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Abstract: Landscape fragmentation (LF) is the process where habitat patches tend to become smaller
and more isolated over time. It is mainly due to human activities and affects habitats, biodiversity,
ecosystem balance, and ecological networks. Transport and mobility infrastructures and urbanized
areas—also in the form of suburban and rural sprawl—contribute to LF and can be localized close to
(or included in) Natura 2000 sites (N2000 sites). N2000 sites are set according to the Habitats and Birds
Directives and consist of special protection areas, sites of community importance, and special areas of
conservation, where LF may threaten habitat quality and species survival and dispersal. Then, new
rules and planning approaches are called for defining effective protection measures. The knowledge
of the context appears to be a priority to achieve such aims. Therefore, this study focuses on LF in
N2000 sites. We apply the rural buildings fragmentation index (RBFI) and the effective mesh density
(Seff) in six landscape units in Sardinia (Italy). Then, we report on the least and the most fragmented
N2000 sites and assess if there is correlation between RBFI and Seff. In this study, RBFI and Seff

provide not trivial outcomes, as they are weakly and positively correlated.

Keywords: Italy; Sardinia; rural buildings; protection and conservation areas; landscape
fragmentation; habitat loss; rural buildings fragmentation index (RBFI); effective mesh density
(Seff); comparative analysis

1. Introduction

Human actions are acknowledged as major drivers affecting landscape quality. Deforestation,
transport and mobility infrastructures (TMIs), and land conversion for agricultural, industrial, and
urban uses influence habitat quality, ecosystems balance, and biodiversity [1,2]. Harmful effects include
landscape fragmentation (LF)—i.e., the process where habitat patches tend to become smaller and more
isolated [1]. LF characterizes urbanized contexts, where TMIs [1,3,4] and urban settlement [5] trigger
habitat loss and contribute in reducing size and isolating habitat patches. LF affects flora and wild
fauna [6] in both the long and short run and can lead to population extinction. Ecological networks are
also affected by urbanized areas [7,8], in that buildings and TMIs are elements that contribute to soil
consumption or, in other terms, to natural habitat (con-)diversion for human uses.

Conservation of habitats has been acknowledged as a matter of primary importance by the
scientific community for a long while [9–11]. In response to such a need, the Council of the European
Communities enacted the ‘Habitat Directive’ (Directive 92/43/EEC; [12]), which focuses mainly on
the protection of biodiversity and the preservation of natural habitats for wild flora and fauna in the
European continent. A cornerstone of this act is the establishment of the Natura 2000 (hereafter noted as
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N2000) network, which is projected to include special conservation areas and special protection areas,
the latter one is defined according to the ‘Birds Directive’ (Directive 2009/147/EC; [13]). As a whole,
sites of community importance (SCIs), special areas of conservation (SACs), and special protection
areas (SPAs) constitute N2000 sites. According to the N2000 barometer statistics (release version
End2018—15 March 2019), N2000 land areas extend for more than 784,000 km2, while N2000 marine
areas for more than 551,000 km2 [14]. In Italy, N2000 land and marine areas extend, respectively, for
more than 57,000 km2 and 6800 km2. In Italy, N2000 network includes more than 2600 sites. As for
the island of Sardinia, 56 SACs have been set according to the Decree of the Italian Ministry of the
Environment [15], and N2000 sites are receiving growing attention by scholars [16–18].

N2000 sites most of the times include rural areas. Rural and peri-urban contexts are characterized
by rural buildings, which are settled according to three main forms: (i) Sprinkling [19,20], (ii) rural, and
(iii) urban or suburban sprawl [21]. Romano et al. define ‘sprinkling’ as “[land] take with a partially
spontaneous development, or subject to low controls, adding on to a historical structure. The built-up
areas are not homogeneous in size and use, with a mixture of rural, residential, [ . . . ] functions
[ . . . ]” [19] (p. 4). Sprinkling is quite common in Italy, but also in southern Europe [19]. Rural sprawl
refers to housing expansion far from urban settlements [21]. According to the Encyclopaedia Britannica,
urban or suburban sprawl means “the rapid expansion of the geographic extent of cities and towns,
often characterized by low-density residential housing, single-use zoning, and increased reliance on
the private automobile for transportation” [22].

Rural sprawl and sprinkling play a non-marginal role in increasing habitat loss and triggering
LF processes [19,21,23]. Metrics specifically proposed to quantify LF caused by rural buildings are
scarcely discussed in scientific literature. Then, this research focuses on the influence of the built-up
rural dimension on LF in areas protected by N2000 network, given its relevance for habitats and
species protection and conservation. The idea is that LF assessment is key to addressing suitable
policies, with respect to ecosystem preservation and ideal functioning. Starting from [24] we aim at
measuring the dynamics of LF in six landscape units (LUs) set by the Regional Landscape Plan (RLP)
of Sardinia (Italy) [25] by applying two indices: The rural buildings fragmentation index (RBFI, see [26]
and the effective mesh density (Seff) [1]. In addition, we apply the average nearest neighbor (ANN)
approach [27,28] to investigate on the interplay between built-up spatial pattern and LF. In detail, we
aim at answering two research questions (RQs). RQ1 concerns the measure of LF due to rural buildings
in N2000 sites by using the RBFI, while RQ2 regards the correlation between RBFI and Seff. RQ1 allows
us to figure out if and to what extent the RBFI is affordable in measuring LF. In this vein, we apply the
RBFI in a rural context interested by N2000 sites. We would expect to find low levels of LF in these
areas, since the N2000 network should promote habitat and species conservation. RQ2 focuses on the
RBFI and its correlation with the Seff, which is a well-known metric. We aim at understanding if the
RBFI confirms, integrates, or negates the findings we can obtain by applying the Seff.

