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The Green and Blue Infrastructure (GBI) is a new approach for dealing with biodiversity conservation based on maintaining the ecological networks by ensuring the survival of animal and plant species. GBI is considered a new public policy to avoid the loss of biodiversity by preserving landscape connectivity and protecting natural habitats from fragmentation. Countries including the United States, Canada, the United Kingdom, Italy, Portugal, Japan, China, Brazil, and Turkey are seeking to integrate this concept into their environmental policies. This study proposed a methodology to design a GBI at a regional scale applied to the Sousse region in Tunisia. Two main approaches were used. The first was based on identifying three reference species marked by different dispersal distances. The second applied GIS spatial analysis using the buffer model to help assess the ecological connectivity. The methodology developed comprises five steps. In the first step, a forest habitat sub-frame, a semi-open habitat sub-frame, and a wetland sub-frame were determined from a detailed land-use map. Then, different biodiversity reservoirs were identified. In the third step, buffers varying between 200, 250, and 300 m depending on the dispersal distance of the reference species (Cape hare, North African Hedgehog, and Marbled Teal) were applied around the reservoirs to identify zones of potential connections between them. Next, buffers were also applied to detect fragmentation zones along road networks and built-up areas. Finally, the ecological corridors were mapped from the overlay between zones of potential connections and the fragmentation map. The result was the creation of a GBI of the Sousse region with reservoirs of biodiversity and ecological corridors connecting them. This methodological approach and the characterization of the Sousse city GBI map represent the first innovative research applied in Tunisia. This prototype can be a reference for other local or regional spaces, contributing toward realizing a national GBI and promoting sustainable projects.
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INTRODUCTION
Research on ecological network design and planning approaches has promoted the development and construction of Green infrastructure around the world. Green infrastructure is defined as networks of green corridors connecting parks, nature reserves, cultural features, or historic sites (Little 1990; Fábos, 1995). Ahern (2002) reported its use for linear areas that are planned, developed, and managed for ecological, recreational, cultural, and esthetic purposes, according to the needs for sustainable development.
Initially, the concept included a very landscaped and esthetic vision; it gradually turned to a very ecologist vision and later became a tool for sustainable land use planning (Searns 1995). Historically, Green infrastructure originated with the beautification work of large cities in the 19th century (New York, Paris, and London) by landscape architects Frederick Law Olmsted (1822–1903) and Jean-Claude Nicolas Forestier (1861–1930). Their work resulted in the establishment of a network of urban green spaces that improved the living environments of inhabitants and the proper functioning of the cities.
Worldwide, many countries have applied this concept in their national strategies, including the United States (Zube 1995; Cook 2002), Canada (Hobden et al., 2004), the United Kingdom (Turner 2006), Italy (Toccolini et al., 2006), Portugal (Ribeiro 1998; Andresen et al., 2004; Pena et al., 2010), Japan (Asakawa et al., 2004), China (Chang et al., 2012), Brazil (Giordano and Riedel, 2008), Turkey (Kurdoğlu and Kurdoğlu 2010; Akpinar 2016), and Egypt (Mahmoud and El Sayed 2011).
Progressively, the blue component started appearing in the ecological network and the notion of Green and Blue infrastructure (GBI) was established. As its name implies, it comprises two components, a green component and a blue one. The green component includes natural or semi-natural areas that are important for biodiversity preservation, including all or a part of the protected areas, and the ecological corridors connecting them. The blue component includes water courses or parts of them or canals, as well as wetlands. Opdam et al. (2006) designated the term ecological network as “a set of ecosystems linked together by flows of organisms in a spatially coherent set, interacting with the landscape matrix.” However, Burel & Baudry (1999) argued that a lack of connectivity can lead to a significant decline in the biodiversity of an area. Hence, the fragmentation of territories, and subsequently of landscapes, threatens biological diversity by splitting and reducing the living spaces of species (Debray 2011). Bennett & Wit (2001) concluded that ecological networks have two main objectives: the preservation of ecosystem functionality and the protection of biodiversity from the impact of human activities while promoting sustainable development. Therefore, the GBI is structured as an ecological network, whose conceptual model is a patch-corridor-matrix composed of habitat tasks distributed over a landscape matrix and connected by ecological corridors (Jongman et al., 2004). In addition, conceptualizing such a network requires different stages, the first of which consists of setting conservation objectives; choosing target species and environments; and determining the linking sub-frames, biodiversity reservoirs, and corridors while considering the effects of anthropogenic disturbances.
