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Abstract 

Ecological networks (ENs), i.e. compounds of a set of patches interconnected through a set of 

corridors, are major strategies for counteracting landscape fragmentation in stressed urban, peri-urban 

and rural domains. They are adopted in many cases worldwide and their success or difficult rooting can 

be used as a living indicator of the inclination of human settlements to favour the development of green 

systems. We aim at constructing a network analysis method and testing it to the comparative study of 

two ENs to be developed in Sassari and Nuoro, Italy. We will study ENs with the same number of 

nodes, analyse the size of the patches, and scrutinize the main variables expressing the topological and 

weighted centrality. This approach allows us to locate the hotspots of the ENs, i.e. the places that need 

to be protected from external negative drivers. Results demonstrate that the method is useful, as it helps 

finding similarities and dissimilarities in different ecological systems and confirms that network 

analysis has very good potential when applied in a comparative modality. 

Keywords: landscape fragmentation; ecological networks; comparative study; complex networks 

analysis; centrality; peri-urban settlements  
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1. Introduction 

The development of human settlements exerts interference over the equilibrium and functional 

dynamics of the environment and the landscape. The construction of a variety of urban centres (from 

metropolitan areas to small villages) and of the necessary transport and mobility infrastructures has the 

direct effect of the interposition of many barriers. These artificial buildings act as interpositions and 

interrupt the continuity originally observed in natural wide areas. Landscape fragmentation (LF) is the 

phenomenon, according to which the initial very large parts of habitat (also called patches) are 

progressively cut and divided in even smaller and more isolated fragments (Fichera et al., 2015). LF 

has many shortcomings, such as reduced animal mobility and vegetal seed dispersal activity that should 

be counteracted to achieve healthier landscapes in contemporary peri-urban settlements. A major 

strategy to diminish LF, i.e. defragmentation, is the design and implementation of structures able to 

reconnect the patches in larger and more robust ensembles. In this regard, ecological networks (EN) are 

documented to serve the cause, as they allow the re-joining of the patches through the different parts of 

an urban settlement from the core to the periphery (Bennett and Mulongoy, 2006). A prominent method 

to support the design on ENs is the ecological network analysis (ENA), which enables the construction 

and analysis of ENs starting from their relational and functional properties (Schramski et al., 2004). 

ENA consist of the application of network analysis to the study of ecological systems. Network 

analysis is a field of science that studies complex systems by projecting their properties over a graph 

including individual entities (modelled as nodes) interconnected through links. This prominent research 

area has revamped in the last twenty years, thanks to an even higher processing power, which enables 

scientists to investigate very large systems in many fields (including biology, sociology, and 

engineering) (Albert and Barabási, 2002). Our study is mainly focused on mutualistic webs, like 

relations within ecosystem services such as pollination and seed dispersal. These are the cases, in 

particular, of frugivore networks, where plants interact with their animal seed dispersers (Ings et al., 
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2009). One of the major advantages of network analysis is that it enables the comparison of apparently 

different systems by adopting very simple metrics, thus it adds a unifying perspective to the study of 

similarities and differences and their rationales. Many authors used network analysis in comparative 

approaches for studying ecological systems (see Théau et al., 2015).  

In this paper, we aim at applying complex network analyses to support the design of two ENs for 

the towns of Sassari and Nuoro, Italy. We compare these systems by setting the same number of 

patches and focusing on naturalistic characterisation and centrality properties. While achieving this 

objective, we are interested in answering to the following research questions (RQs). RQ1 regards the 

possibility to compare different ENs in a simple and intuitive way through network analysis. We will 

develop on the application of a method -namely Comparative Ecological Network Analysis (CENA)- 

able to model ENs as frugivorous networks and to simplify the study of two (or ideally more) complex 

ecosystems. RQ2 attains the opportunity to assess the most important patches by means of network 

analysis. In this respect, we will focus on network centrality and investigate on the vulnerability of the 

ENs.      

This paper unfolds as follows. In the next section, we will summarize the state of the literature on 

the last advances in the domain of ENs and LF, the application of network analysis to the study of 

ecological systems, and the adoption of comparative approaches to EN modelling. In section 3, we will 

recall the main characteristics of the approach adopted and based on complex network analysis and 

describe the application of the method to the comparison of two ENs in the towns of Sassari and 

Nuoro, Italy. In section 4, we will report on the results of the application, while in section 5 we will 

discuss the results and present the conclusions of this paper. 

2. State of the art summary  
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2.1 Ecological networks and landscape defragmentation 

Urban settlements and their expansion in peri-urban and rural domains often triggers the rise of 

porosities and fringes, where the original large habitats are divided in several smaller and more isolated 

pieces. This well-known phenomenon is termed landscape fragmentation (LF) and is associated to a 

degradation of ecological properties including biodiversity and basic functional mechanisms (Fichera et 

al., 2015; Romano and Zullo, 2012; Fahrig, 2013; Vizzari and Sigura, 2015). LF is a critical aspect of 

the human-landscape interplay and must be counteracted through systemic actions designed to 

defragment the landscape by reconnecting the natural elements in a new evolving ensemble. In this 

respect, a major strategy adopted implies the development of ecological networks, i.e. systems of 

individual entities (patches) intertwined in a web of connections depicted by functional relations or 

associations (Hagen et al., 2012). An EN includes core areas (focal individual part of a landscape), 

corridors (material and immaterial support to the connection of, or movement between, core areas), and 

buffer zones (protection areas surrounding the other two types of areas) (Jongman, 1995; Bennett, 

2004). The adoption of ENs in landscape policy making and planning has been documented in a lot of 

examples worldwide (Bennett and Mulongoy, 2006) and in Europe (Bloemmen and van der Sluis, 

2004). Italy is also quite active, as regional administrations are responsible of designing, realizing and 

managing regional ENs (De Montis et al., 2016). 

