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a b s t r a c t

A methodology has been developed to carry out an integrated oil spill vulnerability index, V, for coastal
environments. This index takes into account the main physical, biological and socio-economical char-
acteristics by means of three intermediate indexes. Three different integration methods (worst-case,
average and survey-based) along with ESI-based vulnerability scores, VESI, proposed for the Cantabrian
coast during the Prestige oil spill, have been analyzed and compared in terms of agreement between the
classifications obtained with each one for this coastal area. Results of this study indicate that the use of
the worst-case index, VR, leads to a conservative ranking, with a very poor discrimination which is not
helpful in coastal oil spill risk management. Due to the homogeneity of this coastal stretch, the rest of the
methods, VI, VM and VESI, provide similar classifications. However, VM and VI give more flexibility allowing
three indexes for each coastal segment and including socio-economic aspects. Finally, the VI procedure is
proposed here as the more advisable as using this index promotes the public participation that is a key
element in the implementation of Integrated Coastal Zone Management (IZCM).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In order to respond quickly and successfully to an oil spill in
a defined geographical area, a contingency plan including infor-
mation and processes for oil spill containment and clean-up is
required. An important part of the plan’s development should
involve the risk assessment which, on top of evaluating the oil spill
probability for a specific area, must determinate the coastal envi-
ronments that would be most seriously damaged by an oil spill or,
in other words, the vulnerability. On the basis of this information,
protection strategies could be designed. The assessment of the oil
spill vulnerability of coastal environments is a fundamental issue
when planning an oil spill response as it is one of the key compo-
nents of the risk determination.

One of the earlier attempts to estimate coastal oil spill vulner-
ability can be found in Gundlach and Hayes (1978) where a classi-
fication of coastal environments based on their physical and
geological characteristics is presented. More recently, NOAA
(Petersen et al., 2002) developed the Environmental Sensitivity Index
(ESI) maps, in which not only physical features, but also biological
þ34 942 201860.
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information and human use of the shoreline are included. Based on
this work, a GIS-based ESI classification of the Cantabrian shoreline
(North of Spain) was undertaken within the framework of the
Emergency Spill Response System (ESRS) implemented by the
Regional Government and the University of Cantabria to mitigate
the impact of the Prestige oil spill (Juanes et al., 2007).

Other works also focusing on the estimation of an environmental
sensitivity index to oil spills are Hanna (1995) in the Egyptian Red
Sea coastal area, Nansingh and Jurawan (1999) in the Trinidad (West
Indies) coastline, Adler and Inbar (2007) in the Mediterranean coast
of Israel and Wieczorek et al. (2007) in the state of Sao Paulo (Brazil),
among others. Some recent examples can also be found in Europe. In
France, CEDRE (Centre of Documentation, Research and Experi-
mentation on Accidental Water Pollution) is leading the develop-
ment of an oil spill Sensitivity Atlas for the Finisterre region (Michel
Girin, personal communication). This atlas is structured into three
main layers based on physical, biological and economical features
related to the coast. In Denmark, the National Environmental
Research Institute has developed the Environmental Oil Spill Sensi-
tivity Atlas covering West Greenland which provides an overview of
such aspects as the existence of wildlife, human resource usage
and archaeological sites that are particularly sensitive to oil spills
(http://www.dmu.dk/International/Arctic/Oil/SensitivityþAtlas/).

http://www.dmu.dk/International/Arctic/Oil/Sensitivity%2BAtlas/
http://www.dmu.dk/International/Arctic/Oil/Sensitivity%2BAtlas/
mailto:castanedos@unican.es
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Usually, the physical analysis assesses the potential impact of an
oil spill based on the oil persistence on the coast. Previous works
investigated the relative importance of several factors to the littoral
self-cleaning capacity (Michel et al., 1978; Tsouk et al., 1985). In
these studies, the effects on the oil persistence of the sedimento-
logical composition of the beaches and the related wave energy
characteristics and processes were examined. The conclusion was
that the beach profile and factors determining the coast exposure to
wave action were of primary importance.

Biological aspects aim to measure the ecological impacts of an
oil spill. Although each spill event can be considered a unique blend
of place, oil properties, nature and human influences, current
knowledge on oil fate and effects allows us to understand and
anticipate likely impacts and predict recovery (O’Sullivan and Jac-
ques, 2001; Hayes et al., 1992; Sloan, 1999). Furthermore, the
numerous oil disasters that took place in the 90s have provided
a continuous experimental ground to improve assessment proce-
dures and to validate hypotheses on environmental damage (e.g.
Guven et al., 1998; Peterson, 2000; Gelin et al., 2003; French, 2004;
Gomez Gesteira et al., 2003; Zenetos et al., 2004; Juanes et al.,
2007). Nevertheless, the ecological impact of a specific oil spill
should integrate the aforementioned valuable information
regarding the intrinsic sensitivity of different coastal areas, species
and communities inhabiting the aquatic ecosystem with the local
singularities (health status, degree of exposure to the oil spill or the
resilience).

