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Abstract 
Introduction Habitat fragmentation is one of the 
major causes of the loss of biodiversity that our 
planet is experiencing. This has affected the ecosys-
tems functioning and, consequently, the provision of 
ecosystem services (ES). Therefore, the European 
Commission, in a 2013 communication, established 
the concept of Green Infrastructure (GI), which is a 
strategically planned network of multifunctional areas 
with the aim of protecting biodiversity and ES supply, 
as well as improving ecological connectivity. Eco-
logical restoration is an essential element to achieve 
the objectives of the GI, which if well targeted, 
could reverse widespread ecosystem degradation and 
improve landscape connectivity.
Objective In this study, we propose a methodology 
to prioritise areas to restore by identifying a GI in 
the Urdaibai Biosphere Reserve (UBR), in the north 
of the Iberian Peninsula, where forest plantations of 
exotic species abound.
Methods In order to identify the elements of 
the GI (core areas and corridors) we integrated a 

multispecies approach based on the movement of 
key species and an ES-based approach based on mul-
tifunctionality. Subsequently, to prioritise areas to 
restore we identified sectors in the GI, where connec-
tivity is particularly vulnerable (pinch points) using 
the circuit theory. Thus, forest plantations around the 
pinch points were prioritised for a future restoration 
plans depending on their aim: (1) Improve corridors 
of high importance and low quality for the multispe-
cies approach (2) Improve corridors of high impor-
tance and low quality for the ES-based approach, and 
(3) Improve the connectivity of the GI for the species 
movement.
Results The resultant GI included 36% of the 
UBR surface. We identified 34 pinch points for the 
corridors of the  three especies in the multispecies 
approach and 64 in  the ES-based approach. We pri-
oritised 149  ha of exotic forest plantations around 
the pinch points to convert into native forest in order 
to improve the corridors and 167  ha to improve GI 
connectivity.
Conclusion This information could be useful for 
organizations and institutions carrying out restora-
tion actions for the recovering of native forests in the 
territory.
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Introduction

Habitat loss and landscape fragmentation are recog-
nised as the major drivers of biodiversity loss and 
endangerment of species (Gurrutxaga 2010; Haddad 
et  al. 2015). This biodiversity loss compromises the 
capacity of ecosystems to contribute to a resilient 
provision of ecosystem functions and services (ES), 
which underpin human well-being (Cardinale et  al. 
2012). ES are the benefits provided by ecosystems to 
human well-being and they are classified into three 
groups: provisioning services, regulating services and 
cultural services (Haines-Young and Potschin 2018). 
Moreover, due to climate change species will have to 
track climates to which they are accustomed, either 
by dispersing through changed and fragmented land-
scapes or by adapting to changing conditions in  situ 
(Root et  al. 2003). Therefore, reducing the loss of 
biodiversity on the planet is one of the environmen-
tal policy objectives. Hence, the European Commis-
sion, in the Biodiversity Strategy for 2030, proposes 
to ensure better protection of ecosystems by 2050 and 
their recovery (European Commission 2020). None-
theless, there is a broad consensus that it is no longer 
possible to maintain the planet’s biodiversity at an 
acceptable level exclusively through the designation 
of protected areas and the conservation inside them, 
which is why new tools and management models are 
necessary (Valladares et al. 2017; Mola et al. 2018).

In recent decades a new land management tool 
has emerged that encompasses, in addition to land-
scape connectivity, its multifunctionality (capacity 
to provide a wide range of ES) in order to conserve 
biodiversity and face future challenges, such as cli-
mate change. This tool is the Green Infrastructure 
(GI), which is defined as a “strategically planned net-
work of high-quality natural and semi-natural areas, 
designed and managed to provide the greatest amount 
of ES and protect biodiversity, both in rural and urban 
settlements” (European Commission 2013). At the 
European level, the Communication “Green Infra-
structure: enhancing Europe’s natural capital” lays 
the foundations for the development of the European 
Union’s GI Strategy. According to that, the GI is not 
only an ecological network, which maintain o restore 
ecological functions, but also an instrument that helps 
to improve the connectivity of the territory and the 
protection of ES supply. The Biodiversity Strategy for 
2030 points out that the ecosystems and ES should 

be maintained and enhanced by creating and system-
atically integrating a GI into territorial planning and 
restoring at least 15% of degraded ecosystems (Euro-
pean Commission 2020). Therefore, ecological resto-
ration is one of the essential instruments to achieve 
the objectives set by the GI, such as reverse ecosys-
tem degradation and improve landscape connectivity. 
In the case of Spain, the National Strategy for Green 
Infrastructure and Ecological Connectivity and Res-
toration is a fundamental planning tool for identify-
ing, conserving and recovering damaged ecosystems 
throughout the territory and connecting them with 
each other, with the surrounding territories and eco-
logical systems (Valladares et al. 2017).

