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The aim of the present work is to design a model for evaluating the impact of planned infrastructures on 
species survival at the territorial scale by calculating a connectivity Índex. The method developed 
involves determining the effective distance of displacement between patches of the same habitat, 
simplifying earlier models so that there is no dependence on specific variables for each species. A case 
study is presented in which the model was used to assess the impact of the forthcoming roads and 
railways included in the Spanish Strategic Infrastructure and Transport Plan (PEIT, in its Spanish initials). 

This study took into account the habitats of peninsular Spain, which occupies an área of some 
500,000 km2. In this territory, the áreas deemed to provide natural habitats are defined by Directive 92/ 
43/EEC. The impact of new infrastructures on connectivity was assessed by comparing two scenarios, 
with and without the plan, for the major new road and railway networks. The calculation of the 
connectivity Índex (CI) requires the use of a ráster methodology based on the Arc/Info geographical 
information system (GIS). The actual calculation was performed using a program written in Arc/Info 
Macro Language (AML); this program is available in FragtULs (Mancebo Quintana, 2007), a set of tools for 
calculating indicators of fragmentation caused by transport infrastructure (http://topografia.montes. 
upm.es/fragtuls.html). 

The indicator of connectivity proposed allows the estimation of the connectivity between all the 
patches of a territory, with no artificial (non-ecologically based) boundaries imposed. The model 
proposed appears to be a useful tool for the analysis of fragmentation caused by plans for large 
territories. 

1. Introduction and objectives 

Fragmentation is a process in which a habitat becomes divided 
into units of smaller size known as patches; it is also characterised 
by a reduction in the total área the habitat occupies. The resulting 
patches may be very similar but may also have characteristics of 
their own, a consequence of their size, shape and boundaries etc. 
(Forman, 1995). In most cases, the fragmentation of natural 
ecosystems into patches is a product of human activity; man 
modifies the use of the land, transforming parts of natural habitats 
into artificial environments. One of the main causes of habitat 
fragmentation is the construction of linear infrastructures (Gene-
letti, 2004). These not only reduce the área of the habitats they 

cross, but may also affect the structure and functioning of the 
territory as a whole by acting as a barrier to the movement and 
migration of animal and plant species (Forman, 1995). 

New transport infrastructures, such as major and minor roads 
(van Langevelde et al., 2009), are recognised as one of the main 
threats to the conservation of biodiversity (Geneletti, 2006; Mata 
et al., 2008). They affect the functioning of ecosystems, and alter the 
biotic and abiotic conditions of the patches that compose them 
(Saunders et al., 1991). Their main effects are threefold: they 
increase the isolation of habitat patches, reduce their size, and 
increase their exposure to exogenous perturbations (Geneletti, 
2004). Transport infrastructures behave as barriers to (or filters of) 
the movement of energy and materials (Forman and Alexander, 
1998). Among the abiotic factors affected are the hydrological 
settings, the incidence of solar radiation, humidity, wind and soil 
conditions (Collinge, 1996; Forman, 1995). These changes in the 
macroscopic properties of the ecosystem affect the structure 
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composition and population dynamic. The long-term survival of 
some species may be threatened due to the degradation of the 
area's biodiversity, a reduction in its integrity and stability, and 
a diminished capacity of the área to recover from the assault of 
disturbances (Baskent, 1999; Saunders et al., 1991). 

The loss of área caused by habitat fragmentation has important 
ecological implications - the relationship between área and species 
richness is a basic tenet of ecology (May, 1975). The direct and 
indirect impacts of development and the construction of transport 
infrastructures reduce the áreas of the natural environments they 
cross, and the resulting patches may be too small for the survival of 
some species. In other words, the modification of a territory may 
reduce the área of its habitat(s) to below the survival threshold 
(Fahrig, 2002; Opdam et al., 2001). 

Dunning et al. (1992) interpret the set of habitat patches as 
a landscape; they define this as an área composed of a mosaic of 
patches that sustain associated biological systems. The configura-
tion and nature of the landscape that surrounds these patches 
determines whether a region's biodiversity can be guaranteed 
(Lindenmayer and Franklin, 2002). The capacity of an ecosystem to 
preserve its integrity and biodiversity increases in large habitats 
that are well connected and which are far from the influence of 
external disturbances (Fahrig and Merriam, 1985). Habitat frag
mentation can be understood as a landscape's loss of connectivity, 
the mechanism leading to this, and the resulting changes in 
ecological processes (Serrano et al., 2002). Connectivity is a vital 
element of landscape structure (Taylor et al., 1993) and is defined as 
the degree to which the landscape facilitates or impedes the 
movement of organisms between patches (Taylor et al., 1993; 
Tischendorf and Fahrig, 2000b). This definition not only views 
connectivity from the perspective of the theory of island biogeog-
raphy (MacArthur and Wilson, 1967), i.e., as the physical continuity 
of a determined type of habitat (structural connectivity), it also 
takes into account factors related to each organism's mobility and 
its perception of the landscape (functional connectivity) (Adriaen-
sen et al., 2003). Any brusque change in the connectivity of an area's 
patches, such as that caused by a new linear infrastructure, can 
interfere in the ecological flux of populations (metapopulation 
dynamics), perhaps even leading to their extinction (Forman and 
Alexander, 1998; McGarigal and Marks, 1995). 

