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Abstract. Due to pronounced hydroclimatic fluctuations and rapid urban growth, coastal lagoonal systems in
the Southern Mediterranean semi-arid areas undergo pronounced shoreline retreats and increased coastal flood-
ings. The socioeconomic impacts of these alarming coastal changes remain poorly uncharacterized. To address
this deficiency, we calculate the Socioeconomic Vulnerability Index (SVI) based on the decadal changes in shore-
line retreat and land use occupation considering the study case of the coastal lagoon of Ghar El Melh in Tunisia
which is representative of several lagoonal systems in the southern Mediterranean basin. We first monitor the
diachronic shoreline changes from 1882 to 2016 using aerial and orbital photogrammetric scenes combined with
topographic and bathymetric maps. Using the Digital Shoreline Analysis System (DSAS) and historic bathy-
metric records, we then measure the changes in shoreline position from 1882 to 2016. Secondly, the above is
correlated with the Land Use/Land Cover (LULC) assessment using a supervised classification algorithm from
multiple Landsat 5-8 orbital photogrammetric scenes. We assess the SVI using five socioeconomic parameters:
(1) population density, (2) land use change, (3) road network, and (4) settlements. Our results reveal the occur-
rence of severe coastal erosion with a maximum Net Shoreline Movement of − 1580 m (±6 m) between 1882
and 2016. Moreover, the changes in land use from 1985 to 2021 reveal the extension in urban growth around the
lagoon, rising from 5.4 % to 13.5 %. Whereas the vegetation coverage is decreasing by 9 % over the same period.
The resulting SVI map reveals that 85 % of the lagoon area is characterized by high to very high vulnerability.
This high coastal vulnerability is found to be primarily due to the extensive change in land occupation over the
last few decades and is aggravated by the increase in hydroclimatic extremes.
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1 Introduction

Coastal sandy barriers change their morphology and com-
position due to several forcing processes, such as marine
submersion and storm surges (Cooper et al., 2018). The fre-
quency, intensity, and geomorphology of these coastal bar-
riers influence how they react to hydroclimatic disturbances
(Thieler and Young, 1991). Coastal lagoons are also unique
ecosystems where various socioeconomic activities, such as

fisheries, tourism, aquaculture, maritime shipping, and ur-
ban development, can occur. The ecological function of these
lagoons must be carefully studied and assessed in the spe-
cific context of each of these water bodies having their own
characteristics (Pérez-Ruzafa et al., 2010). Due to the rapid
changes that have occurred in recent decades, lagoon habi-
tats are of concern because of the negative impact on the
structure and dynamics of their biodiversity. Some of the
changes are due to coastal development for tourist ameni-
ties, while others are due to changes in agricultural practices
in the watershed, such as increased inputs of agricultural
waste and nitrogen into the lagoons (Gaaloul et al., 2022).
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The Mediterranean region is considered a climate change
“hotspot” (Lionello and Scarascia, 2018; Pausas and Millán,
2019). Coastal and inland soil erosions, as well as floodings,
are widely observed in North Africa as a result of hydrocli-
matic changes associated with global warming (Salhi et al.,
2023). Coastal lagoons in North Africa are unique ecosys-
tems that are often damaged by human activities (Fouad et
al., 2023). The Tunisian coast is 2290 km long, including
the shores of coastal lagoons (445 km) and islands (457 km).
This coast is threatened by coastal erosion and marine sub-
mersion related to sea level rise and anthropogenic factors
(Oueslati, 2015; Amrouni et al., 2019b; Hzami et al., 2021).
The coastal area of Ghar El Melh, like all the coasts of the
country, is densely impacted by urban growth and socioe-
conomic development (Amrouni et al., 2019a; Hzami et al.,
2021). But the vulnerability of the Ghar El Melh coast is also
aggravated by the strong reduction of sediment supply by the
Medjerda River since the construction of the Sidi Salem dam
in 1981 (Louati et al., 2014; Oueslati et al., 2015). Indeed,
recent studies have demonstrated that the coarser fraction of
fluvial sediments transported by the Medjerda River is stored
in the dam and does not reach the coast of Ghar El Melh
(Kotti et al., 2018; Benmoussa et al., 2019). Due to this, the
sand of the Ghar El Melh shores is no more renewed, lead-
ing to the rapid reduction of the shoreline width between the
sea and the lagoon (Hzami et al., 2018). These studies were
based on regional data (Gulf of Tunis), with low spatial res-
olution data (>30 m).