In the next section, we report on the scientific literature concerning LF and habitat loss due to
rural buildings and LF in N2000 sites, illustrate metrics, data and software used, and describe the
study areas. In the third and fourth sections, we show and—respectively—discuss the findings. Finally,
in the fifth section we report on the concluding remarks.

2. Materials and Methods

In this section, we reported on the main scientific studies concerning LF in N2000 sites and habitat
loss caused by rural buildings, metrics and data and software used, and the characteristics of the
study areas.

2.1. Literature Review Summary

Human infrastructures and settlements are key factors in LF [5,6] and affect protected areas
and biodiversity [2]. Some scholars stress that further research is needed to investigate deeply
“fragmentation at landscape scales” [29] (p. 272).
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LF in N2000 sites has attracted the interest of international scholars. Hernando et al. [30]
measured LF in Spain through a morphological spatial pattern analysis and report on the importance
of the forest cover map resolution for assessing habitat conservation status. The authors stress that:
(i) The resolution of input cover maps affects the findings of morphological spatial pattern analysis
and (ii) the appraisal of habitat conservation depends on the spatial resolution of cover maps [30].
Piquer-Rodríguez et al. [31] consider land-use change as a factor affecting connectivity of protected
areas and focus on the province of Almería, Andalusia, in southeastern Spain. The authors proposed
and applied a method consisting of the integration of spatially land-use models with LF analyses “in
order to assess the effects of future land use on the connectivity of current protected area networks” [31]
(p. 327). The morphological spatial pattern analysis was used to measure LF. The authors stated
that conservation planning should consider the future land use orientation, because it has relevant
relations with connectivity and resilience. Tomaselli et al. [32] apply several LF metrics in three
coastal wetlands included in N2000 sites instituted in Apulia (Italy). The authors used the well-known
software FRAGSTATS [33] to process LF metrics and “investigate [the reliability of the metrics] in
assessing fragmentation and spatial patterns of habitats” [32] (p. 693).

Most of the times, N2000 sites are localized in rural areas, where TMIs and rural settlement
contribute to LF and, thus, loss of natural and semi-natural habitats. In this study, we considered
the rural sprawl as a factor that contributes in increasing habitat loss and LF. Suburban sprawl is
characterized by higher housing density (housing units/km2) than the rural sprawl [34]. The latter
one affects “much larger areas than suburban sprawl” [34] (p. 794) since it exerts on each house
remarkable and harmful environmental effects that take place in less altered contexts [34]. According to
Hansen et al. [35] (p. 1893), “many native species have reduced survival and reproduction near homes”
in low-density rural home settlement (from 6 to 25 houses/km2). According to Theobald et al. [36], the
area covered by rural buildings and their surrounding degraded habitat is definable as ‘disturbance
zone’. This concept mirrors the idea that habitat quality is affected (i.e., mostly depleted) not only in the
area covered by human development (i.e., roads, houses, etc.), but also beyond a certain distance [37].
Finally, the ecological effect of rural buildings in the form of habitat loss has been proved by previous
other studies [21,34,38]. At a given housing density, dispersed buildings show a most significant role,
in terms of habitat fragmentation increase [21,36], although some studies found out that “clustering of
buildings (expansion) in the rural landscape has the same impact on habitats as scattered building
(generation)” [38] (p. 267). Over time, metrics able to measure LF due to the built-up rural dimension
have been proposed and included “proportion of undisturbed area, decrease in largest patch area,
decrease in median patch area, and change in total edge” [21] (p. 221). In 2017, De Montis et al. [26]
proposed and applied the RBFI as metric for measuring LF caused by rural buildings in Sardinia. In
the light of the foregoing studies, in this paper we aimed at answering the RQs introduced in Section 1.

2.2. Landscape Fragmentation Metrics

Sardinian rural landscapes are often characterized by isolated buildings or small clusters of rural
buildings such as in the historical regions of Gallura and Nurra, in Northern Sardinia [39]. Thus, in
this work we focused on LF caused by rural buildings and applied the RBFI [26], an index obtained by
modifying the urban fragmentation index (UFI) [40]:

UFI =

∑i=n
i=1 Si

A
·

∑i=n
i=1 Pi

2
√
π
∑i=n

i=1 Si

, (1)

where A stands for reference surface area (LU, N2000 site, and so on), and Si and Pi for the area and
perimeter of the surface occupied by urbanized areas.
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The RBFI obeys the following Equation (2):

RBFI = N∗ ·

∑i=n
i=1 S∗i
A2 ·

∑i=n
i=1 P∗i

2
√
π
∑i=n

i=1 S∗i

, (2)

where N* stands for number of areas (urban nucleus) occupied by rural buildings included in a N2000
site, A for surface area of the N2000 site, and Si* and Pi* for area and perimeter of the surface occupied
by rural buildings. The RBFI integrates the urban dispersion (URD), an index able to measure the
distribution of urban nucleus [41]. The URD is conceived as a superficial density of urban settlements
and obeys to the following Equation (3):

