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Abstract: Green infrastructure (GI) networks comprising multiple natural and artificial habitats
are important tools for the management of ecosystem services. However, even though ecosystem
services are deeply linked with the state of biodiversity, many approaches to GI network planning
do not explicitly consider the ecological needs of biotic communities, which are often threatened by
anthropic activities even in presence of protected areas. Here, to contribute in fill this gap, we describe
an easy-to-apply, biodiversity-centric approach to model an ecological network as a backbone for a
GI network, based on the ecological needs of a range of representative species. For each species, ideal
habitats (nodes) were identified, and crossing costs were assigned to other habitat types depending
on their compatibility with the species ecology. Corridors linking the nodes were then mapped,
minimizing overall habitat crossing costs. We applied the method to the Isonzo–Vipacco river area in
Northern Italy, highlighting a potential ecological network where nodes and corridors occupied 27%
and 11.8% of the study area, respectively. The prospective of its conflicts with anthropic activities
and possible solutions for its implementation was also discussed. Our method could be applied to
a variety of situations and geographic contexts, being equally useful for supporting the protection
of entire biocenoses or of specific sensitive species, as well as enhancing the ecosystem services
they provide.

Keywords: ecological networks; conservation biology; land management; river ecosystems; anthropic
pressures; graph theory; soil sealing

1. Introduction

Agricultural intensification and urbanization are massively reshaping landscapes,
causing widespread destruction and fragmentation of natural and semi-natural habitats [1]
and leading to a worldwide decline in biodiversity [2,3]. Anthropic activities are also
sources of chemical and sensory pollution [4,5] and determinants of biological invasions
of exotic species that can outcompete or otherwise damage native ones [6,7]. Nature
conservation is important not only because of the intrinsic value of biodiversity itself, but
also for the many ecosystem services linked with it. It is a well-established fact that many
wild taxa are pivotal providers of services such as pollination, biological control, water
purification, soil quality enhancement, climate regulation and more [8–10].

Green infrastructures (GIs) are among the most important tools used to counteract
the adverse effects of landscape changes on ecosystem services [11]. GIs are defined
as “networks of natural and semi-natural areas, planned at a strategic level and with
other environmental elements, designed and managed so as to provide a broad spectrum
of ecosystem services” [12]. This means that not only protected areas, but also small
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natural and semi-natural elements (grass strips, meadows, hedgerows), as well as artificial
ecosystems (gardens, urban parks, low-input agriculture), can act as nodes (here used as
synonymous with core areas) in a landscape GI network designed to sustain biodiversity
and improve ecosystem services [13].

Several different approaches to the planning of GIs exist [14], most of which tend
to directly focus on improving specific ecosystem services [15,16]. Approaches based on
biodiversity conservation and enhancement are less common, but should be considered
of paramount importance for GIs, given the aforementioned link between biodiversity
and ecosystem services [17]. Healthy, complex, and diverse biotic communities are known
to be much more resilient providers of a wider range of ecosystem services if compared
to simplified ones [18,19]. As a consequence, conservation actions aimed at improving
multiple services simultaneously should focus on preserving entire communities.

In this respect, the fact that any given area can host hundreds or thousands of different
species with wildly different ecological needs represents a significant challenge in conser-
vation biology. The concept of umbrella species can often lighten this burden by allowing
conservation managers to focus on one or a few carefully selected sensitive species, with
the conservation actions aimed at them also automatically benefitting a wider array of other
species occupying the same habitat [20,21]. The same concept could also be implemented
in GI planning; indeed, by selecting a number of species with varying ecologies, it would
be possible to build an ecological network [22] capable of also protecting a much wider
array of other species that share the ecological needs of the selected ones [23].

Planning and implementing GI and ecological networks is particularly important for
areas that simultaneously host a high level of biodiversity and are subjected to significant
anthropic pressures. Despite its relatively small area, Italy has probably the highest level of
biodiversity in Europe [24]. This rich biological heritage, threatened by dramatic landscape
transformations [25], would clearly benefit from an improvement in connectivity between
habitat resources. Protected areas such as the Natura 2000 network are thought to be insuf-
ficient for the protection of a considerable portion of biodiversity [26], thus highlighting the
need for GI networks to safeguard and connect other, usually neglected areas such as small
semi-natural elements and low-input agricultural fields. In the context of Italy, the Friuli
Venezia Giulia region seems to be particularly interesting from this point of view; owing to
its biogeographic location, geomorphology, and socio-ecological history, this region in fact
hosts one of the widest arrays of habitat types in the country [27], which in turn support a
high level of biodiversity.

