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Abstract: Green infrastructure (GI) is increasingly prioritised in landscape policy and planning due
to its potential to benefit ecosystems and enhance wildlife conservation. However, due to the uneven
distribution of protected areas (PAs) and the fragmentation of habitats more generally, multi-level
policy strategies are needed to create an integrated GI network bridging national, regional and local
scales. In the province of Almeria, southeastern Spain, protected areas are mainly threatened by
two land use/land cover changes. On the one hand, there is the advance of intensive greenhouse
agriculture, which, between 1984 and 2007, increased in surface area by more than 58%. On the
other hand, there is the growth of artificial surfaces, including urban areas (+64%), construction sites
(+194%) and road infrastructures (+135%). To address this challenge, we present a proposal for green
infrastructure deployment in the province of Almeria. We combine Geographic Information Systems
(GISs) and multi-criteria evaluation (MCE) techniques to identify and evaluate suitability for key
elements to be included in GI in two key ways. First, we identify the most suitable areas to form part
of the GI in order to address vulnerability to degradation and fragmentation. Second, we propose
15 ecological corridors connecting the 35 protected areas of the province that act as core areas. The
proposed GI network would extend along the western coast of the province and occupy the valleys of
the main rivers. The river Almanzora plays a leading role. Due to its remoteness from the coast and
its climatic conditions, it has not attracted intensive greenhouse agriculture and urban development,
the main drivers of the transformation and fragmentation of traditional land uses. Around 50% of the
area occupied by the proposed corridors would be located in places of medium and high suitability
for the movement of species between core areas.

Keywords: green infrastructure; GIS; multi-criteria assessment; ecological connectivity; Almeria;
Spain

1. Introduction
1.1. Challenges Facing Biodiversity Conservation

In recent decades, climate change (CC) has emerged as one of the greatest challenges
to humanity and the environment [1,2]. Apart from well-documented impacts on land use
and human activities generally [3,4], CC and climate variability have negatively impacted
protected areas (PAs) [5,6]. Land use/land cover change is another key driver of global
change which negatively impacts protected areas and their surroundings. Such impacts
include processes of artificialisation [7], overexploitation of aquifers on which PAs are
located [8,9], disturbance of their aquatic ecosystems [10], fragmentation of their natural
ecosystems [11,12] and forest fires [13].

Because PAs play a fundamental role in the conservation of biodiversity and ecosys-
tems, they have become an important focus of current environmental strategies and poli-
cies [14–16]. By extension, green infrastructures have attracted the attention of naturalists
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and land managers because of their multiple functions related to biodiversity conserva-
tion: as ecological connectors of protected areas [17], as buffer zones of PAs to absorb
impacts [18], and as recreational sites for urban populations [19].

1.2. The Leading Role of Spain, the European Union and Andalusia in the Conservation
of Biodiversity

Spain was an international pioneer in biodiversity conservation legislation adopting
the National Parks Law in 1916 [20]. This first law was an important step forward [21],
although, in line with the ideas of the day, it focused on nature protection from a landscape
perspective, seeking to preserve an idealised vision of pristine nature in isolated areas, from
which traditional rural activities and ordinary people were excluded [22,23].

After the constitution of the Institute for the Conservation of Nature (ICONA) in 1971,
the Spanish State passed Law 15/1975 on Protected Natural Spaces, which recovered the
prominence lost in the 1957 Law on Forestry [21]. The new law made some clear steps
forward. Along with the interest in conserving spaces for their scenic beauty, its motivation
was to contribute to nature conservation by granting special protection regimes to areas that
required it due to their singularity and natural values. However, it was not until the early
1990s that there was a real increase in policies that prioritised environmental conservation,
an occurrence that was at least partly due to the second United Nations Earth Summit in
Rio de Janeiro in 1992 [24].

Within this framework, the European Union began to design policies focused on the
protection and planning of two elements: landscape and biodiversity [25]. In 1992, it
launched an ambitious bid called the Natura 2000 Network [26,27], to ensure the long-term
persistence of Europe’s most valuable and threatened species and habitats, listed in both
the Birds Directive (79/409/EEC, amended as 2009/147/EC) and the Habitats Directive
(92/43/EEC). In 2000, it launched the European Landscape Convention [28].

In summary, these new regulations and instruments have evolved beyond the con-
servation of isolated spaces to advocate for a more holistic and integrated vision. Under
this new paradigm, PAs are key to the maintenance and enhancement of the ecological
structure of the territory. This vision builds on concepts and approaches that have emerged
since the late 1990s, such as landscape ecology [29], ecosystem services [30], ecological
corridors [31] or green infrastructure (GI) [32]. GI, which is the focus of this piece, can be
defined as an interconnected network of green spaces that conserves natural values and
ecosystem functions by providing associated benefits to human populations [33].

In the field of EU environmental planning, GI has gained prominence following
the adoption of the Communication on Green Infrastructure: enhancing Europe’s Natural
Capital [34]. In it, member states are urged to develop their own GI strategies. In Spain, these
EU policy provisions are reflected in the National Strategy for Green Infrastructure and
Ecological Connectivity and Restoration, the strategic planning document that regulates
the implementation and development of green infrastructure in Spain [35].

1.3. Geographic Information Technologies for Mapping Green Infrastructures

At the same time, several studies have highlighted the relevance of Geographical Infor-
mation Systems (GIS) in making proposals for green infrastructures in the territory [36,37].
Among others, Aguilera et al. [38] and Velázquez and Rodríguez [39] combined GIS and
multi-criteria evaluation (MCE) techniques that allow the integration of different landscape
attributes and policy options. Gallardo and Martínez-Vega [40] and Mironova [41] delimited
green infrastructure with GIS through analyses of spatial fragmentation. Caparrós et al. [42]
delimited GI using cluster analysis based on a series of previously defined indicators. In
addition to these works, there are methodologies and guides with different purposes, e.g.,
(i) to establish the scientific–technical bases for the definition and delimitation of a Spanish
green infrastructure strategy [43] and the planning of regional networks of ecological cor-
ridors [44], or (ii) for the identification of the elements that a green infrastructure should
contain [35].
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1.4. Objectives

In the province of Almería, the object of this study, the Network of Protected Natural
Areas of Andalusia (RENPA) comprises 35 different PAs with different levels of protection
according to the IUCN [45]. There are different degrees of stringency (nature reserve
(category I) or national park (category II)), as well as protected areas with multiple uses
(category IV (natural parks) or category VI (Natura 2000 Network areas)). In addition to
these 35 formally registered PAs, the province is home to a diverse range of complementary
natural, semi-natural and agricultural habitats [40,46,47].