URD =
N
A

, (3)

where N stands for the number of urban nucleus centroids and A for the reference area. Furthermore,
we are interested in assessing the correlation between RBFI and other well-known metrics able to
measure LF. The effective mesh size (meff) is a well-tested index (see, inter alia: [1,42]) and it “is based on
the probability that two randomly located points [ . . . ] in an area [or in the same patch] are connected,
[i.e., they] are not separated by a barrier” [43] (p. 39). However, in this study we considered the Seff

because it is more suitable than meff for monitor changes in trends [1,42]. The Seff provides us with the
effective number of meshes per square kilometer. According to the EEA [1] (p. 24), it “is often more
convenient to count the effective number of meshes per 1000 km2 rather than per 1 km2”. Thus, we
expressed the values of Seff in meshes (or landscape patches) per 1000 km2. When the LF increases the
Seff increases as well [1,43]. The Seff obeys the following Equation (4) [1]:

Seff =
1

meff
, (4)

where meff obeys the following Equation (5):

meff =
1

At
×

n∑
i=1

Ai
2, (5)

where n stands for number of patches, Ai for surface area of n patches and At for extent of the N2000
site. The Seff considers buildings and TMIs.

We measured RBFI and Seff and their variation according to the following Equations (6)–(9):

∆RBFI = RBFI2008 − RBFI2003. (6)

dRBFI =
RBFI2008 − RBFI2003

RBFI2003
. (7)

∆Se f f = Se f f2008 − Se f f2003. (8)

dSe f f =
Se f f2008 − Se f f2003

Se f f2003
. (9)

Finally, we investigated the relation between the built-up spatial pattern and type of LF, by
applying the ANN approach. In other words, we considered the reciprocal location and distance
among rural buildings (centroids), which characterized the clustered, random, or dispersed built-up
pattern. At a given building density (expressed in number of buildings per square kilometer), different
built-up spatial patterns may imply different effects on ecosystems and biodiversity. The ANN
“[c]alculates a nearest neighbor index based on the average distance from each feature to its nearest
neighboring feature” [44]. The ANN allowed us to calculate five values concerning: “Observed Mean
Distance [OMD], Expected Mean Distance [EMD], Nearest Neighbor Index [Nearest Neighbor Ratio],
z-score, and p-value” [44]. The ANN has been adopted in other studies concerning LF and habitat
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conservation: For example, in [45] ANN distance between woodlots was calculated for assessing the
“capacity of trees to move [considering the seed dispersal distances of the major tree species] between
landscape patches” [45] (p. 332).

According to [46], the nearest neighbor ratio (NNR) is obtained as the ratio between OMD
(Observed Mean Distance) and EMD and obeys to the following Equation (10):

NNR =
OMD
EMD

. (10)

When NNR is greater than 1, the spatial pattern can be resembled to a dispersed type. Values of
NNR smaller than 1 indicate a clustered spatial pattern.

2.3. Data and Software

The autonomous region of Sardinia approved the RLP in 2006 [25]. The RLP aims at preserving,
protecting, and enhancing the environmental, historical, cultural, and settlement identity of Sardinia.
Furthermore, the plan aims at protecting natural landscape and biodiversity, promoting forms of
sustainable development. According to the RLP, 27 coastal LUs were instituted. During the 2010s, the
autonomous region of Sardinia—also in collaboration with the two regional universities of Cagliari
and Sassari—launched the update of the RLP with the aim at extending its domain over the remaining
24 inland LUs. In this study, we selected six LUs of approximately the same extent out of the 51 coastal
and inland LUs.

As a source of data concerning LUs and built-up rural dimension (buildings and TMIs), we
used the 1:25,000 Corine Land Cover based-land use maps for the years 2003 and 2008 in shapefiles
format. These dataset are available on-line through the official website of the autonomous region
of Sardinia [47]. The 2003 land use map was implemented by using the 1997 National Body for
Interventions on the Agricultural Market (in Italian, Azienda di Stato per gli interventi sul mercato
agricolo) orthophotos, 1:10,000 regional technical map, 1997–1998 LandSat images, further information
and site surveys. The minimum mapped unit area was 1 hectare in urban areas and 1.5 hectares in
rural areas. The 2008 land use map was rooted in the one released in 2003. It was updated by using
the 2003 Italian Agricultural Payments Agency (in Italian, Agenzia per le Erogazioni in Agricoltura)
orthophotos, orthophotos released in 2004, 2005–2006 Ikonos images, 2003 Landsat images, 2004
Aster images and further data. The minimum mapped unit area was 0.5 hectares in urban areas and
0.75 hectares in rural areas.

We stressed that the regional land use map covered rural buildings including their unbuilt
surrounding area. Then, the surface area occupied by the rural buildings could often be overestimated.
More accurate data would have been desirable but at the time of the study such data were not freely
available. On the other hand, the excess of surface surrounding the rural buildings could be considered
as a sort of disturbance zone, given that it concerns qualitatively degraded or compromised spaces
and, usually, it consisted of a buffer of a few meters around the buildings. In other words, such a
disturbance zone could not longer be recognized as a natural and semi-natural habitat, but it was a
surface area ecologically depleted by human action (Figure 1). As shown in Figure 1, in some cases the
built-up area consisted of more than one rural building.

The characterization of N2000 sites was based on a combination of different sources: (i) Regional
data [47], (ii) the 1:50,000 map of the nature system released by the Italian Institute for Environmental
Protection and Research [48], and (iii) information available from the European Environment
Agency [49]. The map of the nature system includes information concerning biotopes, such as
type, surface area, and ecological value.