The shoreline retreat has already impacted local socioe-
conomic activities by reduction of agricultural and tourist
areas (Samàali, 2011), but there are no studies quantifying
the level of socioeconomic impacts. Eventually, the ecohy-
drological local system is negatively impacted, although the
Ghar El Melh lagoon is protected by the Ramsar Convention
since 2007 (Abulhawa and Cummings, 2017). Developing a
specific vulnerability method adapted to local socioeconomic
variables is essential to give local and regional authorities
some figures to define the location and the intensity of the
vulnerability better and more precisely along the shore. To
understand these local environmental issues of the Ghar El
Melh coastal lagoon, we use high-resolution remote sensing
and GIS techniques, to quantify the level of socioeconomic
vulnerability of the Ghar El Melh coastal area, based on a
vulnerability index (Mahapatra et al., 2015). The study also
aims to increase our knowledge to better protect the ecosys-
tem.

2 Study area

The Ghar El Melh lagoon is a Mediterranean water body, sit-
uated in North-Eastern Tunisia (Fig. 1), on the western shores
of the Gulf of Tunis (37°06′–37°10′ N, 10°08′–10°15′ E).
This lagoon is a vestigial part of the Gulf of the Utique Sea
(Delile et al., 2015). The sandy coastal barrier separating the

lagoon from the sea was interrupted by a channel named
“Boughaz”, 85 m wide and 2.5 m deep (Moussa et al., 2005).
The lagoon covers an area of 28.5 km2 and within an average
depth of 0.8 m.

The Medjerda River produced the principal inflows of the
Ghar El Melh Lagoon until the 19th century. Since 1973, was
naturally derived 18 km southward of the Ghar El Melh la-
goon (Paskoff, 1985).

The lagoon climate setting is Mediterranean, with medium
rainfall (540 mm yr−1) and an evapotranspiration rate of
about 1450 mm yr−1. The seasonal variations in air tempera-
ture, with medium values ranging from 12 to 27 °C in winter
and summer, respectively (INM, 2020).

3 Methodology

3.1 Data description and sources

In this study, we used time-series remote sensing data to as-
sess the shoreline evolution of land occupation and socioeco-
nomic vulnerability of the Ghar El Melh coast.

For the orbital satellite scenes, we use Landsat (1985),
Spot (1988; 1999), Sentinel 2B (2016), and Sentinel 2A
(2021) which have been acquired during the dry summer sea-
sons from June to August (Table 1). These scenes are avail-
able in the archives of the U.S. Geological Survey (USGS).
To perform long-term shoreline analysis (1882–2016), we
also use photo-interpretation scenes such as aerial photog-
raphy (1974), topographic maps (1936), and marine maps
(1882) (Table 1).

3.2 Land Cover/Land Use (LCLU) assessment

We used the supervised algorithmic method to generate Land
Use maps using ENVI software. We applied a geometric,
atmospheric, and radiometric correction to all multispectral
images in Ghar El Melh between 1985 and 2021 to improve
the visibility and quality of land use classifications. The re-
gion of interest (ROI) is determined from the pre-processed
images and then processed to identify different terrain classes
to better understand the evolution of the identified terrain
classes: continental water, urban spaces, vegetations, bare
soils, and sand deposits for the entire study area. For the
supervised classification, we used the maximum likelihood
algorithm (MacQueen, 1967).

