
Chapter 15
Modeling Land-Use Scenarios in Protected
Areas of an Urban Region in Spain

M. Gallardo and J. Martínez-Vega

Abstract Land use change due to human activity can have serious, often irre-
versible effects on the environment. It affects ecosystem functions and the sus-
tainability of protected natural areas. Problems such as fragmentation, low habitat
connectivity or a decline in a territory’s ability to capture carbon are some of its
consequences. By studying past land use trends we can simulate future land uses,
and modeling such trends is essential if a preventive approach to the management of
protected areas is to be adopted. The aim of this chapter is to simulate different
change scenarios in protected natural areas in the urban region of Madrid, from
National and Nature Parks to Special Areas of Conservation and Special Protection
Areas. To this end we study land use changes both inside and around these pro-
tected areas. CORINE Land Cover maps from 1990, 2000 and 2006 are used.
Cross-tabulation techniques are applied in order to study trends in land use change.
Three scenarios are designed: a baseline or trend scenario, an economic crisis
scenario and a green scenario. The CLUE model (based on logistic regression) is
used. LCM (based on neural networks) is also used but only in the trend scenario.
Biophysical, socio-economic and accessibility factors and incentives and restric-
tions are considered. FRAGSTATS and GUIDOS are used to analyse the effect of
infrastructure and built-up land growth on connectivity and fragmentation. In recent
decades, the region of Madrid has experienced intense urban and infrastructure
development (48,332 ha). Protected areas have been affected by this urbanization
process. Built-up areas have grown at an average annual rate of 5.52% in protected
areas and around them. According to the trend scenario, the built-up area will
increase by 28,000 ha over the period 2006–2025 to 7.6% of the study area. No
fragmentation processes are expected in the National Park. However, fragmentation
of agricultural and natural habitats around protected areas is expected to increase by
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7.2% during this period. These findings should alert land use planners and the
managers of protected areas to the potential threats.

Keywords Simulations � Land use scenarios � Protected areas � Region of
Madrid � Spain

1 Introduction

According to the World Database on Protected Areas, from 2003 to 2014 the
number of protected sites increased from 84,577 to 217,294. In 1990, protected
areas covered 8.6% of the land area. Since 2012, these areas have grown by 1.6
million km2 as a result of new declarations. Today, they occupy 15.4% of the land
area and of continental and inland waters, 3.4% of the global ocean area, 8.4% of
marine areas covered by national jurisdictions and 10.9% of coastal waters
(Juffe-Bignoli et al. 2014). In order to reach Aichi Target 11 (Strategic Plan for
Biodiversity 2020), the Convention on Biological Diversity recommends that by
2020 at least 17% of terrestrial and inland water surfaces and 10% of coastal and
marine areas be protected. In Europe, protected areas occupy 13.6% of the land
mass and of continental waters (Deguignet et al. 2014). In Spain, from 1990 to 2013
the number of protected natural areas multiplied by 7 and their surface area tripled
(EUROPARC-España 2014). In the world and European contexts, Spain has an
important role to play in the conservation of biological diversity. Today, over 27%
of the surface occupied by terrestrial ecosystems are protected by national,
European or worldwide networks. Within the EU, Spain is the largest contributor to
the Natura 2000 network.

In spite of their importance, Protected Areas (PAs) are increasingly under threat
from factors such as climate change (Ruiz-Mallén et al. 2015), land use changes
(Martínez-Fernández et al. 2015), deforestation (FRA 2010), forest fires (Chuvieco
et al. 2013), habitat fragmentation (Dantas de Paula et al. 2015), loss of biodiversity
(Sastre et al. 2002), propagation of invasive species (Lei et al. 2014), urban pressure
(McDonald 2013) and public use (López Lambas and Ricci 2014).

Land-use change is a matter of concern for the scientific community.
Spatio-temporal analysis can be used for a number of purposes (Lambin et al. 2001;
Moreira et al. 2001; Améztegui et al. 2010; Viedma et al. 2015): (1) to observe land
use changes in the past and explore the factors explaining them, (2) to simulate
possible environmental and socio-economic impacts, and (3) to assess the influence
of political alternatives in order to improve planning.

A vast number of studies and projects related to Land Use and Cover Change
(LUCC) have been carried out. Of importance at a global level is the Land-Use and
Land-Cover Change Science/Research Plan (Turner et al. 1995), a core project of
the International Geosphere-Biosphere Programme (IGBP) and the International
Human Dimension Programme on Global Environmental Change (IHDP). In
Europe, one of the most interesting programmes is CORINE Land Cover, CLC
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(Feranec et al. 2007). The results of these projects and studies can help managers
take decisions and enable the objectives of the aforementioned strategic plan to be
achieved.

However, little is known about LUCC trends at different protection levels.
Recent studies have focused on analysing changes in protected areas of differing
importance and in the unprotected areas around them (Sastre et al. 2002;
Romero-Calcerrada and Perry 2004; Ruiz Benito et al. 2010; Hewitt and Escobar
2011; Martínez-Fernández et al. 2015; Martinuzzi et al. 2015). It is important to
simulate future land-use scenarios so that a dual approach can be adopted in pre-
ventive planning for protected areas and their surroundings (Martinuzzi et al. 2015).
Such scenarios are important firstly for predicting threats associated with increased
built-up land and the risk of forest fires stemming from growth in the
Wildland-Urban Interface. They may also be a source of opportunities. New nat-
uralised areas resulting from the abandonment of agricultural land might be
included in buffer zones or ecological corridors that would improve connectivity
among PA cores.

