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The Earth’s landscape has a complex evolution and is the result of the interactions involving
surficial processes, climate, tectonic, and human activity. In this context, the morphological changes in
landforms due to active tectonics or climate change have the potential to affect and, in some cases, even
to control human activities [1–5]. On the other hand, human activity and man-made constructions
have the ability to change the landscape and, in this way, have impacted on natural hazards.

Natural hazards are physical phenomena that occur worldwide and contribute to the evolution of
Earth’s landscape. These phenomena affected the natural environment and existing biota, even before
the appearance of man on Earth. Nowadays, they are an important global problem threatening human
life. Natural hazards can damage both the natural and man-made environment [6]. Their impacts
differ from place to place and frequently they appear to have adverse long-term effects [7].

On a global scale, overpopulation and urban development have the ability to increase the
occurrence of natural hazards and their impacts both in the developed and developing world.
For instance, deforestation causes increased rates of soil erosion and sediment transport, resulting
in, for example, land degradation and flooding. Generally, natural hazards occur more frequently in
relation to our capability to restore the effects of past events [8–10].

The sustainability of urban development can be influenced by several factors such as
economic development, socioeconomic policy, population growth, physical environment, and natural
hazards [11,12]. However, during planning, development, and management of an urban environment,
only the economic and social parameters are usually taken into account. Consequently, in vulnerable
locations, e.g., steeply sloping areas or those with degraded soils, the natural hazards that often occur,
such as mass movements, can cause extensive damage, disrupt social and economic networks and lead
to the loss of human lives and property [13–17].

Therefore, in order to minimize the loss of human life and reduce the economic consequences,
proper planning and management of natural hazards are essential. However, consideration of the
natural hazards and their influence on landscape evolution during the land use planning stage
is essential.

In many cases, land use planning for addressing natural hazards is based on the probability of an
event occurring, with little or no consideration of the consequences associated with natural hazard
events [18]. For instance, floodplains are fertile, level, easy to excavate, near water and, thus, are
favorable sites for urban development. In several cases, urbanization of floodplains has increased the
probability of flooding, thereby causing disasters. Flood damage in such environments appears to
increase, despite the construction of flood control works such as dams and river channelization [19–22].

The relationship between natural hazards and land use seems to be two-way. On the one hand,
natural hazards and their associated consequences have the ability to cause changes in the landscape
and thus, affect land use. On the other hand, human activities and land-use changes can lead to
natural hazards.

In order to avoid the aforementioned effects, it is necessary for the decision-makers, engineers,
planners, and managers to take into account the physical parameters of an area, as well as susceptibility
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to the natural hazards. The geology and the geomorphology of an area are important in the assurance
of sustainable land management and in the protection of human life in urban areas [23].

In conclusion, is important that engineers, policymakers, and planners employ land use planning
based on natural hazard maps in the evaluation and selection of suitable areas for sustainable urban
development with fundamental concerns for the protection of the environment and of human life.

This special issue focuses on land use planning for natural hazards. Various types of natural
hazards such as land degradation and desertification, coastal hazard, floods, and landslides, as well as
their interactions with human activities, are presented in this volume.

Briassoulis H. [24] examines the use of Land Use Planning (LUP) to combat Land Degradation and
Desertification (LDD). Various and interdependent socio-economic, cultural, political and institutional
criteria play an important role in LDD or contribute to the management of land resources [25].
The paper presents desertification and the pertinent institutional context and studies whether and
how LDD concerns enter the LUP process and the issues arising at each stage. The provision of an
enabling, higher-level institutional environment should be prioritized to support phronetic-strategic
integrated LUP at lower levels, which future research should explore theoretically, methodologically
and empirically to realize the integrative potential of LUP and foster its effectiveness in combating
LDD at the local and regional levels.

Tragaki, et al. [26] assess coastal hazard vulnerability based on geomorphic, oceanographic and
demographic parameters in the Peloponnese (southern Greece). Nowadays, coastal areas around
Greece are susceptible to climate change-related hazards [27]. The paper assesses the physical and social
vulnerability of the Peloponnese to both coastal erosion and flooding caused by climate change-related
hazards. The Coastal Vulnerability Index (CVI) and the Social Vulnerability Index (SVI) were estimated.
The results showed that about 20% of the shoreline along the western and northwestern coast of the study
area has high and very high physical vulnerability. Moreover, high and very high social vulnerabilities
characterize communities along the northwestern part of the Peloponnese. The recognition of highly
vulnerable coastal areas is very useful for coastal land use planning.

Two papers apply methods that provide vital information for land use planning and flood
hazard mitigation. Rijal et al. [28] examine flood hazard mapping in the rapidly urbanizing city of
Birendranagar, Nepal. Natural hazards and urbanization can interact to increase land-use changes
in Nepal [29], and floods have caused loss of life and property in Birendranagar. The study focuses
on the underlying land-cover dynamics and flood hazards of the study area. The spatiotemporal
urbanization dynamics and associated land-use and land-cover (LULC) changes of the city from 1989
to 2016 allowed areas with high flood hazard risk to be identified. The urban area expanded nearly by
700%, while the cultivated land declined simultaneously by 12% between 1989 and 2016. This, and
the loss of forests contributed significantly to increased flood hazard. Steep slopes, excessive land
utilization, and intense monsoonal precipitation aggravated hazards locally.

Bathrellos et al. [30] undertake spatio-temporal analysis of flooding in the drainage basin of the
Pinios River (Thessaly, Central Greece). The paper identifies the flood hazard by using historical flood
events which occurred between 1979 and 2010, old topographic maps and geomorphic parameters.
The flood occurrences increased during the period 1990–2010, most flood events were in October.
The majority of occurrences are recorded in the southern part of the study area. There is a certain
amount of clustering of flood events in the areas of former marshes and lakes as well as in the
lowest and flattest parts of the study area. The applied method provides valuable information for
land-use planning at a regional scale leading to the determination of the safe and non-safe areas for
urban activities.

Skilodimou et al. [31] examine the relation of physical and anthropogenic factors with landslide
activity in a mountainous part of northern Peloponnese in southern Greece. The existing landslides,
lithology, slope angle, rainfall, road network along with land use of the study area were analyzed.
The results prove that Plio-Pleistocene fine-grained sediments and flysch, relatively steep slopes and a
rise in the amount of rainfall are strongly associated with the occurrence of landslides. A 100m wide
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zone along each road increases the probability of landslides while the extensively cultivated land of
the study area is strongly related to landslide activity. This procedure may be utilized in landslide
hazard assessment mapping as well as to new and existing land use planning projects.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Land-use planning (LUP), an instrument of land governance, is often employed to protect
land and humans against natural and human-induced hazards, strengthen the resilience of land
systems, and secure their sustainability. The United Nations Convention to Combat Desertification
(UNCCD) underlines the critical role of appropriate local action to address the global threat of land
degradation and desertification (LDD) and calls for the use of local and regional LUP to combat
LDD and achieve land degradation neutrality. The paper explores the challenges of putting this
call into practice. After presenting desertification and the pertinent institutional context, the paper
examines whether and how LDD concerns enter the stages of the LUP process and the issues arising
at each stage. LDD problem complexity, the prevailing mode of governance, and the planning style
endorsed, combined with LDD awareness, knowledge and perception, value priorities, geographic
particularities and historical circumstances, underlie the main challenges confronting LUP; namely,
adequate representation of LDD at each stage of LUP, conflict resolution between LDD-related and
development goals, need for cooperation, collaboration and coordination of numerous and diverse
actors, sectors, institutions and policy domains from multiple spatial/organizational levels and
uncertainty regarding present and future environmental and socio-economic change. In order to
realize the integrative potential of LUP and foster its effectiveness in combating LDD at the local
and regional levels, the provision of an enabling, higher-level institutional environment should
be prioritized to support phronetic-strategic integrated LUP at lower levels, which future research
should explore theoretically, methodologically and empirically.

Keywords: integrated land-use planning; land degradation; desertification; policy; phronetic approach

1. Introduction

Land1 mediates all interactions between the natural environment, society and the economy [2,3].
Land resources provide ecosystem services but also pose constraints on human activity which, if violated,
generate important unwanted environmental and socio-economic consequences. The alarming pace
at which land resources are degrading in recent times has been recognized at the international and
subglobal levels [4–7]. Sustainable Development Goal (SDG) 15, one of the 17 SDGs decided at the Rio+20
conference in 2012, is specifically geared to “protect, restore and promote sustainable use of terrestrial
ecosystems, sustainably manage forests, combat desertification, and halt and reverse land degradation
and halt biodiversity loss” [8].

1 “Land means the terrestrial bio-productive system that comprises soil, vegetation, other biota, and the ecological and
hydrological processes that operate within the system” [1].
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The wise governance of land resources in coupled human-environment systems, or land systems2,
is key to strengthening their resilience against natural hazards and numerous other environmental,
technological and socio-economic disturbances [10–13]. ‘Land systems science’ is a term coined to
denote the contemporary, interdisciplinary scientific domain concerned with the theories, approaches,
analytical tools and instruments related to the analysis and resolution of land-use problems [12,14].
Land-use planning (LUP) is an instrument of land governance that has been used since ancient times
to protect land and humans against natural hazards and to address pertinent land use-related issues in
order to secure the sustainability of land systems [15–19].

Desertification, an extreme form of natural and human-induced land degradation, and drought,
a natural hazard, threaten the smooth functioning of land systems [7]. Desertification differs from other
natural hazards, such as fires, floods and earthquakes, because it is a wide-net, higher level, multi-scalar
and long-term phenomenon; at the local level, it is mostly experienced as (severe) land degradation.
Land degradation and desertification (LDD) is the term commonly used in official (e.g., UN, European
Union) and scientific quarters, and which is adopted in this paper. The causes and consequences of LDD
concern several interdependent human activities, directly implicate more than one land resources (soil,
water and vegetation) and involve diverse economic sectors, social groups and institutions, spanning
the local to global spectrum. The incidence of LDD exposes land resources and human populations
to multiple threats: loss of land productivity, food insecurity, water shortages and scarcity, economic
hardship, social deprivation and health risks [20–25].

The signing of the United Nations Convention to Combat Desertification (UNCCD), one of the
three Rio Multilateral Environmental Agreements (or, Conventions)3, in 19944 underlines the global
significance of the phenomenon as well as the critical role of appropriate local action. Since 2012,
the UNCCD has embraced SDG 15 and, more specifically, Target 15.3 that sets the ambitious goal
to achieve land degradation neutrality (LDN) by 2030. Among the several actions for its effective
implementation, the UNCCD and other international and sub-global organizations incite the signatory
parties to use local and regional land use planning to help combat desertification and mitigate the
negative effects of drought in affected areas [26] and, more recently, to address the LDN target5 [27].
Putting this straightforward call into practice, however, presents considerable challenges, several of
which have been noted since the early days of the UNCCD [28].

In complex land systems, a multitude of actors interacting on and across scales continuously place
diverse demands on a multitude of interconnected resources to satisfy various, often conflicting, goals,
environmental protection being one of them, that differ in priority among groups [13,29]. Conflicts
arise over the allocation of land among competing uses which accrue short- and long-term costs
and benefits to individuals and groups. If human activities locate in resource-poor (e.g., water),
hazard-prone and other high-risk areas, biophysical constraints imply high costs of protection or,
if they are ignored, significant environmental and socio-economic costs result. LUP aims to arbitrate
and resolve these conflicts and issues to secure the sustainability of local and regional development [30].
In LDD-prone areas, in particular, the LDN goal makes LUP an inevitable instrument in the fight
against LDD. This is a demanding undertaking because LUP is called to harmonize the LDN with
numerous other goals and it is, furthermore, complicated by the ever-present uncertainty regarding
future human needs, goals and priorities, environmental conditions, socio-economic and technological

2 “Land systems constitute complex, adaptive social-ecological systems (Berkes et al., 1998) shaped by interactions between
(i) the different actors and demands that act upon land, (ii) the technologies, institutions, and cultural practices through
which societies shape land use, and (iii) feedbacks between land use and environmental dynamics (Millennium Ecosystem
Assessment (MA), 2003; Verburg et al., 2015).” [9], (p. 53).

3 The other two are the ‘sister’ Conventions of the UNCCD, the UNCBD (United Nations Convention for Biodiversity
Conservation) and the UNFCCC (United Nations Framework Convention for Climate Change).

4 The UNCCD came into force in December 1996.
5 “Furthermore, through Decision 2/COP.12, the UNCCD endorsed the formulation, revision and implementation of action

programmes in view of the 2030 Agenda for Sustainable Development, (United Nations General Assembly, 2015) encouraging
the linkage between planning and the implementation of LDN” [27], (p. 76).
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change, unpredictable events and their changing constellations. Harmonization points to the need
to apply phronesis (practical wisdom) [31] in making land-use decisions to safeguard the potential
of affected areas to successfully adapt to changing conditions and, thus, secure their resilience and
enhance their sustainable development prospects.

This paper delves into this land-use planning quandary aiming to show that LUP is not a straightforward
but a complex endeavor, reveal the LUP challenges facing the fight against LDD and suggest avenues
to handle them to foster the effectiveness of LUP efforts. The discussion is general applying to most
(democratic) socio-political contexts although geographic particularities and historical circumstances
determine the actual form the issues and challenges obtain. The second section briefly presents the
main features of desertification and the institutional context to combat it. The third section introduces
land-use change and land-use planning and explores the issues and challenges arising at each stage
of the LUP process in the context of combating LDD at the local and regional levels. The concluding
section suggests necessary priority actions to realize the integrative potential of LUP and, thus, improve
its effectiveness in combating LDD that indicate future research directions.

2. Desertification and the Institutional Context to Combat Desertification

2.1. Desertification

Desertification has received and, with the escalation of global warming, is receiving significant
political support at the international and subglobal levels [4,6,7,22]. However, it remains a politically
contentious issue; the existence of more 100 definitions is telling [32]. The UNCCD definition, which is
mostly used by now, states that desertification is “land degradation in arid, semiarid and subhumid
tropics caused by a combination of climatic factors and human activities” [1]. Land degradation
means reduction or loss of the biological or economic productivity and complexity of rainfed cropland,
irrigated cropland, or range, pasture, forest and woodlands resulting from land uses or from a process
or combination of processes, including those arising from human activities and habitation patterns,
such as: (a) soil erosion caused by wind and/or water, (b) deterioration of the physical, chemical,
biological and economic properties of soils and (c) long-term loss of natural vegetation [1,23].

This definition makes clear that (a) desertification is land degradation in the drylands6, i.e., in areas
with adverse biophysical conditions, (b) it leads to an extreme, often irreversible, state of degradation
implying reduction or loss of both biological and economic productivity and complexity of land, (c) the
natural resources concerned are climate, soil, water and vegetation, (d) it involves both natural and
human-induced processes operating at multiple spatial and temporal scales, and (e) a variety of human
activities and users of land are implicated.

Biophysical and human driving forces (indirect drivers), from the local to the global levels, underlie
the proximate causes (direct drivers) of LDD; i.e., human activities, such as agriculture, animal husbandry,
forestry, housing, tourism, transport, extraction and energy production. The associated land-using and
potentially resource-degrading practices include intensive cultivation, monocultures, abandonment
of traditional practices (e.g., terracing), poor or no maintenance of rural holdings, overgrazing,
deforestation, forest fires, water overdrafts, extraction, drainage of wetlands, and large infrastructure
works [4,5,22–24,33–36]. Their combined action modifies land resources and produces land use and
land cover change which, under adverse biophysical conditions, set in motion processes of LDD.

The biophysical drivers of desertification include climate, geology, soil conditions, hydrology,
topography and vegetative cover. Selected important characteristics of these drivers are: low and
uneven annual and interannual rainfall distribution, extreme weather events and out-of-phase
rainy and vegetative seasons; soil depth, structure and stability, organic content, stoniness of land,

6 i.e., “areas, other than polar and sub-polar regions, in which the ratio of annual precipitation to potential evapotranspiration
falls within the range from 0.05 to 0.65” [1].
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soil–water balance; slope gradient and slope aspect; surface and ground water availability; and biomass
productivity7 [37]. Slow and fast physical and/or chemical processes are involved in LDD. The former
include soil erosion, compaction, salinization, alkalization and nitrification. The latter include drought
and extreme weather events [25,37,38].

The diverse and interdependent human (socio-economic, cultural, political and institutional)
drivers of LDD play a dual role; they either underlie the incidence of LDD or contribute to its mitigation
by changing the valuation, modes of utilization and management of land resources. Important among
them are: population structure and dynamics (mobility and migration), poverty and social inequality;
changes in technology, modes of production, social values, consumption patterns, life styles, family
structure, employment composition, market and/or public policy-induced agricultural product prices,
capital availability and competition among economic activities [20,25,32,39].

The institutional drivers of desertification are particularly important. They encompass international
economic and environmental regimes (e.g., trade, climate change and biodiversity) as well as supranational
policies, such as the European Union (EU) Common Agricultural Policy (CAP), transport policy,
the Structural Funds (SFs) and their national level counterparts [40]. Several national policies negatively
affect bioclimatically sensitive regions, setting the stage for their degradation. Important national level
concerns include the mode of governance, which depends on the prevailing political regime, inappropriate
or inexistent environmental and spatial planning legislation, problematic plan and policy implementation,
unclear, uncoordinated or inexistent systems of resource rights for critical resources, such as water
and soil, administrative compartmentalization and lack of coordination [33]. At the local level, land
tenure and ownership constitute critical institutional influences. Rural land rental, combined with
absentee ownership, land fragmentation, and vague and incompatible resource regimes often give rise
to inappropriate land management and degradation, impeding the proper implementation of formal
policies [25,37].

Geographic location, accessibility and the spatial distribution of economic activities, uses of
land, population and infrastructure determine the particular nonlinear interactions among biophysical
and human drivers and underlie the processes, such as agricultural intensification, urbanization,
industrialization, etc., that judge the incidence and magnitude of LDD in a region. The urban–rural
dynamics, in particular, greatly affects the long-term prospects of the phenomenon as it consolidates
the complex, multi-scale influences and pressures on land resources. Lastly, biophysical and human
macro-forces and events operating within a period, e.g., wars, famines, natural disasters, new technologies,
price shocks and resource crises have important off-site effects on the incidence of LDD [25].

In contrast to other natural hazards, the biophysical, socio-economic and other impacts of
desertification may range from localized and short-term to large-scale and long-term, owing to the
diverse biophysical and human drivers that act and interact non-linearly at different speeds (fast
and slow processes) on multiple spatial and temporal scales. This is the most important source of
uncertainty concerning LDD with important implications for its definition, identification, assessment
and choice of proper measures to combat it.

2.2. The Institutional Context to Combat Desertification

The institutional activity pertinent to LDD and drought spans the global to local spectrum.
At the international level, the UNCCD is the principal direct institutional regime that provides the
broad frame of actions to combat desertification. It comprises five Annexes that correspond to five
groupings of world regions and related region-specific desertification problems. Annex IV (Northern
Mediterranean) includes 16 signatories, of which 10 are EU member states. The organizational
apparatus of the UNCCD comprises the Conference of the Parties (COP), a permanent secretariat and
a Committee on Science and Technology (CST). Their mandate includes support for the elaboration,

7 Land is considered desertified when biomass productivity drops below a certain threshold value.
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implementation and co-ordination of various instruments; co-ordination of the UNCCD with its
sister conventions, the United Nations Convention for Biodiversity Conservation (UNCBD) and the
40United Nations Framework Convention on Climate Change (UNFCCC); research and development,
technology transfer, acquisition and adaptation; capacity building, education, awareness raising and
provision of financial resources and mechanisms to facilitate implementation8. The UNCCD Secretariat
provides regular monitoring and reporting on the implementation of proposed actions [33,37].

The UNCCD, acknowledging the complexity of desertification and recognizing the vital role of local
level responses in sustainable resource management, offers guiding principles for an integrated ‘top-down’
and ‘bottom-up’ approach to designing interventions in affected areas and encourages multi-level
communication and collaboration [33]. It prescribes general and specific obligations of the signatory
parties, underlining the institutional conditions required to facilitate effective implementation. The most
important obligation is the preparation of Regional Action Programmes (RAPs) and National Action
Programmes (NAP), following a UNCCD-defined template [1]. These programmes should be linked to
national sustainable development programmes based on participatory processes with input from the
field and the scientific community. The affected countries are urged to strengthen extant and enact new,
including spatial and land-use planning, legislation.

Given the implementation problems recorded over time, COP8 [41] approved a 10-year strategy
to improve UNCCD implementation and secure adequate financing that prioritizes the integration of
desertification concerns into development planning and policies. The most important development
since that time is perhaps the agreement of the parties to endorse Target 15.3 of SDG 15 that
states “By 2030, combat desertification, restore degraded land and soil, including land affected by
desertification, drought and floods, and strive to achieve a land degradation-neutral world” [3]9.
Land Degradation Neutrality (LDN) was defined as “A state whereby the amount and quality of land
resources, necessary to support ecosystem functions and services and enhance food security, remains
stable or increases within specified temporal and spatial scales and ecosystems” [27], (p. 33).

LDN is considered a hybrid lay-scientific concept that “aims to maintain and increase the
amount of healthy and productive land resources, in line with national development priorities” (emphasis
added) [42], (p. 2). As such, it represents “a flexible target that can be implemented at local, regional
or national scales. It recognizes the sovereignty of nations to manage the trade-offs and to capitalize on the
synergies between biological and economic productivity (emphasis added) [42], (p. 2). It has been
hailed as “a paradigm shift in land management policies and practices . . . a unique approach that
counterbalances the expected loss of productive land with the recovery of degraded areas. It squarely
places the measures to conserve, sustainably manage and restore land in the context of land use planning”
(emphasis added) [43]. Practically, it could be achieved by: “(a) managing land more sustainably,
which would reduce the rate of degradation; and (b) increasing the rate of restoration of degraded
land, so that the two trends converge to give a zero net rate of land degradation” [44], (p. 12).

It is widely recognized that the implementation of this ambitious target requires multi-stakeholder
engagement, cross-scale and intersectoral planning and strong national-scale coordination that
should serve to manage and streamline diverse local, regional and sectoral governance structures10.
If successful, LDN might reinforce the implementation of the convention and contribute to the
achievement of other goals such as climate change mitigation and adaptation, biodiversity conservation,
ecosystem restoration, food and water security, disaster risk reduction, and poverty eradication.
In other words, it may serve as a vehicle to affect the coordination and integration of the three

8 Lacking autonomous financing, the UNCCD, under the guidance of the COP, employs the Global Mechanism as a brokering
body to facilitate the effective and efficient channeling of financial resources and mechanisms to affected countries. COP6
designated the Global Environment Facility as a UNCCD financial mechanism. Developing synergies with the Conventions
on Biological Diversity (CBD) and Climate Change (UNFCCC) is expected to improve its financing prospects [41].

9 Available online: https://www.unccd.int/actions/ldn-target-setting-programme; (accessed on 28 September 2018).
10 See, [45] for a discussion of open challenges.
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conventions (UNCCD, UNCBD and UNFCCCC) that variously materialize, in one way or another,
in the process of using land.

The European Union has supported the fight against desertification through research funding
(Framework Programmes since 1989), specific projects (e.g., INTERREG, LIFE), research at the
Joint Research Centre (Ispra, Italy), technical and information support provided by the European
Environment Agency, and specific measures included in the CAP (agri-environmental measures)
and the Structural Funds [20]. The Thematic Strategy for Soil Protection [46] remains the only direct
institutional response to the issue as efforts to institute an EU Soil Framework directive have failed,
the main reason being that planning the uses of land is considered a matter of national sovereignty and
not of EU competence11. Indirectly, provisions included in horizontal and sectoral policies, such as the
EIA, SEA, Habitats and Water Framework directives, provide instruments to address LDD at national
and subnational levels.

