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Abstract Coastal areas are exposed to many hazardous
events often exacerbeted by the sea-level rise with its related
effects. The knowledge of vulnerability make possible to plan
the actions aimed at reducing the risk and promoting the de-
velopment of a resilient community. In this frame, the evalu-
ation of potential vulnerability of coastal area only due to the
human presence is the topic of the geo-spatial model proposed
in this work. At this aim, a dataset of urban areas and popula-
tion of last 200 years was used to assess the trend of these two
factors and four vulnerability indices: urban density, popula-
tion density, occupied buildings density and buildings surplus.
The urban density and population density indices communi-
cate the human pressure due to the presence of men while
occupied buildings density and buildings surplus indices iden-
tify the zones where accommodation measures, as land use
changes, could be applied to improve the coastal system adap-
tive capacity. This model was implemented at both municipal-
ity and censual administrative unit scales and it is well trans-
ferable to other areas exposed to hazard, allowing a compari-
son among regions. The method was applied to the case study
of Volturno coastal plain (VCP), located in the north-western
zone of Campania Plain (Southern Italy): indeed, the exposure
to many natural hazards (coastal erosion, marine inundation,

subsidence, salt water intrusion) coupled with the intense ur-
banization make the VCP a good test area to validate the
methodology here proposed. The model evidenced a low con-
stant value of population growth and the achievement of a sill
for the urban development after the nineties, moreover the
greatest part of censual districts close to the VCP shoreline
have a high percentage of total unoccupied buildings. These
conditions make concrete the possibility to change the land
use from urban to natural land for wide coastal sectors.
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Introduction

Coastal zones host a population whose average density is
three times major than the global one (Small and Nicholls
2003) in addition, the substantial increase of world population
(about 2.75 billion of people by the year 2025) forecasted by
Gaffin et al. (2006) suggests a warring scenario in term of
exposure for the next future.

In the last decade, these areas were exposed to coastal
erosion, marine inundation and storm surges often exacerbat-
ed by the global warming (IPCC 2014). The rising of
Mediterranean Sea level of about 74 cm for the 2100, fore-
casted by the IPCC scenario BRCP 8.5^ (IPCC, 2014), joined
with the subsidence phenomenon (Di Paola et al. 2017 and
references therein) could make all these events more danger-
ous, producing coastal aquifers contamination by salt water,
damages to coastal wetlands, loss in term of biodiversity and
negative impacts on fishing and coastal tourism (Breil et al.
2007). In these densely populated areas, natural events can
cause disasters when their occurrence is not taken into account
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in territorial plans (Alberico and Petrosino, 2014, Alberico
and Petrosino, 2015).

Mostly for geophysical risks (Slejko, 1993; Lirer et al. 2001;
Glade, 2003; Petrosino et al. 2004; Marzocchi et al. 2008;
Pesaresi et al. 2008; Lirer et al. 2010; Grezio et al. 2012;
Alberico and Petrosino, 2015), the notation proposed by
UNESCO (1972) and Fournier d'Albe (1979) Risk = Hazard ×
Exposure × Vulnerability is adopted. Hazard is the likely fre-
quency of occurrence of a dangerous event in a fixed future time.
Exposure measures people, property, systems, or other elements
present in hazard zones that are subject to potential losses.
Vulnerability is the proportion of lives or goods likely to be lost,
and accounts for the characteristics of a system or asset that make
it susceptible to the damaging effects of a hazard.

This definition identifies the vulnerability as a characteristic
of the element of interest (community, system or asset) and it is
function of sensitivity and adaptive capacity of system
(European Environmental Agency, last connection 31/03/
2016). Sensitivity is the degree to which a system is adversely
or beneficially affected by a given event (IPCC 2007).
Adaptive capacity describes the ability of a system to cope with
adverse impacts or adapt to climate changes (IPCC 2007). The
ability to adapt indicates the change in a system’s exposure or
sensitivity to reduce future impacts. These changes can be
structural (sea walls, revetments, groynes, breakwaters), non-
structural coastal engineering (beach nourishment, dune crea-
tion and restoration, wetland restoration and creation, affores-
tation), accommodation measures (modification of land use,
infrastructure, buildings and buildings code) and rules (no
new development in vulnerable areas, abandonment of
property).