In short, although the perceptions of scientists and manager differ
(Rodríguez-Rodríguez and Martínez-Vega 2016), LUCC would seem to be a basic
component for evaluating the efficiency of PAs (Rodríguez-Rodríguez and
Martínez-Vega 2012).

Our research is in line with previous approaches. The simulated scenarios and
initial knowledge of their consequences for landscape structure could be a good
starting-point for discussion and for reaching agreements between local commu-
nities and managers of protected areas.

The main goal of this research is to simulate land use in 2025 in PAs and their
surrounding areas in the region of Madrid using two simulators, one based on
logistic regression and the other on artificial neural networks. A secondary goal is to
analyse the LUCC that took place between 1990 and 2006 and the changes
expected by 2025 in order to determine trends and threats arising inside and around
PAs. A third goal is to analyse the changes that have taken place or are expected in
landscape structure and in a selection of landscape ecology indices.

2 Test Area and Data Sets

The Madrid region covers an area of 8,027 km2 and in 2015 had a population of
6,436,996 inhabitants.1 It is the most densely populated region in Spain with about
800 inhabitants/km2. The region has a continental Mediterranean climate. Forest
and semi-natural areas occupy about 48% of the total area, agricultural land 37%,
built-up areas 14% and wetlands and water bodies 0.84%, according to CORINE
Land Cover 2006 (CLC06).

1http://www.madrid.org/iestadis (last accessed March 3, 2016).
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In the region of Madrid, PAs occupy 329,164 ha, equivalent to 41% of the
region’s total surface area (Fig. 1). Table 1 shows their main characteristics, listing
them in order of protection—from greatest to least. 15% of the Madrid Region is
protected in SACs (Special Areas of Conservation), 12% in Regional Parks (RP),
10% in an SPA (Special Protection Area), about 3% belongs to a National Park
(NP) and the remaining 1% is occupied by the Peripheral Protection Zone
(PPZ) around this National Park and by a Nature Reserve (NR). All the PAs studied
contain terrestrial ecosystems typical of the Mediterranean biogeographic region.

We also took into account a 5 km buffer zone around all the PAs in the region,
which has no protection from the point of view of biodiversity. It occupies 372,865
km2 equivalent to 46% of the region’s area. Its aim is to mitigate threats to the PAs
and as such it plays a strategic role in the conservation of biodiversity. About 13%
of the region’s land surface falls outside the scope of the study. Most of it is
occupied by the city of Madrid and by other towns within the metropolitan area.

Fig. 1 Test area: Madrid region, Spain
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Table 1 Main characteristics of the protected areas considered in the study

Protected
area

Designation
year

Designation target Main ecosystems

El Regajal-Mar
de Ontígola
Nature Reserve

1994 Fauna (Lepidoptera;
birds), botanical

Scrub; semi-natural wetland
(dam)

Sierra de
Guadarrama
National Park

2013 Ecological,
geomorphology,
landscape, scientific,
cultural, education

Montane scrub and alpine
grasslands; pine forests
(P. sylvestris); deciduous
forests (Q. pyrenaica);
wetlands; peatlands

Cuenca Alta del
Manzanares
Regional Park

1985 Environmental, cultural,
agricultural and
landscape,
ecologicalcorridor

Montane; deciduous forests
(Q. pyrenaica); evergreen
forests (Q. rotundifolia,
P. sylvestris); pasturelands

Sureste Regional
Park

1994 Ecological,
palaeontological and
archaeological

Unirrigated cropland; pine
forests (P. halepensis); riparian
forests; artificial wetlands;
scrub

Curso medio del
río Guadarrama
Regional Park

1999 Natural and cultural,
water ecosystems,
landscape, ecological
corridor, tourism

Evergreen forests
(Q. rotundifolia, P. pinea);
riparian forests; scrub;
unirrigated cropland

Cuenca del río
Lozoya y Sierra
Norte SAC

1998/
2014a

Ecological, habitats Montane; deciduous forests
(Q. pyrenaica); evergreen
forests (T. baccata); scrub
(G. purgans)

Cuenca del río
Manzanares SAC

1998/
2014a

Ecological, fauna,
hábitats

Evergreen forests (Q. ilex,
Q. rotundifolia); riparian
forests (Salix and Populus
alba); Sclerophillous grazed
forests (dehesas); substeppes
(Thero-Brachypodietea)

Cuenca del río
Guadalix SAC

1998/
2014a

Ecological, fauna,
hábitats

Evergreen forests (Q. ilex,
Q. rotundifolia); Arborescent
matorral with Juniperusspp;
riparian forests (Salix and
Populus alba); Sclerophillous
grazed forests (dehesas);
substeppes

Cuencas de los
ríos Jarama y
Henares SAC

1998/
2011a

Ecological, fauna,
hábitats

Cereal steppes; riparian forests
(Salix and Populus alba);
Arborescentmatorral with
Juniperus spp.

