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Abstract
1. The Gulf of Trieste, is a shallow semi- enclosed sea of about 500 km2 in the north- 

eastern part of the Adriatic Sea. The coastal and marine areas of the Italian re-
gion Friuli Venezia Giulia, which borders most of the Gulf of Trieste, are subject 
to significant pressure from human activities, especially in terms of maritime 
traffic, ports, industry, fishing and tourism. But they are also characterised by 
natural areas of high environmental value. We wanted to understand the human 
impact on these coastal and marine areas in order to better inform sustainable 
management.

2. To carry out the analysis, we collected a range of anthropogenic (human) and 
environmental data, from which we produced a series of indicator maps. By 
combining the various indicators, we created two subsequent maps: the seabed 
vulnerability map and the marine environment vulnerability map in the area as 
a whole. The analysis has highlighted areas with different degrees of environ-
mental vulnerability due to human development and identified the most critical 
areas in the Gulf of Trieste with high anthropogenic pressure. Both maps show 
that human impacts affect large areas of the seabed and marine environment, 
while those with minimal or non- existent impacts are very limited and are related 
mainly to areas with high levels of existing protection and conservation.

3. The seabed vulnerability map shows that the biggest problems are related to 
discharge of dredging sludge, mollusc fishing with dredgers and turbo blowers, 
and anchoring boats. Furthermore, the presence of anthropogenic elements on 
the seabed can damage the natural environment and even permanently alter the 
natural shape and structure of the seabed. The marine environment vulnerability 
map shows that ports, urbanisation, industrial activities, maritime traffic and fish-
ing pressure affect the entire study area.
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1  |  INTRODUC TION

Human pressures on the oceans and seas have increased signifi-
cantly in recent decades, threatening their health and the enormous 
socio- economic potential and, thus, the services that the sea can 
provide, causing environmental, economic and social damage.

In addition to land- use change, which is estimated to affect at 
least 75% of land areas (Venter et al., 2016), the marine domain is 
also under anthropogenic pressure, leaving only ~13% of the ocean 
in wilderness, mostly on the high seas (Jones et al., 2018), with the 
Mediterranean Sea being one of the areas in the world subject to 
very high impact due to human activities (Halpern et al., 2015).

The European Commission considers healthy seas and oceans 
and productive ecosystems to be very important, providing the basis 
of the blue economy, the long- term strategy for developing sustain-
able economy in the marine and maritime sectors. The use of seas 
and oceans for economic activities brings benefits if the impact on 
marine ecosystems can be minimised. If their protection fails, not 
only is the economic potential of the blue economy undermined but 
the resources that seas and oceans provide and the functions they 
are capable of performing are also threatened.

In this context, two European directives are of fundamental 
importance: the Marine Strategy Framework Directive (MSFD) 
2008/56/EC and the Maritime Spatial Planning Directive (MSPD) 
2014/89/EU. The main objective of the MSFD 2014/89/EU is to 
protect, safeguard and restore the marine environment in order to 
preserve the diversity and vitality of the sea, including the seabed, 
and to keep it healthy, clean and productive.

The MSPD 2014/89/EU establishes a framework for maritime 
spatial planning (MSP), a process whereby human activities in ma-
rine areas are analysed and organised in order to achieve ecolog-
ical, economic and social objectives; it consists in planning when 
and where human activities take place at sea to ensure that they 
are efficient and sustainable. Member states have to develop the 
mapping of these activities through maritime spatial management 
plans to promote sustainable growth, also promoting stakeholder 
participation and cooperation with neighbouring countries. MSP 
is a decisive tool for implementing the blue economy, facilitating 
sustainable development and investment in maritime activities, 
promoting a sustainable maritime economy, sustainable devel-
opment of marine areas and sustainable use of marine resources. 
It ensures the protection of the marine and coastal environment 

through the application of the ecosystem approach, consider-
ing the strengthening of cross- border cooperation and land- sea 
interactions.

High- quality and easily accessible marine data are a prerequisite 
for sustainable economic development and the implementation of 
MSP. The European Marine Observation and Data Network (EMOD-
net) is a network of organisations supported by the EU Integrated 
Maritime Policy, that work together to observe the sea, process 
data according to international standards and make this information 
freely available by building an online European database on marine 
knowledge. EMODnet provides access to European marine data and 
thus a data collection that includes the Adriatic Sea.

The European Strategy for the Adriatic- Ionian Region (EUSAIR) 
was jointly developed in 2014 by the Commission and the countries 
and stakeholders of the Adriatic- Ionian Region, who agreed to work 
together in areas of common interest for the benefit of each country 
and the whole region.

The participating countries of the EUSAIR have agreed on areas 
of common interest with high relevance for the countries of the 
Adriatic- Ionian region, being it common challenges or opportunities. 
The aim of the countries is to create synergies and promote coordi-
nation between all territories in the Adriatic- Ionian region in the four 
thematic areas/pillar. Blue growth is one of the four pillars.

The ADRiatic Ionian Maritime space PLANning (ADRIPLAN) 
project was funded to gather knowledge and practical experience 
in the implementation of MSP in the Adriatic- Ionian macro- region, 
outlined by EUSAIR, in particular for the Adriatic Sea. The aim of AD-
RIPLAN is the implementation of the MSP and the opportunities for 
the “blue growth” of the Adriatic- Ionian macro- region. Considering 
in particular the Focus Area 1 (Northern Adriatic) of the ADRIPLAN 
project, to which the study area belongs, the main environmental 
issues concern biodiversity and endemic hot spots, the high risk of 
introduction of non- indigenous species due to the intensive activ-
ities in the ports of the northern Adriatic, the high exploitation of 
shellfish and fish stocks, the risk of eutrophication (contributions of 
the Po River and coastal lagoons), the integrity of the seabed, the 
high degree of coastal anthropisation and the high vulnerability to 
erosion and subsidence, the risk of contamination by dangerous sub-
stances (Barbanti et al., 2015).

Within the framework of the MSP, in order to assess the pres-
sures and impacts of human activities on the key environmen-
tal components of the marine ecosystem, specific data must be 

4. The vulnerability maps are a useful analytical tool to identify the most critical 
areas where possible actions can be planned to maintain a healthy and sustain-
able productive marine environment and to manage and resolve the conflicts be-
tween economic development and environmental health.