By comparing the ROI class results generated in ENVI 5
with reference data obtained during a field campaign in the
research area in April 2021, the accuracy of the Landsat 5
(1985) and Sentinel (2021) classifications (Table 1) was de-
termined using the confusion matrix approach. Our five land
cover classes, continental water, urban space, vegetation,
bare soil, and sand deposit are based on statistical data on
the temporal evolution of the region. For post-treatment clas-
sification algorithms, the errors of the classification methods
are determined using the kappa indices and the accuracy of
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Figure 1. Location and characteristics of Ghar El Melh lagoon and coast, Gulf of Tunis.

Table 1. Spatial scenes and thematic maps used to assess the socioeconomic vulnerability in the Ghar El Melh (Tunisia).

Spatial database Date (Scale) Resolution (m) Error (m) Source

Topographic maps 1936 (1/50000)
1974 (1/25000)

2 ±0.18 Tunisian Office of Cartography (OTC)

Aerial photography 1974 (1/25000) 1 ±0.1

Marine maps 1882 (1/100000) 4 ±0.28

Satellite scenes Landsat 5 (1985)
Spot 1 (1988)
Spot 4 (1999)
Sentinel 2A (2016)
Sentinel 2B (2021)

30
20
20
10
10

±0.12 United State Geological Survey (USGS)
https://earthexplorer.usgs.gov/
(last access: June 2021)

the two land use images of the confusion matrix (Amrouni et
al., 2019b).

3.3 Socioeconomic vulnerability index

The Socioeconomic Vulnerability Index (SVI) was calcu-
lated by combining four quantitative socioeconomic vari-
ables: (1) population density, (2) land use, (3) road network,
and (4) settlement, using ArcGIS software (Table 2). These
variables are not exhaustive but relevant to the study area’s
social vulnerability. The weightings for SVI are derived us-
ing Forman and Gass (2001) Analytical Hierarchical Process
(AHP) approach. The indices for the dry area of the Ghar El
Melh lagoon are calculated using a mesh with each element
measuring 150 m by 350 m (Hzami et al., 2021).

The AHP was created by Saaty (2000) and is used to es-
tablish the necessary weighing factors using a priority ma-
trix. To begin, all variables are compared pairwise, and the

matrix is completed by assigning a relative dominating value
between 1 and 9. The priority values for socioeconomic vari-
ables were calculated, with population density at 60 % and
coastal land use at 25 %.

The socioeconomic factors for the lagoon are derived from
published data and international sources. ArcGIS 10.2 was
used to create the input data for our coastal vulnerability
analysis. All raster data is converted to vector format using
the WGS82 projection for mapping purposes.

After identifying the socioeconomic parameters of the en-
tire Ghar El Melh lagoon coast from the source data, the vari-
ables of each factor are arranged in GIS and all parameters
have been assigned corresponding numerical values from 1
(very low) to 5 (very high) for each segment of the study
area (Thieler and Hammar-Klose, 1999).
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Table 2. Ranges of the Socioeconomic Vulnerability Index, SVI (McLaughlin et al., 2002).

Variables Score

Socioeconomic Very low 1 Low 2 Moderate 3 High 4 Very high 5

Population density
(people km−2)

<100 100–200 200–400 400–600 >600

Coastal land use Water bodies, marsh, and moor,
sparsely vegetated areas

Bare land Water/wetland, grassland Forest, farmland Urban space

Road network >1500 1000–1500 500–1000 250–500 <250

Settlement No settlement Village Small town Large town City

3.4 Shoreline dynamic

There are several methods to quantify the shoreline re-
treat on sandy coasts. The first approach was developed by
Kriebel (1982). This model estimates the potential shoreline
retreat rate in relation to the return period of a high-water
level (FEMA, 2003). The second method is based on the
development and using numerical models. The XBeach and
Telemac models are the most used (Roelvink et al., 2009;
Pender et al., 2015). However, these models did not use high-
resolution spatial data (satellite scenes, aerial photography,
etc.).

