the entire EX-335 if this road would have been completely included within 
the study area. EX-335 is not highlighted as one of the roads with the highest accumulated mortality 
risk (Figure 19) due to the short length of this road within the study area. 



 

 

 

Figure 18. Detail of the north of the study area of Matachel-Sierra Norte in which part of road EX-335 
is found. A roadkill occurred at road EX-335 in May 2015, but at this moment we do not have the 
information on the exact coordinates of this roadkill, which may have happened within the part of EX-
335 included within this study area or in the rest of this road at the north of the study area limits. Both 
parts of road EX-335 are however shown in the figure. As in Figure 17, this figure shows the 
classification of road mortality risk for the Iberian lynx in the roads within this focused area. 
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Figure 19. 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 in Figure 17). The figure also shows the polygons corresponding to the reintroduction 
area of Matachel-Sierra Norte (Matachel and Valdecigueñas - Guadalcanal - Sierra Norte) and the only 
roadkill that occurred in this study area in year 2014.  

3.3.5. Montes de Toledo 
 
Figures 20 and 21 show, respectively, the road mortality risk classification for the Iberian lynx and the 
roads with the highest accumulated roadkill risk in the study area of Montes de Toledo. Several road 
sectors of high mortality risk can be appreciated within the limits of the reintroduction area of Montes 
de Toledo, as well as other potentially dangerous roads for the Iberian lynx throughout the rest of the 
study area. 
 
 



 

 

 
Figure 20. 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. 

 
Figure 21. Roads with the highest accumulated roadkill risk in the study area of Montes de Toledo. 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 Figure 20 for more details). The figure also 
shows the polygon corresponding to the reintroduction area. 
 
3.3.6. Vale do Guadiana 
 
Figures 22 and 23 show, respectively, the road mortality risk classification for the Iberian lynx and the 
roads with the highest accumulated roadkill risk in the study area of Vale do Guadiana. Several road 
sectors of high mortality risk can be appreciated within the limits of the reintroduction area of Vale do 
Guadiana, as well as other potentially dangerous roads for the Iberian lynx throughout the rest of the 
study area. 

 
Figure 22. Classification of road mortality risk for the Iberian lynx in the study area of Vale do 
Guadiana. The figure also shows the polygon corresponding to the reintroduction area of Vale do 
Guadiana. 
 
 

 

 



 

 

 
Figure 23. 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 (see for more details the risk classification in 
Figure 22). The figure also shows the polygon corresponding to the reintroduction area of Vale do 
Guadiana. 
 
3.4. Overall road mortality risk in the population and reintroduction areas 
 
Using the roadkill risk values in the cells (pixels) with roads, we have calculated two indicators of the 
overall road mortality risk for the Iberian lynx in each study area: 
 

 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. 

 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 

has been classified as of very high mortality risk. The distribution of this very high risk class is 

shown, for each study area, in Figures 8, 11, 15, 17, 20 and 22. 

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 
5, both indicators tend to highlight quite the same areas as those most and least risky for Iberian lynx 
road mortality. 
 
It can be appreciated that the study area with a higher roadkill risk is, according to both indicators, 
Doñana-Aljarafe (Table 5). 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 5). 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 5). The reintroduction areas of Montes de Toledo and Vale do Guadiana are 
those with the highest road mortality risk, together with Campo de Calatrava-Guarrizas if the indicator 
based on the class with very high risk is considered (Table 5). The reintroduction areas of Matachel 
and Valdecigueñas-Guadalcanal-Sierra Norte are those with the lowest road mortality risk according 
to the considered indicators. 
 
Table 5. Values of the two indicators of the overall road mortality risk in each study area. Even when 
Matachel and Valdecigueñas-Guadalcanal-Sierra Norte 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 

Campo de Calatrava-Guarrizas 3.70 1.53 

Matachel 3.07 0.98 

Valdecigueñas-Guadalcanal-Sierra 

Norte 
3.66 0.97 

 
3.5. Joint prioritization of reintroduction areas 
 
The results obtained so far in the three completed stages of this contract allow prioritizing the 
reintroduction areas according to different relevant criteria for Iberian lynx population viability in 
these areas: habitat suitability (stage 1 of the contract), connectivity with other stable populations and 
reintroduction areas (stage 2 of the contract) and road mortality risk (stage 3). The prioritizations 
corresponding to each of these individual criteria were already presented in the reports for the 
previous stages of this contract and, for the case of the roadkill risk, in Table 5 in this report (see 
previous section). 
Here we present (i) a summary of the prioritization of the reintroduction areas according to each of 
these individual criteria (Table 6), (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. It was foreseen that this stage 3 would consider, in such joint 
prioritization, the prevalence of potential diseases that may affect the Iberian lynx in the 
reintroduction areas as given by specific data gathered within the LIFE+ Iberlince project. However, 