Vegas, Cuestas y
Páramos del
Sureste de
Madrid SAC

1998/
2014a

Ecological, fauna,
hábitats

Wetlands; salt and gypsum
inland steppes; riparian forests
(Salix and Populus alba)

(continued)
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We have selected two sets of geographical data. First, we downloaded all the
updated perimeters and their corresponding attributes for the Nationally Designated
Protected areas (NDP) in the Madrid region.2 We also downloaded the Natura 2000
Network areas (Nn2000).3

This information comes from the Nature Data Bank of the Spanish Ministry for
the Environment, the national contact point. In order to find the dates for final
approval of the SACs, we linked the cartography with the Common Database on
Designated Areas (CDDA) of the European Environment Agency.4 We then
downloaded land use/land cover maps from the CLC project for the years 1990,
2000 and 2006.5 We did not consider the most recent map (CLC 2012) because it is
still under review.

Finally, we took into account a collection of auxiliary geographic data in order to
map the driving factors and the restrictive and incentive factors during design of
future land use scenarios. We considered roads, rivers and railway stations
(Numerical Cartographic Base 1:100,000, obtained from the Spanish National
Geographical Institute) when drawing up accessibility maps that take into account
the cost of transport and distances to the city of Madrid, to other cities, to the airport
and to the roads themselves. We used a Digital Elevation Model (raster 30 m
GMES RDA, EU-DEM) to generate altitude and slope maps, the lithological map

Table 1 (continued)

Protected
area

Designation
year

Designation target Main ecosystems

Encinares de los
ríos Alberche y
Cofio SPA

1990 Ecological, fauna,
hábitats

Evergreen forests (Q. ilex,
Q. rotundifolia, P. pinea,
P. pinaster); Sclerophillous
grazed forests (dehesas); scrub

Peripheral
Protection Zone
Guadarrama
National Park

2013 Ecological Montane; pine forests
(P. sylvestris); pasturelands

aFor the SACs, two dates are given in the “Designation year” field. The first refers to the year when
the regional government proposed to the EU that the area be declared an SAC. This marked the
beginning of their commitment to preventive protection in order to conserve the biodiversity of the
area’s habitats. The second date is the actual date of the declaration, after which the corresponding
management plans were approved

2http://www.magrama.gob.es/es/biodiversidad/servicios/banco-datos-naturaleza/informacion-
disponible/cartografia_informacion_disp.aspx (last accessed March 21, 2016).
3http://www.magrama.gob.es/es/biodiversidad/servicios/banco-datos-naturaleza/informacion-
disponible/red_natura_2000_inf_disp.aspx (last accessed March 21, 2016).
4http://www.eea.europa.eu/data-and-maps/data/natura-6#tab-european-data (last accessed March
21, 2016).
5http://centrodedescargas.cnig.es/CentroDescargas/buscadorCatalogo.do?codFamilia=02113 (last
accessed March 21, 2016).
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of Madrid, the map of public-utility forest areas (Regional Government of Madrid),
PA zoning in the region (Autonomous Body for National Parks) and specific leg-
islation on land and territorial planning (General Urban Land Plan for Madrid for
1997, Law 9/2001 of 17 July on land in the Region of Madrid, Law 9/1995 of 28
March on measures for territorial policy, land and planning, and Law 3/1991 of 7
March on roads in the Region of Madrid).

3 Methodology and Practical Application to the Data Sets

Our research follows the workflow shown in Fig. 2. We used ArcGIS v10.3 (ESRI
Inc.) for vector processing of the downloaded data and to draw up the buffer.
For LUCC analyses, we used IDRISI-Selva (Eastman 2012). We also used CLUE
(Verburg and Overmars 2007) and the IDRISI-Selva Land Change Modeller
(LCM) for designing the scenarios. Finally, we used GUIDOS-MSPA (Soille and
Vogt 2009) to analyse the spatial landscape pattern, and FRAGSTATS 4.0
(McGarigal et al. 2002) to evaluate trends in landscape metrics depending on the
type of PA and trends in their surrounding areas.

Firstly, we selected the PAs to be considered in the study. Areas where several
types of protection overlap are classified as areas of greatest protection. In
descending order, the level of priority is as follows: (1) Nature Reserve,

Fig. 2 Framework
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(2) National Park, (3) Regional Park, (4) SAC, (5) SPA, (6) Peripheral Protection
Zone in Sierra de Guadarrama National Park.

We then established an unprotected area around each PA, joining up areas that
are adjacent to each other. From this buffer we excluded land that might be pro-
tected for other reasons (public-utility forest, public waters, roads, etc.). In line with
the literature, we began using a 10-km buffer (Martínez-Fernández et al. 2015;
Martinuzzi et al. 2015). However, in the end we opted for a 5-km buffer which is
more appropriate for the characteristics of this triangular urban region. This means
that 13% of the region is outside the PAs and the buffers analyzed. Their ecosys-
tems are very different to those inside the PAs.