Finally, the third model is the Digital Shoreline Analy-
sis System (DSAS). It consists in quantifying the impact
of storms by measuring, using transects perpendicular to
the shoreline, the distance between the pre-storm and post-
storm shoreline which have been previously digitized in a
database of aerial photographs. This method relies on a high-
resolution database of photogrammetric and thematic scenes
to assess short, medium, and long-term historical shoreline
trends (Thieler et al., 2009; Amrouni et al., 2019b). The high
use of the DSAS tool is due to its easy integration with Esri
ArcGIS software. This combination helps calculate the dis-
tance between each transect and the baseline and provides a
simple interface for statistical analysis of shoreline changes
(Mishra et al., 2020).

In the present study, we use the DSAS approach im-
plemented using datasets from Spot (1988 and 1999) and
Sentinel 2B (2016), aerial photography (1974), topographic
maps (1936), and marine maps to perform long-term shore-
line monitoring (1882) (Table 1). Orthogonal transects of
1000 m are used to quantify the shoreline changes which
have occurred along the sandy barrier of the Ghar El Melh.
The statistics of the computed rate-of-change enable us to
create time series in GIS that depict the temporal evolution
of the shoreline’s geometries and positions over the last cen-
tury. We use two statistical outputs from the DSAS model in
our analysis: (1) the Net Shoreline Movement (NSM), which
shows the total reported separation between the oldest (1882)
and most recent (2016) shoreline positions; and (2) the End
Point Rate (EPR), which shows the annual rate of shoreline
retreat. Finally, using Morgan et al. (1997) and Van der Wal

and Pye’s (2003) techniques, the inaccuracy in estimating
shoreline change rates is measured.

4 Results and discussion

4.1 Shoreline evolution of Ghar El Melh coastline

The evolution of the coastline of Ghar El Melh during the
20th century is mainly influenced by the action of the sea,
the river discharge of the Medjerda River, and the maritime
anthropogenic developments along the coastal ridge of the
Sabkha Sidi Ali El Mekki (Amrouni et al., 2020).

The subdivision of the mean time scale was carried out
according to the dynamics of the littoral system at the multi-
decadal scale. Two periods can be individualized:

– Period 1882–1974: This period concerns the natural dy-
namics of the coastline.

– Period 1974–2016: This is the period when human ac-
tivities started with the deviation of the Medjerda River
in 1973 and the building of the new port of Ghar El Melh
in 1974.

a. Natural evolution. Ghar El Melh beach is bordered
in the north by the fishing port and in the south by
the old mouth of the Medjerda River (Fig. 2). From
1882 to 1974, the sandy barrier of Ghar El Melh un-
derwent a natural progradation with accretion rates
EPR between+1.43±0.18 and 3.85±0.16 m yr−1.

b. Anthropogenic evolution. After the construction of
the fishing harbor in 1974, the northern part of the
sandy barrier experienced intense erosion between
1974 and 2016, with an average EPR rate of −2±
0.20 m yr−1. The highest erosion rate observed in
this region is an NSM of−19.61±0.22 m yr−1, be-
tween 1999 and 2016 (Fig. 2).

This trend has resulted in the erosion of much of the
cultivated land along the sandy barrier of Ghar El Melh
Lagoon, as well as the destruction of several urban struc-
tures along this beach. A similar study using Landsat scenes
along this zone shows that the maximum shoreline retreat is
−17± 2.4 m yr−1 (Saïdi et al., 2014). This severe erosion is
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Figure 2. The shoreline movement trend along the beaches of the Ghar El Melh coastline from 1882 to 2016.

largely due to the change in the morphology of the alluvial
coastal plain and the reduction in the sediment supply of the
Medjerda River (Paskoff, 1994; Benmoussa et al., 2019). Af-
ter the great flood of 1973, 18 km south of the Ghar El Melh
lagoon was naturally drained (Fig. 1). According to Amrouni
al. (2023), the low sedimentation in the highly vulnerable
coast, will lead to a near coastal submersion of the sandy
barrier of Ghar El Melh lagoon.

The sediment transport vectors observed at the lagoon
coast show a dominant N/S direction (Beji, 2019). This lon-
gitudinal coastal transit causes the reduction of the sediment
budget of the coast in coarse load and the erosion of the
shoreline (Amrouni et al., 2014, 2019a).