Ecological networks are now developed and constructed using advanced technologies, including remote sensing (Taylor et al., 2007; Pena et al., 2010), the Geographic Information System (GIS) (Miller et al., 1998; Teng et al., 2011; Linglart et al., 2016), landscape metric analysis (Giordano and Riebel 2008; Kong et al., 2010), and least-cost path analysis (Teng et al., 2011; Tomczyk and Ewertowski 2013; Etherington 2016).
Corridors are linear areas of land, strips of land, or vegetation that differ from the surrounding landscape matrix (Forman & Godron 1986; Barett & Bohlen 1991). They are useful for the dispersal of organisms in landscapes (Inglis and Underwood 1992) as they structurally connect two habitat cores (Kindlmann and Burel 2008). Different methods are used to identify corridors by applying visual analysis (Duchesne et al., 1998) or geomatics tools such as dilatation erosion (Amsallem et al., 2010; Spaggiari et al., 2010), permeability of environments (Berthoud et al., 2004), core density (Sordello et al., 2017), and graph theory (Saura and Pascual-Hortal 2007; Dale and Fortin 2010; Godet and Clauzel 2021). Methods using geomatics processing under the GIS are considered exact science since they are based on equations and calculated indexes; moreover, these automatic treatments are applicable at any scale. However, the method of visual interpretation is sometimes difficult to apply given the scale and large area of the study regions. Therefore, the present study applied the dilation erosion method based on GIS tools.
Different ecological networks have been developed in the Mediterranean region. In Egypt, Mahmoud and El-Sayed (2011) proposed a method to maintain ecological balance and organize the urban green areas in El-Sadat city using GIS techniques. A few years later, Akpinar (2016) defined six factors to evaluate the perceptions and user preferences in urban greenways, in which Turkish people reported that urban greenways are more than a luxury and provide important health, recreational, and leisure activities. In Tunisia, Boussema et al. (2018) examined the development of green spaces through urban planning documents or specific programs to determine the role of GBI in Tunisian environmental policy. While applications focused on this concept have been adopted, a proper methodological approach for planning strategies is lacking. Therefore, the main objectives of the present study were to 1) propose a methodology for mapping GBI at a regional level and 2) strengthen local and regional connectivity.
STUDY AREA
The study area was located in the Sousse governorate in the Tunisian Sahel, a coastal semi-arid region. The study area is 2308 km2 and has a population of 416 330 (INS, 2017) in nine delegations: Sousse Sidi Abdel Hamid, Sousse Riadh, Sousse Medina, Sousse Jawhara, Hammam Sousse, Akouda, Sidi BouAli, Hergla, and Enfidha (Figure 1). The area is characterized by a semi-arid climate, belonging to the lower semi-arid bioclimatic stage of the lower northern steppes. The summer period is hot and dry, while the winter period is characterized by its relatively cooler temperatures, humidity, and irregular precipitation. The annual average rainfall in this region is approximately 200 mm, and the annual average temperature is approximately 18.6°C. The Sousse region is marked by economic, environmental, ecological, and cultural importance. It also provides a diversity of landscapes, including forest, coastline, rural, urban, industrial, and natural; hence, it is rich in flora and fauna (Boussema and Khebour Allouche, 2020). This spatial delimitation was selected first due to the availability of digital information and the richness of the environments marking this area and second because it is a territorial management unit in which a GBI could be established and the decision-makers act at the level of the delegations.
[image: Figure 1]FIGURE 1 | Local map of the study area.