Second, we transformed the CLC vector maps to a raster format with a 50 �
50 m pixel size. From the CLC legend we made three different groupings. The first
is a simplification of level 3 in seven categories: (1) urban fabric, (2) industrial and
commercial, (3) arable land and permanent crops, (4) heterogeneous agricultural
areas, (5) forests, (6) shrubs and herbaceous vegetation, and (7) others (open spaces
with little vegetation, wetlands and water bodies). We used this grouping to sim-
ulate future scenarios and to analyse temporal trends in landscape metrics. In the
second we grouped land uses into three types: (1) built-up surfaces, (2) agricultural
areas and (3) natural areas. This classification (Martinuzzi et al. 2015) was used to
evaluate land-use changes according to the type of PA and in their surrounding
areas. Finally, in order to assess the dynamics of landscape structure we took level 1
of the CLC legend into account. We reclassified the maps in binary format. We
considered class 1 as background, and combined classes 2, 3, 4 and 5 into a single
target category (agricultural and natural areas) linked to the habitats represented in
PAs in the region of Madrid.

Third, using CLUE we simulated land use in 2025 in three different scenarios:
(a) trend scenario, (b) economic crisis scenario and (c) green scenario. The first one,
the trend scenario or “business as usual” shows what would happen if the past trend in
1990–2000–2006 were to continue until 2025. The crisis scenario shows what would
happen if the economic crisis in Spain and the region ofMadrid were to continue until
2025. To draw up this scenario, we carried out 117 surveys with experts (scientists,
land and protected area managers, ecologists and representatives of
non-governmental organisations, neighbourhood associations, etc.); they were asked
about how much the different land use types could grow or decrease under an eco-
nomic crisis scenario andwhere these land use changes could preferentially be located
(see Gallardo 2014; Gallardo et al. 2016). Finally, the green scenario shows what
would happen if there were more active reforestation policies and if greater impor-
tance were placed on the natural environment. It does, however, take into account that
Madrid is an urban region and that built-up areas will continue to grow. Thismeans on
the one hand, that greater protection is offered to natural uses than in the past and, on
the other, that greater growth is assigned to built-up land.We used LCM to design the
trend scenario in order to compare its results with those of CLUE.

In the models drawn up with CLUE, we related land use and driving factors by
means of logistic regressions (LR). In the model simulated with LCM, we used a
multi-layer perceptron neural network (MLP). Previously, we performed a
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Pearson’s correlation analysis to observe the correlations between the selected
variables. We eliminated highly correlated variables as they did not make a sig-
nificant contribution (see Gallardo 2014; Gallardo et al. 2016). In CLUE, we
assigned the demand for each land use specifying the number of hectares for each
land use in 2025, based on what had happened in previous years. In LCM, this was
determined by a transition matrix indicating the probability of change from one use
to another (see Gallardo 2014).

We calibrated the model in order to improve the scenario results. Taking the
sequence of maps 1990–2000 as a base, we simulated a land-use model in 2006 and
compared it with the real map for 2006. We varied the amount of land-use change,
the driving factors used and/or the size or weight of the neighbourhood in order to
obtain a better result. For validation, we carried out comparisons in terms of
quantity and location; the former considered the proportion of each category of land
use appearing on one map and whether this was similar to the proportion for that
same category on the other; the latter compared the position of each category on the
two maps. We used Kappa statistics, K Location (location) and K Histogram
(quantity) (Pontius 2000; Van Vliet 2009) and we compared them with a null model
and a random model. We obtained values and maps of hits, misses and false alarms
(Eastman 2012; Sangermano et al. 2012).

Fourth, we drew up cross-tabulation matrices (Pontius et al. 2004) to obtain
values and maps of changes between 1990–2006 and 2006–2025. We then com-
pared the results with the protected areas depending on their level of priority and
with the 5-km buffer. The aim was to find some of the main processes of land-use
change that had already taken place and that could be expected in different sce-
narios: urbanisation, naturalisation and disturbances and exchanges in natural areas
(Stellmes et al. 2013; Martínez-Fernández et al. 2015).

Fifth, we calculated an index for fragmentation of agricultural and natural
habitats and for temporal variations in terms of their size and spatial pattern.
The MSPA algorithm in the GUIDOS software (Soille and Vogt 2009) classified
each pixel by its geometric position on the matrix being analysed, distinguishing
between seven entities: (1) cores, (2) islets, (3) perforations, (4) edges, (5) loops,
(6) bridges and (7) branches. We took into account the following parameters:
analysis of pixel connectivity in 8 directions (cardinal and diagonal) = 1; transition
pixels = 1; distinction between external and internal edges (perforations) in the core
class. We calculated a Habitat Fragmentation Index (Chuvieco et al. 2013), in our
case the sum of agricultural and natural habitats (HFI) in each type of PA and in its
corresponding buffer. This goes from 1 (greatest fragmentation) to 2 (least frag-
mentation). It assigns a different weight to each of the entities mapped in terms of
the relations between resilience and spatial coherence (Opdam et al. 2003, 2006).
There is a constant gradation from the core (greatest weight) to the islets (least
weight). The index relates the number of pixels in each category or fragmentation
entity to their weights.