4.2 The Land Use/Land Cover changes

The supervised classification of both Landsat (1985) and
Sentinel 2A (2021) images into 6 classes is based on the
“maximum likelihood” method. This method provides the
resolution closest to nature, as described in Fig. 3, based on
the natural colors of the different classes. Based on the dis-
tribution of these colors, we notice a decrease in vegetation
cover and an increase in urban space between 1985 and 2021.
The statistical class analysis for the supervised classification
of the two Landsat (1985) and Sentinel 2A (2021) images is
shown in Fig. 3. According to the diagram of the areas of
the land occupation units of Ghar El Melh in 1985 and 2021
(Fig. 4), we note:

– Reduction of the vegetation class by 9 %;

– Increase in urban space by 8 %;

– Increase in the surfaces of bare land by 5 %;

– Reduction of agricultural activities by 5 %.

The identification of land cover changes between 1985 and
2020 shows that the natural space is significantly reduced

by the rapid expansion of cities in the surrounding area. Hy-
draulic management of the river network reduces sediment
and water flow into the depression, resulting in a reduction
in the water balance and an increase in the evaporation rate
into the low-lying watershed, which is here covered by the
Sabkha environment. The anthropogenic factors are also en-
hanced by the climatic aridification of the North African re-
gions.

Evaluation of the supervised classification methods for
the two sets of satellite scenes using the confusion matrices
shows that the kappa indices are 0.90 for Landsat 5 (1985)
and 0.93 for Sentinel 2A (2021). The accuracy of this classi-
fication is ∼ 95 %, indicating maps with high reliability.

4.3 Socioeconomic vulnerability

Mapping of SVI values reveals that 55 % of the lagoon coast-
line experienced a very high vulnerability (scores 4 and 5),
30 % is at high vulnerability (score 3), and 15 % is classified
as moderately vulnerable (scores 1 and 2) (Fig. 5). SVI lev-
els are significantly higher in areas with rapid urbanization.
The most vulnerable areas are in the low-lying deltaic plain
of the Medjerda River. The extent of these coastal vulnera-
bilities results in significant degradation of coastal aquifers
and consequent deterioration of crop productivity, threaten-
ing food security and leading to migration out-flows (Hzami
et al., 2021).

5 Conclusion

Our study suggests that the high socioeconomic coastal vul-
nerability area observed in the Ghar El Melh lagoon is pri-
marily due to the rapid and extensive urbanization occurring
over the last few decades. SVI values reveal that 85 % of
the Ghar El Melh lagoon and its associated coast are char-
acterized by high to very high vulnerability. Additionally,
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Figure 3. Detection of changes in LULC from the supervised classification between 1985 and 2021 from Landsat 5 (1985) and Sentinel 2A
(2021) scenes.

Figure 4. The statistical temporal evolution of LULC classes in the lagoon between 1985 and 2021.

Figure 5. Vulnerability scale of socioeconomic variables SVI for
the Ghar El Melh Lagoon, Gulf of Tunis.

the temporal analysis of the aerial and orbital photogram-
metric scenes suggests that ∼ 70 % of the Ghar El Melh
coast’s sandy beaches are currently eroding at an average
EPR rate of −2 m yr−1. Anthropogenic factors, such as pop-
ulation density and land occupation, are found to be the main
drivers of the observed shoreline retreat and the associated
socioeconomic vulnerability in Ghar El Melh. The above re-
sults from decreased vegetation cover, water budget, sand de-
posit, and the increase in salt flats and urban spaces. These
anthropogenic factors further aggravate the impacts of hydro-
climatic extremes widely observed in the region over the last
decade. Restoring a substantial part of the vegetation cover-
age and stabilizing the sandy barriers with the natural-based
solution can reduce the vulnerability in the mid and long
terms, but comprehensive urban planning that considers the
recent hydroclimatic changes in this area need to be urgently
implemented to mitigate the short-term impacts.
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