K E Y W O R D S
Adriatic Sea, Gulf of Trieste, multicriteria Geographic Information System- based analysis, 
protected areas, vulnerability of the marine environment, vulnerability of the sea bed
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collected and used, in accordance with the spatial and temporal 
extent of the maritime space affected by the activities. As the 
intensity of pressures and impacts of maritime activities on the 
environment is linked to the specific characteristics of the areas 
involved, the specific physiographic, bathymetric, oceanographic 
and biological characteristics of the basin should be considered as 
key elements, require for the to correct design and assessment of 
possible interventions.

There are several approaches in the scientific literature that 
aim to assess anthropisation in sensitive environments. The man-
agement of coastal seas and wetlands is very complex in devel-
oped countries, as they are usually exposed to intense human 
activities that alter the balance of the ecosystem. All these inter- 
related elements are often difficult to analyse comprehensively 
due to their diffuse nature.

The marine environments have suffered from a lack of quanti-
tative methods to delineate areas that are sensitive or vulnerable 
to particular stresses, natural and anthropogenic. Zacharias and 
Gregr (2005) define sensitivity as the degree to which marine fea-
tures respond to stresses, which are deviations of environmen-
tal conditions beyond he expected range, and vulnerability as the 
probability that a feature will be exposed to a stress to which it is 
sensitive. The concepts of sensitivity and vulnerability can be used 
as criteria (along with representativeness and uniqueness) in identi-
fying vulnerable marine areas requiring special management or pro-
tection, so that these areas can be predicted and mapped.

Geographic Information System (GIS) is a very useful diagnostic 
tool for environmental and territorial decision- making processes. 
García- Ayllón (2018) proposes a methodology based on GIS anal-
ysis for the evaluation of diffuse anthropisation associated with 
tourism in sensitive coastal environments, by using different in-
dicators of territorial transformation. The approach was applied 
to the lagoon of the Mar Menor, which is an international and 
successful case study for environmental recovery on the Spanish 
Mediterranean coast. The concept of the Socio- Ecological System 
to diagnose and achieve sustainable cohabitation between human 
anthropisation and the natural values, based on the tool of GIS 
participatory mapping, between public and private stakeholders 
in combination with economic tools such as the Willingness to 
Pay and the Cost Transfer Sector, is proposed as an innovative ap-
proach for the management and recovery of these complex areas 
(García- Ayllón, 2019).

The construction and use of decision support systems (DSSs) 
as combinations of decision support tools (DSTs), such as multi-
criteria decision analysis (MCDA) methods integrated with a GIS, 
is more likely to produce high- quality results for decision- makers, 
handle the uncertainty of analysis, and extend the long- term 
applicability of tools employed by coastal managers (Barzehkar 
et al., 2021). The effectiveness of a DSS can be increased if accu-
rate data at a small grid cell scale is included into a vulnerability 
analysis, as experts are then more likely to be able to accurately 
identify the spatial distribution of vulnerability at the local scale 
(Mullick et al., 2019).

GIS is a powerful DST for storing, displaying and analysing spatial 
data (Iyalomhe et al., 2013), including large amounts of coastal data 
(Rangel- Buitrago et al., 2020) from various sources. Its usefulness 
in decision- making can be further enhanced by integrating MCDA 
methods into mathematical operations to determine priorities by 
assigning values and weights to maps (Malczewski & Rinner, 2015).

Different methods have been applied to evaluate anthropisation 
in the sensitive areas of the Adriatic Sea.

The Cumulative Impact assessment for the MSP for the Adriatic 
and Ionian Region was calculated according to the method pro-
posed by Halpern et al. (2008) and Andersen et al. (2013) and using 
a 1 × 1 km grid, revealed that the northern Adriatic Sea, and espe-
cially the Gulf of Trieste, are among the most impacted areas (Gissi 
et al., 2017).

Manea et al. (2019) propose an operational approach that in-
cludes novel spatial analysis in the marine domain to quantify and 
map the supporting ecosystem services (ES) of the Adriatic Sea. Sup-
porting ES provision in the Adriatic Sea was quantified through the 
use of indicators that denote ES delivery and that are specifically 
related to the three marine domains (sea surface, water column, sea-
bed) considered separately. They identified areas of elevated pro-
visioning levels of multiple supporting ES in the Adriatic, which is 
hypothesised to be priority areas of conservation.

Furlan et al. (2020) developed a GIS- based Bayesian Network for 
the Adriatic Sea to assess the probability, and associated uncertainty, 
of cumulative impacts under four ‘what- if’ scenarios representing 
different marine management options and climate conditions. An 
integrated approach to MSP is required, combining more sustainable 
management options for marine spaces and resources with climate 
adaptation strategies. This approach would allow to reduce human 
pressures on the marine environment and increase the resilience of 
natural ecosystems to climatic and human- induced disturbances, 
with an overall reduction of cumulative impacts.

The aim of this work is to assess anthropogenic pressure in the 
Gulf of Trieste, located in the north- eastern Adriatic Sea, by identi-
fying weighted human and environmental indicators. This is done 
using the multicriteria analysis evaluation integrated in a GIS with a 
high resolution of 50 × 50 m grid.

2  |  MATERIAL S

The study area is the Gulf of Trieste, a semi- enclosed shallow 
sea basin, with an area of about 500 km2, located in the north- 
easternmost part of the Adriatic Sea.

In the northern part of the gulf the coasts are characterised 
by beaches of fine or pebbly sand. In the eastern part, the coast is 
rocky, with narrow, pebbly and gravelly beaches (Brambati & Cat-
ani, 1988). The coastal area near Trieste has been heavily modified 
by anthropogenic interventions that have altered both the natural 
coastline and the seabed. The southern part has rocky coasts at the 
foot of abrasion escarpments, with several bays, such as those of 
Koper and Muggia.
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The seabed of the Gulf of Trieste has a gentle, generally homo-
geneous morphology, with a maximum depth of about 25 m (Trobec 
et al., 2018), and a fairly uniform distribution of biocenosis, with the 
exception of elevations on a rocky substrate, the so- called “trezze” 
(Gordini et al., 2012).