In that sense, maintaining landscape connectivity 
is essential for the persistence of populations due to 
dynamic processes such as recolonization, seasonal 
migration, and dispersal (Beier et  al. 2011; Ribeiro 
et  al. 2017). Identifying links or corridors based on 
actual observations of the movements of species of 
interest would be an ideal strategy for constructing 
connectivity networks for a region (Feng et al. 2021). 
However, because empirical data of this type is few or 
non-existent for most species, connectivity investiga-
tions must rely on models and human judgment (Cush-
man et  al. 2013). In fact, the development of these 
coherent ecological networks has played a very impor-
tant role in biodiversity conservation policies, such as 
the European Union Biodiversity Strategy for 2030 or 
the Kunming-Montreal Global Biodiversity Frame-
work. Most of these studies focus on the movement of 
a single species (Ruiz-Gonzales et al. 2014; Feng et al. 
2021; Gantchoff et al. 2021), while more recently there 
has been a growing interest in modelling connectivity 
for multiple species to address the diverse ecological 
needs of coexisting species and their ecological pro-
cesses (Liu et al. 2018; Almenar et al. 2019).

In order to analyse or improve the exiting connectiv-
ity, the use of graph theory is thought to facilitate the 
representation of landscapes as a series of nodes and 
links between them, from which a connectivity index 
has been developed to measure changes in structural 
connectivity or to test different scenarios to improve 
connectivity (Rayfield et al. 2011). This last goal can be 
achieved by increasing the size or the quality of exist-
ing habitat patches, or by creating new patches through 
landscape restoration (Foltête et  al. 2014). More 
recently, connectivity models have been developed to 
measure functional connectivity such as individual 
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responses to landscape mosaic elements and their spa-
tial movement considering landscape heterogeneity. 
Least cost path analysis and circuit theory are exam-
ples of these models, which have drawn an enormous 
amount of attention as they can help evaluating the fea-
tures of an ecological network such as the importance 
of linkages, pinch points and the quality of each link-
age (Almenar et al. 2019; Feng et al. 2021). In addition, 
some studies base their networks specifically on ES to 
maximize the value of ES in ecological infrastructure 
planning (Lee et al. 2014; Cannas et al. 2018).

Ecological restoration has been recognized by mul-
tiple sectors (scientific, technical, administrative and 
social) as a fundamental tool to reverse the widespread 
degradation of ecosystems, replenish natural capital, 
and guarantee the supply of ES to society (Bullock 
et al. 2011; Mola et al. 2018; Hua et al. 2022). More-
over, if well targeted, the restorations could improve 
the connectivity of the landscape and protect existing 
connectivity (Fagan et  al. 2016). To this end, many 
organisations carry out restoration actions in different 
ecosystems. One method increasingly used by these 
organisations is land stewardship, in which voluntary 
agreements are reached between the owner of a prop-
erty with natural and cultural value and an organisa-
tion. All these actions should be aimed at improving 
biodiversity, ES provision and landscape connectivity 
(Račinska et  al. 2015). It is therefore very important 
to look for methods to find areas of higher priority to 
be restored. In this sense, biosphere reserves, which 
are figures created by Unesco within its Man and the 
Biosphere Programme, are good areas of research to 
develop sustainable practices and restore natural eco-
systems, since all the sectoral groups involved in these 
territories can work together in the search for an inte-
grated management of the territory (Van Cuong et al. 
2017). The main objectives for the designation of 
these areas are threefold: nature conservation, sustain-
able development and logistical support, referring to 
scientific knowledge and education for sustainability. 
They are set up as areas of experimentation to achieve 
a balance between conservation and sustainable devel-
opment in order to improve the living conditions of 
the people who live there (Iswharan et al. 2008).

In this work, we propose a methodology for iden-
tifying a GI based on the movement of key species 
and the provision of multiple ES, in order to find the 
priority areas for restoration in a biosphere reserve 
with the aim of improving the landscape connectivity 

and its multifunctionality. In the case of the selection 
of the priority areas for restoration, we used the cir-
cuit theory to identify the sectors where connectivity 
is especially vulnerable (pinch points) and then we 
prioritised their restoration based on the features of 
the corridors (importance and quality). Taking into 
account the proposed “Regulation of the European 
Parliament and of the Council on Nature Restora-
tion”, which aims to restore nature to its original state 
in all ecosystems and 80% of Europe’s degraded habi-
tats (European Commission 2022), this methodology 
can be useful to achieve those objectives at different 
scales (national, regional or local).