2.2 Complex network analysis approach to the study of ecological networks 

In a recent editorial, Guimarães and De Deyn (2016) emphasize that complex problems in a variety 

of scientific fields have been approached by using the network paradigm (Amaral and Ottino, 2004). 

Ecological systems are modelled as networks including individual elements interacting through 

peculiar relations. Thus, the ecological patterns can be described in terms of network structures. The 

use of network analysis for disentangling ecological systems is certainly not new (see, inter alia, Cohen 
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and Stephens, 1978; May, 1973; Odum, 1975; Galpern et al., 2011). By contrast, the adoption of 

networks in ecology has recently become pervasive and quickly attained the description of several 

ecological systems (Guimarães and De Deyn, 2016; Luque et al., 2012; Saura et al., 2011). The 

principles of complex network theory provide scholars with the idea that a simple graph structure can 

inform about the ecological and evolutionary processes (Fall et al., 2007; Minor and Urban, 2007; 

Urban et al., 2009). In this respect, the evidence that complex systems behave according to their inner 

structure, also called topology (Albert and Barabási, 2002), represents an important starting point. Ings 

et al. (2009) observe that the availability of high computing software and hardware have made possible 

the investigation of a variety of systems tackled as biological (e.g. genetic), technological (e.g. Internet) 

and social (e.g. friendship) networks (Borgatti and Everett, 1997; Strogatz, 2001; Barabási et al., 2002; 

Dorogovtsev et al., 2003; Kossinets, 2006; Montoya et al., 2006) under innovative and unifying 

perspectives. According to some scholars (Ings et al., 2009; Montoya et al., 2006; Solé and Montoya, 

2001; Dunne et al., 2002), there is increasing interest in more robust cross-comparisons among 

different network types. As far as ecological systems are concerned, Ings et al. (2009) propose a three-

partition into: (i) ‘traditional’ food webs (FW), (ii) host-parasitoid webs (HPW), and, more recently, 

(iii) mutualistic webs (MW). This classification was based on the study of the relations within 

ecosystem services and indicated as: (i) pollination networks through maps of interactions between 

plants and their animal pollinators; (ii) frugivore networks by scrutinizing the interactions between 

plants and their animal seed dispersers; and (iii) ant–plant networks by the analysis the food-protection 

relations between plants and ants. Janssen et al. (2006), who develop on the possibility to compare 

social and ecological networks and infer common properties in empirical case studies, have proposed 

another interesting grouping. They distinguish three types of ecosystem networks that are: (i) connected 

by people via information or physical flows; (ii) disconnected and fragmented by people, and (iii) a 

connection between people. In a similar way, Hines et al. (2016) recall the tool able to assess 
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ecosystems in a holistic perspective and named them Ecosystem Network Analysis (ENA) (Schramski 

et al., 2011; Fath and Patten, 1999; Ulanowicz, 2004). ENA is an important part of the new field of 

network ecology (Borrett et al, 2014) and maps the direct and indirect interactions among all ecosystem 

components (Schramski et al., 2011; Fath et al., 2007). A prominent stream of tools has been borrowed 

from the social and economic sciences (Hannon, 1973; Wasserman and Faust, 1994; Borgatti, 2005; 

Estrada, 2010) and adopted to define and identify key components in ecosystems (Jordán et al., 2007; 

Estrada and Bodin, 2008; Borrett, 2013). Centrality represents a frequent and relevant focus in many 

tools (Foltête et al., 2012; Saura and Torné, 2009). Centrality metrics provide information on the ability 

of each component of an ecosystem network to influence directly and indirectly the rest of the system, 

and thus measure the functional importance of each piece with respect to the whole ecosystem (Estrada, 

2007). 

2.3 Comparative ecological network analysis 

In this paper, by Comparative Ecological Network Analysis (CENA), we refer to the adoption of 

network analysis for understanding and comparing many complex ecosystems. The literature on CENA 

includes contributions concerning the use of simple metrics to clarify the similarities and dissimilarities 

between complex systems. In this respect, Eklöf et al. (2013) consider 200 ecological networks to 

assess how many dimensions (trait axis) are required to predict whether two species interact. They 

found that the number of dimensions needed is usually small (<10) and ideally less than five, since the 

use of simple models facilitates the description and understanding of ecological networks. Joppa et al. 

(2010) examined 101 networks that consist of mutualists and their resources and parasitoids and their 

hosts. They investigated the nestedness to describe the presence of different species on different 

islands. Results clarified how recurrent nested patterns imply that the species composition on islands 

with fewer species is a proper subset of those on islands with more species. Nor et al. (2017) compare 
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the ecological networks of three large cities in South East Asia: Kuala Lumpur, Jakarta, and Metro 

Manila. They focused on the potential corridors to connect green space patches for ecological 

connectivity networks through circuit theory, connectivity and least-cost path analysis. Théau et al. 