At the national level, direct desertification policies do not exist besides the NAPs. The co-ordination
of their implementation has been assigned to ministries of agriculture or the environment. Most NAPs
emphasize measures targeting the proximate causes, such as agriculture, forestry and animal husbandry,
and not the driving forces of LDD [20]. Spatial planning activities are supposed to observe the provisions
of the NAPs in affected areas. How close this requirement is being followed in practice remains an open
question. Indirectly, several pieces of national horizontal environmental and sectoral legislation and
policies12 concerning soil protection, afforestation, fire protection, water resources conservation, nature
conservation and other issues may contribute to mitigating the longer term occurrence of LDD. National
development frameworks often prescribe the integration of pertinent measures in land use planning
strategies [30].

Summarizing, LDD is a process during which extreme, irreversible states of land degradation
may emerge at a higher level in the long run. Desertification constitutes an aggregate, macro-feature of
the state of the land. It involves complex, non-linear, context-, scale- and path-dependent interactions
between natural resources and human activities driven by numerous, multi-scalar, interacting
biophysical and human driving forces, among which nature–society institutions (international
environmental regimes, policies, customary land management regimes, etc.) play a pivotal role.
Considerable controversy still surrounds its definition and causality [25,47,48], making it difficult
to disentangle the biophysical from the anthropogenic causes, to accurately assess the land affected
and/or at risk, and to predict its consequences and reversibility. Hence, it cannot be stated with
certainty whether and when an area will be ‘locked’ in an irreversibly desertified state.

The complexity of LDD and the associated scientific uncertainty carry over to and combine with a
similarly complex world of practice where numerous individual and collective actors as well as formal
and informal institutions are implicated on and across multiple spatial and temporal scales in making
land use decisions. Land-use planning, functioning within this milieu, is called to assist in coping with
a contentious, wicked socio-ecological problem, LDD.

3. Land-Use Planning to Combat Land Degradation and Desertification: Uncovering
the Complexities

3.1. Land-Use Change and Land-Use Planning

Land-use patterns and their evolution over time, i.e., land-use change, result from the constant
interaction between demand and supply factors from the local to the global level, which are mediated
and regulated by human decision making. The demand factors are distinguished into driving forces

11 After eight years of deliberations, the proposal for an EU Soil directive was withdrawn in April 2014 because five countries
(UK, Germany, Austria, France, the Netherlands) blocked the process.

12 In EU member states, in particular, the transposition of community regulations and directives to the national legislation has
provided a considerable range of measures toward this purpose.
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and proximate causes. The driving forces (indirect drivers) underlie the generation of demand for
various economic activities and, consequently, the demand for land of particular characteristics.
Higher level factors, such as population, affluence, technology, socio-economic organization, culture,
international and subglobal institutions, political systems and their change, combine with lower level
factors, such as demographic and socio-cultural traits, activity-specific costs, benefits and profits, value
systems, formal and customary resource regimes and rights, and resource use practices, to shape
the choice, extent and intensity of actual land use [45]. Certain driving forces, such as international
agreements, subglobal and national policies, and resource-conserving practices, often act as mitigating
forces that moderate the unwanted impacts of land-use change. Finally, the proximate causes (direct
drivers) of land-use change include various human activities and their locational requirements,
preferences and impacts [45].

The supply factors encompass the biophysical and anthropogenic resources of an area,
also referred to as ‘capitals’—natural, physical, landesque, technological, human, social, economic,
institutional, political [49–51]. The biophysical resources include climate and weather, geology and
geomorphology (topography), soils, water, vegetation, fauna and flora. The anthropogenic resources
comprise past and present manmade structures (buildings, settlements, archaeological sites, etc.), social
infrastructure (schools, hospitals, etc.), physical-technical infrastructure (transport, communication,
energy and other networks), human and social capital, institutions, land tenure, land ownership,
culture and value systems. The interplay of the features, spatial distribution and dynamics of these
factors influences the suitability of land resources for particular activities, their sensitivity to various
uses, their accessibility and their activity-specific economic and socio-cultural value that, eventually,
determine the relative priority of land for various uses. Land-use conflicts commonly arise as several
activities may have similar locational preferences but their co-existence is either impossible or results
in unwanted environmental and socio-economic impacts. The actual land-use pattern is determined
by past land use trajectories and historic contingencies that favor the domination of one or more uses
of land over other competing uses in particular areas and contexts.

Land-use change, either autonomous or planned, takes two forms; modification of an existing land
use type (e.g., change between crops, change in forest use) or conversion from one land use type to
another (e.g., from agricultural to urban or industrial land). Land-use planning is the main instrument
of planned land-use change. It is the purposeful, anticipatory activity of intervening in an existing,
always fluid and dynamic, state of affairs with the aim to modify the land-use pattern in order to
achieve certain goals and reduce uncertainty about the future impacts and consequences of human
activities [19,52,53]. Given differences in the suitability of land resources for particular activities,
the presence of natural constraints on activity location13 and the competition among activities for the
same resources, LUP broadly aims to (a) guide the choice of activities and land uses that can make
the best (socio-economically efficient) use of land resources, i.e., cause the least environmental and
socio-economic harm, avoid waste and generate the highest present and future environmental and
socio-economic benefits, (b) resolve land-use conflicts, thus, alleviating current negative impacts and
achieving positive environmental and socio-economic outcomes and (c) distribute equitably the costs
and benefits of proposed interventions among the parties involved [3,52,54–57]. Essentially, LUP strives
to match the demand for land resources by human activities with their supply to optimize general and
place-specific goals and the overarching goal of sustainable local and regional development.

The numerous definitions encountered in the literature over time concur on the quintessence of
LUP: (a) it is a process during which the actors involved set goals related to a problem (or, problems),
develop alternative courses of action, choose available or devise new means to implement a chosen
alternative to achieve the goals, evaluate the outcomes and make necessary modifications during

13 e.g., geologic faults, seismic activity, unstable slopes, floodplains, habitats of endangered species, desertification-sensitive
areas, erosion-prone areas, etc.
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implementation; and (b) it is not a one-off operation that produces blueprints but a continuous,
iterative, future-oriented decision-making process that comprises certain basic stages, serves certain
key functions and is practiced following different styles [58,59].

The LUP process comprises certain basic stages: (a) problem definition and goal setting; (b) problem
description and analysis; specification of planning objectives; (c) alternative plan formulation; (d) plan
evaluation and choice of the preferred alternative; (e) plan implementation; (f) plan monitoring, evaluation
and modification [52,54,60]. Figure 1 schematically presents this process and briefly describes the stages.
These stages are not discrete and clearly delineated, they do not necessarily follow a linear succession in
practice and they may overlap as some planning activities take place contemporaneously (e.g., problem
definition and description, plan formulation and evaluation). Their boundaries are blurred, continuous
feedbacks occur from one to another as demand and supply-related environmental and socio-economic
conditions change, new actors get involved, new information is gathered, thus, continuously modifying
the definition of the planning problem and the subsequent stages.

Land-use planning, like planning in general, is both a technical and a political process [61,62] that
serves three functions: an intelligence function (data collection and analysis to build the information
base concerning the demand and supply side of the planning problem), advance plan-making and
action/implementation [52]. Depending on how LUP and the elements of the process are conceived,
and on whether a proactive or a reactive decision making culture prevails, different planning styles
(or, modes) are followed in practice. These include the classical (and by now mostly defunct)
comprehensive or synoptic planning, incremental, transactive, advocacy, mixed scanning, contingency,
adaptive and participatory planning [56,61,63,64]. The last three styles are particularly important in
the case of natural hazards in general and LDD in particular.

In contemporary democratic, but increasingly complex societies, desirable features of LUP
necessary to enhance its performance and effectiveness are strategic orientation, coordination and
integration with development planning, wide participation (bottom up decision making), flexibility
and adaptation [58,65,66]. These require well developed social and institutional capital and, above all,
political will to devise and implement scientifically sound and socially acceptable solutions to
socio-ecological problems that are characterized by considerable uncertainty [56]. In this context,
the coordinating role of the advance plan-making function is critical in bridging the technical
(intelligence) with the political (action/implementation) functions of LUP, thus, underlining the
role of both science and politics in judging the outcomes of the process.

On the technical front, present-day LUP employs a variety of approaches, such as the landscape,
the ecosystem and the multifunctional land-use approach [67–70], quantitative and qualitative analytical
methods and techniques originating in the natural and the social sciences, such as land suitability analysis,
environmental impact and risk analysis, needs assessment, survey research, environmental and social
impact analysis, scenario analysis, integrated environmental-economic modeling, socio-ecological systems
analysis [64,71–73], and planning support systems as well as traditional and contemporary data collection
techniques (e.g., Earth observation systems, censuses, surveys).

On the political front, LUP combines a broad variety of technical/technological, physical,
economic, financial, social, institutional and educational means and instruments, originating in
environmental and socio-economic policy sectors and in various spatial/organizational levels,
to produce and support the implementation of land use plans. Formal (institutionalized) and informal
negotiation, mediation, bargaining and conflict resolution mechanisms and procedures are utilized
toward this purpose [74,75].

The effectiveness of land-use planning depends critically on the availability of all types of
resources (or, capitals) in the right combinations, in the right place and at the right time to successfully
implement the land-use plan and meet the LUP goals and objectives. These requirements are rarely
met in practice due to several reasons as discussed in the context of combating LDD below.
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3.2. Land-Use Planning to Combat Land Degradation and Desertification

In affected areas, the general land-use planning problem is to determine those uses of land
that will protect their land resources against LDD and will secure their socio-economic vitality
(economic welfare, quality of life and social equity)—i.e., promote their sustainable development.
The LDD-specific goal is to stop, reverse or moderate the degradation of land resources by properly
selecting, siting and monitoring human activities. The land degradation neutrality (LDN) target
gives more concrete, although not necessarily precise, direction: (a) reduce the rate of degradation by
managing land more sustainably; and (b) increase the rate of restoration of degraded land, so that the
two eventually produce zero net land degradation.

In order to assess the prospects of land-use planning successfully meeting the overarching goal of
combating LDD and mitigating the impacts of drought at the local and the regional level, this section
undertakes a reality check of the ideal LUP process; more specifically, it inquires whether and how LDD
concerns enter, or may enter, the stages of the process. For each stage, the interplay of demand and
supply factors is examined with regard to the actors involved, the organizational apparatus (decision
structures and procedures) available and the instruments used. The use of stages is made for the
purposes of analysis only because, as mentioned before, they intermingle and do not follow a given
order in practice.

3.3. Problem Definition and Goal Setting

This stage concerns the question of who defines what problem and sets the LUP goals for the study
area. It is the most critical stage of the LUP process and influences all subsequent stages. It takes place
both formally and informally depending on the institutional status of planning and the administrative
organization and culture that range from formal/centralized to informal/decentralized. A variety of
mixed real world situations are encompassed in between. It is both demand- and supply-driven as
the need for LUP in an area may arise from external or internal demand for its resources by economic
activities and/or from the need to resolve environmental, socio-economic and other problems.

Various kinds of actors are implicated in LUP problem definition and goal setting. Some of
them represent the demand and some other the supply side of the problem. Who and how can
legitimately participate is determined by state laws and the associated procedures and instruments
(e.g., consultation, committee membership).

Formal public actors (individuals and agencies) from various spatial/organizational levels
represent spatial planning, regional and rural development, economic (agriculture, forestry, industry,
extraction, tourism, energy production) and environmental sectors (water, soil, forests, nature
protection, etc.). The latter potentially stand for LDD concerns. Planning consultants are also formally
involved as states usually commission the preparation of LUP studies to specialized firms.

Other individual and collective actors may participate, as in decentralized systems following
inclusionary, participatory processes, or they variously seek to influence formal actors and shift
the LUP problem definition and the goals set to their advantage. These include economic interests
placing demands on land [59], related intermediaries (e.g., construction and real estate sectors), social
and environmental groups (e.g., NGOs, civic groups, etc.). In recent times, actors are increasingly
non-locals (e.g., multinational firms, the EU, the World Bank) as in the case of tourism and second
home development, infrastructure projects, energy production, industrial agriculture and forestry, etc.
LDD concerns may be represented depending on the mandate and interests of these actors. Scientists
may participate formally or they indirectly influence problem definition by disseminating scientific
evidence concerning the magnitude and severity of LDD (studies, maps, indicators, etc.) among
other problems.

Informal actors always co-exist with formal actors, act autonomously and in parallel with
them, placing demands on land resources, making and carrying out their ‘plans’ outside the official
apparatus in affected areas. They often create de facto land uses (e.g., informal agriculture, housing)
and produce environmental, LDD-related problems (e.g., deforestation, fires, overgrazing, water
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overdrafting), that formal LUP is called to handle. Informal residential and tourism development
in coastal LDD-sensitive areas in the Mediterranean and elsewhere and illegal deforestation in the
Amazon are cases in point.

The effective legislation mandates the competences of and linkages among formal actors.
The diverse linkages developing between formal and informal actors as well as among informal
actors take two basic forms; coordination/cooperation or conflict. The perception and knowledge
of the problems of the area, the vision regarding its future, the congruence of aspirations and the
common interests among actors as well as the presence of externalities of the respective activities judge
whether cooperation or conflict will result. In the case of conflicts, both formal and informal, customary
conflict resolution procedures and prevailing power balances determine the outcome. Obviously,
communication, common understanding and coordination among actors are necessary to produce a
coherent LUP problem definition that encompasses LDD concerns. However, scientific uncertainty
regarding LDD and its causes, together with lack of hard local and regional evidence, leaves ample
room for multiple interpretations and adaptation to local circumstances.

The spatial, sectoral and administrative diversity and plurality of formal and informal actors,
possessing differing mandates and knowledge of LDD, the compartmentalization of administrative
structures even for the same resource (e.g., land, water, etc.) and turf politics [37] often result in
vague and incoherent definitions that show up in goal setting. Formal LUP goal setting follows either
in a top-down process, in the case of centralized systems and hierarchical modes of governance,
or some form of participatory process in more decentralized systems. General national goals,
often incorporating international obligations (e.g., climate change), include sustainable development,
economic development, resource protection and conservation, as well as specific goals such as
agricultural specialization, tourism development and energy production. Strategic goals concerning
the protection of critical resources (water, soil, air, etc.), food and energy security, and others may be
also specified. LDD-specific goals are included in the case of duly constituted NAPs. Agreement over
general goals is usually easy to achieve especially if all actors share a common development vision
for the area. Conflicts arise later when the more detailed planning objectives formulated reveal the
critical trade-offs.

The priorities set among goals reveal the influence of dominant actors. The decisions regarding the
uses of land are made on the basis of economic considerations mainly (demand side), often by nonlocal
interests, and rarely on the basis of environmental considerations (supply side) except for symbolic
purposes and extreme cases of environmental degradation, including LDD. Therefore, the protection
of land resources is one of several socio-economic and environmental goals of LUP in affected areas,
which depend on the specifics of each individual case but are, most likely, intricately related to LDD.
The perception and knowledge of LDD which the formal and informal actors hold, that depend on scale,
sector and social group, and the prevailing proactive or reactive decision culture critically determine
the sense of urgency and the priority it is given compared to other problems. The possibilities range
from total ignorance (theoretically possible but practically rather unlikely) to complete knowledge and
concern for its impacts. At the local level, LDD is perceived as land degradation, not as desertification,
and it is of direct concern to agricultural interests and environmental groups. LDD-related goals
may be congruent and synergistic with certain goals, such as environmental protection, resource
conservation and food security, or incompatible and antagonistic with some others, such as large-scale
industrial, energy and tourism development. When goals conflict, the need for trade-offs among them
and for specific LUP objectives that support consensus land use patterns arises.

LUP problem definition and goal-setting do not remain constant. They are often revised and
modified especially when LUP processes are protracted. Economic, socio-cultural, environmental,
administrative and political changes occurring at all levels modify environmental conditions (positively
or negatively), introduce new actors, legislation and planning modes (e.g., participation), bring about
changes in demand for land from new activities and different lifestyles, provide new knowledge
and necessitate changes in priorities among goals. These changes create considerable uncertainty
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and necessitate emphasis on strategic goals, continuous top down-bottom up communication and
coordination and broad actor representation and participation as well as integration, flexibility
and openness as early in the LUP process as possible. However desirable these features may be,
which characterize decentralized systems and are absent from hierarchical planning systems, they
underline the complexity and explain the difficulties to come up with clear, coherent and consistent
LUP problem definitions and goals in affected areas that prioritize combating LDD.

3.3.1. Problem Description and Analysis; Specification of Planning Objectives

Following the LUP problem definition, this stage aims, on the one hand, to set up the indispensable
basis of plan making, i.e., the comprehensive and reliable description of the biophysical and human
structure, dynamics and problems of the area, including LDD, and, on the other, to specify the
LUP objectives.

Formal actors and external consultants are the most important actors at this stage although the
role of other actors interested in the resources of the area should not be downplayed. The effective
legislation may prescribe the relationships among these actors, such as formal requirements for plan
development and the instruments (consultations between formal actors, consultants and the public)
that have to be used. However, the most important relationships are informal, occurring during
problem description, analysis and formulation of LUP objectives. New actors enter the process, such as
data and information providers, new users of land and new formal actors, different from those involved
in problem definition, responsible for formulating the specific LUP objectives.

Consultants take the problem definition and goals set as given but may propose modifications
based on the description and analysis of the information and data collected for the affected area as well
as on pertinent scientific theories, including those related to LDD. In this way, they may proactively
introduce new concerns, activities and actors as well as underline the uncertainty surrounding the
causes and effects of LDD and other problems of the area, thus, paving the road for feedbacks and
problem redefinition and goal reformulation.

From the viewpoint of properly describing and analyzing LDD, the most important issues concern
(a) the theoretical framing of the evolution and problems of the area; (b) the availability of reliable
assessment techniques; and (c) the availability of suitable data. Scientific theories developed at higher
spatial levels, including those contained in the NAPs, cannot satisfactorily address the causality of
land use change and LDD at the local and regional level because they ignore the numerous, tangible
and intangible, place-specific and contextual factors and their changes. Study area-specific theoretical
frameworks are necessary to guide the situated description and analysis of the affected area for the
purposes of LUP especially with respect to combating LDD [25,27,48,76].

Numerous LDD assessment methodologies, indicators and indices have been developed in the last
decades to describe the extent and severity of LDD as well as to support LDD abatement decisions at
the global, national and local/regional level [77–89]. The Environmental Sensitivity Assessment (ESA)
methodology [79], in particular, concerns the assessment of desertification risk on the basis of selected
indicators of climate, soil, vegetation and land management at lower levels (landscape/watershed,
regional, national). It is continuously being used widely up to the present [90–96] and it has been
refined through the application of Remote Sensing and GIS techniques [97–100].

From the viewpoint of their utility for LUP purposes at the local/regional level, the assumptions
and limitations of these assessment methodologies and indicators should be kept in mind. Most of
them use variables (or, indicators) for which published, regularly collected data are readily
available. Issues related to the data used arise as discussed below. The operationalization of
several factors (e.g., policy, land management) is based on expert judgment (for obvious reasons).
Their suitability and transferability to lower levels of analysis and particular resources (point and
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nonpoint)14, the assessment and mapping of LDD-related issues, such as the rate of degradation and
the rate of restoration of degraded land, carrying capacity and many more remain open issues that
should be treated judiciously [25,28,48,101].

The theoretical and methodological issues briefly discussed above raise important issues with
respect to the suitability of existing data bases for the spatial scale and unit of analysis15 and the time
period for a LUP problem at hand. Existing data may concern units of analysis (e.g., mapping units,
land units) that do not correspond to the actual decision making units in the study area [102] and
may not be available for long time periods for all variables (environmental, economic, social, etc.) of
interest. Aggregate land-use types (used in current data bases) may conceal more detailed uses of
land at the level of the study area as human activities are multi-purpose and nonhomogeneous and
more than one activities may occupy the same tract of land (the case of multifunctional landscapes) or
co-exist vertically (the case of high-rise urban areas)16. Spatio-temporally consistent environmental,
socio-economic and other data may be also lacking [102]. Lack of suitable data do not favor valid
assessments and mapping of baseline values of pertinent LDD indicators (see, e.g., [38,87]), impact
assessment of past interventions (e.g., policy measures) and of land-use change as well as projections of
future demand (population, income, tourism, etc.) and supply of local resources (i.e., carrying capacity,
potential, sensitivity and thresholds of critical biophysical and other factors). In sum, for LUP purposes
the assessment methodologies and indicators should be used with caution as helpful but indicative
and not the only guides to describe and assess, but not explain, the incidence and severity of LDD,
to set LUP LDD-specific objectives, to operationalize the LDN target and to make land use decisions.

Numerous other factors complicate the description and analysis of affected areas such as the
incidence of unexpected changes and the long time horizons that introduce uncertainty in predicting
future land-use change, lack of appropriate environmental and socio-economic monitoring, and so
on. Most importantly perhaps, lack of time, human and financial resources, data and expertise
may preclude the use of suitable analytical techniques in area-specific analyses in LUP studies.
These issues deem necessary detailed data collection and monitoring as well as analytical studies that
are indispensable for formulating reliable study area-specific planning objectives in support of LUP to
combat LDD, among other goals. Recent trends towards participatory data collection and analysis
approaches [103,104] may partially ease the resolution of these issues.

3.3.2. Alternative Plan Formulation

Alternative land-use plans may be formulated to suggest different courses of action to match the
present and future demand for land resources with the present and future supply of these resources to
achieve the goals and the area-specific planning objectives set, a task critically hinging on problem
description and analysis. In affected areas, the most critical question is which land use configuration
can satisfy the goal of combatting LDD and the LDN target (or else, how the LDN target is integrated
in LU plans) while meeting all other planning goals and objectives.

Plan formulation aiming at environmental protection and resource conservation should be
proactive, guided, on the one hand, by strategic choices regarding critical land resources and, on the
other, by the prevention, the precautionary and other principles [65,105]. The plans thus produced are
more likely to safeguard the constant functioning of natural systems and the provision of ecosystem

14 Such as erosion models, agro-ecological zoning, statistical models, impact assessment and future projection models (climate,
population, demand, supply, etc.).

15 As [3], (p. 117) has noted: “ . . . proper analysis and meaningful resolution of environmental problems can take place only
within natural spatial units, such as watersheds (Manning, 1988). However, practical considerations (data availability and
ease of implementation mainly) dictate the use of administrative units most of the time, the result being fragmented, partial,
and often ineffective solutions to these problems. Efforts to combine the two types of entities into geopolitical units, such as
the ‘environomic units’ being developed in Canada (Gelinas, 1988), should be encouraged, as well as the formation of
inter-jurisdictional bodies . . . ”

16 The problem is more acute for small study areas that may suffer from severe LDD.
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services that constitute the enabling condition of sustainable development [106]. In this context,
an important consideration is the property status of land and other resources, such as water; i.e.,
whether they are private, state or common property [107,108] that significantly influences land-use
allocation decisions17 [109,110]. It is noted, however, that land resources, irrespective of property
status, are common pool resources18 that should be preserved for the benefit of all present and future
users [111]. Given the fundamental role of soil and water resources in the LDD context and not only
that, it follows that their protection should constitute a strategic LUP goal. While water resources enjoy
a more or less satisfactory legislative protection and status in plan formulation, this not the case with
soil resources. Land-use plans often prescribe uses of land that give rise to several soil threats—erosion,
decline in organic matter, sealing, contamination, compaction, decline in biodiversity, salinization,
landslides [46]—that increase the risk of LDD especially in sensitive affected areas.