Methods

Study area

This study was carried out in the Urdaibai Bio-
sphere Reserve (UBR) (Fig.  1). The UBR is one of 
the most important protected natural spaces in the 
Basque country, north of the Iberian Peninsula that 
occupies 22,000 ha. This reserve is representative of 
many regions of the north where the native forests are 
highly fragmented due to forest plantations of exotic 
species (Pinus radiata D. Don and Eucalyptus globu-
lus Labill). In this reserve, forest plantations occupy 
50% of the surface (Castillo-Eguskitza et  al. 2017). 
However, a wide variety of flora and fauna with high 
ecological interest can be found, such as the Canta-
brian green oak forests, which occupy 7% of the sur-
face, or the Atlantic mixed forests and riparian for-
ests, which occupy 9% of the territory.

During the last 20 years, some organizations have 
carried out restoration actions in the UBR to recover 
native forest. Among them, we found the Lurgaia 
Foundation, which is a private non-profit entity 
whose purpose is to promote the conservation of bio-
diversity and the management of natural heritage in 
the UBR. This foundation has more than 200  ha of 
land in custody, in which plantations of exotic species 
are replaced by native species.

Methdology

The methodological steps followed in this study are 
shown in Fig. 2.
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Identification of GI

To identify the GI components (core areas and cor-
ridors) we used two approaches following a similar 
path for both of them: a multispecies approach and 
ES-based approach (Liquete et al. 2015).

Identification of  core areas For the multispecies 
approach, we firstly selected three key species in the 
territory (Basque Government 2016):

• The roe deer (Capraelus capraelus) which belongs 
to the group of large mammals with a maximum 
dispersal distance of 100 km.

Fig. 1  Maps showing the location of the Basque country in the Iberian Peninsula (a), the location of the Urdaibai Biosphere Reserve 
(UBR) in the Basque country (b) and the land uses of the UBR (c)

Fig. 2  Flowchart of the 
methodical steps. ES eco-
system service
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• The pine marten (Martes martes) which belongs 
to the group of mesomammals with a maximum 
dispersal distance of 30 km.

• The edible dormouse (Glis glis): which is a spe-
cialist of forest habitats belonging to the group of 
small mammals with a maximum dispersal dis-
tance of 10 km.

Secondly, the core areas to be connected were 
selected based on the forest type and the size of these 
forests. Native forests (Atlantic mixed forests, ripar-
ian forests, and Cantabrian green oak forests) larger 
than 20 ha were selected as they are the common hab-
itat in which the three target species coexist (Basque 
Government 2016). For the identification of these for-
ests, the Forest Inventory of the Basque Country of 
2020 was used.

For the ES-based approach, we firstly identified the 
multifunctional areas. For that purpose, we selected 
the 7 most important regulating services in the area 
(Peña et al. 2020) (Water flow regulation, Pollination, 
Air quality regulation, Climate regulation Habitat 
maintenance, Maintenance of soil fertility and Fire 
control service (CICES classification) and mapped 
them using the following indicators:

– Water flow regulation: We used the water reten-
tion index (Peña et al. 2020) calculated as:

WRI = Water retention index; WRv, WRgw, WRs, 
Wslope, WWB = Weights assigned to each variable; 
Rv = Retention by vegetation; Rgw = Retention in 
ground water; Rs = Retention in soil; RWB = Reten-
tion in water bodies; Ra = Soil waterproofing.

– Pollination: We used the index of abundance of 
nesting pollinators (Peña et al. 2020) by using the 
pollination module from the InVEST program

– Air quality regulation: We used the Capacity to 
eliminate  NO2 from the air (Peña et al. 2020) cal-
culated as:

CE  NO2 = Capacity to eliminate  NO2 from the 
air (μg/m2s); C  NO2 = Mean annual concentration of 

WRI = (WRv ∗ Rv +WRgw ∗ Rgw +WRs ∗ Rs +Wslope ∗ Slope +WWB ∗ RWB) ∗ (1 − Ra∕100)

CE NO2 = C NO2 ∗ Rd NO2

 NO2 in the air (μg/m3); Rd  NO2 = Rate of dry deposi-
tion of  NO2 in leaves  (ms−1).

– Climate regulation (Carbon storage): We used the 
total carbon storage (Peña et al. 2020) where:

TC = Total C content (tC/ha); CLB = C content in 
live biomass (tC/ha); CDB = C content in dead bio-
mass (tC/ha); CS = TC content in the soil (tC/ha).