The shapefiles were processed by using ESRI ArcGIS 10 [50], QGIS 3.2 [51], and Microsoft Excel
2010 [52]. We also used the ANN tool provided by ESRI ArcMAP 10 in order to investigate the built-up
spatial pattern of rural buildings in the most fragmented N2000 sites.
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for “more plant species [...] than all the other European biogeographical regions combined [and for 
the] majority of Europe’s reptiles” [54]. Scholars stress that endemic species have significant 
conservation priority (see, inter alia, [56]), and several of them live in islands. The Tyrrhenian 
islands—to which Sardinia belongs—are considered key “hotspots of endemism within Europe” 
[56]. However, the Mediterranean region is affected by tremendous human pressure especially in 
coastal areas because of tourism activities, while the inland areas are being abandoned [54]. 
Considered the impact of human actions and infrastructure, the N2000 network can contribute in 
protect habitats and species. 

We focused on N2000 sites in Sardinia, because this region included many of them and LF 
might negatively affect such areas of particular ecological value. LF caused by TMIs has been 
recently considered in the map of the nature system of Sardinia, where the anthropic pressure has 
been assessed [55] and provides an assessment of human disturbance on habitat Corine biotopes. 
Furthermore, LF of Sardinian landscapes appears significant when compared to LF in other 
European regions as reported in a recent study on LF in Sardinia and Andalusia (Spain) [3,57]. De 
Montis et al. [3] point out that both the south-European regions show similar geographical and 
landscape features, as well as a similar institutional contexts. In both regions, LF showed remarkable 
relevance in coastal areas. However, such a recent study did not focus on LF due to rural buildings, 
while as reported in Section 2.1 the built-up rural areas could have a significant effect on rural 
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includes an area that comprehends both rural buildings and their unbuilt surrounding areas.

2.4. Study Areas

The European Union has the following N2000 biogeographical regions [53]: Atlantic, Boreal,
Continental, Alpine, Pannonian, Steppic, Black Sea, Mediterranean, and Macaronesian [54].
The Mediterranean biogeographical region includes—totally or partially—Cyprus, France, Greece, Italy,
Malta, Portugal, and Spain [54]. The entire island of Sardinia belongs to such biogeographical region [55].
The Mediterranean region is characterized by high rate of endemism, as it hosts almost a half of the
species included in the Habitats Directive [54]. Furthermore, the Mediterranean region is home for
“more plant species [ . . . ] than all the other European biogeographical regions combined [and for the]
majority of Europe’s reptiles” [54]. Scholars stress that endemic species have significant conservation
priority (see, inter alia, [56]), and several of them live in islands. The Tyrrhenian islands—to which
Sardinia belongs—are considered key “hotspots of endemism within Europe” [56]. However, the
Mediterranean region is affected by tremendous human pressure especially in coastal areas because of
tourism activities, while the inland areas are being abandoned [54]. Considered the impact of human
actions and infrastructure, the N2000 network can contribute in protect habitats and species.

We focused on N2000 sites in Sardinia, because this region included many of them and LF
might negatively affect such areas of particular ecological value. LF caused by TMIs has been
recently considered in the map of the nature system of Sardinia, where the anthropic pressure has
been assessed [55] and provides an assessment of human disturbance on habitat Corine biotopes.
Furthermore, LF of Sardinian landscapes appears significant when compared to LF in other European
regions as reported in a recent study on LF in Sardinia and Andalusia (Spain) [3,57]. De Montis et al. [3]
point out that both the south-European regions show similar geographical and landscape features, as
well as a similar institutional contexts. In both regions, LF showed remarkable relevance in coastal
areas. However, such a recent study did not focus on LF due to rural buildings, while as reported in
Section 2.1 the built-up rural areas could have a significant effect on rural landscapes in terms of soil
consumption, habitat degradation, and loss of biodiversity. Then, we had chosen the Sardinian rural



Sustainability 2019, 11, 4695 7 of 18

landscapes dimension as the subject of our investigation, with a specific focus on N2000 sites given
their relevance for biodiversity.

We identified six LUs of approximately the same extent, which included N2000 sites (Figure 2).
In Appendix A, Table A1 reports on type of N2000 sites, a partial list of protected species and habitats,
and availability of the management plan of SAC, SCI, and SPA. The management plan plays a key
role for pursuing conservation objectives, as it is site-specific, i.e., it is designed for and tailored on a
specific N2000 site. The management plans aim at identifying (i) conservation measures that need to
be implemented to satisfactorily maintain or restore natural habitat types and habitats for species of
community interest, and (ii) measures that can be financed [58].
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Figure 2. Geographic context. (A) In gray, the region of Sardinia. (B) In gray, the landscape units (LUs);
in red, the Natura 2000 sites included within the LUs.

Table 1 reports on relevant characteristics for understanding general phenomena interesting
the LUs: In the fourth column, the percentage of LU’s surface area included in N2000 sites and, in
the sixth and eighth column, the percentage of N2000 sites’ surface area covered by houses in 2003
and 2008. Figures show that the N2000 sites extend over a significant surface area in Piana del Riu
Mannu di Ozieri (30.84%) and Gennargentu and Mandrolisai (29.13%), and over a negligible area in
Flumendosa-Sarcidano-Araxisi (0.6%). Piana del Riu Mannu di Ozieri shows the highest absolute
values of built-up area (1.86 km2 in 2003 and 2.71 km2 in 2008). This LU shows also the highest
percentage of N2000 sites surface area covered by houses (0.69% in 2003 and 1.01% in 2008). Regione
delle Giare Basaltiche was devoid of rural buildings in 2003, and Flumendosa-Sarcidano-Araxisi does
not show any rural buildings in 2003 and 2008.

Table 1. Details about the N2000 sites within the LUs.