Alternative plan formulation is usually carried out by planning consultants (including scientists)
in cooperation and consultation with formal actors but also with diverse other interested actors,
some of them entering at this stage of making critical land use allocation decisions. Guidance
regarding how land-use plans should meet LDD-specific objectives such as improving the rate
and extent of land restoration and reducing the rate and extent of land degradation is missing.
The UNCCD sets broad goals and lacks operational guidelines and satisfactory indicators to measure
progress at lower levels [32]. The NAPs usually focus on land uses related to the proximate causes of
LDD—agriculture, animal husbandry, forests and, to a lesser extent, on tourism, extraction, transport,
energy (e.g., renewable energy sources) and large infrastructure works (transport and energy networks,
airports, etc.). They propose general activity-specific measures to minimize LDD because pertinent
policy measures and instruments, such as environmental regulations, sustainable land management
(SLM) practices, subsidies, etc., may be already in place and usually agree with dominant sectoral
preferences. This is the case of the EU CAP agri-environmental and cross-compliance measures [33].

The focus on known proximate causes of LDD agrees with the common LUP practice where the
uses of land in an area are determined by the present or future demand for land by economic activities.
Activity-specific obligations are formally specified in order to avoid resource degradation and other
predictable externalities. This practice of coupling demand with supply overlooks two important
issues. First, the status of land resources is affected by numerous and diverse indirect drivers that
modify, in one way or another, the demand for and thus, the pressures on land resources. These include
outmigration, land abandonment, socio-economic restructuring, changes in urban-rural dynamics,
changes in life styles (e.g., trends towards eco-living, eco-tourism, etc.), land and other taxation,
and so on. This implies that, second, changes in these drivers may preclude the realization of chosen
land-use combinations or, if realized, drastically modify their anticipated impacts, leading to either
deterioration or effective protection of land resources. Therefore, LUP instruments, such as zoning
(of hazard-prone and sensitive landscape areas), natural and cultural reserves, multifunctional land
use schemes, should be coupled with economic, fiscal and other instruments, e.g., land and general
taxation, incentive schemes, voluntary measures, to attain the LDN and related objectives [68,110].

This broadened perspective necessarily leads to the quest for integrated land-use planning that
has been voiced since the early discussions of the issue [43,48] and more recently in discussing the
materialization of the LDN goal [27,38]. The need for integrated and situated land-use plan formulation
becomes evident at this stage of plan formulation as the effectiveness of any land-use plan depends on
the spatial coordination of several activities, policy instruments, etc. at the level of the study area and
across levels to promote individual and collective goals.

17 Private interests exert pressures on the LUP process and significantly affect the choices made.
18 Common Pool Resources (CPRs) are characterized by (a) non-excludability—they are indivisible and, thus, nobody can

be ethically or practically be excluded from using them and (b) subtractability—they are finite and, thus use by one user
reduces the amount of resource available to others [107,108].
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The alternative land-use plans reflect, to different degrees, the trade-offs among different goals and
objectives and, consequently, among the associated economic activities. This is a highly-charged political
stage that, combined with uncertainty and land inertia, renders integrated land-use planning a challenging
endeavor. Participatory decision making and planning is proposed, and occasionally practiced, in an effort
to strike balances and arrive at land-use plans with higher chances of implementation [18,19,27,56,112].
Cross-compliance measures, that require the satisfaction of environmental goals as a condition for financial
assistance, are practical, although partial, integrative instruments that may be used to integrate LDD
concerns into LUP.

3.3.3. Plan Evaluation and Choice of Preferred Alternative

This stage, theoretically at least, concerns the evaluation of the alternative land-use plans on
the basis of criteria flowing from the goals and objectives set in order to arrive at the preferred
alternative that will be implemented. The priorities among criteria, which usually favor economic over
environmental considerations, determine the final evaluation outcome. In practice, two alternatives
are commonly considered: the existing land use pattern and a preferred land use pattern that meets the
approval of interested actors. In this case, the evaluation essentially dissolves into a formal approval
process of the preferred (and only) plan. Notice, however, that several alternatives may have been
considered before the preferred one was chosen.

The actors involved in this stage are more or less the same with those participating at the
previous stage. Formal evaluation instruments, such as the Environmental Impact Assessment
(EIA) and Strategic Environmental Assessment (SEA), are commonly used, offering the opportunity
to laypersons and other individuals who have not participated in the previous stages to express
their opinion regarding the proposed plan or plans (in the rare case that there are more than one)
through public consultation. These procedures, although they are proactive in nature, face several
theoretical, methodological (analytical) and practical (data) challenges and their results are fraught with
uncertainty [113]. Consequently, their potential to resolve essential questions regarding differences
among alternative land use plans, in terms of goal achievement and distributive impacts, is limited.
One issue of particular relevance in the LUP context is the requirement built into the EIA and
SEA to evaluate alternatives for the same problem. Studies have shown that this requirement is
rarely met [114]; alternatives are eliminated using qualitative reasoning mostly in support of the
preferred alternative.

LDD concerns do or may enter this stage if LDD-related (or LDN-related) criteria are included in
these formal procedures; they are often raised in the context of public consultations if they have not
been integrated in the proposed plan(s). Their meaningful and effective application at the local and the
regional levels is conditioned by the availability of data and baseline environmental and economic19

assessments and the suitability of assessment techniques mentioned before.

3.3.4. Plan Implementation

Plan implementation remains the most critical stage of the LUP process because it constitutes the
real test of whether the chosen land-use plan can materialize under actual, dynamic and fluid conditions.
When land-use plans are put to practice a host of issues inevitably surface. These include omissions during
previous stages (actors, local characteristics, LDD assessments, etc.), past planning and other legacies,
pressures from interest groups, perception and understanding of the planning problems and prescriptions
by the actors involved, conflicts between proposed/new and customary practices, endogenous and
plan-induced change (externalities) and unexpected events and contingencies (natural and technological

19 Economic assessments, and the respective methodologies, of the costs of LDD and the costs of various abatement options
do exist but they are still not widely used in local and regional LUP practice [115–117]; (see, also, the ELD site at: http:
//www.eld-initiative.org/).
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disasters, political and socio-economic events) in the study area and the rest of the world [118,119].
The end result is that the implemented land-use plan deviates from the chosen, legislated plan, implying
that its actual environmental and socio-economic impacts will also differ from those originally assessed.

Plan implementation implicates a wide variety of formal and informal actors from various sectors,
jurisdictions and spatial/organizational levels who variously contribute to the materialization of
the proposed uses of land. Examples are formal local and regional administrators of various ranks,
the courts, land owners/renters, farmers and their associations, real estate and building groups, banks,
professionals (individuals and groups), the media, local and supralocal environmental and civic groups,
residents, and so on [66]. This variety of actors engenders differences in decision culture (reactive
vs. proactive), knowledge and perception of planning problems (including LDD), multiple local
understandings and interpretations of planning goals, objectives and requirements of the land-use
plan, different priorities among goals and interests, competences, reactions to change and local
pressures, and power imbalances when conflicts arise. During implementation, the LUP problem is
essentially redefined several times; issues that were not originally considered are included (e.g., safety
and soil protection issues following severe floods, landslides or earthquakes). LDD may, thus, obtain
significance if interest groups raise concerns during implementation that may lead to suspension or
change if the approved land-use plan has potentially negative effects on soil and water resources.

The implementation of land-use plans requires cooperation and coordination among actors from
various policy domains, such as agricultural, development, spatial, economic, social and environmental,
the existence of formal procedures which guide their interactions as well as informal procedures based
on mutual trust; i.e., on social capital. In the case of LDD, a strong commitment to the cause of
combating LDD is indispensable for proper implementation of resource (soil, water, biodiversity)
conservation requirements and pertinent plan provisions.

The most critical issue in plan implementation is compliance with the plan’s requirements
and the existence, application and effectiveness of formal and informal enforcement mechanisms
(fines, penalties, etc.). Because of the inherent uncertainty of plans and the changes occurring
during plan implementation, conflicts will always arise that necessitate the presence of effective
conflict-resolution mechanisms. Compliance, enforcement and related mechanisms depend on local
culture, tradition, familiarity with planning and on the broader mode of governance. Participatory
land-use planning approaches aim at securing compliance by involving all actors early in the process.
These are increasingly applied in coping with environmental problems, such as LDD, as a way to avoid
non-implementation or significant deviations that will ultimately nullify the original plan. Their success
is not guaranteed, however, because on the one hand socio-cultural, institutional and several practical
factors condition participation and, on the other, power balances modify the outcomes that may not
always favor combating LDD (e.g., development of water-intensive activities in water-deficient and
degraded areas).

The less-than-satisfactory implementation record of several land-use plans reveals that the above
requirements are difficult to meet in practice, the end result being implementation delays and uncertain
outcomes. LDD may worsen, under unfavorable biophysical conditions and strong development
pressures or, it may be reversed when pressures are reduced for other reasons (e.g., lack of development
interest in the area, local resistance to development plans, etc.).

3.3.5. Plan Monitoring, Evaluation, Modification

Monitoring the implementation of land use plans aims at identifying and evaluating the issues
arising and taking corrective action. Monitoring may be prescribed in the legislation and employed
using suitable monitoring mechanisms (e.g., water metering, indicators, etc.) or it takes place
voluntarily (see, e.g., [84]) or spontaneously when problems arise and necessitate resolution.

Monitoring is not a singular but a multiple operation involving old and new actors who,
most likely, may not have complete knowledge of the land use plan and operate within narrow
sectoral domains with specific mandates. Assuming that the required apparatus is in place, feeding
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back monitoring results (e.g., population change, land use change, soil conditions, water consumption,
production levels, etc.) to formal and other actors requires proper transmission channels for the variety
of actors and settings involved. Even with proper feedback, the monitoring results represent new
information that is variously processed, translated and evaluated under conditions different from
those prevailing when the initial land-use problem was posed and defined, planning goals were set,
the land-use plan was formulated and implementation commenced [27].

Assessing and evaluating the monitoring results requires the existence of reliable local/regional
level baseline indicators and assessment models, previous assessments, etc., a condition that is rarely
met in practice. Evaluating the changes in the rate of LDD and of land restoration, in particular,
is limited by the incomplete local/regional level assessments. Explaining the evaluation results,
i.e., answering the question “what has caused the change”, requires consideration of numerous
endogenous and exogenous factors that may have contributed to change, in addition to the
interventions associated with the land use plan. A single indicator is often difficult to describe
and assess the latter because interventions are composite and complex actions. Attributing the changes
in the rate of LDD and of land restoration to the land-use plan is, thus, a task that cannot yield
dependable results to support plan modifications necessary to achieve the LDN and other LDD-related
goals. Careful analysis of the monitoring results is needed accounting for the co-presence of several
factors and concurrent changes that take place at all levels [27].

Land-use plan revisions may be prescribed in the legislation and they are usually undertaken
every 10–15 years. They involve a comprehensive revision of the conditions of the study area since the
official approval of the initial plan and propose required changes that reflect the changed conditions
and the new demands for local and regional resources that arise with the passage of time. Whether
plan revisions are prompted by or take into account LDD-related monitoring results, for shorter time
intervals, is an open question that only thorough knowledge of the study area can answer.

4. Facing the Land-Use Planning Quandary

The reality check carried out in the preceding section suggests that the effectiveness of LUP
as an instrument of land governance in combating LDD at the local and regional level depends
on whether and how LDD concerns enter, or may enter, the stages of the LUP process. LDD
problem complexity and severity, the state of scientific knowledge, market forces driving demand
for land, the prevailing mode of governance (cf. [27]), the planning style followed, combined with
local awareness, knowledge and perception of LDD, value systems and planning goal priorities,
power balances, geographic particularities and historical circumstances are important catalyzing
influences in this respect [33]. The complex nature of LDD implies that no single state agency can deal
with it exclusively, as happens with simpler and less complex hazards20. Multiple, diverse, formal
and informal, individual and collective actors are involved and numerous, disparate, formal and
informal institutions from multiple organizational levels are implicated, interacting non-linearly on
and across spatial and temporal scales [33,120]. All these forces generate a fluid and uncertain context
within which LUP confronts important challenges. This concluding section first summarizes the main
challenges and outlines necessary priority actions to realize the integrative potential of LUP and, thus,
improve its effectiveness in combating LDD. Figure 2 schematically summarizes the rationale of the
preceding analysis, the challenges identified and priority actions proposed.

20 Even in this case, of, e.g., earthquakes, the responsibility for dealing with the issue may be divided among several competent
state agencies.
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The representation of LDD concerns at each stage of the LUP process depends on the
existence of pertinent formal provisions for actor participation from LDD-related environmental and
socio-economic policy sectors, including the voluntary participation of interested informal individuals
and groups. Strong conflicts between LDD-related and socio-economic development goals are common,
however, and create an adversarial context. The need thus arises for cooperation, collaboration
and coordination of the numerous actors, sectors, institutions and policy domains involved to
effectively resolve LUP conflicts and manage present and future environmental and socio-economic
change. Hierarchical or mixed (hierarchical and market) governance systems, reactive planning styles
(e.g., disjointed incrementalism), a myopic decision culture lacking a preparedness mentality, and the
usual administrative and organizational compartmentalization, impede the satisfactory manipulation
of these challenges as several real-world situations attest [30]. The attention and priority given to
LDD in the LUP context depends on knowledge and awareness of its importance among other issues
especially when strong development pressures and pro-development value systems dominate. Greater
attention and concern is encountered in areas experiencing extreme LDD and lacking immediate
development options and pressures. Moreover, climate change seems to have reinforced interest in
effective sustainable land management to safeguard precious soil and water resources.

In order to improve the chances of LUP effectively coping with these challenges, certain priority
actions are necessary at both higher and lower levels (cf. [27,118]). At higher levels, an enabling
institutional environment should be provided21 to support lower level actions. Featuring high among
its crucial features is a proactive, forward-thinking and precautionary decision culture embodied in
pertinent policy documents and cultivated through suitable general, environmental and LDD-specific
formal and continuous education and awareness raising. Instituting strategic decision making,
which is inherently long-term, should concern all spatial/organizational levels and be supported
by suitable instruments. Strategic policy goals should encompass environmental, namely, protecting
and safeguarding the continuous provision of soil and water resources, in addition to socio-economic
goals. Socio-economic goals should target the driving forces of LDD22 and not only the proximate
causes as is current practice.

Phronesis (or, practical wisdom)23, the most important of the principal virtues according to
Aristotle, should be the guiding principle cutting across LUP decision making. The phronetic approach,
first introduced by Flyvbjerg [122], underlines the situatedness of knowledge, decisions and action and
emphasizes ethics, value rationality to balance instrumental rationality, deliberation, interpretation,
judgment, participation, power relations and praxis. The possession and application of phronesis
ensures the ethical employment of science (episteme), i.e., of universal rules, and technology (techne) in
choosing the means in concrete, specific cases and adapting action to context [123].

Where hierarchical modes of governance and centralized planning traditions dominate, a gradual
shift towards more participatory modes of governance and decentralized planning might be
encouraged (and institutionalized) to benefit from greater participation of interested parties and
flexibility in making decisions. However, care should be taken to ensure that participation is working
for the common good and in the long run, it is based on a common understanding of LDD, and effective
communication among the parties is involved as well as on cooperation around mutually agreed
and shared goals and objectives. Lastly, the integrative potential of LUP can be realized only in the
context of policy integration at higher spatial/organizational levels. This translates into the need for
integration across development, socio-economic and environmental policy sectors, resource regimes,
administrative levels, policy actors, apparatuses and instruments [39].

This enabling institutional environment is indispensable for framing and supporting the
application of the widely commended and cited integrated LUP and lends it particular features

21 As [1] has underlined already.
22 That may be common to other socio-ecological problems.
23 “(knowing) how to exercise judgment in particular cases” (MacIntyre, 1985: 154 cited in [121], (p. 381)).
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that are necessary to achieve the integration of LDD concerns within the LUP process and address the
LDN target. First, integrated LUP should develop around strategic land-use decision making, which
concerns extensive land areas, long time horizons and critical natural and human resources (cf. [123]),
and, thus, it is particularly relevant to LDD and to policy integration.

Second, integrated LUP should adopt the phronetic approach that is suitable when dealing
with highly contentious, uncertain and ‘wicked’ LUP problems [31] that demand flexibility and
adaptation to changing conditions, thus, requiring preparedness to cope with the impacts of LDD,
LUP interventions and unanticipated events. The phronetic choice of land uses avoids prioritizing
certain (usually narrow) goals only, often associated with monocultures and bound to cause serious
adverse impacts; instead, it favors those that balance all goals, do not compromise the strategic ones,
and support a mix of uses that secures high local and regional resilience. To achieve the LDN target
specifically, the regional mix of land uses should balance the rate of land degradation with the rate
of land restoration. Moreover, because the direct and indirect LDD drivers usually underlie other
socio-ecological problems, phronetic land-use solutions may exploit synergies among the respective
goals (e.g., food security, biodiversity conservation) to resolve more than one problems, including
combating other natural hazards.

Third, integrated LUP should foster participation, communication and cooperation,
i.e., the development of social capital [27], as the most important precondition for generating situated,
ecologically sound and socially responsive integrated land-use solutions with high implementation
potential. This echoes with certain NAPs24 that prescribe detailed analyses of affected areas and
case-by-case decision making.

Strategic-phronetic integrated LUP, as it might be called, targets both the demand (driving forces
and proximate causes) and the supply side (resource conservation and protection) of LDD. It echoes
the adaptive co-management approach [125] and combines a variety of policy instruments to support
the development and implementation of situated land use solutions. These include SLM, spatial
management instruments (impact zoning, transfer or purchase of development rights, land reserves,
land banking, etc.), and fiscal and economic instruments, such as subsidies, tax breaks and resource
use fees. Its effective implementation hinges on the existence of an integrated, spatial framework
of information collection, processing and monitoring25 at the local and regional levels [31] and
of operational, socio-culturally adapted conflict resolution apparatuses. Lastly, it is essential that
issues arising during implementation should be fed back to higher level institutions to introduce
necessary changes in the enabling institutional environment and the decision-making apparatuses
and instruments to facilitate adaptation to changing conditions and needs that local level action has
revealed. Future research is required to explore the theoretical, methodological and empirical issues
that should be addressed in order to provide operational guidance for its implementation to combat
LDD in the context of other local and regional socio-ecological matters.
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Abstract: Today low-lying coastal areas around the world are threatened by climate change-related
hazards. The identification of highly vulnerable coastal areas is of great importance for the development
of coastal management plans. The purpose of this study is to assess the physical and social vulnerability
of the Peloponnese (Greece) to coastal hazards. Two indices were estimated: The Coastal Vulnerability
Index (CVI) and the Social Vulnerability Index (SVI). CVI allows six physical variablesto be related in
a quantitative manner whilethe proposed SVI in this studycontains mainly demographic variables and
was calculated for 73 coastal municipal communities. The results reveal that 17.2% of the shoreline
(254.8 km) along the western and northwestern coast of the Peloponnese, as well as at the inner
Messiniakos and Lakonikos Gulfs, is of high and very high physical vulnerability. High and very
high social vulnerabilities characterize communities along the northwestern part of the study area,
along the coasts of the Messinian and Cape Malea peninsulas, as well as at the western coast of
Saronikos Gulf.

Keywords: sea-level rise; storm surge; physical vulnerability; social vulnerability; Peloponnese; Greece

1. Introduction

Coastal areas have always been attractive settling grounds for human populations. They constitute
the transitional zone between land and the marine environment; a particular area with unique natural
and socioeconomic characteristics thatencourage the concentration of human activities [1]. Land
cover change is considered an important element of recent environmental change at a global level.
The rate of land-cover alteration in the coastal regions is increasing dramatically worldwide due to
the increasing and intensifying human use of the land. These changes have also been analyzed in
semi-arid and dry Mediterranean areas, concentrating specificallyon the consequences of farmland
abandonment and reforestation carried out at different scales [2]. The Mediterranean coastal zone has
a history of a millennia of, more or less, intensive human use. During the last century, the population
along the Mediterranean coasts has grown impressively. Changes in the coastal landscapes are mainly
due to changes in human land use that in turn are the result of changes in the wider socio-economic
environment. In the era of globalization, coastal rural space takes up new content due to the changes
related to the fact that rural locales are no longer agricultural sites, as in the past [3]. Moreover, plenty
of rural places in coastal zone have now become “peri-urban” areas. At the present moment, besides
the regions surrounding the largest cities, population increase has slowed in the remaining areas.
Demographic dynamics have highlighted the gap between populations living in urban centers as
opposed to the surrounding rural areas. Since the 1980s, however, several Mediterranean cities have
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undergone a rapid transition from the traditional “compact growth” model to the more “dispersed”
ones, characterized by huge expansions of the built up area around the core [4,5]. Following
economic growth, the most recent challenge was a drastic low-density sprawl coupled with impressive
deconcentration processes in inner coastal cities. The mobility of the urban population to coastal
rural/peri-urban areas has brought to the fore new issues related to land use/land cover change and
to the changing perceptions of rural place, of local needs, and of priorities for rural development [6].
These changes in land use and land cover increase the exposure of coastal communities to a range of
natural hazards [7]. Hence today low-lying coastal areas around the world are threatened by climate
change-related hazards, such as the accelerated global mean sea-level rise and extreme storm surge
events [8–13].

Global mean sea-level rise is caused by an increase in the volume of the oceans. This in turn is
caused by thermal expansion (due to the warming of the oceans), loss of ice by glaciers and ice sheets,
and a reduction of liquid water storage on land [14]. Although the exact rates of present and future
global mean sea-level rise due to global warming are uncertain, it is predicted to reach approximately
53–98 cm by the year 2100 [15]. The most adverse projections are reported by Pfeffer et al. [16],
who project asea-level rise likely to reach 0.8 m to 2 m. According to this study, the IPCC has not
successfully modeled the dynamic development (decline) of the Greenland and Antarctic glaciers,
a view also supported by other researchers (e.g., [17,18]).

Extreme storm surge events constitute an additional hazard. Storm surges, also referred to
as meteorological residuals or meteorological tides, constitute along with the waves and the tidal
oscillations the main components of extreme water levels along the coastal zone [9,19]. Storm surges are
forced by wind driven water circulation towards or away from the coast and by atmospheric pressure
driven changes of the water level; i.e., the inverse barometric effect. Some studies report an increased
intensity and frequency of extreme water levels along several coastal regions in the world [20–23].
Hence the anticipated increase in extreme total water levels due to relative sea-level rise can be further
enforced by an increase of the extreme storm surge level, which can exceed 30% of the relative sea-level
rise [24].

Present sea-level trends in the Mediterranean basin have been estimated by analyzing available
tide-gauge records longer than 35 years anda sea-level trend between 1.2 and 1.5 ± 0.1 mm/year has
been calculated for the longest records [25]. Decadal sea-level trends in the Mediterranean are not
always consistent with global values. In particular, during the 1990s the Mediterranean has shown
enhanced sea level rise of up to 5 mm/year compared to the global average (mostly attributed to
higher warming). The sea-level trend for the period between 1944 and 1989, observed in Alexandria
(Egypt), at the only long-term gauge station in the Eastern Mediterranean, is 1.9 ± 0.2 mm/year and is
the highest of the other stations in the basin [25]. According to the recent reports [15], mean sea-level
in the Mediterranean is expected to rise at the rate of 5 cm/decade during the 21st century.

Regional projections of storm surge levels have been generated along the Mediterranean [26–28].
These projections show a general decreasing trend in the storminess of storm surge extremes in
the Mediterranean Sea for a period of 150 years (1951–2100) under most of the considered climate
change scenarios. This decreasing trend is mostly related to the frequency of local peaks and
the duration and spatial coverage of the storm surges. However, the magnitudes of sea surface elevation
extremes may increase in several Mediterranean sub-regions during the 21st century. There are clear
distinctions in the contributions of winds and pressure fields to the sea-level height for various regions
of the Mediterranean Sea, as well as on the seasonal variability of extreme values. The Aegean and
Adriatic Seas are characteristic examples, where high surges are predicted to be mainly induced by
low pressure systems and favorable winds, respectively [29].