– Habitat maintenance: we used habitat maintenance 
index (Peña et al. 2020) where:

HM = Habitat maintenance index; W = Native vas-
cular plant species richness; S = Successional state; 
P = Protected areas or areas of natural interest.

– Maintenance of soil fertility: We used the organic 
carbon content stored in the top 30  cm of soil 
(tC/ha) (Guía metodológica para el cartografiado 
de los Servicios de los Ecosistemas de Euskadi, 
unpublished).

– Fire control service: We used the forest fuel mod-
els established for the Basque Country within the 
Special Fire Protection Plan for the risk of for-
est fires in the Basque Autonomous Community 
(Guía metodológica para el cartografiado de los 

Servicios de los Ecosistemas de Euskadi, unpub-
lished).

The geographical data used for the calculation of 
the indicators are shown in the table 3 of the appendix. 
The resultant values for the indicators were normal-
ised based on maximum and minimum values obtain-
ing values between 0 and 1 (Fig. 8, Online Appendix). 
Then we calculated a Multifunctionality Index (MI) 
combining the values of all ES through an arithmetic 
mean and we reclassified those values into five ranks 
ranging from minimum (1) to maximum capacity (5) 
based on a natural breaks’ distribution (Fig. 9, Online 
Appendix). The multifunctional areas of the UBR cor-
responded to the ranks 4 and 5 (Liquete et al. 2015). 

TC = CLB + CDB + CS

HM = W + S + P
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We identified as core areas those multifunctional areas 
with a size greater than 20 ha.

Connectivity analysis In order to identify the cor-
ridors, we performed a connectivity analysis by 
using the least-cost path method and the circuit the-
ory. Linkage mapper program in ArcMap 10.8 was 
used to perform the connectivity analysis (Schrott 
and Shin 2020; Feng et  al. 2021; Gantchoff et  al. 
2021). This program outlines least cumulative cost 
pathways (LCPs) for the movement of species and, 
ultimately, creates least cost corridors between core 
areas. The corridors are wider swaths surrounding 
LCPs, which have slightly higher cumulative move-
ment costs and are more biologically realistic for 
conservation planning (Schrott and Shin 2020). With 
this program, the quality of each LCP was also cal-
culated (the accumulated cost distance of each LCP/
the real distance). This value indicates the average 
resistance found along each LCPs and the values 
closer to 1 indicate a better quality of the LCP (Feng 
et  al. 2021). Subsequently, the centrality index of 
each LCP was calculated with the Centrality map-
per tool of the Linkage mapper program (McRae 
2012a), which uses the circuit theory to indicate the 
relative importance of each LCP to keep the whole 
network connected. These features of the corridors 
(quality and importance for the network) can help 
us finding important areas for the connectivity and 
areas that should be improved.

In the case of the multispecies approach, we 
assigned resistance values from 1 to 1000 to each land 
use (Table 3, Online Appendix) (Basque Government 
2016) to perform the connectivity analysis. These 
resistance values represent the difficulty experienced 
by a species in moving across a landscape. The land 
uses were taken from the Basque Government (2009), 
which was reviewed and corrected using the ortho-
photo from 2021. Moreover, we considered noise and 
light pollution, as they can alter mammals’ habits as 
their distribution and movement (Slabbekorn et  al. 
2018; Hoffmann et al. 2019). In this case, a noise map 
for the area provided by the Provincial Council of Biz-
kaia was used to assess the noise pollution, where the 
limit values (65 and 55  dB) were obtained from the 
Royal Decree 1367/2007 on noise. Regarding light 
pollution, a kernel density analysis was performed 
for the light points on the main roads using the light 
pollution map of Bizkaia. The obtained values for the 

nightlight density were reclassified into three ranges 
(High: > 25.6; Medium: 25.6–7.8; Low: < 7.8). Finally, 
we added to the previous resistances a resistance value 
of 100 to places with an average noise greater than 
65 dB or with a high nightlight density; and a resist-
ance value of 50 to places with an average noise greater 
than 55 dB or with a medium nightlight density.

In the ES-based approach, we assigned resistance 
values ranging from 1 to 1000 depending on the MI: 
1 to the ranks 4 and 5, 100 to the rank 3, 500 to rank 
the 2, and 1000 to the rank 1.

Combination of  both  approaches Finally, we 
obtained, on the one hand, a multispecies’ network 
and, on the other hand, an ES-based network which 
were combined into a single network, maintaining the 
core areas and corridors of both. This final network 
formed the final GI proposal.