LUs (A) Area
LU (km2)

(B) Area
N2000 Sites
within the
LU (km2)

Ratio
(B)/(A)

(C) N2000
Sites

Built-Up
Rural Area

(km2)

Ratio
(C)/(B)

(D) N2000
Sites

Built-Up
Rural Area

(km2)

Ratio
(D)/(B)

2003 2008

(1) Golfo dell’Asinara 807.13 90.00 11.15% 0.07 0.08% 0.17 0.19%

(2) Massiccio del Limbara 924.00 166.24 17.99% 0.25 0.15% 0.27 0.16%

(3) Piana del Riu Mannu di Ozieri 870.48 268.44 30.84% 1.86 0.69% 2.71 1.01%

(4) Gennargentu and Mandrolisai 1010.22 294.25 29.13% 0.10 0.03% 0.11 0.04%

(5) Flumendosa-Sarcidano-Araxisi 820.79 4.93 0.60% - - - -

(6) Regione delle Giare Basaltiche 926.09 80.01 8.64% - - 0.02 0.02%
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3. Results

Table 2 reports on the results of this paper. The highest values of RBFI (about 0.043 km−2 in 2003
and 0.132 km−2 in 2008) were measured in N2000 sites of Piana del Riu Mannu di Ozieri, while the
rural buildings did not contribute to LF in N2000 sites in Flumendosa-Sarcidano-Araxisi. N2000 sites
in Gennargentu and Mandrolisai showed the lowest RBFI (0.000017 km−2) in 2003, while Regione delle
Giare Basaltiche the lowest one (0.000013) in 2008. Piana del Riu Mannu di Ozieri had the highest
difference (∆RBFI) of RBFI from 2003 to 2008 (0.089035 km−2). Golfo dell’Asinara and Piana del Riu
Mannu di Ozieri showed a remarkable increase (dRBFI) of RBFI from 2003 to 2008 (1271% and 204.1%,
respectively), while Gennargentu and Mandrolisai had the lowest one (32.9%).

Table 2. Values of rural buildings fragmentation index (RBFI) and the effective mesh density (Seff) and
their variation from 2003 to 2008.

Natura 2000 Sites in LU RBFI (km−2) ∆RBFI03-08
(km−2) dRBFI03-08

Seff (meshes per
1000 km2) ∆Seff03-08 dSeff03-08

2003 2008 2003 2008

(1) Golfo dell’Asinara 0.000076 0.001036 0.000960 1271.0% 26.653406 26.886335 0.232928 0.9%

(2) Massiccio del Limbara 0.000750 0.001059 0.000309 41.2% 6.088005 6.091561 0.003556 0.1%

(3) Piana del Riu Mannu di Ozieri 0.043633 0.132668 0.089035 204.1% 3.843349 3.894713 0.051364 1.3%

(4) Gennargentu and Mandrolisai 0.000017 0.000023 0.000006 32.9% 3.531986 3.531656 −0.000331 0.0%

(5) Flumendosa-arcidano-Araxisi - - - - - - - -

(6) Regione delle Giare Basaltiche - 0.000013 - - 19.056070 19.059484 0.003415 0.0%

N2000 sites in Golfo dell’Asinara and Regione delle Giare Basaltiche showed the highest values
of Seff (respectively, around 26 and 19 meshes per 1000 km2), while Gennargentu and Mandrolisai
showed the lowest one (about 3.5). The variations of Seff were not significant from 2003 to 2008.
According to the RBFI, N2000 sites in Piana del Riu Mannu di Ozieri appeared as the most fragmented,
while according to the Seff the most fragmented N2000 sites were localized in Golfo dell’Asinara.

We assessed the relationship concerning dRBFI, dSeff, and the area occupied by N2000 sites within
the LUs (Table 3) and found out that dRBFI and dSeff were weakly positively correlated (Pearson’s
correlation coefficient, PCC = 0.45), while the dRBFI was negatively correlated to the areas covered
by the N2000 sites (PCC = −0.74). We stressed that the PCC was calculated for the four LUs where
the metrics had varied over time, then excluding Flumendosa-Sarcidano-Araxisi and Regione delle
Giare Basaltiche.

Table 3. Correlation analysis of the metrics.

PCC

dRBFI03-08 dSeff03-08 Ratio area N2000 sites/area LU

PCC
dRBFI03-08 - 0.45 −0.74
dSeff03-08 0.45 - 0.05

Ratio area N2000 sites/area LU −0.74 0.05 -

The highest RBFI was measured in the N2000 sites in LU Piana del Riu Mannu di Ozieri, where
we calculated 0.4 buildings per square kilometer in 2003, while in 2008 the housing density was
0.7 buildings per square kilometer. Then, we focused on such N2000 sites and investigated the built-up
spatial pattern of rural buildings in 2003 and 2008, by using the ANN tool. We converted the rural
buildings in centroids and applied the ANN (Figures 3 and 4 and Table 4). Figures 3 and 4 report on
the metrics introduced in Section 2.3: OMD, EMD, NNR, z-score, and p-value. The z-score ranged
from less than −2.58 to more than 2.58, while the p-value ranged from less than 0.01 to 0.1. The lower is
the p-value the more significant is the pattern.
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Table 4. N2000 sites in Piana del Riu Mannu di Ozieri. Average nearest neighbor summary. Study area:
About 268 km2.