The degree of habitat fragmentation is often measured by 
indicators that quantify the composition or spatial configuration of 
the landscape (Gustafson and Gardner, 1996). These indicators have 
been developed alongside advances in landscape ecology as 
a response to the growing need to understand how species and 
ecosystems have evolved in the face of human activity. The litera-
ture contains many Índices for characterising habitat fragmentation 
(McGarigal and Marks, 1995; Riitters et al., 1995; Rutledge, 2003; 
Quine and Watts, 2009; Jaeger et al., 2008) and many authors have 
proposed different connectivity models and indicators (e.g., 
Tischendorf and Fahrig, 2000a; Moilanen and Hanski, 2001; 
Pascual-Hortal and Saura, 2006; Saura and Pascual-Hortal, 2007). 

The measurement of connectivity needs to take into account 
both the structural and functional aspects that define this concept. 
However, many models for predicting metapopulation dynamics 
regard the structure of the landscape between habitats to be of 
little interest; some even ignore it completely (Stevens et al., 2004). 
The quantification of functional connectivity should include vari
ables relating to the structural characteristics of the matrix making 
up the landscape that surrounds the patches, as well as aspects 
associated with the behaviour of the species that must cross this 
matrix in order to move between patches (Adriaensen et al., 2003). 
Some elements of the landscape matrix offer more resistance to 
movement than others, and can condition the dispersión patterns 
of organisms. Many studies have used effective distance models 

that take into account the opposition to the movement of organ
isms between patches. In these models, each element in the matrix 
is assigned a friction valué that quantifies this opposition 
(Adriaensen et al., 2003; Bunn et al., 2000; Drielsma et al., 2006; 
Marulli and Mallarach, 2005; Nikolakaki, 2004). 

Indicators need to be validated, and Saura and Pascual-Hortal 
(2007) have therefore proposed four points that must be estab-
lished in order to perform this validation: these indicators must not 
"(i) indícate that landscape connectivity increases with increasing 
habitat fragmentation; (ii) predict zero connectivity in any land
scape containing just one habitat patch, even if that habitat patch 
covers the whole landscape; (iii) be insensitive to the loss of 
(possibly large) isolated patches; (iv) be unable to detect as more 
important those key stepping-stone patches that, when lost, 
disconnect the remaining habitat in two or more isolated sets of 
patches". 

The inclusión of the effects of fragmentation on assessment 
methodologies has, however, been scant and uneven. One of the 
most common defects in the assessment of the impact of linear 
infrastructures on habitats is that insufficient importance is given 
to biodiversity. In addition, in many investigations the study área is 
not defined with any ecological basis, and the ecological valué of 
the whole área to be crossed is not taken into account; rather, 
assessment is restricted to protected áreas or to a band of variable 
width on either side of the linear infrastructure (Geneletti, 2006). 

The consequences of poor planning for transport infrastructures 
generally become evident in the long term, when management 
becomes very difficult and the processes degrading biodiversity 
have become irreversible. Methodologies that assess the impact of 
habitat fragmentation are therefore required and should be used 
during decision-making procedures (European Commission, 2003). 
The Strategic Environmental Assessment Directive (Official Journal 
of European Communities, 2001) includes biodiversity as one of the 
environmental factors to be assessed, though there are few tools for 
doing so (Gontier et al., 2006). One reason for this is that the 
extensive territories usually involved in planning processes make 
ecological models for single species difficult to use. Since studying 
each species separately is unviable, simplified models are required. 