Recent scientific literature and European projects evi-
denced an uttermost attention to the definition of methods
aiming at identify the vulnerability of coastal zones exposed
to natural events. A common way to assess the vulnerability is
using indicators and indices that are useful to provide a simple
representation of complex topic and to make comparisons
among regions (Heltberg and Bonch-Osmolovskiy, 2010). In
many areas around the world, the Coastal Vulnerability Index
(CVI - Gornitz et al. 1994) method, in several cases partially
modified, was widely applied to assess the vulnerability of
coastal zones exposed to global warming effects (Thieler
and Hammer-Klose, 2000a, b; Pendleton et al. 2005; Diez
et al. 2007; Torresan et al. 2012; Addo, 2013; Di Paola et al.
2014; Gorokhovich et al. 2014).Moreover, Kunte et al. (2014)
highlighted the importance to consider the population density
and socio-economic variables especially for coastal zones ex-
posed to intense human pressure.

In this work, the vulnerability was conceived as simple
Bexposure^ (susceptibility to suffer damage), corresponding
with the physical fragility or exposure in Cardona (2003).
Within this framework, we analysed the territorial transforma-
tion of last 200 years to define the trends of urban development

and population growth; both factors allow to identify the expo-
sure system changes to reduce the risk (Alberico and Petrosino,
2014; Alberico and Petrosino, 2015). Moreover, the historical
analysis was also used to recognize the natural elements of past
landscape characterizing the VCP; these elements could repre-
sent a guide to choice correct land-use changes usable as ac-
commodation measures (Alberico et al. 2014 and reference
therein).

The population and urban data was also used to calculate
four indices able to point out the potential vulnerability of
territory only due to human presence: urban density, popula-
tion density, occupied buildings density and buildings surplus.
The first two indices, also suggested by several European
projects (EUROSION, 2004; THESEUS 2013; CORFU,
2014), identify the geographical distribution of population
and of urban environment, emphasising the zones more vul-
nerable. The occupied buildings and the buildings surplus
indices, proposed in this work for the first time, points out
the distribution of buildings occupied by residents and the
distribution of uninhabited houses, respectively. The latter
two indices make possible to identify the areas where land
use changes can be easily realized.

The indices were calculated and mapped for the case study
of Volturno coastal plain (Southern Italy), because this area is
characterized by the succession of eroded and artificial zones
as the whole Campanian coast (Cocco and De Pippo, 1988;
Cocco, 2007; Alberico et al. 2012; Di Paola et al. 2017).
Moreover, the VCP is also exposed to stream flood (Hydro-
geomorphological Setting Plan of Basin Authority of Liri
Garigliano Volturno, 2010), subsidence (Aucelli et al. 2016),
coastal aquifers contamination by salt water (ENEA report,
2001; Italian Ministry of the Environment, Land and Sea,
2010). As matter of fact, the absence of planning tools in the
Eighties made possible an intense transformation of this coast-
al zone and the increse of natural risks. The four indices rep-
resent useful tools to communicate the territorial status and to
improve the collaboration between central and local govern-
ment and between the latter and population to reduce the nat-
ural risk.

Study area

The study area is located in the north-eastern part of Campania
Region; it corresponds with the coastal belt of VCP stretching
from Mondragone town to Patria Lake (Figure 1).

The VCP, one of major structural depression formed since
the Late Miocene (Patacca and Scandone, 2007), is bounded
northward and eastward by carbonate relief (Mt. Massico, Mt.
Maggiore, M.Sarno and M. Lattari), southward by the
Somma-Vesuvio district and Campi Flegrei volcanic field
and westward by the Tyrrhenian Sea. The Meso-Cenozoic
Appennine districts actually forming the substratum of the
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plain are overlaid by marine and transitional deposits (Ippolito
et al. 1973), in the Late Quaternary the sedimentation of py-
roclastic deposits from the volcanic areas prevailed (Romano
et al. 1994).

The littoral zone is mainly conditioned by the Volturno
River, that has a catchment basin of about 5550 km2 and a
mean discharge of about 40 m3 s-1 (Iermano et al. 2012), and
by Regi Lagni and Agnena channels with a catchment basin of
about 1095 km2 and of 209 km2, respectively.

The Quaternary alluvial deposits host the Mediterranean
maquis, pine dune (Pinus pinea) and belts of psammophyte
and halophyte vegetation. These wetlands are important
wintering stations for migratory bird species (pink flamin-
gos, black stork, purple heron, marsh harrier, Montagu’s
harrier, etc.) while the fluvio-lacustrine environments are
particularly important to connect the coastal areas with
the inner zones of Campania pre-Apennines (SIC
BVolturno Rivers and Calore Beneventano^). These areas,
hosting different kinds of amphibians and some species of
migratory and nested birds (black kite), require attention
because their degradation could expose this wildlife to a
drastic reduction. In the last forty years in fact, the intense
urbanization promoted the fragmentation process and the
consequent loss of naturalness in the coastal zones and
countryside (Scorpio et al. 2016).