 

 

the data available so far in the Iberlince project do not allow concluding that there are significant 
differences among reintroduction areas regarding the prevalence of diseases. Therefore, diseases do 
not represent a determinant factor that may dictate or modulate the prioritization of reintroduction 
areas or that would indicate the need to exclude any particular area for Iberian lynx reintroduction. 
For this reason, the joint prioritization that is presented next does not consider the risks related to 
potential infectious diseases in the reintroduction areas and focuses in the three abovementioned 
criteria (habitat suitability, connectivity, road mortality risk). 
 
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 that were presented in tables 5 and 
6 of the report of stage 1 of this contract. For the connectivity criterion, in the short term scenarios 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 tables 9 and 18 of the report for 
stage 2 of this contract. 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 
in tables 8, 17 and 26 of the report for stage 2. Regarding the road mortality criterion, both indicators 
in Table 5 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 6. 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 6. 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 7 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. 

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 

Campo de Calatrava – 
Guarrizas 

0.616394 (4) 0.31609 (1) 0.18450 (1) 1.52708 (4) 

Valdecigueñas - 
Guadalcanal - Sierra Norte 

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 
2002-2014 (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 7. 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 

Valdecigueñas - Guadalcanal - Sierra Norte 1 1 

Campo de Calatrava - Guarrizas 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 7. According to this joint prioritization, the reintroduction area with the 
highest suitability for stable Iberian lynx populations is Valdecigueñas - Guadalcanal - Sierra Norte, 
both in the short and long term (Table 7). This is because Valdecigueñas - Guadalcanal - Sierra Norte is 
well ranked (first or second position) according to each of the three partial criteria considered (Table 
6). The last positions of the joint prioritization correspond to Montes de Toledo (fourth place) and 
Matachel (fifth place), while Campo de Calatrava-Guarrizas and Vale do Guadiana occupy intermediate 
positions in the prioritization (Table 7).  

 
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 7. 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 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 second and Campo de Calatrava-Guarrizas the third in the ranking (Table 7). 
 

4. Conclusions 
 
Controlling and reducing Iberian lynx road mortality is an essential part of the conservation strategies 
for this critically endangered species. This objective requires from adequate and sufficient measures in 
the transport infrastructures and their surrounding areas. Given that the available resources for these 
measures are limited, tools and models are required to prioritize the road sectors where management 
efforts should be concentrated. The road mortality risk model developed in this stage of the contract 
is based on a strong empirical and methodological basis and provides a valuable contribution towards 
this end. The model has been shown to have a good or very good predictive ability (depending on the 
considered area, type of validation, and time period) and is able to indicate the roads sectors with the 
highest mortality risk for the Iberian lynx, both in the stable population areas and in the new 
reintroduction areas. The model also offers the possibility of estimating road mortality risk in other 
areas of the Iberian Peninsula that may be considered in the future. The results of the model have 
been possible by the combination of a large roadkill database provided by the Iberlince project (more 
than 100 roadkill records in Doñana-Aljarafe and Sierra Morena from 1979 to 2014), of connectivity 
analyses developed specifically for this stage of the contract, of resistance surfaces based on about 
44,000 locations of 48 lynx individuals equipped with GPS collars (as analysed previously in this 
contract), of penalized logistic regression models, and of a road classification in five comparable types 
for the entire Iberian Peninsula. The results obtained in this stage of the contract have estimated the 
road mortality risk in each location and have classified the road sectors by their mortality risk at a 



 

 

spatial resolution of 180 m. These are probably the most valuable results of those obtained in this 
stage of the contract. In addition, an indicator of the overall risk of road mortality in each population 
and reintroduction area has been provided. According to this indicator, Doñana-Aljarafe is the area 
with the highest overall road mortality risk, and Sierra Morena (Andújar-Cardeña, Guarrizas and 
Guadalmellato) the area with the lowest risk. The overall road mortality risk indicator in the new 
reintroduction areas shows intermediate values within the range of the maximum risk in Doñana-
Aljarafe and the minimum in Sierra Morena. Matachel is the reintroduction area that according to the 
model presents the lowest roadkill risk. Combining the mortality risk indicator with information on 
other criteria that were obtained in previous stages of the contract (habitat quality and connectivity), 
a joint prioritization of reintroduction areas has been provided. This joint prioritization shows that 
Valdecigueñas - Guadalcanal - Sierra Norte is the reintroduction area with the best conditions for 
Iberian lynx populations according to the criteria considered in these three first stages of the contract. 
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