When considering the economic aspect of vulnerability, the
assessment of the socio-economic cost derived from accidental oil
spills is a challenge for the economic science. Usually, private cost
and collective damages are considered into the cost valuation.
However, disasters also cause non-commercial damages that
cannot be easily priced, for example, those related to the recrea-
tional use of the natural areas (Garcia Negro et al., 2007). A number
of studies based on traditional economic analysis as well as on new
methodologies, such as the Habitat Equivalency Analysis (HEA),
have explored this subject (e.g. Preston et al., 1990; Brown, 1992;
Cohen, 1995; Dunford et al., 2004; Roach and Wade, 2006). More
specifically, there are published works mainly related to the
economical effects of the Prestige oil spill in the NW coast of Spain
(Garza-Gil et al., 2006; Loureiro et al., 2006; Wirtz and Liu, 2006;
Garcia Negro et al., 2007). Advances in these studies are crucial for
many reasons, the compensation purpose being one of the most
relevant issues. However, as highlighted by many of the above-
mentioned authors, the outreach of these economic analyses is
usually limited by the lack of solid statistical data regarding the
losses in the productive sectors.

Most of the aforementioned vulnerability studies provide their
results by means of static atlas (paper maps) which show in sepa-
rate sheets the information regarding physical, biological and
economics aspects of the shoreline related to oil spill impact. This
may complicate the consideration of dynamic aspects related to
biological and socio-economic elements (e.g. seasonal patterns,
temporary activities). Although in Spain, GIS (Geographical Infor-
mation Systems) based mapping is not mandatory, these technol-
ogies can provide an important tool for the management and
constant update of the different types of data required for the
assessment of vulnerability.

In spite of the specific advances in the separate assessment of
each element, the consideration of all these factors as a whole
would be highly desirable to facilitate the oil spill response plan-
ning. Consequently, this paper develops a methodology to deter-
mine an integrated index which represents the ‘‘global’’ oil spill
vulnerability of a coast. In order to provide a useful decision-
making tool, special emphasis is given to integration of physical,
biological and socio-economical aspects into one single index,
using the Cantabrian coast (North of Spain, Gulf of Biscay), one of
the most affected areas during the Prestige oil spill (Castanedo
et al., 2006; Juanes et al., 2007), as the field-ground for validation of
the new proposal.

2. Material and methods

2.1. Study area and assessment units

The area of interest is the Cantabrian coast, located on the
Northern coast of Spain (Bay of Biscay) (Fig. 1), included within the
Biogeographic Region of the NE Atlantic. Regarding the wave
climate, the most energetic and frequent waves come from the
northwest sector, with a mean significant wave height, Hs, of 1 m
and a typical winter storm wave of Hsz5 m. Northeast waves are
shorter and less frequent (usually in summer). Waves from NW, N
and NE approach with a period between 12–20 s, 7–15 s and 4–8 s,
respectively. Tide is semidiurnal with a mean and spring tide range
of 3 and 5 m, respectively.

The Cantabrian coast is divided into a series of pocket beaches
and small inlets isolated between rocky headlands. Considering
structural and functional points of view, three types of environ-
mental units have been distinguished: estuaries, rocky shores and
sandy beaches. The analysis carried out covered 14 estuaries and
200 km of rocky shores and sandy beaches, including five different
Special Areas for Conservation (SAC) integrated within the Euro-
pean Nature 2000 network covering approximately 50% of the
shoreline.

In order to apply an oil spill vulnerability index to the coast,
assessment units or coastal segments have been established. The
length, L, of the assessment units has been selected taking into
consideration the geomorphologic homogeneity of the entire
section. On the other hand, the chosen length had to be realistic to
facilitate database management. Considering these premises and
based on detailed analyses of the Cantabria shoreline characteris-
tics carried out during the Prestige oil spill impact assessment
(FLTQ, 2006), shoreline segments of 200 m length, L, were selected
(1237 coastal segments) (Fig. 1). Following the methodology that is
presented in the next sections, physical, biological and economic
data were obtained for each unit. A GIS-based on 1:5000-scale
aerial photography and a digital elevation model of 5� 5 m reso-
lution, provided the detailed information and the physical support
for their spatial delimitation. Estuarine features were associated to
the shoreline segments located along the tidal inlets.

2.2. Vulnerability index

Three intermediate indexes, representing the physical, IP, bio-
logical, IB, and socio-economical, IE, coastal characteristics, have
been defined and calculated for the vulnerability assessment of
each shoreline segment. The results obtained at those units were
then integrated following four methodological procedures as
shown here:

a. The worst-case vulnerability of a segment, VR, is assigned on
the basis of the value corresponding to the most restrictive
score of the intermediate indexes (IP, IB, IE).

b. The average vulnerability of a segment, VM, is calculated as the
arithmetic mean of the values of the intermediate indexes.

c. The integrated vulnerability index, VI, is calculated by means of
the following expression

VI ¼ IPV0 (1)



Fig. 1. (a) Location map of the coast of Cantabria; (b) studied shoreline (the dashed rectangle shows the location of the image from Fig. 4); (c) shoreline (red) and example of
assessment unit (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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where IP is the physical index and V0 is expressed as a joint function
of the biological, IB, and the socio-economical indexes, IE:

V0 ¼ f ðIB; IEÞ (2)

where the function f is calculated as

f ðx; yÞ ¼ a1Ib1
B þ a2Ib2

E (3)

provided

f ¼ 0 if IB ¼ IE ¼ 0 and

f ¼ 1 if IB ¼ IE ¼ 1

where f, IB and IE are normalized values (0–1).
After applying the restrictions established in Eq. (3), the final

model stands as

V0 ¼ rIb1
B þ ð1� rÞIb2

E (4)

The parameters, r, b1 and b2, for the study area, were determined by
means of a Delphi survey taking into account the participation of
different stakeholders. Following the recommendation of the
European Parliament and the Council (OJEC, 2002) and adapting it
to oil spill response management, a survey was distributed
between agents belonging to the following socio-economic sectors:
fisheries and aquaculture, resource management, species and
habitat protection, tourism, recreation and research institutions.

d. Vulnerability scores, assigned by the modified version of the
ESI proposed by Juanes et al. (2007) for this coastal area, were
also considered for each assessment unit (VESI).
The three intermediate indexes (IP, IB, IE) were calculated as
described in the following.