Finally, we calculated temporal variations in some landscape metrics. Following
the recommendations of Aguilera and Botequilha-Leitão (2012) for a
Mediterranean region with similar processes to those of Madrid, we selected six
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FRAGSTATS indices that give us an estimate of fragmentation (NP) of the land-
scape patches, their size (LPI and AREA_CV), the complexity of their shape
(FRAC_AM), their closeness (CONTIG_AM) and their isolation (ENN_AM).

4 Results

Table 2 shows the LUCC that took place between 1990 and 2006 by zone (types of
PA and their surroundings), a period of intense change. Globally, the built-up
surface expanded by 41,000 ha, equivalent to 11.23% of the total study area. Over
these 16 years, more than 9% of the buffer land and 2% of PAs were sealed. There
are large differences depending on the degree of protection enjoyed by the different
PAs. The Nature Reserve and Regional Parks were the most affected by land-use
changes. In general, agricultural areas contributed most to the growth of urban
areas. Although in relative terms persistence is very high inside the PAs, the
increase in built-up area is a worrying process from an ecological point of view. In
short, almost half the surface area that changed its use inside the PAs in the region
was urbanized. Naturalisation of abandoned agricultural land is less worrying from
the ecological and surface area points of view. Revegetation affected over
10,000 ha, about 3% of the area studied. Both processes occurred with greater
intensity in the areas around the PAs.

Map CLC06, reclassified in 7 categories, and the three scenarios are represented
in Fig. 3. The result obtained with LCM for the trend scenario is not shown because
the result was fairly similar to that obtained with CLUE.

The trend scenario (Fig. 3b) shows that extensive growth of urban, industrial and
commercial areas can be expected in the region. In both CLUE and LCM, these
areas will grow by more than 30% compared to 2006 levels. Urban areas will
spread in a compact way around the metropolis, especially to the south and
south-east along the main transport routes. Industrial and commercial areas will
spread towards the south and south-east of the capital. Heterogeneous agricultural
areas and forests will remain stable, with slight gains of less than 0.1% over 2006.

Table 2 Land use cover change that took place between 1990 and 2006 in protected areas and in
their surroundings

LUCC CLC90-CLC06

NR NP RP SAC SPA PPZ BUFFER

LUCC ha % ha % ha % Ha % ha % ha % ha %

FBA 36 5.8 0 0 1,486 1.54 440 0.4 678 0.8 3 0.1 11,156 3.0

ABA 10 1.6 0 0 1,775 1.84 1,460 1.2 533 0.6 21 0.4 23,502 6.3

AFA 1 0.2 0 0 1,870 1.93 1,124 0.9 789 0.9 4 0.1 6,291 1.7

NR Nature Reserve, NP National Park, RP Regional Park, SAC Special Area of Conservation, SPA
Special Protection Area, PPZ Peripheral Protection Zone, FBA Forest to built-up areas, ABA
Agricultural to built-up areas, AFA Agricultural to forest areas
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The greatest losses will be in arable land and permanent crops. In short, the current
processes will be reinforced, that is, anthropization of natural habitats and to a lesser
extent naturalisation of agricultural habitats.

In the economic crisis scenario (Fig. 3c), growth in built-up areas will be much
more restrained, 6 times less than in the trend scenario. It would be located to the
south-east of Madrid, where the large urban patch would spread in a compact way.
Forests, shrubs, and herbaceous vegetation will remain stable.

In the green scenario (Fig. 3d), growth in built-up areas will be half that forecast
in the trend scenario. While in the previous scenarios, shrub and pastures record
losses, here there will be a slight gain. Following the same trend, forests will see
marked growth compared to 2006 (+13.72%).

Fig. 3 LUCC trend in the region of Madrid between 2006 and 2025: a CLC map for 2006; the
other quadrants show the scenarios modelled using CLUE in 2025: b trend scenario, c economic
crisis scenario, d green scenario
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Table 3 summarises the projected change between 2006 and 2025 by scenario
and zone (types of PA and their surroundings). Although in the region as a whole a
growing trend in soil sealing will continue, this will be slightly mitigated in
comparison with the first period. Overall, in the trend scenario the built-up area will
grow by 28,000 ha (7.6% of the study area). The buffer will increase its built-up
land by 7.29%, and PAs by 0.36%.

The latter result is to some extent the product of the design of the three scenarios
and takes into account the restrictions set out in the management plans for the
different natural areas. The Regional Parks and the Nature Reserve will continue to
be the most affected by this process. In the economic crisis scenario, the expansion
of new urban zones will drop sharply in the buffer (+1.19%) and inside PAs
(+0.16%). In the green scenario the built-up area will increase in the buffer (+4%)
but only very slightly in the PAs (+0.16%). As in the first period, most of the new
urban zones will be developed on abandoned agricultural land. The process of
naturalisation will take place in the SW of the region, in the Encinares de los ríos
Alberche y Cofio SPA. In this scenario, 60% of the area affected by land use change
in PAs will be naturalised.

Figure 4 shows a representative window of what will happen in the centre-south
of the region, around the city of Madrid and its metropolitan area. It represents the
processes of urbanisation and naturalisation that will affect the PAs and the buffer,
in the three scenarios. If restrictions on the construction of new urban and industrial
buildings and of new infrastructure are complied with, most of the PAs will be
unaffected by urbanisation.