(2015) apply a quantitative evaluation tool to compare different ecological networks constructed 

according to a variety of approaches to their design. They adopted different existing models to develop 

several ecological networks for the same region, i.e. the Saint-Francois River watershed in southern 

Quebec, Canada. The comparative assessment developed in (Théau et al., 2015) was based on a 

common set of ecological, economic, and social spatial thematic indicators related to the concept of 

sustainable landscape development (Opdam et al., 2006; Dramstad and Fjellstad, 2011). 

3. Methods and application to a case study  

In this section, we describe the rationale of the analysis developed in this paper by explaining the 

method selected in sub section 3.1 and detailing its application to the comparison of two ecological 

systems in subsection 3.2. 

3.1 Methodology 

The method belongs to the family of comparative ecological network analysis (CENA) tools (Hines 

et al., 2016). It is based on a framework initially proposed by De Montis et al. (2016) for studying a 

pilot EN including 236 patches in the town of Nuoro and readdressed in this work to collate two ENs 

displaying a much larger number (i.e. 1,000) of patches. We develop on the centrality analysis in a 

comparative perspective by confronting two systems of similar size and characteristics. These systems 

consist of the ecological networks proposed for the towns of Sassari and Nuoro, in Sardinia, Italy. As 

proposed by Ings et al. (2009), the selected ENs can be classified as mutualistic webs (MW). In fact, 

their modelling is tailored on seed dispersal of two Mediterranean vegetal target species (holm oak, 
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Quercus ilex, and olive tree, Olea europaea) by means of the frugivorous activity and movement of 

some volatile vector species (including the European jay, Garrulus glandarius, and the Common 

Starling, Sturnus vulgaris). In this section, we describe the main pillars of the method adopted.  

We define our model using a graph G = (E, N) that comprises a set of nodes N(G) and edges (i.e. 

links) E(G) connecting the nodes. Nodes stand for patches and edges for mutual relations. The 

connection between nodes can be unidirectional, if eij= eji, or directional, otherwise. Connectivity is an 

important property of graphs, as it allows the movement throughout the nodes. A graph is said to be 

connected, if every node is reachable from any other node and unconnected, otherwise. The set of the 

edges connecting two nodes is called path (l). The path lij, which connects two nodes i and j with the 

minimum number of edges, is the shortest path. A mathematical formalization often used for describing 

an ecological network is the adjacency matrix A, where diagonal elements aii are equal to zero (a patch 

cannot be connected to itself) and off-diagonal elements aij are equal to 1, if nodes i and j are 

connected, and 0 otherwise. In the literature, many measures have been assessed to study complex 

networks and explain their behaviour. A major issue is the assessment of centrality, i.e. the 

identification of the patches that play a primary role in the ecological network. Node degree (k) counts 

the number or first neighbours of a node and stands as a simple quantification of the topological 

importance of patches in the habitat. The higher is the degree k of a node, the higher is the dispersal 

capacity of the corresponding patch. The degree k for node i obeys to the following equation: 

            (1) 

where is the set of j nodes connected to i. 

Because we model ecological systems as oriented graphs, one can distinguish between in-degree kin 

(received dispersal activities) and out-degree kout (forwarded dispersal activities). Both kin and kout are 
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paramount for a habitat life as nodes with high kout ensure dispersal activities today while nodes with 

high kin are those with highest probability to be colonized and be active part of the network in future. 

The in-degree is the sum connections onto node i: 

           (2) 

 The out-degree is the total number of connections coming from node i:  

           (3) 

   

The sum of in-degree kin and out-degree kout is equal to the total degree k: 

          (4) 

     In our case, ENs are represented also as weighted directed spatial networks to consider mostly 

the intensity of the relation between each pair of nodes (dispersal probability). So, the weight varies 

depending on the probability that plant seeds are dispersed. We spatially locate each node in its patch’s 

centroid and we use the patch’s area as an index of the carrying capacity, habitat quality and 

productivity (Urban and Keitt, 2001). The dispersal probability is expressed as: 

           (5) 

Where dij is the distance between the centroids of two patches i and j and β is an impedance 

coefficient which accounts for the impact of space in the propagule dispersal (plant seeds). Dispersal 

probability can take several forms such as exponential and Gaussian distributions (Clark et al., 1999). 
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We use the concept of dispersal fluxes to take into consideration the capacity of source patches to 

“colonize” other patches. The dispersal flux from patch i to j is: 

           (6) 

where api is the area of source patch i and aptot is the area of the habitat under examination.  is 

the probability of seed dispersal from i to j, normalized by the sum of i’s weights. Furthermore, being 

the network oriented, . 

