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Abstract: The management and conservation of wetlands and vulnerable protected areas of high
ecological value dependent on the existence of water is complex and generally depends on the climate
and rainfall in semi-arid territories such as southeastern Spain. However, one variable that is not
usually considered sufficiently rigorously in this field of research is the environmental impact of
the transformation of the surrounding territory due to anthropic diffuse issues. This phenomenon
is not easy to appreciate, since it does not necessarily occur in the environment directly closest to
protected areas and it is always difficult to measure and analyze. This study proposes an innovative
spatiotemporal methodological framework to evaluate all these phenomena of diffuse anthropization
whose indirect impacts on protected areas dependent on the existence of water are currently full of
unknowns. Using GIS indicators, a geostatistical analysis based on the concept of the area of influence
of diffuse anthropization (AIDA) is proposed to assess the spatial correlation between the anthropic
transformation of the territory and the degradation of protected areas over time. The proposal has
been applied with a comparative approach to three case studies located in Spain between 2000 and
2020, obtaining clarifying results on the existing spatial correlation patterns between both questions.

Keywords: diffuse anthropization; influence area; protected areas diagnosis; wetlands; geostatis-
tics; Spain

1. Introduction

The management and conservation of wetlands and protected areas of high ecological
value dependent on the existence of water is generally complex [1–3]. These are territories
subject to a strong dependence on the climate and rainfall, in which important ecological
values concur as they are a very important source of biodiversity as well as a place of
passage for numerous species of birds in their migratory processes.

In Europe, there are various tools for the protection and management of these areas
generally included in the Natura 2000 Network [4]. This regulatory framework establishes
different categories of environmental values that have forced member countries to restrict
their uses and anthropic activities within such spaces since the mid-1990s [5]. In most
countries, national parks and protected areas of great importance additionally have a land
reserve called a pre-park that serves as an anthropic buffer space for human activities.
However, this level of protection has not always proved effective, since the threats facing
these types of areas of high ecological value are sometimes located many kilometers from
the protected natural space itself [6].

Maintaining a minimum amount of water within wetlands to preserve their level of
quality means that not only surface conditions must be taken into account [7], but also the
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underground connections of these protected areas with their surrounding environment
through aquifers. In this context, activities such as agriculture, livestock or the urban
growth of populations have become very important anthropic impacts for this type of
protected area, beyond the traditional impacts most commonly analyzed, such as industry
or mining.

The water pollution phenomena that usually cause this second type of anthropic
activity have been widely investigated from the point of view of disciplines such as
chemistry and biology [8–10]. There are numerous mechanisms for measuring the presence
and monitoring of heavy metals and chemicals that are harmful to ecosystems [11–13],
which enable the origin of these pollution processes to be very reliably diagnosed.

Nevertheless, the impact caused by diffuse anthropization phenomena motivated by
land transformation from activities such as agriculture or urban growth not geographically
adjacent to the protected area is less common in the scientific literature [14]. In this regard,
water loss is currently one of the main environmental problems in the management of
wetlands in semi-arid environments [15–17]. The objective diagnosis of this complex
problem is one of the main challenges at the scientific level for the survival of these
protected spaces in developed countries such as Spain.

Large-scale transformation of the territory caused by agriculture or urbanization
processes is very common in environments close to protected areas of high ecological value
in countries with powerful agri-food and tourism industries, [18,19]. The development
of new crop areas and resorts compete with natural protected areas such as wetlands
for surface and subsoil water, sometimes even to the extent of incurring in the use of
unauthorized catchment systems.

This type of phenomenon is much more difficult to analyze due to the difficulty
in establishing a cause-effect relationship with clear evidence, such as the presence of
polluting elements in the water [20]. The complexity of establishing an area of influence
on the impact on protected areas and the large number of possible activities and affected
areas as a consequence of the enormous size of many aquifers that supply these natural
spaces make this phenomenon somewhat difficult for the authorities to control, although
its consequences can easily be seen in the deterioration of natural protected areas due to
the loss of water.

Currently, most of the existing approaches for the analysis of these problems are fun-
damentally centered on a diagnosis made from the point of view of hydrogeology [21–23].
This involves an attempt to know the behavior of aquifers by evaluating their water inlets
and outlets as a mechanism for interpreting the whole phenomenon. However, such an
approach does not allow a complete spatial assessment of the physical reality on which both
anthropizing elements and the anthropized natural environment are based. Furthermore,
it is difficult to assume a spatiotemporal analysis that evaluates the deterioration patterns
of the protected area and what future trends may be [24,25].

Taking the shortcomings underlined by the literature review as the starting point, this
study aims to propose an innovative methodological approach introducing the concept
of Area of Influence of Diffuse Anthropization (AIDA). This concept is applied to address
the analysis of this problem from a spatio-temporal comparative approach for three cases
studies. Using territorial GIS indicators, a geostatistical analysis is carried out with the
spatial correlation of the processes of transformation of the soil linked to anthropic activities
in the AIDA of the protected areas and the evolution of the configuration and the existence
of water therein.

This analysis has been carried out in an evolutionary way with georeferenced carto-
graphic information of a historical nature between 2000 and 2020 for three wetlands of high
ecological value in Spain with strong environmental imbalances: the Doñana National Park;
the Tablas de Daimiel National Park; and the Albufera Natural Park. These three Spanish
relevant protected wetlands, which have been included in the Natura 2000 Network for
decades, are currently suffering significant environmental deterioration as a result of the
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loss of water due to anthropic causes. Such causes, despite being known, are often difficult
to diagnose and objectively parameterize.

The comparative analysis carried out using GIS indicators allows us to establish both
the benefits that this new approach can provide for the analysis and diagnosis of this
problem, as well as its limitations depending on the configuration of the specific case study
to be addressed.

2. Environmental Issues: Areas of Study

The three study areas will be described below, explaining the main existing boundary
conditions for the comparative analysis.

2.1. National and Natural Park of Doñana

Doñana is a Spanish protected natural area located in Andalusia (Spain) covering
268,294 Ha. It comprises both the Doñana National Park created in 1969 and the Doñana
Natural Park (also called the Doñana Environment Natural Park or pre-park, created in
1989 and expanded in 1997 and recently in 2016, see Figure 1). Thanks to its vast expanse
of marshes, it is home to numerous species of aquatic birds during winter, which usually
reach 200,000 individuals each year. Due to its privileged geographical location between
two continents and its proximity to the Strait of Gibraltar, the meeting place of the Atlantic
and the Mediterranean, more than 300 different species of birds can be seen in Doñana
throughout the year.

Figure 1. Doñana National Park (red) and protected areas of the Natural Park (purple): situation and boundary conditions.

The Park was declared a World Heritage Site by UNESCO in 1994 and is currently
considered the largest ecological reserve in Europe. It is included in the list of wetlands
of the Ramsar Convention and is part of the network of protected areas Natura 2000 of
the European Union. Despite this, the park has been subjected to a varied catalogue of an-
thropic pressures for decades and which have been referenced in numerous studies [26,27],
to the point that UNESCO has on several occasions studied the inclusion of the park on
the list of world heritage in danger because of the ecological deterioration of several of its
areas (Figure 2).

Among all these environmental impacts, the most serious problem today is the water
loss probably associated with withdrawals—many of them illegal—from the aquifer, for
irrigation. This has greatly increased since the late 1980s to maintain intensive crops such
as cotton, rice and more recently that of red fruits (especially strawberry, [28,29]). The
latter is cultivated in greenhouses, the area under plastic in the Doñana area is estimated to
be between 4500 and 6000 Ha, accounting for more than 60% of the Spanish strawberry
production [30]. In recent years, the authorities have closed down numerous illegal wells
built in these plantations and greenhouses, which were drawing water from the aquifer
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that feeds the natural park. However, it is difficult to know the exact number of illegal
wells in the area of influence of this protected space and, therefore, the real imbalance that
exists. Another difficult issue to evaluate is also the impact of the adjoining urban areas,
given that the Natural Park covers the territory of four municipalities even including some
urban areas [31]. The water demands of nearby urban areas such as Matalascañas, a coastal
town with strong population growth due to tourism in recent years, may for instance be
affecting the natural dynamics of waters in the park.

