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Human activities on land result in the high-level production of nutrients. When these

nutrients reach coastal waters, they could drive the eutrophication process. Here we

present the Land Uses Simplified Index (LUSI), an easy-to-use tool for assessing

continental pressures on coastal waters. This assessment is done by indirectly estimating

continental nutrient loads and concentrations, and their influence on coastal waters.

LUSI is based on systematic information describing both the land uses that influence

coastal waters by providing nutrient-rich freshwater inflows (urban, industrial, agricultural,

and riverine) and the coastline morphology, which can modify this influence, as it

determines the degree of coastal water confinement and therefore the likelihood that

these inflows will be diluted. A low LUSI value indicates that coastal waters are not or

only slightly influenced by continental pressures and/or that these pressures are diluted.

On the contrary, a high LUSI value indicates that coastal waters are strongly influenced

by continental pressures and/or that these pressures are not diluted. LUSI fulfills a

methodological gap, as a simple method to assess coastal pressures when there is a lack

of information. Furthermore, it fulfills the requirement of the Water Framework Directive

for a true pressure assessment (i.e., not confounded with impact), which for coastal

waters imply using pressure data from land. An additional and important feature of LUSI

is that it allows the establishment of pressure-impact relationships with impact indicators,

such as those related to the Biological Quality Elements of the above Directive. For

example, a relationship based on LUSI, as a proxy of pressure, and on the chlorophyll-a

concentration, as a proxy of phytoplanktonic biomass and, thus, of the eutrophication

impact. By providing insights into the land uses that trigger eutrophication in coastal

waters, LUSI aids in the design of measures aimed at remediating anthropogenic damage

caused to the environment.

Keywords: land uses, pressure assessment, coastal waters, pressure-impact relationship, chlorophyll-a, dissolved

inorganic nutrients, water framework directive

INTRODUCTION

In marine ecosystems, coastal areas are of major environmental, economic, and social importance.
They are among the most diverse and biologically productive ecosystems on Earth, with the net
primary production of phytoplankton estimated to be 50 Pg C y−1 (Malone et al., 2017). Coastal
areas also provide other important ecological functions, including filtering terrestrial inflows, and
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offering food and shelter for a wide variety of organisms
(Creel, 2003). For humans, they are “golden areas” of marine
socioeconomic development (Zhang, 2012), sustaining major
activities related to agriculture, fisheries, industry, urbanization,
transport, and tourism (Springer et al., 1996; Cole and McGlade,
1998; San Vicente, 1999; Creel, 2003; Lopez y Royo et al.,
2009). Coastal areas comprise 20% of the Earth’s surface yet
contain over 45% of the entire human population (Schäfer et al.,
2010). The population in low-elevation coastal zones (below
10m of elevation) in the year 2000 was 625.2 million people
and is expected to increase to 938.9 million people by the year
2030 and 1,318.3 million people by the year 2060 (Neumann
et al., 2015). Therefore, coastal areas are strongly affected by
anthropogenic pressure, in the form of high population densities
and intense human activities (Lopez y Royo et al., 2009).
Coastal development has the potential to produce an excess of
nutrients that are delivered to coastal waters via several routes,
such as rivers, run-off, and submarine groundwater discharges.
Moreover, human activities modify water flows, such as by
the construction of dams, increased water extraction, and the
deviation of rivers, resulting in profoundly altered nutrient loads,
and concentrations (Scialabba, 1998) arriving at coastal waters.
Consequently, the risk of eutrophication is higher in coastal
waters than in other marine ecosystems.

Several policies have been enacted throughout the world with
the aim of restoring and protecting coastal waters, including the
Clean Water Act (United States Congress., 1972), The Water
Act 2007 (Australia Office of Parliamentary Counsel., 2007),
theWater Framework Directive (WFD) (European Commission,
2000), and the Marine Strategy Framework Directive (European
Commission, 2008). For all of them, one of the main objectives
is to combat eutrophication, which implies an ability to assess
both its impact and the pressures that give rise to it, and therefore
devise remediationmeasures. In the case of theWFD, it mandates
assessments of true coastal pressures (i.e., not confounded with
impact) and the establishment of pressure-impact relationships.

Pressure and impact related to coastal eutrophication have
been broadly examined. Among the methods used to assess
the degree of eutrophication of coastal waters, chlorophyll-a
values are the most widely accepted impact indicator (Bricker
et al., 2007; Ferreira et al., 2007; Nixon, 2009; Borja et al.,
2012). Although coastal pressures are not easy to quantify and
proof of their impact is hard to obtain, several assessment
methods are available. Quantitative methods are typically based
on readily measurable variables, such as wastewater discharges
or human population size (Bonamano et al., 2016; Cai et al.,
2016). Others evaluate land use from land cover maps (Comeleo
et al., 1996; Jordan et al., 1997; Nedwell et al., 2002; Giupponi
and Vladimirova, 2006; Rodriguez et al., 2007; Xian et al., 2007;
Lopez y Royo et al., 2009, 2010; Tran et al., 2010) or satellite
images (Barale and Folving, 1996; Stefanov et al., 2001; Lopez y
Royo and Casazza, 2007; Xiao and Weng, 2007). Furthermore,
Aighewi et al. (2013) proposed incorporating land use and land
cover information into pressure models to obtain a more holistic
assessment of coastal pressures. Semi-quantitative methods have
also been proposed, including by Aubry and Elliott (2006); Lopez
y Royo et al. (2009); European Commission (2011a); Neto and

Juanes (2014), and Batista et al. (2014). These methods yield an
approximation of a quantity, usually by a gradient of categories;
for instances low, moderate or high population density. Other
authors, including Andrulewicz and Witek (2002); Borja et al.
(2011), and Weisberg et al. (2008), have advocated pressure
assessments based on expert judgment. However, most of the
various proposed methodologies to assess coastal pressures are
complex or require large amounts of data.

Here we present the Land Uses Simplified Index (LUSI), an
easy-to-use tool to assess continental pressures on coastal waters,
and a case study to highlight its utility, from the Catalan coast
(NW Mediterranean). The first aim of that study was to use
LUSI to assess continental pressures on coastal waters and the
second to establish a pressure-impact relationship based on LUSI
and chlorophyll-a concentrations, as a proxy of phytoplanktonic
biomass and, thus, of the eutrophication impact. Additional
aims were to validate LUSI against dissolved inorganic nutrient
concentrations measured in coastal waters and to determine
whether land cover map selection influences the results of LUSI.
Furthermore, LUSI utility to assess continental pressures and
to establish pressure-impact relationships with the Biological
Quality Elements of the WFD in other coastal areas were
explored bibliographically. The results demonstrate the strengths
of LUSI, its ability to improve scientific knowledge regarding
coastal eutrophication, and its applications, especially in the
development of remediation measures.

LAND USES SIMPLIFIED INDEX (LUSI)

The main objective of LUSI is to assess coastal pressures related
to eutrophication. LUSI serves as a proxy enabling the indirect
assessment of continental nutrient loads and concentrations,
and their dilution in coastal waters. Therefore, it estimates the
eutrophication risk of coastal waters. It is based on systematic
information describing both the anthropogenic land uses that
influence coastal waters (urban, industrial, agricultural, and
riverine) and coastline morphology. The latter determines the
degree of coastal water confinement and therefore the likelihood
that continental freshwater inflows and the nutrients they contain
will be diluted. LUSI not only fulfills the methodological gap, by
providing a simple method to assess coastal pressures when there
is a lack of information, but also the requirements of the WFD,
by yielding a true pressure assessment (i.e., not confounded
with impact) and allowing the establishment of pressure-impact
relationships with impact indicators, such as those related to the
Biological Quality Elements of the WFD.