As for modelling the weight, De Montis et al. (2016) proposed and applied the following 

expression  

𝑤𝑖𝑗 =
𝑎𝑝𝑖

𝑎𝑝𝑡𝑜𝑡
(𝑝𝑖𝑗,𝑜 + 𝑝𝑖𝑗,𝑞 ∗ 10−3)         (7) 

where pij,o and pij,q stand for the seed dispersal probability of, respectively, the O. europaea and 

the q. Ilex. These probability functions were calibrated in previous studies (Gómez, 2003; Mulas et al., 

2003) and adopted by De Montis et al. (2016) and obey to the following logarithmic expressions:   

          (8) 

       (9) 

The weighted counterpart of the degree k is the strength for the total in-flow (sin) and total out-flows 

(sout) from each node. The higher the strength of a node the higher the probability of dispersion from or 

to the corresponding patch. The corresponding mathematical expressions can be written as follows: 
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Strength s allows one to evaluate nodes’ importance according to the strongest direct effects from 

and to other nodes (Urban and Keitt, 2001). Centrality can also be meant as a relational property 

involving the relational attitude of the first neighbours. Accordingly, the clustering coefficient 

measures the fraction of interconnected neighbours of a given node. We expect that the higher the 

clustering coefficient, the higher is the dispersal capacity of a node because it is well connected to 

densely interconnected nodes (clusters), instead of being randomly connected to other nodes. The 

clustering coefficient can better describe how fast dispersal activities propagate across the network. The 

clustering coefficient (CC) for a node i in an undirected and un-weighted network reads as follows: 

𝐶𝐶𝑖 =  
2𝑡𝑖

𝑘𝑖(𝑘𝑖 −1)
                            (13) 

where ti denotes the number of triangles around i.  

Betweenness centrality (BC) is another measure of node centrality, which accounts for the fraction 

of shortest paths that pass through a given node i. A patch with high BC is an important intermediary 

for seed dispersal in ecological networks. In this case, that patch serves as a bridge between clusters of 

nodes (sub graphs) and -being part of shortcuts- interconnects habitat otherwise disconnected and 

which would have been doomed to disappear trough time. Freeman (1977)  has formalized BC as 

follows: 
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          (14) 

where ),,( rji  is the number of shortest paths passing through node r and ),( ji  is the total 

number of shortest paths in the graph. The shortest path between two given nodes in the network can be 

calculated only if the given nodes belong to the same sub graph (if the network is composed of 

disconnected sub graphs). A common strategy used to find the shortest path between two nodes is the 

adoption of the algorithm proposed by Dijkstra (1976), a tool which is able to find the path with the 

least cost.  

3.2 Application to a case study 

In regional contest of Sardinia, the center of Sassari and Nuoro (Fig. 1) represent, respectively, a 

medium and small-size urban settlement. Strong relationships between population, culture, history, 

economy and landscape result as characteristics of the two study areas. The city of Nuoro presents 

traits of urban ecology quite different as compared to the environment of Sassari. 

Please, place Figure 1 about here. 

Nuoro has a total area of 192 km2, and a population of about 37,000 inhabitants. The city is 

surrounded by a rural area strongly linked to agro-pastoral activities that have influenced the peri-urban 

environmental and landscape context. The development of the peri-uban area is relatively limited and 

characterized by mild urbanized settlements, as well as by the presence of the industrial area of Prato 

Sardo, markedly separated from the urban context. Residential development has remained limited to 

the spontaneous construction of housing units, as the result of individual interests and was rarely 

accompanied by infrastructures and service equipment. The result is a peri-urban landscape mainly 

occupied by residences with a marked concentration of urban services in downtown Nuoro. From an 
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environmental point of view, the urban settlement borders with a valley system at the foot of Mount 

Ortobene Park, which has maintained its natural ecological characteristics, and other partially natural or 

rangeland areas. The area of the city of Sassari (546.1 km2), with about 129,000 inhabitants, presents 

situations in which there is an expansion of the city boundaries with the formation of satellite districts 

that result in settlement forms not circumscribed to a defined perimeter. These have involved a series of 

changes related to environmental planning. This process evidenced a superposition of three urban 

layers in a chronological sequence. Firstly, the effects of the settlement pressure of the years 1960-1970 

were integrated to the pre-existing agricultural activities and were justified by the attraction of the 

administrative center of the town. Subsequently, from the end of the 1970s, urban sprawl is still 

underway and in continuous growth, with the redistribution of large portions of the population and 

urban settlement outside the historical center of the city (Maciocco, 2013). In a third stage, from the 

first 1990s, the urban development that firstly affected the flood plains of the main waterways 

increasingly interested the open spaces of the olive-grooving area. The progressive substitution of the 

agricultural destination of the areas with the residential function was increased in large part by the 

greater economic possibilities and by the availability of wider spaces. The result was an urban design 

that offered a very close relationship with the environmental structure of the landscape. In fact, the 

nearby settlement areas outside the city are linked to areas of significant environmental values. An 

example are the horticultural valleys of San Simplicio and Fosso di Sant’Orsola with the Rio di Ottava 

stream, which flows into it, and the olive-growing area of the urban crown of Sassari, which in the past 

represented an agricultural element of considerable economic implication for the city (Maciocco, 

2013). 

From an ecological point of view, we can observe, in both case studies, the possibility of natural 

dissemination processes of many plant species. The peri-urban areas, in fact, between the urban and 

rural landscape, present accentuated natural features and represent both a potential source area and a 
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sink receiving strong inputs from the rural area. Consequently, those areas are key to the maintenance 

and increase of biodiversity through the interconnection of the extra urban environments with the 

internal natural areas encapsulated in the human settlement. Regional and urban land use plans involve 

transformations that positively and negatively affect the ecological systems. In this case, coordination 

is required, as indicated by many examples (Jongman, 2007). 