Table 3 Projected Change 2006–2025 in protected areas and their buffers

NR NP RP SAC SPA PPZ BUFFER

LUCC CLC06-SCEN25 TREND

LUCC ha % ha % ha % ha % ha % ha % ha %

FBA 3 0.5 0 0 820 0.9 53 0.1 14 0.1 0 0 6,341 1.7

ABA 5 0.8 0 0 218 0.2 88 0.1 1 0.0 0 0 20,828 5.6

AFA 0 0 0 0 1 0.0 55 0.1 4,372 5.3 0 0 169 0.1

LUCC CLC06-SCEN25 CRISIS

LUCC ha % ha % ha % ha % ha % ha % ha %

FBA 3 0.5 0 0 364 0.4 21 0.0 13 0.0 0 0 2,417 0.7

ABA 5 0.8 0 0 120 0.1 24 0.0 0 0 0 0 2,021 0.5

AFA 0 0 0 0 2 0.0 60 0.1 2,050 2.5 1 0.0 63 0.0

LUCC CLC06-SCEN25 GREEN

LUCC ha % ha % ha % ha % ha % ha % ha %

FBA 3 0.5 0 0 193 0.2 26 0.0 14 0.0 0 0 2,897 0.8

ABA 5 0.8 0 0 211 0.2 106 0.1 0 0 0 0 11,283 3.0

AFA 0 0 0 0 1,788 1.9 455 0.4 5,656 6.8 9 0.2 5,914 1.6

NR Nature Reserve, NP National Park, RP Regional Park, SAC Special Area of Conservation, SPA
Special Protection Area, PPZ Peripheral Protection Zone. FBA Forest to built-up areas, ABA
Agricultural to built-up areas, AFA Agricultural to forest areas
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Fig. 4 Processes of urbanisation and naturalisation that took place in the centre-south sector of the
region of Madrid during the period 1990–2006 (light colours) and projected changes 2006–2025
(dark colours), for a the trend scenario, b the economic crisis scenario and c the green scenario
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All the same, in the trend scenario (Fig. 4a), medium and small residential areas
will be built in the Cuenca Alta del Manzanares Regional Park along the A6 and
M607 motorways. This is one of the protected areas that suffered most from urban
sprawl during the first period. Most of the new urban developments will take place
in the unprotected territorial matrix outside the buffer zone and, especially, in the
buffer zones around the three regional parks and the SACs in the east and south of
the region.

In the crisis scenario (Fig. 4b), the threat of urban development will be much
more moderate as a result of the economic situation that has affected Spain since
2008. The green scenario (Fig. 4c) shows an intermediate situation. Soil sealing
will be mitigated in the buffers of PAs, and new urban development inside protected
areas will be insignificant. Forestation of agricultural land will be more extensive
and will affect the Encinares de los ríos Alberche y Cofío SPA and the three
regional parks. This will be the response to the incentives for revegetation included
in the PA management plans.

Regarding validation, we obtained Kappa values of 0.868 and 0.892 for the trend
scenarios designed using CLUE and LCM, respectively, and K Location and K
Histogram values of 0.869 and 0.998 for CLUE and of 0.927 and 0.962 for LCM.
Values for the null model were 0.879 and K Location and K Histogram values of
0.951 and 0.925.

Table 4 shows trends in landscape fragmentation categories in each type of PA
and in their respective buffers, in two periods (1990–2006 and 2006–2025) and
taking the trend scenario designed using CLUE. A clear difference exists between
the National Park and its PPZ in comparison with the other types of protection. The
National Park has remained intact and there has been no change. Its HFI was still
2.00 in 2006. The forest habitats survive today and will persist in their current
condition bearing in mind the severe restrictions imposed by the land management
plans to be approved this year. Habitat fragmentation in the buffer zone increased
by 0.40% during the first period. Very minor changes are expected in the future.

There has been little fragmentation in the agricultural and natural habitats in the
Natura 2000 Network areas. In 1990, the SACs and SPAs studied had an HFI of
1.98. During the first period, their fragmentation increased by 2.34 and 1.39%
respectively, and these figures are expected to reach 2.51 and 2.01% by 2025.

Although quantitatively there have not been great changes, there has been a
striking loss of core zones of high ecological value because of the construction of
roads and new associated urban areas. Ecologists are especially worried about the
case of the Encinares de los ríos Alberche y Cofio SPA. 26 years after its decla-
ration, it is still not covered by any plan that clearly and specifically regulates land
use.

The Regional Parks are also a source of worry. Although they are covered by
plans, management has not been as efficient as expected. In 2006, the fragmentation
index was 1.89, almost 5% greater than 16 years before, and 1.6% lower than the
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expected figure for 2025. The Sureste and Curso medio del río Guadarrama
Regional Parks have been crossed by new motorways and occupied by new urban
zones, which have increased the background category and the edges associated with
perforations.