The coastal and marine areas of the Gulf of Trieste are subject 
to considerable pressure from human activities, in particular mar-
itime traffic, ports, industry, fishing and tourism, but they are also 
characterised by natural areas of high environmental value (ARPA 
FVG, 2014a).

Environmental and anthropogenic data from the institutional 
open access database were used in the multicriteria analysis evalua-
tion to assess anthropogenic pressures. The data used in this study 
come from the following sources:

• Regional Infrastructure for Environmental and Territorial Data of 
Friuli Venezia Giulia (IRDAT FVG), which makes accessible geo-
graphical and environmental data of different origins, contents 
and formats produced in the region by public and private entities 
with the aim of supporting knowledge processes and environ-
mental and territorial policies;

• ADRIPLAN, a project funded by the Directorate- General 
for the Sea (Maritime Affairs and Fisheries) of the European 
Commission, for the implementation of the MSP and the “blue 
growth” opportunities for of the Adriatic- Ionian macro- region, 
with a duration of 18 months (10 December 2013– 10 June 
2015);

• Regional Agency for the Protection of the Environment of Friuli 
Venezia Giulia (ARPA FVG), for the monitoring and control of the 
environment, research and technical- scientific support activities, 
and the provision of analytical services important for both the en-
vironment and health;

• Ministry of Environment, Land and Marine Protection (MATTM) 
responsible for carrying out the functions and duties of the State 
in the field of environmental and territorial protection in accor-
dance with international directives on territorial organisation tak-
ing into account environmental values;

• OpenStreetMap, a collaborative project to create open access 
maps and cartography of the world, through a worldwide collec-
tion of geographical data. Anyone can contribute by enriching or 
correcting the data. The maps are created based on data obtained 
from portable GPS devices, aerial photographs and other free 
sources. Both the rendered images and vector data, and the geo-
database itself are published under the Open Database Licence.

2.1  |  Environmental data

The environmental data have been divided by theme into ‘Protected 
natural areas’, that includes areas at European, national (Italy) and 
regional (Friuli Venezia Giulia) levels of protection, and ‘Biological 
data’, that include the ecological and chemical status of transitional 
and marine— coastal waters and the mollusc farming classification.

2.1.1  |  Protected natural areas

Friuli Venezia Giulia is a region with great biodiversity and very 
different natural landscapes, from marine/lagoon to alpine envi-
ronments. The diversity of species living in the region reflects this 
heterogeneity and creates a unique heritage protected by a large 
network of protected natural areas (ARPA FVG, 2013a).

The protected natural areas (Figure 1) in the study area are:

• Natura 2000 sites for the protection of habitats and significant 
animal and plant species at European level, including Sites of 
Community Importance (SIC, Habitats Directive 92/43/EEC) and 
Special Protection Areas (SPAs, Birds Directive 2009/147/EC): 
Grado and Marano Lagoon, Cavanata Valley and Mula of Muggia 
Bank, Mouth of Isonzo River and Cona Island (SIC and SPAs); 
Lignano Pine Grove, Cavana of Monfalcone, Mouth of the Timavo, 
Duino Cliffs, Trezze San Pietro and Bardelli, Wrecks of Posidonia 
at Grado (SIC), (ARPA FVG, 2013b);

• Ramsar sites, according to the Ramsar Convention on Wetlands of 
international importance, especially as waterfowl habitat, signed 
in 1971: Marano Lagoon— Stella Mouths, Cavanata Valley, Mouth 
of the Isonzo River and Cona Island, Secolje Salt- pans (Slovenia) 
(ARPA FVG, 2013c);

• Regional Natural Reserves: Stella Mouths which includes part 
of the Marano Lagoon, and the Cavanata Valley, Isonzo Mouth 
and the Duino Cliffs Natural Reserve which are located along the 
coast and include marine areas (Regione FVG, 2021);

• Miramare Marine Protected Area, part of the MAB UNESCO 
World Biosphere Reserve network, ASPIM Protected Area, and 
Natura 2000 SIC IT3340007 according to Directive 92/43/EC 
(Regione FVG, 2017).

2.1.2  |  Biological data

Ecological and chemical status of transitional and marine- coastal 
(TraC) waters
In order to classify the quality of surface water bodies, ecological 
and chemical status must be defined, in accordance with Legislative 
Decree 152/2006 and the Water Framework Directive.

The ecological status refers to the quality of the ecosystems 
structure and functioning and is determined by assessing chemical 
elements (pollutants in water and sediments), physico- chemical el-
ements (nutrients, oxygen, salinity, temperature and transparency), 
biological elements (BQEs) and parameters related to morphological 
conditions and tidal regime.

The chemical status is determined by the presence of “priority” 
substances, defined by EU and national standards, with concentra-
tions above the threshold values for water, sediments and biological 
organisms (Distretto Idrografico delle Alpi Orientali, 2014).

The marine coastal and transitional waters of Friuli Vene-
zia Giulia have been classified in 38 significant water bodies: 19 
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marine- coastal waters (12 coastal waters within 3000 m and 7 
others up to one nautical mile from the baseline), 19 transitional 
waters (17 in the Grado and Marano Lagoon, and 2 located at 
the Isonzo and Tagliamento river mouths) (ARPA FVG, 2020) 
(Figure 2a,b).

The definition of ecological status was mainly based on the 
analysis of the BQEs macrophytes (which integrates the two el-
ements of biological quality macroalgae and phanerogams) and 
benthic invertebrates, and the other elements required by the 
directive.

To determine the chemical status, the following priority sub-
stances were analysed: alachlor, cyclodiene pesticides, anthracene, 
atrazine, benzene, cadmium and compounds, chlorphenvinfos, 
chlorpyrifos, total ddt, ddt pp, 1,2- dichloroethane, dichloromethane, 
diphenyl ether bromate, hexachlorobenzene, hexachlorobutadiene, 
hexachlorocyclohexane, fluorocyclohexane benzo (b + j) fluoran-
thene + benzo (k) fluoranthene, indeno (1,2,3- cd) pyrene + benzo (g, 
h, i) perylene, mercury and compounds, naphthalene, nickel, nonyl-
phenol, octylphenol, pentachlorobenzene, pentachlorophenol, lead, 
simazine, carbon tetrachloride, tetrachlorethylene, trichlorethylene, 
compounds of tributyltin (as cation), trichlorobenzene, trichloro-
methane and trifluralin.