The main objective of this study is to design, using GIS tools, an integrated green
infrastructure network for the province of Almería that connects the PAs belonging to
the RENPA scheme, considering semi-natural and agricultural habitats and linear corri-
dors (watercourses and livestock trails). To achieve this general objective, we set out the
following specific objectives:

• Design a methodology to facilitate GI mapping.
• Identify specific threats to existing PAs arising from land use and land cover changes

over a recent highly dynamic time period (1984–2007).
• Identify and map the current PAs which, due to their characteristics and high ecological

values, will be integrated as a priority into existing GI.
• Locate and assess those areas, currently unprotected, which could be added to the

existing GI resource, due to their characteristics and values.
• Assess the current connectivity between the different PAs of the RENPA and determine

the barriers that may hinder or interrupt the flow of species.
• Assess the possible repercussions of GI on territorial planning.

2. Materials and Methods
2.1. Study Area

Andalusia was one of the first Spanish regions to develop specific planning instru-
ments for natural area protection. At the end of the 1980s, it adopted the Physical Environ-
ment Protection Plans (PEPMF) and Law 2/1989, Inventory of Protected Natural Spaces of
Andalusia (1989), which declared 60 new spaces occupying 17% of Andalusian territory.
Later, in 1994, it approved almost all the natural resource management plans (PORN) and
master plans for use and management (PRUG) of its natural parks. In 1997, it declared
the Network of Protected Natural Areas of Andalusia (RENPA) [48]. This is defined as
a set of high-value protected areas characterised by the conservation and regeneration
of their natural resources, under environmentally compatible sustainable development
principles [49]. Since the creation of RENPA, its surface area has increased to such an
extent that it is now considered one of the most important regional networks of PAs in
the European Union. It currently contains 249 PAs1 that occupy 33% of the Andalusian
territory [50].

Within this region, we chose the province of Almeria as our case study, on account
of the clear and growing threats to the integrity of its natural areas and the urgent need
to effectively connect disparate elements of the RENPA scheme. Located in the south-
east of the Iberian Peninsula, Almeria is one of the eight Spanish provinces that form
part of the region of Andalusia. It has an area of 8774 km2 and is located between the
provinces of Granada to the west, Murcia to the east and the Mediterranean Sea to the south
(Figure 1). Geographically, it is very diverse. The high Betic and Penibetic mountain ranges
(>2600 masl) alternate with the Mediterranean coastal plains. The mountain ranges act as a
barrier to the humid westerly winds from the Atlantic. It is therefore considered the driest
area in Europe with an average annual rainfall of 300 mm [51]. However, the climate of the
region is currently transitioning from the continental hemiboreal Mediterranean climate
of Sierra Nevada (Dsb, according to the Köppen–Geiger climate classification) and the
Mediterranean climates with dry and mild summers (Csb) and with dry and hot summers
(Csa), in the Betic Cordilleras, to the semi-arid (Bsk and Bsh) and arid (Bwh and Bwk)
climates, typical of the southeast of Almeria.
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prising the RENPA network. SAC = Special Area of Conservation; SCI = Site of Community Importance.

The province has undergone a profound evolution in recent decades, especially linked
to the growth of greenhouses and the proliferation of mass tourism in the coastal area.
The lack of other more profitable options to compete with intensive irrigation and the
increased interest in the Almeria coast tourism brand meant that land use planning was
unable to halt the increase in the area covered by greenhouses [52] and the growth of tourist
developments in the province [53,54]. The commitment to this productive binomial has
generated numerous territorial tensions to satisfy the demand for these land uses. These
pressures take on greater importance in a province that contains 13.86% of the surface



Land 2024, 13, 1916 5 of 24

area of the entire RENPA and whose PAs occupy 45.81% of the provincial surface area.
The magnitude of biodiversity in the province is evidenced by the presence of more than
2800 taxa of endemic flora and the existence of Habitats of Community Interest (HCIs) in
more than 2900 km2 of its territory [55].

2.2. Temporal Dimension

We used 1984 (t1) as the initial reference year and 2007 (t2) as the final year, taking
advantage of the fact that the cartographic service of Andalusia has available, at a scale of
1:25,000, its own land use map series, the land use and vegetation cover map of Andalusia
(MUCVA, by its Spanish acronym). The end date of the period analysed is important
for assessing the connectivity of the PAs and the GI because it is a time of high spatial
fragmentation. Land planners were unable to effectively manage the land demands of
the main economic activities (intensive greenhouse agriculture and tourist activity) that
experienced a strong expansion during that period [53].

2.3. Data and Methods

Figure 2 shows the main datasets used to develop our methodological proposal: the
green infrastructure components, the topographic base, and the Digital Elevation Model
(DEM). We opted for the 1:25,000 scale due to the availability of the MUCVA land use
and vegetation cover mapping at this scale. The MUCVA land cover database and other
geographic information (protected areas, Habitats of Community Interest, livestock trails,
and urban areas) were downloaded from the Andalusian Environmental Information
Network (REDIAM, 2024; see cartographic sources in the References). We downloaded
other green infrastructure components (watercourses), map base elements (road network,
railway lines, overpasses, solar plants, and wind farms), and DEMs from the Spanish
Centre for Geographic Information (CNIG, 2024).
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Data preprocessing was undertaken in TerrSet 2020 software [56], which necessitated
transformation of the vector data to raster format with a pixel size of 25 metres, coinciding
with the spatial resolution of the Digital Elevation Model.
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2.3.1. Green Infrastructure Components and Approach

To identify areas with good potential for green infrastructure, we adopted a three-stage
approach (Figure 2) comprising the following:

(1) Protected areas connectivity assessment;
(2) Green infrastructure mapping using a multi-criteria evaluation (MCE) approach;
(3) Ecological connectivity assessment.