The first evidence of anthropic modifications at VCP
dated back to the 9th B.C., when Opici established at the
mouth of the Volturno River and the little maritime flu-
vial settlement Vulturnum (current Castel Volturno) was
built, this area assumed the emporium function under
Etruscan (Crimaco, 1991; Capasso, 1997).

During the Roman Empire (27 B.C. - 476 A.D.), all the
Campanian towns were turned in colonies and the zones near
the Volturno River became the core of a rich agricultural re-
source, called Campania Felix. In this period, a lot of infra-
structures were built: the water network that carried water
from the Volturno River to the town of Venafro, built under
Emperor Augustus; the Domitiana road linking the ancient
Appia street with the port of Puteoli and the bridge connecting
the sides of Volturno River, constructed under Emperor
Domitian in 95 A.D., (Canino, 1981). After the fall of the
Western Roman Empire (476 A.D.), the agricultural crisis,
the damages triggered by the earthquake of 375 A.D. and
the barbarian invasions caused the dispersion of population
living in the plain. This dispersion was moderately restrained
under the Norman domain (1130–1189 A.D.), when a political
and administrative feudal system was in force and the castles
of La Rocca and Volturno were fortified to be used as the
residence of the feudal lords and militaries.

The latest structures became important military posts under
the Swabians (1198–1266 A.D.), the Angevins (1246–
1481 A.D.) and the Aragonese (1302–1816 A.D.) (Pistilli,
2003; Giannone, 1723). During the Bourbon domination the
Volturno plain was included in Terra di Lavoro Province, the
unhealthiness due to the presence of marshes and swamps
prevented the development of this area until the vast reclama-
tion works realized from the Borboun domain to 1954 (Afan
de Rivera, 1847; Ciasca, 1928; PTCP, 2012).

The high naturalness of this area is evident in the cartogra-
phy of 1860; only little villages (Mondragone, S. Nicola, S.
Angelo and SanVito) and few houses on right side of Volturno
River, the actual Castel Volturno town, are evident. A wide
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Fig. 1 Location of the study area (a), the Volturno Plain with Homonym River and main channels (b) and the coastal zone investigated in this work (c)
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pine forest is present on both sides of Volturno River mouth
while to the north of the Lago Patria Lake the hydraulic struc-
ture known as Regi Lagni is visible.

This territorial status is preserved in the cartography of
1957; this map shows a larger Mondragone city, the Cirio
factory and a group of buildings at 130 m from the coastline.
Single buildings rise along the State road BSS7 Quater^,
connecting Mondragone and Castel Volturno (Figure 2).
Since ‘70s, the built environment expanded rapidly, disorderly
and without rules (Frallicciardi and Cerisano; 2013), the sea-
side tourist Centre of Pinetamare is the symbol of this uncon-
trolled territorial transformation.

The planning tool

Until the last decades, the built environment grew without
rules along the coastal belt of Volturno River, favoring the
increase of vulnerability and at the same time the naturalness
loss. This territorial status, which characterizes most of
European coastal zones, has led the member states to consider
the need of common rules to reduce the vulnerability mainly
through nature based solutions aiming at also enhancing the
environment too (EEA Technical report; 2014).

Some decrees and plans were focused on the reduction of
human activity effects on the environment, bio-diversity pres-
ervation, conservation of natural habitats and of wild fauna and
flora (Table 1). Other documents were focused on the use of

green infrastructures to mitigate natural and anthropic hazards
and favor the growth of naturalness (Table 1). Only very re-
cently, rules for the maritime spatial planning were established
by the Directive 2014/89/EU (table 1) while the Integrated
Coastal Zone Management (ICZM) dedicated to the protection
and the economic development of marine areas is still a recom-
mendation. In the last years also emerged the key role of envi-
ronmental, economic and societal data integration as a tool to
reduce the vulnerability of coastal zones and promote their
economic development in the light of naturalness preservation
and human well-being (Table 1).

Within this framework, the Territorial Plans actually in
force in the study area received several European Union
Directives, Legislative Decrees and Regional lows (Table 2).
In detail, the Campania Regional Plan (PTR) represents a
guide for the Provincial (PTCP) and Municipal (PUC) plans
and, in accordance with the Regional law 16/2004, provides
the criteria and guidelines for the protection, valorisation and
conservation of landscape. The PTCP of Caserta Province
(adopted with Provincial deliberation 15/2012) is guided by
environmental safeguarding principles as: reduction of soil
consumption, protection and improvement of rural land,
requalification of urban and rural degraded areas, reduction
of zones exposed to flood and erosion, protection of natural
landscape and cultural heritage. However, at VCP is still ig-
nored the key role of integrated management of maritime
areas as tool supporting the coexistence of economic develop-
ment and human well-being.