Rationale
Ketchum (1972) defined the coastal area as the band of dry land
and adjacent ocean space (water and submerged land) in which
terrestrial processes and land uses directly affect oceanic processes
and uses, and vice versa. One of the most important coastal
process boosted by continental pressures is eutrophication.
Eutrophication is driven by nutrients and it has been greatly
enhanced by human activities on land, which result in the
high-level production of nutrients that reach coastal waters
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(Chislock et al., 2013). Accordingly, the rationale for LUSI is
based on the following assumptions:

I Coastal land uses determine nutrient loads and
concentrations of continental freshwater inflows reaching
coastal waters. The nutrient richness of these inflows
forms a gradient that ranges from freshwaters with
minimum nutrient values, such as those within areas where
anthropogenic activities are minimal, to the maximum
values generated in areas where intense anthropogenic
activities pose a high risk of inducing eutrophication
(Table 1). Based on this gradient, continental freshwater
inflows can be classified as: (i) natural and non-irrigated
(rain-watered) agricultural sources, (ii) irrigated agricultural
sources, (iii) industrial sources, and (iv) urban sources.
The source indicates the pressure of a particular inflow on
coastal waters. Coastal areas affected by riverine inflows are
considered separately.

II Coastal waters with riverine inflows are influenced by the
sum of watershed land uses. Therefore, in these cases the
influence of the river should be added to the influence
of the land uses performed in the neighboring continent
(I). Riverine pressure is mainly a mixture of influences
of natural and anthropic origin with different nutrient
richness. However, for simplicity reasons LUSI does not
include the discerning of the riverine pressure origin and
assumes a standard nutrient concentration for riverine
inflows. Accordingly, riverine pressure can be assessed using
the mean coastal water salinity, as an inverse measure of
freshwater content. A lower salinity implies the arrival of
greater freshwater inflows from the continent and higher
nutrient loads into coastal waters and, thus, a higher
pressure. Maximum salinity occurs in the complete absence
of freshwater inflows.

III Coastline morphology can modify the influence of
continental pressures on coastal waters. It determines
the degree of coastal water confinement and therefore
the likelihood that continental freshwater inflows and the
nutrients they contain will be diluted. In concave areas,
such as bays, water is confined, residence times are long
and water circulation is reduced. Consequently, continental
freshwater inflows are diluted at a low rate, potentially
leading to rising nutrient concentrations and an enhanced
risk of eutrophication. By contrast, in convex areas, such
as headlands, inflows are easily diluted, and the risk of
eutrophication is attenuated. Straight coastlines do not
modify the influence of continental pressures reaching
coastal waters.

Requirements
LUSI requires information on the anthropogenic land uses
that influence coastal waters and on coastline morphology.
The pressures taken into account by LUSI include agricultural
(irrigated land only), industrial, and urban land uses as well
as riverine effects. Information on land uses and coastline
morphology is available from different sources, including
governmental sources, such as census data, satellite maps,

such as those from Landsat or Google Earth, airplane, and
drone survey images or combinations of them, as suggested
by Lautenbach et al. (2011). However, land cover maps are
the most useful for the calculation of LUSI, as they provide
information on land use, the area occupied by the various
types of land use, and the morphology of the coastline. There
are several publicly available land cover maps with different
degrees of coverage (continent, country, and region). Their
appropriateness with respect to LUSI depends on the area
of interest or whether distinct areas will be compared. For
example, for Catalonia, in the NWMediterranean, threemaps are
available: the Coordination of Information of the Environment
land cover map [CORINE land cover map or CLCM; European
Enviromental Agency (2012)], which covers Europe; the Sistema
de Información sobre Ocupación del Suelo de España [SIOSE;
Instituto Geográfico Nacional. (2011)], which covers Spain; and
the Mapa de Cobertes del Sòl de Catalunya [MCSC; Centre de
Recerca Ecològica i Aplicacions Forestals (2009)], which covers
Catalonia. To determine riverine influences, the mean salinity
value of the coastal water area of interest must be obtained.
A truly representative value implies the need for a raw dataset
acquired by a sampling frequency sufficient to capture the
variability in the salinity. Such information is sometimes available
from water management or environmental agencies. Ideally, for
the calculation of LUSI, the land cover map and salinity dataset
should cover the same time period.

Protocol
To calculate LUSI for a coastal water area, its quantitative
information on pressures is classified into categories and assigned
a score; then, all the scores are summed and multiplied by a
correction factor related to coastline morphology. The protocol
to calculate the LUSI is as follows:

I Pressure categories and their corresponding scores are
assigned to describe urban, agricultural (irrigated land)
and industrial pressures. The assignment depends on the
percentage of land coverage accounted for by the respective
activities in the continental area of study, which by definition
extends from the coastline to 1.5 km inland. The percentage
of land coverage is calculated using GIS software and a land
cover map. Urban and agricultural pressures are divided
into three categories and industrial pressure into two, and
each category is associated with a score (Table 2). The
three categories of urban and agricultural pressures were
established considering low, moderate, and high percentage
of land coverage and the two categories of industrial
pressures considering low and high coverage, as a simple
way to divide these gradients. Besides, the extension of the
continental area of study was established as the land area that
influences most directly coastal waters.

II A pressure category and its corresponding score are
assigned to describe riverine pressure. In this case, the
assignment depends on the mean salinity of the studied
coastal water area. This gradient ranges from 0 to the
maximum salinity occurring in the complete absence
of freshwater inflows. For example, for Catalonia, the
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TABLE 1 | Constituents of storm waters from areas differing in their predominant land use.

Constituent Land use

Urban Industrial Residential/commercial Agricultural Natural

C L C L C L C L C L

BOD5 20 (7–56) 90 9.6 34–98 3.6–20 31.59–135.2 3.8 11.59 1.45 1.12–2.35

TSS 150 (20–2,890) 360 93.9 672–954.5 18–140 84.28–797 55.3 24.14 11.1 11.2–18.73

NH4 0.59 – – – – – 0.33–0.48 – – –

TKN 1.4 (0.57–4.2) – – – – – 2.16–2.27 – – –

TN 2 (0.7–20) 11.2 1.79 7.8–18.06 1.1–2.8 9.14–32.18 2.32 10.61 1.25 0.22–2.80

PO4 0.12 – 0.13 1.32 0.05–0.40 0.57–3.30 0.13–0.23 0.94 0.004 0.008

TP 0.36 (0.02–4.3) 3.4 0.31 2.2–3.15 0.14–0.51 1.41–4.85 0.34 1.36 0.53 0.04–0.12

Biological oxygen demand (BOD5), total suspended solids (TSS), ammonium (NH4), total Kjeldahl nitrogen (TKN), total nitrogen (TN), phosphate (PO4 ), and total phosphorus (TP)

concentrations (C) in mg/L and loads (L) in kg/ha/year are shown. Modified from Kadlec and Wallace (2009).

maximum salinity was established at 38.4. Riverine
pressure is divided into three categories and each one is
associated with a score (Table 2). These three categories
were established following those of the Water Framework
Directive Intercalibration Process for the Mediterranean
Sea regarding the specific typology for Biological Quality
Element Phytoplankton (Camp et al., 2016).

III The four pressure scores are summed. The resulting value
summarizes the continental pressures reaching the studied
coastal waters. Each score was established to have the same
weight. However, similar categories of different pressures
have different scores, following the gradient stated in the
rationale regarding the nutrient richness of freshwater
inflows affected by different land uses (I). For example, urban
pressure was given higher scores than the other pressures.

IV The summed scores are multiplied by a coastline correction
factor to obtain the LUSI value. This factor is used to
consider the effect of coastline morphology on the influence
of continental pressures on coastal waters and it is based on
the shape of the coastline of the study area. For a concave
coastline, where the confinement of coastal waters enhances
the influence of continental pressures, the correction factor is
1.25; for a convex coastline, where the influence is diminished
by the high dilution rates of freshwater inflows, the correction
factor is 0.75; for a straight coastline, the influence is
unchanged and the correction factor is 1.00 (Table 3). These
values were chosen because they modify the influence of
continental pressures on coastal waters but they cannot alter
it in a considerable way. For example, coastal waters that
receive large amounts of continental pressures will be highly
influenced by them even if their dilution capacity is high.
Thus, LUSI is calculated following Equation (1):

LUSI = (urban score+ agricultural score+ industrial score

+ riverine score)× coastline correction factor

LUSI values provide a semi-quantitative assessment of
continental pressures on the coastal waters of the studied
area. They have no units and range from 0.75 to 8.75. A low

TABLE 2 | Pressures categories and their scores used to calculate LUSI.