These approaches are explained in order as follows, with reference to Figure 2.

Protected Area Connectivity Assessment

The starting point for the development of new green infrastructure is the identification
of coherent functional areas of priority importance for biodiversity conservation [57]. In
this sense, a wide variety of elements can be included within green infrastructure, from PAs
to parks, gardens and other green areas in urban environments. Taking into account the
provincial scale of our analysis, and based on the selection made by Valladares et al. [43],
we considered the following components:

- Core areas: The conservation of fauna and flora is a priority in these areas due to their
level of governmental protection. Core areas include the PAs themselves, Habitats of
Community Interest, and other ecosystems of high ecological value (wetlands, gallery
forests, forest areas, coastal plains, etc.).

- Ecological corridors: These seek to maintain the interconnection between core areas
through links that guarantee the conditions for the movement and development of
species. Linear corridors include rivers, gallery forests and livestock trails.

- Buffer areas: We define these as areas of influence of 5 km around the core areas. We
consider them as transition areas to safeguard the ecological network. They allow
land use that is compatible with biodiversity conservation.

- Other multifunctional elements: These are mainly composed of agricultural land that is
managed sustainably.

We used the Morphological Spatial Pattern Analysis (MSPA) approach incorporated
within the free Guidos ToolBox (GTB) application [58] to locate ecological corridors. The
MSPCA approach is frequently used in disciplines such as landscape ecology [59], climate
change [60], hydrological modelling [61,62], and biology [63], among others. We follow
the methodology adopted by Wickham et al. [64] to detect and assess green infrastructure
fragmentation. GTB requires an input raster with two classes of data: “background” (class 1)
and “foreground” (class 2). When running MSPA, we divide the “foreground” area into
seven classes: core (i), islets (ii), perforations (iii), edges (iv), loops (v), bridges (vi) and
branches (vii). The background zone is divided into background (viii), CoreOpen (ix) and
BorderOpen (x). In this phase of the study, we focused on the “Bridge” category to detect
ecological corridors; taking as reference linear corridors such as rivers and cattle trails, we
located those that interconnect two core areas, determining class 1 as the background and
class 2 (foreground) as the set of rivers and cattle trails in our area.

Green Infrastructure Mapping Using Multi-Criteria Evaluation (MCE)

For the delineation of green infrastructure, we used multi-criteria evaluation, MCE [65],
a well-known decision support method consisting of a set of processes and statistical
analysis tools. Its objective is to define and evaluate alternatives that solve the proposed
problem. In our study, we adopt what Gómez and Barredo [66] have referred to as the
normative or prescriptive orientation, as opposed to the positive or descriptive approach.
We selected the factors that favour the presence of GI based on a combination of “intuitively
justifiable assumptions” [67] and comparison with case studies in similar Mediterranean
areas [68,69]. After defining the predominant approach, we constructed the assessment
criteria and divided them into factors and constraints.

In the MCE approach, criteria and factors determine the “implementation capac-
ity” [56] of a specific variable compared to the pre-established objective. First, we adopted
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Saaty’s Analytic Hierarchy Process (AHP), which helps solve a decision problem by decom-
posing it into a hierarchy that captures its essential elements [70]. Secondly, we defined the
key factors relevant (Figure 3) to the development of green infrastructure and ecological
connectivity taking into account biophysical, socioeconomic and social criteria.
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Biophysical Criteria

- Slopes (S) and Aspects (A): gentle slopes and north- and west-facing sites tend to have
lower exposure to direct sunlight, which affects soil stability and reduces the likelihood
of landslides.

- Proximity to forest areas (PFA): forest environments are suitable for GI, among other rea-
sons, because of the ecosystem services they provide, because they are less fragmented
and because of the biological diversity they harbour.

Social Criteria

- Road safety (RS): The passage of wildlife crossing roads severely compromises their
safety in their movements between core areas. For this reason, we give greater priority
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to those infrastructures that support lower traffic densities and, therefore, entail less
risk of accidents for the species.

- Habitats of Community Interest (HCIs) and proximity to Linear Corridors (PLC): Habitats
of Community Interest, rivers and livestock trails are fundamental elements in the GI
as links between core areas, so we prioritise proximity to these areas.

Socioeconomic Criteria

- Accessibility from urban areas (AUA): The definition of GI advocates that it should be
accessible for the cultural enjoyment of the surrounding population. However, we
consider that the proximity of densely populated urban centres may interfere with its
protection. For this reason, we promote proximity to small population centres.

- Land use and land cover fragmentation (LULCF): Less fragmented territories are more
likely to form stable ecosystems that facilitate wildlife conservation. Therefore, we
prioritise those land use/land cover (LULC) changes that contribute positively to the
expansion of GI in our territory. First, we apply the reclassification of the MUCVA
1:25,000-scale map series developed by the DUSPANAC project [71,72] to two maps
from different time periods, 1984 and 2007. Secondly, we prepared a fragmentation
map following the cross-tabulation methodology (Table S1, Supplementary Materials)
presented by Rodriguez-Rodriguez et al. [73]. From highest to lowest priority, we
established four categories: non-fragmented categories, a with positive impact on GI
(positive); fragmented natural or semi-natural categories (fragmented positive); cate-
gories with neutral impact (neutral); and categories with negative impact (negative).

Then, in a GIS environment, we applied a series of standard GIS analysis and pro-
cessing operations to the source data to create and standardise the factors. In addition, we
performed a correlation analysis between the factors to determine whether any were highly
dependent on others.

We then assigned weights to each factor using the AHP synthesis method [70], which
involved multiplying the weights of the factors by the corresponding weight of each crite-
rion, giving a final score known as the weighted linear combination (WLC) (Table 1). The
WLC of the factors and criteria, computed in TerrSet software, gives the green infrastructure
land suitability map.

Table 1. Weight of factors using the AHP method.