Figure 2. Comparison of the situation of some areas of the park between 2007 and 2020.

2.2. Tablas de Damiel National Park

The Las Tablas de Daimiel National Park is a Spanish national park that protects the
homonymous wetland, the Tablas de Daimiel. It was declared a National Park in 1973, a
Biosphere Reserve in 1981 and included in the Ramsar Convention in 1982. The national
park is located in the land-locked autonomous community of Castilla-La Mancha (Figure 3)
and is part of the Natura 2000 Network as a special protection area for birds (SPA) with a
total area of 3030 Ha that host up to 250 different species of migratory birds [32].

Figure 3. Tablas de Daimiel National Park: situation and boundary conditions.

The Tablas de Daimiel is one of the last representatives of an ecosystem called river
tables that are formed when the rivers overflow in their middle sections, favored by
phenomena of semi-endorheism and the scarcity of slopes. The wetland is formed at the
confluence of the Guadiana River and its tributary Cigüela and is one of the most important
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aquatic ecosystems in the Iberian Peninsula, due to the variety and quality of the fauna
and flora that inhabit it, as well as the birds using it in their migratory processes [33].

Nevertheless, the survival of the park has been in danger for a long time due to
the overexploitation of the aquifers. Due to this degradation, the European Commission
opened a sanctioning file against Spain in 2009 [34], while UNESCO has also expressed
the possibility of withdrawing the figure of Biosphere Reserve on several occasions due to
complaints from environmental organizations for the high-risk loss of natural values that
qualified this cataloguing of the park.

In 2009, underground peat fires caused by the accumulation of gases derived from the
drought added to the desiccation leading to a critical situation in the park. The degradation
of the peat layer could even have compromised the waterproofing of the soil generated by
the water basins or “tables”, forcing the national authorities to approve a transfer from the
Tagus River. The subsequent arrival of abundant rains filled the entire floodable surface of
the park, naturally quelling the underground fires and making it unnecessary to continue
with the transfer [35].

Since then, hydric conditions have notably recovered and the level of the aquifer has
risen more than 20 m, due to the end of a period of severe drought. However, in subsequent
years the problems derived from the overexploitation of the aquifer have remained, forcing
the authorities to control the extraction by farmers, through the acquisition of farms
surrounding the natural park, in order to also acquire their extraction rights [36].

Even so, this land purchase policy was carried out without the authorities having clear
criteria and the amount of cultivated land in the region has increased in the last decade.
This issue, even when dealing with crops sometimes located quite a distance from the park,
is understood to be closely linked to the current dramatic situation of the park, which today
has less than 20% of its total surface flooded (Figure 4).

Figure 4. Comparison of an area of the park between 2013 and 2019.

2.3. The Albufera of Valencia Natural Park

The Albufera of Valencia is a regional park of 21,120 Ha located about 10 km south
of the city of Valencia (Figure 5). It has been recognized as a wetland of international
importance by the Ramsar Convention since 1989 and is part of the Natura 2000 Network,
having been declared a Special Bird Protection Area (SPA) in 1990 and selected as a Site of
Community Importance (SCI) since 2001. It includes the Albufera, its humid environment
and the coastline adjacent to both [37].
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Figure 5. The Albufera of Valencia Natural Park: situation and boundary conditions.

This natural park is a shallow coastal lagoon (average depth of 1 m) connected to
the Mediterranean coast. The lagoon occupies an area of 2394 Ha and is surrounded by
22,300 Ha of rice fields. Its hydrographic basin extends for 91,710 Ha, from sea level to an
altitude of about 1000 m above sea level. It is separated from the sea by a narrow sandy
coastline with dunes stabilized by a pine forest called Dehesa del Saler. The Albufera is a
transit area for many species of migratory birds [38].

Its ecological value is quite relevant since it is home to species of great ecological
value in danger of extinction. It is also one of the few remaining well-preserved lagoons in
Spain, whose Mediterranean coast was formerly made up of a succession of lagoons and
marshes [39]. Unlike the two previous cases, its management corresponds to the regional
authorities, as it has not been declared a national park.

Its management and conservation planning has historically been quite controversial.
In the middle of the 20th century, a project was carried out to build the Valencia airport
there, but finally, due to problems with the foundations of the land, it was moved to another
place. During the 1960s and 1970s, the Ministry of Tourism authorized the execution of
different urbanization works to develop it for tourism. A highway and various roads that
cross its territory were built, as were some hotels and numerous buildings. However, from
the late 1970s, as a result of the emergence of environmental groups and strong social
opposition, that urbanization process was paralyzed [40].

In 1990, the Special Plan for the Protection of the Natural Park was approved, which
was repealed by the Supreme Court of Spain because of the complex demarcation of
competences between the different administrations involved in the management of this
natural space. The Natural Resources Management Plan (PORN) of its hydrographic basin
was approved in 1995. In 2004, the decree establishing a Rector Plan for the Use and
Management (PRUG) of the Albufera was finally approved by the regional authorities.
Currently, the main problem of this natural area is probably water loss as a result of both
surface and underground capture of this resource by the adjoining rice fields [41]. However,
unlike the two previous cases, we found new anthropic variables of ecological deterioration
in the natural park because of the complex surface hydrographic network that converges
into this protected area. The dragging of sediments that flow into the coastal lagoon
through the wadis coming from an increasingly present agriculture in the area also exerts a
quite negative influence (Figure 6), because it causes the lagoon to lose depth through a
slow process of land filling [42].
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Figure 6. Comparison of the water level in the Albufera of Valencia at different times of the year.

On the other hand, although large-scale urbanization processes stopped in the 1980s,
diffuse urban development, close but not adjacent to the natural space in the entire area of
influence of the basin may also have affected the quality of the waters due to discharges
from treatment plants [43]. However, as it is a generalized anthropic and quite diffuse
process in the area, its relationship with the environmental deterioration of the lagoon is
difficult to determine.

3. Methodology
3.1. Spatial Selection of the Area of Influence of Diffuse Anthropization (AIDA) of the Parks

In order to analyze the effect of diffuse anthropization processes in the three case
studies, the use of the concept of area of influence of diffuse anthropization (AIDA) of a
protected natural space will be proposed. It is an innovative multidisciplinary approach to
incorporate spatial analysis into the evaluation of the deterioration processes of protected
areas. Therefore, it is necessary to generate an area of influence that determines the
territorial scope where human activities can generate a deterioration of the protected areas
to be analyzed. In this case, the problem will be focused mainly on the loss of water from
the natural parks presented, which, as has been seen, is the most relevant problem in
these cases.

To determine the geographical area established as the area of influence of a protected
natural area, criteria of underground hydrogeology, surface hydrology, land use planning,
sociology, sedimentary dynamics and environmental planning of ecosystems will be taken
into account. The envelope generated by all the factors that intervene according to these
criteria, through justified interaction with a demonstrable impact, will be established as
an AIDA. In order to carry out a comparative analysis of the three case studies from a
homogeneous perspective, a series of general parameters have been proposed for each
of the proposed criteria. These criteria have subsequently been adapted to the specific
idiosyncrasy of each of the case study areas according to the existing literature to be
evaluated, in order to more accurately represent the reality of the boundary conditions
of each of them (Table 1). We must bear in mind that the still initiatory status of this
innovative approach to determining a multidisciplinary area of influence does not yet
enable us to establish categorical criteria at a general level. However, bibliography on the
existing criteria has been incorporated, which has served as a reference at an orientation
level for the AIDA proposal in each of the specific cases.
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Table 1. General and specific criteria applied for AIDA configuration.