The study started with the identification of two target plant species (Quercus ilex, Olea europea). 

Holm oak and olive tree are considered prevalent in peri-urban ecosystems and in some urban contexts 

(tree-lined avenues, public and private gardens). For every plant species, one or more animal seed 

dispersal species was selected based on the realistic possibility to observe them undisturbed in the 

urban environment. For the holm oak, the most active vector in the seeds dispersion is the European jay 

(Garrulus glandularius) (Gómez, 2003; Pons and Pausas, 2007). The average dispersion distance of the 

bird is 250 m, with a recorded maximum of 1000 m. Some rodents like Apodemus sylvaticus and 

Eliomys quercinus (Gómez et al., 2008) also contribute but are less effective in the dispersion of the 

seed. Rodents are also active in the seeds dispersal of Olea europaea but the maximum distance of 

dispersion of these vectors is a few meters. Moreover, rodents are frequently controlled in the urban 

environment by means of specific poison substances. More efficient as olive seeds disperser are many 

frugivorous birds, such as the Common Starling (Sturnus vulgaris), Song Thrush (Turdus philomenos), 

Blackcap (Sylvia atricapilla), Sardinian Warbler (Sylvia melanocephala) (Rey and Alcántara, 2000; 

Alcántara and Rey, 2003). These species eat the fruit and regurgitate stones 20-50 min later with a 

mean dispersion distance of 100 m (Bass et al., 2006). Even large wild mammals and livestock, such as 

pigs, sheep, goats and cattle, feed on holm oak and olive trees. However, these vectors effectively 

disperse only the olive seeds and their presence in the urban environment is occasional. Because of 

these considerations, we selected the European jay as vector of holm oak seed dispersal and the 

frugivorous birds as vector of olive seeds (De Montis et al., 2016). The two vectors are presents in the 
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studied urban areas even if their presence was not quantified according to the objectives and theoretical 

nature of the research. 

Physical obstacles of different nature (walls, fences, etc.) interrupt the continuity of each area but 

are ineffective against the seed dispersal by bird vectors. The characterization of patches was aimed to 

understand the potential functional links between them to conserve and preserve the biological 

dynamics at urban and peri-urban scale. Through a direct census on the field and the compilation of 

descriptive sheets on the individual patches, information was collected regarding the presence/absence, 

distribution of holm oak and olive trees, and their reproductive maturity. This has contributed to the 

identification of "source areas", from which the dissemination process, within a distance determined for 

each vector species, can involve patches in which the target species may be hosted. During the census, 

the different phases of development of the target species were also detected and based on the level of 

presence of the plant species (absence, plants renewal, young plants, established plants). 

Please, place Table 1 about here. 

The creation of the ecological network of the two sites required the identification and the 

classification of patches according to the above-descripted criteria of presence/absence and 

reproductive maturity of the two target species in urban and peri-urban contexts of the cities of Sassari 

and Nuoro. In Table 1, we report on the data processed in our experimentation. Geographical 

information on the localization of the target vegetal species was taken from aero-photogrammetric 

maps and verified through photo interpretation of satellite images and detailed field surveys. These 

elements were key to the definition of the boundaries of the patches. Satellite orthophotographs were 

geo-referenced according to the Monte Mario/Italy zone 1 projection (EPSG code: 3003). 
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Information on land use pattern characterizing the patches of our ENs was extracted from the 

zoning cartographic elaboration included in the main land use planning tool, i.e. the Municipal Master 

Plan (MMP) of Sassari and Nuoro. The MMP refers to the complete municipal territory and constitutes 

the main regulation of the right of transforming the environment and landscape. The zoning consists of 

the subdivision of the territory in homogeneous areas, to which a single functional destination is 

attributed with a letter coding: A, B, and C for historic, completion and expansion residential areas, D 

for industrial production, E for agricultural production, F for tourism, G for general service delivery, 

and H for environmental protection. Datasets are available from the Autonomous Region of Sardinia 

through the geoportal and the archive of MMPs (see the links reported in Table 1). 

4. Results 

In this section, the results of the application are presented in two sub-sections. The first one 

presents the preliminary analyses of the size, naturalistic characteristics and land-use attributes of the 

patches. The second sub-section deals with the resulting metrics of the complex network analysis.  

4.1 Preliminary analyses  

In the cities of Nuoro and Sassari, the extension of the patches varied in the transition from the peri-

urban context to the urban context (Table 2). In both the cases, the greatest percentage of green areas is 

attached to the class of small size patches, but Sassari shows by far a higher figure (48.5%), because of 

the presence of a variety of small urban gardens. Much lower values were found for the remaining size 

classes with slightly larger figures reported for Nuoro. The largest patches were observed for both the 

towns in not negligible shares and usually correspond to peri-urban areas, where agricultural areas are 

intertwined with zones in the past devoted to the cultivation of the olive tree. 

Please, place Table 2 about here 
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In Tables 3 and 4, the results of the naturalistic characterization of the patches showed a 

homogeneous distribution of the target species.  

Please, place Tables 3 and 4 about here.  