Description Year ∆08-03

2003 2008

Euclidean OMD (m) 789.8 643.8 −146.0
Euclidean EMD (m) 757.4 586.7 −170.7

NNR 1.042 1.097 0.055
z-score 0.885 2.600
p-value 0.375983 0.009304

As for 2003, Figure 3 suggests a random pattern according to the NNR of 1.042, the z-score of
about 0.885 and p-value 0.375. The z-score refers to the number of standard deviations of each value
compared to the average. A z-score equal to zero corresponds to the mean of the original variable
values. Thus, 0.885 was near to zero and then near the average value. As for 2008, Figure 4 suggests a
dispersed pattern according to the NNR of 1.097, the z-score of about 2.600 and p-value 0.009.

Table 4 reports on the ANN summary considering the surface area of the N2000 sites (about
268 km2) in Piana del Riu Mannu di Ozieri. From 2003 to 2008 the OMD decreased from 789.8 m to
643.8 m, and the EMD decreased from 757.4 m to 586.7 m. The highest housing density characterized
this pattern and might imply a different type of LF compared with the one of the clustered patterns.

From 2003 to 2008 about 0.86 km2 of habitats were degraded by rural buildings, and the biotopes
involved mainly consisted of subnitrophilous Mediterranean meadows (−0.64 km2), extensive crops
and complex agricultural systems (−0.12 km2), and wooded pasture (Dehesa, −0.03 km2).

As for the planning issues, we found out that the two N2000 sites in LU Piana del Riu Mannu di
Ozieri were not regulated by management plans yet. However, the management plan of SPA ‘Piana
di Ozieri, Mores, Ardara, Tula e Oschiri’ was currently under Strategic Environmental Assessment
(SEA) procedure and could come into force once the procedure will be successful concluded. In fact,
in Sardinia the management plans of N2000 sites must be subjected to an SEA screening procedure
or directly to an SEA process depending on the criteria defined in the ‘Guidelines for drawing up
management plans of SCIs and SPAs’ released in 2012 by the autonomous region of Sardinia [58].

4. Discussion

The interest of scholars in protection and conservation of biodiversity has increased over time.
Currently, scientific research is still focusing on habitat and landscape fragmentation as causes affecting
survival and dispersion of fauna and flora populations and the Habitat and Birds Directives are part
of European strategies that aim at protecting biodiversity and natural habitats through the Natura
2000 network.

Effective protection strategies should be rooted in information describing the current habitat
scenario of given regions. In other terms, data and information concerning availability of natural
habitat, degree of habitat degradation, and factors that influence habitat quality should be known
when protection and conservation measures have to be defined in a given context.

LF is one of the most important factors that have negative effects on habitat quality and population
survival and dispersal. Such a phenomenon has been studied internationally by scholars. However, LF
caused by rural buildings is still scarcely addressed by international scientific community. In this study
we applied the RBFI, which specifically aimed at measuring LF due to the built-up rural dimension.
We measured LF in N2000 sites falling within six LUs in Sardinia.

As a first consideration, in the most fragmented N2000 sites, we obtained a much lower housing
density (0.4 houses/km2 in 2003 and 0.7 houses/km2 in 2008), with respect to the reference range (from
6 to 25 homes/km2) associated by Hansen et al. [35] (p. 1893) to a negative effect on species survival
and reproduction. Future research should investigate if the housing density influences the behavior of
specific target species. The housing density measured in this study shows different values with respect
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to the ones characterizing the sprinkling (0.1 houses/ha [19], or 10 houses/km2), even though it may
be underestimated, since the regional land use maps of Sardinia is not accurate in the delimitation of
rural buildings (see Section 2). Thus, we could not argue that the measured housing density could
affect survival and reproduction of specific target species. On another side, we could argue that more
precise and updated data should be used to ascertain the need of defragmentation measures, habitat
restoration, and imposition of constraints to avoid soil (and habitat) consumption.

Secondly, as our main target was assessing LF due to rural buildings, we focused on LU Piana
del Riu Mannu di Ozieri, where the most fragmented N2000 sites were localized, according to the
RBFI. Thus, we investigated on the built-up spatial pattern characterizing rural buildings in 2003 and
2008. We obtained that the buildings in 2003 settled according to a random spatial pattern, while they
were organized in a dispersed spatial pattern in 2008. Such patterns provided us with information
about Euclidean OMD and Euclidean EMD and confirmed the intuitive reduction of both the distances
from 2003 to 2008 due to the increase of the number of rural buildings over time. The dispersed
spatial pattern suggests that rural development might follow some rules. We did not investigate on
the reasons leading to a specific spatial pattern; more research is needed on this issue.

Thirdly, in the N2000 sites of LU Piana del Riu Mannu di Ozieri, we measured from 2003 to 2008 a
diminution of surface area equal to 0.86 km2 and corresponding to degraded habitats caused by rural
buildings. Such areas are mainly regarded as subnitrophilous Mediterranean meadows, extensive
crops and complex agricultural systems, and wooded pasture (Dehesa). The N2000 sites were relevant
to species, such as the little bustard (Tetrax tetrax) that lives in this area. The little bustard is a protected
species [49] near threatened [59] and it is included in the management plan of SPA ‘Piana di Ozieri,
Mores, Ardara, Tula e Oschiri’, which currently is subject to SEA [60] (see Table A1 in Appendix A).
It would be desirable that the management plan considers the effect of rural buildings on specific target
species such as the little bustard to plan proper conservation measures. Furthermore, the impact of
TMIs should be considered by planners, in that roads and railways contribute in increasing LF and can
affect animal movement and dispersion. In the light of the foregoing considerations, in our opinion the
RBFI should also integrate the TMIs dimension to provide a more satisfying framework on habitat
quality in N2000 sites.