Among the significant negative effects of the climate change-related coastal hazards are: coastal
erosion with consequent loss of land of great economic, social, and environmental valueand
infrastructure, frequent flooding of the low-lying coastal plains, inundation of ecologically significant
wetlands, and threats to cultural and historical resources. Hence the identification of “sensitive”
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sections of coastline as well as the assessment of social vulnerability of the coastal communities is
necessary for the development of coastal management plans. The understanding of a coastlines’
response to both long-term and short-term sea-level rise as well as the assessment of the vulnerability
of the coastal communities have become an important issue in recent years. Various approaches
(mainly in the form of indices) have been proposed to predict the evolution of the coastal zone under
the influence of sea-level rise. The relative physical vulnerability of different coastal environments to
sea-level rise may be quantified by considering information regarding the important variables that
contribute to coastal evolution in a given area, such as coastal geomorphology and slope, shoreline
displacement, rate of relative sea-level change, tide range, wave height, and other related factors.
Indices based mainly on these physical variables have been used to assess the physical vulnerability of
coasts in the USA, Europe, Brazil, India, and Greece [30–37].

Recently, research on hazards in coastal areas has highlighted the need to incorporate other
variable than physical variables in an attempt to capture the so-called social vulnerability [33,38–40].
Social vulnerability is described by various characteristics that condition a community’s ability to
respond to, cope with, recover from, and adapt to environmental hazards. According to a steadily
growing literature, the socio-economic and demographic features are the main factors influencing
social vulnerability [41]. In this context, investigations have been made relating to the evaluation of risk
in coastal zones by taking into account not only natural but also socio-economic variables [39,42–45].

The aim of this study is to assess the overall vulnerability (physical and social) of the Peloponnese
(southern Greek mainland) to both coastal erosion and flooding caused by climate change-related
hazards. The assessment relies on the calculation of a Coastal Vulnerability Index (CVI) and a Social
Vulnerability Index (SVI). The use of a quantitatively derived social vulnerability index, such as
the proposed SVI, is important for two reasons. First, the method provides a useful tool for
comparing the spatial variability in social vulnerability using a single value derived from multivariate
characteristics. Second, SVI can be linked (statistically and spatially) to more physically based indices
in calculating the overall vulnerability of a specific place. Not only does this index significantly
contribute to the methods and metrics used in vulnerability science, but it also provides important
comparative information for policy makers and emergency managers.

2. Study Area

The Peloponnese is a peninsula that covers an area of some 21,549.6 km2 and constitutes
the southernmost part of mainland Greece (Figure 1). It is actually an island separated fromthe central
part of the country by theGulf of Corinth, a restricted marine embayment, with a nearly 105 km
longitudinal axis lying in the E-W direction. At the western end of the Gulf, the Peloponnese is
connected to the mainland of Greece by the bridge of Rio-Antirio. To the east the Peloponnese is
separated from the Greek mainland by the Corinth Canal (an artificially dredged channel, 8 m deep and
21 m wide) which links the Gulf of Corinth with the Saronikos Gulf. The study area has mountainous
interior and deeply indented coasts, especially along its eastern coastline (Figure 1). It possesses
four south-pointing peninsulas: the Messinian, the Mani, the Cape Malea, and the Argolid in the far
northeast, which are separated by the NW-SE trending Gulfs of Messinakos, Lakonikos, and Argolikos.

The Peloponnese consists of 152 municipal communities (a municipal community is the lowest
level of government within the organizational structure of Greece), 73 of which are coastal (Figure 1).
It has a population of 1,047,000, which corresponds to less than 10 % of the total population of
Greece. Most of its population is concentrated in the coastal zone. The average population density
in the coastal municipal communities is 77.8 inhabitants/km2, whereas the mean value for Greece
is 82.29 inhabitants/km2. Its GDP contributes less than 7% of total GDP in Greece. Unemployment
rates are higher than the national rates and three times higher than the average unemployment rate
in the EU-28. The economy of the study area is distributed between the primary sector (mostly
agricultural activities) and tourism related servicesand a small yet gradually growing industrial
activityover the last years. Despite the dominance of the mountainous terrain, the Peloponnese hosts
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some of the most fertile lands in the country, producing renowned wine labels and top quality olive oil.
Tourism is the region’s heavy industry with high quality services and infrastructure facilities mainly
along the coastline. Nowadays, the infrastructure works in transportation create new challenges for
the area. The national road that connects Athens with Patras (the capital of the Peloponnese and
the third largest city in Greece), extends along the north shoreline of the Peloponnese, while numerous
cities and settlements, such as Patras, Kalamata, Korinthos, Nafplio, etc., are coastal (Figure 1).

Figure 1. Hill-shaded map of the Peloponnese. The map also shows the 73 coastal municipal
communities of the study area.

The Peloponnese is also of great environmental significance since it hosts ecologically important
areas. Along its northwestern coast there is a 28 km zone with sandy beaches, dunes, lagoons (Kalogria,
Strofilia, Lamia, and Kotychi, which is a Ramsar Convention site and the most significant lagoon in
the Peloponnese), marshy areas, salt and freshwater wetlands, and the most extensive Pinuspinea forest
in Greece (Strofilia forest) (Figure 1). Along the shore of the Kyparissiakos Gulf exists the significant
wetland of Kaiafa Lake and a unique sand dune ecosystem of great ecological value.

From the above description it is more than evident that the Peloponnese deserves an assessment
vulnerability study to spot regions of very high or high physical and social vulnerability, in order to
promote relevant integrated management planning.
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3. Materials and Methods

3.1. Physical Vulnerability

For the assessment of the physical vulnerability of the Peloponnese to climate change-related
coastal hazards we applied the index proposed by Thieler and Hammar-Klose [31], which modified
the initial CVI [38]. The CVI allows six physical variables: coastal geomorphology, shoreline shifting
rate, coastal slope, relative sea-level rise rate, mean wave height, and mean tidal range to be related
in a quantitative manner. In each variable a relative risk value is assigned based on the potential
magnitude of its contribution to the physical changes on the coast as sea-level rises. The variables
are ranked from 1 to 5 according to Table 1, with rank 1 indicating very low vulnerability and rank
5 indicating very high vulnerability. The theoretical minimum and maximum values of the CVI are
0.4 and 51.0 respectively. The ranges of vulnerability ranking, used in this study, are those proposed
for the coastal environment of Greece [36]. The CVI is calculated as the square root of the product of
the six variables divided by their total number.

CVI =

√
a·b·c·d·e·f

6
, (1)

where, a: geomorphology, b: shoreline erosion/accretion rate, c: coastal slope, d: relative sea-level rise
rate, e: mean significant wave height and f: mean tide range.

Categorization of coastal geomorphology classes in this study (Table 1) was undertaken using
recent ortho-rectified aerial photographs (taken in 2009). Since this variable also represents the bedrock
outcropping along the shoreline, data for the rock types were interpreted from the geological maps of
Greece (at 1:50,000 scale),published by the Greek Institute of Geology and Mineral Exploration (IGME).

Table 1. Ranges for vulnerability ranking of the six CVI variables. The ranges of vulnerability ranking,
used in this study, are those proposed for the coastal environment of Greece [36].

Variables
Vulnerability Categories

1 2 3 4 5

Geomorphology Rocky, cliffed
coasts

Medium cliffs,
indented coasts

Low cliffs,
alluvial plains

Cobble Beaches,
Lagoons

Sandy beaches,
deltas

Shoreline Erosion (−)/
Accretion (+) rate (m/year) >(+1.5) (+1.5)–(+0.5) (+0.5)–(−0.5) (−0.5)–(−1.5) <(−1.5)

Coastal Slope (%) >12 12–9 9–6 6–3 <3
Relative Sea-Level rise

(mm/year) <1.8 1.8–2.5 2.5–3.0 3.0–3.4 >3.4

Mean Wave Height (m) <0.3 0.3–0.6 0.6–0.9 0.9–1.2 >1.2
Mean Tide Range (m) <0.2 0.2–0.4 0.4–0.6 0.6–0.8 >0.8
Physical Vulnerability very low low moderate high very high

Shoreline change rates were derived from ortho-rectified aerial photographs taken in 1969
and 2009, obtained from the Hellenic Military Geographical Service and the Hellenic Cadastre
(Ktimatologio S.A.), respectively. The photomosaics of these photographs were manipulated within
the GIS environment to digitize the shorelines of 1969 and 2009. The thematic layers of the 1969 and
2009 shorelines (in vector format) were overlaid, and with the use of GIS-based distance analysis
functions, the final shoreline change map for the 40-year time period was obtained with estimated
accretion and erosion rates.

To estimate the coastal slope values, a slope map of the coastal zone of the Peloponnese has
been created with the use of the 1:5000 scale, topographic maps. With these maps as the main
elevation source, the 5 m resolution Digital Elevation Model (DEM) of the coastal belt with an elevation
from 0 to 50 m was created for the study area. Next, for this zone, the slope map was implemented
within the ArcGIS spatial analysis extension environment, and a map of slope zones (according to
Table 1) was constructed. Finally, for the assignment of the proper slope categorization to each coastline
segment, an intersection of slope zones with the coastline was performed.
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The coast of the Peloponnese relative sea-level change is the sum of the eustatism component
and the local long-term tectonic vertical land movements. Published information concerning the late
Holocene relative sea-level trends at the broader area of the Peloponnese was considered [46].

Mean annual values of the significant wave height were abstracted from the “Wave and Wind
Atlas of the Hellenic Seas” [47], which are based on offshore measurements for the period between 1999
and 2007 (POSEIDON program), whereas tidal range was deduced from published information [48].
Every section of the coastline was assigned a risk value based on each specific data variable and
the CVI was calculated.

GIS software ArcGIS (ver. 10.2), provided the platform for the coastal mapping and the calculation
of the CVI. For each variable, the entire coastline of the study area is segmented into five
sensitivity classes, and a sensitivity rank number is assigned to each segment of the coast (indicating
the vulnerability level in terms of the given variable). The method of computing the CVI in the present
study is similar to that applied by Pendleton et al., [49] Thieller and Hammar-Klose [31] and Abuodha
and Woodroffe [50]. The difference is that instead of the “raster” approach, input parameters and
final CVI values were estimated in coastline segments.This modified approach seems appropriate
for medium scale. The size of each segment was 50 m. As mentioned above, for each of the six
variables, a ranking on a scale of 1–5 was assigned to each segment (with rank 1 representing very
low vulnerability and rank 5 indicating very high vulnerability) following the classification scheme
outlined in Table 1. The final CVI map was generated by combining all of the variables. This map
contains nearly 3500 segments of the coastline, each of which has a unique identity in its corresponding
attribute table. Another column was added to this attribute table for the CVI formula so that the system
generated the CVI values for all of the coastline segments of the Peloponnese. The combined CVI
value was added as an attribute value for each coastline segment. Subsequently, the “natural breaks”
classification method was used to categorize coastline segments according to their CVI magnitude for
the construction of the final CVI zonation maps.

3.2. Social Vulnerability

Six variables have been used as indicators to assess social vulnerability of the coastal municipal
communities of the Peloponnese: population density, share of women in total population, share of
persons above 65 in total population, share of children below 5 in total population, share of foreign-born
in total population, and share of low educated in total population. Demographic and socio-economic
data were collected for all 1033 Greek municipal communities. Data were provided by the Hellenic
Statistical Authority (EL.STAT) based on the 2011 Population and Household Census.

Since the six different variables used for the SVI calculation are measured in different units and
scales, data must be standardized in order to be suitable for multivariate analysis and correlation
tests. As most of the relevant data are not normally distributed, the method chosen is that of range
standardization given by the following formula:

x′A,i =
xA,i − xA,min

xA,max − xA,min
, (2)

where x′A,i: the standardized value of the variable A referring to the municipal community i, xA,i:
the observed value of the variable A referring to the municipal community i, xA,min: the minimum
observed value of the variable A, and xA,max: the maximum observed value of the variable A.

All observation values are therefore between 0 (the case with the lowest value) and 1 (the case
with the highest value). The six new standardized values were placed in an additive model to compose
the SVI for each municipal community, making the assumption of an equal contribution of each
variable to the community’s overall vulnerability. The produced indicator is a relative measure of
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the overall vulnerability for each municipal community. The SVIi for the municipal community i is
therefore given by the following formula:

SVIi =
6

∑
A=1

x′A,i, (3)

At a second stage, SVIi scores are classified based on standard deviations from the mean into five
categories, ranging from less than −1σ on the lower end to more than +1σ on the upper end. Value 1 is
given to the less vulnerable municipal communities while value 5 is given to the most vulnerable ones.

For each index (CVI and SVI) maps were produced depicting the geographic distribution of
physical and social vulnerability along the coastal zone of the Peloponnese.

4. Results and Discussion

4.1. Coastal Vulnerability Index

The “coastal geomorphology” variable is non-numerical and expresses the relative response
of different types of coastal landforms to sea-level rise. Geomorphology is ranked qualitatively
according to the relative strength of the coastal landforms and rocks outcropping along the coast.
The coastal zone of the Peloponnese is made up of a wide variety of features. The predominant coastal
landform is steep marine cliffs made up of rocks highly resistant to coastal erosion, such as limestone
and metamorphic rocks (592.9 km—40.0%) followed by sandy and shingle beaches, located along
the coastal alluvial plains and river deltas (343.2 km, which is 23.2 % of the coastline), cobble pocket
beaches (217.1 km—14.6%), medium rocky cliffs and indented coasts (180.6 km—12.2%) and low rocky
cliffs or cliffs made up of less resistant to erosion formations (147.9 km—10%) (Table 2, Figure 2).
Steep cliffs made up of hard geological formations (limestone and metamorphic rocks) offer maximum
resistance and were classed with a rank of 1, whereas medium rocky coastal cliffs and indented coasts
or cliffs of medium slope made up of weaker formations were assigned sensitivity ranks of 2 and 3,
respectively. Cobble pocket beaches are susceptible to the effects of both natural marine processes
and relative sea-level rise and are given a rank of 4 (high vulnerability). Sandy beaches, river deltas
and fan-deltas were assigned a sensitivity rank of 5, while stabilized dune formations are considered
that provide a kind of protection to the land behind them and were assigned a vulnerability rank of 4
(Table 2).

Table 2. The coastline length (as percentage % of the total shoreline length) in each vulnerability
category (1–5) for the physical variables (a–f) of the CVI.

Variables

Physical Vulnerability Classes
1 2 3 4 5

Very Low Low Moderate High Very High

a. Geomorphology 40.0 12.2 10.0 14.6 23.2
b. Shoreline Change 0.2 2.8 91.2 5.3 0.5
c. Coastal Slope 55.5 8.3 7.9 14.1 14.3
d. Relative Sea-level Rise 0.0 100.0 0.0 0.0 0.0
e. Significant Wave Height 33.4 39.4 23.4 3.8 0.0
f. Tidal Range 100.0 0.0 0.0 0.0 0.0

CVI values <1.2 1.2–3.2 3.2–5.2 5.2–7.1 >7.1
CVI (%) 46.5 18.7 17.5 12.0 5.2

The shoreline change variable attempts to capture the historical trend of shoreline movement
by determining the overall patterns of erosion or accretion. Shoreline change is one of the more
complex parameters because the trend is typically variable over time [49]. The ranking of the shoreline
change rate is based on the range of change in beach width values. A shoreline length of 1350.9 km,
which corresponds to 91.2% of the coastline, is relatively stable (mean shoreline shifting rate within
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±0.5 m/year), between 1969 and 2009. Nearly 78.2 km (5.3%) of the coastline is retreating with a mean
rate between −0.5 and −1.5 m/year and a very small segment of the shoreline (7.8 km—0.5%), which
mainly consists of sandy beaches at the aprons of the Alfios and Evrotas River deltas, have undergone
fast erosion (with rates > −1.5 m/year). Nearly 41.5 km (2.8 %) of the shoreline has been prograded
with a mean accretion rate between +0.5 and +1.5 for the period between 1969 and 2009, while a very
small percentage of the coastline (0.2%—3.3 km) is prograding faster with a mean accretion rate higher
than +1.5 m/year (Table 2). Accretion occurs at the mouth of some streams (Figure 2) due to increased
sediment supply, especially during the rainy period of the year [51,52].

Figure 2. Maps of classification of the Peloponnese coastline into five physical vulnerability classes
according to the variables of the Coastal Vulnerability Index (CVI) values. Inset maps (a–c,e)
indicate the vulnerability ranking of various segments of the coast based on the CVI variables
((a) geomorphology, (b) shoreline change rate, (c) coastal slope and (e) mean significant wave height).
Since the variables of relative sea-level rise and tidal range are considered to have the same value along
the entire coastline of the Peloponnese, the figure does not include vulnerability ranking maps for
these variables. The bar diagram shows the length (in percentage %) of shoreline in each vulnerability
category for the CVI variables.

Determination of the regional coastal slope identifies the relative sensitivity of inundation and
the potential rapidity of shoreline retreat because low-sloping coastal regions are thought to retreat
faster than steeper regions [51]. The ranges for vulnerability ranking of the coastal slope variable are
the same as those used in similar studies from around the world [31,49]. Regions with coastal slopes
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lower than 3% were characterized with very high vulnerability, whereas coastal cliffs with slopes
higher than 12% were classified as areas of very low vulnerability (Table 1). Nearly 56.0% of the coastal
zone of the study area (which corresponds to 822.9 km) belongs to the very low vulnerability class.
Very low vulnerability area lies mainly along the western coast of the Saronikos Gulf as well as along
the east and west coasts of the four NW-SE trending peninsulas: the Messinian, the Mani, the Cape
Malea, and the Argolid. On the other hand,14.3% of the study coastal zone (which corresponds to
211.4 km) is low-lying and is characterized as very highly susceptible to inundation. This very highly
vulnerable area lies partly along the southern coastline of the Gulf of Corinth as well as along part of
the western coast of the Peloponneseand at the coast of the inner parts of the Messinakos, Lakonikos
and Argolikos Gulfs (Figure 2). Low-lying coasts are occupied by beaches developed along the fronts
of alluvial plains and river deltas. Nearly 14.0% of the coast (208.4 km) is comprisedof slope between 3
and 6% and is considered highly vulnerable, whereas 116.4 km (7.9%) of the coastal zone is of moderate
vulnerability, having a slope between 6% and 9% (Table 2).

Due to the lack of recent accurate long-term sea-level measurements, the values for the variable of
relative sea-level rise were estimated coupling the effects of eustatism and local land level movements
caused by tectonics. The relative sea-level rise is considered to have the same value along the coastline
of the Peloponnese (Table 2, Figure 2) and took a value < 2.0 mm/year based on estimations from
studies relevant to eustatic sea-level rise in Greece [46]. This ranking is in agreement with the mean
eustatic global sea-level rise rate for the time period between 1850 and 1950 [9], as well as with the trend
of the sea-level for the period 1985–2001 at the station of Kalamata (0.6 ± 0.1 mm/year) [19].

Wave heights are proportional to the square root of wave energy, which is a measure of the capacity
for erosion.The wave climate of the Peloponnese coastline is affected by offshore significant wave
heights between 0.1 and 1.0 m [47], according to the output of the wave model (POSEIDON program),
which has been calibrated with the use of offshore field measurements. A significant part of
the coastline of the Gulf of Patras, as well as the entire coast of the Gulfs of Corinth and Argolikos is
dominated by offshore significant wave heights <0.3 m. Thus, 494.8 km (33.4%) of the Peloponnese
coastline is considered to have very low vulnerability (rank 1). Nearly 584.4 km (39.4%) of the coastline,
located mainly along the northwestern and eastern shore of the Peloponnese, including also the coasts
of Messiniakos and Lakonikos Gulfs, is characterized by offshore significant wave heights between 0.3
and 0.6 m (rank 2). Approximately 23.0% of the study area (which corresponds to 346.2 km), that lies
mostly along the western coast of the Peloponnese and partly the NW-SE facing coasts of the Messinian,
the Mani, and the Cape Malea peninsulas are of moderate vulnerability since offshore wave heights
range between 0.6 and 0.9 m. Finally, small segments (56.3 km—3.8%) of the southwestern shores of
the Messinian and Mani peninsulas are dominated by significant wave heights between 0.9 and 1.2 m
and are ranked as highly vulnerable (Figure 2e).

The tidal range is linked to both inundation and erosion hazards [30]. For the vulnerability
ranking of the tidal range variable for the Peloponnese, the ranges proposed for Greece were considered
(Table 1). These ranges were proposed taking into account the tide range variations for the Greek
seas, which are generally less than 10 cm [48]. However, the overall fluctuation of sea-level exceeds
0.5 m due to meteorological forcing (differences in barometric pressure, wind, and wave setup) [53].
In this study, tidal range is ranked as such that extremely microtidal (tidal range < 0.2 m) coasts are
at low risk and less microtidal (tidal range > 0.8 m) coasts are at high risk. The reasoning is that
although a large tidal range dissipates wave energy, limiting beach or cliff erosion to a brief period of
high tide, it also delineates a broad zone of intertidal area that will be most susceptible to inundation
following long-term sea-level rise [30]. Furthermore, the velocity of tidal currents depends partially on
the tidal range. High tidal range is associated with stronger tidal currents that are capable of eroding
and transporting sediment [30]. The coast of the Peloponnese is a microtidal environment with tidal
(astronomical) range <4 cm. As such, the tidal range variable is ranked with the value 1 (very low
vulnerability) (Table 2, Figure 2).
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The CVI values alongside the Peloponnese range between 0.82 and 11.18. The median value of
the index for the study area is 4.11 and the standard deviation is 2.17. The geographical distribution
of the vulnerability of the Peloponnese coast to climate change-related coastal hazards is presented
schematically in Figure 2. CVI values above 7.1 are classified as having very high vulnerability. Nearly
77.6 km, corresponding to 5.2% of the total coastline length, was assigned to this category. A total
length of 177.2 km (12.0%) of the coastline is classified as having high vulnerability (CVI values
between 5.2 and 7.1). The deltaic plains of the most extensive deltas (those of Alfios and Pinios Rivers)
of the western Peloponnese as well as the coastal plains of the inner Messiniakos and Lakonikos Gulfs
are characterized by very high and high levels of vulnerability, primarily due to the low regional
coastal slope, the high erodible of the coastal landforms, the high rates of erosion and the relatively
high offshore mean significant wave heights. About 17.5% (259.5 km) of the shoreline, mainly along
the Northern Peloponnese is moderately vulnerable (with CVI values between 3.2 and 5.2) while
18.7% (277.8 km) is of low vulnerability (CVI values between 1.2 and 3.2). Finally, values below 1.2 are
assigned to the very low vulnerability category with 46.5% (689.7 km) of the shoreline belonging to
this class (Table 2). The low and very low vulnerability categories are primarily located at the western
rocky coasts of the Peloponnese, as well as along the NW-SE oriented cliffy coasts of the Messinian,
Mani, and Cape Malea peninsulas (Figure 2).

4.2. Social Vulnerability Index (SVI)

Densely populated areas are thought to be more vulnerable, as the total amount of people and
assets per km2 poses a higher vulnerability of total damage in case of a disaster. Additionally, high
population density increases the evacuation time as well as the consequences of a disaster (injuries and
fatalities). In our case-study, population density ranges from 5.8 to 1352.7 inhabitants/km2 with a mean
score of 109.9 (standard deviation: 196.99). In respect to this criterion, 25 municipal communities
(which correspond to 34.2% of the 73 total communities) are classified as low vulnerable, whereas
the other 48 communities belong to the moderate vulnerability class (Table 3). Higher population
densities are concentrated primarily along the southern coast of the Gulf of Corinth and at the western
part of the Peloponnese (Figure 3a).

Table 3. Number of coastal communities (as percentage% of the total coastal municipal communities
of the Peloponnese) in each vulnerability category (1–5) for the social variables (a–f) of the SVI.