Identification of priority areas to restore

In order to find the areas to restore, we first used the 
Pinchpoint mapper tool of the Linkage mapper pro-
gram to identify sectors where the movement of 
organisms is compromised and connectivity is par-
ticularly vulnerable (pinch points) due to the absence 
of alternative routes or the narrowing of corridors 
caused by land uses that obstruct movement (McRae 
2012b). Then, the number of pinch points of each cor-
ridor and the cause for the appearance of each pinch 
point were calculated. The cause of each pinch point 
was defined as the land use that narrows the preferred 
land use or replaces it in a corridor. Only the pinch 
points caused by forest plantations were used for the 
prioritisation of areas to restore. Subsequently, we 
prioritised them based on three different purposes:

Improve the  quality of  the  corridors with  the  high-
est importance and  least quality for  the  three key spe-
cies Thus, we only considered to restore those forest 
plantations that were in or around pinch points of the three 
species. Then, we prioritised the ones located in the most 
important corridors and corridors with the worst quality.

Improve the quality of the corridors based on the pro-
vision of  ES with  the  highest importance and  least 
quality In this case, we only considered to restore 
those forest plantations that were in or around pinch 
points of the ES-based approach. Then, we prioritised 
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the ones located in the most important corridors and 
the corridors with the worst quality.

Improve the connectivity of the whole GI for the move-
ment of  the  key species For this purpose, we first 
identified all the forest plantations in the UBR that, if 
restored, together with the adjacent native forest, would 
create a core area of 20  ha. The prioritisation was 
achieved by using the analysis developed by Foltête et al. 
(2014) which uses the graph theory to identify the best 
locations for new core areas based on the connectivity 
improvement. This analysis was first carried out for the 
130 possible new core areas identified as a preliminary 
test, in order to observe the pattern of the increase in 
connectivity for each species. Later, the same analysis 
was performed with the new possible core areas that 
were located in pinch points for the three key species. 
The connectivity improvement was analysed using the 
Probability of Connectivity index (PC) (Saura and Pas-
cual 2007). We chose this index as it is commonly used 
in heavily modified areas to evaluate the functional and 
structural connectivity of an existing network (Keeley 
et al. 2021), and PC is given by the expression:

where  ai and  aj are the areas of the core areas i and j, 
 p*

ij is the maximum probability of movement between 
these areas and A is the total area of the study zone. 
 pij is determined by this exponential function:

where  dij is the least cost distance between the patches 
i and j, and α a parameter defining the rate of decline in 
probability of movement as distance increases. As it is 
not easy to determine the value of α parameter, we used 
the maximum dispersal distance of each species to a 
small value of p (0.05). All the analyses were performed 
using Graphab 2.8.1 software (Foltête et al. 2012).

Results

Multispecies’ network

In the multispecies approach, we identified 13 core 
areas. Most of them were located in the half north of 

PC =

∑n

i=1

∑n

j=1
aiajp

∗
ij

A2

pij = exp(−�dij)

the UBR. The largest patches corresponded to Canta-
brian green oak forests, which are representative of the 
UBR. The smallest patches were Atlantic mixed forests, 
which had a smaller size (Fig. 3). The results indicated 
that these core areas were connected by 23 corridors for 
the roe deer (surface: 1042 ha; average length: 4.4 km), 
by 20 for the pine marten (surface: 1380  ha; average 
length: 4.8  km), and by 23 for the edible dormouse 
(surface: 610  ha; average length: 4.5  km) (Table  5, 
Online Appendix). In total 1900 ha of ecological cor-
ridors were identified, where the 26% are useful for 2 
species and the 16% for the 3 species (Fig. 3).

ES-based network

There were 27 core areas resultant from the ES-
based approach. All the core areas previously identi-
fied for the multispecies approach coincided with the 
multifunctional areas except two of them located in 
the southern part. The core areas resultant from this 
approach were connected by 39 corridors (surface: 
2586  ha; average length: 2.2  km) (Fig.  3; Table  6, 
Online Appendix).

Final GI proposal

The corridors of the final GI occupy in total 3872 ha 
and the core areas 3391 ha, so the final GI proposal 
includes 36% of the total area of the RBU (Fig. 4). The 
most common land use in the GI proposal is native 
forest (37.4%) followed by forest plantations (35.2%).

Priority areas to restore

In the multispecies approach, we identified 137 pinch 
points for the roe deer corridors, 133 for the pine mar-
ten and 195 for the edible dormouse. The major cause 
of these pinch points was the narrowing or vanishing 
of mixed forests due to forest plantations. More spe-
cifically, 46% of the pinch points were caused by forest 
plantations, 26% by road junctions, 25% by narrowing 
of forests due to grassland, 8% by artificial construc-
tions and the remainder were caused by other land uses.