Criteria General Parameters Specific Criteria
Applied GIS Analysis Example

Underground hydrogeology

The maximum area of influence is established
as the surface area covered by the aquifer that

feeds the protected natural space with water. In
the case of very large aquifers, this area of

influence can be reduced to the surface
percentage that establishes a permanent flow of
water in the natural space during all seasons of

the year [44].

[15,21,22]

ISPRS Int. J. Geo-Inf. 2021, 10, x FOR PEER REVIEW 8 of 28 

Underground 
hydrogeology 

The maximum area of influence is 
established as the surface area covered 
by the aquifer that feeds the protected 
natural space with water. In the case of 

very large aquifers, this area of influence 
can be reduced to the surface percentage 

that establishes a permanent flow of 
water in the natural space during all 

seasons of the year [44]. 

[15,21,22] 

Surface    
hydrology 

The maximum area of influence is 
established as the area covered by the 

surface drainage hydrographic sub-basin 
that encompasses or empties into the 
protected natural area. Only channels 

with Horton indices greater than 2 will 
be computed for the surface area of the 
basin. In the case of very large basins, 
this area of impact can be reduced by 

computing only Horton indices greater 
than or equal to 4 [45]. 

[17,34,42] 

Land use 
planning 

The structure of the territory must be 
considered both at the level of uses and 

the terrain orography. All those uses 
included in Corine Land Cover 

categories that generate direct or indirect 
anthropogenic impacts on protected 

areas may be included [46]. 

[35,38,42] 

Sociology 

The administrative structure of territory 
and the mobility patterns of people in the 
areas adjacent to the protected area must 

be taken into account. The presence of 
relevant transport infrastructures such as 

motorways and urban settlements, 
especially those of a tourist nature, are 

considered [47]. 

[48,49] 

Sedimentary 
dynamics 

In estuarine seaside protected areas and 
coastal lagoons formed from dune ridges 

or mangroves, coastal infrastructures 
such as ports or breakwaters and other 
anthropogenic elements that generate 

impacts on the sedimentary dynamics of 
the wetlands are considered [50]. 

[38,39,42] 

Surface hydrology

The maximum area of influence is established
as the area covered by the surface drainage

hydrographic sub-basin that encompasses or
empties into the protected natural area. Only
channels with Horton indices greater than 2
will be computed for the surface area of the

basin. In the case of very large basins, this area
of impact can be reduced by computing only
Horton indices greater than or equal to 4 [45].

[17,34,42]

ISPRS Int. J. Geo-Inf. 2021, 10, x FOR PEER REVIEW 8 of 28 

Underground 
hydrogeology 

The maximum area of influence is 
established as the surface area covered 
by the aquifer that feeds the protected 
natural space with water. In the case of 

very large aquifers, this area of influence 
can be reduced to the surface percentage 

that establishes a permanent flow of 
water in the natural space during all 

seasons of the year [44]. 

[15,21,22] 

Surface    
hydrology 

The maximum area of influence is 
established as the area covered by the 

surface drainage hydrographic sub-basin 
that encompasses or empties into the 
protected natural area. Only channels 

with Horton indices greater than 2 will 
be computed for the surface area of the 
basin. In the case of very large basins, 
this area of impact can be reduced by 

computing only Horton indices greater 
than or equal to 4 [45]. 

[17,34,42] 

Land use 
planning 

The structure of the territory must be 
considered both at the level of uses and 

the terrain orography. All those uses 
included in Corine Land Cover 

categories that generate direct or indirect 
anthropogenic impacts on protected 

areas may be included [46]. 

[35,38,42] 

Sociology 

The administrative structure of territory 
and the mobility patterns of people in the 
areas adjacent to the protected area must 

be taken into account. The presence of 
relevant transport infrastructures such as 

motorways and urban settlements, 
especially those of a tourist nature, are 

considered [47]. 

[48,49] 

Sedimentary 
dynamics 

In estuarine seaside protected areas and 
coastal lagoons formed from dune ridges 

or mangroves, coastal infrastructures 
such as ports or breakwaters and other 
anthropogenic elements that generate 

impacts on the sedimentary dynamics of 
the wetlands are considered [50]. 

[38,39,42] 

Land use planning

The structure of the territory must be
considered both at the level of uses and the

terrain orography. All those uses included in
Corine Land Cover categories that generate
direct or indirect anthropogenic impacts on

protected areas may be included [46].

[35,38,42]

ISPRS Int. J. Geo-Inf. 2021, 10, x FOR PEER REVIEW 8 of 28 

Underground 
hydrogeology 

The maximum area of influence is 
established as the surface area covered 
by the aquifer that feeds the protected 
natural space with water. In the case of 

very large aquifers, this area of influence 
can be reduced to the surface percentage 

that establishes a permanent flow of 
water in the natural space during all 

seasons of the year [44]. 

[15,21,22] 

Surface    
hydrology 

The maximum area of influence is 
established as the area covered by the 

surface drainage hydrographic sub-basin 
that encompasses or empties into the 
protected natural area. Only channels 

with Horton indices greater than 2 will 
be computed for the surface area of the 
basin. In the case of very large basins, 
this area of impact can be reduced by 

computing only Horton indices greater 
than or equal to 4 [45]. 

[17,34,42] 

Land use 
planning 

The structure of the territory must be 
considered both at the level of uses and 

the terrain orography. All those uses 
included in Corine Land Cover 

categories that generate direct or indirect 
anthropogenic impacts on protected 

areas may be included [46]. 

[35,38,42] 

Sociology 

The administrative structure of territory 
and the mobility patterns of people in the 
areas adjacent to the protected area must 

be taken into account. The presence of 
relevant transport infrastructures such as 

motorways and urban settlements, 
especially those of a tourist nature, are 

considered [47]. 

[48,49] 

Sedimentary 
dynamics 

In estuarine seaside protected areas and 
coastal lagoons formed from dune ridges 

or mangroves, coastal infrastructures 
such as ports or breakwaters and other 
anthropogenic elements that generate 

impacts on the sedimentary dynamics of 
the wetlands are considered [50]. 

[38,39,42] 

Sociology

The administrative structure of territory and
the mobility patterns of people in the areas

adjacent to the protected area must be taken
into account. The presence of relevant transport

infrastructures such as motorways and urban
settlements, especially those of a tourist nature,

are considered [47].

[48,49]

ISPRS Int. J. Geo-Inf. 2021, 10, x FOR PEER REVIEW 8 of 28 

Underground 
hydrogeology 

The maximum area of influence is 
established as the surface area covered 
by the aquifer that feeds the protected 
natural space with water. In the case of 

very large aquifers, this area of influence 
can be reduced to the surface percentage 

that establishes a permanent flow of 
water in the natural space during all 

seasons of the year [44]. 

[15,21,22] 

Surface    
hydrology 

The maximum area of influence is 
established as the area covered by the 

surface drainage hydrographic sub-basin 
that encompasses or empties into the 
protected natural area. Only channels 

with Horton indices greater than 2 will 
be computed for the surface area of the 
basin. In the case of very large basins, 
this area of impact can be reduced by 

computing only Horton indices greater 
than or equal to 4 [45]. 

[17,34,42] 

Land use 
planning 

The structure of the territory must be 
considered both at the level of uses and 

the terrain orography. All those uses 
included in Corine Land Cover 

categories that generate direct or indirect 
anthropogenic impacts on protected 

areas may be included [46]. 

[35,38,42] 

Sociology 

The administrative structure of territory 
and the mobility patterns of people in the 
areas adjacent to the protected area must 

be taken into account. The presence of 
relevant transport infrastructures such as 

motorways and urban settlements, 
especially those of a tourist nature, are 

considered [47]. 