The experiments reviewed within the framework of the present 
study involved specific population groups. Hanski (1994) proposed 
a model for predicting the survival/extinction of metapopulations 
(which he used with butterflies) which takes into account the 
distance between patches (among other variables). Drielsma et al. 
(2006) used Hanski's equation but substituted Euclidean distances 
for effective distances (Bunn et al., 2000). Nikolakaki (2004) ana-
lysed connectivity with the aim of finding new zones for a partic
ular species of bird, performing studies on the specific resistance of 
the matrix to movement by this species. New infrastructures 
involve activities over large áreas of territory and can increase the 
resistance to movement of many of the species present. However, 
the number of species involved is usually so large that the above 
methods cannot predict the impact of such activities. Marulli and 
Mallarach (2005) solved the problem of how to construct resistance 
matrices by recognizing ecologically equivalent units, which these 
authors defined on the basis of land cover. The resistance presented 
by each unit to the movement of each individual species from other 
units is assumed to be the same. This method involves determining 
the resistance of all possible pairs of established units, a task 
undertaken by a panel of experts. 

Adriaensen et al. (2003) studied the effective distance between 
patches as a measure of the resistance to the movement of species. 
This makes it possible to assess the effects of infrastructure on the 
connectivity between patches. The number of patches potentially 
affected in a large territory is, however, huge, and hinders the use of 
this approach. 



The aim of the present work was to design a new model for 
evaluating the impact of planned infrastructures on species survival 
at the territorial scale by calculating a connectivity Índex. The 
proposed methodology is designed to solve two problems encoun-
tered by previous authors: 1) the availability of valid ecological 
models, and 2) how to implement these in extensive áreas. 

The method developed involves determining the effective 
distance of displacement between patches of the same habitat, 
simplifying earlier models so that there is no dependence on 
specific variables for each species. This methodology was tested in 
a case study in which measurements were made of the loss of 
connectivity between habitat patches caused by the roads and 
railways included in the Spanish Strategic Infrastructure and 
Transport Plan (PEIT, in its Spanish initials). 

2. Methods and materials 

2.1. Method description 

2.1.1. Connectivity Índex 
The method involves the calculation of a new connectivity 

index, which is conceptually based on Hanski's metapopulation 
model (1994); the index shows the following equation: 
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where: 

• Cli is the valué of the connectivity index for starting-point cell i. 
• A¡ is the área of the destination cell j that belongs to the same 

class of habitat as starting-point cell i. 
• de,j is the effective distance between starting-point cell i and 

destination cell j . 
• And 2irdemax is the máximum possible valué of the numerator. 

The Hanski metapopulation model, which is specific for every 
species, is based on the probability of a patch i containing 
a particular species (p¡) and depends on its local probability of 
survival (piocaí) and the rate of immigration (S): 

Vi =/(Plocal ,S) (2) 

Hanski introduced the distance between starting point and 
destination (d,j) for calculating the number of individuáis (S) that 
can immigrate into a starting-point patch i from a destination patch 

j . This number also depends on the probability of survival of indi
viduáis during movement (a) and the number of individuáis in the 
destination patch, given by its área (A¡): 

Si<xpje-adiiAj 

where: 

(3) 

• Si index of connectivity of patch i 
• p¡ the probability of a patch j containing a particular species 
• d,j is the distance between the starting-point patch i and the 

destination patch j 
• a is the probability of an individual surviving migration (0-1). 
• And A¡ is the área of the destination patch j 

The new Connectivity Index therefore reflects - as information 
on the structure of the landscape - the área occupied by each 
habitat, plus its connectivity understood from a functional point of 
view. This is possible because the effective distance takes into 

account the resistance offered by the landscape matrix to the 
movement of species. 

Thus, the CI calculates the connectivity for all the species 
together, where de,j is the effective distance due to the resistance 
inherent in the matrix: 

C - - ^ 
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where: 

(4) 

• Cy is the connectivity between a starting-point cell i and 
a destination cell j . 

• A¡ = Área of destination cell j . 
• de,j is the effective distance between the starting-point cell i 

and the destination cell j . 

The present model is based on a ráster GIS, so distances are 
calculated for each cell pair in the same habitat; and CI is calculated 
for each cell considered to be in the habitat. Working with cells 
instead of patches does not change the model in any way, but 
allows a more accurate calculation. 

The denominator 2irdemax (in eq (1)) is merely a normalization 
factor; it is the valué of the numerator under the best conditions of 
movement and availability of habitat, i.e., when the effective 
distance is the same as the Euclidean distance between the start
ing-point cell and the destination cell when the entire territory has 
the same habitat. Dividing by this factor always produces a CI of 
between 0 and 1. 

The difference between the proposed model and Hanski's model 
(eq (5), Fig. 1) lies in the fact that the new model does not use 
a valúes (which depend on the species). For long-distance move-
ments, the proposed model produces much higher connectivity 
valúes than those obtained with the Hanski model performed 
without iteration. This fact is not a drawback in the model, but 
a way to avoid performing the time-consuming iterations poten-
tially needed to calcúlate species survival probability. 