In the ES-based approach, we identified 68 pinch 
points. Of those pinch points, 57% were caused by 
forest plantations, 19% by road crossings, 10% by 
grasslands and 13% by artificial constructions.

In relation to improve the quality of the corridors for 
the three key species, we identified 34 pinch points, that 
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were located in eight different corridors and 13 located 
in corridors 4–7 and 3–6 were prioritised for reforesta-
tion, as they were between the corridors with the high-
est importance and least quality (Fig. 5, Table 1).

In the case of improving the quality of the corri-
dors for the the ES-based aproach, we found 45 pinch 
points that were caused by forest plantations, which 
were located in nine different corridors. Among them, 
13 pinch points located in the corridor 19–22 were 
prioritised for reforestation, as it was between the cor-
ridors with the highest importance and least quality 
(Fig. 5, Table 2). We found 149 ha of forest planta-
tions in or around the pinch points prioritised for the 
multispecies and ES-based approaches. Among these 
hectares 20% corresponded to eucalyptus plantations 
and 80% to pine plantations.

In terms of improving the GI connectivity, it was 
observed that the increment of the connectivity index 
with respect to the initial value was constant, and 
very significant with each core area added and for 
each species. No maximum value was found in any of 
the cases (Fig. 6). The average increase per core area 

added was 5% for roe deer, 4% for pine marten and 
2% for edible dormouse.

Finally, we identified nine forest plantations capa-
ble of creating new core areas around the pinch points 
for the three key species. The order of prioritisation 
was different for each species. Thus, the roe deer 
analysis tends to prioritise the forest plantations by 
their size, unlike the gray dormouse analysis that pri-
oritises them depending on their location. The pine 
marten analysis considers the location and the size of 
the forest plantations to prioritise them (Fig. 7). The 
increase in the PC index achieved by restoring the 
nine forest plantations was 46% for the roe deer, 37% 
for the pine marten and 24% for the edible dormouse.

Discussion

The GI proposal

In recent years, the loss of biodiversity and ES in 
the UBR has been evident, different studies have 

Fig. 3  Distribution of core areas and corridors of the multispecies approach (a) and ES-based approach (b)
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indicated that the fragmentation of the mixed Atlan-
tic forests has had a negative effect on biodiversity 
and consequently on the provision of ES in the area 
(Onaindia et al. 2004, 2013; Rodríguez-Loinaz et al. 
2012). Therefore, the proposed methodology to 
identify a GI and the pinch points, based on a multi-
species approach and an ES-based approach, can be 
an opportunity to prioritise the areas that are most 
suitable for reforestation in the UBR. Moreover the 
restauration of these areas will improve the land-
scape connectivity reducing natural forest fragmen-
tation, as the largest forests are considered as core 
areas and the rest of them are included within the 
corridors. Furthermore, it is necessary to develop 
GIs at these scales in order to connect them with the 
GIs developed at higher scales (regional, national 
and European). In fact, all GI strategies recommend 
the development of a GI at smaller scales in order 
to achieve a more connected territory. For this rea-
son, different territories have already started to cre-
ate similar GI such as Central Europe (Fňukalová 
et  al. 2021), Portugal (Cunha and Mgalhaes 2019) 
or Catalonia (Lanzas et al. 2019).

In this context, to identify the GI it is necessary to 
define, on the one hand, the core areas, as their con-
servation can help conserve biodiversity and ES sup-
ply. On the other hand, it is necessary to define corri-
dors connecting them, as the movement of organisms 
and ecological flows that occur in the landscape can 
help maintain ES (Mitchell et  al. 2013; Schindler 
et  al. 2016). In the UBR, the core areas correspond 
mainly to natural forests, grasslands and wetlands 
due to their relevance for the conservation and main-
tenance of biodiversity and ES provision, while the 
ecological corridors are formed mainly by exotic for-
est plantations due to the large amounts of these for-
est plantations found in the UBR. Although many 
animal species such as, the pine marten or the roe 
deer, can move without problem through these plan-
tations, they prefer natural forests (Iezzi et al. 2018). 
However, other more specialist species such as, the 
edible dormouse, tend to migrate shorter distances 
and move less through areas that are not their ideal 
habitats. Additionally, small mammals are the most 
affected by clear-cutting, which is the method used 
for harvesting wood in the UBR (Escobar and Esta-
des 2021). Therefore, the edible dormouse corridors 
are narrower, consist of 63% natural forest, and have a 
lower quality index than those of marten and roe deer. 
Furthermore, many studies (Mortelliti et  al. 2014; 
Giubbina et al. 2018) have shown that forest planta-
tions do not improve landscape connectivity, but may 
worsen the movement of some species. Consequently, 
the goal of managers should be to minimize the dis-
tance between patches of native habitat by promoting 
habitat restoration and by enhancing the creation of 
corridors of native vegetation (Mortelliti et al. 2014).