[48,49] 

Sedimentary 
dynamics 

In estuarine seaside protected areas and 
coastal lagoons formed from dune ridges 

or mangroves, coastal infrastructures 
such as ports or breakwaters and other 
anthropogenic elements that generate 

impacts on the sedimentary dynamics of 
the wetlands are considered [50]. 

[38,39,42] 



ISPRS Int. J. Geo-Inf. 2021, 10, 630 9 of 28

Table 1. Cont.

Criteria General Parameters Specific Criteria
Applied GIS Analysis Example

Sedimentary dynamics

In estuarine seaside protected areas and coastal
lagoons formed from dune ridges or

mangroves, coastal infrastructures such as ports
or breakwaters and other anthropogenic

elements that generate impacts on the
sedimentary dynamics of the wetlands are

considered [50].

[38,39,42]
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legally established by the protected area must
be taken into account, including those other

environmental management instruments that
have some link to the behavior of the species
(ecological corridors, management plans for

adjacent spaces, etc.) [51].

[16,27,52]
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The area of influence of diffuse anthropization (hereafter AIDA) established for each
of the three cases presented as a result of applying the criteria in Table 1 can be seen in
Figures 7–9. When there is no maximum envelope corresponding to a single criterion, the
AIDA is not presented as a single area, but as an aggregation of areas of influence corre-
sponding to different parameters. A conceptual map of the GIS data used to establish the
geodatabase for generating the three diffuse anthropization areas of influence is included
as Appendix A and detailed information is provided in supplementary files.

Figure 7. Area of influence of diffuse anthropization in the Doñana National Park.

It should be noted that, while in the first two cases corresponding to Doñana and
Las Tablas de Daimiel, the AIDA is the result of the aggregation of various sub-areas
corresponding to different variables of spatial linkage with the Protected Natural Area, in
the third case, corresponding to the Albufera of Valencia, the final envelope of the AIDA is
fundamentally the result of the aggregation of the hydrographic sub-basins slopes to the



ISPRS Int. J. Geo-Inf. 2021, 10, 630 10 of 28

Natural Park. This aspect is explained by the fact that the weighting of the orography with
respect to other anthropic parameters is much greater in the third case than in the first two.

Figure 8. Area of influence of diffuse anthropization in the Tablas de Daimiel National Park.

Figure 9. Area of influence of diffuse anthropization in the Albufera of Valencia Natural Park.

3.2. GIS Indicators for Territorial Analysis of Natural Protected Wetlands

To carry out a spatiotemporal evaluation of the evolution within wetlands and the
areas of influence of the three case studies over the last 20 years, we have generated some
GIS dimensionless indicators for territorial assessment. On the one hand, GIS indicators of
static analysis will be used. These indicators pose the evaluation as a still picture of various
issues such as the spatial flooded area (IFA index), the level of life of the vegetation (ILV
index) and the level of spatial water stress (IWS index). On the other hand, GIS indicators
of dynamic analysis will be used to analyze the evolution over time of anthropization
phenomena in its different aspects. The choice of these indicators is justified in the analysis
carried out in the previous section and the fact that, although they are indicators specifically
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created to better fit the analysis carried out, several of them are actually methodological
variations of well-known indicators [53–56] for the analysis of the specific issues that are to
be addressed in this study. The criteria for defining each of these indicators are explained
in detail below.

3.2.1. Index of Spatial Flooded Area (IFA)

The spatial index of flooded area IFA is the sum of the flooded areas of the wetland
at a given time with respect to its total area established as a Natural Park. It is obtained
manually using the following formula:

IFA =
∑n SFi

SNP
(1)

with SF being each flooded area of the wetland (Ha) for the year t1 with respect to the total
area (Ha) established as a Natural Park SNP. To avoid any biases derived from the weather
stations or the specific interaction of crops with periodic cycles, the images must always
correspond to the same time of year. The comparative measurement of the water masses is
carried out manually, as can be seen in Figure 10.

Figure 10. Comparative manual measurement of the evolution of the water masses in the Tablas de Daimiel Park with the
historical comparator of the Spanish National Program for Aerial Orthophoto.

3.2.2. Index of Life of the Vegetation (ILV)

Vegetation in the band combination is strongly reflected due to chlorophyll and
vegetation in the NIR band (Near Infrared Reflectance Spectroscopy) is clearly displayed
in various hues. The soil varies from light brown to dark brown; clouds, snow and ice are
light blue and urban areas are cyan blue. Conifers appear darker in color than hardwood
plants. In general, deep tones indicate healthier vegetation and/or broadleaf weeds, whilst
lighter tones indicate natural spaces with little vegetation. Wetland water bodies appear
dark, due to the absorption of energy in the shortwave infrared and near infrared bands.
The Index of life of the vegetation ILV will represent the vegetation surface area of the
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wetland (i.e., the non-flooded area), which can be classified as healthy with respect to the
total area of the wetland determined as a natural park. For this, an NDVI analysis will be
used according to the following formulas.

ILV =
∑n HVAi

SNP
(2)

with HVA being healthy vegetation areas of the wetland calculated through an NDVI
analysis for the year t1 with respect to the total area established as a Natural Park SNP. The
Normalized Difference Vegetation Index (NDVI) calculation is a tool often used to monitor
droughts, predict agricultural production, help predict fire zones and areas undergoing
desertification, for example. The NDVI is calculated with the following formula:

NDVI =
NIR − RED
NIR + RED

(3)

where NIR is the Near Infrared Reflectance Spectroscopy and RED is the Visible Red Part
Reflectance Spectroscopy. According to this formula, the density of vegetation (NDVI) at a
given point in the image is equal to the difference in the intensities of the reflected light
in the red and infrared ranges divided by the sum of these intensities. This index defines
values from −1.0 to 1.0, where negative values are mainly made up of water and negative
values close to zero are mainly made up of rocks and bare soil. Very small values (0.1 or
less) of the NDVI function correspond to areas without rocks or sand. Moderate values (0.2
to 0.3) represent shrubs and grasslands, while large values (0.6 to 0.8) indicate forested and
tropical areas. In Figure 11, we can see an example of the data obtained for the Doñana
Natural Park.

Figure 11. NDVI images from the Landsat 8 satellite in an area of the Doñana Natural Park subjected to an intense drought
in 2018.

NDVI is a reliable measure of phytosanitary status based on the way a plant reflects
light at certain frequencies (some waves are absorbed and others are reflected). Chlorophyll
(an indicator of health) absorbs a large amount of visible light and the cellular structure of
the leaves strongly reflects near infrared light. When a plant becomes dehydrated, becomes
ill, suffers from diseases, etc. the spongy mesophyll deteriorates and the plant absorbs
more near infrared light, rather than reflecting it. Thus, observing how the NIR changes
compared to red light provides an accurate indication of the presence of chlorophyll, which
is linked to plant health.
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3.2.3. Index of Spatial Water Stress (IWS)

The vegetation on the surface of the AIDA is subjected to severe stress during a
drought that causes all the actors in the territory to compete for the water in the aquifers. To
spatially analyze this phenomenon, the sum of the wetland surfaces subjected to a situation
of water stress will be determined with respect to the total surface area established as a
natural park by means of an NDWI analysis, using the following formula:

IWS =
∑n SWSi

SNP
(4)

with SWS being water stressed areas of the wetland for the year t1 with respect to the total
area established as a Natural Park SNP. Such areas will be defined according to areas with
positive NDWI values. The Normalized Differential Water Index (NDWI), first introduced
in 1996 in Gao [53], reflects the moisture content in plants and soils and is considered
analogous to the NDVI as follows. The index of spatial water stress of a protected area is
the mean value of the NDWI parameter for the non-flooded area included in the wetland
area classified as a Natural Park, according to the following formula:

NDWI =
NIR − SWIR
NIR + SWIR

(5)

where NIR is the near infrared range with wavelengths of 0.841–0.876 nm and SWIR is the
part of the range with wavelengths between 1.628–1.652 nm, respectively. This method
allows us to identify all the areas in which the rains or underground water have produced
a flood plate on the surface of the wetland in recent years regardless of whether damage
has or has not occurred in an area. An example of evolution over time can be seen in the
Albufera of Valencia in Figure 12.