2.2.1. Physical index
The physical index, IP, assesses the potential impact of an oil spill

based on the self-cleaning capacity of each coastal segment,
depending on its wave exposure, E, and its mean shoreline slope, SP:

IP ¼ E þ SP ¼ Oþ Sþ SP (5)

where E is calculated as the arithmetic sum of the orientation, O,
and the sinuosity, S, of the assessment unit.

The orientation factor, O, takes into account the wave energy
beating the coast. In order to evaluate the orientation of a coastal
segment, we calculated the azimuth of each orientation line
(straight lines that join the start and the end points of each coastal
segment) and we applied the following scale obtained from the
analysis of the wave climate of the study area: shoreline sections
whose orientation lines are oriented to the dominant waves
(azimuth between 225� (SW) and 22.5� (NNE)) are given a score of
1, those oriented to waves from NNE–E sector (azimuth 22.5�–90�)
2, and the rest, E–SW, (azimuth 90�–225�) 3 on the scale. The
higher the score, the more protected the analyzed area is, the
slower the self-cleaning process. Wave climate was calculated
using the SIMAR-44 hindcast database generated by Puertos del
Estado (Ratsimandresy et al., 2008).

The sinuosity parameter acts as a correction of the orientation
indicator: zones with more sinuosity present irregularities where
oil could persist despite high wave energy. The sinuosity, S, of each
shoreline segment has been calculated using the following relation:

S ¼ l=L (6)
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where L is the shoreline segment length (¼ 200 m) and l is the
length of the orientation line for this segment. Note that for straight
shoreline sections, the value of S will approximate 1. On the other
hand, the more sinuous a segment is, the lower the value of S will
be (1: 1–0.85; 2: 0.85–0.6; 3: 0.6–0). The sum of the orientation and
sinuosity scores gives an exposure score, E, which has been grouped
as shown in Table 1. Exposed shoreline sections receive high wave
energy and have a low sinuosity. On the contrary, sheltered areas
are mainly protected from the most energetic waves and they also
have a high sinuosity producing a higher oil residence time.

The shoreline slope, SP, is a key factor regarding the oil persis-
tence in the coast. Areas with a gentle slope will more easily retain
the oil than those which are steeper. Based on the experience
acquired during the Prestige oil spill cleaning-up operations, the
mean slope associated to the swash process in high tide was
adopted as an adequate indicator. In order to determine the vertical
limits of this zone (flooding level) the effects of the astronomical
tide, storm surge and wave run-up, were considered.

Based on sea level data from the Santander tidal gauge, the sea
level (tideþ storm surge) cumulative distribution function was
calculated and the 90th percentile sea level was obtained. With
regards to the wave run-up, two formulations depending on the
shoreline slope were used. For smooth slopes ðSP � 1=10ÞHolman’s
(1986) relation was applied

R2% ¼ 0:9Hs (7)

For intermediate ð1=10 < SP < 1=2Þ and steep ðSP � 1=2Þ
slopes, the following equation (Van der Meer, 1993) was used.

R2% ¼ 2O3Hs (8)

In the above expressions R2% is the run-up that only two percent of
the wave run-up values observed will reach or exceed, and Hs is the
significant wave height considered in this study. Here, the 95th
percentile Hs has been taken as representative. To obtain this value,
wave data from a nearby deep-water buoy (Bilbao buoy) was used.

According to these values and applying Eqs. (7) and (8), the
vertical limits of the zone where the shoreline slope should be
calculated were established. Depending on its slope, each shoreline
segment was included in one of the three groups determined by the
following scale: 1: SP> 1/2 (steep); 2: 1/10< SP< 1/2 (interme-
diate); 3: SP< 1/10 (smooth). The shoreline environments included
in each slope type were: 1: rocky cliffs with steep slope; 2: rocky
cliffs with intermediate slope; cliffs with cobble- or boulder-size
rock fragments at the base; accumulation areas of boulder-size
material; 3: beaches; wave-cut platforms in bedrock.

Regarding the substrate permeability, previous analysis (FLTQ,
2006) demonstrated that it is implicitly included in the slope
parameter. Steep shoreline sections present an impermeable
behaviour for the oil, while flatter sections usually act like
Table 1
Exposure scale.

Orientation score Sinuosity score Total score Exposure

1 1 1 (Exposed)
1 2 � 3
2 1
1 3 2 (Semi-exposed)
2 2 ¼4
3 1
2 3 3 (Sheltered)
3 2 � 5
3 3

It is calculated grouping into three categories the arithmetic sum of the orientation,
O, and sinuosity, S, parameters.
permeable surfaces. Exposed wave-cut platforms in bedrock are the
exception of this rule. These flat environments have impermeable
substrate and oil will not adhere to the rock platform. In this study,
this exceptionality is assumed and it is addressed later on in the
cleaning cost parameter where the type of substrate is taken into
account.