When planning a GI or ecological network, it is important to consider and fully
exploit the geomorphology of the territory under analysis, which might present natural
features enabling connectivity in some areas. A typical example of such facilitations is
represented by rivers and other elements of the hydrographic network, which are known to
connect aquatic and terrestrial ecosystems as well as different parts of the territory [28,29],
especially if properly managed. A GI at the landscape scale should be designed to include
the hydrographic network with both the function of conservation, due to the riparian
habitats linked, and the function of support to connectivity, due to its pervasiveness in
the landscape.

The main goal of this study, as part of the larger Interreg GREVISLIN project
(https://2014-2020.ita-slo.eu/it/grevislin, accessed on 19 April 2024), was the definition of
an ecological network model as a backbone for a GI network, aimed at enhancing landscape
connectivity in the Isonzo–Vipacco river basins in the Friuli Venezia Giulia region, Italy.
We focused on the maintenance of the basic conditions for biodiversity conservation in
the long run, namely natural habitat availability and habitat connectivity. In this paper,
we describe the employed network modelling approach, highlighting its features and the
issues that should be addressed when implementing it, with a focus on the challenges
posed by urbanized areas, agriculture, and other prevalent anthropic pressures.

https://2014-2020.ita-slo.eu/it/grevislin
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2. Materials and Methods

The main goal of our study was to define the ecological network aimed at enhancing
landscape connectivity for biodiversity in the catchment area of the Isonzo and Vipacco
rivers (and neighboring Municipalities). The GREVISLIN Project placed great emphasis
on the protection of endangered species linked with river habitats, and especially on the
endangered Lepidoptera Lycaena dispar (Haworth) and Maculinea teleius (Bergsträsser), as
well as on their preferred habitat type, the lowland wet meadows and hay meadows [30,31].
In many parts of Europe, the populations of these two butterflies are declining, and
consequently, they are of great conservation interest [32–34].

2.1. Study Area

The study area (35.525 ha, lat 45.87119; long 13.52218) was defined by the adminis-
trative boundaries of 23 municipalities that are crossed by the Isonzo and Vipacco rivers,
or are in their immediate surroundings (Table S1, Figure 1). In the case of very large
municipalities, only the area directly influenced by the river (the hydraulic/flood risk area)
was considered (Table S1). The spatial analyses described here and in following sections
were carried out in QGIS 3.4.15, with the projection system being RDN2008/UTM zone
33N (EPSG:6708).
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The area is rich in biodiversity representative of four different biogeographical areas:
Po Valley, Illyrian-Balk, and Mediterranean in connection with the Alpine system. The
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related habitats are mainly concentrated along the rivers and arranged in a north–south di-
rection, while in the east–west direction, they are reduced and fragmented due to anthropic
land use change. This includes both agricultural activities (including intensive agriculture
based on the irrigation system) and the expansion of urban, commercial, and industrial
settlements. The floodplain areas are characterized by tree formations dominated by black
poplar (Populus nigra L.) while the riverbed hosts willow thickets of Salix eleagnos Scop. and
Salix purpurea L., often contaminated by invasive exotic species (e.g., Robinia pseudacacia L.,
Amorpha fruticosa L. and Reynoutria japonica Houtt.). In the Karst area, downy oak (Quercus
pubscens Willd.) and black hornbeam (Ostrya carpinifolia Scop.) formations can be found,
while in the alluvial plain, residual strips of mesophilic woods represent a fragmented but
very important hot spot of biodiversity [35].

2.2. Ecological Network

The ecological network was designed using a habitat-species based model consid-
ering both flora and fauna. Habitat categorization and mapping was based on CORINE
BIOTOPES [36]—specifically, on the pre-existing CORINE BIOTOPES habitat map (2017,
1:25.000) of Friuli Venezia Giulia obtained from the IRDAT regional environmental and ter-
ritorial data catalogue (http://irdat.regione.fvg.it/, accessed on 12 November 2019). This
habitat categorization is based on the features of local biotic communities, and especially
on the features of vegetation; natural and semi-natural habitats were classified more in
detail, while anthropic habitats are divided in larger macro-categories [37]. The study area
included 75 different CORINE BIOTOPES habitat categories.