Land use pressures Riverine

pressure

Pressure

score

Urban

(%LC)

Agricultural

(irrigated) (%LC)

Industrial

(%LC)

Salinity

(Mean)

≤10% ≤10% ≥37.5 0

≤33% 10–40% >10% 34.5–37.5 1

33–66% >40% <34.5 2

>66% 3

Land use pressures [urban, agricultural (irrigated), and industrial] are classified based on

the percentage of land coverage (%LC) used for the respective activities, and riverine

pressure based on the mean salinity of coastal water.

TABLE 3 | Coastline morphology and the corresponding correction factors used

to calculate LUSI.

Coastline morphology Correction factor

Concave 1.25

Convex 0.75

Straight 1.00

LUSI value indicates that coastal waters are not or only slightly
influenced by continental pressures and/or that these pressures
are diluted. On the contrary, a high LUSI value indicates that
coastal waters are strongly influenced by continental pressures
and/or that these pressures are not diluted.

LUSI is to be applied where there is no previous information
on continental pressures on coastal waters. However, if
information from the area of study is available, such as punctual
or diffuse continental nutrients loads reaching coastal waters
or coastal waters residence times, the LUSI can be modified
to include it. For example, for concave coastal areas with
long residence time it can be assumed that the continental
inflows would be diluted at a lower rate than in concave
areas with short residence time. In the former case, the
confinement correction factor for concave coastal morphology
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can be increased accordingly to the residence time to obtain a
more accurate value of the influence of land pressures on the
studied coastal area.

CASE STUDY: CATALAN COAST (NW
MEDITERRANEAN)

Materials and Methods
Study Area
The Catalan coast (Figure 1) is located between 3◦ 19′ 59.94′′

E and 42◦ 29′ 0.09′′ N and between 0◦ 9′ 41.69′′ E and 40◦ 31′

27.56′′ N. It occupies 7257.50 km2 (Agència Catalana de l’Aigua,
2005a) and delimits the Mediterranean Sea over 870.0 km
(Institut d’Estadística de Catalunya., 2010). The geography,
demographics, and socioeconomic development of the Catalan
coast are representative of the NW Mediterranean coast (Flo
et al., 2011b).

The continental topography ranges from rocky and steep
headlands to sandy and flat bays. There are also deltaic areas,
the most important of which is the Ebre delta (Serra and Canals,
1992). This landscape encompasses several watersheds, which
consist of ephemeral streams, nine medium to small rivers,
and the Ebre River in the south, all of which open directly
into the Mediterranean Sea. The Ebre River drains a watershed
of 84,230 km², with a mean water discharge at the river’s
mouth of 416 m3/s (Ludwig et al., 2009). Other major rivers
in Catalonia drain an area of 13,400 km² and have a mean
water discharge of 0.3–16.3 m3/s (Liquete et al., 2009). Land
use differs along the river basins, with agriculture accounting
for 0.4–49.2%, forests for 17.2–77.2%, and urban areas for 5.5–
81.7% (Institut d’Estadística de Catalunya, 2015). Agricultural
land use is relatively important in southern river basins and
urbanization in central river basins. In terms of surface area,
13.8% of the coastal zone is urbanized (Biblioteca del consorci
el Far., 2010; Institut d’Estadística de Catalunya, 2015). The
population in the coastal zone is 4,942,044 inhabitants, which
represents 66% of the total population in Catalonia (Institut
d’Estadística de Catalunya., 2016). However, the population
density is highly variable along the coast, ranging from 33
inhabitants/km2 in the coastal area of the Ebre basin (Ferré, 2007)
to 15,319.6 habitants/km2 in the Barcelona metropolitan area
(Institut d’Estadística de Catalunya., 2016).

The underwater topography is complex: the continental shelf
is usually narrow [average = 15–20 km; Maldonado (1995)]
but wide along its border with the Ebre delta (maximum =

54.5 km), and almost non-existent (minimum= 1.6 km) in front
of several canyons located along the coast (Platónov, 2002).
The general surface circulation is due to the Liguro-Provençal
current, which moves from the NE toward the SW; close to
the shore, local superficial currents move toward the NE or
also toward the SW (Agència Catalana de l’Aigua, 2005b). The
tidal range is small and the sea weather, according to the
Douglas scale (Harbord, 1897), is typically described as slight and
occasionally as rough or very rough, especially during autumn
(Agència Catalana de l’Aigua, 2005b).

Following the implementation of the WFD, the Catalan
coast was divided into 36 water bodies (C01 to C35, from NE
to SW), including the two bays situated in the north (T01)
and south (T03) of the mouth of the Ebre River (Figure 1;
Supplementary Table 4).

Data Collection
Pressure information to calculate LUSI was obtained from two
sources. First, the land cover map of Catalonia, the MCSC,
was used to determine the three land use pressures [urban,
agricultural (irrigated), and industrial] and to establish the coastal
morphology of each water body. The most recently available
version of the map is from 2009. Second, the riverine pressure
was determined by using the salinity data from the National
Catalan Coastal Water Monitoring Program, conducted by the
Catalan Water Agency (ACA) in collaboration with the Marine
Science Institute (ICM-CSIC). As the implementation of the
WFD follows 6-year cycles, the salinity data covered the period
between 2007 and 2012 and matched the year represented by the
land cover map.

Dissolved inorganic nutrient concentrations, which are used
to validate LUSI, were also gathered for the same period
and program.

To test whether the choice of the land cover map influences
the results of LUSI, LUSI was also calculated using the land cover
map of Europe, the CLCM, from 2006. The characteristics of the
two maps are detailed in Table 4.

TABLE 4 | Characteristics of the 2006 Coordination of Information of the

Environment land cover map (CLCM) and the 2009 Mapa de Cobertes del Sòl de

Catalunya (MCSC).

Map

characteristic

CLCM MCSC

Name CoORdination of

INformation of the

Environment (or CORINE)

Land Cover Map

Mapa de Cobertes del Sòl

de Catalunya (Land Cover

Map of Catalonia)

Base name CLC2006 MCSC-4

Year 2006 2009

Coverage European Catalan

Provided by European Environmental

Agency (EEA)

Center de Recerca

Ecològica i Aplicacions

Forestals (CREAF)

Capture method Photointerpretation of

reference images captured

by SPOT5 satellite in 2005

Photointerpretation of

reference images captured

by LANDSAT satellite from

2009

Mapping scale 1:100,000 1:25,000

Minimum mapping

unit

25 ha 2.5 m

Minimum width of

linear elements

100m 10 m

Legend 44 categories (level 3) 241 categories (level 5)

Permalink http://www.eea.europa.eu/

data-and-maps/data/ds_

resolveuid/953c0872-2153-

4faa-98d6-1c4ee457ae0d

http://www.creaf.uab.es/

mcsc
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FIGURE 1 | Map of the Catalan coast showing the continental pressures related to LUSI (Land Uses Simplified Index) and the LUSI values of the different coastal

water bodies calculated using the 2009 Mapa de Cobertes del Sòl de Catalunya. Urban land use is shown in red, industrial land use in brown and agricultural

(irrigated) land use in orange. Rivers are shown in blue and the coastline in black. Water bodies are also shown in blue, with the shade depending on the LUSI value

(assigned based on direct integer values). Harbor water bodies were not assessed and are indicated in gray, as is the bathymetry.