Palude di Fossa 

Piena

Regi Lagni
mouth

Le
Bagnane

1860 1957 1987

Il Pantano

Agnena
mouth

Mondragone
S. Nicola

S. Vito

Castel Volturno

Regi Lagni
mouth

Agnena
mouth

Mondragone

Castel Volturno

Savone
mouth

Regi Lagni
mouth

Agnena
mouth

Mondragone

Castel Volturno

Savone
mouth

Patria 
Lake

Pinetamare

Fig. 2 Example of historical maps showing the territorial changes occurred at Volturno coastal plain
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Methods

The urbanization along the shores was considered by the
European Union in the light of rapid disappearance of natural

areas (Environmental pressure indicators, European
Commission, 2001), fragmentation of natural and semi-
natural areas (Indicator code SEBI 013, biodiversity indicator,
Environmental Indicator Report - 2013) and exposure to

Table 1 European directives,
recommendations and lows in
force in Europe for the protection
and preservation of environment
and for the coastal management

Date Document

1972 Stockholm Declaration, it promote the protection of the environmental resources.

1975 Mediterranean Action Plan, it aims to protect the marine environment.

1976 Barcelona Convention, it promote the protection of the Mediterranean Sea Against Pollution.

1976 Directive 79/464/EEC it consider the pollution caused by certain dangerous substances discharged into
the aquatic environment of the Community.

1979 Directive 79/409/EEC (Birds Directive),

1987 Report of the World Commission on Environment and Development, it aims to create a United
International Community based on shared sustainability strategies.

1992 Council Directive 1992/43/EEC (Habitats Directive), it promotes the conservation of natural habitats
and of wild fauna and flora.

1995 Mediterranean Action Plan, it highlights the importance of the marine environment protection.

1999 European Spatial Development Perspective, it works towards a balanced and sustainable development of
the territory of the European Union.

2000 Lisbon European Council, it supports the development of a new economy that takes into account the key
role of strengthen employment, social cohesion, quality of life and of environment.

2000 Directive 2000/60/EC. of the European Parliament and of the Counsel (Water Framework Directive), it
establishes a framework for Community action in the field of water policy. It requires River
Management Plans.

2001 Goteborg European Council, it is a document that indicates objectives and measures as general guidance
for future policy development in four priority areas: climate change, transport, public health and
natural resources, thus complementing decisions on social and economic issues.

2001 European Directive 2001/42/EC, it explains and rules the Strategic Environmental Assessment.

2002 Recommendation 2002/413/EC, it makes recommendations and explain the key role of the Integrated
Coastal Zone Management.

2004 Directive 2004/35/CE, it regards the environmental liability with regard to the prevention and remedying
of environmental damage.

2007 Directive 2007/60/EC, it regards the assessment and management of flood risks.

2008 2008/56/EC (Marine Strategy Framework Directive), it applies an ecosystem-based approach for the
management of human activities while enabling a sustainable use of marine goods and services and
highlights priority to achieve or maintain good environmental status in the Community’s marine
environment, to continuing its protection and preservation, and to preventing subsequent deterioration
(transposed in Italy by the Legislative Decree 2010/190).

2008 Directive 2008/1/EC of the European Parliament and of the Council, it concerns integrated pollution
prevention and control.

2009 Council Directive 2009/147/EC it regards the conservation of wild birds (Birds Directive)

2011 Directive 2011/92/EU of the European Parliament and of the Council of 13 December 2011, it regards
the assessment of

the effect of certain public and private projects on the environment.

2011 EU’s 2020, it identifies a new biodiversity strategy that focus on six measurable targets: (1) enhance the
implementation of nature legislation, (2) restore ecosystems and establish the use of green
infrastructure, (3) promote sustainable agriculture and forestry, (4) encourage sustainable fisheries, (5)
combat alien invasive species, (6) contribute to averting global biodiversity loss.

2014 European Directive 2014/89/EU (Maritime Spatial Planning), it contributes to the effective management
of marine activities and the sustainable use of marine and coastal resources, by creating a framework
for consistent, transparent, sustainable and evidence- based decision-making. In order to achieve its
objectives, this Directive should lay down obligations to establish a maritime planning process,
resulting in a maritime spatial plan or plans.

2014 Proposal for a Directive of European Parliament and of the Council, it establishes a framework for the
protection of soil and amending Directive 2004/35/EC.
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natural hazards (EUROSION, 2004; THESEUS, 2013;
CORFU, 2014). The geo-spatial model implemented in this
work (Fig. 3a, b), mainly based on the spatial analysis and data
integration algorithms available in a Geographic Information
System, considers the urban environment and the presence of
men as factors influencing the potential vulnerability of areas
exposed to natural events. Within this frame, the trend of ur-
ban development, the trend of population and four potential
vulnerability indices were calculated.