2.3. Selection of Target Species and Habitats

We based the ecological network on the habitat preferences of selected focus species
representative of the biocenosis of the study area. The criteria for the selection of the
target species were defined by a panel of expert botanists, zoologists, and conservationists
affiliated with the Natural Reserve of the Isonzo River Mouth and the University of Udine.
The adopted criteria are reported in Table S2.

As for animals, we selected 17 species (8 insects and 9 vertebrates, see Table S3)
including L. dispar and M. teleius. Given the centrality of river-related habitats in the
area, 12 of these species are semi-aquatic or at least linked with water-rich environments.
Nonetheless, we also included 5 species linked with different, drier habitats, to ensure a
more complete representation of the ecological needs of the local fauna of the area. All of
the selected species are of conservation interest, are either threatened or declining because
of anthropic impacts, and have a very low mobility. The reasoning behind these choices is
that a network calibrated for the protection of such vulnerable, low-mobility species would
also adequately protect the less vulnerable and more mobile ones [21].

Plants represent a different challenge, as they occupy a very different niche in the
ecosystem (often as habitat builders) and, moreover, they are sessile organisms, which
means that they can only move from habitat to habitat during sexual reproduction exchange
(e.g., pollination) or through colonization events in the form of propagules. Thus, we used
a different, habitat-focused approach. Based on the existing literature [38,39] and expert
opinion, 13 habitat categories (Table S4) were deemed representative of 107 vulnerable and
ecologically diverse focal plant species for the studied area. The focal habitats themselves
were thus used to build the networks, rather than the individual plant species.

2.4. Assigning Habitat Crossing Costs

For each animal species, a crossing cost was assigned to each CORINE BIOTOPES
(2017) habitat type depending on the ecology and habitat preferences of the animal. Costs
ranged from 1 (the preferred habitat types) to 100 (extremely hostile habitat types, tending
to act as barriers), and were assigned based on the existing literature [40–44] and expert
opinion of local zoologists (including co-authors MDL and PZ).

http://irdat.regione.fvg.it/
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A similar procedure was applied to the focal plant habitats by assuming that, while
plants and their habitats cannot move, they can expand more or less easily depending on
the features of neighboring habitats. Costs (from 1 to 100) were thus lower for habitats that
were very similar to the focal habitats in terms of vegetation composition and successional
stage (value scores: 2–50 if the habitat is within the dynamic contacts, 51–70 if the habitat is
within floristic affinities, 71–100 for habitats considered biological barriers). Once again,
the available literature [38,39] and local experts (including co-author FB) were consulted
for cost assignment. The assigned costs for animal species and focal habitats are reported
in the dedicated Supplementary Excel file.

2.5. Building the Ecological Network

For each animal species and focal plant habitat, we generated a raster (10 × 10 m
per pixel) based on the CORINE BIOTOPES habitat map of the region, using the habitat
crossing costs as a discriminatory variable (Figure S1a). Raster maps were created in QGIS
and then imported into Graphab 1.2.3 [45] to be used for the generation of movement graphs.

These graphs are based on Least Cost Path Analysis [46]: ideal habitats (cost: 1) act as
nodes, and they are connected by non-oriented links that minimize the overall crossing
cost between each couple of nodes, calculated as the sum of the costs of all pixels crossed
by the link (Figure S1b). Given the high number of links in these graphs, we re-elaborated
the graph of each species and habitat into a Minimum Spanning Tree (MST) [47]. MSTs
are open graphs connecting all the nodes at the minimum possible overall cost, resulting
in the most favorable link between each couple of nodes in terms of Euclidean distance
and crossing cost (Figure S1c). No minimum size threshold was applied for the selection
of nodes.