DATA USED
Land use
The INFOTEL Database (DB) 2017 was modified after it was obtained from the National Centre for Mapping and Remote Sensing (IFPN) and a digital agriculture map of (CRDA, 2009) was used. The mapping data were exploited as part of a GIS, and specific information was extracted from each database and then crossed to obtain information on the different types of land use. The INFOTEL DB 2017 contains a series of information corresponding to the distribution and extent of forests, reforestation, vegetation type, etc. (IFPN, 2010). The DB of the agriculture map of the Sousse region produced in 2009 represents the most recent digital version available. It includes information in the form of vector layers related to data on land use and water courses, as well as data related to anthropogenic elements such as infrastructure and urbanized areas (CRDA, 2009). This information allows the identification of the main areas of forests, grasslands, wetlands, etc. The different databases used were crossed and compared to produce a complete map of the study area (Table 1).
TABLE 1 | Databases used in this study.
[image: Table 1]Reference species
The approach used to identify the reference species was based on the ecological requirements of these species and their movement capacities associated with the ecological quality of the environments (Bergès et al., 2010; Fu et al., 2010). The first objective is to identify the spatial relationships between the home ranges specific to a species (Foltête et al., 2012; Bourgeois et al., 2017). For this method, species data are used for their intrinsic conservation values and a distinction is made between emblematic, heritage, remarkable, and threatened species.
Based on the International Union for Conservation of Nature's Red List of Threatened Species (IUCN, 2020) and inventories and observations from the General Directory of Forests (GDF), three representative species, Cape hare (Lepus capensis), North African hedgehog (Atelerix algirus), and marbled teal (Marmaronetta angustirostris) were selected for the forest, semi-open, and wetland habitat subframes, respectively. The Cape hare is listed by the IUCN Red List as a minor concern (Villafuerte and Delibes-Mateos 2019). However, it is threatened by urbanization, increased hunting, intensive agriculture, and increased pesticide use (Delibes-Mateos et al., 2010). Amori et al. (2008) reported that the hedgehog is listed in Appendix II of the Berne Convention and Appendix IV of the European Union Directive on Habitats and Species. Increased roadways and habitat loss are the most severe threats for this species in Tunisia. The marbled teal is suited to wetlands in semi-arid regions (Green and Silva 2000) and breeds in dry steppes areas (Green 1993). It is legally preserved in Tunisia and is inscribed on the IUCN Red List as critically endangered (Bird Life International, 2017).
METHODOLOGY
The species-based approach used in the present study allows the development of an ecological network based on the identification of reference species (Bergès et al., 2010; Foltête et al., 2012; Bourgeois et al., 2017). Therefore, the mapping of this network is based on the characteristics of these selected species (habitat, dispersal, movement, reproduction, etc.), whose dispersal distances are crucial for the determination of ecological corridors. For that, a GIS-based ecological connectivity assessment using the buffer model via the tool “variable distance buffer” was performed in a process called dilatation–erosion treatment. Figure 2 shows the flowchart of the methodology, which comprised five steps. The first step was based on the analysis of the landscape and the determination of sub-frames. The second step was the identification of biodiversity reservoirs. The third step applied the dilatation–erosion treatment to identify zones of potential connections. The fourth step performed a study of fragmentation by considering the effects of ecological disturbance. Finally, the ecological corridors were obtained and, in turn, the GBI was defined. This study used ArcGis® 10.1 and Quantum GIS® 2.2 software.
[image: Figure 2]FIGURE 2 | Flowchart of the methodology used in this study.
Identification of sub-frames
Based on the different land use classes, three sub-frames were identified: a forest habitat sub-frame, a semi-open habitat sub-frame, and a wetland sub-frame (Table 2).
TABLE 2 | Sub-frames of the Sousse region and associated land use classes.
[image: Table 2]Identification of biodiversity reservoirs
Reservoir identification is based on defining for each sub-frame core habitats (primary and secondary cores) and favorable areas for species movement or reproduction (other habitats), as well as unfavorable areas (obstacles) that represent barriers to species movement (Liénard and Clergeau 2011; Locquet and Clauzel 2018). These identifications were carried out in the present study in consultation with local experts on the behavior of the species in the study area to qualifying environments as more or less favorable to the local representative fauna. Table 3 shows the result of the classification of the different land use classes of the (IFPN, 2010) vector layer in terms of primary cores, secondary cores, other habitats, and obstacles. For example, the primary core was represented by natural grasslands for the semi-open habitat sub-frame; by mixed forests for the forest habitat sub-frame; and by marine wetlands for the wetland habitat sub-frame. The secondary core was represented by non-wooded scrubland for the forest habitat sub-frame, boscage for the semi-open sub-frame, and deciduous forest for the wetland sub-frame.