Moreover, by using three species for corridor iden-
tification instead of one, as in many other studies 
(Schrott and Shinn 2020; Feng et al. 2021; An et al. 
2021), we achieve a more complex and larger corridor 
network. The challenge for multispecies connectivity 
is to determine which method is the most appropriate 
and what type of connections to use, as different spe-
cies have different needs and different habitat prefer-
ences. In this work, we have chosen to model the con-
nectivity of each species separately and combine the 
resulting connections (Liu et al. 2018; Khosravi et al. 
2018), as analysing the areas where the corridors of 
different species overlap helps us to find areas of high 
importance for connectivity (Liu et  al. 2018). How-
ever, other studies identify the connecting pathways 

Fig. 4  Final GI proposal resultant from the combination of 
both approaches (multispecies and ES-based approach)
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that have the highest landscape integrity, rather than 
modelling the actual needs of each species (Koen 
et al. 2014; Belote et al. 2016).

Similarly, corridors resultant from the ES-based 
approach take advantage of grasslands, native for-
ests and scrublands to create minimum-cost routes. 
Although grasslands in the study area are ecosystems 
that are maintained by human management (mowing 

and livestock grazing), they provide ES relevant to 
human well-being, such as pollination. While most 
studies on ES focus on forests, wetlands and urban 
areas, grasslands are a crucially important ecosystem 
for conserving and enhancing ES (Zhao et al. 2020). 
Contrary, forest plantations are the main reason why 
these ES-based corridors are endangered in the UBR. 
This is because they are the most abundant land use 

Fig. 5  Priority areas to restore around the most vulnerable zones (priority pinch points) for the multispecies approach (a) and ES-
based approach (b)

Table 1  Quality and 
importance of the corridors 
that had pinch points for the 
three species. The lowest 
quality values for each 
species are represented with 
the bold and the highest 
importance values with the 
italic

Corridors Roe deer Pine marten Edible dormouse

Quality Importance Quality Importance Quality Importance

1–3 15.34 8.36 7.79 8.04 46.49 7.55
2–7 10.44 9.54 6.58 11.85 29.27 10.14
3–6 11.07 12.47 5.01 14.62 33.98 10.31
4–7 12.18 12.20 5.84 14.02 32.77 11.34
5–6 10.50 15.77 3.39 26.95 25.40 18.71
7–8 6.20 17.57 3.98 16.39 16.59 16.65
8–9 11.23 5.51 4.74 5.63 36.21 4.74
8–10 10.09 11.77 4.94 11.80 32.21 10.02
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and their typically lower biodiversity levels and inten-
sive management result in a reduced capacity of these 
systems to provide biodiversity-linked ES, which are 
often regulating ES (Brockerhoff et  al. 2013). This 
highlights the importance of actions, such as, those of 
the Lurgaia Foundation, to improve the provision of 
ES from the UBR and thus, benefit the environment 
and society.

Prioritisation of forest plantations to convert in native 
forests

The European Commission has attached great impor-
tance to restoring the forest ecosystems by increas-
ing their biodiversity and having positive trends for 
forest connectivity (European commission 2022). In 
fact, the proposal for a regulation of the European 

Parliament and of the Council on Nature Restora-
tion is the first legislation in history to explicitly aim 
to restore Europe’s nature and has set itself the goal 
of repairing 80% of Europe’s degraded habitats and 
restoring nature to its original state in all ecosystems 
(European Commission 2022). For these targets to 
be met, it would require Member States to develop 
national restoration plans, in close cooperation with 
scientists, stakeholders and the public. In that sense, 
this methodology could be very useful for organisa-
tions working in the UBR, whose objective is the 
transformation of forest plantations into native for-
ests, as is the case of the Lurgaia Foundation, as it 
provides scientific evidence on which areas should be 
restored in the first place.

However, depending on the objective, the prioriti-
sation of areas for restoration given may be very dif-
ferent as seen in this study. Firstly, with the aim of 
improving the species corridors by acting in the most 
vulnerable areas, we prioritised restoration actions of 
the forest plantations around 13 pinch points located 
in the species corridors with high importance and low 
quality. Secondly, in order to improve the provision 
of ES in the most vulnerable areas, the restoration of 
forest plantations around another 13 pinch points in a 
corridor with high importance and low quality were 
prioritised. All these plantations were located in the 
southern half of the UBR, where the longest corridors 
and the largest number of forest plantations are found, 
which may have had a significant influence on the 
lower quality of these corridors. As many other works 
(Dutta et  al. 2015; Feng et  al. 2021), this study has 
shown that the evaluation of the features of a network 
(pinch points, quality and importance of corridors) 
can be helpful to find important vulnerable areas for 
the connectivity.