Chlorophyll-a concentrations to establish a pressure-impact
relationship together with LUSI values were also obtained for the
same period and Program.

Data on salinity, chlorophyll-a and dissolved inorganic
nutrient concentrations were collected from 80 sampling
stations in Catalan coastal inshore waters (Flo, 2014)
(Supplementary Figure 1). These stations are located between 0
and 200m from the shore, depending on the water depth (<2m
depth), and are distributed along all water bodies, with 1–7
stations per water body, depending on the coastal length. The
surface water at the stations was sampled 4 or 12 times a year,
depending on the variability of the measurements, previously
established. Salinity was directly measured using a WTW probe
(model 315). Total chlorophyll-a was quantified in 60-mL
subsamples filtered through 25-mm Whatman GF/F glass-fiber
filters that were stored frozen. The filters were subsequently
extracted in 8mL of 90% acetone for 48 h, and concentrations
of chlorophyll-a (µg/L) were measured using a Turner Designs
fluorometer, following the method of Yentsch and Menzel
(1963). Dissolved inorganic nutrients were determined in 50-mL
subsamples that had been frozen upon their arrival in the
laboratory. Nitrate (NO3), nitrite (NO2), ammonium (NH4),
phosphate (PO4), and silicate (SiO4) concentrations (µM) were

measured using an autoanalyzer (Evolution II, from Alliance
Instruments, and AA3 HR Bran+Luebbe, from Seal Analytical)
and the colorimetric techniques of Grasshoff et al. (1983).

Data Processing and Statistics
Information on land use pressures was processed from CLCM
and MCSC as follows. The 44 categories of the third-
level legend of the CLCM and the 241 categories of the
fifth-level legend of the MCSC were assigned either to the
three land use pressure types considered within LUSI [urban,
agricultural (irrigated), or industrial] or to the category “other”
(Supplementary Tables 1, 2). The percentage of land coverage
related to these pressures was established using Miramon
software (Pons, 1994) for each map and water body, after which
pressure scores were assigned accordingly. The low urban scores
of two water bodies located in the Barcelona Metropolitan
Area (C21-Llobregat and C22-El Prat de Llobregat-Castelldefels)
were later changed by expert judgment to the maximum urban
score. This modification was performed because the maps greatly
underestimated the urban score in the area of land neighboring
these water bodies. For example, several areas of land within
the airport premises were classified as meadows and grasslands
according to level 5 of the MCSC, but they should have been
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classified as airport. The same changes were made for the CLCM
and MCSC.

Information on riverine pressure (salinity) and on dissolved
inorganic nutrient and chlorophyll-a concentrations was
processed as follows. During the study period, 3,562 samples
were collected, with 23–300 samples per water body, depending
on its size. The mean salinity of each water body was calculated
and a riverine pressure score assigned accordingly. The 90th
percentiles of the chlorophyll-a and dissolved inorganic nutrient
concentrations were determined for each water body using six
different methodologies [methodologies 4–9 from Hyndman
and Fan (1996)]. This statistical parameter was chosen following
the WFD intercalibration process agreements for chlorophyll-
a. Since chlorophyll-a and dissolved inorganic nutrient
concentrations are not normally distributed (as determined from
histograms and Shapiro-Wilk tests), the obtained values were
log-transformed following Equation (2):

v′= log10(v+1)

as is commonly done for environmental data (Cassie, 1962;
Legendre and Legendre, 1979; Heyman et al., 1984; Zar, 1984).
The mean and standard deviation of the dissolved inorganic
nutrient and chlorophyll-a concentrations were calculated for
each water body with their six log-transformed 90th percentiles.

The continental pressures on coastal waters were then assessed
by calculating LUSI for each water body based on the CLCM and
MCSC maps, using the previously assigned pressure scores and
taking into account the morphology of the coast.

To validate LUSI against dissolved inorganic nutrient
concentrations and to establish a pressure-impact relationship
based on LUSI and chlorophyll-a concentrations, first, the
corresponding Spearman correlations (ρ) were determined
together with the respective p-values. Linear models between
LUSI values and dissolved inorganic nutrient concentrations and
between LUSI values and chlorophyll-a concentrations were then
adjusted, their p-values were calculated, the goodness of fit (R2)
determined and the diagnostics checked. The means of the six
transformed 90th percentiles of dissolved inorganic nutrient and
chlorophyll-a concentrations were used to adjust the models; the
standard deviations of the same variables were used to weight
the models; and for each model the 90% confidence interval
was calculated.

To test whether the choice of land cover map affects the results
of LUSI, the LUSI values calculated with MCSC and CLCM were
compared using the Wilcoxon matched-pairs signed-rank test. A
regression line of the LUSI values calculated using MCSC and
CLCM was then compared to an identity regression using the
analyses of covariance (ANCOVAs). A first analysis included the
interaction of the independent variables to determine whether
the slopes were significantly different; in a second analysis, the
interaction was omitted to determine whether the intercepts were
significantly different.

The level of statistical significance for all performed tests was
set at 0.01.

Statistical tests were performed using R (R Development Core
Team, 2008) and STATISTICA software (StatSoft, 2003). Linear

models were plotted using R software and the maps were drawn
using Miramon software.

Results and Discussion
Assessment of Continental Pressures on Coastal

Waters Using LUSI
Figure 1 (Supplementary Figure 2) shows that nearly the entire
Catalan coast is influenced by continental pressures to some
extent, with LUSI values ranging between 0.75 and 6.25. Lower
LUSI values were obtained in areas where natural land use
accounts for a high percentage of land coverage; as is the case for
water body C05 (0.75), adjacent to the Cap de Creus marine and
terrestrial natural park located in northeast Catalonia. Coastal
areas that receive important fluvial inflows, such as water bodies
located around the Ebre delta (C33 and C34; 5), the Ebre bays
(T01 and T03; 6.25), or water bodies receiving the waters of the
Muga (C07; 6.25), Fluvià (C08; 6.25), and Ter (C11; 6.25) rivers,
located on the northeast Catalan coast, had the highest LUSI
values. High LUSI values were also determined for coastal zones
with the highest percentage of urban land coverage, primarily
the Barcelona Metropolitan Area, in the center of the Catalan
coast (C21; 5). However, the values in the metropolitan area
were not as high as those of areas influenced by Catalonia’s
main rivers.

This assessment reveals the Catalan areas where continental
pressures are able to fuel the eutrophication of coastal waters.

Validation of LUSI using dissolved inorganic nutrient

concentrations
A validation implies a demonstration of a significant
relationship between two independent datasets of indicators
for the same parameter, comprising one of the datasets the
results of the method to be tested. Accordingly, LUSI was
validated by comparing its results with dissolved inorganic
nutrient concentrations from coastal waters, given that land
pressures, indirectly evaluated by LUSI, are mainly related to
these concentrations.

The correlation and adjusted linear model based on the
LUSI values and the dissolved inorganic nutrient concentrations
were significant (Table 5; Supplementary Figure 3). The lowest
correlation was 0.6 and the highest 0.87. All linear models
showed positive relationships, with slope values ranging between
0.05 and 0.21.

These results validated LUSI as a proxy for indirectly assessing
continental nutrient loads and concentrations and therefore
continental pressures on coastal waters.

Comparison of LUSI calculated with different land cover

maps
LUSI values calculated using two different land cover maps,
with regional and European coverage, were compared to test
whether the choice of the land cover map influences the results
of LUSI.

European (CLCM) and regional (MCSC) land cover maps
are based on different reference images, as CLCM uses images
captured by SPOT5 and MSCS those from LANDSAT (Table 4).
In addition, the images were captured during different times:
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TABLE 5 | Relationships between LUSI values calculated using the 2009 Mapa de Cobertes del Sòl de Catalunya and dissolved inorganic nutrient concentrations

[log-transformed 90th percentiles of nitrate (NO3), nitrite (NO2), ammonium (NH4), phosphate (PO4), and silicate (SiO4), in µM] or chlorophyll-a (Chl-a; log-transformed

90th percentiles in µg/L), measured between 2007 and 2012 at water bodies along the Catalan coast.