TABLE 3 | Classification details of land use classes into biodiversity reservoirs and obstacles.
[image: Table 3]Identification of zones of potential connections
Principle of the method
This step involved applying the dilatation–erosion treatment to identify potential corridors for each sub-frame in two steps: dilatation followed by erosion. Dilatation is the application of a positive buffer zone around primary and secondary cores to highlight potential connections between these environments; in contrast, erosion is the application of a negative buffer zone of the same width (Amsallem et al., 2010). The buffer zone thickness considers the theoretical dispersal distance of the target species living in the sub-frame (Bernier and Théau 2013). This is the distance that a species can travel for breeding, feeding, and resting. It is the distance at which a species can move from its birthplace to settle in another site and reproduce. The application of this method makes it possible to distinguish habitats connected in the buffer zone for use by the target species, as well as unconnected habitats located outside the buffer zone and therefore not usable by the target species. The first step in this process is specifying the dispersal distance for each species according to the available information to establish the thicknesses of the buffer zones that will be applied to each sub-frame, as well as the declining natural environments.
Accuracy of the dispersal distance for each species
This distance was defined for each species and each sub-frame based on the bibliographic data and from experts. However, the dispersal distances in the literature were sometimes difficult to establish because they can be based on the vital territory of the species or adapted to the morphology of a study territory. Thus, these values were generally a compromise between the dispersion values from the literature (Table 4) and the necessary adaptations to the different types of environments in the study areas associated with each species (Table 5). Therefore, the distances were selected based on those that most closely matched the elements of local knowledge.
TABLE 4 | Examples of dispersal distances for representative species from the literature.
[image: Table 4]TABLE 5 | Dispersal distances retained by sub-frame and species in the Sousse region.
[image: Table 5]Based on the literature, the distances that seemed closest to the specificities of the study area were 1000 m for the hare, 400 m for the hedgehog, and 500 m for the teal. Given the local specificities and the severity of the environment in our region, we defined smaller dispersion distances than those indicated in the literature. Table 5 lists these distances.
Study of fragmentation
After identifying the two main components of an ecological network (reservoirs and corridors), it is useful to identify barriers and sources of anthropogenic pressures that may affect its functionality. The implementation of an ecological network will not necessarily achieve the conservation objectives if no mitigation measures are applied to curb the impact of the major obstacles present in the landscape (Beier et al., 2008). Generally, there are two types of obstacles: natural (large waterways, mountains, cliffs, etc.) and artificial (urbanization, linear transport infrastructure, etc.). Spaggiari et al. (2010) suggested that the conflict between ecological continuities and the elements of fragmentation makes it possible to analyze their functionality to identify breaks in continuity and to locate “conflict zones.” These areas correspond to the specific meeting points between road and rail networks that fragment the territory and the main current or required ecological continuities (Amsallem et al., 2010).
The main obstacles to the movement of species in the present study were urbanization and the terrestrial transport network. Once the sources of anthropogenic fragmentation are identified, the disruptive elements can be mapped with more or less broad buffers depending on the disturbance effect generated (Beier et al., 2008). The ecological disturbance zone is a buffer zone surrounding infrastructures that disrupt ecological continuity, beyond which species can live in safety. The width of the distances of the buffer zones was selected in this study based on the widths used within the framework of the “Ecological network of the Massif Central” (CEMAGREF 2011) and “Implementation of a GBI in the Bouches-du-Rhône” (CETE 2012) projects. Different widths were also tested to best adapt these areas of ecological disturbance to the study area. As Table 6 shows, the determined areas were 250 m around highways; 100 m in built-up areas, national roads, and railways; and 50 m for regional roads. The distance to the highways was the greatest, given the high speed of travel that kills species such as hare and hedgehog. The sections of railway present in the territory are not fully fenced and do not present significant rail traffic in the region, which leaves room for fauna to move, hence the allocation of a distance of only 100 m. These spaces have been widened, which should be taken into consideration when mapping ecological corridors.
TABLE 6 | Buffer zones for selected ecological disturbances in the Sousse region.