Figure 12. NDWI Evolution of rice crops in the Albufera of Valencia from August 2018 to July 2019 from Sentinel 2 images
from the European space program Copernicus and the sentinel-hub web.

In addition, we have the dynamic spatial analysis indices that evaluate the rate of
territorial transformation in the diffuse anthropization influence area of the three case
studies. These GIS indicators analyze the spatio-temporal evolution of land transformation
related to the variables with the greatest incidence in the competition for water with
protected wetlands. These include agricultural uses or urban development, but also
focus on a general level of dispersion. The territorial transformation rates evaluated
are separated into three indices that specifically address the phenomena of dispersed
diffuse anthropization; agricultural transformation of the soil; and urban growth from
human settlements.

The classification of land use is made based on the criteria established in the Corine
Land Cover of 2018. Corine Land Cover contains the latest pan-European land use land
cover coordinated through the European Environment Agency and aimed at identifying
priority areas to protect ecosystems and natural resources. The geodatabase provides
information on the coverage of the soil and the changes that have occurred in six-year time
periods. The information comes from the interpretation of images generating a classification
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of 44 categories of land use, structured into three levels of hierarchical aggregation. The
specific criteria for defining each of these GIS indicators are explained in detail below.

3.2.4. Index of Agricultural Transformation of the Soil (IATS)

The variation of agricultural land uses is one of the main factors of competition for
water with natural spaces that are at the origin of the ecological deterioration of wetlands.
The transformation of rainfed agricultural areas into irrigated land or the creation of new
cultivation areas are usually the most characteristic causes of this phenomenon. To quantify
the value of this transformation, the following formulation is applied:

IATSt2−t1 =
∑n St2−t1

i

∑z St2−t1
j

(6)

with Si being the set n of agricultural areas transformed within the AIDA analyzed between
t1 and t2 and Sj the set z of land uses modified within the AIDA analyzed between t1 and
t2. Categories of the Corine Land Cover established as agricultural transformation of the
soil are detailed in Appendix B.

3.2.5. Index of Urban Growth from Human Settlements (IUGS)

The urban growth of cities and especially that of tourist centers, is usually a common
factor in competition for water with natural spaces such as wetlands. This growth can be
quantified at a spatial level using a GIS indicator that measures the rate of spatial expansion
of the urbanized area within the AIDA for a given period of time. The formulation used is
set out below:

IUGSt2−t1 =
∑n St2−t1

i

∑z St2−t1
j

(7)

with Si being the set n of areas urbanized within the AIDA analyzed between t1 and t2 and
Sj the set z of land uses modified within the AIDA analyzed between t1 and t2. Categories
of the Corine Land Cover established as urbanized land are detailed in Appendix B.

3.2.6. Index of Mixed Diffuse Anthropization (IMDA)

The artificial transformation of the territory in the AIDA of wetlands is globally a
diffuse factor of ecological deterioration of these protected natural spaces, even if only
an indirect anthropic effect due to proximity exists. The construction of roads or the
modification of orography and land uses constitute elements of diffuse anthropization
that affect the fauna and flora of the wetlands. The following indicator is proposed for
its measurement:

IMDAt2−t1 =
∑n St2−t1

i

∑z St2−t1
j

(8)

with Si being the set n of areas artificially transformed within the AIDA analyzed between
t1 and t2 and Sj the set z of land uses existing within the AIDA analyzed between t1 and t2.
Categories of the Corine Land Cover established as artificial transformation of the territory
are detailed in Appendix B.

3.3. Geostatistical Evaluation Indicators

To spatially correlate the transformation of the territory derived from the increase
in agricultural or urban areas and the ecological deterioration of the protected wetlands
analyzed, a geostatistical evaluation of the phenomenon of diffuse anthropization will be
performed for the three case studies. The choice of geostatistics as an analysis approach is
justified by the incredible capacity that this statistical approach has to spatially analyze the
existing correlations between phenomena of different natures from an objective numerical
perspective. In this case, the objective is to analyze the spatial distribution over time of
phenomena of different natures and complex linkage. Using the GIS indicators previously
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described, how the spatial link between the transformation of the territory evolves over
time will be analyzed with the following phenomena: the loss of water in the wetlands, the
reduction in the standard of living of the vegetation of the natural park and the increase in
the level of water stress in the protected areas analyzed.

Here, the territory shaped as a continuous element needs to be “discretized” as a
structure composed of 1000 × 1000 m cells in order to numerically evaluate the spatial
correlation between indicators with specific values over a continuous space. These cells are
assigned values according to the results obtained in the flooded area, NDVI and NDWI
data from Landsat 5, Landsat 7, Sentinel 2 and Landsat 8 satellites for the three case studies
(see Appendix C for detailed data). In addition, patterns of diffuse anthropization of the
AIDA are obtained through the GIS indicators of land transformation by using historical
GIS cartographies for the years 2000, 2005, 2010, 2015 and 2020. The detailed cartography
data are summarized in Table 2.

Table 2. Technical characteristics of georeferenced data used.

Mapping
Data

Pixel Size Projected on the GSD
Ground (cm)

Planimetric Accuracy
(X,Y) Mean Squared

Error (m)

Altimetric Accuracy
(Z) Mean Squared

Error (m)

Mesh Step

Flight Orthophoto

2000–2004 45 50 <1.00 <2.00 5 × 5

2005–2020 22 25 <0.50 <1.00 5 × 5

The relationship between the spatial distribution of the static indicators for the analysis
of ecological state of the three case studies and that of the dynamic indicators for evaluating
the territorial transformation in the AIDA of the wetland areas over time are addressed
through a three-phased geostatistical evaluation by using geoprocessing tools from GvSIG
desktop 2.5.1 (GvSIG Association, Spain) and ArcGIS 10.8 (Esri, USA).

This analysis will enable us to numerically assess the extent to which the transfor-
mations made by human activities in the area of influence of these wetlands over the
last 20 years have influenced their current ecological deterioration linked to water loss.
The spatial relationships are parameterized and assessed firstly through the use of Global
Moran’s I [57] and secondly Anselin Local Moran’s I [58] bivariate statistics.

Bivariate global spatial autocorrelation allows us to assess the statistical correlation of
a set of geolocated data and whether the autocorrelation is positive or negative. Bivariate
Global Moran’s I statistic formula is given as I:

I =
n
S0

∑n
i=1 ∑n

j=1 wi,jzizj

∑n
i=1 z2

i
(9)

where zi is the deviation of an attribute for feature i from its mean
(
xi − X

)
, wi,j is the

spatial weight between features i and j, n is equal to the total number of features and S0 is
the aggregate of all the spatial weights of (10):

S0 = ∑ n
i=1 ∑ n

j=1wi,j (10)

Global spatial GIS autocorrelation provides the three following values: the Moran’s
I Index, the z-score and the p-value. Given a series of spatial distribution features and
an associated attribute, bivariate Global Moran’s I statistic indicates whether the pattern
expressed is clustered, dispersed, or random, as well as its degree of statistical correlation
with some kind of phenomena. When the z-score or p-value indicates statistical significance,
a positive Moran’s I index value indicates a trend toward clustering while a negative
Moran’s I index value indicates a trend toward dispersion. The z-score and p-value are
measures of statistical significance which inform us whether, or not, to reject the null
hypothesis. For this analysis, the null hypothesis states that the values associated with
features do not have any statistical correlation.
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From this information, we are able to develop the hot and cold points in the mapping
in a geolocated way, through the Local Indicators of Spatial Association (LISA) from
Anselin [58]. Each Anselin Local Moran’s I statistic of spatial association I is given as:

Ii =
xi − X

S2
i

∑ n
j=1,j=iwi,j

(
xj − X

)
(11)

where xi is an attribute for feature i, X is the mean of the corresponding attribute, wi,j is
the spatial weight between features i and j and:

S2
i =

∑n
j=1,j=i

(
xj − X

)2

n − 1
(12)

with n equating to the total number of features. More detailed data on the configuration of
the statistics used is provided in Appendix D.