The results obtained for the transitional waters show a worse 
ecological status than for the marine- coastal area. In particular, in 
the more confined areas of the Marano and Grado lagoons, the qual-
ity is poor, due to the significant contribution of fresh water rich in 
salts nutrients, associated with greater confinement and residence 
time of the water masses. These characteristics produce, in certain 
periods of the year, under- saturation and sporadic enrichments of 
the chlorophyll content.

In terms of the chemical status, mercury levels exceed the 
limits of the environmental quality standard in all water bodies. 
The main source of mercury is solid contributions carried by the 
Isonzo River and coming from the mining area of Idrija (Slovenia) 
where cinnabar has been exploited for more than 500 years. The 
secondary source is the spills of industrial waste from the Torvis-
cosa chemical plant factory which has mainly compromised the 
area of the mouth of the Aussa- Corno river (Distretto Idrografico 
delle Alpi Orientali, 2014).

Classification of mollusc farming
In Friuli Venezia Giulia, two species of edible lamellibranch molluscs 
are bred: the mussels (Mytilus galloprovincialis) are farmed in the 
areas of Trieste, Duino- Aurisina and Muggia, anchored to ropes and 

F I G U R E  1  Protected natural areas in the Gulf of Trieste and in the surrounding onshore areas: Sites of Community Importance (SIC), 
Special Protection Areas (SPAs), Regional Natural Reserves and Miramare Marine Protected Area (see inset for details), (from IRDAT 
FVG, 2017) and Ramsar Sites (from ADRIPLAN, 2017). DEM compiled for Italy (from IRDAT FVG, 2017), Slovenia (from Arso, 2017) and Istria 
(from EU- DEM, 2017). Map compiled by using ArcGis® by ESRI software; datum WGS84, projection UTM33. Bathymetry by Zampa (2020) 
by using grids from Italy and Slovenia (from Trobec et al., 2018) and Croatia (from EMODnet Digital Bathymetry, 2018): contour lines in 
metres.
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nets suspended from floating buoys; the clams (Tapes philippinarum) 
are farmed in the areas of Marano Lagunare and Lignano Sabbiadoro 
and collected by fishing boats equipped with hydraulic dredges and 
turbo- blowers. In the natural mollusc banks of the marine waters 
of Monfalcone, Grado and Lignano Sabbiadoro, clams (Chamalea 
gallina), capalunghe (Ensis spp.) and fasolari (Callista chione) are col-
lected with turbo blowers.

The Resolution of the Regional Council of the FVG n° 816/2016 
determines that the monitoring has to be carried out for health 
checks in the collection, production and relaying areas of live bivalve 
molluscs.

The analysis of the microbiological quality of the areas where the 
molluscs are collected or bred, aims to classify these areas into three 
levels of possible microbiological contamination (Figure 2c).

2.2  |  Anthropic activities

Along the coastal area there are important industrial sites, port 
centres, significant urban settlements (Trieste, Monfalcone, Mug-
gia, Grado and Lignano) and seaside tourist centres. In general, 60% 
of the coast is used for seaside tourism, 10% for shellfish farming 
and the remaining 30% for different uses (ports, etc.) (Piccinetti 
et al., 2012).

Coastal areas are therefore subject to considerable pressure 
from the resident population. Tourism is undoubtedly an import-
ant economic resource for the area, but it is also another source 
of pressure on the environment, as it leads to an increase in waste 
production, traffic and consequently noise and atmospheric 
emissions.

2.2.1  |  Port activities

Along the coastal area there are two seaports of international 
relevance of Trieste and Monfalcone, the smaller port area of 
Porto Nogaro and minor sea and river ports, docks and marinas 
(Figure 3a).

The Port of Trieste is an important international hub in the dy-
namic trade with Central and Eastern Europe and is the first port in 
Italy in terms of total tonnage and rail traffic, as well as the first oil 
port in the Mediterranean Sea (Table 1). The Port of Monfalcone is 
the northernmost port on the Adriatic Sea and the closest to the 
centre of Europe. It boasts the primacy in Italy in the sector of han-
dling of forest products (Table 1).

Maritime transport and ports are fundamental for economic de-
velopment but at the same time they cause significant environmen-
tal impacts.

2.2.2  |  Industrial settlements

In the coastal area, and in particular at the two main ports of Trieste 
and Monfalcone, some of the most important industrial areas in the 
region have developed, in some cases characterised by particularly 
critical production activities (e.g. storage and handling of oil prod-
ucts, metal processing, production of plastics) in terms of potential 
environment impacts (ARPA FVG, 2014b).

The industrial area of Trieste is located in the south- eastern 
part of the region, between the port area of the city and the border 
with Slovenia. Monfalcone has been an industrial town for at least 
a century.

The industrial area of Aussa- Corno is located in the southern Fri-
ulian Plain, which is of considerable environmental interest, due to 
the presence of highly vulnerable biotopes, such as the Marano and 
Grado Lagoon, the resurgence system and the river drainage system. 
This area also includes the port of Porto Nogaro.

Areas where the qualitative characteristics of the soil, surface 
and groundwater are altered and the contaminant concentrations 
exceed the legal limits, due to human activities carried out or in 
progress, are identified as Sites of National Interest (SNI) by the Ital-
ian legislation. In Friuli Venezia Giulia, there are two SNI: the Trieste 
SNI and the Caffaro di Torviscosa SNI (former Grado and Marano 
Lagoon SNI) (Figure 3b).

Italian legislation obliges those responsible for contamination to 
remediate and safeguard contaminated areas, in accordance with the 
European principle of “Polluter Pays Principle” (ARPA FVG, 2015).

2.2.3  |  Nitrate vulnerable zones from 
agricultural sources

The Nitrates Directive 91/676/EEC concerns the protection of wa-
ters against pollution caused by nitrates from agricultural sources. 
It designates nitrate vulnerable zones when nitrate concentrations 
exceed 50 mg/L in surface or underground freshwater or when con-
ditions of eutrophication of the water occur.