Criteria (Columns) WLC
Factors (Rows) Biophysical Social Socioeconomic Score

Weighting 0.105 0.637 0.258
Slope (S) 0.150 0.016
Aspect (A) 0.150 0.016
Proximity to forest areas (PFA) 0.700 0.073
Road Safety (RS) 0.100 0.064
Presence of HCIs 1 0.300 0.191
Proximity to linear corridors (PLC) 0.600 0.382
Land Use fragmentation (LULCF) 0.600 0.155
Population Accessibility 0.400 0.103

1 Habitats of Community Interest.

Configuration of Restrictions

Next, we drew up a map of restrictions, considering those land covers that are not
suitable for inclusion in green infrastructure. The map of restrictions included urban and
industrial centres, roads and railway lines, greenhouses, solar plants and wind farms. We
draw a buffer of 500 m around the polygons of these last two classes.



Land 2024, 13, 1916 9 of 24

2.3.2. Ecological Connectivity Assessment

Well-structured ecological networks that ensure connectivity between PAs must be
carefully planned [41,74–76]. This is necessary for the identification of critical areas between
them and other territorial elements such as road infrastructures and urban centres, which
can compromise the survival of species transiting between core areas.

To assess the ecological connectivity between the PAs of the province of Almería, we
used the Linkage Mapper tool of Arcmap 10.8.1 (ESRI Inc., Redlands, CA, USA), tested in
previous studies [77–79]. Linkage Mapper requires a vector layer of the core areas of the
habitats to be analysed and a resistance map to detect and draw connections between these
areas of interest. It identifies core areas that are contiguous with each other and generates
maps of routes with fewer obstacles between these areas [80].

We applied the Linkage Pathways function to generate a map of connections between
the core areas of the territory. The algorithm indicates which are the least costly distances
between two nodes, cell by cell. Thus, we were able to know the approximate value of
connectivity that each pixel would have and identify which corridors favour movement
between the core areas. The map of connection corridors generated in this way was then
overlain onto the reclassified suitability map. This last step enabled us to calculate the
surface area in each suitability class (constraint, none, low, medium, high) intersected by
the connection corridors.

2.3.3. Assessment of the Impact of Land Use/Land Cover Changes on Green Infrastructure

Using the MSPA tool mentioned above [58,81], we assessed the potential impact of
LULC changes on the proposed green infrastructure network. Considering 1984 and 2007,
we compared the evolution of LULCs in core areas, candidate GI areas and buffer areas
(5 km width).

In addition, we calculated the Habitat Fragmentation Index (HFI) [82]. This index
ranges from 2 (lowest fragmentation) to 1 (highest fragmentation) and relates the area of
each MSPA category to a previously assigned weight based on its resilience and spatial
coherence [31].

3. Results
3.1. Analysis of Land Use/Land Cover Change from 1984 to 2007

Between 1984 and 2007, LULC changes in the province of Almeria were driven by
the expansion of intensive agriculture and urban growth (Table 2). The area devoted to
greenhouses grew substantially (+58.39%), due to their high profitability, which led to a
loss of natural areas such as scrubland (−4.57%).

The rise in greenhouse cultivation not only altered the province’s landscape. It also
influenced the availability of water resources, the demand for which increased substantially.
On the other hand, woody crops, such as olive groves and vineyards, expanded under both
irrigated (+89.28%) and non-irrigated (+98.10%) cultivation, following Spain’s entry into
the EU and the implementation of the Common Agricultural Policy (CAP).

During this period, protection and conservation policies also left their mark on the
landscape. Reafforestation of pine forests was carried out in the Sierra Nevada Natural
Park and other PAs in the province (+64.10%), as a measure to mitigate the loss of forest
mass. This contributed to slowing down agricultural expansion in certain areas, favouring
the recovery of natural spaces and, consequently, local biodiversity.

Urban growth (+63.84%) was another crucial factor in the transformation of the ter-
ritory. Since the 1980s, with the development of tourism, the growth of industrial land
(+209.67%) and the improvement and expansion of infrastructures (+134.86%), many areas
of the province, especially along the coastal strip, experienced a notable increase in urban
development, especially housing. This urban growth remained constant well into the new
century, transforming land uses and fragmenting the landscape of coastal municipalities.
The expansion of infrastructures and new real estate developments was directly propor-
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tional to the increase in population, generating a notable impact on both the landscape and
natural areas.

Table 2. Changes in land use/land cover between 1984 and 2007.

Land Use/Land Cover Surface Area in
1984 (km2)

Surface Area in
2007 (km2)

1984–2007
Difference (km2)

Growth 1984–2007
(Index in Base 100) 2

Urban 72.89 119.42 46.53 63.89
Industrial 8.18 25.34 17.16 209.67
Road, rail, air, port and other technical infrastructure 16.80 39.46 22.66 134.86
Water infrastructure, salt works and aquaculture 11.95 17.64 5.69 47.59
Mining, landfill and construction sites 29.01 85.29 56.27 193.96
Altered, eroded and felled 204.99 113.63 −91.36 −44.57
Intensive greenhouse crops 224.96 356.33 131.36 58.39
Intensive crops: irrigated woody crops 71.70 135.71 64.01 89.28
Intensive crops: other irrigated crops 531.30 424.85 −106.45 −20.04
Rainfed crops: other rainfed crops 1964.20 1783.31 −180.89 −9.21
Rainfed crops: olive groves and vineyards 31.99 63.37 31.38 98.10
Eucalyptus plantations 0.77 0.75 −0.01 −1.57
Pine forests 238.84 391.94 153.10 64.10
Other woodland or mixed woodland 30.90 42.48 11.58 37.48
Pasture 154.88 226.36 71.48 46.15
Scrubland 5070.73 4838.83 −231.89 −4.57
Rivers and natural watercourses 92.34 90.02 −2.32 −2.51
Natural lagoons 0.01 1.30 1.29 11,727.27
Natural coastal system 10.74 11.73 0.98 9.16
Non-tidal marshland 1.21 1.22 0.01 0.41
Tidal marshland 0.34 0.09 −0.25 −74.03
Sea and tidal areas 0.40 0.07 −0.33 −82.29

2 Index expressing the growth of each LULC class between the initial and final years, expressed in base 100 (1984).
Source: Own work based on MUCVA data (1984 and 2007).