In relation with the aim of improving the GI con-
nectivity, we observed that the greater the dispersal 
distance the greater the variation of the PC index was. 
In all cases, it had a similar increase with each core 
area added without reaching any maximum, unlike 
other works where a maximum was reached when 
adding less than 10 core areas (Foltête et al. 2014; Li 
et al. 2017). This was due to the fact that the species 
chosen had a very high dispersal distance compared 
to the size of the UBR. Thus, each added core area 
could create connections to almost all the other core 
areas increasing the connectivity equitably and reduc-
ing the importance of each link (Blazquez-Cabrera 

Table 2  Quality and importance of the ES-based corridors 
that had pinch points caused by forest plantations. The lowest 
quality values are represented with the bold and the highest 
importance values with the italic

Corridors Quality Importance

1–7 19.12 58.77
2–4 51.97 12.67
3–4 32.13 27.11
3–5 28.50 19.98
4–5 34.84 16.61
4–19 42.01 13.38
4–22 66.04 13.06
17–20 3.93 26.00
19–22 37.10 22.52

Fig. 6  Graph showing the increase in connectivity (PC index) 
provided by new core areas for each species, which have differ-
ent preferences and dispersal distances
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et al. 2019). Indeed, the edible dormouse, that has the 
lowest dispersal distance, was the one with the least 
increment in connectivity with each core area added 
that agrees with other studies (Li et al. 2017, 2022). 
Therefore, we recommend analysing the GI connec-
tivity at this scale using species with shorter dispersal 
distances. Although, in this case, the maximum value 
of areas that improve GI connectivity is not speci-
fied, the prioritisation of core areas obtained serves 
to meet more than one of the defined objectives. As 
an example, we have the forest plantation in second 
position for the roe deer and the pine marten, whose 
restoration would increase considerably the connec-
tivity of the GI and would improve a corridor with 
high importance and low quality for the three species.

The proposed methodology to determine a GI and 
to identify areas to restore could be very useful to 
apply in other territories, in order to comply with the 
recommendations implemented by the different strat-
egies and laws at European (Strategy of GI, Biodiver-
sity Strategy for 2030 and Proposal for a regulation on 
nature restoration), national (Law 42/2007 on Natural 
Heritage and Biodiversity and the National Strategy 
for Green Infrastructure and Ecological Connectiv-
ity and Restoration) and regional level (Law 9/2021 
on the conservation of the Basque Country’s natu-
ral heritage). These strategies and laws recommend 

identifying a GI at different scales and obtaining a 
bank of areas to be restored in order to conserve bio-
diversity and mitigate the effects of climate change. 
In the UBR, due to the large abundance of exotic for-
est plantations and their management, we have used 
this methodology to find the best areas to convert to 
native forest, but depending on the area and the objec-
tive, it could be used for other purposes and scales. 
For example, we could use this method to determine 
which highways are the ones that disrupt more the 
connectivity in a certain region (Feng, et  al. 2021) 
or which crops are the best to reforest to improve the 
movement of a given specie (Li et al. 2017).

Conclusion

By connecting large native forests and multifunc-
tional areas through the multispecies and ES-based 
approach, we have created a GI that can help main-
tain and improve connectivity and ES provision at 
the same time. The UBR has a very fragmented land-
scape mostly due to exotic forest plantations; there-
fore, we identified the forest plantations that have 
the highest priority for conversion to native forests 
in order to improve species movement and ES pro-
vision. Moreover, using the graph theory we have 

Fig. 7  Prioritisation of forest plantations around the priority pinch points to restore based on the increase in connectivity they pro-
vide for each species: Roe deer (a), pine marten (b) and edible dormouse (c)
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prioritised forest plantations depending on the con-
nectivity enhancement their restoration would pro-
vide. This method can help foundations such as the 
Lurgaia Foundation or landscape management agents 
to prioritise actions based on scientific evidences to 
improve ES provision and biodiversity. Furthermore, 
this methodology could be used not only to prioritise 
exotic forest plantations to convert into native forests 
in a biosphere reserve, but also to prioritise other 
types of restoration actions and at different scales 
with the aim of improving landscape connectivity and 
ES provision.
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