To obtain the physical scaling, Eq. (5) was applied. The wave
exposure, E, was considered to be predominant over the shoreline
slope, SP, in terms of the self-cleaning capacity of a shoreline sector.
Table 2 gives the proposed scale for the IP.

The above procedure is not applied to estuaries. These envi-
ronments are composed primarily of soft bottoms. Oil adheres
rapidly to high intertidal level vegetation and cleaning these areas
is very difficult. On the other hand, the self-cleaning capacity of the
estuaries is very low and, consequently, they were given the
maximum value for the exposure and slope indicators to reach an
IP¼ 10, becoming the most vulnerable areas from a physical point
of view.

2.2.2. Biological index
The biological index, IB, was designed to assess the environ-

mental vulnerability associated to oil spills. To this effect, three
general indicators have been proposed to estimate homogeneously
the specific IB indexes for the established types of coastal envi-
ronments (estuaries, beaches and coastal rocky zones). The
conservation state, Ic, takes into account the current structural and
functional status of the water body in which each segment is
included. The singularity value, Is, considers the value for conser-
vation of the segment, according to its legal protection status.
Finally, the resilience factor, Ir, shows the power of the community
to recover following the perturbation caused by an oil spill and the
speed with which it is able to do so.

Evaluation of these indicators is carried out using specific
criteria for the segments assigned to each coastal type. Ic estimates
of segments corresponding to estuarine water masses are based on
‘‘ecological status’’ assessments, sensu Water Framework Directive
2000/60/CE, while the structural complexity of coastal dunes (i.e.
existence of primary, secondary or tertiary dunes) and the pres-
ence/absence of waste water discharges on the shoreline are the
selected feature in the case of dunes and rocky shores, respectively
(Table 3).

On the other hand, a more homogeneous criteria has been
selected for singularity estimates, Is, of all the coastal types, based
on legal declarations of conservation values at local (i.e. protected
landscapes, regional parks), national (i.e. natural parks) or inter-
national levels (i.e. Ramsar sites, European Sites of Interest for
Conservation) (Table 3). Special concern is dedicated to small island
spaces in the case of the rocky coast.
Table 2
Physical index, IP.

Exposure Shoreline slope Total score IP

1 (Exposed) 1 (Steep) 2 1
1 (Exposed) 2 (Intermediate) 3 2
2 (Semi-exposed) 1 (Steep) 3 3
1 (Exposed) 3 (Smooth) 4 4
2 (Semi-exposed) 2 (Intermediate) 4 5
3 (Sheltered) 1 (Steep) 4 6
2 (Semi-exposed) 3 (Smooth) 5 7
3 (Sheltered) 2 (Intermediate) 5 8
3 (Sheltered) 3 (Smooth) 6 9
4 (Estuary) 4 (Estuary) 8 10

The total score is calculated as the arithmetic sum of the exposure, E, and the slope,
SP, parameters. The IP scaling is obtained ranking the total score into ten classes
assuming E to be predominant over SP regarding coast self-cleaning capacity.



Table 3
Summary of corresponding score values of biological indicators (Ic, Is, Ir) for different environmental conditions of the three coastal segment types (estuaries, beaches and
rocky areas).

Score Estuaries Beaches Rocky areas

Conservation state (Ic) 0 Ecol. state: very bad No vegetation Industrial discharges
1 Ecol. state: bad Primary dunes Raw urban discharges
2 Ecol. state: moderate Secondary dunes Treated urban effluent
3 Ecol. state: good or high Tertiary dunes No discharges

Singularity (Is) 0 No legal protection
1 Protected landscapes, Fisheries reserves
2 Nature reserves, Important Bird Areas (IBA)
3 Marine Reserves and Natural Parks
4 European Natura Network Areas, National Parks,

Reserves of Biosphere
Resilience (Ir) 0 No vegetation No dune Vertical clifts

1 Sv< 100 ha and C< 50% or Sv< 500 ha and C< 35% Lpd< 25% High slope areas
2 Sv> 500 ha and C< 35% or Sv< 100 ha anf C> 50% or

Sv: 100–500 ha and C: 35–50%
Lpd 25–75% High slope areas with boulders and

cobbles/Median slope areas
3 Sv> 100 ha and C> 35% or Sv> 500 ha and C> 35% Lpd> 75% Median slope areas with boulders and

cobbles/Low slope areas

Sv: Intertidal vegetated surface in hectares (ha); C: Relative cover of vegetation (%); Lpd: Relative length of the beach with primary dunes.

Table 4
Expressions to estimate the income losses resulting from interrupting activities
related to the coast uses.

Activity Economic loss

Fishery Vfishery ¼ ½
PN

i¼1ðV
g
ISi

$Ks;iÞ þ
PM

i¼1ðV
g
OSi

$Ks;iÞ ðId � RtÞ�
N, M: number of inshore and off-shore species respectively
V

g
ISi

: monthly generated income for the inshore specie i

Vg
OSi

: monthly generated income for the off-shore specie i

Ks,i: seasonality coefficient for specie i
Shellfish Vshellfish ¼ ½

PN
i¼1ðV

g
si

$Ks;iÞ þ ðV
g
aq$Ks;aqÞ ðId � RtÞ�

N: number of shellfish species considered in the study
V

g
si

: monthly generated income for extracting
the shellfish specie i
V

g
aq: monthly generated income for the aquaculture activity

Ks,i: seasonality coefficient for specie i
Ks,aq: seasonality coefficient for the aquaculture

Tourism Vtourism ¼
PN

i¼1 ½ðV
g
night;iRiÞKs;i�ðId � RtÞ

N: types of lodging establishments considered in
the study (1¼ hotel, 2¼ apartment, 3¼ second house,
4¼ camping)
V

g
night;i: monthly generated income per person/night in

an establishment type i
Ri: monthly rooms in a lodging establishment type i.