The Marano and Grado Lagoon is exposed to different pressures 
related to the river contributions and anthropogenic (Figure 3b). 
Therefore, the lagoon environment is exposed to different levels 

F I G U R E  2  Biological data characterisation of the Gulf of Trieste. (a) Represents the ecological status of TRAc waters (from IRDAT 
FVG, 2017); (b) represents the chemical status of TRAc waters (from IRDAT FVG, 2017); (c) represents the aquaculture areas and the 
classification of contaminant in mollusc farming (from ARPA FVG, 2017); Sewer pipes, (from the Charter Official State Nautical n.39, 
published by the Hydrographic Institute of the Italian Navy). Zone a: low level of contamination. Zone b: presence of the contaminants. 
Zone c: presence of high level of the contaminants. If the microbiological levels are exceeded (attachment A of DGR 2557/2015), collection 
is suspended and the area is temporarily declassified. The possible contamination of molluscs by metals is also monitored every 6 months 
(ARPA FVG, 2017).
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8  |   People and Nature PEOPLE AND NATURE

F I G U R E  3  Anthropic activities carried on in the Gulf of Trieste (a) and in the surrounding onshore area (b). In (a) are indicated the port 
activities: the commercial/industrial ports of Trieste, Koper, Monfalcone, Porto Nogaro and the Fishing ports of Grado, Marano Lagunare, 
Monfalcone, Muggia, Trieste, Villaggio del Pescatore (from ADRIPLAN, 2017), Traffic separation zones, port access channels, sea traffic 
direction and anchoring area (from the Official State Nautical Chart, from Punta Tagliamento to Pula n. 39, scale 1: 100,000, published by 
the Hydrographic Institute of the Italian Navy, 2016). In (b) are indicated the Industrial settlements (from openstreetmap), the Caffaro of 
Torviscosa Site of National Interest (SNI) and Trieste SNI (from MATTM, 2017) and nitrate vulnerable zones (NVZs) (from IRDAT FVG, 2017).
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    |  9People and NaturePAGANO et al.

of nutrient pollution, with maximum concentrations near the river 
mouths of the and with greater impacts in the Marano lagoon than 
in the Grado lagoon, due to the lower influence of the rivers flowing 
there (IRDAT FVG, 2017).

2.2.4  |  Fishing pressure

In the study area, fishing pressure is about one fifth of the total pres-
sure of the northern Adriatic coast and more than 60% of it is related 
to shellfish farming, which is particularly developed in the Grado 
and Marano Lagoon and along the eastern coast of the gulf (ARPA 
FVG, 2014b) (Figure 4a).

2.2.5  |  Anthropogenic elements on the seabed

Several anthropogenic elements have been identified on the sea-
bed of the Gulf of Trieste, that have significantly altered the natural 
environment.

Seabed features include port access channels, underwater pipe-
lines, authorised areas for the discharge of dredging sediment, other 
anthropogenic reliefs on the seabed produced by discharges not 
associated with authorised sites, and dredged channels (Figure 4b).

In particular, in the Muggia Bay, an artificial channel has been 
dredged on the seabed, extending over a length of about 4700 m, and 
varying in width from 110 m, at the north- western part to 1100 m, at 
south- eastern part. The channel was dredged for the navigation of 
oil tankers that dock at the Trieste— Ingolstadt oil pipeline terminal, 
built between 1965 and 1967 (Romano, 2008).

In the eastern part of the gulf, to the west of the dams, a large 
relief was identified, with a length of almost 5 km, a width of about 
2.5 km, covering an area of about 9.25 km2, with maximum thickness 
of about 6 m and an estimated volume of 11.8 × 106 m3. This relief 
is also mapped in the current nautical and bathymetric charts. The 

relief is of anthropogenic origin and is supposed to have resulted 
from the discharge of sediments resulting from the dredging of the 
channel for the oil tankers (Pagano, 2018).

3  |  METHODS

The approach used to assess anthropogenic pressure in the Gulf of 
Trieste has been accomplished by integrating the MCDA within a 
GIS, leveraging the advantages of both tools. The GIS integration al-
lowed for the organisation, management and integration of the geo-
graphical data required for the study and the MCDA facilitated the 
configuration of the decision problem by modelling the preferences 
of the decision- makers (Malczewski, 1999). The final output of the 
process, described in detail in the following paragraphs, consists of 
specific thematic maps that provide a clear and visual representation 
summarising the factors and criteria involved, thus helping decision- 
makers to better understand the spatial patterns of anthropogenic 
pressure in the Gulf of Trieste.

3.1  |  Indicators used

The assessment starts from the geographical data available for the 
coastal study area that includes the Gulf of Trieste, spanning from 
the north- west corner of the Istria Peninsula to the mouth of the 
Tagliamento River and extending 500 m inland from the coastline. 
According to panel of local experts and decision makers, a series of 
maps (indicators) were produced representing different factors or 
criteria relevant to the assessment of anthropogenic pressure and 
the quality of the natural environment. For each criterion, values 
were assigned on a continuous scale of magnitude, ranging from 
“good” (100) to “bad” (0). Within each specific indicator, higher val-
ues represent favourable conditions or a lower level of criticality, 
while lower values indicate unfavourable conditions or a higher level 

TA B L E  1  Characteristics of the main port centres.

Port centers

Port of Trieste Port areas: 2.3 million m2, along 20 km of coastline
Storage areas: 925,000 m2 of which approximately 500,000 m2 are covered
Docks length: 12 km
Operational berths: 58 (for conventional, multifunctional ships, container ships, Ro- Ro/ferries, oil tankers, chemical 

tankers, passengers, etc.)
Maximum depths: 18 m
Railway track length: 70 km
2 entry/exit channels: North Channel and South Channel
4 breakwaters
Total goods handled in 2019: 61,997,445 tons
Container number: 789,594 TEU
Rail traffic: 9,771 trains

Port of Monfalcone Area development: 140,000 m2

Docks length: 1.5 km
Sea depth: 9.5 –  11.7 m
Access channel to the port: 4.5 km long, 166 m wide
Total goods handled in 2019: 4,093,425 tons
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10  |   People and Nature PEOPLE AND NATURE

F I G U R E  4  Anthropic activities. (a) Represents the fishing pressure (from ADRIPLAN, 2017); (b) represents the anthropogenic elements 
on the seabed (Pagano, 2018).
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    |  11People and NaturePAGANO et al.

of criticality. The use of a continuous scale allows for more nuanced 
assessments and facilitates differentiation between different de-
grees of quality or impact. Some indicators were categorised into 
predefined classes, and scores were assigned accordingly. The nor-
malisation process is implicit in this case, as the values are directly 
assigned to the classes on a scale from 0 to 100. For continuous 
indicators like density, a linear normalisation approach was applied 
based on the minimum and maximum values in the study area. Linear 
normalisation, inverse or direct, is a straightforward and commonly 
used technique to transform data into a consistent and comparable 
scale. Table 2 details the operations performed for each indicator, 
including the processing steps applied to the available data (assign-
ment, intensity, density, distance) for the assignment of scores based 
on the types found and/or spatial relationships. Some maps are then 
presented (Figures 5 and 6).