The MST links calculated for all species and habitats were merged in a single shapefile,
as were the MST nodes (Figure S2a,b). A grid (cell size: 50 × 50 m) was overlapped to the
MST links to overcome the one-dimension of lines, and only cells crossed by at least one
link were selected (Figure S2c). The link length index (TLL), as sum of all the length of
links in each cell, was calculated. Cells showing TLL above the average value of the study
area were deemed part of Level I corridors, while cells encompassing a below-average total
link length were considered as Level II corridors. A buffer of 50 m was then applied to the
cells, generating corridors with a minimum width of 150 m, aimed at reducing external
disturbance and enhancing the connectivity role of the corridors. Very short corridors
(including less than 10 cells in contact with each other) were removed.

In addition to that, we also highlighted stepping stones, defined as isolated or discon-
tinuous habitat patches that are relatively suitable to host one or more of the target species,
acting as facilitators in their dispersal. For each species/habitat, they were identified as all
habitat patches with a crossing cost inferior to 30, and crossed by at least one link. Habitats
that were already identified as nodes for at least one of the focal species or plant habitats
were not considered in stepping stones selection. The resulting system of nodes, corridors,
and stepping stones represented the ecological network model for the study area.

2.6. Anthropic Impacts

The ecological network model highlights habitats favorable to biodiversity and ways to
connect them. However, in anthropized landscapes, sources of anthropogenic disturbance
are widespread, and interferences with the ecological network are inevitable. In QGIS,
the following CORINE 2017 habitat categories were selected as representing sources of
varying intensities of one or more types of anthropic impacts (habitat destruction and
fragmentation, invasive species, chemical and physical pollution):

(1) Intensive agriculture (CORINE code 82.1);
(2) Intensive agricultural areas with semi-natural patches (CORINE codes 82.2 and 82.3);
(3) Permanent crops (CORINE codes 83.11, 83.15, 83.21, 83.31 and 83.321);
(4) Habitats dominated by invasive plant species (CORINE codes 83.324, 87.2a, and 87.2b).
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While agriculture in general is a major cause of biodiversity loss [1], extensive and low-
input agricultural areas can be relatively biodiversity-rich. This is particularly true for those
species that evolved in open habitats once maintained by now-extinct large herbivores,
and now maintained by low-input agricultural activities and livestock [48]. Extensive
agricultural areas, if properly managed, can indeed represent favorable habitats for many
wild species [49], to the point that they were considered nodes for one of the species in our
network, the European green lizard Lacerta viridis (Laurenti). For these reasons, we only
focused on intensive agriculture when mapping agricultural impacts in our study.

Urbanized areas (urban and industrial) were mapped using the National Land Con-
sumption Map (2018) raster file about soil sealing, provided by the Italian Institute for
Environmental Protection and Research (ISPRA https://groupware.sinanet.isprambiente.
it/uso-copertura-e-consumo-di-suolo/library/consumo-di-suolo, accessed on 12 Novem-
ber 2019). The choice was dictated by the higher spatial resolution of this map (10 m) and
by the fact that it also mapped sealed soil within natural areas, allowing us to evaluate
urbanization impact within the nodes and the stepping stones of the ecological networks.

Linear traffic-based barriers were included in the analysis using the road and high-
way graph (2014, 1:25.000) and the railway graph (2000, 1:25.000) for the Friuli Venezia
Giulia region. We only considered high-traffic roads (controlled-access highways, state
highways, regional roads, provincial roads) and railways. The shapefiles of both graphs
were downloaded from the IRDAT platform of the Region website (http://irdat.regione.fvg.
it/consultatore-dati-ambientali-territoriali/home?language=it, accessed on 12 November
2019). Data on linear barriers linked with aquatic habitats (i.e., dams and weirs) and water
intake structures were provided by the regional Information System for Soil Protection
(SIDS) and the regional land register of water use (http://www.regione.fvg.it/rafvg/cms/
RAFVG/ambiente-territorio/valutazione-ambientale-autorizzazioni-contributi/FOGLIA1
1/#id3, accessed on 12 November 2019), respectively.

The calculated pressure indices in ecological network elements were as follows:

- The percentage area of sealed soil (i.e., urban areas) within nodes, corridors, and
stepping stones;

- The percentage area of corridors covered by other impactful land use types (inten-
sive agriculture, intensive agriculture with seminatural residuals, perennial crops,
alien vegetation);

- The total length and density of linear barriers within corridors, nodes, and step-
ping stones.