Variables

Social Vulnerability Classes
1 2 3 4 5

Very Low Low Moderate High Very High

a. Population Density 0.0 34.2 65.8 0.0 0.0
b. Share of Women in t.p. 16.4 5.5 65.8 12.3 0.0
c. Share of Persons above 65 in t.p. 13.7 26.0 50.7 5.5 4.1
d. Share of Children below 5 in t.p. 4.1 11.0 57.5 16.4 11.0
e. Share of foreign-born in t.p. 0.0 8.2 39.7 17.8 34.2
f. Share of Low Educated in t.p. 8.2 31.5 45.2 4.1 11.0

SVI
Number of Communities 8 15 22 14 14

(%) 11.0 20.5 30.1 19.2 19.2

Women, especially those living in less developed economies or in low status households,
have limited access to knowledge and resources and are therefore less efficient in protecting or
helping themselves out of a disaster [54]. Their care-giving role is an additional aggravating factor.
Thus, relevant literature considers high shares of women in a population a high risk factor. In our
case-study, the share of women in the total population ranges from 28.9% to 51.6%, with amean value
of 48.9% (standard deviation: 0.028). Most of the communities (48 out of 73) are moderately vulnerable,
16 municipal communities (21.9%) belong to the very low and low vulnerability classes, while 9 (12.3%)
of them are highly vulnerable (Table 3 and Figure 3b).
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Elders, especially those living alone, often have mobility limitations and special needs that may
require the assistance of others. Hence high values of “share of persons above 65 in total population”
indicate high vulnerability. The shares of elders within the communities populations range from
10.7% to 38.9%, with a mean score of 23.55% (standard deviation: 0.058). Most of the communities
(37 corresponding to 50.7%) fall into the moderate vulnerability category, whereas 29 (39.7%) show low
and very low vulnerabilities (Table 3). Regarding this particular variable, four highly and three very
highly vulnerable coastal communities are located in the southern part of the Peloponnese (Figure 3c).

Figure 3. Maps of classification of the coastal municipal communities of the Peloponnese into five social
vulnerability classes according to the variables of the Social Vulnerability Index (SVI) values. Inset
maps (a–f) indicate the social vulnerability ranking of the communities based on the categorization
of the SVI variables’ values ((a) population density, (b) share of women in total population, (c) share
of persons above 65 in total population, (d) share of children below 5 in total population, (e) share of
foreign-born in total population and (f) share of low educated in total population). Inset bar diagram
show the length (in percentage %) of shoreline in each vulnerability category for the SVI variables.
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Children (<5 years) can hardly protect themselves during a disaster for they lack the necessary
resources, knowledge, as well as life experience to survive. The values of the variable “share of children
below 5 in total population” range between 2.9% and 9.8%, with a mean score of 5.34% (standard
deviation: 0.057). Vulnerability increases with the values of this parameter. The majority of the coastal
municipal communities (42–57.5%) show moderate vulnerability, 20 out of 73 (27.4%), primarily located
at the north and northwest part of the Peloponnese, belong to the high and very high vulnerability
classes, while the rest show low and very low vulnerabilities (Table 3, Figure 3d).

Racial and ethnic minorities are supposed to be more vulnerable to hazards for they are more
likely to be poor [55]. Since we lack detailed ethnic data at this administrative level, we usethe “share
of foreign-born in total population”. Non-natives are thought to be more vulnerable for different
reasons: (i) disaster communication is made more difficult due to limited language skills (ii) the impact
may be greater due to higher social and economic marginalization as well as to cultural differences.
Across the coastal municipalities of Peloponnese, the shares of foreignersrange from 2.9% to 35.1%
of total population with mean score of 11.8% (standard deviation: 0.057). A significant number of
communities (38 out of 73—52%), especially those of the Argolid, Cape Malea, Mani, and Messinian
peninsulas are characterized by high and very high vulnerability (Figure 3e). A concentration of highly
and very highly vulnerable communities is also observed at the northwestern part of the Peloponnese.

“Share of low educated in total population” is a variable that reflects the socio-economic status
of an area. Low education implies limited access to information, followed by poor prevention
measures and is often related to social and economic deprivation. The share of low-educated within
the municipalities populationgoes from a minimum value of 9.5% to a maximum of 21.6% with mean
score of 14.9% (standard deviation: 0.033). In respect to this demographic feature, most of the coastal
municipal communities of the Peloponnese belong to the moderate, low, and very low vulnerability
categories (Table 3). The geographic distribution of this parameter shows the presence of highly and
very highly vulnerable communities at the northwestern part of the study area. Some communities
along the southwestern shores of Saronikos Gulf are also of high vulnerability (Figure 3f).

In order to compose the SVI and due to the different scales of measures used for each variable,
the values have been standardized [56]. The SVI ranges from a minimum value of 0.91 (lowest social
vulnerability) to 2.67 (highest social vulnerability) with a mean score of 2.11 (standard deviation: 0.25).
The geographical distribution of the social vulnerability to climate change-related coastal hazards for
the Peloponnese is presented schematically in Figure 3. Most communities exhibit low or moderate
levels of social vulnerablity since more than 6 out of 10 communities are classified in the first three
groups. However, the share of highly and very highly vulnerable communities goes up to almost
38.4% (Table 3). High and very high levels of social vulnerability are clustered in communities along
the coasts of the Messinian and Cape Malea peninsulas, as well as along the western coast of Saronikos
Gulf and at the northwestern part of the Peloponnese. In contrast, the communities along the southern
coast of the Gulf of Corinth, and most of the communities along the east coast of the Gulf of Patras,
as well as most of the Argolikos Gulf coastal communities to the east, have moderate to very low social
vulnerability levels (Figure 3).

The comparison among the final two CVI and SVI maps shows that seven coastal municipal
communities of the Peloponnese (Vouprasia, Lechena, Vartholomio, Gastouni, Amaliada, Zacharo,
and Elos) show high and very high levels of overall (both physical and social) vulnerability to costal
hazards. The high overall vulnerability of these communities is a function of high or very high values
of SVI while more than 80% of their coastal zone is also of high and very high physical vulnerability.
The highly vulnerable (physically and socially) communities are concentrated at the northwestern
coastal zone of the Peloponnese, while there is one highly vulnerable community at the inner part of
the Lakonikos Gulf (Figure 4).
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Figure 4. Location map of the seven more vulnerable (both physically and socially) municipal
communities of the Peloponnese. These municipal communities have high or very high values of SVI
while more than 80% of their coastal zone is also of high and very high physical vulnerability.

5. Conclusions

Of the six physical vulnerability variables, “geomorphology”, “regional coastal slope”, and
“mean significant wave height” introduce the greatest variability to the CVI values. Among the other
three parameters, “shoreline change rate” shows a small variation, while “tidal range” and “relative
sea-level rise rate” have the same values along the entire coastline. On the other hand, all six
variables used as indicators to assess social vulnerability, show a great variability. Among the social
vulnerability variables,“share of foreign-born in total population”, “share of children below 5 in total
population” and “share of low educated in total population” are those that increase the SVI values
within the study area.

The application of the proposed methodology reveals that there are differences among
the geographical distribution of physical and social vulnerability. Nearly 17.2% of the shoreline (254.8 km)
consisting primarily of low-lying sandy beaches and deltaic plains, has high and very high levels
of physical vulnerability. Coastline segments of high physical vulnerability level are geographically
concentrated at the western and northwestern coast of the Peloponnese, as well as at the inner coastal
areas of Messiniakos, and the Lakonikos Gulfs. The highly and very highly social vulnerable communities
are concentrated along the northwestern coast of the Peloponnese, along the coasts of the Messinian
and Cape Malea peninsulas, as well as at the western coast of Saronikos Gulf. There are seven high risk
coastal municipal communities in the study area (Vouprasia, Lechena, Vartholomio, Gastouni, Amaliada,
Zacharo and Elos) andthey present high and very high values of social vulnerability. Accordingly, more
than 80% of their coastal zone is also of high and very high physical vulnerability. Six of them are located
in the northwestern Peloponnese and host ecologically important sites.

This study provided a comprehensive and detailed spatial GIS digital database of topographic,
geological, and physio-geographical characteristicsfor 1481.7 km of shoreline, as well as population and
demographic data for the coastal municipal communities of the Peloponnese, which can be renewed
and expanded further to incorporate newly available data (e.g., storm surge, socio-economic status,
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land values), including new variables (e.g., sediment budget, environmental parameters) in the future
for better results of physical and social vulnerability assessment.

The implementation of the indices used in this study, at the national scale could assist in
a preliminary identification of the hazardous and vulnerable coastal areas of the country. CVI and SVI
can be also integrated and used in the policies defined by Agenda 2030 for Sustainable Development,
which is a plan of action for the people, the planet and for prosperity that also seeks to strengthen
universal peace and freedom. The main target of Goal 13 is to take urgent action to combat climate
change and its impacts. After the initial assessment of the most physically vulnerable segments of
the coastlines to coastal hazards, focusing on regions with specific socio-economic and environmental
interest is required, in order to re-examine the study area on a larger, more detailed, scale. The results
of the categorization of the coasts in different risk categories can be a useful tool for managers of coastal
areas and for those responsible for carrying out national protection policies, strategies and planning of
the coastal zone against climate change driven natural hazards. Hence the application of CVI and SVI
along the Greek coast would strengthen resilience and adaptive capacity to climate-related hazards
and coastal natural disasters in the country.
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Abstract: Historic data and old topographic maps include information on historical floods and
paleo-floods. This paper aims at identifying the flood hazard by using historic data in the drainage
basin of Pinios (Peneus) River, in Thessaly, central Greece. For this purpose, a catalogue of historical
flood events that occurred between 1979 and 2010 and old topographic maps of 1881 were used.
Moreover, geomorphic parameters such as elevation, slope, aspect and slope curvature were taken into
account. The data were combined with the Geographical Information System to analyze the temporal
and spatial distribution of flood events. The results show that a total number of 146 flood events were
recorded in the study area. The number of flood events reaches its maximum value in the year 1994,
while October contains the most flood events. The flood occurrences increased during the period
1990–2010. The flooded area reaches its maximum value in the year 1987, and November is the month
with the most records. The type of damages with the most records is for rural land use. Regarding
the class of damages, no human casualties were recorded during the studied period. The annual
and monthly distribution of the very high category reaches the maximum values, respectively, in the
year 2005 and in June. The analysis of the spatial distribution of the floods proves that most of
the occurrences are recorded in the southern part of the study area. There is a certain amount of
clustering of flood events in the areas of former marshes and lakes along with the lowest and flattest
parts of the study area. These areas are located in the central, southern, south-eastern and coastal
part of the study area and create favorable conditions for flooding. The proposed method estimates
the localization of sites prone to flood, and it may be used for flood hazard assessment mapping and
for flood risk management.

Keywords: historic flood data; old topographic maps; GIS; temporal and spatial distribution of flood
events; marshy areas and lakes; flood hazard assessment

1. Introduction

Natural hazards are physical events that can cause significant damages to the natural and human
environment. Endogenic or exogenic processes such as active tectonics and climate changes are
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capable of changing landforms and triggering natural hazards, which in some cases control human
activities [1–11].

Floods are physical phenomena active in geological time and the result of excess runoff.
When rivers overtop their banks, the excess water goes to the floodplain. Floodplains represent
favorable sites for man to settle because they are fertile, level, easy to excavate and near
water. These features have contributed to increased development and urbanization of floodplains,
thereby increasing the chances of the flood occurrences that cause disasters. Despite the construction of
flood control works such as dams, levees and channeling rivers, the flood damage has increased [12–16].

Floods occur frequently in some parts of the world. While for some areas, yearly flooding is
necessary to sustain crops, for other areas, flooding spells disaster. Especially, in urban areas, floods are
considered among the most dangerous natural hazards due to the increasing number of events.
Their consequences are not only environmental, but social and economic, as well, since they may
cause damages to urban areas and agricultural lands and may even result in the loss of lives [17].
Worldwide, flood events have caused the largest amount of deaths and property damage during the last
decades [18]. In Europe, the annual average flood damage in the last two decades was about €4 billion
per year [19]. In the Mediterranean countries, floods tend to be greater in magnitude compared to the
inner continental countries, and they frequently cause catastrophic damages [20].

Flood occurrence can be estimated in space and time through a sound basis of knowledge acquired
by the scientific use of a large number of historical documents [21]. It is possible to gather useful
information about historical floods that occurred during a period ranging from 1–2 centuries by using
historical data [22]. Payrastre et al. [21] used discharges of historical floods that occurred during a
period ranging from 1–2 centuries in four watersheds of the French Mediterranean area. They estimated
the flood peak discharges and the associated low and high bound of its possible values for the main
floods of each studied area. Historic data are useful for floodplain management, flood insurance
rating, emergency planning and flood risk management. A careful search for data and their suitable
arrangement may result in a powerful tool for flood disaster prevention and land use planning [23–25].

One essential step in any flood hazard analysis and estimation is the flood hazard recognition.
This statement includes the record of possible geomorphologic evidence of flood activity,
historic accounts and records [26]. Hydrologic models using time series flood data can be applied to
assess flood peaks, depths, volumes and to map flood hazard areas [27–31]. However, these methods
require data that are often unavailable [32]. Alternatively, researchers have used historical documents
and historic flood data to estimate flood hazard [22,33]. Tropeano et al. [22] analyzed historical
documents for a statistical elaboration of the frequency of landslide and flood events in Northern
Italy in the last five centuries. Diakakis et al. [33] used an extensive catalogue of flooding phenomena
during the last 130 years to examine flood events in Greece. According to their statistical and spatial
analysis, urban areas tend to present higher flood recurrence rates than mountainous and rural ones
and an increasing trend in reported flood event numbers during the last few decades. Moreover,
a diachronic appraisal of the landscape evolution throughout the study of old topographic maps may
include information on ungauged historical floods and paleofloods [34,35]. Skilodimou et al. [35] used
old topographic maps to investigate the causes of flooding generation in the southwestern coast of
Attica in Greece. They proved that the former wetlands and the lagoon of the study area have been
dried up and covered by buildings, causing flood occurrences.

This paper aims to provide recognition of flood hazard by using historic data in the drainage
basin of Pinios (Peneus) River, in Thessaly, central Greece. For this purpose, a catalogue of historical
flood events that have caused damages was studied. These data, along with old topographic maps
and geomorphic parameters such as elevation, slope, aspect and slope curvature were evaluated to
record the temporal and spatial distribution of flood events of the study area. The analysis, processing
and the evaluation of the old maps, geomorphic parameters and flood events were performed in a
GIS environment.
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2. Study Area

The drainage basin of the study area is located in Thessaly, central Greece (Figure 1a), and it covers
an area of about 11,200 km2. The elevations of the study area vary from 0–2678 m a.s.l. (Figure 1b).
The hydrologic basin is drained by Pinios River, which has an approximate length of 205 km. It is the
third longest river in Greece and crosses a large part of the eastern part of central Greece discharging
into the Aegean Sea, where it forms a delta.

Figure 1. (a) Location map of the study area; (b) the elevations of the study area, the drainage network,
the road network and the main settlements (modified from [36]).

Its course starts at the northwestern part of the Thessaly plain, from the confluence of the Ion and
Malakasiotis rivers. It is surrounded by mountainous areas, which enclose its drainage basin and form
its watershed (Figure 1b). To the north are the Titaros Mt. (1837 m) and the Kamvounia Mt. (1615 m);
to the northeast are the Olympos Mt. (2917 m) and the Ossa Mt. (1978 m); to the east is the Pilio Mt.
(1548 m); to the south is the Orthrys Mt. (1726 m); and finally, to the west are the Pindos Mt. (2204 m)
and the Koziakas Mt. (1901 m).

The major tributaries of Pinios River are the Malakasiotis, Portaikos, Pamisos and Enippeas rivers
to the west and south and the Ion, Lithaios, Neochoritis and Titarisios rivers to the north, which all
drain large, heterogeneous areas, through extensive hydrographic networks (Figure 1b).

The plain area crossed by Pinios River is divided by the presence of a low-lying hill area into
two parts (Figure 1b): (a) a western part (Trikala-Karditsa), whose altitude varies between 80 and
200 m, and (b) an eastern part (Larisa), whose altitude varies between 45 and 100 m. The mountainous
and hilly area crossed by Pinios River has a quite rugged surface with altitudes exceeding 200 m.
The most important gorges are the ones of Kalamaki (internal low-lying hill area), Rodia and Tempi
(between Olympos and Ossa). Through these areas, the water flow velocity is high, while erosion is
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intense. All the above, in conjunction with the fertility of the plain areas, necessitated the construction
of drainage and irrigation projects.

Fifty five percent (55%) of the study is mainly rural, semi-urban area. Irrigated agricultural land
comprises 56% of the total cultivated area in the basin. The intense and extensive cultivation has
led to a remarkable water demand increase, which is usually covered by the over-exploitation of
groundwater resources [37].

The climate in the western and central side of the drainage basin of Pinios River is continental
with cold winters and hot summers with a large temperature difference. The coastal area of the basin
has a typical Mediterranean climate. Summers in the study area are usually very hot and dry, and in
July and August, temperatures can reach up to 40 ◦C. The mean annual precipitation over the basin
is about 779 mm. Rainfall is distributed unevenly in space, and it varies from about 360 mm at the
eastern part of the basin to more than 1850 mm at the western mountain peaks. Generally, the rainiest
months are November and December, while rainfall is rare from June–August. The mountain areas
receive significant amounts of snow during the winter months. The mean annual total flow of the river
is 3500 × 106 m3. The hydrologic regime of the river is affected by both winter rainfalls and spring
snowmelt. The river flow regime at the main stem is perennial. The mean average flow near its delta
ranges from more than 150 m3/s in February and March to about 10 m3/s in August and September.
The water of Pinios River is used primarily for irrigation [37,38].

The Pinios River crosses alpine formations of various units and post-alpine formations.
More specifically, the alpine formations at its western part belong to the Koziakas unit, at the
central part to the Sub-Pelagonian and Pelagonian units and at its eastern part to the Pelagonian
and Olympos-Ossa units. At the western sub-basin, a great part of its length passes through molassic
formations of the Meso-Hellenic trough (Eocene-Pliocene) and Quaternary formations, while at
the eastern part, it crosses mostly Neogene and Quaternary formations. The permeable rocks and
sediments of the study area are divided into two major units, the karstic one consisting of carbonate
formations (limestones, marbles and dolomites) and the granule materials, which include Neocene
and Quaternary sediments. Semi-permeable formations are comprised of loose to semi-coherent
Quaternary and Neocene deposits along with thin-bedded limestones and ophiolites. Impermeable
formations consist of schists and fine-grained Quaternary and Neocene deposits [39–41].

The plain of Thessaly has suffered from flooding since ancient times, when several structures had
been constructed in order to control the Pinios River 2500 years ago. Today, despite the construction of
flood protection works, floods remain an important problem of the area [42].

3. Materials and Methods

3.1. Data

In the present study, the historical flood database of Greece was used [43]. It refers to floods
that occurred during the period 1979–2010. This database was required by the Directive 2007/60/EC
concerning floods in Europe. In Article 4 of the Directive 2007/60/EC, the construction of a historic
flood data database is assigned to every state-member as a part of the preliminary assessment of flood
risk, as well as finding the sensitive to flooding areas in each country, for the database will be used for
the construction of flood risk maps [44]. The database contains information such as the location of flood
(county and village or locality), geographical details, dates of occurrence, characteristics of the flood
(e.g., flash flood, snow melt flood, etc.), the sources of flooding (e.g., pluvial, fluvial, groundwater, etc.),
the causes of flooding, the mechanism of the flood, the extent of flooded area (in km2), the maximum
distance of the flood (in km), the type of damages, the total cost of the damage caused by the flood
event, the number of human casualties and the class of the total damage caused by the flood (very high,
high, medium or low).

Four old topographic maps of 1881 with the scale 1:200,000 were used in the current work.
The used sheets are: Ioannina-Metsovon-Grevena-Kozani-Servia [45], Larissa-Elasson-Katerini [46],
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Arta-Trikala-Karditsa [47] and Volos-Farsalos-Lamia [48]. Figure 2 shows a mosaic of the four old
topographic maps used.

Figure 2. Old topographic maps of 1881, sheets: (a) Ioannina-Metsovon-Grevena-Kozani-Servia;
(b) Larissa-Elasson-Katerini; (c) Arta-Trikala-Karditsa; (d) Volos-Farsalos-Lamia.

Finally, thematic maps were used. These maps are the digital elevation model (DEM) of the study
area, which is presented in Figure 1 and the geological map of the study area. They were acquired
from previous work [36]. The DEM map was used to produce the elevation, slope, aspect and slope
curvature maps. The geological map of the study area was used to identify the semi-permeable and
impermeable formations of the study area.

3.2. Statistical Analyses

Several works have used historic flood data to analyze flood frequency, flood peak discharges and
estimate flood hazard maps [21,27,29,30]. This kind of flood frequency analysis requires hydro-climatic
data, such as flow and rainfall. In many cases, this is difficult to do, because detailed data are
unavailable. On the other hand, researchers have analyzed the temporal and spatial distribution of
floods based on the count of events [22,33]. The scope of the present work is to recognize flood hazard
and examine the temporal and spatial distribution of flood events in the study area, rather than to
create a flood hazard map. Additionally, high resolution data such as discharge or rainfall during flood
events were not readily available. For these reasons, the statistical analysis depends on the location of
floods, dates of occurrences, the flooded area, the type of damages and the total damage caused by
the floods.

For the description and assessment of historical floods, information was sourced from various
national and regional authorities, scientific reports and newspaper articles. In general, the accuracy of
the data used was considered acceptable as multiple checks between different sources were carried out
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to ensure consistency of the data. The location of events shows some uncertainty. According to [49],
when there was no reference to a particular community, but the geographical determination was
different (i.e., reference to river or torrent), location was determined on the basis of the other descriptive
information. Thus, in some cases, as an event location is given the center of the municipal department.
The historic database includes information about the causes of flooding, the flood mechanism and
characteristics along with the maximum distance of the flood. The data of these records were not
systematic and accurate, and they were not taken into account in the present work.

As a first step, a temporal statistical analysis was performed to identify the number of events and
flooded area distribution during this period. The statistical significance of these variables was tested
by p-values. Additionally, to identify the seasonal distribution of flood events, these parameters were
analyzed for each month.

Flood events that occurred in the study area had adverse consequences and caused damages to
economic activity. The type of damage was categorized into three categories: economic (positions
of infrastructures, industrial and commercial centers), rural land use (positions of farmland with
significant economic value production) and property [49]. The distributions of the number of each
type of damage from 1979–2010 along with their monthly distribution were examined.

The total damages caused by the floods were categorized into five classes taking into account the
number of human casualties, amount of monetary compensation (state compensation for damages to
agriculture and for damages to settlements) or the size of flooded area [50]. The classes of the total
damage and the limits of the above-mentioned parameters are presented in Table 1.

Table 1. Categories of the total damages, amount of monetary compensation and flooded area of the
historical flood events.

Classes of Total Damages Human Casualties Compensation (Euro) Flooded Area (Hectares)

Low <50,000 <200
Medium 50,000–200,000 200–500

High 200,000–500,000 500–1000
Very High ≥1 >500,000 >1000

The annual and monthly distributions of the two above-mentioned parameters were studied
during the period 1979–2010.

3.3. Spatial Analyses

Furthermore, a spatial analysis of the flood occurrences was carried out. The study area was
divided into seven individual drainage basins. The spatial distribution of flood events in each drainage
basin was examined. A spatial database was created, and ArcGIS 10.3 software was used to process
the collected data.