The sum of the connectivities, Qx, for all destination cells j at 
a given distance x is therefore: 

(5) i J i 
Proposed model Hanski model(without iteration) 

Fig. 2 shows that the relative importance of the furthest desti-
nations is very high. This leads to a potential problem: a priori, no 
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Fig. 1. Connectivity valúes (C¡) obtained for patch cells at different distances using the 
proposed and Hanski (without iteration) models. 
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Fig. 2. Relative contribution to CI of all cells at different distances (Cix) using the 
proposed and Hanski (without iteratíon) models. 

máximum interaction distance between patches can be established 
- the sum of distant destinations can contribute as much to the CI 
as nearby ones. However, this problem disappears as a consequence 
of spatial autocorrelation: the nearby patches have a greater 
probability of belonging to the same type of habitat than the more 
distant ones. Thus, by performing autocorrelation analysis it is 
possible to determine the distance beyond which patches do not 
significantly contribute to CI, and to use this distance as a threshold 
for calculations. 

The process of simplifying Hanski's model for obtaining the CI 
inherently means that the Índex retains its ecological significance 
when scenarios are compared. A loss of connectivity reflects a 
reduction in the probability of the survival of all the species involved. 

2.2. Study área 

2.2.1. Description of the study case 
This study took into account the habitats of peninsular Spain, 

which occupies an área of some 500,000 km2. In this territory, the 
áreas deemed to provide natural habitats are defined by Directive 
92/43/EEC, which recognises 120 types of habitat (Ministerio de 
Medio Ambiente, 1995). 

The impact of new infrastructures on connectivity was assessed 
by comparing two scenarios: a 'zero scenario', i.e., the current 
situation, taking into account the effect on connectivity of already 
existing linear infrastructures; and a scenario taking into account 
the effect of all the linear infrastructures planned until 2020 (PEIT 
scenario). 

An analysis was made of the plans for the major new road and 
railway networks described in the 2005-2020 PEIT (Ministerio de 
Fomento, 2005). The plans for new high-capacity road infrastruc
tures include increasing the size of the present network by some 
15,000 km by 2020. By the same date, the high-speed railway 
network is scheduled to have 10,000 km of track. The goal fixed by 
the PEIT is that the railway system should gradually become 
a central element of intermodal transport services, both for 
passengers and goods. The aim is for this to contribute towards 
a more equal territorial development, as recommended by the 
European Territorial Strategy. 

The methodology proposed requires the use of the following: 

• A map of habitats (in this case the map of Spanish habitats was 
used) (Ministerio de Medio Ambiente, 1995). 

• Maps showing current and projected infrastructure networks. 
These maps were provided by Mancebo Quintana, S. and 

Ortega Pérez, E. of the Transport Research Centre of the Uni
versidad Politécnica de Madrid. 

If the effects of new infrastructures on specific áreas are 
required, further maps will be necessary. In the present study, the 
following maps were used: 

• Maps of Sites of Community Importance (SCI; in this case the 
SCI map of Spain was used) (Subdirección General de Con
servación de la Biodiversidad, 2005). SCI are natural protected 
áreas which are part of the European Natura 2000 Network 
(Directive 92/43/EEC). 

• Maps of special protection áreas for birds (SPA; in this case the 
SPA map of Spain was used) (Subdirección General de Con
servación de la Biodiversidad, 2005). SPAs are also protected 
under the European Natura 2000 Network (Directive 92/43/ 
EEC). 

• Land cover maps (in this case the Corine Land Cover, 2000 map 
was used) (EEA, 2000). 

In this case study, the starting-point cell size was 100 m x 100 m 
(1 ha). These were aggregated to form cells of 1 km2, reducing the 
number of starting cells from several million to 300,000, and the 
processing time from many months or even years to just one week. 

2.3. Application: calculation of the connectivity Índex 

The Connectivity Index (CI) proposed is a function of effective 
distance, i.e., the mínimum distance between two points separated 
by a resistance matrix (Bunn et al., 2000) calculated using the 
Dijkstra (1959) algorithm. To determine this distance it is necessary 
to know the starting points and destinations of organisms and the 
resistance offered by the landscape to movement between these 
points (a consequence of the elements making up that landscape). 
The calculation of the connectivity Índex requires the use of a ráster 
methodology. In this study, the Arc/Info Workstation Geographic 
Information System (GIS) was used. The actual calculation was 
performed using a program written in Arc/Info Macro Language 
(AML); this program is available in FragtUls (Mancebo Quintana, 
2007), a set of tools for calculating indicators of fragmentation 
caused by transport infrastructure (http://topografia.montes.upm. 
es/fragtuls.html). 