Variable Correlation (ρ) ρ p-value LM equation LM R2 value LM p-value

NO3 0.87 0.00 NO3 = 0.21 × LUSI + 0.23 0.77 1.19 × 10−11

NO2 0.87 0.00 NO2 = 0.08 × LUSI + 0.03 0.54 5.91 × 10−6

NH4 0.70 2.00 × 10−6 NH4 = 0.06 × LUSI + 0.65 0.28 1.73 × 10−3

PO4 0.60 9.70 × 10−5 PO4 = 0.05 × LUSI + 0.15 0.25 2.82 × 10−3

SiO4 0.85 0.00 SiO4 = 0.15 × LUSI + 0.51 0.62 1.25 × 10−7

Chl-a 0.88 0.00 Chl-a = 0.12 × LUSI + 0.22 0.82 8.14 × 10−8

Spearman correlations (ρ), and their corresponding p-values together with the equations of the linear models (LM), their R2 values, and their p-values are shown. See the text for details

on the calculation.

the CLCM images in 2005 and those of MSCS in 2009.
The two maps also differ in their legend levels, as level
3 of CLCM has 44 categories and level 5 of MSCS 241
categories. Nonetheless, 95% of the Catalan water bodies
had similar LUSI values when calculated with MCSC and
CLCM (1.25 was the maximum difference), and 67% of
the water bodies had the same LUSI values. According to
the Wilcoxon matched-pairs signed-rank test, there were no
statistically significant differences between the two sets of LUSI
values (p = 0.045). A comparison of a regression line of
the LUSI values calculated using MCSC and CLCM and an
identity regression also failed to reveal statistically significant
differences between the slopes (p = 0.043) and the intercepts
(p= 0.024) (Figure 2).

These results showed that the choice of land cover map
does not significantly affect the calculation of LUSI, as similar
continental pressure information is obtained.

Pressure-Impact Relationships
The WFD requires that pressure indicators are unambiguously
linked with biological impact indicators, as this will allow
an elucidation of the involved mechanisms and increase the
probability that management actions will be effective. For
coastal waters, these relationships should be established for
the following Biological Quality Elements: phytoplankton,
macrophytes, angiosperms, and macrofauna. Regarding
coastal eutrophication, a pressure-impact relationship
can be established between LUSI and chlorophyll-a,
as a proxy of phytoplanktonic biomass and, thus, of
the eutrophication impact. The mechanism underlying
this relationship is related to nutrients: nutrient-rich
freshwater and riverine inflows reach coastal waters,
where nutrients boost phytoplanktonic growth, thus,
enhancing eutrophication.

Establishment of a pressure-impact relationship based on

LUSI and chlorophyll-a for the catalan coast
For the Catalan coast, the link between LUSI and chlorophyll-
a is depicted in Figure 3: coastal waters adjacent to areas of
land dominated by human activities or coastal waters receiving
water from the Catalonia’s main rivers had higher chlorophyll-
a concentrations than areas with less human pressure or

without rivers. Moreover, the effect of coastal morphology on
the confinement of coastal waters could also be visualized:
chlorophyll-a concentrations were higher in bays, where water is
confined, than in the waters around headlands, where continental
freshwater inflows become more diluted. The correlation
and adjusted linear model (i.e., pressure-impact relationship)
based on the LUSI values and chlorophyll-a concentrations
were significant (Table 5; Figure 4; Supplementary Figure 4;
Supplementary Table 3). The correlation (0.88) confirmed the
relationship between LUSI and chlorophyll-a, while the positive
slope coefficient (0.12) of the pressure-impact relationship
implied that chlorophyll-a is positively related to LUSI.
Therefore, water bodies receiving no or minimal pressure
from the continent are either without signs of impact or
the impact is minimal (low LUSI and chlorophyll-a values).
Conversely, water bodies subject to continental pressures
comprise more highly impacted waters (higher LUSI values
are related to higher chlorophyll-a values). These results show
that continental pressures are linked with eutrophication along
the Catalan coast. However, it should be clarified that in
the Mediterranean Sea high chlorophyll-a concentrations do
not necessarily imply changes in the balance of organisms or
in the development of hypoxia or anoxia, as is the case in
other seas (Diaz and Rosenberg, 1995; Breitburg, 2002; Gray
et al., 2002). Moreover, the obtained pressure-impact relationship
between LUSI and chlorophyll-a fulfills the requirements of
the WFD.

The theoretical background concentration of chlorophyll-
a in the absence of continental pressures, calculated using
the linear model, was compared with the natural background
concentration of chlorophyll-a measured in coastal waters
to validate the established pressure-impact relationship. The
theoretical background concentration of chlorophyll-a was
calculated using the minimum LUSI value of 0.75; the result
was a minimum chlorophyll-a concentration of 1.04 µg/L.
This value is similar to the 1.01 µg chlorophyll-a/L measured
in the water body of Cap Norfeu (C05), located within the
Cap de Creus marine and terrestrial natural park, in northeast
Catalonia. Its LUSI value was 0.75, indicating that it is subject
to minimum pressure from the continent. The similarity
between the theoretical and measured minimum chlorophyll-
a values supports the validity of the previously established
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FIGURE 2 | Regression line of the LUSI values calculated for the Catalan coast using the 2006 Coordination of Information of the Environment land cover map

(CLCM) and the 2009 Mapa de Cobertes del Sòl de Catalunya (MCSC), drawn as a solid line. The dashed line corresponds to the identity regression. Codes of the

water bodies are shown.

pressure-impact relationship. Furthermore, 1.04 µg chlorophyll-
a/L can be established as the reference condition for the
Biological Quality Element Phytoplankton in the Catalan coast.

The above pressure-impact regression and the reference
condition for the Biological Quality Element Phytoplankton
are applicable for the entire Catalan coast, as all the water
bodies of this area were considered in their establishment.
However, this kind of exercise can be performed with subsets of
data, considering the desired factor: land use pressure, riverine
pressure, or coastline morphology. For example, to establish
the reference conditions in the Catalan coast for the Biological
Quality Element Phytoplankton within the Water Framework
Directive Intercalibration Process for the Mediterranean Sea,
three regressions were performed considering the three types
of the specific typology for this element, which are based on
salinity values and are the same of those categories established for
riverine pressure; as a result, three different reference conditions
were established (Camp et al., 2016).

Comparison of pressure-impact relationships based on LUSI

and biological quality elements of the WFD from several

coastal areas
Within the context of the WFD implementation, LUSI has been
used together with several impact indicators related to all the
Biological Quality Elements linked to coastal waters to establish
pressure-impact relationships in the Mediterranean and Black
Seas and in the Atlantic Ocean. The broad and successful use of
LUSI was made possible by the open distribution of its rationale
and its description within the Milestone 5 report regarding
Intercalibration Phase 2 of the WFD (Flo et al., 2011a). An
extended bibliographic exploration, including scientific articles

but also oral presentations and technical reports, resulted in
48 relationships found, performed with independent datasets
(Table 6). Most of the cases reinforced the well-performing
of LUSI in assessing continental pressures and in establishing
these relationships. Furthermore, they demonstrated the utility
of LUSI beyond the Catalan coast, to other coastal areas of the
Mediterranean Sea but also of the Black Sea and the Atlantic
Ocean, and in relation to other Biological Quality Elements, in
addition to phytoplankton.

The comparison of the pressure-impact relationships based
on LUSI values and biological impact indicators shows a very
broad range of goodness of fit values, from 8 to 93% (Table 6).
In some cases, well-defined, linear pressure-impact relationships
could not be established, as indicated by the low goodness of fit
values. In other cases, however, interactions between pressures
and impacts were simpler, more readily identifiable and better
known, resulting in liner relationships with a high goodness
of fit. Relationships related to angiosperms showed acceptable
goodness of fit (minimum value of 61%) while those related to
macrofauna were generally poor fitted (maximum value of 31%).
Macrophytes and phytoplankton relationships showed high and
low goodness of fit. Nonetheless, in all cases the results should be
carefully interpreted, as for example a high goodness of fit value
does not always imply causality.