3.2  |  Weight assignment

Based on the experts' judgement, to each criterion is assigned a 
relative weight (this also ranging from 0 to 100) corresponding to 
its relative importance (between) in defining the state of the envi-
ronment. This importance is averaged between experts and entered 
into a table for each criterion.

The resulting weight that each indicator has in the creation of 
the final map is given by the average importance of the indicator 
divided by the total of the importance values assigned to all indica-
tors (Table 3). Removing or adding indicators does not change the 
assigned importance, but the weighting must be recalculated for the 
remaining subset of indicators. For instance, to create a naturalness 
map relating to the seabed, only those indicators that can influence 
the state of the seabed were selected (Table 4).

All assigned weights must sum to 100, so that the weighted sum 
of the values of all indicators multiplied by their percentage in the 
final map can give a maximum value of 100.

3.2.1  |  Weighted sum of the indicators

The indicators used in the assessment are derived from data sources 
of different origins and formats. To facilitate their integration, the 
indicators are reprocessed into aligned and overlapping raster maps, 
grids with a cell size of 50 m. This spatial data format allows for con-
sistent spatial analysis and facilitates the use of Weighted Sum tools. 
The Weighted Sum tools, overlying cell values, combine and weight 
the multiple raster inputs (the set of indicators) producing compre-
hensive integrated assessment maps such as vulnerability maps or 
naturalness maps (Figure 7).

To provide an example, if the ecological status indicator has a 
value of 100 in a given cell, its maximum contribution to that location 
would be 4.4 (100 multiplied by 4.4 and divided by 100). The final 
value of this cell in the integrated analysis map would be 100 only if 
all the other indicators also score the same maximum value.

4  |  RESULTS

Two vulnerability maps have been evaluated: the vulnerability map 
of the seabed (Figure 8a) and the vulnerability map of the marine 
environment as a whole (Figure 9a).

The most suitable areas represented in the map will be those 
broadly combining at the same time the highest level of environmen-
tal quality and protection and the lowest anthropogenic impacts or 
pressures.

The map of the vulnerability of the seabed was created by a 
weighted combination of only those indicators that may affect the 
state of the seabed:

• Fish farms, due to fishing carried out with dredgers and turbo 
blowers which can have a negative impact on both the seabed 
and ecosystems, as they remove and destroy everything they en-
counter along the way, leaving clear traces on the seabed.

• Outcrops, as an area of environmental value.
• Anchorage area, being a threat to both mechanical impacts on the 

seabed and for the ecosystems.
• Anthropogenic elements on the seabed that cause alteration of 

the natural morphology of the seabed (port access channels, un-
derwater pipelines, authorised areas for the dredged sediment 
discharge, other anthropogenic reliefs on the seabed resulting 
by sediment discharges not related to the authorised sites, and 
dredged channels).

• Natura 2000 sites, Ramsar sites and Nature Reserves, as they 
are protected areas where anthropogenic impacts on the seabed 
should be zero.

The vulnerability map of the marine environment as a whole was 
produced by a weighted combination of all indicators.

After the weighted combination, both maps were statistically re-
processed to obtain a smoother representation. In this process, each 
cell was assigned the average of the values of all cells within a radius 
of 1 km (Figures 8b and 9b).

The analysis highlighted areas with different degrees of environ-
mental vulnerability due to anthropisation, and identified the most 
critical areas in the Gulf of Trieste.

Both maps show that large areas of the seabed and marine envi-
ronment are affected by anthropogenic pressures, while those with 
minimal or non- existent impacts are very limited.

4.1  |  Vulnerability map of the seabed

The vulnerability map of the seabed shows that the highest values, 
in the range 67– 87, are found only in the westernmost part of the 
Grado and Marano Lagoon and in the north- eastern part of the gulf, 
as this is where most of the natural areas with a high level of pro-
tection and conservation overlap (Natura 2000 sites, Ramsar sites, 
Regional Natural Reserves). In the remaining part of the lagoon 
the values are in the middle range 48– 56, due to the presence of 
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12  |   People and Nature PEOPLE AND NATURE

natural areas. The areas with the lowest values, in the range 11– 31, 
are located in the northern part of the gulf, immediately south of 
the coast from Grado to Lignano, and in the offshore close to Tri-
este, where most of the human activities are carried out (shellfishing 
with dredges and turbo blowers, anchoring boats) or the presence 

of anthropogenic elements on the seabed can damage the natural 
environment and even permanently alter the natural morphology. In 
the remaining part of the gulf, the values are generally not high and 
are in the range 32– 40, due to the lack of any kind of protection of 
the areas (Figure 8a,b).

TA B L E  2  The indicator maps created.

Indicator Score assignment

Environmental data Natura 2000 sites (SIC and SPAs)
Ramsar sites
Natural reserves

100: inside areas
0: outside areas

Outcrops (trezze and geosites)
Site location with a buffer zone of 150 m 

radius. In case of overlap, the geosite 
prevails

100: geosites
80: trezze

TraC waters ecological status classification 100: good status
70: sufficient status
40: poor status
100: external areas, in continuity with the areas of “good condition” and 

further away from the coastal area

TraC waters chemical state
For areas with no data, no results are 

presented in case of overlapping of more 
maps. This workaround— the intermediate 
value— allows to account for important 
data layers where available.