For this analysis, the null hypothesis states that the correlation values of two elements
are randomly distributed. Thus, the higher (or lower) the z-score, the stronger the intensity
of the clustering of these values. A z-score near zero indicates no apparent clustering within
the study area. A positive z-score indicates clustering of high values, whilst a negative
z-score indicates clustering of low values. Therefore, the bivariate statistical correlation
analysis between the distribution of different GIS indicators helps to spatially understand
the extent to which the consequences of diffuse human anthropization affect the evolution
of ecological deterioration of these three wetlands. This multidisciplinary approach will
enable better management of the territory within the framework of holistic environmental
planning to end the current problems of water loss from wetlands.

4. Results

The presentation of results will be done with the following structure: first, analysis
will be carried out on how the average values of the different GIS indicators proposed for
the three case studies have evolved over time. Second, using geostatistical autocorrelation
tools, it will be verified if these spatial distribution patterns of the data obtained really
describe a relevant physical phenomenon or may merely be the subject of a statistically
random distribution. Finally, the statistical spatial correlation between the indicators of
territorial transformation associated with the phenomenon of diffuse anthropization and
the indicators of environmental impact associated with the ecological deterioration of
wetlands will be evaluated numerically through some OLS models of the LISA analysis.

4.1. Spatiotemporal Analysis of GIS Indicators

In addition to the aforementioned satellite data, we resort to the historical comparator
of the Spanish National Orthophoto Program of the Ministry of Development. Since 2000,
this tool allows to have access to digital frames of flights with pixel size 0.22 m or 0.45 m,
8 bits in TIFF format, with the corresponding georeferencing files in TFW format and in
ECW format georeferenced in the ETRS89 geodetic reference system for the entire Spanish
territory. The local cartography provided with files with four RGB and NIR bands (red,
green, blue and near infrared), or an RGB file and the corresponding NIR. This makes it
possible to obtain homogeneous data for similar periods of the year from 2000, 2005, 2010,
2015 and 2020 for the three study cases evaluated (Figures 13–15).
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Figure 13. Sequences of satellite images of the area of study of the Doñana National Park for 2005, 2010, 2015 and 2020.

Figure 14. Sequences of satellite images of the area of study of the Tablas de Daimiel National Park for 2005, 2010, 2015
and 2020.

Figure 15. Sequences of satellite images of the area of study of the Albufera of Valencia Regional Park for 2005, 2010, 2015
and 2020.

From all this georeferenced historical data, the following average values are obtained
in the protected areas of the three wetlands for the GIS static indicators described in the
previous section. Similarly, the values of the dynamic GIS indicators have been obtained
in the AIDA for the four 5-year periods between 2000 and 2020 and are summarized in
Figure 16.

From the simple observation of the numerical results of the indicators, it is possible
to numerically verify the intensity of the phenomena mentioned above, such as the fluc-
tuations in the loss of flooded area in the Tablas de Daimiel National Park (with extreme
drought events such as those of 2009). The state of the water body appears to have recov-
ered to the levels of 20 years ago. However, this recovery of the water inputs has not been
associated with an equivalent recovery of the environmental deterioration suffered on the
soil of the protected area. In the case of the Albufera of Valencia, despite the periodic stabil-
ity of the annual cycles of rice crops, a slow (but gradual) progressive trend towards water
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loss is observed. However, an exact correlation with the level of ecological deterioration of
the soil cannot be determined only from that. Finally, in the case of Doñana, an increasing
trend in the loss of water mass and the state of ecological deterioration of the soil is noted,
particularly in the last 10 years.

Figure 16. Evolution of static and dynamic GIS indicators for Doñana, Tablas de Daimiel and Albufera of Valencia case
studies between 2000 and 2020.

If we observe in detail the patterns of detailed temporal evolution of the dynamic
indicators, generally, a majority presence of agriculture is observed in all time frames as
the main factor of soil transformation in the area of diffuse anthropization influence of the
analyzed wetlands. This trend is accentuated after 2005 in Doñana and the Albufera of
Valencia, possibly as a consequence of the real estate crisis in coastal areas that reduced
urban activity, limiting the growth of cities. At the level of transformation linked to the
global phenomenon of diffuse anthropization, we can observe that the behavior patterns in
the three cases are quite similar in their temporal evolution.

4.2. Autocorrelation Analysis

To verify that we are witnessing a spatial distribution of the indicators derived from a
real physical phenomenon and not the consequence of a set of mostly random events, an
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analysis of the geostatistical autocorrelation of the spatial patterns of each of the static and
dynamic indicators is carried out; the results obtained are shown in Table 3.

Table 3. Global Moran’s I statistic for static and dynamic indicators in the three case studies (data
order: Doñana Park/Tablas de Daimiel/Albufera of Valencia).

Static Indicators IFA ILV IWS

Global Moran’s Index 0.33/0.41/0.71 0.37/0.52/0.49 0.38/0.41/0.12
z-score 29.3/35.1/62.5 30.0/44.8/42.4 34.7/22.3/13.5
p-value 0.01/0.01/0.01 0.01/0.01/0.01 0.01/0.01/0.01

Dynamic indicators IATS IUGS IMDA

Global Moran’s Index 0.46/0.31/0.65 0.66/0.71/0.70 0.11/0.14/0.16
z-score 50.4/22.8/53.9 58.5/59.3/52.2 15.7/13.3/20.6
p-value 0.01/0.01/0.01 0.01/0.01/0.01 0.01/0.01/0.01

Although the cases are not homogeneous for all the indicators, it can be seen how all of
them have a greater or lesser statistical significance in their distribution. Low p values and
medium-high z values confirm the rejection of the null hypothesis of a random distribution.
Positive values for the statistic also show a global aggregative trend of all indicators.
Therefore, they all correspond to real distribution phenomena associated with verifiable
physical phenomena. A couple of common patterns can also be observed. On the one
hand, in the case of the static indicators, a greater similarity is observed in the cases of
Doñana and the Tablas de Daimiel compared to that of the Albufera of Valencia, possibly
due to the existence of different spatial patterns of ecological deterioration. On the other
hand, in the case of the dynamic indicators, we appreciate generally high values in the first
two, compared to relatively low values in the third. This is due to the specific nature of
the dynamic indicators themselves, with a tendency to aggregate the first two phenomena
analyzed (intensive agriculture and urban growth) compared to the heterogenous and
dispersed nature of the third (diffuse territorial anthropization).

4.3. LISA and OLS Analysis

Finally, to contrast the statements made in the previous subsections and numerically
assess the intensity of the spatial correlation between the various indicators in each of the
three case studies, multiple OLS regression models based on a bivariate LISA analysis are
shown in Table 4.