Old maps may describe or simply locate areas that have flooded in the past. In many cases,
former wetlands and lagoons that have been dried up cause flood events. Thus, the study of old
topographic maps is very helpful to examine the causes of flood genesis [22,34,35]. The comparative
observation of the old topographic maps of 1881 and the recent topographic maps of the study area
led to a mapping of the previous wetlands. Marshy areas and lakes were digitized from the older
edition survey maps, and they compared with the spatial distribution of current flood events. Finally,
bibliographic data [36] were used to examine the association of the paleo-environment of Pinios River
with the spatial frequency of floods.

The geomorphological setting of an area affects flood occurrences. Lowland morphology,
gentle slopes and the flat areas create favorable conditions for flooding [51]. For this reason,
the elevation, slope, aspect and slope curvature of the study area were examined. The selection
of these geomorphological parameters and the determination of the class numbers, as well as their
boundary values was based on the literature [51–54]. The elevation map was classified into two
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categories: (i) <100 m and (ii) >100 m. Similarly, the slope was divided into two categories: (i) <5◦ and
(ii) >5◦. The aspect map shows the slope direction and identifies the flat areas that have values = −1◦.
Thus, the aspect map was categorized into two classes: (i) = −1◦ and (ii) >−1◦. In the case of curvature,
negative curvatures represent concave, zero curvature represents flat and positive curvatures represent
convex, respectively. Figure 3 shows the elevation, slope, aspect and the curvature maps and their
categories. The areas with elevation < 100 m, slope < 5◦, aspect = −1◦ and curvature = 0 were combined
to identify the lowest and flattest areas of the study area. This was accomplished by the intersection
tool of ArcGIS 10.3.

Figure 3. Thematic maps of the four geomorphological parameters: (a) elevation; (b) slope; (c) aspect;
(d) curvature.

4. Results

4.1. Temporal Distribution of Flood Events

A total number of 146 flood events were recorded in the drainage basin of Pinios River during the
period 1979–2010. Figure 4 shows the temporal distribution of flood occurrences during this period.

The number of flood events reached its maximum value (38) in 1994. The value of flood events
was high (36) in the year 1987 and was relatively high (19) in 2002. In 1994, flood events were two-times
higher than in 2002. In the 1980s, a total number of 40 flood events were recorded, while in the
1990s and 2000s, 55 and 47 were observed, respectively. Thus, there was a trend of increasing flood
occurrences over the last two decades. The statistical analysis of the number of events showed that
p = 0.009. Thus, the data used have values p < 0.05 and are statistically significant.

Figure 5 presents the seasonal distribution of flood events. The statistical analysis proved that
October contained the most flood events (42). High values of flood occurrences were observed in
March (35), in June (11) and in November (10). In October, the number of flood events was four-times
higher than in June and November.
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Figure 4. The annual distribution of flood events from 1979–2010.

Figure 5. The monthly distribution of flood events during 1979–2010.

On the other hand, substantial differences appeared in the temporal distribution of the flooded
area (Figure 6). It reached its maximum value (87.4 km2) in 1987. Additionally, relatively high values
were calculated in the years 1994 (69.5 km2) and 1997 (64.8 km2). The p-value was found to be 0.01,
and thus, the data used were statistically significant. Regarding the seasonal distribution of flooded
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area (Figure 7), it reached its maximum value (136.5 km2) in November. It presented relatively high
values in March (83.2 km2) and October (73.1 km2).

Figure 6. The monthly distribution of the flooded area during 1979–2010.

Figure 7. The monthly distribution of the flooded area during 1979–2010.

55



Land 2018, 7, 106

4.2. Temporal Distribution of Damages

Concerning the type of damages, their temporal and seasonal distributions are presented,
respectively, in Figures 8 and 9. It is important to note that no human casualties were observed
during the studied period. The values of economic damages were low during the studied period and
reached the maximum value (3) in the years 1987, 1990 and 2010 (Figure 8). Similarly, their monthly
distributions had relatively low values. The maximum value (4) of economic damages was recorded in
March (Figure 9).

Figure 8. The annual distribution of type of damages in the study area during 1979–2010.

Figure 9. The monthly distribution of the type of damage.
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On the contrary, the values of rural land use were the highest among all the types of damages
(Figure 8). It reached its maximum value (37) in 1994, while it had relatively high values in the years
1987 (33) and 2002 (17). October was the month with the most records (34) in this type of damage
(Figure 9). Additionally, high values were observed in March (12) and June (11). The maximum value
(10) of the property damages was recorded in 2005 (Figure 8). March included the most number of
property damages (17), while relatively high values (Figure 9) were recorded in October (six).

Figures 10 and 11 show the temporal and monthly distribution of categories of damages in the
study area. The maximum value (10) of the very high category was observed in 2005, whilst its
relatively high values were recorded in the years 1979 (three) and 1987 (three). Moreover, this category
reached its maximum value (10) in June; a relatively high value (four) was calculated in November.
The high class of damages reached its maximum value (six) in 1987 and a relatively high value (three)
in the year 1994. March contained most records (five) of this class, and a high value was computed
in October. The medium class reached its maximum value (24) in 1994, and a high value (12) was
observed in 1987. The month with the most records (28) of this class was October; while a high
value (13) was calculated in March. The annual and monthly maximum values of the low damages
were observed in the year 1987 (14) and in March (13). Finally, the maximum value of the unknown
class was recorded in the year 2002 (17).

Figure 10. The annual distribution of categories of damages in the study area during 1979–2010.
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Figure 11. The monthly distribution of categories of damages during 1979–2010.

4.3. Spatial Distribution of Flood Events

The drainage basin of Pinios River were divided into seven sub-basins, which were: (a) the upper
reaches of Pinios River; (b) Trikala-Neochoritis River; (c) Karditsa-Enippeas River; (d) Larisa-Karla;
(e) Tempi Valley; (f) Titarisios River; and (g) the lower reaches of Pinios River. The spatial distribution
of flood events in each drainage basin was examined. Table 2 shows the spatial distribution of flood
events expressed as the number of events per drainage basin during the studied period. The most of
floods were located in the drainage basin of Karditsa-Enippeas River.

Table 2. Spatial distribution of flood occurrences in each drainage sub-basin of the study area during
the period 1979–2010.

Sub-Basin Number of Floods

Upper reaches of Pinios River 4
Trikala-Neochoritis River 21
Karditsa-Enippeas River 63
Larisa-Karla 33
Tempi Valley 6
Titarisios River 7
Lower reaches of Pinios River 12

The mapping of the marshy area and lakes of the study area was based on the topographic map of
1881. They covered an area of about 161 km2. Moreover, according to [36], two paleo-lakes existed in
the study area during the Quaternary. The former marshy areas and lakes along with the boundaries
of two paleo-lakes were compared with the historic flood events (Figure 12).
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Figure 12. Marshy areas, lakes, paleo-lakes and lowest and flattest areas vs. flood occurrences in each
drainage sub-basin of the study area during the period 1979–2010.

In the drainage basins of Trikala-Neochoritis River and Larisa-Karla, many flood events (12 events)
were located in marshy areas, Lake Karla and paleo-lakes. In the drainage basin of Karditsa-Enippeas
River, many floods (eight events) were located in or near marshy areas and Lake Xinias. In the drainage
basins of Titarisios River and the lower reaches of Pinios River, few floods (two events) were located in
or near marshy areas and Lake Askouris. Finally, in the drainage basins of the upper reaches of Pinios
River and Tempi, no floods were associated with marshy areas.

The intersection of areas with an elevation <100 m, slope <5◦, aspect = −1◦and curvature = 0
is shown in Figure 12. The lowest and flattest areas were mainly located in the drainage basins of
Trikala-Neochoritis River, Larisa-Karla and the lower reaches of Pinios River. In the drainage basins of
Trikala-Neochoritis River and Larisa-Karla, they were mainly located in the areas where the former
marshy areas and lakes were located. Regarding the spatial distribution of flood events, many flood
events (61 events) were located in these areas.

5. Discussion and Conclusions

In the present study, the historical flood database of Greece and the old topographic maps of
1881 were used. These data were combined in a GIS environment to analyze the temporal and spatial
distribution of flood events. The study area was the drainage basin of Pinios River, in Thessaly,
central Greece.

The database contains floods that occurred between 1979 and 2010. A total number of 146 flood
events were recorded in the drainage basin of Pinios River during this period.

The number of flood events reaches its maximum value (38) in the year 1994 (Figure 4). This may
be related to flood events that occurred on 21–22 October 1994. No information about the causes
of flooding, the flood mechanism and characteristics along with the maximum distance of the flood
were included in the historic database. According to [55], this flood was caused by a severe storm.
This intense storm caused flooding along the Pinios River and its tributaries, as well as inundation of
agricultural and residential areas.
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The statistical analysis showed that the data used are statistically significant. The number of flood
occurrences shows a rising trend during the period 1990–2010. The study of the monthly distribution
of the events demonstrates that October contains the most flood events, while March is the second
month with many flood records (Figure 5).

Regarding the flooded area, it reaches its maximum value (87.4 km2) in the year 1987 (Figure 6).
This is attributed to flood event that occurred on 24–27 March 1987. The flood of March 1987 was caused
by intense rainfall that produced direct runoff, as well as snowmelt. The water level of the Pinios
River measured during the flood event exceeded 6.3 m in Kalamaki Valley and 8.0 m at Tempi Valley
when the normal water level was less than 1 m in both locations (Figure 1b). Owing to the narrow
riverbed at both locations (Kalamaki and Tempi), significant parts of the Thessaly plain upstream of
each location were inundated [56].

Although October is the most flood-prone month, substantial differences appear in the monthly
distribution of the flooded area. It reaches its maximum value (136.5 km2) in November (Figure 7).
This difference may be related to several reasons such as the difference in storm characteristics.

In the study area, the economic damages have low values. The type of damage with the most
records is the rural land use. The maximum value is recorded in the year 1994, while the month with
the maximum value is October (Figures 8 and 9). According to [55], during the flood of 21–22 October
1994, more than 70 houses in about 20 communities were totally destroyed by the flood, more than 200
suffered severe damage and another 90 minor damage, whereas 80 km2 of agricultural land (cotton
fields) were flooded. Concerning the property damages, the maximum value is observed in the year
2005, while March contains the most events (Figures 8 and 9). A flood event occurred in the study area
on 16 June 2005, which caused serious damage to infrastructures and properties.

Regarding the class of damage, no human casualties were recorded in the study area between
1979 and 2010. According to [57], the most destructive events regarding human victims occurred
in the city of Trikala in 1907. This flood caused at least 200 fatalities. Thus, the classification of the
total damages is based on the amount of monetary compensation and flooded area of the historical
flood events. The annual maximum value of the very high class is observed in the year 2005, while its
monthly maximum value is recorded in June (Figures 10 and 11). This fact is related to the flood
event of 16 June 2005. The amount of monetary compensation was 1,027,146 euros and was given for
damages to infrastructures and properties [43]. The maximum value of the high class is recorded in
the year 1987, and the maximum value of its monthly distribution is observed in March. This may be
related to the flood event of 24–27 March 1987. Finally, the medium class has its maximum values in
the year 1994 and in October, and this is related to the flood event of 21–22 October 1994.

The study area was divided into seven sub-basins to examine the spatial distribution of flood
events (Table 2). The most occurrences are recorded in the southern part of the study area and
specifically in the drainage basin of Karditsa-Enippeas River. Moreover, increased clustering of flood
events is observed in the drainage basin of Larisa-Karla.

Old topographic maps of 1881 and bibliographic data were used to examine the relation of the
paleo-environment of Pinios River with the spatial distribution of floods. The old topographic maps
show earlier marshy areas and lakes, which nowadays, have dried up. According to [36], paleo-lake
systems were located in the drainage basin of Pinios River during the Quaternary. One paleo-lake
was located in the western part of the study area. Another, lower altitude paleo-lake, which was
not connected to the previous one, was in the eastern part. During the Quaternary, the weathering
of the carbonate rocks led to the connection of independent paleo-environments, and the Pinios
River emerged. There is a certain amount of clustering of flood events in the areas of former
marshes, lakes and paleo-lakes, which are located in the drainage basins of Trikala-Neochoritis River,
Larisa-Karla and Karditsa-Enippeas (Figure 12).

In the study area, drainage and irrigation works along with levees were built 90 years ago,
to protect it from flooding. However, incidents of annual flood events are reported in specific areas,
and still, floods remain a big problem in the region [58]. Figure 12 presents the sites with earlier marshes

60



Land 2018, 7, 106

and lakes, which are located in the lowest and flattest parts of the study area. The locations with
earlier marshes and lakes are characterized by gentle slopes with low elevation and form the bottom
of the drainage basin of the drainage network. These areas are developed mainly over semi-permeable
or impermeable formations. The underlying geology and soil type affect the quality and the rate of
infiltration. More specifically, the sediments within these wetlands may consist of materials such as
clays and fine sands. These materials create a saturated layer on the surface during intense rainfall.
Therefore, the specific runoff may be unable to further infiltrate the surface water into the subsurface.
Consequently, these specific locations are sites where surface water runoff naturally collects and
can lead to floods. Although, the wetlands and lakes have dried up, the morphology of the relief
in these areas has not changed, causing flooding. According to studies carried out in other similar
regions [35,52], the drainage basins that were 15% covered by wetlands had a flooding supply of
60–65% more than those not bearing wetlands. Consequently, drying up of the marshy areas and lakes
of the region has strongly favored the flood events in the drainage basin of Pinios River.

The low and flat areas are located in the central, south-eastern and coastal part of the study area
(Figure 12), and they contain many flood events. Usually, when a flood occurs, the lowest and flattest
areas will be flooded first. Thus, these locations are areas prone to flood. This lowland morphology of
the plain and the narrow passages along the river course such as Kalamaki, Rodia and Tempi gorges
are the main reasons for the flooding [58]. According to [55], other reasons favoring the flood genesis
due to human activities are some bridges with inadequate heights that are across the river and the
construction by the farmers of “handy” barriers in the river channel for storage of irrigation water.

Endogenic processes such as active tectonics of the study area probably will not affect the flooding
hazard in the near future. On the other hand, exogenic processes such as climate changes are capable
of influencing future flood occurrences. Possible climate changes will cause sea level rise. Different
scenarios were produced by the Intergovernmental Panel on Climate Change (IPCC), which predicts
sea level rise from 0.3 to about 1.0 m until 2100 [59]. The possible sea level rise will increase the flood
risk in the coastal area of the study area.

The historic flood data and old topographic maps provide valuable information for land use
planning at a regional scale, leading to the determination of the safe and non-safe areas for urban
activities [60]. The proposed methodology estimates the localization of sites prone to flood, and it
may be utilized for flood hazard assessment mapping and for flood risk management. In areas prone
to flooding, the appropriate land use planning along with the selection of the proper constructions
are essential to prevent and mitigate the consequences of flood hazard occurrence. Consequently,
proper land use for specific areas (i.e., parks, residential areas, etc.) may be determined. Additionally,
construction of flood control works such as dams and levees, ponds, lakes and lagoons may be selected.
Thus, planners, engineers and policy makers may use the applied approach for new and existing land
use planning projects and for floodplain management.
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Abstract: Flooding in the rapidly urbanizing city of Birendranagar, Nepal has been intensifying,
culminating in massive loss of life and property during July and August 2014. No previous studies
have monitored underlying land-cover dynamics and flood hazards for the area. This study described
spatiotemporal urbanization dynamics and associated land-use/land-cover (LULC) changes of
the city using Landsat imagery classifications for five periods between 1989 and 2016 (1989–1996,
1996–2001, 2001–2011, 2011–2016). Areas with high flood-hazard risk were also identified on the
basis of field surveys, literature, and the Landsat analysis. The major LULC changes observed were
the rapid expansion of urban cover and the gradual decline of cultivated lands. The urban area
expanded nearly by 700%, from 85 ha in 1989 to 656 ha in 2016, with an average annual growth rate
of 23.99%. Cultivated land declined simultaneously by 12%, from 7005 ha to 6205 ha. The loss of
forest cover also contributed significantly to increased flood hazard. Steep topography, excessive land
utilization, fragile physiographic structure, and intense monsoonal precipitation aggravate hazards
locally. As in Nepal generally, the sustainable development of the Birendranagar area has been
jeopardized by a disregard for integrated flood-hazard mapping, accounting for historical land-cover
changes. This study provides essential input information for improved urban-area planning in
this regard.

Keywords: urbanization; flood; remote sensing/GIS; Birendranagar; Nepal

1. Introduction

Hazards, defined as natural or human-induced activities that elevate the probability of material,
social, or natural loss [1], are typified by the nexus of uncontrolled urbanization in contexts susceptible
to natural flood, landslides, and earthquakes in Nepal. Here, urbanization is understood as processes
leading toward increased population density, socioeconomic activities, and expanded built up areas
and associated infrastructures [2]. Natural hazards and urbanization can interact to amplify land-use
change, such as that negatively affecting agricultural areas [3,4]. In hazardous areas, including newly
formed urban areas, land management and planning that would enhance resilience depend therefore
on an understanding of those land-use/land-cover change (LULC) patterns that accentuate latent
hazards [5].

Floods are the most common and devastating natural hazards [6] on a global scale and have been
increasingly frequent and devastating since the mid-20th century [4]. Of all flood events recorded
between 1950 and 2011, most have occurred during recent decades. Some 2% occurred during the
1950s, rising rapidly each decade thereafter to 3.9%, 6.6%, 13.2%, 21.9%, and 52.2% for the 1960s,

Land 2018, 7, 60; doi:10.3390/land7020060 www.mdpi.com/journal/land65



Land 2018, 7, 60

1970s, 1980s, 1990s, and 2000s, respectively [7]. Flood events also accounted more than two-third of all
hydrological disasters during 2012–2014 [8] and 90.9% during 2015–2016 [9]. Flood hazards are global
occurrences, yet associated economic damage and fatalities concentrate disproportionately among the
continents [7]. Due to favorable geomorphological, metrological, and anthropogenic factors [10], more
than 60% of the total economic and human losses during the period 1950 to 2011 were concentrated in
Asia [7]. South Asia accounts for 33% of all Asian floods, 50% of associated fatalities, and 38% of the
effected regions. As a proportion of South Asian totals, Nepal accounts for 7.2% of fatalities, 7.4% of
the total victims, and 3.1% of economic losses, thereby ranking the country after India, Bangladesh,
Pakistan, and Afghanistan [11]—8th globally in terms of flood fatalities [12] and 30th globally in terms
of flood-hazard risk [13]. Of the five million Nepalese effected by natural hazards between 1971 and
2007, 68% were flood-related [14]. Between 1982 and 2014, nearly 9000 Nepalese lost their lives in flood
and landslide events [15,16]. The Koshi flood event during 2008 affected 65,000 people and 700 ha of
fertile land in the eastern lowland Tarai region [17]. In August 2017, floods affected 35 districts and
destroyed 190,000 homes, fully or partially, with total economic losses estimated at $584.7 million [18].
While flooding in Nepal is triggered by monsoonal rainfall, steep and erosive topography, and wide
catchments [4,19], its frequency and intensity increased largely due to increasing anthropogenic factors,
namely, improper land-use, poorly-planned urbanization, deforestation, and settlements along river
banks [20].

The study area, Birendranagar city of Nepal’s Surkhet district, is rapidly urbanizing due to high
rates of migration. Locals have migrated to the city in the quest of better quality of life and opportunities
in the formal and informal markets [21], resulting in a 720% urban population growth rate for the
period 1982–2015 (Table 1). It is a major socioeconomic hub and administrative center and an important
gateway to Karnali zone, as well as a migrant-receiving area, mainly from the Dailekh district and the
Karnali zone. Urban development has been haphazard due to deficient urban plans/policies and weak
implementation. New and expanding urban settlements are characterized as spatially dispersed or
discontiguous, and frequently arise over prime farm lands surrounding historic Birendranagar city.
These urban areas, collectively defining Birendranagar city, are frequently devastated by annual
flood events affecting transportation networks, and other infrastructure (e.g., bridges, markets),
livelihoods, fatalities (numbering 38 in 2014 [16]), and soil erosion and transport to neighboring
districts (27,092.94 Mt) of soil annually [22]. Despite their frequency, or perhaps because of their
frequency, such events struggle to sustain the attention of policymakers [4]. Resilience is a vital tool
with which to reduce the vulnerability [23]; however, the integration of flood-hazard risk management
in regional plans and policies is hindered due to the lack of routine-based researches. Urban planning
and flood hazard management to address these issues is inadequate, in part due to the lack of reliable,
updated spatial databases.

Table 1. Population of Birendranagar city.

Year 1981 1991 2001 2011 2015

Population 13,859 22,973 31,381 93,718 100,458

Source: Central Bureau of Statistics (CBS), 2014.

To this end, this study uses remote sensing and GIS techniques to observe LULC changes and
identify flood-risk hazards underlying the urbanization of Birendranagar city. This research will
remain as an important benchmark for Nepalese planners/policymakers and land-change researchers,
since its insights and outputs may serve as essential inputs for sustainable land-use plans and strategies
for flood-hazard mitigation.
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2. Method

2.1. Study Area

Nepal, like the focal region of this study, is increasingly urban. Nationally, the urban population
grew from 2.9% of the general population in 1952/54 to 17.1% in 2011 [24] to more than 50% by 2017 [25].
Urban centers similarly increased in number from 10 to 58 over this period, and to 292 following after
the local level reconstruction in 2017. Urbanization has been driven largely by internal migration,
in turn sustained by regionally unequal development and economic opportunities [21,26]. Nepal
experienced decade long political armed conflict during 1996–2006 [27,28], which displaced or
otherwise spurred the migration of rural dwellers to growing cities in search of security. As the
conflict subsided by 2006, several development activities were advanced throughout the country [29],
again concentrating largely in select urban areas. Coincidentally, a peri-urban land market boom
resulted in rapid, disorganized settlement expansion at the expense of arable lands [21,29].

The study area, Birendranagar city is the capital city of Karnali Province (Figure 1). After the
reclassification of local administrative units as mandated by the New Constitution of Nepal, 2015,
the former Village Development Committees (VDCs) were consolidated as Birendranagar city. This city
spans 24,582 ha area and is divided amongst 16 wards housing 100,458 residents as of 2015 (Table 1) [24].

 

Figure 1. Location Map of the study area.

The Birendranagar city spans Nepal’s sub-Himalayan and lesser-Himalayan zones, which are
characterized by a warm-moist temperate, hot-dry sub-tropical, warm-dry sub-tropical, and cool-moist
temperate climates, with annual temperatures ranging from 10 ◦C to 30 ◦C [22]. Elevation ranges from
380 to 2224 MASL. Birendranagar city receives intensive monsoonal precipitation, mainly between
June and September, causing flooding and soil erosion, including along river banks. The study region
is composed of fluvio-lacustrine sediments (sand, silt, clay, cobbles, and pebbles) deposited from the
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northern and southern parts of Siwalik Hills. Hard rocks in the region are comprised of sedimentary,
meta-sedimentary, and metamorphic rock.

2.2. Extraction of LULC Change

Remote Sensing (RS) and Geographic information System (GIS) are successfully applied in
various fields. They are effectively used for the LULC analyses [4,30–34], and flood area mapping.
Multi-temporal time series of Landsat images [35] is capable of exploring accurate [36] LULC dynamics
in specific time and space [21].