100: good status
0: non- good status
50: outside areas, where there is no data available, since they are not 

affected by the analyzes for the determination of the chemical status

Classification of mollusc farming 100: A zone— low level of contamination and outside areas
60: B zone— presence of contamination
0: C zone— high level of contamination

Fish farms 100: outside areas
0: fish farms

Anchoring 100: outside areas
0: inside areas

Anthropic data Sea traffic (from MarineTraffic, marin etraf fic.
com, 2018)

100: outside areas
60: moderate traffic
0: heaviest traffic

Fishing pressure (by boats <12 m) 100: areas without fishing pressure
0– 100: based on the type of pressure exerted

Anthropogenic elements on the seabed 100: outside areas
0: anthropogenic elements

SNI 100: outside areas
0: Trieste and Torviscosa SNI

Industrial density Proxy indicators for anthropisation (by industrial activity, by urbanisation 
and by port), built starting from the location of industries, buildings 
and ports. Value is based on the density of their presence in a radius 
of 10 km along the coast. A higher weight (10 times), was assigned to 
commercial ports with respect to tourist ports due to major traffic and 
activities

Urbanisation density

Port density

Drains The intensity of wastewater discharges was evaluated according to the 
minimum distance from the coast of the emitting point. At design 
level, the discharge location and distance from the coast is calculated 
according to the predicted emission intensity.

Starting from the emission point, the intensity decays until it reaches 0 
at the minimum distance that the point has from the nearest coast. If 
the intensities of the emission points overlap, the values are added up. 
For the pipeline located in the lagoon of Grado and Marano, only one 
emission point was considered
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    |  13People and NaturePAGANO et al.

F I G U R E  5  The map with the computed indicators. (a) Represents the Maritime traffic indicator; (b) represents the Port density indicator.
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14  |   People and Nature PEOPLE AND NATURE

F I G U R E  6  The map of the computed indicators. (a) With the indicator for fishing pressure, and (b) with the sewer pipes indicator.
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    |  15People and NaturePAGANO et al.

4.2  |  Vulnerability map of the marine environment

In the vulnerability map of the marine environment, the highest 
values, in the range 68– 85, are found in a limited area in the west-
ernmost part of the Marano and Grado Lagoon, in the eastern part 
of the Marano and Grado Lagoon, at the mouth of the Isonzo river, 
and on the north- eastern coast, in particular due to the overlapping 
of protected natural areas. The lower values, in the range 41– 57, 
are found in the facing areas of Trieste and Muggia, where activities 
with high anthropogenic pressure overlap, such as the port, urbani-
sation, industrial activities and maritime traffic which generally af-
fects the central part of the gulf. Relatively low intermediate values, 
in the range 58– 64, are detectable in the central part of the gulf, 
mainly due to fishing pressure affecting the whole study area.

In the Marano and Grado Lagoons, the values are different, be-
cause in this area the contribution of the “Ecological status of TraC 

waters”, of the “Chemical status of TraC waters” and of the “ZVN of 
agricultural origin” must be taken into account.

In particular, the western part of the lagoon is affected by the 
presence of nitrates, so that the values are lower overall.

Furthermore, the lagoon of Marano and the lagoon of Grado are 
subjected to different pressures related to the inputs of the various 
rivers and the types of anthropic activities existing in the areas of 
the lagoon drainage basin. Therefore, the lagoon environment pres-
ents different levels of pollution from nutrients, with maximum con-
centrations near the river mouths and with greater influences in the 
lagoon of Marano rather than in that of Grado, which has on average 
much lower nitrate concentrations than that of Marano, due to the 
lesser influence of the inflowing rivers.

Especially in the western part of the lagoon, the presence of 
nitrates potentially interferes, so that the values are lower overall 
(Figure 9a,b).

5  |  DISCUSSION

Based on a series of collected environmental data and other data 
from databases available from institutions or different authorities, 
it was therefore possible to create maps highlighting the areas of 
greatest naturalness and the areas of greatest vulnerability, which 
can be used to check where interventions are needed to restore en-
vironmental balances that could threaten the sustainable develop-
ment of the area in the near future.

While Halpern et al. (2008) and Andersen et al. (2013) calcu-
lated the Cumulative Impact Assessment for the MSP for the Adri-
atic and Ionian Region using a 1 × 1 km grid, and Manea et al. (2019) 
attempt to quantify and map the supporting ES of the Adriatic Sea, 
the purpose of this analysis is to evaluate the anthropic pressures 
in a much more limited area, the Gulf of Trieste, but at a high- 
resolution scale with a 50 × 50 m grid. The resulting high- resolution 
vulnerability maps highlight areas with different degrees of envi-
ronmental fragility due to anthropisation at a high level of detail, 
and make evident elements that have limited spatial distribution 
such as, for example the protected natural areas and the area of 
high fishing pressure in the Grado and Marano Lagoon. The great-
est anthropogenic pressure comes from the main industrial and 
port activities, while the seabed vulnerability map shows that the 
anchoring, the discharge of dredging sludge and the fishing of mol-
luscs with dredgers and turbo blowers are the greatest threats to 
the seabed, as they alter the natural morphology and have a neg-
ative impact on ecosystems. The anthropogenic relief of about 
10 km2 and about 12 million m3 located on the seabed north- west 
of Muggia is an example of how human activities can completely 
alter the natural seabed and ecosystem.

The maps show that the most natural areas are due to the over-
lap of areas with high levels of protection and conservation, demon-
strating that these measures are crucial for healthy seas. Marine 
protected areas play a key role in protecting marine ecosystems 
and increasing their resilience. It is therefore necessary that their 

TA B L E  3  Assignment of weights for all indicators considered.

Indicator Average importance Weight

Aquaculture 80 5.8

Outcrops 100 7.3

Anchorage 70 5.1

Industrial areas 70 5.1

Buildings 50 3.6

Seabed morphology 80 5.8

Natura2000 90 6.6

Ports 70 5.1

Fishing pressure 70 5.1

Fishing quality 60 4.4

Ramsar sites 90 6.6

Reserves 100 7.3

Drains 80 5.8

SNI 80 5.8

Chemical status 60 4.4

Ecological status 60 4.4

Traffic 80 5.8

NVZ 80 5.8

Abbreviations: NVZ, nitrate vulnerable zones; SNI, Sites of National 
Interest.

TA B L E  4  Assignment of weights for seabed indicators.