2.3.2. Starting points and destinations 
The map of habitats, divided into different sheets, was trans-

formed into ráster format. The cell size chosen in the case study was 
100 m x 100 m. Afterwards this was aggregated to 1 km x 1 km as 
explained in 2.3.3. 

The starting points of the organisms were taken as each of the 
cells on the habitat map that belonged to patches classified as 
containing 'habitat' according to Directive 92/43/EEC. To simplify 
the calculations, the destinations were taken to be those cells on 
the same map with the same class of habitat as that found in the 
starting-point cells, i.e., those with the same habitat identification 
codes as established by the Directive. 

2.3.2. Resistance maps 
Each cell on the resistance map was given a valué, a function of 

the resistance of the territorial matrix to the movement of organ
isms between patches of the same habitat. This resistance is in fact 
a function of several factors: the habitat class, land cover, and the 
type of transport infrastructure present. It should be remembered 
that an infrastructure plan potentially affects all the species in 
a territory; thus to calcúlate accurately the CI requires the 
production of a resistance matrix for each species. As it is unfeasible 
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Table 1 
Friction coefficients with respect to landscape elements. 

Type 

Habitat of the same class 
Habitat of a different class 
Artificial área 
Motorway or freeway 
National road 
First-order regional road 
Second-order regional road 
Localroad 
Streets and tracks 
High-speed railway 
Conventional railway 

Friction coefficient 

1 

2 

16 
8 
8 
4 
0 
0 
16 
0 

to produce these maps for every species, the model is simplified, 
assuming that the resistance of each land use and habitat class to all 
species in a certain habitat is the same (Marulli and Mallarach, 
2005). Further simplifications based on the opinions of a panel of 
experts were also made. The friction coefficients are non-dimen
sional numbers with a resistance proportional to the mínimum 
valué (i.e., 1). The final resistance valúes are obtained by adding the 
combined valué of land cover and habitat plus the resistance 
caused by the infrastructures. Table 1 shows the final range of 
friction coefficients for the different barriers: 

• The resistance to movement through another patch of the same 
class of habitat as that of the starting point was given a valué of 
1; the resistance offered by a patch of a different, non-artificial 
habitat class was given a valué of 2. 
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The difficulty of crossing elements such as urban, commercial 
and industrial áreas (classified in the Corine Land Cover as 
artificial áreas) was understood to be proportional to the 
distance that would have to be travelled in order to circum-
navigate them (assuming such áreas to be circular). Thus, the 
resistance offered by urban elements was defined as 2 0 r . This 
valué is obtained via the following reasoning. The área of a cell 
is the square of the length of its side (resolution), i.e., (A = res2); 
if this cell were a circle of radius R, its equivalent área would be 
A = TTR2. Thus, the radius becomes R = res /0r . The distance 
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• In the present study, a mínimum friction coefficient of zero was 
assigned to local roads, streets and tracks, and conventional 
railways; assuming that these infrastructures do not add 
resistance to the matrix. The greatest friction coefficient (16) 
was assigned to high-speed railways, motorways and freeways, 
infrastructures planned to have fauna-passage points every 
3 km. If these types of barrier are considered completely 
impermeable, the máximum distance that has to be travelled to 
cross them via a fauna-passage to reach the mirror position on 
the other side is 3 km. The mínimum distance would be 0 km 
(except for the width of the infrastructure) when an animal 
finds itself right next to a fauna-passage. If 100 m (the width of 
the cell) is added to the mean of the two previous valúes, the 
mean distance to be travelled is 1.6 km, leading to a friction 
coefficient of 16 (16 times the length of a cell). 

• A friction coefficient of 8 was assigned to first-order national 
and regional roads, and 4 to second-order regional roads. 

3.3. Optimised aggregation 
A CI should be calculated for each starting-point cell, but this 

;mands a great deal of time. In order to transform a number of 
•lis into 1, a new aggregation methodology was developed. This 
ethod, based on statistical techniques, ensures the mínimum 
ss of information. The method is described in the following 
eps: 

Fig. 6. Loss of connectivity of the SCIs in Spain as a consequence of the PEIT. The darker colours represent greater impact 
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that has to be travelled to circumnavigate the circle is therefore 
half of its perimeter. If we take into account that the distance to 
be travelled requires passage through a habitat unlike that of 
the starting point, the final friction coefficient for this type of 
cell is supplied by 20 r . 