However, the annual growth in the surface area dedicated to greenhouse crops slowed
in 2007 as a consequence of the economic crisis. The same was true for the supply of
hotel beds (Table S2, Supplementary Materials). Despite this change, these two activities
continue to be the main drivers of the provincial economy.

3.2. Analysis of the Multi-Criteria Evaluation Factors

The correlation coefficients (r) between the selected factors showed very low corre-
lations (Table 3). Only accessibility from urban areas (aUA) and proximity to forest areas
(pFA) have a moderately high correlation (>0.5). This is perhaps due to the growing pref-
erence for new secondary residential developments in or around forest areas. The latter
attract the former because of their scenic landscape quality, air quality and ecosystem
services [83,84]. Similarly, PAs attract new urban areas to their surroundings [7].

Table 3. Correlation analysis between the multi-criteria evaluation factors: S = slope; A = aspect;
pFA = proximity to forest areas; RS = road safety; HCIs = Habitats of Community interest; dLC = distance
to linear corridors; LUF = land use fragmentation; aUA = accessibility from urban areas.

S A pFA RS HCI dLC LUF aUA
S −0.070 −0.257 −0.179 −0.266 0.085 0.142 −0.082
A −0.070 0.059 0.038 0.023 −0.022 0.067 0.037

pFA −0.257 0.059 0.094 −0.019 0.241 0.259 0.569
RS −0.179 0.038 0.094 0.099 −0.158 0.118 0.061

HCI −0.266 0.023 −0.019 0.099 −0.105 0.169 −0.079
dLC 0.085 −0.022 0.241 −0.158 −0.105 −0.097 0.182
LUF 0.142 0.067 0.259 0.118 0.169 −0.097 0.181
aUA −0.082 0.037 0.569 0.061 −0.079 0.182 0.181
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Analysis of the MCE model biophysical criteria shows firstly that slopes of less than
5% occupy almost 41% of the total surface area of Almería, demonstrating the flat nature of
the province. The plains are located in the coastal areas and the basins of the rivers Antas,
Almanzora and Adra. Secondly, the most suitable orientations for the GI (north and west)
occupy 1721 km2, almost 20% of the provincial surface. Due to their low elevation and
lower exposure to sunlight, these areas facilitate the movement of species between core
areas. However, at the same time, these are areas with strong anthropogenic disturbances.
Thirdly, the most natural LULCs occupy 6% of the study area, while artificial LULCs occupy
just over 15% of the total. Natural vegetation has been limited by the growth of artificial
soil on flat and fertile land, related to the expansion of intensive agricultural areas and
tourism and urban development.

Turning to the social criteria in the MCE model, the greatest danger linked to road
safety occurs in areas close to motorways and railway lines. Regarding the presence of
Habitats of Community Interest, 51% of the provincial surface contains areas classified as
suitable for natural habitats. Those with the highest level of suitability, considered to be of
priority interest, occupy around 17%. Finally, the areas located less than 100 metres from
the corridors account for only 7.93% of our study area.

For the economic criteria, the most natural categories are those that remain unchanged
in the analysis of LULC changes and fragmentation and therefore have the highest suitabil-
ity. The second highest level of suitability is obtained by categories whose change over the
period favours the development of GI. These are the LULC changes that we call “Abandon-
ment of activity”, “Abandonment of irrigated crops”, “Abandonment of rainfed crops”,
“Exchange between tree species”, “Exchange between wetlands” and “Forest restoration”.
Finally, since proximity to small population centres is considered positive, as it enables
public access to green space, areas located close to roads have higher suitability than those
further away.

3.3. Analysis of the Constraints

Figure 4 shows the spatial distribution of the areas that we consider unsuitable to
support the province’s GI. On the central coast, the urbanised area of the provincial capital
and its port, in the centre of the Gulf of Almeria, stands out. On both sides, the large
areas occupied by the vast greenhouses of Adra and El Ejido, to the west, and Nijar and
Campohermoso, to the east, are prominent. Inland, another gap corresponds to the large
marble quarries of Macael. Finally, on the northeast coast, the large developments of
second homes and golf courses in Vera, Mar de Pulpí and San Juan de los Terreros are not
conducive to the implementation of GI either.



Land 2024, 13, 1916 12 of 24Land 2024, 13, x FOR PEER REVIEW 13 of 25 
 

 
Figure 4. Green infrastructure restricted area map. 

3.4. Land Suitability for Green Infrastructure 
Figure 5 shows those areas that are highly suitable for integration into the GI pro-

posal. They occupy 6.89% of the provincial surface. These mainly extend along the Alman-
zora and Adra river basin, and in the surroundings of the Sierra Nevada Natural Park, the 
Desierto de Tabernas Natural Park and the Special Area of Conservation (SAC) Calares de 
Sierra de los Filabres. 

The rest of the provincial surface area belongs to the suitability categories “Medium” 
(36.04%), “Low” (49.43%), “Constraint” (6.19%) and “Null” (1.45%). 

Figure 4. Green infrastructure restricted area map.

3.4. Land Suitability for Green Infrastructure

Figure 5 shows those areas that are highly suitable for integration into the GI proposal.
They occupy 6.89% of the provincial surface. These mainly extend along the Almanzora
and Adra river basin, and in the surroundings of the Sierra Nevada Natural Park, the
Desierto de Tabernas Natural Park and the Special Area of Conservation (SAC) Calares de
Sierra de los Filabres.