Indicator Average importance Weight

Aquaculture 80 13.1

Outcrops 100 16.4

Anchorage 70 11.5

Seabed morphology 80 13.1

Natura2000 90 14.8

Ramsar sites 90 14.8

Reserves 100 16.4
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16  |   People and Nature PEOPLE AND NATURE

number increases, that they remain in good health and intercon-
nected through ecological corridors.

Indeed, the fourteenth of the UN's Sustainable Development 
Goals aimed to preserve at least 10% of coastal and marine areas by 
2020. While this goal has not yet been achieved (only 3.5% of the 
world's oceans are currently protected), it is expected that the pro-
portion of protected oceans and seas will increase to 30% by 2030.

Although 9.68% of the Mediterranean Sea is protected, only 
2.48% of the marine areas are protected in various ways (according 
to international and national standards) and have their own manage-
ment plans. Those that implement their own plans ensuring manage-
ment effective are even fewer, the 1.27% and they are located on the 
northern coast of the Mediterranean. The percentage of the Medi-
terranean Sea under maximum integral protection is only 0.03%. As 
for Italy, it is apparently in a good situation as it protects 19.12% of 
its territorial waters (0– 12 nautical miles) for various reasons and has 
management plans for 18.04% that theoretically protect our seas, 
in reality the management is only implemented in 1.67% of Italian 
marine waters (Greenreport, 2019).

The MCDA integrated with a GIS has been applied in coastal man-
agement, for example by Barzhekar et al. (2021) that point out that 
this method extends the long- term applicability of tools employed by 
coastal managers. One of the advantages of multicriteria analysis is in 
the possibility to collect and evaluate the elements that contribute to 
the decision using the most appropriate evaluation method but one of 
the main limitations of this type of analysis is precisely its subjectivity. 
The criteria used for decision- making are based on available data and 
expert opinion. The relative importance of these criteria can be de-
termined by various methods, such as averaging expert judgements. 
Even if this approach helps to reduce subjectivity to some extent, it 
does not guarantee complete accuracy in determining the weights for 
the final combination of indicators. It is important for decision- makers 

to be aware of the potential limitations of multicriteria vulnerability 
maps taking in consideration the biases in the criteria selection and in 
the weight determination process.

The use of GIS makes it possible to integrate the analysis carried 
out with additional data, in order to follow the evolution of environ-
mental legislation, to study a specific area or phenomena. For example, 
it would be very interesting to filter Automatic Identification System 
boat tracks based on the size of the boats and the sailing speed param-
eter, in order to identify the number of boats with higher speed, that 
have a greater impact on the coastline due to the waves generated. 
Instead, boats with speeds close to zero can be considered stationary 
and therefore probably anchored and impacting the seabed.

Updating vulnerability maps, or creating them newly, would 
make it possible to verify any improvements or degradation in the 
areas considered and consequently, the appropriateness of the in-
terventions carried out.

MSP is a crucial tool for implementing the blue economy and 
guiding development and investment in maritime activities, pro-
moting the sustainable development of the marine and coastal 
environment and ensuring the protection of marine resources by 
applying an ecosystem approach, considering the intensification 
of cross- border cooperation and land- sea interactions. The vul-
nerability maps are a useful analytical tool to identify the most 
critical areas where possible actions can be planned to maintain 
a healthy and sustainable productive marine environment. Dis-
tinguishing between the areas of greatest environmental fragility 
from the most secure and long standing ones is a fundamental 
step to manage and solve the conflicts between economic devel-
opment and environmental health, preventing the destabilisation 
of marine ES and at the same time fully developing the potential 
of the blue growth in compliance with the United Nations Sustain-
able Development Goals.

F I G U R E  7  Modelling workflow for vulnerability maps.

 25758314, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/pan3.10537 by O

gs T
rieste Istituto N

azionale, W
iley O

nline L
ibrary on [13/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  17People and NaturePAGANO et al.

F I G U R E  8  Vulnerability map of the seabed, with the purple colour indicating the greater anthropisation and the green colour indicating 
the greater naturalness. (a) Represents the used indicators, while (b) represents the vulnerability map of the seabed, made from the 
statistical reprocessing of the (a) map, assigning to each cell the average of the values of all the cells present in the radius of 1 km.
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F I G U R E  9  Vulnerability map of the marine environment with the purple colour indicating greater anthropisation, and the green 
colour indicating the greater naturalness. (a) Represents the used indicators, and the (b) represents the vulnerability map of the marine 
environment, created by statistical reprocessing of the (a) map, reassigning to each cell the average of the values of all the cells present 
within a radius of 1 km.
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6  |  CONCLUSIONS

Human pressures on the seas and oceans threaten their health 
and their enormous socio- economic potential and certainly cause 
environmental but also economic and social damage. The vul-
nerability maps highlighted areas with different degrees of en-
vironmental fragility due to anthropisation. In general, the most 
stressed areas are concentrated in correspondence with the main 
industrial and port activities, while the most natural areas are due 
to the overlapping of areas with a high level of protection and con-
servation. In addition, the anthropogenic activities have altered 
the natural morphology of the seabed and could have negative 
impacts on ecosystems and biocenoses, as in the case of the re-
lief of about 10 km2 and about 12 million m3 located on the seabed 
north- west of Muggia, whose morphology is not compatible with 
natural geological processes and is therefore certainly of anthro-
pogenic nature.

The distinction between the areas of higher environmental fra-
gility from the less anthropised area is a fundamental step for the 
sustainable management of marine and coastal areas in order to 
promote responsible blue growth, limit conflicts between economic 
development and environmental health, and not compromise the ES 
of the marine environment.

Blue growth is based on the balance between man and the en-
vironment, promoting human activities that use the sea, coasts and 
seabed as resources for industrial activities and the development of 
services, inserted in a perspective of sustainability.

Sustainable development is the basis of the blue economy, a 
long- term strategy of the European Union, which the directives on 
the Marine Environment Strategy (2008/56/EC) and MSP (2014/89/
EU) were adopted to promote.

The vulnerability maps produced are a valid analytical tool to as-
sess where interventions are needed to restore environmental bal-
ances that could threaten the sustainable development of the area in 
the near future. In doing so, the most environmentally critical areas 
are identified in order to plan possible intervention actions with the 
aim of a having healthy and productive marine environment and fully 
developing the potential of blue growth.
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