Harbour
activity

Vharbour ¼ eðId � RtÞ
e: are the monthly losses (in euros) resulting from
interrupting the port activity (25 days of damage)

Recreation Vrecreation ¼ ½ðV
g
surfing þV

g
diving þV

g
sailingÞ þ ðNVmooringÞ Ks � Id � Rt�

V
g
surfing;V

g
diving;V

g
sailing: monthly generated income for the surfing,

diving and sailing activities respectively.
N: number of moorings
Vmooring: monthly average cost per mooring
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Finally, the third indicator, the resilience factor, Ir, uses three
different approaches for each coastal type (Table 3). In the case of
estuarine habitats, this factor is estimated by quantification of the
percentage of vegetated surfaces within the intertidal areas,
weighting the scores according to the total intertidal size of each
estuary. Oppositely, the Ir of coastal dunes is assessed in terms of
percentage of length of the sandy area that is currently vegetated.
Finally physical criteria, the intertidal slope together with the
presence of boulders and cobblestones, are taken into consider-
ation for resilience estimations in rocky shores.

2.2.3. Socio-economic index
The socio-economic index, IE, estimates the economic damage

assigned to each shoreline segment, i, (Vi) in terms of income losses
resulting from interrupting activities related to the coastal uses
together with the cleaning cost, Vc. The economic damage (in V),
was estimated as:

Vi ¼ Vj þVc (9)

where Vj, stands for the global economic loss associated to each of
the five activities considered in the present study (j¼ 1 fishery;
j¼ 2 shellfish; j¼ 3 tourism; j¼ 4 harbour activity; j¼ 5 recreation)
calculated here as:

Vj ¼
h�

Vg
j =month

�
Ks

i
ðId � RtÞ (10)

where V
g
j stands for the monthly generated income for each

activity j; Ks is a seasonality coefficient obtained from the Statistic
Institute of Cantabria (www.icane.es); Id is the impact degree that
takes into account the percent of the activity income affected by the
oil spill and Rt is the recovery time, defined as the time (months)
that an activity requires to return to a normal situation. Specific Id
(%) and Rt (months) values for a Prestige fuel type (heavy fuel No. 6)
have been developed for each activity, j, using actual data from the
oil spill response managers (j¼ 1: Id¼ 100, Rt¼ 4; j¼ 2: Id¼ 100,
Rt¼ 12; j¼ 3: Id¼ 10, Rt¼ 6; j¼ 4: Id¼ 80, Rt¼ 0.25; j¼ 5: Id¼ 100,
Rt¼ 0.25). The application of Eq. (10) to each activity is presented in
Table 4.

Total landings of main inshore (sardine, horse mackerel and
hake) and off-shore fish species (blue mackerel, blue fin tuna and
anchovy) in each port during 2001–2002 (Statistic Institute of
Cantabria) were valued according to mean fresh market price for
each species to estimate Vg

fishery. Inshore species were equally
assigned to each shoreline segment. Meanwhile for off-shore
species, losses were assigned only to those segments included in
the area of influence of each port. A similar approach was applied to
estimate the Vg

shellfish, regarding total shellfish captures in each
extraction area between 2002 and 2004 (clam, goose barnacle,
razor clams and bait). Further economic losses for inland aquacul-
ture activities have also been taken into account.

Vg
tourism estimates were based on average daily expenditures per

traveller (Deloitte and Exceltur, 2005) in different types of lodging
establishments (hotel, apartment, second house, camping). General
tourism areas were established along the coastline and the result-
ing Vg

tourism values were split between the estuarine and beach
segments (75%) and the rocky shores (25%).

Regarding the Vharbour, it was assessed from data provided by
the only commercial facility in the region, the Port of Santander.

http://www.icane.es
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Finally, Vrecreation was estimated using data from sailing, diving,
surfing and marina activities provided by 30 clubs and schools, and
it was assigned to shoreline segments on a usage basis (e.g. surfing:
beaches; sailing: marinas; diving: coastal stretch).

On the other hand, the clean-up cost, Vc, was estimated using
the following expression

Vc ¼ CðBLÞ (11)

where C is the clean-up cost (V/m2) obtained using actual data
from the Prestige oil spill clean-up (Spanish Ministry of Environ-
ment: Natural cleaning¼ 0; beach¼ 88; rocky substrate¼ 112;
boulders¼ 161; estuary¼ 161); B is the affected cross-distance
(width) carried out depending on the shoreline slope (Steep¼ 4;
intermediate¼ 6; smooth¼ 10; estuaries¼ 10) and L is the
assessment unit length or the estuary perimeter.

To obtain IE, Vi was divided into ten categories using Jenks’
natural breaks classification to determine interval breaks (ESRI
knowledgebase).