The rest of the provincial surface area belongs to the suitability categories “Medium”
(36.04%), “Low” (49.43%), “Constraint” (6.19%) and “Null” (1.45%).
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3.5. Definition of Ecological Corridors

We generated a total of 45 ecological corridors. Of these, we selected the 15 longest
corridors for the overlay analysis (Figure 6). We can observe that the distribution of the
southern PAs, from west to east, from the Sierra Nevada National Park (no. 34 in Figure 1)
to the Sierra de Cabrera-Bédar Special Area of Conservation (no. 28), already comprises an
ecological network connecting the core areas.
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Among the main features of the proposed GI in the eastern half of the province, we
highlight the connection of the Natural Parks of Sierra María-Los Vélez (no. 32 in Figure 1)
and Sabina Albar (no. 25) with the Special Areas of Conservation (SACs) of the Sierra del
Alto de Almagro (no. 30), Sierra de Almagrera, Los Pinos and El Aguilán (no. 35), and Sierra
de Cabrera-Bédar (no. 28). In the western half, the four new corridors would communicate
the Calares de la Sierra de los Filabres SAC (no. 5) with the Natural Monuments of Piedra
Lobera (no. 18), Encina de la Peana (no. 10), and Encina del Marchal (no. 11), and with the
other areas mentioned above. Another transversal corridor follows the river Almanzora,
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from west to east, linking the Calares de la Sierra de los Filabres SAC (no. 5) with the Sierra
del Alto Almagro SAC (no. 30).

The map of landscape suitability also highlights the isolation of some PAs, such as the
Albufera de Adra Nature Reserve (no. 1), the Site of Community Importance (SCI) of Artos
de El Ejido (no. 3) or the Punta Entinas Sabinar Natural Site (no. 19) and its homonymous
Nature Reserve (NR) (no. 20). The situation of the latter two protected areas, surrounded
and nestled between the coastline and the “plastic sea” [85], makes their connectivity with
the rest of the PAs impossible. This is of course most serious in the case of the NR which
enjoys the highest degree of protection available under national law, on account of its
well-preserved dune systems and salt marsh ecosystems.

The results of the intersection between ecological corridors generated by the connec-
tivity analysis and the suitability map (Table 4, Figure 7) show that suitability for GI is
acceptable in most cases. In 11 out of 15 ecological corridors, >10% of the surface area
was classed as having “High” suitability (Table 4, Figure 7), with 7 of these exceeding
>20% surface area of “High” suitability. In 13 out of 15 ecological corridors, >40% of the
surface area was classed as having “High” or “Medium” suitability (Figure 7), and in 8
of these, >50% of the surface area was classed as having “High” or “Medium” suitability
(Figure 7). On the other hand, in 7 of the 15 ecological corridors analysed, >50% of the
surface area was classed as having “Null” or “Low” suitability (Figure 7). This suggests
that closer examination of some of the proposed corridors is needed to try to reduce the
area of fragmented or degraded lands in the proposed GI network.
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Table 4. Connectivity analysis: ecological corridors.

ID
Area
(km2)

Landscape Suitability

High (%) Medium (%) Low (%) Null (%)

1 63.88 26.40 15.46 56.83 1.31
2 50.64 25.79 18.13 53.69 2.39
3 43.32 1.54 47.62 42.59 8.25
4 36.21 10.93 49.35 15.41 24.31
5 35.33 25.91 40.85 32.41 0.82
6 34.75 22.14 21.76 52.99 3.12
7 21.64 35.90 38.90 12.41 12.80
8 20.78 18.61 10.90 70.50 0.00
9 19.61 9.07 6.00 84.93 0.00
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Table 4. Cont.

ID
Area
(km2)

Landscape Suitability

High (%) Medium (%) Low (%) Null (%)

10 18.14 31.26 24.21 35.04 9.49
11 14.76 17.76 38.00 19.39 24.85
12 14.24 7.24 37.24 55.52 0.00
13 13.21 20.04 36.58 43.38 0.00
14 7.71 0.05 96.96 0.44 2.55
15 5.59 13.68 46.27 15.72 24.32

Source: created by the authors.

3.6. Connectivity of Almeria’s Protected Areas

Table 5 shows the evolution over time (1984–2007) of the different categories of land-
scape fragmentation in each area analysed, whether they are PAs, their surroundings, or
candidate areas for GI. There are notable differences between the different zones according
to their protection stringency. The national park and the nature reserve have very low
fragmentation values as a result of the strict limitations on land use within these areas. In
the national parks, the Habitat Fragmentation Index (HFI) score has actually increased as a
result of the reforestation programme initiated in the Nacimiento river basin in the early
1970s, as well as its subsequent designation as a national park in 1999 [86].

Table 5. Temporal evolution of landscape fragmentation in the territory occupied by protected
areas, their surroundings and by green infrastructure candidate areas; data from the MSPA tool.
HFI = Habitat Fragmentation Index.

MUCVA 1984

Core Background Branch Edge Perforation Islet Bridge Loop Total HFI

Nature Reserve 5.59 0.18 0.01 0.11 0.14 0.00 0.00 0.00 6.02 1.94
National Park 137.41 6.16 0.10 0.03 3.66 0.00 0.01 0.27 147.63 1.94
Natural Park 887.28 68.70 1.54 1.09 20.63 0.10 0.41 0.64 980.39 1.91
Natural Site 219.29 13.78 0.25 0.34 4.44 0.02 0.09 0.15 238.36 1.93

Special Area of
Conservation 1326.78 42.15 1.50 1.30 17.25 0.04 0.64 0.84 1390.50 1.96

Candidate GI 468.05 109.88 2.15 3.62 19.00 0.20 0.57 0.79 604.25 1.79
Other PAs 4.25 0.67 0.02 0.17 0.27 0.01 0.00 0.01 5.39 1.81

Buffer 5 km 2712.75 767.22 14.01 27.86 115.45 2.03 5.34 3.69 3648.35 1.76

MUCVA 2007

Core Background Branch Edge Perforation Islet Bridge Loop Total HFI

Nature Reserve 5.56 0.18 0.01 0.12 0.15 0.00 0.00 0.00 6.02 1.94
National Park 140.11 3.76 0.05 0.01 3.42 0.00 0.00 0.28 147.63 1.96
Natural Park 885.03 69.55 1.64 1.50 21.08 0.10 0.63 0.86 980.39 1.91
Natural Site 221.58 11.59 0.19 0.13 4.68 0.01 0.03 0.15 238.36 1.94

Special Area of
Conservation 1314.32 49.64 1.60 2.51 20.51 0.06 0.80 1.07 1390.50 1.95

Candidate GI 488.74 86.32 2.06 6.30 18.66 0.27 0.81 1.10 604.25 1.82
Other PAs 3.95 0.91 0.02 0.36 0.12 0.01 0.01 0.01 5.39 1.76

Buffer 5 km 2582.43 879.06 16.79 49.95 106.28 2.18 7.21 4.46 3648.35 1.72

Source: created by the authors based on Gallardo and Martínez-Vega [40]. Values in km2.