3. Results
3.1. Ecological Network Infrastructure Features

The ecological network for the Isonzo–Vipacco area is represented in Figure 2. The
nodes covered 27.0% of the studied area and were represented by 48 CORINE habitat
categories. A large portion of the nodes was represented by the downy oak forests in
the San Martino del Carso and Doberdò del Lago area, which act as nodes for the stag
beetle Lucanus cervus L., and as potential stepping stones for other target animal species. A
significant portion of the nodes was concentrated along the rivers or in the immediately
surrounding areas. Other, smaller nodes were scattered across most of the study area.

The corridors covered 11.8% of the studied area and connected most of the nodes,
with roughly 45% of the corridor area being represented by level I corridors (Table 1). The
stepping stones covered 4.9% of the study area (34.5% of stepping stones overlaps with
corridors) and were represented by 10 habitat types.

https://groupware.sinanet.isprambiente.it/uso-copertura-e-consumo-di-suolo/library/consumo-di-suolo
https://groupware.sinanet.isprambiente.it/uso-copertura-e-consumo-di-suolo/library/consumo-di-suolo
http://irdat.regione.fvg.it/consultatore-dati-ambientali-territoriali/home?language=it
http://irdat.regione.fvg.it/consultatore-dati-ambientali-territoriali/home?language=it
http://www.regione.fvg.it/rafvg/cms/RAFVG/ambiente-territorio/valutazione-ambientale-autorizzazioni-contributi/FOGLIA11/#id3
http://www.regione.fvg.it/rafvg/cms/RAFVG/ambiente-territorio/valutazione-ambientale-autorizzazioni-contributi/FOGLIA11/#id3
http://www.regione.fvg.it/rafvg/cms/RAFVG/ambiente-territorio/valutazione-ambientale-autorizzazioni-contributi/FOGLIA11/#id3
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Table 1. Total area of the nodes, corridors and stepping stones of the ecological network, with the %
covered by each anthropic impact and the density of linear barriers. Stepping stone area overlapping
with corridors is excluded. Information about anthropic impacts other than soil sealing were obtained
from the CORINE habitat mapping, the same source we used to map nodes and stepping stones. As
such, there is no overlapping and thus no information about the incidence of these other impacts in
nodes and stepping stones, although it is assumed to be low.

Nodes Corridors
(Level I)

Corridors
(Level II)

Corridors
(Total)

Stepping
Stones

Area (ha) 9605.1 1881.7 2295.8 4177.5 1139.9

Soil sealing (%) 6.1 18.8 19.4 19.1 8.7

Intensive agriculture (%) NA 27.9 36.0 32.3 NA

Intensive agriculture with seminatural residuals (%) NA 13.0 9.5 11.0 53.4

Perennial crops (%) NA 15.0 15.0 15.0 NA

Alien vegetation (%) NA 8.5 5.3 6.7 NA

Land-based linear barrier density (m/ha) 4.5 16 13.2 14.5 5.3

Water linear barrier density (m/ha) 0.2 NA NA NA NA
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3.2. Anthropic Pressures

Overall, soil sealing covered 19.1% of corridor area, 8.7% of stepping stone area and
6.1% of node area (Table 1, Table S5). In the corridors, the most widespread source of impact
was intensive agriculture (32.3% of corridor area) followed by soil impermeabilization,
perennial crops (15.0%), intensive agricultural areas with semi-natural patches (11.0%),
and areas dominated by alien plant species (6.7%) (Table 1, Table S6). Additionally, 53.4%
of the area of stepping stones was represented by intensive agricultural areas with semi-
natural residuals.

As for the density of roads and railways, it was consistently higher in corridors
(14.5 m/ha–16.0 m/ha in level I corridors and 13.2 m/ha in level II corridors) if compared
with stepping stones (5.3 m/ha) and nodes (4.5 m/ha) (Table 1, Table S7). Additionally,
overall density of dams and weirs in nodes is 0.2 m/ha (Table 1, Table S8). As for water
management, the study area includes 24 water intake structures used for supply of drinking
water, power production purposes and irrigation, 11 of which are on the Isonzo, with 8 on
the Vipacco, and 5 on secondary waterways.