The disparity among goodness of fit values of the compared
pressure-impact relationships exemplify the complexity of these
relationships. For the marine environment and its functioning,
the calculated pressure-impact relationships are a simplification.
Generally, they are theoretical and linear, indicative of a unique
and direct mechanism linking an identified pressure with a
specific impact. These relationships, while a very useful tool in
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FIGURE 3 | Map of the Catalan coast showing the continental pressures related to LUSI on land calculated using the 2009 Mapa de Cobertes del Sòl de Catalunya

and the 90th percentile values of chlorophyll-a (µg/L) in coastal waters (shown as water bodies), as a measure of impact. Urban land use is shown in red, industrial

land use in brown and agricultural (irrigated) land use in orange. Rivers are shown in blue and the coastline in black. Water bodies are shown in green, with the shade

depending on the chlorophyll-a value (assigned based on direct integer values). There are no chlorophyll-a data for harbors, indicated, as for the bathymetry, in gray.

WFD implementation, especially for management purposes, are
nonetheless rare in the environment, where multiple pressures,
both natural and anthropogenic, interact in multiple ways
to affect a wide range of organisms, resulting in numerous
impacts throughout the ecosystem. In nature, interactions among
pressure, and impact indicators create complex networks and
involve physical, chemical, and biological mechanisms that
coexist in time and space (Garcés and Camp, 2012). The influence
of these factors on the area of study can modify the goodness of
fit of the pressure-impact relationship.

An example of the influence of other factors in the fitting
of a pressure-impact relationship is that of the distance to the
coast of the sampling stations when establishing this relationship
between LUSI and the Biological Quality Element phytoplankton.
The relationship between continental nutrients and chlorophyll-
a is more direct at the coastline than in outermost waters, where
nutrient availability decreases and other complex oceanographic
mechanisms that affect phytoplankton growth come into play
(Basterretxea et al., 2018). For Mediterranean Spanish coastal
waters, the goodness of fit of pressure-impact relationships
between LUSI and chlorophyll-a concentration was higher when
chlorophyll-a was sampled at the coastline (62%) than at
coastal outermost waters (51%) (Table 6). Consequently, current

sampling strategies for chlorophyll-a should be reconsidered:
there should be greater focus on those sites where continental
pressures are stronger and the risk of eutrophication is higher,
thus where clearer pressure-impact relationships are more likely.
These sites are near the coastline, not at the offshore coastal
boundary, where the relationships are more complex and the
risk of eutrophication is lower. This change will not only cut
the expenses of sampling strategies, as those areas, at least in
the Mediterranean Sea, are only reachable on food from the
coastline and thus it is not necessary to use a boat, but also it will
provide better information on the areas that are at higher risk of
eutrophication (i.e., the coastal inshore waters).

Another example of factors that can influence the fitting of
a pressure-impact relationship is LUSI modifications (Table 6).
Several authors have adapted LUSI to a specific coastal area
(Derolez, 2011; European Commission, 2011b; Cicero, 2012;
Alcoverro, 2013; Thomas-Bourgneuf, 2013; Marin et al., 2015;
Revilla, 2015) in order to include already know information
of land pressures. These adaptations necessitated modifying
some of LUSI’s characteristics, such as adding more categories
for a specific pressure, considering other kinds of pressures,
changing the confinement correction factor, or taking into
account a different continental area. Some modifications do
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FIGURE 4 | Pressure-impact relationship between LUSI values calculated using the 2009 Mapa de Cobertes del Sòl de Catalunya and chlorophyll-a concentrations

(µg/L) for the water bodies of the Catalan coast (R2 value = 0.82 and p-value = 8.14 × 10−8). Chlorophyll-a was measured between 2007 and 2012; circles

represent the means, and error bars the standard deviations of the log-transformed 90th percentiles. Chlorophyll-a confidence intervals of the relationship and the

codes of the water bodies are shown. See the text for details on the calculation.

not significantly affect the calculation of LUSI, such as take
into account a different but similar continental area. However,
the more closely adapted the modified index is to the specific
characteristics of the coastal area of interest, the less useful
it is for other coastal areas with different characteristics
and, importantly, for subsequent comparisons between them.
Accordingly, to compare pressures assessments of different
coastal waters preformed with the original LUSI and with a
modified LUSI an intercalibration exercise should be previously
done. LUSI modifications could imply a loss of simplicity and
a lack of comparability, however, they are a suitable option to
obtain more accurate pressure assessments. In all cases when
a modified LUSI is used, it is advisable to carefully interpret
the results.

The comparison of several pressure-impact relationships
(Table 6) has allowed to establish some evidences. First, the sea
or ocean of study seems not to influence the performance of
the relationships, as for example for the Mediterranean Sea there
are well-defined relationships and others that are not acceptable.
Second, for pressure-impact relationships based on LUSI and
chlorophyll-a, the distance to the coast of the sampling stations
is key, as LUSI has been developed to be confronted with impact
data from the coastal inshore waters, where the pressures from
land are more evident and pose a risk of eutrophication. Third,
Biological Quality Elements phytoplankton, angiosperms, and
macrophytes can provide well-defined relationships, while the
examples found in the literature did not show any acceptable
example for macrofauna. Fourth, LUSI modifications provide
well-defined relationships when applied in the area for which
it was developed. For example, LUSI-VAL applied in Valencia
together with chlorophyll-a provided a goodness of fit of 87%.

However, their performance it is not assured when applied to
other areas. For example, LUSI-VAL together with chlorophyll-
a provided an acceptable relationship in the Marmara Sea
(54% of goodness of fit) but not in the South-eastern Black
Sea (37% of goodness of fit). Even though these evidences,
more information is needed to establish the differences and
the commonalities regarding the factors that intervene in the
calculation of LUSI and in the posterior establishment of
pressure-impact relationships.

Guidance on Management Actions Provided by LUSI

Regarding Eutrophication
The restoration and protection of coastal waters against
eutrophication requires information on the pressures that
strengthen its impact. With this knowledge, decision-makers can
decide on where management actions are needed and the types
of action that will be most effective. LUSI provides three kinds of
information to guide this decision-making process.

First, the assessment of continental pressures using LUSI
yields information on coastal areas vulnerable to eutrophication
and thus at high risk (high LUSI values; Figure 1). These
areas will require the implementation of a management plan if
eutrophication is indeed detected. However, in the absence of
evident eutrophication, the implementation of a monitoring plan
as an early warning system will suffice.

Second, the pressure-impact relationship established between
LUSI and chlorophyll-a concentrations identifies the coastal
areas characterized by a mismatch between these values
(Figure 4). For example, in coastal areas with a lower or higher
than expected chlorophyll-a concentration, given their LUSI
value, other mechanisms related to eutrophication are probably
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TABLE 6 | Pressure-impact relationships between LUSI, as pressure (P), and biological indicators related to the Biological Quality Elements of the Water Framework

Directive for coastal waters, as impact (I).