2.1 

de 
ce 
mi 
lo; 
Stí 



High capacitv road network 

Zuro scenario 

^ ^ ™ Amplificación foresten by the PEIT 

High canacitv rail nerwork 

1—'—*— Zero sciíiiíino 

• • Amplification foieseen by the PEO" 

Loss of conneitivitv suffeifd bv SPAs <%1 

• • >20 
^ H 15-20 

10-15 

5 - 1 0 

< 5 
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1. Aggregation of the starting-point cell map: an aggregate 
starting-point cell represents the most common type (mode) of 
habitat among all the starting-point cells available. This 
simplification means that small patches of other types of 
habitat intermingled with the aggregated cells are not repre-
sented. The origin of the shortest travelling distance is dis
placed to the centre of each aggregate cell. 

2. Aggregation of the destination-cell map: the aggregate desti-
nation-cell map provides the aggregate destinations for each 
type of habitat. The centres of these aggregate cells become the 
new targets for the mínimum travelling distances. 

3. Aggregation of the resistance-cell map: a map of aggregate 
resistance cells is also produced for each type of habitat (at first 
without taking into account the infrastructures present). The 
distance an organism travels between its starting point and its 
destination point is determined by the resistance it faces to this 
movement (represented by the aggregate resistance cell[s] 
between those points). The resistance caused by infrastructures is 
added to the mean resistance valué for each aggregate resistance 
cell, to reflect the final resistance. The reason for this procedure is 
to avoid a likely loss of information: when two or more Unes 
overlay the same cell, GIS can only use one, chosen randomly 

2.3.4. Máximum distance 
Habitat type autocorrelation was calculated for the whole terri-

tory in four directions. The result was that at 50 km the probability of 

finding any habitat type is the same. Henee from this distance, the 
contribution of the destinations to CI is not significant. We chose 
50 km as the máximum distance considered for CI calculation. 

2.3.5. Estimation of the loss of connectivity between scenarios in 
the case study 

The study área was the whole of peninsular Spain. The CI was 
calculated for two different scenarios. The first, the 'zero scenario' 
corresponded to the initial situation - that of 2005, in which the 
habitats were affected by the road and high-speed rail networks to 
the extent recognised for that time. The second, or PEIT scenario, 
involved the superimposition of habitats - those affected by road 
infrastructures, and those affected by the high-speed rail network 
as projected for 2020. 

Once the starting, destination and resistance cells of the terri-
tory were established, the CI was calculated (for both scenarios) for 
each of the starting cells. This provided two ráster maps of 
connectivity in which each starting cell possessed a CI. 

The change in CI was obtained as the difference of the CI valúes 
for each scenario, expressed as a percentage with respect to the 
initial situation: 

Change in CI(%) = CIpEIT - CIZ 

Clzero 
•100 

Once the loss of connectivity between scenarios for each cell 
was known, this information was integrated into the SCI and SPA 
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Fig. 8. SCI Monfragüe (El SCI ES4320077) will suffer a loss of connectívity of some 17% despite the fact that none of its patches will be crossed by new PEIT infrastructures. 

maps. The mean changes in CI in these different áreas were then 
calculated to provide summarised information. 

3. Results 

Using this methodology it was possible to calcúlate the loss of 
connectivity for all the habitats on the Iberian Península affected by 
the PEIT. The map of habitats for the extensión of the analysed 
territory covers about 150,000 patches, and the transport infra-
structure networks make up more than 30,000 ares. As the task of 
processing the information is so complex, the calculation of CI was 
programmed in Arc/Info, and the model was simplified to elimínate 
inherent problems. These simplifications - consisting of optimised 
aggregations and single resistance maps for each habitat -
were assumed not to lead to any significant loss of ecological 
information. 

The CIs were calculated for the entire área considered to be 
habitat in both the zero and PEIT scenarios, thus providing two ráster 
connectivity maps. The difference (expressed as a percentage) 
between these indicator valúes reflects the loss of connectivity that 
Spanish habitats will suffer. Fig. 3 shows this predicted loss of 
connectivity, with zones suffering greater impact highlighted in 
darker colours. This connectivity loss map allows the highly 
impacted áreas to be easily identified, e.g. Fig. 3 shows four zones in 
which the loss of connectivity is especially high due to the infra
structures plan (PEIT). The main reason for the loss of connectivity is 
that these áreas currently do not have a high-speed rail track, and the 

PEITcontemplates the construction of a new one. The case of Asturias 
(zone A, Fig. 3), in the north of Spain beyond the Cantabrian 
mountain system, shows the traditional isolation of Asturias' railway 
network from the rest of the Spanish railway system. The construc
tion of two new high-capacity roads between two high-population 
cities (Oviedo and Gijón), with a corridor running parallel to the coast 
towards the west, also significantly reduces connectivity. The 
southern and central part of Galicia (zone B, Fig. 3) will also be hard 
hit. The large railway corridors in the southeast of the Península 
(zone C, Fig. 3), joining Madrid with other cities such as Cuenca, 
Albacete and Alcázar de San Juan, isolate a zone which will suffer 
great loss of connectivity. Finally, the projected rail corridor between 
Madrid and Portugal (zone D, Fig. 3), along with the new high-
capacity roads to be built in Extremadura (running both north-south 
and east-west), will lead to very high losses of connectivity. 