Fourthly, the most fragmented—according to the RBFI—N2000 sites fall within the LU Piana del
Riu Mannu di Ozieri, while the most fragmented—according to the values of Seff—N2000 sites fall
within Golfo dell’Asinara and Regione delle Giare Basaltiche. Then, we obtained conflicting results.
This could be explained by considering that the RBFI provides raw information on LF and, furthermore,
it does not consider the network of TMIs, whose effect is encapsulated in the calculation of the Seff.
Finer assessment of RBFI would require the integration of information connected to many more aspects
and future research will investigate such an issue. Contrary to the RBFI, the values of Seff confirmed
the results of previous studies (see, for example [3]), namely that the coastal areas often show a higher
fragmentation with respect to the inland areas. However, the sample of areas analyzed needs to be
enlarged to other contexts in future research to provide statistical evidence in the comparison between
RBFI and Seff. In other words, the sample of areas scrutinized in this work was too limited to be
considered statistically representative of certain phenomena.

5. Conclusions

Scientific literature has scarcely dealt with LF caused by rural buildings and proposed ad hoc
metrics. Then, in this study we applied the so-called RBFI—a relatively new index—in a set of N2000
sites belonging to six LUs in Sardinia (Italy). Furthermore, we applied the Seff and assessed the
variation of LF from 2003 to 2008.
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We aimed at answering to two RQs with the aim at contributing to the advancement of scientific
research on the interplay between rural buildings and LF. RQ1 concerned the application of RBFI for
measuring LF in N2000 sites. The RBFI proved able to measure LF depending on the built-up rural
dimension, as it provides quantitative responses to planners and politicians. On these bases, decision
makers are better informed, when dealing with strategic choices and actions in the perspective of
recovering degraded habitat, preserving wild fauna and flora, reconnecting rural areas, and restoring
ecological corridors. Furthermore, in this study we considered the built-up spatial pattern of the most
fragmented (according to the RBFI) N2000 sites. We used the ANN provided by ESRI ArcMAP 10
and found out that both Euclidean OMD and Euclidean EMD decreased from 2003 to 2008 and that
the dispersed pattern characterized the built-up rural dimension in 2008. Then, we might assume
that a remarkable surface area is affected by rural buildings. In other terms, if we consider the
disturbance zone surrounding rural buildings, houses with the same surface area and perimeter exert
different impacts, according to their spatial pattern [26]. When they are settled in a clustered pattern,
they affect a smaller surface area with respect to the case where they are scattered in a dispersed
pattern [26]. This could be relevant to specific target species, if we consider different disturbance zones
corresponding to variable buffers around rural buildings. Such ‘different disturbance buffers’ may
constitute degraded habitat or imply barrier effect phenomena for some species. Furthermore, more
dispersed buildings imply more (and longer) roads and heavier vehicular traffic, elements that tend to
increase LF and disturbance phenomena. However, we did not investigate ‘if’ and ‘to what extent’ the
rural buildings affected flora and fauna. Then, we could not assess the effects of the dispersed pattern
identified in the N2000 sites. Future research may investigate on such an issue on the ground.

In the current form, the RBFI shows weaknesses that should be dealt with in future research.
Firstly, in this study we measured RBFI in surface areas of different extent. Then, the values of RBFI
measured in the N2000 sites were not fully comparable with each other (similar issue stressed in [3]).
Future studies should consider measuring RBFI by using a grid with predefined cell size, following
other approaches [61]. In addition, a sensitivity analysis would be desirable to assess how RBFI
varies, when its components vary (see, for example, [57]). Secondly, the metric may be improved by
considering other factors, such as the effect of (i) TMIs (including, vehicle traffic and barrier effect),
(ii) fencings surrounding farms, (iii) inhabited or uninhabited rural buildings, (iv) minimum habitat
surface area for survival and dispersal of specific target species, and so on. One of the main issues
regards the availability of data at the national, regional, and local level, which would be useful to
perform more precise analysis.

As for the RQ2, we did not find trivial results: According to RBFI and Seff, different N2000 sites
were assessed as the most fragmented. This could be explained by recalling that the RBFI does not
consider the network of TMIs while the Seff does so. The RBFI could be improved by introducing
additional information in future studies. The dRBFI appeared negatively correlated to the areas covered
by the N2000 sites. We might interpret this outcome as a positive containing effect of the institution
of a N2000 site in a given area: The larger the area included in N2000 sites, the lower the effect of
buildings on LF. The increase of surface area occupied by rural settlement may be reduced or planned,
according to an ecological point of view: In this sense, the institution of N2000 sites constitutes a
strategic measure.

As a concluding remark, we stressed the importance of the exercise proposed in this paper
for steering sustainability concerns that are of great interest for an international audience. Most of
the times, landscape, and spatial planning tools are designed and evaluated with respect to their
possible effects on the environment, according to the well-known SEA process [62]. SEA is applied
also to the scrutiny of N2000 sites management plans. In these cases, a study on the effects of
rural buildings on habitat and biodiversity may be integrated in the SEA report, given that SEA can
contribute in considering biodiversity in spatial planning and promoting sustainable development [63].
In addition, a SEA of municipal master plans that considers the effect of rural sprawl may provide more
information concerning the original scenario and present and future impacts on biodiversity. In this
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case, planners could define ad hoc alternatives, drawing up eco-sustainable plans able to reduce or
contain rural sprawl (and negative effects on species). The effect of rural buildings on the environment
could also be considered in management plans of N2000 sites per se, in order to analyze, inter alia,
habitat fragmentation and compromised ecological corridors, according to [58], in the perspective of
characterizing the areas where SCIs or SPAs are localized.
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A.L. and V.S.; Writing—Original Draft preparation: A.L.; Writing—Review and Editing: A.D.M. and A.L.;
supervision: A.D.M.
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Appendix A

Table A1 reports on the main features in the N2000 sites scrutinized in this study.
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Table A1. Characterization of the Natura 2000 sites.