Biological

quality

element

Biological

indicator

Pressure

index

Equation R2

value

p-Value Coastal area References

Angiosperms PREI LUSIsg I = −0.04 × P + 0.77 0.61 – Mediterranean–Italy Alcoverro, 2013

Angiosperms Cymo-skew LUSIsg I = −0.07 × P + 0.91 0.66 – Mediterranean–Greece Alcoverro, 2013

Angiosperms POMI LUSIsg I = −0.07 × P + 0.75 0.72 – Mediterranean–Croatia Alcoverro, 2013

Angiosperms PREI LUSIsg I = −0.10 × P + 0.94 0.82 – Mediterranean–Cyprus Alcoverro, 2013

Macrofauna M-AMBI LUSI-lag – 0.15a – Mediterranean–France

(Lagoons-Polyeuhaline)

Derolez, 2011

Macrofauna MEDOCC LUSI – 0.17 <0.01 Mediterranean–Spain Pinedo et al., 2015

Macrofauna M-AMBI LUSI-lag – 0.31a – Mediterranean–France

(Lagoons-

Mesooligohaline)

Derolez, 2011

Macrophytes CARLIT LUSI I = −0.07 × P + 0.92a 0.44b 0.00b Mediterranean–Alborán Bermejo et al.,

2013

Macrophytes CARLIT LUSI-FR I = −0.10 × P + 0.90 0.44 <0.05 Mediterranean–France Thomas-

Bourgneuf,

2013

Macrophytes EXCLAME LUSI-lag I = +0.11 × P + 0.71 0.57 0.00 Mediterranean–France

(Lagoons)

Thomas-

Bourgneuf,

2013

Macrophytes CARLIT MA-LUSI I = −0.08 × P + 0.99 0.67 – Mediterranean–Italy Cicero, 2012

Macrophytes EI_EQR LUSI_BS I = −0.23 × P + 1.37 0.67 <0.01 Black Sea–Romania Marin et al., 2015

Macrophytes CARLIT LUSI I = −0.10 × P + 0.95a 0.77b 0.00b Atlantic and

Mediterranean

Bermejo et al.,

2014

Macrophytes RSL LUSI I = −0.10 × P + 0.83a 0.80b 0.00b Atlantic and

Mediterranean

Bermejo et al.,

2014

Macrophytes CARLIT LUSI I = −0,11 × P + 1.01 0.82 0.00 Mediterranean–Eastern

Adriatic

Nikolic et al., 2013

Macrophytes EEI-c MA-LUSI I = −0.14 × P + 1.33 0.96 – Mediterranean–Slovenia Orlando, 2012

Phytoplankton Chlorophyll-a

(Geometric

mean)

LUSI I = +0.13 × P + 0.26 0.08 – Mediterranean–Italy European

Commission, 2012

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI – 0.14 <0.07 Marmara Sea Tan et al., 2017

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.38 × P + 0.54 0.24 0.00 Mediterranean–Spain

(Salinity ≥ 37.5)

Flo, 2014

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.05 × P + 0.26 0.25 0.01 Mediterranean–France

+ Spain

(34.5 ≤ Salinity < 37.5)

Flo, 2014

Phytoplankton Chlorophyll-a

(Geometric

mean)

LUSI I = +0.06 × P + 0.38 0.25 – Mediterranean–Slovenia European

Commission, 2012

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.27 × P + 0.05 0.26 0.00 Mediterranean–Italy Flo, 2011a

Phytoplankton Biomass and

Abundance

LUSI-ECW – 0.28 – Atlantic–Cantabria

(Coastal)

Revilla, 2015

Phytoplankton Biomass and

Abundance

LUSI-ECW – 0.29 – Atlantic–Cantabria

(Transitional)

Revilla, 2015

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.36 × P + 0.21 0.32 0.00 Mediterranean–France

+ Italy + Spain

Flo, 2011a

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.01 × P + 0.07 0.33 <0.05 Mediterranean–Cyprus European

Commission, 2012

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI-VAL I = 0.40 × P + 0.09 0.37 <0.05 South-eastern Black

Sea

Ediger et al., 2015

(Continued)
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TABLE 6 | Continued

Biological

quality

element

Biological

indicator

Pressure

index

Equation R2

value

p-Value Coastal area References

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.06 × P + 0.19 0.40 4.83 × 10−11 Mediterranean–France

+ Spain (Salinity ≥ 37.5)

Flo, 2014

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.49 × P + 0.08 0.45 0.00 Mediterranean–France

+ Spain

European

Commission,

2011b

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.35 × P + 0.00 0.47 0.00 Mediterranean–France European

Commission,

2011b

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.51 × P + 0.13 0.49 0.00 Mediterranean–Spain European

Commission,

2011b

Phytoplankton Chlorophyll-a

(Geometric

mean)

LUSI I = +0.13 × P + 0.24 0.42 – Mediterranean–Croatia European

Commission, 2012

Phytoplankton Abundance LUSI-lag I = −0.04 × P + 0.29 0.43 0.00 Mediterranean–France–

Lagoons

Buchet, 2012

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +1.35 × P + 1.23 0.51 0.00 Mediterranean–Spain

(Coastal outermost

waters)

Flo, 2011b

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI-lag I = −0.12 × P + 0.74 0.52 0.00 Mediterranean–France

(Lagoons)

Buchet, 2012

Phytoplankton Chlorophyll-a

(90th percentile)

and Abundance

LUSI-lag I = −0.08 × P + 0.52 0.52 2.41 × 10−6 Mediterranean–France

(Lagoons)

Thomas-

Bourgneuf,

2013

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI-VAL – 0.54 0.00 Marmara Sea Tan et al., 2017

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI-FR I = +0.35 × P + 0.003 0.60 0.00 Mediterranean–France Thomas-

Bourgneuf,

2013

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.11 × P + 0.21 0.61 8.18 × 10−5 Mediterranean–

Catalonia

This study (CLCM)

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.83 × P + 1.35 0.62 0.00 Mediterranean–Spain

(Coastal inshore waters)

Flo, 2011b

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.47 × P + 0.41 0.66 0.00 Mediterranean–Spain

(34.5 ≤ Salinity < 37.5)

Flo, 2014

Phytoplankton Blooms

(number)

LUSI-FR I = −7.96 × P + 7.33 0.70 0.04 × 10−4 Mediterranean–France Thomas-

Bourgneuf,

2013

Phytoplankton GLOPHYMED LUSI-VAL – 0.75 < 0.01 Mediterranean–Valencia

(34.5 ≤ Salinity < 37.5)

Romero et al.,

2013

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI-VAL I = +0.13 × P + 0.69 0.78 0.00 Mediterranean–Valencia

(34.5 ≤ Salinity < 37.5)

European

Commission,

2011b

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI I = +0.12 × P + 0.22 0.82 8.14 × 10−8 Mediterranean–

Catalonia

This study (MCSC)

Phytoplankton Blooms

(number)

LUSI I = +5.36 × P−4.29 0.80 0.00 Mediterranean–

Catalonia

European

Commission,

2011b

Phytoplankton Chlorophyll-a

(90th percentile)

LUSI-VAL I = +0.20 × P + 0.55 0.87 0.00 Mediterranean–Valencia

(Salinity ≥ 37.5)

European

Commission,

2011b

Phytoplankton GLOPHYMED LUSI-VAL – 0.93 <0.01 Mediterranean–Valencia

(Salinity ≥ 37.5)

Romero et al.,

2013

For each relationship, its equation, R2 value, p-value, the coastal area for which it was calculated, and its reference are shown. Relationships are sorted by Biological Quality Element

and then by its R2 value.
aCalculated from correlation.
bCalculated from data.
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in play; for example, continental nutrients may be diluted at
a different rate than expected or transport mechanisms are
exporting or importing nutrients. In these cases, further studies
aimed at a better understanding of the complexity of the area are
warranted before the design of a management plan. Water body
C19, located in front of Barcelona, is an example of a water body
with a lower than expected chlorophyll-a concentration (2.43
vs. 4.01 µg/L) given its LUSI value (4). In this case, the city’s
wastewater systems, which include wastewater treatment plants,
submarine outfalls, pumping stations, and upstream collectors
(Agència Catalana de l’Aigua, 2011), are able to partially
neutralize the continental pressures. This also demonstrates that
disagreements between measured and expected chlorophyll-a
values can be used to test the efficiency of wastewater treatment
systems. Conversely, C22, located at the south of the Barcelona
Metropolitan Area, is an example of a water body with a higher
than expected chlorophyll-a concentration (6.06 vs. 4.01 µg/L)
given its LUSI value (4). This water body receives nutrients that
reached coastal waters in the northern adjacent water body C21.
Continental nutrients from the BarcelonaMetropolitan Area and
from the Llobregat river reach water body C21 and then are
transported by the general surface circulation dictated by the
Liguro-Provençal current that moves from NE to SW to the
water body C22. Thus, management of water body C22 should
take into account the transfer of nutrients from adjacent areas,
with subsequent actions directed at water body C21, where the
nutrients reach coastal waters.