2.2.4. Exploring different integration methods to obtain
a vulnerability index

To achieve the main goal of this work, namely, to provide the
decision-makers with a useful oil spill response management tool,
the results of applying the proposed vulnerability expressions (VI,
VR, VM and VESI) to the Cantabrian coast have been analyzed. This
analysis has mainly focussed on answering questions such as: How
dissimilar are the rankings obtained from each method? Is any
approach more advisable than the others? Which method is the
most conservative? Does any approach stress the importance of
some of the three considered aspects of the coast (physical, bio-
logical and economical)?

To evaluate the difference between the coastal classifications
given by these oil spill vulnerability indexes, the kappa coefficient
of agreement (Cohen, 1960) was calculated:

k ¼ p0 � pe

1� pe
(12)

where p0 ð¼
Pc

i¼1 piiÞ is the overall proportion of observed
agreement (main diagonal of the matrix); pii are the proportions
of observed agreements between the two methods for each
category, c, and pe ð¼

Pc
i¼1 pi:p:iÞ is the overall proportion of

chance-expected agreement (dot notation indicates marginal
totals).

In order to take into account the level of disagreement, the
weighted kappa coefficient, kw, was used incorporating an a priori
assignment of weights to each of the cells of the table. The selection
of weights was done following Fleiss and Cohen (1973),

wij ¼ 1� ði� jÞ2

ðc� 1Þ2
(13)

were i and j are the ith column and the jth row of the weights
matrix respectively. Using Eq. (13), the coefficients p0 and pe will be
modified as

p0ðwÞ ¼
Xc

i¼1

Xc

j¼1

wijpij; peðwÞ ¼
Xc

i¼1

Xc

j¼1

wijpi:p:j (14)

To make the kappa analysis, the VI index, based on the participation
of stakeholders involved in the decision-making process, coast
users and researchers, was assumed to be the more suitable
approach to assess a ‘‘decision-maker’’ vulnerability index. It was
therefore the control method which was compared with the others
classifications. Besides this study, empirical probability density
functions (empirical pdfs) of the different data obtained were used
to draw some conclusions.
3. Results and discussion

All the data generated during the development of this work, as
well as the results obtained, are managed using a GIS and a Rela-
tional Data Base Management System (RDBM). Besides this
dynamic support, a static Atlas (hard-copy maps) for the Cantabrian
coast, including the different indexes calculated, has been provided
(Castanedo et al., 2008). Fig. 2a shows the calculated IP, IB, and IE
indexes for the whole Cantabrian coast.

The line that represents the physical index shows mainly blue
colours, indicating that this coast does not present high oil spill
vulnerability from a physical point of view. On the other hand, the
higher vulnerability scores are found in the IB index. To investigate
in more detail all these aspects, the empirical pdfs of the three
intermediate indexes have been undertaken (Fig. 2b–d).

Note that the pdfs corroborate the aspects indicated by the
coloured lines in Fig. 2a. Almost 40% of the coastal segments
present an IP of 1 and 65% have an IP less than 4. These values
correspond to a steep coast, predominantly exposed to the wave
energy (see Table 2). The most vulnerable areas, from a physical
point of view, are practically confined to the estuaries (1.5%).

The IB pdf displays two peaks of probability in the scores 4 and 8,
representing 33% and 26% of the coastal segments, respectively.
This behaviour can be explained through the intermediate indexes
Ic, Is and Ir that make up IB.. The analysis carried out (see Fig. 3)
shows that most of the studied coast (80% of the assessment units)
has a conservation index of 3, the highest score in the Ic scale (see
Table 3). This is mainly due to the practically complete absence of
waste water discharges on the shoreline in the rocky shores.
Moreover, it can be seen that the most probable values for the Is are
0 (50%) and 4 (44%). The later is due to the fact that almost all the
protected areas in the Cantabrian coast (most estuaries and nearly
50% of the shoreline) belong to the European Natura 2000 Network
Areas. On the other hand, the Ir index indicates that 70% of the coast
presents a high resilience or capacity of recovering from an oil spill
(Ir¼ 1). Note that combining all this information the most probable
values of IB are 4 and 8, as was mentioned above (Ic¼ 3þ Is¼ 0 or
4þ Ir¼ 1).

Returning to Fig. 2, it can be seen that the socio-economic index
pdf has two peaks of probability in the scores 2 and 8. This means
that the coast is mainly divided into two groups, one with a very
low IE (50%) and another with a high IE (34%). Observing the IE line
in Fig. 2a, it can be appreciated that the first group (IE¼ 2) is made
up of coastal segments belonging to the rocky shore type and, on
the other hand, the maximum IE values correspond to the areas
surrounding the estuaries. This fact reflects the high socio-
economic value of these areas, which concentrate an elevated
productivity related to all the economic activities considered
(fishery, shellfish, tourism, harbour activity and recreation).
3.1. Calculation of VI (integrated)

In order to combine the IP, IB, and IE indexes to obtain a single
value, VI, the parameters r, b1 and b2, of Eq. (4) must be determined.
This has been done by conducting a survey involving different
institutions and groups related to the study area which gave 17
returns from the following sectors: National and Regional Envi-
ronmental Ministries, National and Regional Agriculture and
Fishing Ministries, Merchant Navy, Port Authority, Regional
Chamber of Commerce, Industry and Shipping, Research



Fig. 2. (a) Representation of IP, IB, and IE indexes for the whole Cantabrian coast; (b) empirical pdf for IP; (c) empirical pdf for IB; (d) empirical pdf for IE.