At least on the basis of these quantitative landscape indices, natural parks and natural
sites have undergone few changes. However, areas of ecological value have disappeared
due to the construction and development of new infrastructures and urban areas. These
include the construction of the A-7 motorway through the Karst in Yesos de Sorbas, and
the A-92 through the Sierra Nevada and the Tabernas Desert.
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The candidate areas for GI had a Habitat Fragmentation Index of 1.79 in 1984, which
increased to 1.82 in 2007. This improvement is due to the tendency for candidate areas to
be located in forest areas restored after 1984, which have become less fragmented over time
as a result. However, the GI candidate areas also include agricultural and semi-natural
areas that are much more dynamic and suffer more frequently from fragmentation and
changes to their character, considerably reducing their Habitat Fragmentation Index value.

The areas of greatest concern are to be found in and around the Natura 2000 Network.
Special Protection Areas and Sites of Community Importance are the most fragmented. The
lack of an effective management plan in these enclaves causes an increase in the number
of perforations. These openings in the core areas are related to the pressure exerted by
greenhouses in their surroundings, even expanding into the interior of the Special Areas of
Conservation of the Ramblas de Gérgal, Tabernas, and the south of the Sierra de Alhamilla,
according to the 2007 MUCVA. The impact of the new communication routes in these areas
is also perceptible, as mentioned above.

Finally, the buffer zones show the highest degree of fragmentation (Habitat Fragmen-
tation Index of 1.72). Fragmentation has even increased between the two dates analysed in
the PA buffer zones located near the coast of Almeria, which has seen the largest share of
the physical and economic transformation of the province in recent decades.

Despite the great richness of the natural heritage of the province of Almería, there
are still unprotected areas with species whose conservation is crucial if a high degree of
diversity is to be maintained, according to Mendoza-Fernández et al. [87]. These authors
propose a network of micro-reserves, complementary to the RENPA PAs, which would
help to protect the areas of highest botanical value.

4. Discussion

Previous research has shown that the most significant land use/land cover changes
in the province of Almería since 1984 were directly related to the impacts of tourism
and intensive agriculture. After the appearance of the first greenhouses at the end of the
1960s, the IRYDA (National Institute for Agrarian Reform and Development) progressively
abandoned traditional models of agricultural development, opting for the expansion
of irrigated greenhouse crops. This technique rapidly became consolidated [88] and has
continued to the present day. This process of expansion of irrigated arable and woody crops
has been documented not only in the province of Almería, but also in the Guadalquivir
Valley and the Region of Murcia [89]. At the same time, the designation of the ‘Centres of
National Tourist Interest’, the attractiveness of the Mediterranean climate, and the economic
boom of the early 1980s led to a rapid and sustained increase in tourism [14] that continues
to the present day.

More generally, our results are influenced by the dispersed distribution of habitats
and the concentration of the forest landscape in the western half of the province. Both
aspects condition the distribution and nature of ecological corridors [90–92]. We found
less resistance to species movement in highly forested areas. In contrast, corridors through
low-lying land areas were very challenging for ecological connectivity due to the density of
agricultural and urban spaces and linear infrastructures [93]. This phenomenon is most
pronounced along the coastal strip [94].

On the other hand, the multi-criteria Evaluation suitability map (Figure 5) tends to
favour factors in specific locations that are widely known to have positive impacts on
wildlife conservation. This is the case for the factors “proximity to forest areas”, “presence
of Habitats of Community Interest” and “proximity to linear corridors”. These findings
support the results of previous studies, for example, Mironova [41], Osewe et al., [60] and
Dindaroglu [69], among others.

Further, we found that some of the proposed ecological corridors are located in semi-
natural ecosystems. Nevertheless, these are important for conservation because they favour
the dispersal of species [95]. Just over 50% of the area occupied by the proposed corridors
has an acceptable suitability for the movement of species between core areas.
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The results of the analysis carried out using the Morphological Spatial Pattern Analysis
tools showed that GI candidate areas and buffer zones reached Habitat Fragmentation Index
values close to 2, demonstrating their capacity to favour the conservation of fauna and
flora. It is true that, as the level of protection decreases, the Habitat Fragmentation Index
decreases, with buffer areas being the most fragmented in the region. Fundamentally, this is
due to the commitment to intensive agriculture [96], which has led to a massive proliferation
of greenhouses in Campos de Dalías [87] and Níjar [97], located on the peripheries of the
Sierra de Cabo Gata-Níjar Natural Park, the Special Area of Conservation (SAC) of the
Sierra de Gádor and Enix, Punta Entinas Sabinar Nature Reserve, Los Artos de El Ejido
Site of Community Importance [98] and Albufera de Adra SAC, among others. In addition,
there has been considerable expansion of residential areas and facilities related to tourism
development of coastal municipalities [99,100].

A number of points of discussion emerged that offer interesting directions for future
work. Firstly, some of the factors included in the multi-criteria evaluation model deal with
generic aspects of the concept of green infrastructure (GI), and as a result, the role they play
in determining suitability in this particular model is somewhat unclear. One way to resolve
this question would be to apply a simple regression model to test the significance of the
chosen factors in predicting suitable habitats. It may be that some of the chosen factors are
not very significant and need not be included in a future model.

Another interesting topic for future work would be to explore the impact of complex
variables related to the ecosystem services provided by GI on suitability: water availability,
carbon sequestration, air quality, and soil organic matter [68,69]. Economic variables related
to land use planning could also be included, to observe which areas would be available,
in the future, for the growth of certain land uses and what impacts these would have on
GI [101].