[image: Table 6]Identification of ecological corridors
Mapping ecological networks consists of crossing the sub-frames with the obstacle layers to highlight the existing points of conflict. It is important to check the land use on the potential connection areas revealed during the erosion step and to subtract from them the zones if it is impassable by fauna. In our case, and since the study area was large, the hypothesis was that the ecological corridors would be identified as potential areas of movement at a regional scale. Finally, the combination of the three sub-frames formed the potential GBI of the Sousse region.
RESULTS
Sub-frames in the Sousse region
Three sub-frames were identified: the forest habitat sub-frame comprised three types of forests (deciduous, conifer, and mixed) and shrub plantations such as boscage, windbreaks, wood glades, wooded scrubland, young stands, and alignment trees. The semi-open habitat sub-frame contained steppe rangelands and grasslands. The wetland sub-frame included water courses, water bodies, riparian plant formations, and marine and inland wetlands.
Reservoirs of biodiversity in the Sousse region
Biodiversity reservoirs are the main element of the ecological network and the cores of habitat characteristics for each species. Their identification was initially based on determining the existing regulatory environments for each sub-frame. Next, the primary, secondary, and other habitats favorable to the reference species were defined as described previously (Table 3).
Existing regulatory environments in the Sousse region
The protected and sensitive areas in the forest habitat sub-frame of the Sousse region included the forest of El Madfoun (Figure 3), which is a sensitive site and which aims to be a nature reserve, according to the GDF (2018). Although the semi-open habitat sub-frame does not have any protected reserves or sites, it is rich in habitat cores. The wetland sub-frame included three sites, including the sebkha of Halq El Minjel (Figure 4), which is a protected site and of national and international importance as an Important Bird Area and a Ramsar site since 2011 (Boussema et al., 2020a). The sebkha Assat Ejriba and sebkha of Sousse (Figure 5) are also considered sensitive sites given their ecological richness and their important hydrological roles.
[image: Figure 3]FIGURE 3 | View of the El Madfoun forest.
[image: Figure 4]FIGURE 4 | View of the Halq El Mingel sebkha.
[image: Figure 5]FIGURE 5 | View of the Sousse-sebkha shorelines.
Reservoirs of the forest habitat sub-frame
Figure 6 shows that the territory is marked by sparse forest in the forest habitat sub-frame. The primary cores are sparked and distributed on the north and northwest sides, mainly the forests located in Enfidha known as Ain M'Dhaker and Ain Rahma. The reservoirs of biodiversity were small and fragmented and concentrated in the north and northwest areas. Since they have small areas, the limited size of these habitats contributed only slightly to the remarkable biodiversity and does not guarantee the long-term viability of their populations.
[image: Figure 6]FIGURE 6 | Reservoirs of the forest habitat sub-frame.
Reservoirs of the semi-open habitat sub-frame
The primary cores were condensed in the middle, whereas the secondary cores were condensed in the north and the northwest near to primary cores. The primary and secondary cores of the semi-open habitat sub-frame were well-distributed over the territory, with middle dominance for primary cores. Indeed, these cores were numerous, occupying important surfaces and revealing an interesting network. Although this sub-frame was characterized by its rich core habitats, it has no protected sites (Figure 7).
[image: Figure 7]FIGURE 7 | Reservoirs of the semi-open habitat sub-frame.
Reservoirs of the wetland habitat sub-frame
The primary core consisted of water courses and bodies, wetlands (marine and inland), and riparian forests. There are two marine wetlands: Sebkha Halq El Mingel in the Hergla delegation and Sebkha Assat Ejriba in the Enfidha delegation. The only inland wetland is Sebkha Sousse, which lies south of Sousse city. The watercourses are temporary and seasonal, mainly located in the north and northwest. Ripisylves are plant formations along more or less perennial watercourses that are effective ecological corridors essential for maintaining larger-scale biodiversity. The secondary cores were numerous, located in the north, northwest, and middle near the primary cores. The choice of wetland sub-frame corresponded to the importance of issues related to the maintenance of biodiversity habitats and the close link with the Blue infrastructure. In our case, the Blue infrastructure was represented entirely by the wetland sub-frame (Figure 8).