Fig. 3. Empirical pdf for: (a) conservation index, Ic; (b) singularity index, Is; (c) resilience index, Ir.
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Institutions, fisheries and shellfish representatives, coastal pro-
tected area managers, ecological groups and tourism business
representatives.

The form consisted of twelve shoreline segments representing
different types of environments from the physical, biological and
socio-economic point of view. The survey aimed to rank these
coastal environments depending on their oil spill vulnerability. The
answers had to be based on the interviewee’s opinion, experience
and/or knowledge.

After analyzing the survey answers, the parameter estimates
were obtained using a nonlinear least squares algorithm. The best
fit model results were r¼ 0.7, b1¼1 and b2¼ 4.4. Finally, the
expression to assign an integrated vulnerability index for a Canta-
brian coastal segment was obtained:

VI ¼ Ip
�

0:7IB þ 0:3I4:4
E

�
(15)
Fig. 4. Oil spill vulnerability indexes for the Santoña Estuary area (see location in Fig. 1b):
(average vulnerability index); (d) VESI (ESI-based index).
3.2. Comparing the vulnerability indexes

The application of the methodology presented above, resulted in
four vulnerability values for each one of the assessment units into
which the Cantabrian coast was divided.

As an example, the classification given by VI, VR, VM and VESI

for the Santoña Estuary area (Northeastern coast of Cantabria), is
illustrated in Fig. 4. In this area, there are assessment units
belonging to the three types of previously defined coastal envi-
ronments: estuaries, sandy beaches and rocky shores. Looking at
the figure, it is possible to appreciate that the vulnerability values
calculated by means of the four approaches are quite different. At
first glance, the classification provided by the worst-case
vulnerability index, VR, is that which presents the greater
differences with the rest. In this case, almost all the coastal
segments present a VR ranging between 8 and 10 (Fig. 4b).
However, the blue colours, indicating a low vulnerability index,
predominate in the ranking estimated using VI, VM and VESI
(a) VI (integrated vulnerability index); (b) VR (worst-case vulnerability index); (c) VM



Table 5
Example of cross-tabulation matrix. pii are the proportions of observed agreements
between the two methods (in this example VI and VR) for each category.

Categories VI

1 2 . 10 Total

VR 1 p11 p12 p110 p1.

2 p21 p22 p210 p2.

3
.

10 p11 p10.
Total p.1 p.2 p.10 1

S. Castanedo et al. / Journal of Environmental Management 91 (2009) 149–159 157
(Fig. 4a, c and d). The same behaviour is found for the rest of the
coast.

In order to obtain a quantitative assessment of what was
explored in Fig. 4, the kappa coefficient of agreement has been
applied to the entire coast. As mentioned before, the VI index was
the control method which has been compared with the others
classifications.

To measure agreement between the rankings obtained by
applying VI and those calculated using VR, VM and VESI, three cross-
tabulation matrixes were constructed (VI–VR, VI–VM and VI–VESI)
(see example in Table 5).

Calculating the weighted kappa coefficient, kw (Eqs. (12) and
(14)) for our data (ten categories and 1237 cases or coastal
segments), the value of kw for the VI–VR comparison was 0.55; for
VI–VM was 0.8 and for VI–VESI was 0.77.

Monserud and Leemans (1992) proposed a ranking for the
degree of agreement depending on the kappa value: (<0.05: no
agreement; 0.05–0.20: very poor; 0.21–0.40: poor; 0.41–0.55: fair;
0.56–0.70: good; 0.71–0.85: very good; 0.86–0.99: excellent; 1:
Perfect). Following this classification, the degree of agreement
between the integrated vulnerability index, VI, and the worst-case
index, VR, was fair, while both the comparisons VI–VM and VI–VESI,
gave an agreement classified as very good.
Fig. 5. Empirical pdf for: (a) V
The differences between the classifications can also be exam-
ined in Fig. 5, which shows the empirical pdfs corresponding to the
vulnerability data calculated using each one of the four methods.
The pdfs show that the integrated index, VI, groups most of the
assessment units (80%) into the lowest vulnerability scores (1 and
2). The ESI-based index, VESI, also presents a high percent (50%) of
the coastal segments within the 1 and 2 values. However, this
classification gives the peak of probability (32%) to vulnerability 5,
located in the mean position of the ranking, and presents the
highest percentage of coastal segments with a score of 10 (7%). The
pdf corresponding to the mean index, VM, is the most uniform,
presenting the lowest probability for the extreme vulnerability
values (1, 9 and 10). The worst-case index, VR, displays a bimodal
behaviour with two peaks of probability for 8 and 4 with 50% and
26% of the assessment units, respectively.

The comparison of these pdfs with those presented in Fig. 2,
shows a strong influence of the physical index, IP, on the classifi-
cation given by VI. This was expected given the expression used to
calculate the integrated index (Eq. (15)). Moreover, it seems that VR

has a close relation with the IB and IE indexes. The later can be
checked in Fig. 6, which represents the percentage of coastal
segments whose ‘worst index’ was the IP, IB or IE index. Note that, as
the observation of the VR empirical pdf indicated, the ‘worst index’
in 90% of the coastal segments was either the biological (59%) or the
socio-economic index (26%) or both of them (5%). The physical
index was only determinant in 10% of the segments (in 4% of whom
the worst index was also the IE) and in less than 1% of the assess-
ment units the three indexes simultaneously had the highest score.