The loss of connectivity is measured for each cell, allowing 
aggregations for any target área for which a total valué needs to be 
easily made. For example, in the present case study, Natura 2000 
protected áreas were selected since they are the European tool for 
habitat - and henee biodiversity - conservation. The total losses of 
connectivity, calculated as the area-weighted means of the change 
in CI, are 9.71% for the SCIs and 9.63% for the SPAs (Figs. 4-7). 

4. Discussion and conclusions 

Various authors highlight the importance of studying the 
functional processes of each species as the only way to accurately 



measure the consequences of the loss of connectivity (Adriaensen 
et al., 2003). The Hanski approach is based on the variable a, which 
is specific for each species; some authors also study the loss of 
connectivity through keystone species (Tanner et al., 1994; Tews 
et al., 2003). However, environmental assessment plans cannot 
cope with the ecological study of every potentially affected species, 
and therefore simplified models are required. 

One possibility is to calcúlate the probability of survival using 
a mean valué of a, or a range of a valúes (obtained statistically 
from a sample of the species present). Another difficulty stems 
from the interdependence between patches. The number of 
reproducing individuáis, S, also depends on the persistence of 
a certain population in the destination patch. To resolve this, 
Hanski introduced the term p, (see eq (3), method description 
section), which is given a valué of 0 or 1 depending on the pres-
ence of the species in the destination patch. Although the valué 
must be 0 or 1 at any given moment, over an indeterminate time it 
can be intermedíate, as reflected by p¡ (see eq (2)). Starting with an 
initial situation determined by the presence or absence of the 
species in question in each cell, an equilibrium is reached after 
several iterations. Ecologically, this recreates the effect of 'stepping 
stones', so that a population is influenced by others that might be 
very distant. In a direct manner, a patch has a significant influence 
on others beyond the distance described by a, i.e., if the survival 
probability is calculated without iteration, the effects seen on 
population dynamics would only be visible at short range; no 
effects would be seen at longer distances. Since it is impossible to 
know a priori the number of iterations that a large territory might 
require until the probability of persistence stabilises, the proposed 
model was developed to be statistically sensitive to the effects of 
distance from infrastructures. 

The CI model proposed solves this problem by assuming that all 
species that share the same habitat also share the same connec
tivity model; the result is an indicator free of species-specific 
variables, similar to the one previously proposed by Marulli and 
Mallarach (2005). It can therefore be used for extensive territories, 
a common requirement of the environmental assessment of plans 
and programs. Developed as a computer programme in FragtUls 
(Mancebo Quintana, 2007) it is fast and easy to use. 

In the proposed model, the analysis of connectivity is based on 
effective distances (Bunn et al., 2000) and allows assessment of the 
entire set of patches forming the landscape; they are therefore not 
considered separately. The resistance offered by the landscape 
matrix and its influence on fragmentation is therefore taken into 
account. This fact allows us to use this model for infrastructure 
planning because the main effect - the barrier effect - is measured 
through this resistance. The inclusión in the model of the effects of 
the landscape matrix involves establishing layers of resistance -
a function of the type of habitat, land use and infrastructures 
present - following the method of Marulli and Mallarach (2005). 
This simplifies the handling of the resistance valúes, which is 
important when analysing large territories. Thus, the model is 
sensitive to the accuracy of the estimation of such resistance. The 
model also assumes that movement occurs between patches of the 
same habitat type; this simplifies matters by not taking into 
account the movements of species that shift between habitats 
(eurytopic species). 

The method proposed for obtaining the CI is a simplification 
of Hanski's (1994) model for determining the survival capacity of 
metapopulations. The model requires the establishment of 
a máximum threshold distance of interaction between patches 
(beyond which the intermigration of organisms is unlikely). Han
ski's model makes it possible to determine this threshold since it 
reduces the relative weight of all the patches beyond a certain 
distance. However, in the proposed model, the relative weight of all 

patches, irrespective of their distance, remains constant. Although 
there is no way of knowing where the influence of each patch 
actually ends, this is estimated from the characteristics of the study 
área, especially the spatial autocorrelation between habitat classes. 