[image: Figure 8]FIGURE 8 | Reservoirs of the wetland habitat sub-frame.
Highlighting potential connections
Since the width of the buffer was equal to the dispersal distance of the target species living in the sub-frame, distances of 200 m, 250 m, and 300 m were chosen for the forest habitat, semi-open habitat, and wetland sub-frames, respectively. The application of a buffer zone from a positive distance followed by a buffer zone from a negative distance to the reservoirs of biodiversity for each sub-frame was used to reveal zones of probable connection between them.
Forest habitat sub-frame
A dilatation equal to 200 m was carried out for the biodiversity cores (primary and secondary) of the forest sub-frame, followed by erosion with the same distance to reveal areas of potential movement of the hare. The resulting map (Figure 9) shows intermediate tasks (light green) between the different reservoirs of biodiversity (dark green). It is important to note that only the spaces that interconnect two already separated biodiversity cores support the tracing of travel axes.
[image: Figure 9]FIGURE 9 | Potential connections of the forest habitat sub-frame.
Semi-open habitat sub-frame
Figure 10 is the map of potential connections resulting from the erosion step with a distance of 250 m, showing intermediate tasks (pink) between biodiversity reservoirs (dark green). These are the areas of potential connections where the hedgehog may move. The potential connection zones are scattered throughout the study area since the reservoirs of the semi-open habitats sub-frame occupy a large part.
[image: Figure 10]FIGURE 10 | Potential connections of the semi-open habitat sub-frame.
Wetland habitat sub-frame
The biodiversity reservoirs of the wetland sub-frame are composed mainly of sebkhas and water courses. The latter are also considered biodiversity cores and corridors due to their connector role. Hence, the wetland sub-frame is mostly based on water courses. A 300-m buffer zone interconnects almost all biodiversity reservoirs. This distance around watercourses highlights the potential ecological functionality of the rivers and associated environments such as riparian forests. Figure 11 shows that the potential connection areas established at the water course level are narrower than those for the rest of the primary and secondary cores of the wetland habitat sub-frame. The remaining reservoirs showed small interstitial areas.
[image: Figure 11]FIGURE 11 | Potential connections of the wetland habitat sub-frame.
Therefore, it is important to verify the type of land use in the movement zones revealed during the erosion step and to subtract from them the zones where the type of land use is considered blocked by the animal. Hence, the next step is the study of territory fragmentation.
Fragmentation analysis of the Sousse region
The various disruptions and barriers to the continuity of the ecological network must be analyzed to highlight the potential corridors. Two major sources of fragmentation were identified in the present study: urban areas and linear transport infrastructures. As Figure 12 shows, the urban fabric is present in gray patches throughout the territory and occupies 15% of the total area. The most remarkable major urban task is that of downtown Sousse, the largest city in the region, with other smaller tasks corresponding to other cities. These small towns showed a discontinuous urban fabric; this suburbanization has begun to demolish vast agricultural lands and lead to settlement in the forests. These urban areas have a particularly important negative impact because they have large areas without vegetation, allow little circulation of species, and cause significant development. The coastal regions faced issues related to fragmentation by urbanization, especially on the coastal side.
[image: Figure 12]FIGURE 12 | Urbanization map of the Sousse region.
Figure 13 shows that the road network is dense and pervasive throughout the region of Sousse. Its impact is significant on biodiversity in terms of stopping or even blocking species movement. However, the mapping was limited to highway A1 and the national and regional roads. The rail network is a conventional line and not a high-speed line and crosses the study territory from south to north, with negative impacts on the mobility of terrestrial and avifauna species.
[image: Figure 13]FIGURE 13 | Terrestrial transport network of the Sousse region.
Ecological corridors in the Sousse region
The synthesis map (Figure 14) highlighted the biodiversity reservoirs (represented by primary and secondary cores) and the main ecological links between them. Thus, it translated the stakes of the target species: the hare for the forest sub-frame, the hedgehog for the semi-open sub-frame, and the teal for the wetland sub-frame. The overlay of the main obstacles (urbanization and terrestrial transport network) to the movement of biodiversity with reservoirs and areas of potential connectivity revealed potential ecological corridors. For the Green infrastructure, the functional forest ecological corridors were concentrated mainly in the north and northwest regions instead of the forest cores, while the functional semi-open corridors were distributed in most of the study area, specifically in the northern and middle areas. This resulted in a good distribution of biodiversity reservoirs in this sub-frame with middle dominance for primary cores. For the Blue infrastructure, the functional ecological corridors were mainly presented by the water courses; which were both reservoirs and corridors (dual role).