Historical analysis of territorial transformation

The historical and topographic maps of Italian Geographic
Institute for the years 1817–1819, 1834, 1860, 1905–
1907, 1936, 1956–1957, 1984 (1:25.000 scale), the tech-
nical maps of Campania Region (1998, scale 1:5000) and
the ortho-photos of the 2006 and 2012, available on the
portal of Italian Ministry of Environment, were used as
input data to assess the urban expansion occurred in the
last 200 years.

At first, the maps were georeferenced (projection: UTM
WGS84 – zone 33 north, datum: ED 50), a process used to
assign the real-world coordinates to each geographic element
(set of pixels) reported in the maps. After this phase, the

urbanized areas were digitized from the oldest historical
map (1817–1819) to the urban zones built in the 2012
(Figure 4). For the single years, the area of urban environ-
ment was calculated and expressed as a percentage to rapidly
visualize the period with high urbanization growth at VPC
(Figure 5a) and municipality scales (Figure 5b). These values
were also plotted versus time to evaluate the trend of territo-
rial urbanization for both Castel Volturno and Mondragone
municipalities (Figure 6).

The demographic analysis was carried out from 1861 to
2011 using the population data published by Italian National
Institute of Statistic (ISTAT 2016). The trend of population
growth was assessed by plotting the residents number identi-
fied for the single year versus time (Figure 7).

Potential vulnerability index assessment

The coastal vulnerability due to human presence was calcu-
lated with the following four indices: urbanization density,
population density, occupied building density, and building
surplus. For each one, the focus and type were identified
(Table 3) according to DPSIR schema (D - driving, I - impact,
P - pressure, S - state, R –response,) and EEA classification
(Digest of EEA INDICATORS, 2014) (A - descriptive, B -

Table 2 Planning tools in force at Castel Volturno coastal plain

Planning tools Description Area

Directive BBirds^ 79/409/EEC It promotes the conservation of all wild species living in the territory
of the European Member States

The area hosting these species are labelled as Special Protection Areas
(Zona di Protezione Speciale – ZPS)

Variconi Natural Reserve

Directive BHabitat^ 92/43/EEC It promotes the conservation of natural habitats and of wild fauna and flora
establishing Sites of Community Importance (SIC)

- Volturno River,
- Volturno Mouth - Variconi
- Castel Volturno Pinewood
- Patria Pinewood

R. L.89/183
(Campania Region)

It institutes the Basin Authorities. The aims are to protect the landscape, improve
the water quality and promote a sustainable economic development.

Hydro-geomorphological Setting Plan of Basin Authority of
Liri-Garigliano-Volturno.

– landslide risk (adopted with the Ministerial Decree of December 12, 2006)
– flooding risk (adopted with the Ministerial Decree of December 12, 2006)
Plan for environmental protection and wetlands conservation (adopted with the

Ministerial Decree of April 27, 2006)
Coastal erosion of Domitian coast (adopted with the Ministerial Decree of February

15, 2013)
Art.5 R. L.33/93

(Campania Region)
It promotes the institution of parks and natural reserves - Natural Reserve Volturno

River Mouth- Licola Coast

L. D. 152/06 and subsequent
amendments and additions

It makes mandatory the Strategic Environmental Assessment (VAS) for all plans
and programs in order to ensure a high level of environmental protection.

R.L. 16/2004 It indicates the competences of Institutions, from Regional to local level, that deal
with the spatial planning. Moreover, it must ensure the transparency of
administrative procedures and the stakeholders involvement in all phases of
spatial planning.

- Regional Territorial Plan (PTR), 2008
- Provincial Territorial Plan (PTCP), 2012.
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performance, C - EFFICIENCY, D - policy effectiveness, E -
total welfare). The method adopted for the indices assessment
slightly changes according to to the type of involved data
(Giordano et al. 2013).

For data associate to polygon feature, the index was calcu-
lated following two steps. Firstly, the intersection between the
geographical features representing a spatial attribute (e.g. ex-
tent of urban environment) and the extent of administrative
units (Aau) (e.g. municipality, censual district) was applied.
This phase allowed the identification of the area of a generic
spatial indicator (Ari) associated to the single administrative
units. Secondly, the index was calculated with the following
formula:

Ipx ¼ Ari
Aau

ð1Þ

where: Ipx is a generic spatial index derived from polygon
features.

For index derived from no-spatial attributes (Nx) (e.g. num-
ber of residents) and spatial attribute (polygon, lines, point)
(Aau), the index was calculated as follow:

Igax ¼ Nx
Aau

ð2Þ

where: Igax is the generic index based on both no-spatial and
spatial attributes integration.