A city level land-use/land-cover (LULC) change analysis was realized by classifying time-series
Landsat satellite imagery for 1989, 1996, 2001, 2006, 2011, and 2016. Atmospherically-corrected and
maximal cloud-free Landsat images were sourced from United States Geological Survey (USGS) data
portal (https://earthexplorer.usgs.gov). All scenes were verified for geometric accuracy, and data were
projected on to UTM 44N (WGS 1984). For land-cover classification, six images with path/row 144/40
were selected for analysis. A “region of interest” (ROI) boundary representing municipality level study
area was delineated for the classification. ENVI software was used to stack, subset, and classify the
Landsat images via a maximum-likelihood (ML) algorithm [21,37,38]. A supervised approach with the
ML-classifier algorithm was applied for the extraction of LULC. The land-cover classification system
as recommended by Anderson et al. 1976 [39] was taken into consideration to classify the LULC and
mainly seven LULC classes: urban/built-up, cultivated land, forest, shrub, sand, water, and others
were identified (Table 2). Google Earth images (http://earth.google.com) and topographical maps
from Survey Department, Government of Nepal (scale 1: 50,000) [40] were used to verify the LULC
results. LULC transitions between each observation year were assessed using land change modeler
(LCM) of TerrSet software developed by Clark Lab (www.clarklabs.org). Socioeconomic information
on the drivers of urbanization were obtained from Central Bureau of Statistics [24] and use of Surkhet
district profile [22].

Table 2. Land-cover classification scheme.

Land-Cover Types Description

Urban (built up) Urban and rural settlements, commercial areas, industrial areas, construction areas,
traffic, airports, public service areas (e.g., schools, colleges, hospitals)

Cultivated land Wet and dry crop lands, orchards
Forest Evergreen broad leaf forest, deciduous forest, scattered forest, degraded forest
Shrub Mix of trees (<5 m tall) and other natural covers
Sand Sand area, other open field area, river bank
Water River, lake/pond, canal, reservoir
Others Cliffs/small landslide, bare rocks,

2.3. Identification of Flood Hazards

Areas of relatively acute flood hazard were further identified through field verification and
informal surveys of local people during a field visit in 2014. High-hazard areas were geo-located using
a GPS, and post-hazard observations were realized using high-resolution images of Google Earth.
Contextual information was derived from the disaster reports of the National Planning Commission
(NPC) [41] and the Ministry of Home Affairs (MoHA) [13,18], with additional information were
garnered from the District Development Committee (DDC) [22]. Precipitation data for Birendranagar
station were sourced from Department of Hydrology and Meteorology [42].
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2.4. Urban/Built-Up Area Expansion Rate

Total urban area was estimated each observation year to measure the rate of urban
expansion [21,37]. The rate of urban expansion describes the average annual growth of urban area
during a given period, thus

BER = (B2 − B1)/(T2 − T1) ∗ 100 (1)

in which BER implies the urban expansion rate (ha/year), and B1, B2 refers to the urban area (ha)
between times T1, T2 in years.

2.5. Classiifcation Accuracy Assessment

The verification of each Landsat classifications was realized with reference to high-resolution
satellite imagery in Google Earth (http://earth.google.com), 1:50,000 scale topographical maps from
the Nepalese Survey Department [40], and GPS points collected during the field visit, with the mixture
of these reference data varying by classification year. Over the all-time periods of 1989–2016, some
350 sample points were interpreted across the city. Points were distributed via stratified random
sampling method, with at least 50 points for each land-use/cover class. The overall accuracy, user’s
accuracies, and producer’s accuracies were obtained for each observation year [21].

3. Result and Discussion

3.1. Land-Use Land-Cover Change between 1989 and 2016

The overall accuracies obtained for respective years were 83%, 82%, 85%, 85%, 84%, and 86% in
the city. Over the 27 years of observation, the predominant LULC changes were (a) the rapid increase
in urban cover after 2001, and more gradual increase in shrub lands; (b) the simultaneous losses of
cultivated lands, as well as the steady but lesser decline in forest cover (Table 3, Figures 2 and 3).

During 1989–2016, urban area increased 571 ha, from 85 ha to 656 ha, with an average annual
growth rate of 23.99% (Figure 2). Virtually all urban growth occurred after 2001; urban area was steady
until 2001, but more than doubled between 2001 and 2006, from 113 ha to 289 ha. The decrease in
cultivated lands paralleled this growth of urban areas in both timing and areas (Figure 2). Cultivated
lands have declined 800 ha since 1989, from 7005 ha to 6205 ha. The increases in sandy areas and water
after 2011 are mainly associated with the major flood events during 2013 and 2014.

Cultivated land was the major source of the newly expanded urban area. During 1989–1996, with
the annual urban growth rate of 0.67%, urban area increased slightly by 4 ha, of which 75% (3 ha) was
previously cultivated land. Subsequently, during the period 1996–2001, 24 ha new urban area was
established (5.4% growth rate), 98% of which was cultivated previously (Figure 3). Between 2001 and
2006, all 176 ha of new urban cover occurred over cultivated lands (31% growth rate). The period
2006–2011 experienced unprecedented 295 ha of urban growth (20% growth rate, with 97% sourced
from cultivated). This conversion rate continued for the last period, 2011–2016, despite its urban
growth rate dropping to only 72 ha (2.5%).

Similar to the replacement of cultivated lands by expanding urban areas, forests have been steadily
replaced by expanding shrub lands as economic development proceeded, aggravating flood hazard.
The inflow of migrants to Birendranagar city and encroachments upon forest areas accelerated after
the eradication program of malaria regionally in 1958. Forests were felled to supply resources for
the development of Indian railway line, and subsequent development activities widely provoked
deforestation and forest degeneration [43]. Also, devastating practices of deforestation under the Rana
regime (1846–1951) were continued under the subsequent Panchayat system (1960–1990). More recently,
the protection of forest cover to safeguard environmental integrity and ecological functions such as
hydrological flow and flood protection has been prioritized in vulnerable regions like Birendranagar.
The national government has launched various community-based forest management plans and
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President Chure-Tarai conservation program to maintain current forest cover. These efforts likely
contributed to the cessation of forest loss after 2006 in Birendranagar following earlier losses (Figure 2).

Table 3. LULC change of Birendranagar city during 1989–2016 (Area in ha).

LULC 1989 1996 2001 2006 2011 2016 1989–2016

Urban/built up 85 89 113 289 584 656 571
Cultivated 7005 6958 6935 6794 6371 6205 −800

Forest 13,703 13,482 13,406 13,341 13,494 13,342 −361
Shrub 3281 3566 3640 3644 3608 3798 517
Sand 276 258 253 272 274 324 48
Water 140 140 129 129 157 157 17
Others 91 89 105 111 95 99 8
Total 24,582 24,582 24,582 24,582 24,582 24,582
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Figure 2. LULC change trend during 1989–2016. (a) Urban/built-up, (b) cultivated Land, (c) forest,
(d) shrub (e) sand and water body, and (f) others.
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Figure 3. LULC change Maps of 1989 to 2016.

Nepal’s New Constitution of 2015 mandated the reconstruction of all administrative areas and
their reclassification within the federal administrative hierarchy. Birendranagar was declared the
capital of Karnali Province. Hence, its recent history of urbanization is expected to continue as new
governmental investments in economic and infrastructure development attract additional migrants.
A ring road around the city, currently under construction, is expected to enhance the industrial,
commercial, and development activities and thus to provoke urbanization and LULC change widely
in the near future [44].

3.2. Flood Area Analysis

The Siwalik (Churiya) range and the southern slopes of the Mahabharat range are highly prone to
geo-disasters [14,45] due to their fragile geology, steep slopes, and intense monsoonal precipitation
during June through September (Figure 4), causing regular landslides and debris flow along creeks
and steep slopes [20]. The highest average monthly rainfall was 488.77 mm and 428.64 mm for July and
August, respectively, between 2000 and 2015 [42]. The southern belt of Churiya region and mid-hills
are especially subject to intense rainfall from monsoonal low-pressure systems entering from the Bay
of Bengal. The topographical slope of the study area ranges from below 4 degrees in the valley plain
to 48 degrees in the Mahabharat range (Figure 5). The rocky soils cannot absorb intense rainfalls,
resulting in major overland runs-off carrying soil and debris that have caused significant economic
and human losses as urban expansion and deforestation have proceeded [41]. New settlements and
urban expansion along river banks have disturbed river channels and drainage system. Deforestation
and sand/gravel mining on the Siwalik range and upstream river beds have aggravated landslide
hazards during the dry seasons. The major erosive and destructive forces of swollen rivers, which
locals claim have increased in recent decades, dissipate only once steep riverine channels give way to
gentler slopes, frustrating potential geo-engineering solutions to flood disasters.

71



Land 2018, 7, 60

 

0

100

200

300

400

500

600

Figure 4. Trend of monthly mean rainfall of Birendranagar station during 2000–2015.

 

Figure 5. Slope Map of the Study Area.

Surkhet district is affected annually by monsoonal flood events, the impacts of which have
been increasingly devastating in recent decades. During August, 2014, more than 12,385 people
from 2327 families were displaced [46], 1581 houses were washed away, 301 houses were damaged,
15 government schools were destroyed, and 31 more were damaged, resulting in the economic
loss of NRs 6 billion. Additionally, 411 irrigation projects, 99 drinking water schemes, 11 child
development centers, and 663 ha of forest were swept away [43]. Latikoili, Ghatgaun, Satakhani,
Chinchhu, Lekhparajul, Hariharpur, Babiyachaur, Tatapani, Taranga, Dharapani, and Kunathari
settlements were the most affected areas [46]. Birendranagar city was particularly highly affected
by the flooding [44] on Khorke River (Figure 6) and Itram River (Figure 7). This 2014 flood not only
impacted the settlements and cultivated area, but also claimed human lives.
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Figure 6. River bank erosion and sediment transportation by Khokre River (photo taken by author,
2014).

 

Figure 7. Affected infrastructures from the floods in the Itram River (photo taken by author, 2014).

Our survey of flooding events highlighted that the floods along the Neware river, Gagre river,
Geruwa river, Tuni river, Dwari river, and Dundra river also effected the nearby settlements and farm
lands. This study has identified several settlements and cultivated lands along these river banks that
are at high risk of flood hazards, which are presented in Figure 8.
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Figure 8. Flood hazard map.

4. Conclusions

The study describes the LULC changes and urbanization process surrounding Birendranagar city
during 1989–2016 using Landsat imagery and extensive consultations with local residents and officials.
It highlights the rapid expansion of urban/built-up area from 2001. Urban areas have expanded
most aggressively over fertile farm lands and become agglomerated within the flood-prone valley,
particularly along Surkhet-Jumla-Karnali Highway and cross sectional roads. Forest conservation
programs have helped slow deforestation during the last two decades. While wider reforestation
measures are probably required to counter soil erosion and downstream transport during monsoons,
this alone is probably insufficient to reduce flood hazard to reasonable levels. New settlements
and cultivated lands established along river banks have especially high monsoonal flood hazards.
Therefore, careful sustainable urban planning, migration control, and redirection measures, as well as
flood hazard management and monitoring programs, are also required. Flood hazard management
and monitoring strategies are not yet explicitly incorporated into local urban development plans,
let alone regional land-use plans [47]. Indeed, much recent urban development has been informal
or otherwise not subject to specific plans and zoning. Addressing the challenges of flood hazard
mitigation in Nepal is thus fundamentally a challenge of instituting good governance practices based
on solid empirical foundations, whereby development is subject to local zoning plans and laws.
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Abstract: The geological, geomorphic conditions of a mountainous environment along with
precipitation and human activities influence landslide occurrences. In many cases, their relation to
landslide events is not well defined. The scope of the present study is to identify the influence of
physical and anthropogenic factors in landslide activity. The study area is a mountainous part of the
northern Peloponnesus in southern Greece. The existing landslides, lithology, slope angle, rainfall,
two types of road network (highway-provincial roads and rural roads) along with land use of the
study area are taken into consideration. Each physical and anthropogenic factor is further divided
into sub-categories. Statistical analysis of landslide frequency and density, as well as frequency and
density ratios, are applied and combined with a geographic information system (GIS) to evaluate
the collected data and determine the relationship between physical and anthropogenic factors and
landslide activity. The results prove that Plio-Pleistocene fine-grained sediments and flysch, relatively
steep slopes (15◦–30◦) and a rise in the amount of rainfall increase landslide frequency and density.
Additionally, Plio-Pleistocene fine-grained sediments and flysch, as well as schist chert formations,
moderate (5◦–15◦) and relatively steep slopes (15◦–30◦), along with the amount of rainfall of >700 mm
are strongly associated with landslide occurrences. The frequency and magnitude of landslides
increase in close proximity to roads. Their maximum values are observed within the 50 m buffer
zone. This corresponds to a 100 m wide zone along with any type of road corridors, increasing
landslide occurrences. In addition, a buffer zone of 75 m or 150 m wide zone along highway and
provincial roads, as well as a buffer zone of 100 m or 200 m wide zones along rural roads, are strongly
correlated with landslide events. The extensive cultivated land of the study area is strongly related to
landslide activity. By contrast, urban areas are poorly related to landslides, because most of them are
located in the northern coastal part of the study area where landslides are limited. The results provide
information on physical and anthropogenic factors characterizing landslide events in the study area.
The applied methodology rapidly estimates areas prone to landslides and it may be utilized for
landslide hazard assessment mapping as well as for new and existing land use planning projects.

Keywords: landslides; geographic information system (GIS); frequency ratio; density ratio; human
activities; land use planning
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1. Introduction

Landslides are physical phenomena, active in geological time. They have affected the natural
environment and existing biota since even before the appearance of man on Earth. Nowadays, they are
considered as one of most significant natural hazards worldwide. Frequently, their associated
consequences have adverse long-term effects. When these consequences have a major impact on
human life and activities, they become natural disasters [1].

Mass movements are identified as the movement of a mass of soil, rock, debris or earth down a
slope [2]. They can include falls, topples, slides, spreads and flows. These phenomena are part of the
process of hill slope erosion which is responsible for the introduction of sediment into streams, rivers,
lakes, reservoirs and finally the oceans [3].

Landslides can be triggered by a variety of external factors, such as intense rainfall,
earthquakes and rapid stream erosion [3–9]. Additionally, human activities such as deforestation of
slopes, removal of slope support in road cuts, alteration of surface runoff paths, have become important
triggers for landslide manifestation [10,11].

Every year, landslides kill people and cause huge property damage in mountainous areas of
the world [11]. Kumar et al. [12] reported that in the Himalayas over 2000 landslides killed more
than 5000 people during 2013. In the USA, landslide events cause an estimated US$1–2 billion in
economic losses and about 25–50 fatalities annually [13]. In Italy, at least 263 people were killed by
mass movements during the period of 1990–1999 [14].

Much of Greece consists of hilly and mountainous terrain subject to landslide manifestation.
Therefore, landslide events are common phenomena and cause significant damage to road networks,
sections of urban areas and cultivated land [15–17].

Several physical process factors and human activities influence landslide activity. Landslides
in the future will most likely occur under geomorphic, geologic, and hydrologic conditions that
have produced past and present landslides. Types of bedrock, slope steepness, and precipitation
zones represent, respectively, geologic, geomorphic and hydrologic factors. Weak, incompetent rock
is more likely to fail than strong, competent rock; general steeper slopes have a greater chance
of landsliding, while rainfall is considered as an important factor in slope stability, almost as
important as gravity [2,3,11,15]. In addition, the frequency of landslide events commonly increases,
when man-made structures induce changes in mountainous environments [3]. Human settlements,
cut-and-fill construction for roads, the construction of buildings and railroads, changes in land cover,
and terracing for agriculture contribute to the conditions that lead to slope failure [18,19].

However, in most cases the influence of physical and anthropogenic factors in landslide
manifestations is not well known. Determination of the actual landslide zone induced by geologic,
geomorphic parameters and rainfall, along with human activities such as the road network,
urban and cultivated areas is an important tool for engineers, planners, and environmental managers.
This procedure is very useful to identify areas prone to landslide and assess landslide hazard, and it
is also a necessary step for land use and government urban planning policies worldwide [20–23].
Moreover, the determination of the landslide zone of disturbance is vital for road engineers who must
deal with the costly and sometimes life-threatening problems caused by road-induced landslides.
Realistic assessment of the impact of proposed transportation construction must be quantifiable as
road costs may be significantly increased by landsliding during construction [12,18,24].

During the last decades geographical information systems (GIS) and Earth observation (EO)
data have become integral tools for the evaluation of natural hazard events. These current geospatial
technologies are very useful for assessing future hazard occurrences and identifying the vulnerability
of communities to hazards. In this sense, GIS is an excellent tool in the spatial analysis of
multi-dimensional phenomena such as landslides [25–30].
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The scope of the present study is to identify the influence of physical and anthropogenic factors
on landslide occurrences. To accomplish this, existing landslides, lithology, slope angle and rainfall in
conjunction with two types of road network and land use were taken into consideration. Statistical
analysis and GIS are applied to process and evaluate the landslides and factors. Thus, the spatial
distribution of landslide frequency, magnitude and the association of lithology, slope, rainfall, roads and
land use with landslide occurrences in mountainous terrain were determined. The case study area was
a mountainous part of the northern Peloponnesus in southern Greece.

2. Study Area

The study area is located in the northern part of the Peloponnesus, in southern Greece (Figure 1a).
The region covers an area of about 194 km2 and its altitude varies from 0 to 1400 m. The morphology of
the area comprises southern mountainous land with very steep slopes reaching an altitude of 1400 m
a.s.l.; intermediate semi-mountainous land with lower altitudes and steep slopes; and a northern
coastal area of limited extent with low altitudes and gentle slopes. The drainage networks of the area
flow with a main direction from SW to NE and discharge into the Gulf of Corinth (Figure 1b).

 
(a) (b) 

Figure 1. (a) Location map of the study area; (b) the elevations of the study area, the drainage network,
the road network and the main settlements.

Climatologically, the study area is classified as Mediterranean, because of its coastal extension,
without considerable temperature variations. The annual precipitation is about 800 mm in the
mountainous part of the study area and about 550 mm at the lowlands.

The study area is located on the southern part of the Gulf of Corinth, and its landscape evolution
is controlled by the neotectonic action of the graben, which forms the gulf. The presence of Pleistocene
marine terraces in the northern part of the area proves that it has been affected until today by significant
neotectonic uplift. This fact has been clearly expressed by the intense seismicity of the Gulf of
Corinth [31].

The geological formations that crop out in the study area comprise both Neocene–Quaternary
deposits and alpine formations. Alpine formations from two Hellenic geotectonic zones
(Olonos–Pindos and Gavrovo–Tripolis) participate in the southern part of the study area. The study
area is constructed by: (a) Holocene alluvial deposits, talus cones and scree; (b) Plio-Pleistocene
sediments consisting of conglomerates such as clayey marls, marls, silty sands and sandstones;
(c) schist-chert formations (Upper Cretaceous–Eocene); (d) Cretaceous limestones; and (e) schist-chert
formations (Jurassic–Lower Cretaceous) [32].
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Therefore, the study area mainly consists of Neocene deposits and, as a part of the Corinthian
graben, it is characterized by intense neotectonic activity. Consequently, it is affected by many landslide
events. It is an appropriate case study area because it comprises small urban areas, where there is
still a potentiality of future urban growth and planning. Moreover the study area has often suffered
from the consequences of several landslides, which usually cause serious damage in inhabited areas,
road networks, and cultivated areas [33].

3. Materials and Methods

This study was carried out using the following:

• a topographic map (1:50,000 scale) from the Hellenic Military Geographical Service (HAGS);
• a satellite image via Google Earth, Landsat 7/Copernicus, with an acquisition date of July 2015;
• rainfall records from six stations, belonging to: (a) the Hellenic National Meteorological Service;

(b) the Ministry for the Environment, Physical Planning and Public Works; and (c) the Ministry of
Agriculture and Ministry of Development. These records referred to mean annual precipitation
for the period of 1975–2010;

• field work data involving observations on landslide sites.

A spatial database was created, and ArcGIS 10.0 software was used to process the collected data.

3.1. Landslide Inventory Map

The landslide inventory map compilation has involved the following steps: (a) landslides were
recorded from previous works [33]; (b) landslide locations were recognized on satellite images; (c) the
manifestations of landslide were verified and mapped by field work. The main scarp of every recorded
landslide during the field work was depicted in topographic maps at a proper scale and then digitized
as a polygon layer. According to Yilmaz [34], the scarp sampling strategy gives better results than the
point one. The landslides were used for the compilation of the landslide inventory map (Figure 2).
A number of 270 sites of landslide manifestation were examined throughout the study area, with a
varied size from 4130 m2 to 91,000 m2, having affected a total area of about 6.5 km2.

Figure 2. The landslide inventory map of the study area.
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3.2. Physical and Anthropogenic Factors

The occurrence of landslides is largely a function of the interaction of several factors such as
lithology, tectonic settings, geomorphological settings, earthquake, rainfall and human activities.
These factors, which are directly or indirectly related with the occurrences of landslides, are commonly
known as landslide-related factors [35–39]. In landslide susceptibility mapping studies, it is believed
that the accuracy of the results increase when numerous landslide-related factors are included in the
analytical process [40]. In many cases, this is usually difficult to do, because detailed data is hard to
find. The aim of the present work is to determine the influence of physical and anthropogenic factors on
landslide occurrences rather than the production of a landslide susceptibility map. Moreover, data for
all the aforementioned factors was not available. For these reasons, analyses in this study depend on
the physical factors which are lithology, slope angle and rainfall, while the anthropogenic factors are
the road network and land use.

Each factor is separated into sub-classes. The determination of the classes’ number as well as their
boundary values were based on: (a) the literature review [3,11,15–21,33–39]; (b) the extended field
observations in the framework of this study; and (c) personal experience from previous studies.

3.2.1. Lithology

Lithology is the main predisposing factor controlling landslide development. Different lithological
units have different engineering geological behaviors and they are very important in providing data
for landslide-related factors studies [3,36,39,40]. For the study area the geological formations were
digitized and unified according to their engineering geological behavior [20,32,33,35], in relation to
landslide manifestation. Thus, lithology includes five classes as follows: (a) fine, fine-coarse to coarse
and loose to semi-coherent Quaternary formations; (b) cyclothematic formations (Plio-Pleistocene
fine-grained sediments and Flysch sediments); (c) Plio-Pleistocene coarse-grained sediments;
(d) thin-bedded schist chert formations; and (e) moderate to thick bedded limestones (Figure 3).

Figure 3. The lithology of the study area consisting of: Quaternary formations (fine, fine-coarse to
coarse and loose to semi-coherent sediments), Cyclothematic formations (Plio-Pleistocene fine-grained
sediments and Flysch sediments), Plio-Pleistocene coarse-grained sediments, thin bedded schist chert
formations, and moderate to thick bedded limestones.

3.2.2. Slope Angle

The slope angle has an effect on slope stability, increasing the landslide hazard [35,39,40].
Contours with 20 m intervals and height points were digitized from topographic map (scale 1:50,000)
and saved as line and point layer correspondingly. A digital elevation model (DEM) was derived
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from the digitized elevation data using the 3D Analyst extension of ArcGIS, and the slope layer was
extracted from DEM. The slopes were classified into five classes: (a) <5◦, (b) 5◦–15◦, (c) 15◦–30◦,
(d) 30◦–45◦, and (e) >45◦ (Figure 4).

Figure 4. Map showing the spatial distribution of slopes of the study area.

3.2.3. Rainfall

Precipitation is a triggering factor for landslide occurrences [35,39]. The mean annual rainfall
of the area varies between 550.7 mm and 789.8 mm. The intensity of rainfall was not analyzed due
to lack of data. For the necessities of this study, the precipitation map was produced, using the data
of the main meteorological stations in the area and applying the Inverse distance weighted (IDW)
interpolation method. The distribution of representative rainfall depends upon the spatial distribution
of the stations and elevation [41]. The stations used are uniformly distributed in the study area both
hypsometrically and territorially giving accurate precipitation distribution.The precipitation map was
separated into three classes, i.e.,: (a) <600 mm, (b) 600 mm–700 mm, and (c) >700 mm (Figure 5).

Figure 5. Map showing the spatial distribution of rainfall of the study area.

3.2.4. Road Network

The artificial and natural parts of the slopes around a road network are more sensitive in landslide
manifestations [35]. The road network of the study area was digitized as a polyline layer using the
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topographic map. The complete road network included about: 24 km of highway, 322 km of provincial
roads, 389 km rural roads, and totaled about 735 km in length (Figure 6).