In both the towns, the two target species were absent in a very important share of patches (more 

than 50%). Significant values were reported for the patches, in which there are established plants of 

olive trees in the absence of holm oaks (12.7% for Nuoro and 16.9% for Sassari). The patches in which 

there were established plants of holm oak in the absence of olive trees represented the 12.1% for Nuoro 

and the 16.0% for Sassari. We generally observed a greater human control over cultivated and 

spontaneous vegetation in Sassari. In this town, we observed patches in which the presence of the olive 

tree was typical of areas characterized by semi-natural zones. In these environments, we also observed 

processes of settlement of a diversified and specialized flora (degraded urban areas). Few olive trees 

were present in private and public gardens, characterized by artificial and homogeneous environments. 

In these contexts, the regular care taken by private individuals prevented the growth of the olive tree 

renewal. Regarding the distribution of holm oak, the species occurred on public areas (schools, public 

parks or sports facilities) where vegetation referred to very anthropized environments, parking lots, 

flowerbeds, road trees and in uncultivated marginal areas. It should be noted the poor renewal of the 

holm oak, probably due also in this case to the periodic treatments carried out by the gardeners. In the 

case of Nuoro, urban parks are characterized by the presence of holm oak and olive trees. In the past, 

these species have been used in urban green. In fact, there are numerous road trees, in which the holm 

oak appears. In the case of Nuoro, there is also a greater wealth of the target species within the selected 

patches, due to less anthropic control, facilitating the renewal process of the olive tree and the holm 

oak. In this situation, it is more evident, compared to Sassari, a direct correlation between the absence 

of holm oak and the dominance of olive tree. While the holm oak is found at the stage of young and 
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established plants, a renovation is very difficult for the olive tree, which instead asserts itself in the 

absence of the holm oak. This evolution is expected, according to the ecological successions.  

In Table 5, we report on a comparative analysis of the land use patterns affecting the ecological 

network in the two towns, as per the zoning of the correspondent MMP.  

Please, place Table 5 about here 

While in Nuoro the patches fall mostly (roughly 72%) in the completion (B) and expansion (C) 

residential zones, in Sassari they correspond broadly (roughly 51%) to neighbourhood (S) and general 

(G) service delivery zones. In both the towns, a very small share of patches was found in the most 

aggressive industrial (D) and in the environmentally protected (H) zones.   

The analysis of the distribution of the target species showed the presence of monumental plants in 

the patches of interest for the functioning of the ecological network. These patches were found in areas 

of historical-cultural importance of the city of Sassari, such as the area of the public gardens or the 

rows of holm-oaks around the public schools. The olive-growing areas have been incorporated by 

urban expansion and represented areas of transition towards the countryside. In these interface 

situations, peri-urban green areas represented a link between rural areas and the green elements of 

urban patches. Through natural dissemination processes, the peri-urban area, between the urban and 

rural landscapes, presenting accentuated natural features, represented a source area receiving strong 

inputs from the rural area. Among the species present in the area, the olive tree was predominant. The 

presence of holm oak was low and was favoured by natural dissemination from adjacent rural areas. 

Within the urban area, there were some semi-natural contexts. These areas, representing natural urban 

gaps, sometimes left abandoned, were easily colonized by natural vegetation. These areas, without a 

specific function, had a high degree of floristic richness with species typical of natural environments. In 
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the case of Nuoro, inside the city there are no abandoned areas that allow the uncontrolled spread of the 

target species. However, even in the case of Nuoro, the dissemination process is favoured by the 

presence of a natural plant community close to the city and by the strong presence of target species that 

allow the spread of seeds. The numerous urban parks keep within them numerous examples of holm 

oak and olive trees that were used in the past, together with other species, in the urban green. 

4.2 Complex network analyses 

As for the results of the complex network analysis, in Tables 6 and 7 we report on topologic and 

centrality issues.  

Please, place Tables 6 and 7 about here.  

As Table 5 reports, both the ENs include the same number of patches (the nodes of the graph). By 

contrast, the patches show different ecological properties leading the ENs to display different 

topological -i.e. relational- properties. In Nuoro, a slightly larger number of patches act as source and 

target thus is active, with respect to the capacity to colonize other habitat areas. Counterintuitively, we 

observe a much larger number of edges E in Sassari. The ecological network of Sassari is 1.5 times 

denser compared to the one of Nuoro. This is confirmed by a shorter figure of the average shortest path 

length <l>, in the case of Sassari. The same holds for the average spatial distance between centroids 

<d>, which is slightly shorter in the case of Sassari. In Table 6, we report on three relevant measures of 

topological centrality. Because of the different density, the average total degree <k>, i.e. the number of 

connections of each node is in Sassari on average roughly 1.5 times larger than the one of Nuoro. As 

for the local connectivity of the nodes measured by the average clustering coefficient <CC>, the 

interconnectedness is slightly larger for the case of Sassari. A different picture emerges, when we 

observe the average betweenness centrality <BC> -a powerful measure of the global centrality of the 

nodes. This figure is much larger for the case of Nuoro.  In Figures 2 and 3, we include the spatial 
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analysis of clustering coefficient and betweenness centrality. These analyses are key to the detection of 

the most central and critical patches of the ecological networks. 

Please, place Figures 2 and 3 about here. 

The inspection of the visual representations in Figures 2 and 3 reveals that the patches showing the 

highest CC are frequent and located in peripheral areas in both the cases, while the patches with the 

largest values of BC are much rarer in the two towns and occupy more central places. Figures 2 and 3 

also report on the spatial pattern of the weights, whose value depends on the probability of seed 

dispersal throughout the patches.  In Table 8, the analyses of the average weight and strength are 

reported.  