The Nature Reserve is a particularly striking case. Even though it falls under the
category for maximum protection, in 1990 it was the most fragmented zone in the
region (HFI of 1.81). Between 1990 and 2006, its fragmentation index grew by
5.6% and is expected to reach an accumulated figure of 10% by 2025. A new
motorway (R4), crosses the reserve parallel to a previous one (A4) so encouraging
urban growth around the historic town of Aranjuez. It is true, however, that this is a
small protected area covering less than 0.2% of the total PAs in the region.

Table 4 Trend over time of the spatial landscape pattern of PAs in and around Madrid

CLC90

Backgr Core Islet Perfor Edge Loop Bridge Branch Total HFI90

NR 45 466 0 2 89 0 18 0 620 1.81

NP 2 21,572 0 0 32 0 0 0 21,606 2.00

RP 3571 89,576 1514 1434 294 90 183 96,662 1.94

SAC 1542 117,988 2 1258 626 91 37 44 121,588 1.98

SPA 1095 80,406 0 1026 45 18 0 39 82,629 1.98

PPZ 20 5461 0 60 0 1 0 4 5546 1.99

Buffer 39,024 313,985 27 8725 7874 1577 447 1080 372,739 1.86

CLC06

Backgr Core Islet Perfor Edge Loop Bridge Branch Total HFI06

NR 66 430 0 19 102 0 3 0 620 1.75

NP 2 21,571 0 1 32 0 0 0 21,606 2.00

RP 6767 84,077 8 1853 3106 248 261 342 96,662 1.89

SAC 3429 114,758 14 1916 1153 159 34 125 121,588 1.95

SPA 1860 79,095 0 1524 45 36 0 69 82,629 1.96

PPZ 23 5431 0 85 0 3 0 4 5546 1.98

Buffer 72,045 274,367 131 9349 12,411 1598 830 2008 372,739 1.76

SCEN25-TREND

Backgr Core Islet Perfor Edge Loop Bridge Branch Total HFI25

NR 95 401 0 0 110 2 10 2 0 1.71

NP 3 21,582 0 4 33 0 3 0 125 2.00

RP 8158 82,446 51 1564 3635 134 250 428 28 1.87

SAC 3524 114,486 8 1792 1383 155 88 141 442 1.95

SPA 2264 78,584 1 1644 61 21 0 93 115 1.96

PPZ 44 5370 99 0 4 0 15 14 1.98

Buffer 99,525 246,424 995 9011 10,425 2162 1215 2695 645 1.68
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Unexpectedly, there are no great differences between this nature reserve and the
extensive buffer (46% of the regional surface area) around all the protected areas in
the Madrid Region. This area is the second most affected by the general process of
built-up land growth over this short period (average annual increase of 0.63% in the
fragmentation index). In 2006, its HFI was 1.76 and this process of landscape
fragmentation is expected to reach 1.67 by 2025.

Comparison of the left and right parts of Fig. 5 shows an increase in the
background and in perforation in the core of agricultural and forest habitats in the
region of Madrid during the period of most intensive growth in built-up land (1990–
2006). The urban areas and new corridors opened up by motorways and railway
lines are perfectly visible. At the other extreme and as already stated, there has been
revegetation associated with the abandonment of agricultural lands in the Encinares
de los ríos Alberche y Cofio SPA. However, this phenomenon does not compensate
for the loss of habitats in the buffer, the nature reserve and the regional parks that
are closest to the capital.

The landscape metrics reinforce the key ideas expressed above. In the buffer the
number of urban patches (NP) increased by 26% between 1990 and 2006, and is
expected to rise over the base year by 142% by 2025. The percentage occupied by
the largest urban patches is also increasing. During the first period, the largest patch
index (LPI) doubled and is expected to quadruple by 2025. With the increase in the
number and surface area of urban patches, their contiguity is almost at maximum
level (ENN_AM = 0.93). A similar, albeit less intensive, process has taken place in
industrial and commercial uses.

In the Nature Reserve, the increase in the number and surface area of built-up
patches stems from the widening of roads, as stated above, and from new urban and
industrial developments linked to improved accessibility. A similar progression is
expected up to 2025 which will be reflected in increased contiguity of patches with
this type of land use.

In the Regional Parks, the number of urban patches grew by 60% between 1990
and 2006, and additional growth of 36% is expected by 2025. The index for the
largest patch within this category is very low but it doubled during the first period
and quadrupled during the second. The average distance between urban patches
(ENN_AM) has also grown. This may indicate the isolation of such zones among
large forest patches in the search for more scenic landscape. This has already
happened in the Manzanares and Guadarrama Regional Parks. Great changes are
not apparent in the metrics of other categories, probably because of internal
exchanges between the forest and agricultural classes.