Thirdly, we suggest carrying out individualised analyses of the buffer zones of each
protected area in Almería [40]. In this way, we could check which areas are under pressure
and threatened by land use fragmentation. This would support our argument that coastal
PAs and other areas of natural interest are disconnected, an idea that has become evident in
the delimitation of ecological corridors. We have not delineated corridors in them because
of the numerous restrictions in their surroundings.

Our research also has certain limitations that must be considered. Firstly, the most
recent land use/land cover map used (MUCVA) corresponds to 2007, because no more
recent maps are available in that cartographic series. For a more recent appreciation
of the situation, other land cover databases would be needed. The possibilities include
SIOSE [102,103], which maintains our scale of analysis of 1:25,000, as well as the Forest
Map of Spain, MFE [104], and CORINE Land Cover [105,106] at 1:50,000 and 1:100,000
scales, respectively. Second, our suitability raster was constructed without empirical data
on species distribution. Field measurements, if they could be obtained in future research,
would improve the accuracy of our results. Third, our analysis has been conducted consid-
ering wildlife as a whole, rather than any specific species. However, other authors, e.g.,
Doko et al. [107] or Ghoddousi et al. [108], analyse the behaviour and possible distribution
of ecological corridors for specific species. Finally, it should be noted that not all of the data
used for the suitability map belong to the same time period. To minimise the problem, we
took care to choose datasets from the closest available year to 2007 (see, e.g., [109,110]).

5. Conclusions

The preservation of habitats in the province of Almería depends on the conservation
strategies adopted in its protected areas (PAs). Our study shows that, despite the intense
degree of humanisation of the landscape, there are opportunities to ensure ecological
connectivity between the PAs. In some cases, PAs have several possible corridors connect-
ing them to their neighbours, offering planners some flexibility in implementing green
infrastructure based on particular cases.
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Most of the links we identified are located in the central area of the province of Almería,
specifically in the Almanzora river basin. Due to its remoteness from the coast and its
particular climatic conditions, it has been less attractive for intensive agriculture and urban
development related to tourism, the main drivers of transformation and fragmentation of
traditional land uses. Consequently, its ability to maintain a continuous and integrated
ecological network, where faunal and floral communities can develop and move, is greater.

However, other corridors are located in areas that are highly resistant to the movement
of species and close to the coastline, communication routes and highly artificialized zones
that limit the capacity for the implementation of green infrastructure. In these cases, the
corridors tend to follow river courses and livestock trails with lower degrees of alteration.
It is precisely these elements that are the most critical for the survival of the corridor itself
and should be considered areas of maximum priority for its future survival.

The scarcity of available suitable land, continued population growth and new economic
demands are leading to a progressive increase in land areas that are intensively modified
by human activity, resulting in considerable pressure on forest and semi-natural areas.
Conserving the transitional routes of wildlife communities in environments so dominated
by economic activity is a major challenge. Connectivity analysis and mapping of ecological
corridors, as attempted here, are effective tools to guide future conservation decisions.

Finally, we highlight the continuing relevance of GIS and multi-criteria evaluation
techniques in assessing ecological landscape suitability and vulnerability to degradation
and fragmentation from specific sources. GISs are nowadays fully integrated into environ-
mental management workflows at every level, and multi-criteria evaluation techniques are
well documented in the scientific literature. When combined into a spatial multi-criteria
decision model (MCDM), as achieved here, they become extremely powerful tools for
strategic planning of conservation areas. In this case, we have proposed a new green
infrastructure network in the province of Almeria from a dual perspective: on the one
hand, we have identified the most suitable areas for green infrastructure from an ecological
point of view (Figure 5), and on the other, we have identified the most critical areas (river
courses and livestock trails in severely degraded semi-artificial lands) for maintaining
connectivity between core areas of high natural value. Close attention should be paid to
these “critical pressure points” in order to preserve the character of the protected areas,
their surroundings and the links between them.

The methodology used in this study could serve as a basis for similar initiatives at
regional and national levels. In the regional context, it could be extended to the other seven
Andalusian provinces in the framework of the Plan for the Improvement of Ecological
Connectivity in Andalusia2. This aims to improve ecological connectivity between Habitats
of Community Interest by prioritising the design of nature-based solutions such as green
infrastructure.

At the national level, the main goal of the Spanish Strategy for Green Infrastructure
and Ecological Connectivity and Restoration3 is to identify the elements that can form part
of green infrastructure. To the best of our knowledge, there is not yet a complete list of
elements to be considered, nor are the characteristics and criteria that must be met to be
considered as part of the green infrastructure clearly established. There is also no mapping
of green infrastructure at the state level.

In future research, it would be advisable to include citizen participation through stake-
holders in order to obtain their opinions and views on the proposed technological solutions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land13111916/s1.

Author Contributions: Conceptualization, Á.N.G., J.M.-V. and R.J.H.; methodology, Á.N.G., J.M.-V.
and R.J.H.; formal analysis, Á.N.G.; investigation, Á.N.G., J.M.-V. and R.J.H.; writing—original
draft preparation, Á.N.G.; writing—review and editing, Á.N.G., R.J.H. and J.M.-V.; visualisation,
Á.N.G.; supervision, J.M.-V. and R.J.H. All authors have read and agreed to the published version of
the manuscript.

https://www.mdpi.com/article/10.3390/land13111916/s1
https://www.mdpi.com/article/10.3390/land13111916/s1


Land 2024, 13, 1916 20 of 24

Funding: This research presented in this paper was funded by the FUTUREGREEN project (PID2023-
152776OB-C21), supported by the Spanish Ministry of Science, Innovation and Universities and
the Environmental Remote Sensing and Spectroscopy Laboratory (Speclab) at the Spanish National
Research Council (CSIC).

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

Notes
1 The RENPA currently contains 311 Protected Natural Spaces. However, because two or more protected areas overlap in the

same territory (two or more figures of protection concur), the term ‘protected area’ has been coined to designate the largest
continuous geographical area over which one or more protection figures are established. Considering this interpretation, there
are 249 protected areas in Andalusia.

2 https://www.juntadeandalucia.es/boja/2018/130/1 (accessed on 6 November 2024).
3 https://www.boe.es/diario_boe/txt.php?id=BOE-A-2021-11614 (accessed on 6 November 2024).
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