Please, place Table 8 about here. 

The average value of the weight <w> is 20 times larger for Nuoro: a clear signature of a 

correspondingly higher capacity of that ecological network to diffuse seeds and thus to colonize 

patches. This is confirmed by the analysis of the average strength <s>, which shows in Nuoro a value 

more than 10 times higher than the corresponding figure of Sassari. This is due to the presence in 

Nuoro of large patches with a good seed dispersal capacity, i.e. nodes with links featured with a high 

weight (see Table 1). The other way around, the EN of Sassari includes in higher frequencies small 

patches.  

5. Discussion and conclusion 

In this paper, we have applied complex network analysis to the study of ENs in two towns of 

Sardinia, Italy. We contributed to the research stream of works concerning the individuation of the key 

functional elements of an EN (Hagen et al., 2012; Jongman, 1995; Bennet, 2004), by focusing on 
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systems including material punctual elements (patches) and immaterial linear connections (seed 

dispersal trajectories) between them.  

Drawing from the contributions on the application of network analysis to the study of ecological 

systems (Cohen, 1978; Galpern et al., 2011; Luque et al., 2012; Saura et al., 2011), we obtained useful 

indications concerning diverse aspects of network centrality as relevant issues with respect to their 

design and implementation. While the ENs have been designed to include the same number of patches, 

their relational structure -i.e. topology- and weight distribution -i.e capacity to colonize- lead to the 

emergence of not trivial differences. These are explained by the ecological and functional properties of 

the patches, with respect to their ability to contribute to seed dispersal. In this respect, our paper 

presents another test of functional properties -namely seed dispersal capacity through vector volatile 

species- studied in other works (Gómez, 2003; Pons and Pausas, 2007; Gómez et al., 2008; Rey and 

Alcántara, 2000; Alcántara and Rey, 2003; Bass et al., 2006).  

Both ENs presents roughly the same number of active patches. Nevertheless, their spatial pattern 

leads to different collective network properties. This is clearly another confirmation of past studies 

concerning the evidence that topology -i.e. the pattern of connection between the nodes- matters 

(Albert and Barabási, 2002; De Montis et al., 2016; Amaral and Ottino, 2004; Minor and Urban, 2007). 

In Sassari the EN is 1.5 times denser -i.e. with more edges- than in Nuoro. Similarly, in Sassari the 

shortest path length is on average smaller than in Nuoro. Another sign of this structural difference 

comes from the analysis of the average total degree that for the EN in Sassari is 1.5 times higher than in 

Nuoro. This implies that in Sassari the EN locally displays a stronger attitude to seed dispersal. This 

result is not confirmed, when we consider more global measures of network centrality. Typically, the 

analysis of the betweenness centrality (BC) reveals that on average in Nuoro the EN has a greater 

presence of shortcuts and critical bridges between the patches than in Sassari. This usually implies a 
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higher resilience in front of random attacks but -as counterpart- also higher vulnerability in presence of 

attacks directed just to the high BC patches. This result is in line with other investigations on the role of 

high BC nodes (De Montis et al., 2016; Freeman, 1977; Dijkstra, 1976). As confirmed in the case of 

the analogous smaller EN investigated in Nuoro by De Montis et al. (2016), high CC patches are often 

located in peripheral neighbours of the ENs while high BC ones in the central zones. The first result is 

the sign of the existence of a green belt of well-clustered patches, while the second signals the presence 

in the core of the network of highly interconnected patches acting globally as bridges between many 

couples of patches and, thus, deserving major protection policies. 

The analysis of the weighted network adds new information: average weight and strength are much 

greater in Nuoro. As observed in other studies (Albert and Barabási, 2002), the introduction of the 

weight -i.e. a measure of the probability of seed dispersal between the patches- uncovers opposite 

evidence, with respect to the analysis of pure topological centrality (provided by the average total 

degree).  

The achievement of these results is meaningful, since we have demonstrated critical issues related 

to the RQs posed in the Introduction. With reference to RQ1 concerning the comparative study of 

different ENs in a simple and intuitive way, we have demonstrated how Comparative Ecological 

Network Analysis (CENA) is able to provide researchers with straightforward tools. As other essays 

have demonstrated (Eklöf et al., 2013; Joppa et al., 2010; Nor et al., 2017; Opdam et al., 2006; 

Dramstad and Fjellstad, 2011), starting from the representation of the functional characteristics -i.e. 

presence of vegetal target species and potential seed dispersal- CENA can support the designer with 

crucial indications for the construction and management of the different ENs selected. As for RQ2 on 

the opportunity to assess the most central and critical patches, we have demonstrated how CENA is 

able to provide the analyst with relevant measures of topological and weighted centrality. The richness 
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of the indications drawn from the analysis of centrality confirms the need to take into account different 

aspects and measures (Foltête et al., 2012; Saura and Torné, 2009; Estrada, 2009). Thus, we have 

studied topological centrality at both the local and the global level and obtained not trivial indications. 

The BC provides us with a powerful indication of the most critical patches of the ENs: special 

protection should be reserved to those habitats, as their disappearance can undermine the stability of the 

whole system. The same contradictory indication emerges, when we confront the pure topological with 

the weighted local centrality measures -i.e. the degree with respect to the strength.     