Nor are there great changes in forest areas within SACs. In the SPA there is an
incipient process of regeneration of arboreal vegetation. In 2025 the number of
forest patches will be three times greater than in 1990. Built-up land growth has had
no effect on the National Park and its PPZ, with no appreciable change in indices.
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Fig. 5 Trends in fragmentation of agricultural and natural habitats in the region of Madrid since
1990 (left) and 2006 (right). Expanded view of a window of the southern part of the city of Madrid
and its metropolitan area
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5 Discussion of Results

We consider CLC to be a valid source of information for this research. This car-
tography is available throughout Europe, so the study could be replicated in other
areas. The scale 1:100,000 is appropriate for studying regional and national PA
networks. In order to update our study, it would be very useful to have access to
CLC 2012 but, as already stated, it will be some months before the errors detected
in it can be corrected. In fact, in our study site errors were also found in the previous
CLC, especially in CLC00 (Catalá Mateo et al. 2008) and CLC06 (Hewitt and
Escobar 2011; Díaz-Pacheco and Gutiérrez 2013; Martínez-Fernández et al. 2015;
Gallardo et al. 2016). A lot of effort was made to correct these errors to avoid
generating false land use change values.

A more detailed scale could be used for this type of study at the level of PAs or
of specific ecosystems. The Information System on Land Cover in Spain (SIOSE),
on a scale of 1:25,000, might be a good alternative. However, its complex legend
including mixed classes and the lack of a historical series make it inappropriate for
this research. Another good alternative might be the Spanish Forest Map
(MFE2012) on a scale of 1:50,000. It combines with the SIGPAC covering the
agricultural surface area and is updated using photointerpretation of SPOT images
and with support from the National Plan for Aerial Orthophotography (PNOA).
However, the coverage for 1990 does not have the same level of detail to enable us
to analyse changes in land use.

Going further back in time, an effort needs to be made to interpret the aerial
photographs made in 1956–57 and build an earlier land use map to start the time
series. However, experts in the simulation of future use scenarios recommend that
the initial and final maps be built on data from similar sources and using the same
methods. In addition, such a long series would include some very different and even
opposing trends. For all these reasons, it is advisable to use a more recent, shorter
time period (Candau et al. 2000).

Another topic for discussion is the size of the buffer. A width of 10 km is often
used in the literature, (Bruner et al. 2001; Figueroa and Sánchez-Cordero 2008;
Martinuzzi et al. 2015). In the USA, Mexico and other countries this might be
suitable because of the smaller size of protected areas. But a 10 km buffer would
include 94% of Spain (Martínez-Fernández et al. 2015). We must remember that
Spain plays an important role in biodiversity conservation and that 27% of its
territory is protected. In the case of the region of Madrid, a 10 km buffer would be a
complex solution because, with the territorial distribution of its PAs, much of the
regional surface area would be within that buffer and it would include ecosystems
that are very different to those represented in the PAs that were urbanised many
decades ago. The buffer would therefore no longer be an effective means of con-
trolling what happens inside and outside the PAs.

Regarding the design of future scenarios, in spite of the variety of simulation
techniques, we opted for logistic regression because it is easy to use. And although
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there are technical differences between CLUE and LCM, the results obtained in the
trend scenarios with both models are fairly similar.

Regarding validation of the results, the goodness of fit of the models depends on
whether these values are due to good prediction or to the fact that there is high
persistence in the study area (Pontius and Millones 2011). This phenomenon occurs
with the K Histogram in CLUE. Its fit is almost perfect because real values for land
use demand are taken.

The results obtained in our research are in line with the findings of previous
studies on land use change in similar or nearby areas (Ruiz Benito et al. 2010,
Hewitt and Escobar 2011; Díaz-Pacheco and Gutiérrez 2013; Díaz-Pacheco and
García-Palomares 2014; Gallardo and Martínez-Vega 2016). They are also in line
with the results of future scenarios in protected areas and their surroundings in the
region of Madrid (Ruiz-Benito et al. 2010) and in the USA (Martinuzzi et al. 2015).
The results on habitat fragmentation in regional parks and in the nature reserve are
also in line with the findings of Rodríguez-Rodríguez and Martínez-Vega (2013).

Finally, although new episodes of built-up land growth are not expected inside
Madrid’s protected areas, threats to their peripheral zones are still a matter of
concern. Those in charge of preserving biodiversity should remain on the alert for
breaches of management plans or land use changes inside PAs approved on the
basis of, for example, considerations of general interest. This type of reasoning and
the impotence of managers were behind the high rates of built-up land growth and
the increase in habitat fragmentation that took place in the period 1990–2006. We
propose an exercise in collective reflection, comparing the results of the three
scenarios proposed with a new trend scenario in which there are no restrictions on
use changes in PAs and no incentives. The graphic and statistical results indicate
clearly what might happen if the authorities were to sit back and allow economic
agents to adopt an aggressive attitude.

6 Conclusion

Clearly land use changes linked to processes of anthropization and soil sealing are
amongst the main threats to biodiversity, the preservation of natural resources and
the production of environmental goods and services. For this reason, the analysis of
land use changes during recent periods and the simulation of future scenarios can
facilitate effective preventive planning for protected areas. Sustainable development
can only be achieved when we understand the full implications of land use changes.

In urban areas such as the Madrid region the spill-over effect of protected areas
should be monitored. It is clear that they attract urban developments to less pro-
tected areas around them. Transformation of their agricultural and natural habitats
may have irreversible effects on biodiversity. Fragmentation brings with it longer
exterior and interior edges. It can also create external threats for protected areas
such as invasion by exotic species or the propagation of forest fires. These threats
increase the potential ecological vulnerability of these spaces.
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