For index calculated only on attributes associated to a spe-
cific geographical element (e.g. censual district, municipality,
region, state) the following ratio was used:

Iax ¼ Nx
∑n

x¼1Nx
ð3Þ

where: Iax is the generic attribute index and Nx is the value of
generic attribute.

The values of each index were normalized according
to its maximum value recorded over the whole study

Fig. 3 The flowchart shows the geospatial model implemented for the analysis of territorial evolution and for the assessment of potential vulnerability
indices. The role of Integrated Coastal Zone Management is also shown (b)
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area; they range between 0 and 1, the lowest and the
highest values, respectively. All the indices were ranked
with the natural break method into the same number of
classes, these conditions made possible the comparison
among indices (Lirer et al. 2010).

The urbanization density index

The urbanization density index identifies the areas potentially
exposed to risk in case of new natural events occur but also the
natural land consumption tendency.

Fig. 4 Urban growth at Volturno coastal area from 1817 to 2012. The
territory falling inside the Castel Volturno and Mondragone municipality
boundaries is illustrated at the top of figure. The urban growth along the

shoreline and a detail on the Centres of the Castel Volturno and
Mondragone are shown in the middle and in the bottom of figure,
respectively
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This index was calculated, according to the formula (1) as
the ratio between the urban environment and the territorial
extent (area encircled by censual district or municipality
boundaries) indicators. It was assessed at municipality scale
from 1817 to 2012 and at censual district scale for the 2011
(the last upgrade data) and for 1991 (first available data) to
visualize the urban growth occurred in this elapsed time. The
geographical distribution of urbanization density index at
censual district scale is shown in Fig. 8.

The population density index

The population density index points out the potential vulnera-
bility associated to the presence of people along the coastal
belt. It was calculated as the ratio between the total residents
and the urban area according to the formula (2) and was

mapped at censual district scale for the years 1991, 2001 and
2011 (Figure 9).

Occupied buildings density and building surplus indices

This index identifies the density of building employed as per-
manent residence (Figure 10); it was defined for the single
censual district as the ratio of occupied buildings and total
buildings according to the formula (3).Moreover, the different
exposure characterizing two zones with same occupied build-
ing density but different urbanization density was also taken
into account tanks to the assessment of building surplus index.
It shows the spatial distribution of unoccupied buildings and it
is given by the multiplication of occupied buildings density
and urbanization density indices, as reported in the matrix of
Fig. 11a.
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For the occupied building density index, the value B0^ cor-
responds to the cases where all the buildings are unoccupied
and 1 with opposite condition while for the urbanization den-
sity index the value B0^ indicates no urbanization and 1 total
urbanization of censual district. The synthetic index also
varies between 0 and 1 as shown in Fig. 11a. In this matrix,
the lowest value (equal to 0.04) characterizes the censual dis-
tricts with low values of urbanization density and a low num-
ber of occupied buildings density, it points out the areas with
high potential capability to support the land-use changes as
measure for risk reduction; opposite condition typifies the
censual districts with values 1. The output values of matrix
can recur; for example, the value 0.16 is due to three combi-
nations of data entry: a) urbanization density index value of
0.2 with occupied building density index value of 0.8 (case
labelled with letter C1); b) urbanization and occupied build-
ings density indices values of 0.4 (case labelled with letter E)
and c) urbanization density index value of 0.8 and occupied
building density index value of 0.2. The building surplus index
was also mapped to identify the geographical distribution of
censual districts and their distance from the shoreline
(Figure 11b).

Results

Historical analysis of territorial transformation

Until 1860, a good level of naturalness characterized the VCP,
a wide pine forest was present on both sides of Volturno River
mouth and several wetlands BPalude di Fossa Piena^,
BPantano di Mondragone^ and Bil Pantano^ depicted the area.
Only at Mondragone, S. Nicola, S. Angelo, San Vito and
Castel Volturno localities the first sign of modern settlements
was evident. From 1817 to 1936, the coastal zone was inter-
ested by an urban expansion lower than 1%, this value reached
the 5% at the end of 1957 (Figure 5a). The naturalness of
coastal area was still preserved, the city of Mondragone be-
came larger, the Cirio factory and a group of houses were built

very close to the shoreline. Single buildings rise along the
State road B7 Quater^ that connect Mondragone and Castel
Volturno (Figure 4).