Anthropic pressures were differentially distributed within the network. The incidence
of anthropic impacts in each studied municipality is reported in Tables S5–S8, which show
a wide variability among municipalities, ranging from areas where the pressures are high
and widespread (such as in Gorizia) to less impacted areas (such as in Savogna d’Isonzo). In
corridors, soil sealing was more widespread in the central and northern parts of the study
area if compared with the southern part, and it was particularly prevalent in the area of the
airport (Ronchi dei Legionari) and in the municipalities of Villesse (presence of shopping
centers), Gradisca d’Isonzo and Gorizia (provincial capital) (Figure 3a). Stepping stones,
on the other hand, were particularly interested by soil impermeabilization in the central
sections of the study area. Intensive agriculture areas within corridors had an opposite
distribution if compared with soil sealing, with most affected corridors being in the central
and southern sections of the study area (Figure 3b).
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Figure 3. Incidence of soil sealing (a) and intensive agriculture (b) in the elements of the proposed
ecological network. Color intensity is linked with impact incidence: for each network element
(individual nodes, corridors or stepping stones, respectively, in red, blue, and green) darker colors
are linked with a higher % area subjected to either soil sealing or intensive agriculture. Perfect white
represents lack of soil sealing or intensive agriculture in the network element.
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4. Discussion

Our study introduced and applied a biodiversity-centric approach to the planning of
GI networks, starting from their basic component—the ecological network. Being tailored
on the ecological needs of a variety of threatened and/or sensitive species, our method is
likely to improve the potential of GI networks for biodiversity conservation at large [23],
especially if compared with other approaches based on less objectively defined concepts
such as a limited number of specific ecosystem services, which are often lacking a clear
method for ensuring biodiversity conservation [50]. This difference might be critical,
especially when considering the central role that biodiversity has in providing ecosystem
services [11]. A potential limitation is represented by the fact that, in our methodology,
habitat crossing scores are heavily dependent on the opinion of individual experts and
their knowledge of local biodiversity, which of course entails a degree of subjectivity. It
must be remembered, however, that experience-based local ecological expert knowledge is
increasingly considered pivotal in enhancing the efficacy of conservation planning [51].

By using this methodology, we mapped the most important habitats for the conserva-
tion of biodiversity in the study area, also highlighting potential corridors and stepping
stones connecting said habitats and taking into account the ecological needs of a wide
array of vulnerable species. A focal element in this network is the Isonzo river itself, as one
would expect given its centrality in the ecology and geomorphology of this area, and the
large number of wetland-linked target species that were chosen as a consequence.

Urban–industrial development inside nodes appears to be a relatively minor problem,
which is unsurprising given that habitats chosen as nodes were suitable for vulnerable target
species, and are consequently often habitats of high ecological value. Exceptions include,
for instance, artificial habitat patches such as quarries or canals, which are potentially useful
habitats for the water snake Natrix tessellata (Laurenti) and other aquatic species. Another
example are habitats included in large grey infrastructure, such as meadows neighboring
the Trieste–Friuli Venezia Giulia Airport (Figure 3a).

Stepping stones, while not ideal habitats for the target species, can play a relevant role
for biodiversity because of their low crossing cost for the selected species, and the relatively
low incidence of soil sealing and related impacts. On the other hand, soil sealing is much
more widespread in the corridors, which will thus require a more careful management.

The percentage of soil sealing and other impactful land uses remains similar even
when considering separately level I and level II corridors, even though level I corridors
have a higher incidence of alien vegetation areas and intensive agricultural areas with
semi-natural residuals, but a lower incidence of intensive agriculture (Table 1). Intensive
agriculture, in fact, represents a particularly damaging source of impacts [52], and as such,
species links tend to avoid it when possible. Agricultural areas can, however, also be
relevant for ecological network creation. For instance, more than half of the stepping stones
in the study area are represented by agricultural areas with semi-natural residuals, which
are potentially useful for the European green lizard, but also for many other species [53].