Various general observations can be made of the results obtained. First, the analysis
carried out for the static indicators showed several common patterns of behavior for the
three case studies. The IFA index for flooded area of the wetlands presented a much lower
capacity for explanation for all cases (R2adj: 0.22/0.21/0.19) than those carried out for
the ILV index of life of the vegetation (R2adj: 0.43/0.40/0.33) and the IWS index of water
stress in the soil (R2adj: 0.39/0.36/0.34). As expected, we found that the correlations
were negative in this second indicator (ILV) due to its own definition, since the greater the
territorial transformation, the lower the health index of the vegetation. In addition, the link
between the parameters of territorial transformation studied with said phenomena was
more clearly seen in the second (ILV) and third indexes (IWS) than in the first (IFA), since
in the case of the flooded surface indicator the climatic and meteorological variables of
precipitation (not the object of this study) surely have a higher incidence.
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Table 4. Detailed multiple regression models (OLS) for LISA analysis of the different levels of spatial correlation between
indicators for each of the three case studies.

Doñana National Park.

GIS
Indicators

Flooded Area (IFA) Life of Vegetation (ILV)

B Std. Error t Sign. B Std. Error t Sign.

IATS 0.185 0.003 4.112 0.000 * −0.446 0.003 −2.034 0.000 *
IUGS 0.107 0.005 2.248 0.000 * −0.315 0.009 0.932 0.000 *
IMDA 0.132 0.008 3.710 0.000 * −0.279 0.010 −4.183 0.000 *

Akaike’s information criterion (AIC): 22,765.5 AIC: 23,508.1
Multiple R-squared: 0.19 Multiple R-squared: 0.22
Adjusted R-squared: 0.18 Adjusted R-squared: 0.22

F-statistic: 139.24 Prob (>F) (3,3) degrees of freedom: 0 F-statistic: 155.81 Prob (>F) (3,3) DF: 0

GIS
Indicators

Water Stress (IWS)

B Std. Error T Sign.

IATS 0.327 0.004 2.102 0.000 *
IUGS 0.292 0.010 1.434 0.000 *
IMDA 0.273 0.012 1.811 0.000 *

Akaike’s information criterion (AIC): 22,061.2
Multiple R-squared: 0.24
Adjusted R-squared: 0.23

F-statistic: 150.62 Prob (>F) (3,3) degrees of freedom: 0

* Significant at 0.01 level.
Tablas de Daimiel National Park

GIS
Indicators

Flooded Area (IFA) Life of Vegetation (ILV)

B Std. Error t Sign. B Std. Error t Sign.

IATS 0.166 0.007 2.623 0.000 * −0.436 0.013 0.227 0.000 *
IUGS 0.107 0.005 6.243 0.000 * −0.315 0.009 −2.924 0.000 *
IMDA 0.122 0.006 4.714 0.000 * −0.179 0.006 −5.132 0.000 *

Akaike’s information criterion (AIC): 23,116.7 AIC: 23,173.2
Multiple R-squared: 0.43 Multiple R-squared: 0.40
Adjusted R-squared: 0.43 Adjusted R-squared: 0.40

F-statistic: 130.28 Prob (>F) (3,3) degrees of freedom: 0 F-statistic: 161.12 Prob (>F) (3,3) DF: 0

GIS
Indicators

Water Stress (IWS)

B Std. Error t Sign.

IATS 0.529 0.034 2.109 0.000 *
IUGS 0.382 0.010 1.976 0.000 *
IMDA 0.209 0.012 3.810 0.000 *

Akaike’s information criterion (AIC): 22,038.0
Multiple R-squared: 0.33
Adjusted R-squared: 0.33

F-statistic: 159.67 Prob (>F) (3,3) degrees of freedom: 0

* Significant at 0.01 level.
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Table 4. Cont.

Albufera of Valencia Regional Park

GIS
Indicators

Flooded Area (IFA) Life of Vegetation (ILV)

B Std. Error t Sign. B Std. Error t Sign.

IATS 0.008 0.003 5.685 0.000 * −0.036 0.003 −4.020 0.000 *
IUGS 0.003 0.001 3.287 0.000 * −0.015 0.009 −2.931 0.000 *
IMDA 0.034 0.009 2.712 0.000 * −0.119 0.010 −1.108 0.000 *

Akaike’s information criterion (AIC): 25,325.7 AIC: 23,762.1
Multiple R-squared: 0.40 Multiple R-squared: 0.36
Adjusted R-squared: 0.39 Adjusted R-squared: 0.36

>F-statistic: 93.78 Prob (>F) (3,3) degrees of freedom: 0 F-statistic: 110.03 Prob (>F) (3,3) DF: 0

GIS
Indicators

Water Stress (IWS)

B Std. Error t Sign.

IATS 0.017 0.004 1.328 0.000 *
IUGS 0.012 0.010 2.430 0.000 *
IMDA 0.098 0.013 1.927 0.000 *

Akaike’s information criterion (AIC): 24,243.5
Multiple R-squared: 0.34
Adjusted R-squared: 0.34

F-statistic: 101.24 Prob (>F) (3,3) degrees of freedom: 0

* Significant at 0.01 level.

Secondly, a greater capacity to explain the model was generally observed in the cases
of Doñana and the Tablas de Daimiel, the values for the case of the Albufera of Valencia
were generally lower. This is probably because the Albufera environment is territorially
much more complex and anthropized than the other two. The cases of Doñana and the
Tablas de Daimiel, being geographically more isolated from urban and anthropized areas,
allow us to explain the phenomenon of ecological deterioration with simpler models based
on fewer variables. The generally lower values in the AIC analysis for the GIS indicators of
these first two case studies (22,765.5/23,508.1/22,061.2 and 23,116.7/23,173.2/22,038.0) in
relation to the third (25,325.7/23,762.1/24,243.5) corroborate this observation.

Finally, we observe that there was a greater negative correlation in the case of the
ILV index and a greater positive correlation in the case of the IWS index in relation to the
factors of territorial transformation related to agriculture (IATS) than to those related to
urban growth (IUGS) or the mixed anthropic transformation (IMDA). It can be deduced
that the territorial transformation of an agricultural nature is consequently the factor most
linked to ecological deterioration due to water loss in these wetlands.

5. Discussion and Policy Implications

The work carried out has provided interesting contributions to the field of knowledge
of the analysis of indirect anthropic impacts in protected areas such as wetlands. It should
be noted that we are facing the quite common consequences of diffuse anthropization
close to protected areas, with numerous examples available throughout the world (see
for example Pampean plain in Argentina [59], Sorocaba wetlands in Brazil [60], Sanjiang
Plain in China [61] or Ria Formosa in Portugal [62]). In this context, the analysis carried
out is rather attractive from a comparative point of view and to export its methodological
framework elsewhere. These three wetlands suffer from problems of environmental dete-
rioration as a result of the water loss caused by strong diffuse anthropic impacts linked
to issues such as agriculture and urban development. However, the three cases cover a
varied catalogue of different contour conditions of these protected areas of high ecological
value: large, medium and small sizes, coastal and inland spaces, wetlands supplied only by
underground aquifers or also including surface channels, different management systems at
the administrative level, etc.
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It is an understatement that current environmental policy and regulation is not work-
ing to keep in check the effects of diffuse human anthropization. The impact of land
development on open space and natural environments continues to wreak havoc upon the
landscape. Attempts to control and mitigate underlying processes have led to more progres-
sive planning strategies and technologies, such as those introduced by McHarg [63] and
Steinitz [64] in the 1970s and 1980s that fundamentally changed socio-ecological practice
and research and ultimately influence many of the early software applications developed
in geographic information systems (GIS). However, many of these approaches are currently
spatially simplistic, static in nature and not capable of detecting indirect impacts from
neighboring land uses that serve to exacerbate the problem [7,65]. Add to this climate
change and landscape trends can take on new and accelerated trajectories where traditional
place-based planning, coupled with negative outcomes, can lead to greater uncertainties
and environmental degradation.