The huge territorial transformation occurred from 1957 to
1984; the urbanized area increasd of about 80% and the seaside
tourist Centre of Pinetamare was also built (Figure 5a) in detail,
the urban areas increased in the Mondragone and Castel
Volturno municipalities of about 26% and 75%, respectively
(Figure 5b). The urban environment expanded in the areas
close to the Centre of two cities but mainly along the coastal
zone (pale yellow in the Figure 4). In the following years, the
percentage of new urbanized areas decreased at 12% because
of huge urbanization already occurred. After the nineties, the
urbanized area increased with very low percentage (lower than
2%) similar to that characterized the VCP before the sixties
probably thanks to the entry into force of Campanian
Regional Territorial Plan (2008), Caserta Provincial Territorial
Plan (2012) and Hydro-geomorphological Setting Plan of
Basin Authority of Liri-Garigliano-Volturno (2006)
(Figure 5a). Furthermore, Mondragone was constantly grown
more than Castel Volturno except for the 1957–1984 time win-
dows (Figure 5b). The transformation of territory started in the
sixties and continued until the end of eighties, after this data the
urbanized areas reach a sill (Figure 6). In detail, from 1817 to
1957 Mondragone expanded more than Castel Volturno this
condition reversed in 1957–1984 time window (Figure 6).
The latter represents the time of the highest consumption of
natural land due to a strong transformation of the territory that
took place in absence of territorial management plans.

As regards the population data analysis, the population
growth is dissimilar for Mondragone and Castel Volturno
municipalities. For the first municipality, it increased quite
constantly over the whole investigated time window while
for Castel Volturno a sudden rise of population occurred
after 1970’s. In a few years, the population of Castel
Volturno reached that of Mondragone. (Figure 7).

The population growth diagram points out an increase of
population also after the nineties (Figure 7). This event is
due to the increase of foreign residents that passes from

Fig. 7 Population tendency for
Mondragone and Castel Volturno
municipalities from 1861 to 2011
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155 to about 3000 people for Castel Volturno, and from 37 to
about 1700 people for Mondragone (Figure 12a). The incre-
ment of Italian resident is constant (about 1500 people) for
Mondragone while decreased from about 3000 to 1500 peo-
ple for Castel Volturno (Fig. 12b, c).

Maps of potential vulnerability indices

The urbanization density index

The urban density index maps, drawn at censual district scale
for the years 1991 and 2011, were shown in Fig. 4. The first
map pointed out the high urban density for the right side of
Volturno River mouth and for both Castel Volturno and
Mondragone municipalities. In 1991, about 75% of censual
districts had an urban density ≥ 0.6. The comparison of this
map with that of 2011 pointed out a change of urban density
for all the coastal area and particularly for the left side of
Volturno River mouth. The percentage of censual districts
with high urban density passed to 82% and new urban set-
tlements, sparsely in both municipalities, are evident in Fig.
4.

The population density index

The population density index maps showed a value ≤0.20 for
the greatest part of censual district close to the shoreline. In
1991, Mondragone showed a wide urban Centre with censual
districts characterized by population density that reached the
highest value in the whole study area. Opposite condition
typified Castel Volturno in fact, the population density index
was varied between 0.2 and 0.4. These features unchanged in
the following years (2001, 2011) except for the reduction of
population density registered in Mondragone Centre
(Figure 9).

Occupied buildings density and building surplus indices

The high urban density and low population density character-
izing the VCP motivated the analysis of geographical distri-
bution of occupied building and the assessment of relative
index.

The map of occupied buildings density index pointed out a
wide distribution of censual districts with the lowest value in
the study area (≤0.4) on the right side of Volturno River and at
the left side of Variconi Natural Reserve (Figure 10). Toward
Regi Lagni mouth, the buildings density index varies from 0.6
to 0.8, its values slightly decreased in the area between
Pinetamare and Ischitella. The highest index values of the
study area characterized the urban Centres of Mondragone
and of Castel Volturno, as expected for zones inhabited during
all the year. The building surplus index allowed the identifi-
cation of areas with same occupied building density butT
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different urbanization density, it illustrates the zones able to
support the land-use changes as measure for risk reduction
(Fig. 11a, b).

The zones with buildings surplus index ≤ 0.24 (about the
28% of urban environment) are characterized by very high
and high potential capability to support the land-use changes,

those with a value ≥0.36 (about the 50%) were classified as
low and very low potential capability to support the land-use
changes while the medium vulnerability classes (value range:
0.24–0.36) characterize the 21% of VCP (Fig. 11a, b). In
detail, the classes C1 and D1 represent the 65% of those with
high potential capability to support the land-use changes

Fig. 8 Geographical distribution
of urban density index at censual
district administrative scale for
the years 1991 (a) and 2011 (b)

Fig. 9 Geographical distribution of population density index calculated at censual district scale for the year 1991 (a), 2001 (b) and 2011 (c)
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(index value ≤0.24) while the classes G1 and H1 the 86% of
those with medium capability to support the land-use changes
(index value range = 0.24–0.36) (Fig. 11a, b). These four
classes characterize the coastal zone placed between the right
side of Volturno River mouth to Mondragone urban Centre
and the area located to the left side of Variconi Natural
Reserve. The classes with low and very low potential capabil-
ity to support the land-use changes characterize the centre of
the Mondragone and the Castel Volturno municipalities.