Given the extension of the proposed network, a cooperative effort between interested
municipalities would be ideal to fully implement it. In this regard, the ecological net-
work of the recently approved Regional Landscape Plan, may be a useful reference in
the Friuli Venezia Giulia region, given the lack of specific planning tools for the creation
of GI networks. However, the modular nature of the network itself allows a degree of
freedom to individual municipalities, which might have restrictions in terms of funding
or practical impediments (such as existing grey infrastructures) to the implementation of
certain sections of the network. The conservation of nodes, and especially level I nodes,
should be the first priority, followed by the realization of level I and (if possible) level II
corridors, and finally by the enhancement of stepping stones.

The realization of corridors (and, to a lesser degree, the enhancement of stepping
stones) would require a variety of different strategies and interventions, also depending on
the environmental context and the ecological requirements of the species that are most likely
to be found in said context. In agricultural areas, for instance, actions that are considered
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generally beneficial for ecological connectivity, biodiversity, and ecosystem services include
the preservation of small natural habitat fragments (such as hedgerows, grassy strips, and
small woods) [54,55], crop diversification [56], the creation of artificial wildlife-friendly
habitats in or around fields such as flower strips and specific cover crops [57] and the
reduction in impactful practices such as pesticide use or conventional tillage [58,59]. Given
the distribution of intensive agriculture within corridors in our study area, municipalities
in the southern part of the area will have to pay particular attention to these measures.

Urban and industrial environments (such as the city of Gorizia in our case study)
present a different and even more difficult challenge, given their high population density,
the level of soil sealing and, more generally, the much more drastic transformations of the
environment. There are, however, many ways of improving connectivity and biodiversity
conservation even in such environments. These include the correct management of gardens
and parks [60], establishing some areas within them where wild vegetation is preserved
from excessive mowing, selectively removing invasive plant species, using native wildlife-
friendly plant species as ornamentals, installing artificial shelters for small vertebrates and
arthropods, and reducing the use of pesticides and fertilizers. Similar measures should be
applied also to smaller green areas such as flower beds, tree rows, and green roofs, which
could act as precious stepping stones furtherly increasing ecological connectivity across
urban areas [61]. When undertaking such actions, even private gardens and green areas
can play a pivotal role [62], and thus, environmental education and awareness campaigns
aimed at citizens become of prime importance.

A unique challenge linked to urbanization and soil sealing is represented by roads
and highways, as vehicular traffic causes wildlife mortality as well as disturbance that
discourages migrations and connectivity [63,64]. Tunnels and bridges allowing animals to
cross roads unperturbed can relieve the problem [65], especially for groups that need to
move periodically during their life cycle, such as amphibians [66].

5. Conclusions

Being based on a habitat map and knowledge about the habitat needs of focus species,
our biodiversity-centric approach to GI network planning is a simple-to-implement tool
that could be applied to a variety of situations and geographical contexts. Our case study
focused on ecological network mapping as strategy to organize local resources to favor
biodiversity, a goal that would be desirable in many other areas, and that would also be
likely to benefit the provision of ecosystem services. Networks aimed at protecting entire
communities might be less efficient at protecting single specialized species. However,
the multi-species approach is widely applied in ecological connectivity studies [67,68],
and some scholars highlight that unseen biodiversity must be included in systematic
conservation planning approaches [69]. Additionally, it would be possible to apply the
very same method to a more restricted number of endangered or sensitive species that
require particular attention, thus planning a network tailored to their specific conservation
needs. Since the study area is in contact with the border of Slovenia, it would be useful
to plan a consistent cross-border GI network; this would require the setting of a future
framework to promote the application of the method tested in this study to the territory
of the neighboring country as well. In all cases, the modularity of the planned ecological
network allows for a high degree of freedom in its implementation in case resources are
not sufficient for the ideal scenario of realizing a cross-border network, or even the entire
Italian section of the network.

In conclusion, this approach might complement and improve the way in which present
and future GI networks are conceived.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su16093604/s1, Figure S1: Generation of Minimum Span-
ning Trees; Figure S2: Mapping of the corridors for the ecological network; Table S1: Municipalities
of the studied area; Table S2: Criteria for target species selection; Table S3: Focus animal species;
Table S4: Focus plant habitats; Table S5: Soil sealing in the network; Table S6: Other anthropic impacts
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in the corridors; Table S7: Terrestrial linear barriers; Table S8: Aquatic linear barriers. Excel: Crossing
costs for focal species and habitats.
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