Transitioning from static place-based policies to space-time dynamic policies appears
to be a plausible solution to landscapes impacted by real time climate change. With the
evolution of GIS and Remote Sensing, a science driven, process-based approach to the
development of effective dynamic policy is possible. The metrics we introduce in this
study, analogous to McHarg’s introduction of suitability analysis to improve ecological
planning [57], show it is possible to dynamically track indicators, both static and dynamic,
to drive real time proactive environmental policy.

The approach followed supposes a preliminary approximation at a spatial level to the
concept of the area of influence of diffuse anthropization (AIDA) of a protected natural
space as a method for the multidisciplinary spatial diagnosis and evaluation of the environ-
mental impact derived from diffuse anthropization phenomena. This mixes two concepts
(area of influence through a socio-ecological analysis and spatial analysis of anthropic
diffuse impacts) which, separately, have numerous bibliographic references in this field of
research [66–68], yet taken together as an integrated approach for analysis have a rather
scarce and unspecific bibliography [69]. Thus, it must be noted that this approach has some
limitations as a result of its initiatory state as a universal research approach.

Therefore, beyond the general criteria raised for AIDA, it has been necessary to resort
to specific criteria found in the existing scientific bibliography on the three case studies
addressed in order to ensure the assessment of the area of influence based on the reality of
their existing boundary conditions. Nevertheless, it is a tool with important applications
from the point of view of policy implications. In Spain, there is a growing trend to protect
natural parks of high ecological value with a buffer zone called a pre-park. However, the
criteria for spatial determination of this area remain unclear and lack objectivity, so this
new concept may represent an advance in a more scientific determination of this figure of
environmental protection.

In the future, this concept of the diffuse anthropization influence area of a protected
natural area must be perfected (probably incorporating sensitivity and reliability analyses)
and made more standardizable as a tool for analyzing the impact of diffuse anthropization
in these environments. This issue must be considered above all in problems such as that
addressed in the case of water loss because of indirect activities, since the variables to be
evaluated may not always be evident [70].

Regarding the specific results obtained, at a general level, the geostatistical approach
used presents remarkable differences compared to previous studies on the subject. On the
one hand, it proposes a multidisciplinary comparative analysis of the ecological deterio-
ration of each of the wetlands. The analysis by means of GIS indicators of dimensionless
deterioration within the framework of the AIDA determined by using homogeneous
criteria makes it possible to compare similar problems but subjected to different bound-
ary conditions. This represents an advance with respect to previous studies in this field
and these case studies, which traditionally proposed specific analysis for only one case
study [15,37,71] or carried out comparative proposals of cases that needed to be quite
similar [5,72].
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On the other hand, it enables the large-scale objective analysis of the existing spatial
correlation between two phenomena whose link is not easy to establish a priori. The
problems related to water loss in protected wetlands are a proven fact in the cases stud-
ied [28,32,41]. However, the level of spatiotemporal participation in this phenomenon of
such an indirect impact and in which different actors participate, as happens in diffuse
territorial anthropization, is not easily measurable. The proposed methodology allows
different causes to be identified from an objective numerical approach, assigning a sta-
tistically robust spatial and temporal correlation, which could not be done with other
previous approaches that addressed the impact of the set of actors involved from a spatially
aggregated evaluation of consequences.

This last question can be very useful from the point of view of policy implications. En-
vironmental planning in Spain usually poses restrictions on certain uses in collateral areas
that are not strictly included within protected areas. However, these restrictions cannot be
infinite or generic, so it is very important to know which the most damaging human actions
are at an indirect level in protected areas to optimize environmental planning criteria in
relation to the phenomenon of diffuse anthropization.

Finally, the limitations of the model represent an issue that must be addressed. As
has been noted, the need for explanatory variables is far greater in highly anthropized
environments, especially when they are very close to urban areas. This can result, in
some cases close to large cities or in highly anthropized environments, in the analysis
being insufficient. This limitation, together with the need to deepen the achievement of a
more sophisticated framework to obtain AIDAs based on more robust and standardizable
analyses, are issues to be addressed in future lines of research.

6. Conclusions

The indirect impacts derived from diffuse territorial anthropization are a difficult issue
to assess. The concept of Area of Influence of Diffuse Anthropization (AIDA) proposed in
this work helps their diagnosis by means of a geostatistical spatial analysis. In this work,
different GIS indicators have been proposed to spatially correlate the transformation of
the territory in the area surrounding three quite different wetlands, albeit with similar
problems of ecological deterioration due to water loss. The results obtained show how,
in the case of Doñana, the transformation of the territory by agriculture in its AIDA
competes for water with the Natural Park. In the case of the Tablas de Daimiel, a similar
phenomenon occurs, but on a much larger scale and in which the climatic variables exert a
much greater incidence. Finally, in the case of the Albufera of Valencia, it is observed that
the hydrological-orographic variable is the most decisive, with the global phenomenon
being more complex and attributable to a greater number of variables.

Supplementary Materials: GIS files of AIDA and information for three case studies are available
online at https://www.mdpi.com/article/10.3390/ijgi10090630/s1.
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Appendix A

The conceptual map of the geodatabase used in this case to establish the criteria for
generating the areas of influence of diffuse anthropization is as follows:

Figure A1. Conceptual map of the geodatabase used.

Appendix B

The criteria used in the dynamic indicators of territorial transformation have been
based on the following Corine Land Cover 2018 categories:

- Agricultural transformation: categories 212, 213, 221, 222, 223, 231, 241, 242, 243
and 244.

- Urbanized areas: categories 111, 112, 133 and 142.
- Artificial soil transformation: agricultural transformation and urbanized areas cate-

gories plus the following ones 121,122, 123, 124, 131, 132, 141 and 211.

Appendix C

The characteristics of the data satellites used are detailed in Table A1.
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Table A1. Detailed data from the Sentinel 2, LandSat 5, LandSat 7 and LandSat 8 satellites.

Band Sentinel 2 Wavelength LandSat 8 Wavelength

1 Coastal spray 0.443 Coastal spray 0.43
2 Blue 0.49 Blue 0.482
3 Green 0.56 Green 0.562
4 Red 0.665 Red 0.655
5 Red edge 0.705 NIRS 0.865
6 Red edge 0.74 SWIR 1 1.61
7 Red edge 0.783 SWIR 2 2.2
8 NIRS 0.842 Panchromatic 0.59

8A Red edge 0.865 - -
9 Water steam 0.945 Clouds 1.375

10 SWIR/Clouds 1.375 TIRS 1 (Thermal
IR) 10.9

11 SWIR 1.61 TIRS 1 (Thermal
IR) 12

12 SWIR 2.19 - -

Band LandSat 7 Wavelength LandSat 8 Wavelength

1 Blue 0.4775 Blue 0.4825
2 Green 0.56 Green 0.565
3 Red 0.6615 Red 0.66
4 NIRS 0.835 NIRS 0.8375
5 SWIR 1 1.648 SWIR 1 1.65
6 TIR 11.335 TIR 1 11.45
7 SWIR 2 2.2045 TIR 2 2.22
8 Panchromatic 0.7055 - -

8A - - - -
9 - - - -

10 - - - -
11 - - - -
12 - - - -

Appendix D

The detailed formulation of geostatistical indices is as follow:
The zI-score for the Global Moran’s I statistic is computed as in (A1):

zI =
I − E[I]√

V[I]
(A1)

where E[I] and V[I] can be calculated as follows:

E[I] = −1/(n − 1) (A2)

V[I] = EI2 − E[I]2 (A3)

The zI-score for the Anselin Local Moran’s I statistic is computed as in (A4):

zI =
I − E[I]√

V[Ii]
(A4)

where E[I] and V[I] can be calculated as follows:

E[I] = −
∑n

j=1,j=i wi,j

n − 1
(A5)

V[I] = E
[

I2
]
− E[Ii] (A6)
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