LUs N2000 Sites [64] SAC, SCI, or SPA
Code [64]

Partial Overview on Protected
Species (Full List: [49])

Partial Overview on Protected Habitats
(Full List: [49])

N2000 Sites (Code),
Management Plan(s)
(Yes or No), Year [64]

(1) Golfo dell’Asinara

SAC ‘Stagno di Pilo e di Casaraccio’;
SAC ‘Stagno e ginepreto di
Platamona’; SAC ‘Lago di

Baratz-Porto Ferro’; SAC ‘Coste e
Isolette a Nord Ovest della Sardegna’;
SAC ‘Isola dell’Asinara’; SPA ‘Isola

Asinara’; SPA ‘Stagno di Pilo,
Casaraccio e Saline di Stintino’; SPA

‘Isola Piana di Porto Torres’

SAC ITB010002,
ITB010003,
ITB011155,
ITB010043,

ITB010082; SPA
ITB010001,
ITB013012,
ITB013011

Discoglossus sardus (Tyrrhenian
painted frog), Aythya nyroca

(Ferruginous Duck), Rhinolophus
ferrumequinum (Greater horseshoe
bat), Caretta caretta (Loggerhead)

Sandbanks, which are slightly covered by
sea water all the time, Posidonia beds

(Posidonion oceanicae),
Thermo-Mediterranean and pre-desert

scrub, Arborescent matorral with
Juniperus spp.

SAC ITB010002, yes, 2008;
SAC ITB010003, yes, 2015;
SAC ITB011155, yes, 2015;
SAC ITB010043, yes, 2008;
SAC ITB010082, yes, 2016;
SPA ITB010001: Yes, 2016;
SPA ITB013012: No; SPA

ITB013011: Yes, 2017

(2) Massiccio del Limbara SCI ‘Monte Limbara’ SCI ITB011109

Aquila chrysaetos (Golden Eagle),
Circus cyaneus (Hen Harrier), Falco

peregrinus (Peregrine), Testudo
marginata (Marginated tortoise)

Pseudo-steppe with grasses and annuals of
the Thero-Brachypodietea, Quercus suber

forests, Quercus ilex and Quercus
rotundifolia forests, Mediterranean pine
forests with endemic Mesogean pines

No

(3) Piana del Riu Mannu di Ozieri

SCI ‘Campo di Ozieri e Pianure
Comprese tra Tula e Oschiri’; SPA

‘Piana di Ozieri, Mores, Ardara, Tula
e Oschiri’

SCI ITB011113,
SPA ITB013048

Discoglossus sardus (Tyrrhenian
painted frog), Alcedo atthis

(Kingfisher), Ardea purpurea (Purple
Heron), Papilio hospiton (Corsican
Swallowtail), Tetrax tetrax (Little

Bustard)

Endemic phryganas of the
Euphorbio-Verbascion, Pseudo-steppe

with grasses and annuals of the Quercus ilex
and Quercus rotundifolia forests, Quercus
suber forests, Olea and Ceratonia forests

SCI: No; SPA: Under
assessment

(4) Gennargentu and Mandrolisai
SAC ‘Su de Maccioni-Texile di

Aritzo’; SCI and SPA ‘Monti del
Gennargentu’

SAC ITB022217,
SCI and SPA
ITB021103

Aquila chrysaetos (Golden Eagle),
Cervus elaphus corsicanus (Corsican

Red Deer), Myotis capaccinii
(Long-fingered bat), Rhinolophus
mehelyi (Mehely’s horseshoe bat),

Euleptes europaea (European
leaf-toed gecko)

Quercus ilex and Quercus rotundifolia forests,
Endemic phryganas of the

Euphorbio-Verbascion, Alpine and Boreal
heaths, Thermo-Mediterranean and

pre-desert scrub

SAC: Yes, 2008; SPA:
Under assessment; SCI:

No

(5) Flumendosa-Sarcidano-Araxisi SCI ‘Castello di Medusa’ SCI ITB032240

Speleomantes imperialis (Imperial
cave salamander), Accipiter gentilis

arrigonii (Goshawk,
(Corsican-Sardinian subspecies),
Anthus campestris (Tawny Pipit)

Olea and Ceratonia forests, Quercus ilex and
Quercus rotundifolia forests, Quercus suber

forests, Salix alba and Populus alba galleries
No

(6) Regione delle Giare Basaltiche SCI ‘Giara di Gesturi’; SAC ‘Monte
San Mauro’; SPA ‘Giara di Siddi’

SCI ITB041112,
SAC ITB042237,
SPA ITB043056

Alectoris barbara (Barbary
Partridge), Ciconia ciconia (White
Stork), Lullula arborea (Woodlark),
Pluvialis apricaria (Golden Plover)

Quercus suber forests, Quercus ilex and
Quercus rotundifolia forests, Pseudo-steppe

with grasses and annuals of the
Thero-Brachypodietea, Dehesas with

evergreen Quercus spp.

SCI: Yes, 2017; SAC: Yes,
2015; SPA: Yes, 2016
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