By way of functional validation of the proposed indicator, the 
four questions contemplated by Saura and Pascual-Hortal (2007) 
are of interest. These questions allowed them to identify four 
mistakes an indicator should not make: it should not "(i) indícate 
that landscape connectivity increases with increasing habitat 
fragmentation; (ii) predict zero connectivity in any landscape 
containing just one habitat patch, even if that habitat patch covers 
the whole landscape; (iii) be insensitive to the loss of (possibly 
large) isolated patches; and (iv) be unable to detect as more 
important those key stepping-stone patches that, when lost, 
disconnect the remaining habitat in two or more isolated sets of 
patches". The proposed CI commits none of the first three mistakes, 
though it fails with respect to the fourth. Linear infrastructures 
cause habitat fragmentation through the loss of habitat and the 
barrier effect (Geneletti, 2004). The CI indicator is sensitive to both 
effects as, in its formulation, it takes into account not only the área 
of available patches, but also the barrier imposed to the migration 
of species (i). The ráster methodology used to calcúlate CI considers 
each habitat cell as a calculi unit; in consequence, even if there is 
only one patch (ii) or the patch is mainly isolated (iii), CI is sensitive 
to its fragmentation. In fact the model's main simplification is the 
avoidance of reiterated calculation for evaluating the "stepping-
stone" effect (iv), which makes it viable in large territories. 
Consequently, the indicator is not sensitive to the disappearance of 
single stepping-stone patches. 

In the present work, the CI was specifically developed to take into 
account all parts of the landscape considered habitat, since loss of 
connectivity was possible even though the infrastructure studied did 
not directly cross a habitat. For example, the proposed method shows 
that the connectivity of protected áreas in Spain is likely to suffer 
appreciably from the linear infrastructures projected in the PEIT, even 
though they may not actually cross the patches making up these 
áreas. For example, Fig. 8 shows how the Monfragüe área will suffer 
a 17% loss of connectivity, even though none of its patches are crossed 
by the proposed infrastructures. Nonetheless, these new roads and 
railways will lead to the área being surrounded by barriers. 

The patches that make up habitats are the ecological units 
whose connectivity is analysed in order to assess habitat frag
mentation. The definition of scenarios allows changes in the CI to be 
calculated. Different statistical aggregations can be performed with 
respect to the types of protected área or the class of habitat to 
which patches belong. This avoids one of the most common errors 
in the analysis of the fragmentation caused by transport infra
structures: the use of artificial boundaries with no ecological basis 
to define the study área (Geneletti, 2006). The analysis of the study 
case fails on this point as Portugal and certain French territories 
were not included, although this was not due to the model, but to 
a lack of access to geographic information. 

The use of the model in the two scenarios outlined in this work 
made it possible to determine the losses of connectivity likely to be 
suffered by Spanish habitats due to the PEIT. It might also reflect the 
reduction in the likelihood of the survival of the species affected, 
according to Hanski's metapopulation model. 

Closer study should be given to the infrastructure projects in 
which the greatest changes are expected. Sometimes, a lack of 
detail in planning leads to an inaccurate depiction of the true 
situation, and erroneous decisions may be taken. 

Further studies of this Índex, such as sensitivity analysis, 
comparison with field studies, etc. should be carried out in order to 
ensure a fast and robust transfer of this model to the decision-
making process. 



The following conclusions can be drawn: 

• The connectivity indicator proposed allows the estimation of 
the connectivity between all the patches of a territory, 
without imposing any artificial (non-ecologically based) 
boundaries. 

• The analysis of connectivity based on effective distances allows 
the entire set of patches in a landscape to be analysed. 

• The model proposed appears to be a useful tool for the analysis 
of fragmentation caused by plans for large territories, and on 
a detailed scale. It should be remembered, however, that it is 
dependent on an evaluation of the landscape's resistance to the 
movement of organisms. 

• The ráster format used allows the CI to be determined simply 
from maps of habitats, infrastructures and land cover. 

• The use of the CI Índex is suitable for the framework of Strategic 
Environmental Assessment. It has potential to be used as a tool 
for Strategic Environmental Assessment screening in the very 
early stages of decision-making. The results obtained in the 
present work show it can be useful for evaluating the impact of 
infrastructures on connectivity in the early decision-making 
process, even though the territory and quantities of informa-
tion involved are very large. 

• The case study showed that Spanish SCIs and SPAs are very 
sensitive to the building of new infrastructures. 
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