Discussion

This work illustrates the key role of indices as tools to improve
resilience and reduce risks in coastal areas. The indices were
assessed at VCP, an area exposed to different types of natural
hazards and characterized by an urban environment very close
to the coastline.

The geospatial model implemented in this work is
flexible, and hence many other natural or antrophic fac-
tors (land cover, antrophic activities, ecological, social)
can be integrated in the scheme to have a complete

overview of potential vulnerability. This model is well
transferable to other areas exposed to hazard and allows
also the comparison at regional and national scale.

Starting from the analysis of territorial changes oc-
curred at VPC in the last 200 years, we defined the urban
and population trends as a tool to identify the possible
future development for this area. Moreover, four indices
(urban density, population density, building density, build-
ing surplus) were calculated to describe the potential vul-
nerability of study area and to identify the areas where
accommodation measure, as land-use changes, can be eas-
ily applied to reduce the potential vulnerability. During

Fig. 10 Geographical distribution of occupied building density index at
censual district administrative scale for the years 2012

Fig. 11 Matrix showing the input data used for the building surplus index
assessment (a). The symbol star point outs the indices absent in the study
area, the colours and the line fill symbol are the same used in the building
surplus index map (b)
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the big territorial transformation, started in the sixteen and
continued until the 1980, at Castel Volturno the urbanized
areas increased about three times higher than Mondragone
reaching the apex of urbanization growth (about 80%). In
the same years, the population of Mondragone was con-
stantly higher than that of Castel Volturno highlighting for
the latter the use of greatest part of new settlements only
during the summer. The maps of population density index
showed high values only for the urban Centre of
Mondragone while the lowest typify the zones along the
shoreline. For these zones, the occupied building density
index allowed the recognizing of three classes with differ-
ent value (≤0.2; 0.2–0.4; 0.4–0.6) of occupied buildings.
In addition, the building surplus index discriminated be-
tween censual districts with the same occupied buildings
but different urbanization density. The areas prone to
land-use changes are characterized by: a) high urbaniza-
tion density index and very low occupied building index
and are very close to the shoreline (C1 and D1,
Figure 11); b) high urbanization density and a building
density slightly higher than the previous zones, these
areas (G1 and H1, Fig. 11) were located for the greatest
part at about 300–600 m from the shoreline. For these
zones, the accommodation measures facing to the restora-
tion of natural environments could be applied, they favour
not only the potential vulnerability reduction but also the
human well-being.

Conclusions

In the frame of potential vulnerability reduction of coastal
zones exposed to natural hazards, the present research pro-
poses four indices to measure the potential vulnerability due

to the presence of man and to identify the area where land-use
changes can be easily applied.

The procedure is flexible and then applicable at all scale, it
can be extended from censual to municipality to Regional
administrative units. Moreover, these indices can also be used
to compare zones pertaining different regions because they
reflect the local status of antrophic pressure taking into ac-
count the extent of investigated territory.

The indices defined in this work are valuable tools to
show the potential vulnerability and to identify the areas
requiring intervention priorities and to suggest the accom-
modation measures and rules useful to improve the adap-
tive system capacity.

The vulnerability indices allowed us to identify for
VCP the state of urban density and population density
highlighting which of them prevail in the single censual
district. In addition, the surplus building density identi-
fied the censual district where accommodation measures
can be easily applied because characterized by low oc-
cupied building density and low urbanization density.

The buildings surplus index map pointed out a medium-
low anthropogenic pressure for the greatest part of censual
districts close to the shoreline, in the north of Volturno River
mouth and at left of Variconi Natural Reserve. For these zones,
a land-use change from urban to natural environments would
make it possible not only the vulnerability reduction but also
the achievement of other benefits as the improvement of re-
silience, of naturalness and then of human well-being. High
anthropogenic pressure characterize the Centre of
Mondragone, in this locality high density of both urbanized
area and population density prevail.

The maps illustrated in this work provide a vital tool
also to involve the stakeholders in all phases of territorial
plans construction.

1991 2001 2011 1991 2001 2011

Total population 15140 18639 22882 22277 24155 27070

Foreign residents 155 295 2974 37 199 1676

Castel Volturno Mondragone

a

c

bFig. 12 Foreign residents (a) and
Italian resident (b) trends for Castel
Volturno and Mondragone munici-
palities from 1991 to 2011 are
drawn. For these years, the total
population and the foreign resident
values are also reported (c)
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