[image: Figure 14]FIGURE 14 | GBI of the Sousse region.
DISCUSSION
Baris et al. (2010) suggested the importance of enhancing the research and implementation of ecological network planning. This concept is based primarily on ecological research involving the survival of wildlife species in fragmented landscapes (Ahern 1995). The acceleration of urbanization in the Sousse region has resulted in the fragmentation of landscapes, deterioration of ecosystems, and loss of natural habitats and habitat structures (Boussema et al., 2020b). The species approach used in the present study was based both on target species and cross-reference with different sets of data comprising land cover and major obstacles. However, the application of dilatation–erosion treatment has its strengths and weaknesses. It is easily implemented, and the results are quickly generated (AuthorAnonymous et al., 2010). These results can be considered to represent structural connectivity, as the network highlights more than the specificities of the species (Avon and Bergès 2014). Although the width of the buffer is chosen according to the known dispersal distance of the species, this method reasons at the scale of the habitat task and its vicinity but not at the level of the overall landscape. The disadvantage of this method is that it does not consider the nature of the environments, particularly their resistance to the dispersal of species; i.e., the functional connectivity (Loquet and Clauzel 2018). However, this methodological choice appeared to be more operational based on the objectives of the present study to identify areas with elements favorable to biodiversity to target in the implementation of specific development actions at local and regional scales. Recently, Boussema et al. (2022) proposed a supra-regional connection to promote biodiversity conservation in the Sousse region with neighboring regions, which presents a new tool for space structuration and sustainable development at a supra-regional scale.
CONCLUSION
Preserving biodiversity and natural habitats in this region requires planning, designing, and managing the GBI. The spatial organization of the constituent environments of the Sousse region has resulted in eight main types of habitats: forests, shrub plantations, grasslands, rangelands, water courses, water bodies, ripisylves, and wetlands. The compilation of these environments has allowed the formation of three pioneering sub-frames of GBI, namely, forest habitats, semi-open habitats, and wetland sub-frames. However, the semi-open sub-frame is dominated by its constituent environments, occupying 30% of the study area, due to the adaptation of this open landscape to the semi-arid climate. Research on the animal species present in the study area, their distribution, their characteristics, and their vulnerability revealed three representative species for these types of environments: the Cape hare for the forest habitat sub-frame, the North African hedgehog for the semi-open habitat sub-frame, and marbled teal for the wetland sub-frame. Therefore, the GBI was mapped according to the characteristics of these selected species, which are crucial in the choice of dispersal distances for the determination of ecological corridors. To map these ecological corridors, the dilation–erosion method was applied to each sub-frame in two steps: dilation followed by erosion. This method revealed areas of potential connection within each sub-frame. Moreover, it is important to verify the land use in the travel areas revealed during the application of the erosion step and to subtract from them areas where the type of land use is considered impassable by the animal. Consequently, a study on the fragmentation of terrestrial obstacles was conducted. The identified obstacles stemmed from urbanization and terrestrial transport network, namely, the rail and road networks. The compilation of the results of the three sub-frames formed a potential GBI of the Sousse region, hence the objective of the present study.
This study successfully developed a method taken for the development of GBI in the Sousse region and represents the first innovative research applied in Tunisia. This network comprises natural and semi-natural environments whose green and blue components interact through the ecological corridors created. Subsequently, the fauna and floristic species will be able to live in biotic interactions and harmony and the inhabitants will be able to take advantage of nature in the city, thus creating a real socio-ecological balance. This ecological network is a concrete example that could evolve toward a reproducible prototype for other regions. The integration of GBI in planning documents and development plans should be a part of a decision-making perspective in public policies for sustainable landscapes. Moreover, the implementation described here should provide concrete steps to bring together as many partners and stakeholders as possible.
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