The results of this comparative study are influenced by the
characteristics (morphology, homogeneity, etc) of a specific coast.
In the Cantabrian case, with a high percentage of segments
included in the rocky shore type (steep coast predominantly
exposed to the wave energy), the use of the VR index leads to
a conservative ranking, with a poor discrimination that is not very
helpful in the coastal management. The kappa analysis gave quite
a good agreement between the rest of the vulnerability index, VI,
I; (b) VR; (c) VM; (d) VESI.



Fig. 6. Percent of each intermediate index in the VR index.
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VM and VESI, although it must be emphasized the flexibility that the
VI and VM procedures provide by allowing three indexes for each
coastal segment: IP, IB and IE.

The socio-economic aspects, IE, are not usually included in
a vulnerability assessment. However, from a practical point of view,
this is one of the key elements which determine the location of
mechanical protection measures such as oil spill containment
booms, trying to protect people and their activities from contami-
nation. Although, as mentioned before, most of the works related to
oil spill vulnerability include only physical and biological charac-
teristics, during the application of this methodology to the Canta-
brian coast, it was found that, surprisingly, the most costly index to
obtain was the biological index, IB. While the calculation of IB
required extensive field works, most of the socio-economic data
were obtained from official publications.

Finally, the VI based on the analysis of the results of a repre-
sentative survey, is proposed as the best method of integration, as it
boosts the public participation that is one of the main phases in the
implementation of Integrated Coastal Zone Management (IZCM).
4. Conclusions

This study has developed a methodology to assess the oil spill
vulnerability of a coast based on its physical (physical index, IP),
biological (biological index, IB) and socio-economic (socio-
economic index, IE) characteristics. The research work has focused
on integrating all these aspects in one single index with the aim of
providing a rational basis to assign priority protection to different
coastal areas.

The results of the application of the methodology to the Can-
tabrian coast (ten categories and 1237 cases or coastal segments)
indicate that almost 40% of the coastal segments present an IP of 1,
and 65% have an IP of less than 4. This is due to the study coast being
predominantly exposed to the wave energy and steep (see Table 2).
Regarding the biological aspects, most of the Cantabrian environ-
ments present a conservation state between moderate and good or
high (80% of the assessment units has a conservation index of 3 (see
Table 3)) having a high resilience or capacity of recovering from an
oil spill.
The socio-economic analysis clearly shows that this coast is
mainly divided into two groups, one with a very low IE (50% of the
coastal segments), corresponding to rocky shore type environ-
ments, and another with a high IE (34%), the areas surrounding the
estuaries, which usually concentrate all the economic activities
(fishery, shellfish, tourism, harbour activity and recreation).

To obtain one vulnerability index that represents all these
characteristics, three methods have been proposed: the worst-case
vulnerability of a segment, VR; the average vulnerability of
a segment, VM and the integrated vulnerability index, VI. The later is
calculated by means of a Delphi survey, taking into account the
participation of different stakeholders belonging to the most rele-
vant socio-economic sectors related to the Cantabrian coast.

With the purpose of obtaining some helpful conclusions and
providing a useful decision support tool, the coastal categorization
resulting from the application of these approaches, as well as the
vulnerability scores assigned by the modified version of the ESI
proposed by Juanes et al. (2007) for this coastal area, VESI, have been
analyzed.

The weighted kappa coefficient of agreement, kw, has been
derived taking the survey-based index, VI, as the control method.
The value of kw for the VI–VR comparison was 0.55 (fair); for VI–VM

was 0.8 (very good) and for VI–VESI was 0.77 (very good).
Further analysis using the empirical histograms of the data,

shows that VI depends, quite closely, on the physical ranking
established by IP and groups most of the assessment units (80%)
into the lowest vulnerability scores (1 and 2). The ESI-based index,
VESI, also presents a high percent (50%) of the coastal segments
within the 1 and 2 values. However, this classification gives the
peak of probability (32%) to the vulnerability 5, located in the mean
position of the ranking, and it presents the highest percent (7%) of
coastal segments with the maximum vulnerability score (10). The
histogram corresponding to the mean index, VM, is the more
uniform one, presenting the lowest probability for the extreme
vulnerability values (1, 9 and 10). The worst-case index, VR, displays
a close relation with the IB and IE indexes. In 90% of the coastal
segments, the worst index was either the biological (59%) or the
socio-economic index (26%) or both of them (5%).

Some conclusions have been obtained from the application of
these integration methods to the Cantabrian coast. The VR index
leads to a much too conservative ranking, not very helpful in the
coastal management. If the coast is mainly homogeneous, the rest
of the methods, VI, VM and VESI, give comparable classifications.
However, VM and VI, based on three intermediate indexes and
including socio-economic aspects, give more flexibility allowing
three indexes for each coastal segment. The inclusion of the socio-
economic index does not involve much extra-effort while
providing relevant information if the study coast has areas with
high population density and significant tourism or industrial
activities.

Finally, the VI procedure is proposed as the more advisable. As
well as the VM index, it provides three indexes for each coastal
segment but, in addition, using this index promotes the public
participation that is a key element in the implementation of Inte-
grated Coastal Zone Management (IZCM).
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