The proximity to the road network is often related to an increase of landslide occurrences,
so disturbance zones were created around the road network of the area. The creation of disturbance
zones is referred to using the GIS term ‘buffer’ zone along a road network using GIS software.
The classes of the buffer zones used in this analysis were: 10, 25, 50, 75, 100, 150, 200, 300 m and >300 m
(6). The buffer lengths were measured on both sides of road network and represent a zone that is twice
as wide as the value listed above. Therefore, a 100 m buffer describes a zone or swath 200 m wide
along the road. Two sets of the aforementioned buffer zones were created along the different road
types: one for highways and provincial roads and the other for rural roads.

Figure 6. Buffer zones of increasing length along the highway, provincial, and rural roads of the
study area.

3.2.5. Land Use

The land use of the study area was taken from the CORINE 2012 Land Cover (CLC) map,
Copernicus Program [42]. The program contains land cover data for Europe including land cover class
description at scale 1:100,000 published by the European Commission. The CORINE land use map
was classified as follows: (a) urban area, (b) cultivated area, (c) forest, (d) shrubby area, and (e) bare
area (Figure 7). The land use of the area was saved as polygon layer.

Figure 7. The land use of the study area.
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To predict landslides, it is necessary to assume that landslide occurrence is determined by
landslide-related factors, and that future landslides will occur under the same conditions as past
landslides [3,36]. For this reason, as a first step, the relative frequency of landslides was calculated.
The relative frequency is given from Equation (1):

FL = Ln/ΣLn (1)

where FL = the relative frequency of landslides, Ln = the number of landslide that located in each
category of the landslide-related factors, and ΣLn = the total landslide events of the study area.

The landslides were transformed from polygon layer to point layer to calculate the landslide
frequency. Thus, the number of landslide events, which were located in the classes of each factor was
then determined by using the Spatial Analyst Tools of ArcGIS 10.0.

The next step was the estimation of the landslide frequency by applying a frequency ratio statistical
analysis. This approach is based on the relationships between spatial distribution of landslides and
each class of the involved factors. According to Lee and Pradhan [36], the frequency ratio is the ratio
of the probability of a landslide event to a non-event for a given zone. The frequency ratio is estimated
by the following Formula (2):

FR = FL/AC (2)

where FR = the frequency ratio, FL = the relative frequency of landslides expressed in percentages,
and AC = the area ratio for each category to the total area in a percentage form.

Furthermore, to determine the magnitude of a landslide area, the relative density of landslides
was computed. The relative density of landslides is expressed by the Equation (3):

DL = La/ΣLa (3)

where DL = the relative density of landslides, La = the landslide area within each class, and ΣLa = the
total landslide area.

Consequently, the area of landslides within the classes of each factor was computed by using
spatial analyst capabilities. Similarly to landslide frequency, a density ratio statistical analysis was
applied to specify the relationship between landslide area and the landslide-related factors. The density
ratio is calculated according to the following mathematical operator (4):

DR = DL/AC (4)

where DR = the density ratio, DL = the relative density of landslides expressed in percentages,
and AC = the area ratio for each category to the total area in a percentage form.

4. Results

The statistical analysis described above allows discrimination of landslide frequency and
magnitude in each category of the adopted factors. The physical and anthropogenic factors, their
categories and the results of the statistical analysis are presented in Table 1.

Regarding the physical factors, Figure 8 shows the relative frequency (FL) and density (DL) of
landslide distribution in each lithological formation of the study area. The maximum of FL (64%)
and DL (61%) values are observed in the area underlain by cyclothematic formations consisting
of Plio-Pleistocene fine-grained and flysch sediments. Additionally, high FL (24%) and DL (28%)
values are presented in the Quaternary formations which consist of fine-grained to coarse-grained
loose sediments. These values are almost two times lower in Quaternary formations than ones in
cyclothematic formations. In Plio-Pleistocene coarse-grained sediments, the FL (10%) and DL (10%)
values are six times lower than in cyclothematic formations. Schist chert formations have very low
FL (1%) and DL (1%) values. The minimum of FR and DL values are observed in moderate to thick
bedded limestones.
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Table 1. The frequency (FR) and density (DR) ratio values of landslides into each category of physical
and anthropogenic factors, A = area of each category in m2, AC = the area ratio for each category to the
total area in a percentage form, Ln = number of landslide in each category, FL = the relative frequency
of landslides expressed in percentage, La = the landslide area within each class, and DL = the relative
density of landslides expressed in percentage.

Lithology A (m2) AC (%) Ln FL (%) FR La DL (%) DR

Quaternary formations 53,096,725 27 65 24 0.9 1,825,615 28 1.0
Cyclothematic formations 85,865,022 44 174 64 1.5 3,942,500 61 1.4

Plio-Pleistocene coarse-grained sediments 46,210,814 24 28 10 0.4 638,169 10 0.4
Schist chert formations 202,998 0.1 2 1 7.1 66,758 1 9.8

Limestones 8,754,203 5 1 0 0.1 10,947 0 0.0
Total 194,129,763 100 270 100 1.0 6,483,988 100 1.0

Slope angle (◦)
<5 14,298,664 7 3 1 0.2 125,782 2 0.3

5–15 71,833,677 37 124 46 1.2 2,827,163 44 1.2
15–30 90,318,029 47 136 50 1.1 3,369,873 52 1.1
30–45 16,176,882 8 6 2 0.3 154,197 2 0.3
>45 1,502,511 1 1 0 0.5 6974 0 0.1

Total 194,129,763 100 270 100 1.0 6,483,988 100 1.0

Rainfall (mm)
<600 16,282,886 8 15 6 0.7 340,982 5 0.6

600–700 112,873,296 58 155 57 1.0 3,349,098 52 0.9
>700 64,973,582 33 100 37 1.1 2,793,907 43 1.3
Total 194,129,763 100 270 100 1.0 6,483,988 100 1.0

Highway and provincial roads network buffer zone (m)
10 6,830,803 4 11 4 1.2 260,301 4 1.1
25 9,878,673 5 18 7 1.3 373,996 6 1.1
50 15,147,727 8 23 9 1.1 562,552 9 1.2
75 13,257,597 7 19 7 1.0 462,461 7 1.1
100 11,550,219 6 14 5 0.9 408,156 6 0.9
150 19,325,306 10 36 13 1.3 752,079 12 1.2
200 15,830,201 8 24 9 1.1 647,413 10 1.2
300 24,566,099 13 39 14 1.1 945,164 15 1.2

>300 77,743,138 40 86 32 0.8 2,071,866 32 0.8
Total 194,129,763 100 270 100 1.0 6,483,988 100 1.0

Rural roads network buffer zone (m)
10 7,728,922 4 15 6 1.4 392,238 6 1.5
25 11,367,074 6 28 10 1.8 563,374 9 1.5
50 18,040,789 9 48 18 1.9 866,394 13 1.4
75 16,592,806 9 32 12 1.4 746,290 12 1.3
100 15,128,865 8 23 9 1.1 605,058 9 1.2
150 26,430,630 14 35 13 0.9 838,841 13 0.9
200 21,657,810 11 24 9 0.8 610,802 9 0.8
300 30,320,688 16 31 11 0.7 812,673 13 0.8

>300 46,862,180 24 34 13 0.5 1,048,317 16 0.7
Total 194,129,763 100 270 100 1.0 6,483,988 100 1.0

Land use
Urban area 10,361,680 5 12 4 0.8 228,739 4 0.7

Cultivated area 89,597,161 46 188 70 1.5 4,158,855 64 1.4
Forest 11,307,988 6 11 4 0.7 249,236 4 0.7

Shrubby area 80,742,318 42 57 21 0.5 1,800,696 28 0.7
Bare area 2,120,616 1 2 1 0.7 46,461 1 0.7

Total 194,129,763 100 270 100 1.0 6,483,988 100 1.0

Apart from the FL and DL, the landslide frequency ratio (FR) and density ratio (DR) were
calculated. According to Lee and Pradhan [36] the FR value of 1 is an average value. Thus, ratio values
greater than 1 indicate a strong relationship between landslides and the given factor, and ratio values
smaller than 1 indicate a poor relationship between landslides and the given factor. As demonstrated in
Table 1, the schist chert formations have the maximum FR value (7.1), indicating a strong relationship
between this lithological formation and landslide occurrences. Similarly, in cyclothematic formations
the FR value is 1.5, showing a strong association with landslide events. For the remaining lithological
formations of the study area, the FR values are found to be less than one, indicating a poor relation
with landslides.
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Figure 8. Relative frequency (FR) and density (DL) values within each category of lithology in the
study area. The FR and DL values are expressed in percentages.

Alike the frequency ratio, the greater the density ratio values above one, the stronger the
relationship between landslide occurrence and the given factor; the lower the ratio values below
one, the lesser the relationship between landslide occurrence and the given factor. The maximum
value of DR (9.8) is observed in the schist chert formations, while in the cyclothematic formations and
Quaternary formations the DR values are 1.4 and 1.0 correspondingly (Table 1). This fact proves a
strong relationship between the aforementioned formations and landslide manifestation.

Concerning the slope angle of the study area, Figure 9 shows the FL and DL distribution in each
category of slope. The majority of landslide events (50%) and magnitudes (52%) are located in the
class of slopes 15◦–30◦. Very high FL (46%) and DL (44%) values are observed in the category of
medium slopes 5◦–15◦. The minimum FR and DL values are located in the class of very steep slopes
>45◦ (Table 1).

Figure 9. FL and DL values distribution in each class of slope angle. The FR and DL values are
expressed in percentages.

The maximum FR and DR values are found to be 1.2 in the class of steep slopes 15◦–30◦. FR and DR
values greater than one (1.1) have the class 5◦–15◦. Thus, these slopes are strongly related to landslide
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occurrences. The classes of slopes <5◦, 30◦–45◦and >45◦ have FR and DR values <1, indicating a poor
relationship between them and landslides (Table 1).

Figure 10 illustrates the FL and DL values distribution in each category of rainfall.
The maximum values of FL (57%) and DL (52%) are attributed in the category of 600 mm–700 mm.
Moreover, very high values of FL (37%) and DL (43%) are observed in the category >700 mm.

Figure 10. FL and DL values’ distribution in each class of rainfall. The FR and DL values are expressed
in percentages.

The maximum FR values 1.1 and 1.0 represent, respectively, the categories of rainfall >700 mm
and 600–700 mm. These two categories are strongly related to landslide manifestation. On the contrary,
the maximum DR value (1.3) is observed in the category >700 mm, indicating a strong relationship
between this category and landslide events (Table 1).

The applied statistical analysis identifies the distribution of landslide frequency and magnitude in
nine zones of increasing length measured around to the road network. The analysis was performed for
two different types of road network. Figure 11 shows the distribution of FL and DL values in within
each buffer zone of the highway and provincial roads. The relative frequency and density of landslides
are expressed in percentages.

Figure 11. FL and DL values within each buffer zone extending 0 to 300 m from highway and provincial
roads and >300 m in the study area. The FL and DL values are expressed in percentages.
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The FL reaches its maximum value within the first 50 m of distance from any given highway and
provincial road and decreases in distances beyond 50 m from roads. The FL value is greatest (9%)
within 50 m buffer zone and is relatively high as far as 100 m from roads. The value of FL within
buffer zone of 50 m is about two times higher than in distances: (i) approximately 10 m (4%) and (ii)
between 75 and 100 m (5%) from roads. Moreover, the FL values become relatively high in distance
beyond 150 m (13%) from roads. This increase is not related to roads but is likely due to other factors
influencing landslide manifestation (Figure 11 and Table 1).

As in the case of FL, the DL reaches its maximum value (9%) within the buffer zone of 50 m and
shows a gradational decline with buffer length (Figure 11). The DL value is relatively high in distances
between 50 and 100 m from roads. The DL value in area of 10 m buffer zone is about two times lower
(4%) than in 50 m buffer zone and for area of 100 m buffer zone is one and a half times lower (6%) than
in 50 m buffer zone.

In the buffer zones of 10 and 25 m, the FR values are 1.2 and 1.3 respectively, indicating a strong
relationship between these zones and the occurrence of landslides. For the distances of 50 m and 75 m
from roads, the FR values were found to be 1.1 and 1.0, respectively, showing a strong association
with landslide events. The FR values are <1 in distance beyond 100 m, proving a poor relation with
landslide occurrences (Table 1).

The maximum DR value (1.3) is found to be at distance of 50 m from roads. High DR values (1.1)
are observed at distances of 10, 25 and 75 m from roads. Thus, these zones are strongly correlated
with landslide occurrences. The ratio values in areas beyond 100 m of roads are <1, showing a low
probability of landslide occurrences (Table 1).

With regard to the rural roads, the maximum FL value (18%) is attributed to a 50 m buffer zone
and is relatively high as far as 100 m from roads (Figure 12). The FL value within a buffer zone of
50 m is about three times higher than in distance approximately 10 m (6%) and two times higher than
in distance between 75 and 100 m (9%) from roads. Similarly to FL values, the DL values have its
maximum within 50 m buffer zone (13%). The FL and DL values are increased in distance beyond
150 m from rural roads (Figure 12).

Figure 12. FL and DL values within each buffer zone extending 0 to 300 m from rural roads and >300 m
in the study area. The FL and DL values are expressed in percentages.

The FR values reach their maximum (1.9) in 50 m buffer zone and its values are >1 in the area of
the 10 m, 25 m, 75 m and 100 m buffer zones. Likewise, the DR values are >1 at distance 10 m, 25 m,
50 m, 75 m, and 100 m from rural roads. These observations indicate a strong relationship between
landslides and the aforementioned distances (Table 1).

Concerning the land use of the study area, the calculation FL and DL provides an estimate of
the influence of land use in landslide manifestation. The statistical analysis of FL shows that the vast
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majority of landslide events (70%) are located in cultivated areas, and a high value of FL within shrubby
areas (21%). In urban and forest areas, it is seventeen and a half times lower (4% in each one) than in
cultivated areas. The minimum value of FL is observed (1%) in a bare area (Figure 13 and Table 1).

Figure 13. FR and DR values within each category of land use in the study area. The FR and DR values
are expressed in percentages.

The DL values follow the distribution of FL values in each category of land use. More specifically,
the maximum value of DL (64%) is attributed to cultivated areas. A relatively high density value
(28%) is observed in shrubby areas, while the minimum density (1%) value is calculated in bare areas.
The DL values in urban and forest areas (4% in each one) are low (Figure 13 and Table 1).

The FR was found to be 1.4 in cultivated areas, which proves a high probability of landslide
manifestation. In the rest of the categories of land use, the ratio values are <1, indicating a strong
relation with landslide manifestation (Table 1). The highest DR value is 1.4 and refers to the cultivated
areas, showing a strong association between this land use and landslide occurrences. The remaining
classes of land use have ratio values <1, indicating a low probability of landslide manifestation
(Table 1).

5. Discussion

Hydrological parameters such as precipitation and human activities are capable of changing
landscape characteristics. On the other hand, the geological, geomorphic conditions of a mountainous
environment remain unchanged or vary little from a human perspective. These factors influence where
landslides occur [3,19–24]. In many cases, the association of physical factors and human activities in
landslide occurrences is not well defined. According to Lee and Pradhan [36], statistical approaches
based on the observed relationship between each factor and the spatial distribution of landslides is
very useful to reveal the correlation between landslide locations and factors.

In the present study physical and anthropogenic factors are analyzed and evaluated to determine
their association with landslide occurrences. Lithology, slope angle, rainfall, two types of road network
and land use are correlated with the existing landslides by using FL, DL, FR and DR statistical analysis
and GIS. The case study area is a mountainous part of the northern Peloponnese in Greece. The results
provide information on the physical the anthropogenic factors characterizing landslide events in the
study area.

The statistical analysis proves that the lithological formations of the study area influence the
occurrence of landslides. The events and magnitude of landslide areas reach their maximum in the

91



Land 2018, 7, 85

area underlain by cyclothematic formations consisting of Plio-Pleistocene fine-grained sediments and
flysch (Figure 8). Additionally the FR and DR values are >1 in areas where cyclothematic sediments
and shist-chert formations outcrop (Table 1). The latter is possibly due to the limited extent of shist
chert formations in the study area. Plio-Pleistocene sediments are fine-grained with a variety of
lithological horizons. They consist of clays, marls, alternating sands of a varying degree of diagenesis
and/or their mixed phases. Flysch are strongly folded sediments because of the tectonic action
(nappes and upthrusts), which in many places results to the formation of thick weathering mantle.
Schist chert formations consisting of alternations of cherts, siltstones, thin plated limestones and
sandstones while volcanic tuffs rarely participate at places. A thick weathering mantle is formed,
mainly in the cases of the surface occurrence of siltstones. The aforementioned soils, hard soil to
soft rocky sediments, are weak and incompetent formations and are prone to landslides [4,32,33].
Consequently, the cyclothematic sediments and schist chert formations of the study area are strongly
related to landslide occurrences.

Regarding the slope angle, the maximum FL and DL values are observed in the category of
relatively steep slopes 15◦–30◦. High values of FL and DL are found to be in the category of moderate
slopes 5◦–15◦ (Figure 9). Additionally the FR and DR values are >1 in the classes of 5◦–15◦ and 15◦–30◦,
indicating a strong relationship between them and landslide events. FR and DR values <1 are observed
in the remaining classes of gentle slopes (<5◦–30◦), steep slopes (30◦–45◦) and very steep slopes (>45◦),
showing a poor relationship between them and landslides (Table 1). According to Rozos et al. [33] this
peculiar condition can be explained easily, as in nature slopes consisting of soil or hard soil to soft rocky
formations (like those of the study area), and having high angles, fail almost immediately after their
formation, resulting in lower slope angles. Finally the slopes with an inclination of around the angle of
friction are those which fail after the action of triggering factors. On the other hand, rocky slopes are
stable even in high angles suffering only from rock falls, wedge failures etc.

The FL and DL values increase with increasing in amount of precipitation (Figure 10).
The maximum FL and DL values are attributed in the category of 600 mm–700 mm. FR and DR values
>1 are observed in the category of rainfall >700 mm, showing a strong correlation with landslide events
(Table 1). Therefore, the rainfall is an important factor in triggering manifestations of landslides [33,35].

Concerning the anthropogenic factors, nine buffer zones of increasing length measured around to
two types of road network and five categories of land use are evaluated. The landslide events and
magnitude of landslide areas are increased within a distance of approximately 0 to 50 m from any
given road type (highway, provincial and rural road) and decreased in distances beyond 50 m from
roads (Figures 11 and 12, Table 1). The relatively high values of FL and DL, which are measured in the
150 m buffer zone, are probably due to other landslide-related factors such as type of lithology or slope
angle (Table 1). As already mentioned above, landslides of the study area tended to occur in locations
with relatively steep slopes or consisting of cyclothematic sediments.

Consequently, the frequency and magnitude of landslides increase in close proximity to roads.
According to Bathrellos et al. [35] this may be due to the fact that the road network sometimes
destabilizes adjacent marginally balanced slopes, mainly by removing natural support for the upper
part of the slope through undercutting the base of the slope during its construction and by adding
extra weight on them. For the study area, landslide disturbance is associated with roads at distances
of as much as 50 m from where they are constructed. Further away the frequency and magnitude of
landslide occurrences gradually decreases. However, the 50 m buffer length, or 100 m swath, represents
a sizeable area of the land surface. These results indicate that a 100 m-wide zone along road corridors
increase the landslide activity.

When planning a new road, the alignments of the route should be carefully determined
considering the probability of landslides during and after construction. The roads are likely to face
unexpected problems of slope stability [12]. The quantification of landslide frequency, magnitude and
distribution in mountainous terrain is an important consideration in calculating the cost of new
roads construction and the maintenance of existing road networks [18]. Therefore, road engineers
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and planners in similar mountainous environments may utilize the buffer zone of 50 m during the
construction of a new road or to protect the existing road network from future landslide occurrences.

The FR and DR values (Table 1) show that buffer zones with distances smaller than/or equal
to 75 m from highway and provincial roads are strongly associated with landslide manifestation.
For buffer zones with distances >75 m, the ratio is <1, indicating a poor relation with landslide
occurrences. Conversely, the FR and DR values (Table 1) are >1 at distances lower than/or equal to
100 m from rural roads, showing a strong relationship between landslides and these distances. In the
study area, a 150 m wide zone along highway and provincial road corridors or a 200 m wide zone
along rural road corridors indicates a strong association with landslides. This difference may be related
to the fact that the rural road network is long and dense in the study area. Thus, the closer the distance
is to the road network, the greater is the relationship with landslide manifestation.

In the case of land use, the majority of frequencies and magnitudes of the landslide area are located
in cultivated areas (Figure 13). The FR and DR values are >1 only in cultivated land areas, showing
a strong relation to slope failures (Table 1). The variations of the vegetation in an area constitute
an important parameter affecting the slope failures, as slope stability is very sensitive to changes
in vegetation [33,39]. The soil cohesion is modified depending on the type of vegetation and, thus,
cultivated or sparsely vegetated areas are more prone to landslide processes. Additionally, crops can
increase the moisture in the soil and alter ground water conditions. In the study area, crops cover an
area of about 90 km2 and this represents 42% of the total area (Table 1). The extensive cultivated land
combined with the altered ground water conditions is capable of causing landslide problems.

By contrast, the FL and DL values are limited in urban areas (Figure 13). Furthermore, the FR
and DR values indicate a poor relationship between urban areas and landslide occurrences (Table 1).
Most of the urban areas are located in the northern coastal part of the study area where there are
few landslides.

6. Conclusions

In the present study, statistical analysis and GIS was applied to determine the relation of physical
and anthropogenic parameters with landslide activity in a mountainous terrain.

Concerning the physical factors, the lithology of the study area controls landslide activity.
The cyclothematic formations consisting of Plio-Pleistocene fine-grained sediments and flysch increase
FL and DL. These sediments along with schist chert formations are strongly associated with landslide
occurrences. Since FL and DL increase in relatively steep slopes, geomorphologic factors such as slope
angle influence landslide occurrences. Moderate (5◦–15◦) and relatively steep slopes (15◦–30◦) are
strongly associated with landslide events. Rainfall is an important factor in triggering the manifestation
of landslides, as their frequency and density rise with an increase in the amount of rainfall. An amount
of rainfall of >700 m is strongly related to landslide events.

In terms of the anthropogenic factors, the statistical analysis proves that the zone of landslide
disturbance associated with roads is extensive. The frequency and magnitude of landslides increase in
close proximity to roads. The maximum FL and DL values are observed within the 50 m buffer zone.
This zone (100 m wide) along with any type of road corridors increase landslide occurrences. On the
other hand, the buffer zone of 75 m or a 150 m wide zone along highway and provincial road corridors
is strongly related to landslide manifestation. Since the rural road network is long and dense in the
study area, the buffer zone of 100 m or a 200 m wide zone along rural roads is strongly connected
with landslide events. The extensive cultivated land of the study area leads to an increase of FL and
DL. This land use is strongly associated with landslides. Urban areas are poorly related to landslide
activity, because most of the urban areas are located in the northern coastal part of the study area
where landslides are limited.

The proposed methodology reveals a relatively simple and quick way of determining the
association of physical and anthropogenic parameters with landslide activity in a mountainous terrain.
Topographical, geological, hydrological, transportation and landslide location data can easily be found
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and their analysis and evaluation are simple and rapid. In regional studies, the applied procedure
can be used for the localization of sites prone to landslides and for landslide hazard assessment
mapping. Therefore, engineers, planners, decision-makers and environmental managers may utilize
the proposed methodology in new and existing spatial planning projects. Additionally, it may be used
by the local authorities to guide them in the adoption of policies and strategies aiming at landslide
hazard mitigation.
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