Third, the LUSI scores provides insights into the land uses that
trigger the eutrophication of coastal waters and therefore guide
the choice of management actions if an impact of eutrophication
is detected. For the Catalan coast and the studied period, the
assessment of the impact based on chlorophyll-a concentrations
and on the methodology established by Camp et al. (2016)
resulted in the identification of four water bodies impacted by
eutrophication (Table 7; Supplementary Table 4). These water
bodies require management plans aimed at remediating the
negative effects of continental nutrient arrival. The LUSI scores
of these coastal areas provides information on the human
activities occurring on land that could be responsible for the
eutrophication detected in coastal waters, and therefore on the
type of management actions that should be included in these
plans. In the case of the Catalan coast, the management plans
for the four water bodies should include actions related to
urban land uses, as all four were characterized by high scores
for this source of pressure. Regarding other land-use pressures,
the management actions for water bodies C07 and C22 should
target agricultural land uses, and those for water body C27
industrial land uses. Only water body C07 show a high score
related to salinity, and thus to riverine pressure, reflecting
inflows of the Muga river. Therefore, the management plan for
this coastal area should include actions related to land uses
ongoing throughout the watershed. A study of land uses in the
Muga watershed revealed agriculture and urban land uses as
the main human activities. Accordingly, the management plan
of C07 should include actions related to urban and agricultural
land uses, with their implementation not only in the vicinity

of the coastal waters of this water body but also across the
whole watershed.

General coastal management recommendations can be
provided in addition and thus expand the scope of this study.
First, actions should be implemented on land, where the nutrients
that trigger coastal eutrophication are generated. Second, they
should be implemented at a local scale, to respond to specific
issues. Third, until integrated management plans are fully
implemented, both precautions (Rice, 2003) and common sense
are strongly recommended.

FURTHER CONSIDERATIONS REGARDING
LUSI

LUSI is a method to assess continental pressures, manifested as
the risk of eutrophication, on coastal waters and it fulfills most
of the criteria proposed by Lopez y Royo et al. (2009) for this
type of tool: simplicity, time and cost-effectiveness, repeatability,
reliability and broad applicability. Other strength of LUSI is that
it is based on publicly available and periodically updated data.
LUSI provides a synthetic pressure assessment that integrates all
potential sources of impact to yield a single indicator value that is
comparable among coastal areas.

LUSI is neither quantitative nor accurate, but it is a
simple and reliable proxy of continental pressures, as shown
herein. However, according to Lopez y Royo et al. (2009),
the use of simple pressure assessment methods implies
an oversimplification of the information. The question
then arises whether continental nutrient fluxes (load and
concentration) must be evaluated quantitatively and precisely
to obtain an accurate characterization of continental pressures,
as recommended by Fedorko et al. (2005), Giupponi and
Vladimirova (2006), and Rodriguez et al. (2007). The approaches
of those authors have two main drawbacks. First, although
information on continental pressures from an identified point
source, such as river water and wastewaters, is available and
updated, for continental diffuse pressures, such as those caused
by runoff, data are scarce or still lacking. Second, an accurate
characterization of continental pressures implies considerable
investments of time, economic and human resources, and, if
models are to be constructed, computational effort; thus, an
accurate characterization is likely to be feasible only at local
scales and nearly impossible at regional or larger scales. Despite
these drawbacks, continental pressures assessed using more
accurate approaches have been used to establish pressure-
impact relationships. The choice between a simple vs. an
accurate method to assess continental pressures may depend
on the objectives of the study, specifically, on the spatial scale,
and the required degree of detail. However, the goodness
of fit values of pressure-impact relationships obtained with
more accurate assessments of continental pressure (Böhmer
et al., 2014; Gerakaris et al., 2017) were similar to those
established by LUSI. Thus, in establishing pressure-impact
relationships, simplicity is not necessarily at odds with accuracy,
as our results showed that LUSI is both a reliable and an
appropriate approach.
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TABLE 7 | Impact and pressure of the water bodies of the catalan coast where impact has been demonstrated.

Water body Impact Pressure

Ecological

quality ratio

Land use Riverine Coastline correction

factor

LUSI

Urban

score

Agricultural (irrigated)

score

Industrial

score

Salinity

score

Roses-Castelló

d’Empúries (C07)

Bad 2 2 0 1 1.25 6.25

El Prat de

Llobregat-Castelldefels

(C22)

Bad 3 1 0 0 1.00 4.00

Vilanova i la Geltrú

(C24)

Moderate 2 0 0 0 1.00 2.00

Tarragona-Vilaseca

(C27)

Moderate 2 0 1 0 1.25 3.75

Impact has been assessed based on chlorophyll-a concentrations measured from 2007 to 2012 and following the methodology established by Camp et al. (2016). Pressure has been

assessed by LUSI and taking into account the 2009 Mapa de Cobertes del Sòl de Catalunya, for which all its parameters are shown.

LUSI offers a broad range of applications in the fields
of environmental science, environmental law and socio-
economics. Direct applications include those related to
environmental policies based on the drivers-pressures-
state-impact-responses (DPSIR) framework (Organisation
for Economic Co-operation Development, 1993), such as
described in the WFD and presented herein. Moreover, LUSI
has indirect applications related to the benefits of access to
pressure information, especially regarding diffuse sources of
nutrients. This information could lead to better protection
of the environment and therefore human health and well-
being. For example, in Europe, LUSI already provides useful
information for the Nitrate Directive (European Communities
Council, 1991b), the Habitats Directive (European Communities
Council, 1992), the Bathing Water Quality Directive (European
Communities Council, 1976), the Urban Wastewater Treatment
(European Communities Council, 1991a), and the New Political
Framework for Tourism (European Economic Social Committee,
2010), in addition to supporting Integrated Coastal Zone
Management objectives.

CONCLUSION

LUSI is a method to assess the continental pressures on coastal
waters. It serves as a proxy enabling the indirect assessment
of continental nutrient loads and concentrations, and their
influence on coastal waters. Therefore, it estimates the risk
of eutrophication in coastal waters. It is based on systematic
information on the land uses that influence coastal waters by
providing nutrient-rich freshwater inflows (urban, industrial,
agricultural, and riverine) and on coastline morphology, which
can modify this influence, as it determines the degree of
coastal water confinement and therefore the likelihood that
these inflows will be diluted. LUSI was designed as a simple
tool to assess coastal pressures when there is a lack of
information, thus filling a methodological gap. Moreover, it
also meets the requirements of the WFD regarding a true

pressure assessment (i.e., not confounded with impact) and
the establishment of pressure-impact relationships with impact
indicators related to the Biological Quality Elements. The utility
of LUSI was highlighted in a case study from the Catalan
coast (NW Mediterranean), where continental pressures were
assessed using LUSI, a pressure-impact relationship between
LUSI and chlorophyll-a concentrations was established, and
guidance on management actions regarding eutrophication
provided. Furthermore, the well-performance of LUSI in
assessing continental pressures and in establishing pressure-
impact relationships was bibliographically demonstrated not
only for the Biological Quality Element phytoplankton but also
for angiosperms and macrophytes and its spatial scope broaden
to the Black Sea and the Atlantic Ocean. Our results demonstrate
the ability of LUSI to improve scientific knowledge regarding
coastal eutrophication and to generate information that is useful
to environmental managers in their efforts to restore and protect
coastal waters against eutrophication and to achieve an integrated
coastal management plan.
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