The results obtained are relevant and demonstrate that our approach can be added to other similar 

works reported in the literature (Eklöf et al., 2013; Nor et al., 2017). In addition, we have developed on 

the work by De Montis et al. (2016) by considering a greater -i.e. with a larger number of patches and 

edges- EN for the town of Nuoro and proposing a comparison of that EN with a completely new and 

similar one studied for the town of Sassari. On the other side, some issues remain open and deserve 

further investigation. A major usefulness of the approach proposed by De Montis et al. (2016) consists 

of the resilience analysis. This analysis can be applied in a comparative perspective to ascertain the 

capacity to react to external shocks consisting in fatal attacks addressed randomly or deterministically. 

The results indicate the most critical patches of the ENs and the interaction of the whole systems with 

land use regimes ruled by municipal planning tools. We will be working on this issue in the next future. 
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List of table captions. 

Table 1. Data processed for the design of the ecological networks of Sassari and Nuoro. 

Table 2. Analysis of the frequency of the patches by surface area in Nuoro and Sassari. 

Table 3. Analysis of the characterization of patch development phases for Nuoro. The values are 

expressed as a percentage. 

Table 4. Analysis of the characterization of patch development phases for Sassari. The values are 

expressed as a percentage. 

Table 5. Analysis of the percentage share of patches by land use type. 

Table 6. Complex network analysis of the ecological networks of Nuoro and Sassari. Topological 

measures. 

Table 7. Complex network analysis of the ecological networks of Nuoro and Sassari. Centrality 

measures. 

Table 8. Weighted network analysis of the ecological networks of Nuoro and Sassari. 
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Table 1 

Data Resolution/Scale Year Projection  Source Link 

Satellite orthophotographs 
0.80 m x 0.80 m 

per pixel 
2013 

EPSG code: 

3003                                                                             

(Monte Mario / 

Italy zone 1) 

Sardinia Geoportal, 

Autonomous Region of 

Sardinia 

http://www.sardegnageoportale.it/

webgis2/sardegnamappe/?map=ba

se 

Regional technical aero-

photogrammetric map 
1:10,000 2000 

Sardinia Geoportal, 

Autonomous Region of 

Sardinia 

http://www.sardegnageoportale.it/

areetematiche/cartatecnicaregional

e/ 

Zoning, Municipal Master 

Plan of Sassari 
1:4,000 2014 

Official bulletin of the 

Autonomous Region of 

Sardinia (BURAS) n. 58, 11 

December 2014 

http://webgis.regione.sardegna.it/p
uc_serviziconsultazione/ElencoCo

muni.ejb 

Zoning, Municipal Master 

Plan of Nuoro 
1:5,000 2015 

BURAS n. 11, 12 March 

2015 

http://webgis.regione.sardegna.it/p

uc_serviziconsultazione/ElencoCo

muni.ejb 
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Table 2 

Town Percentage share of patches by surface area (m2) 

 0-100 101-250 251-500 501-750 751-1000 More than 1000 Total 

Nuoro 33.7% 25.3% 16% 6.8% 2.9% 15.3% 100% 

Sassari  48.5% 21.5% 10.5% 4.4% 1.7% 13.4% 100% 
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Table 3 

Nuoro O. europea 

Absence Plants renewal Young plants Established plants 

Q. ilex 

Absence 52.1  3.9 2.6 12.7 

Plants renewal 3.6 3.3 0.1 0.8 

Young plants 1.8 0 0.6 0.1 

Established plants 12.1 0.5 1.4 4.4 
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Table 4 

Sassari O. europea 

Absence Plants renewal Young plants Established plants 

Q. ilex 

Absence 53.60 2.5 2.5 16.9 

Plants renewal 0.2 0.1 0.1 0.6 

Young plants 0.3 0 0.1 0.4 

Established plants 16.0 0.2 0.1 6.4 
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Table 5 

Town Percentage share of patches by land use  

 A B C D E F G H S Total 

Nuoro 8.2% 61.8% 10.4% 0% 2.8% 0% 3.5% 0.1% 13.2% 100% 

Sassari  9.5% 3.25% 1.5% 0.4% 0% 0% 26.8% 4.6% 24.7% 100% 
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Table 6 

Town N E  <l> <d> (km) 

 Total Source and target  Target    

Nuoro 1000 478 522 102654 2.39 0.58 

Sassari 1000 458 542 154574 1.96 0.53 
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Table 7 

Town <k> <CC> <BC> 

Nuoro 102.65 0.61 0.00065 

Sassari 154.57 0.64 0.00043 
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Table 8 

Town <w> <s> 

Nuoro 0.00060 0.062 

Sassari 0.00003 0.005 
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List of figure captions. 

Figure 1. Geographic representation of the case study: location of Sassari and Nuoro in Sardinia 

(A), and Google satellite images of Sassari (B) and Nuoro (C). 

Figure 2. Network representation of the ecological networks of Sassari (A) and Nuoro (B): analysis 

of the clustering coefficient and of the weights. 

Figure 3. Network representation of the ecological networks of Sassari (A) and Nuoro (B): analysis 

of the betweenness centrality. 
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Figure 1 
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Figure 2 
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Figure 3 

 

 

 

 


