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d Department of Tourism and Archaeology, Umm al Quwain, United Arab Emirates

A R T I C L E I N F O

Keywords:
Coastal geomorphology
Lagoon system
Remote sensing
Umm al Quwain

A B S T R A C T

Coastal lagoon systems are highly sensitive environments currently experiencing the impact of climate change
and human pressure, which are triggering alteration of pristine biodiversity and geomorphic dynamics. Climate-
and/or tectonic-induced changes in sea-level and shifts in the base level and/or flow rate of rivers connected to
inlets heavily affect the balance of lagoon ecosystems, triggering ecological changes and/or alterations in
landforms. For instance, the shorelines of the Arabian Peninsula, stretching from the Red Sea to the Persian/
Arabian Gulf, are dotted by coastal lagoons that are undergoing deep transformations. Across the Holocene,
Arabian lagoons underwent subsequent phases of modification triggered by sea-level changes, modifications of
ocean circulation, and post-Last Glacial Maximum shifts in the discharge of main rivers (e.g., Tigris and
Euphrates rivers). These factors reshaped the geomorphology of such contexts, promoting the evolution of
freshwater ecosystems along the shorelines of the United Arab Emirates (UAE) and influencing the growth of
extensive mangrove forests. In recent years, human agency has disrupted the pristine dynamics and ecosystems
of coastal-lagoon systems between Abu Dhabi and Ras al-Khaimah. Local lagoons have undergone significant
changes due to urban expansion involving land reclamation initiatives along the coast to expand coastal areas,
including the construction of artificial islands and the consequent changes in circulation and reduction of
mangrove forests. The lagoon of the Emirate of Umm al-Quwain (UAQ), thanks to the slower rate of urban sprawl
and limited land reclamation operations, still preserves an extensive mangrove ecosystem, pristine landforms,
and almost unspoilt tidal dynamics. For that reason, it constitutes the ideal context for a geomorphological
assessment based on a combined multi-temporal remote sensing (from 1968 to 2022) and field validation
approach, aimed at achieving a deep understanding of the formation and dynamics of tidal-lagoon and coastal
systems and landforms. Furthermore, a detailed geomorphological reconstruction of specific sectors of the UAQ
lagoon traced its evolutionary history, informing interpretations of past human communities’ adaptation stra-
tegies and resource exploitation patterns.

1. Introduction

Coastal-lagoon systems are extremely sensitive environments expe-
riencing the effect of climate change and reacting rapidly to them in
terms of biodiversity alteration and modification of their geomorphic
dynamic (Day et al.,2008; Lloret et al., 2008; De Vit, 2011; Brito et al.,
2012; Chapman, 2012; Velez et al., 2020; Chacón Abarca et al., 2021;
Mateos-Molina et al., 2023). Minimal, climate- and/or tectonic-driven

changes in the sea level, or in the base level and/or discharge rate of
rivers connected to inlets can lead to the disruption of lagoon equilib-
rium, resulting in the ecological succession and/or landform change (El
Banna and Frihy, 2009; Slaymaker et al., 2009; Duck and da Silva, 2012;
Panda et al., 2013; Padmalal et al., 2014; Huang et al., 2020; Kuang
et al., 2022). For that reason, such landscapes hold paramount impor-
tance in reconstructing past and ongoing environmental changes,
elucidating connections between climate fluctuations and relative sea-
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level changes (Panda et al., 2013; Padmalal et al., 2014). The environ-
mental dynamic of coastal lagoon systems in arid to semi-arid regions is
further complicated by climatic settings and fluctuation among humid
and arid conditions (Moreno et al., 2010; Goudie, 2013; Marco-Barba
et al., 2013; Gaaloul et al., 2022).

Coastal areas of the Arabian Peninsula – from the Red Sea to the

Arabian/Persian Gulf – are dotted by coastal lagoons (called ḵawr or
khor in Arabic) that, at least throughout the Holocene, underwent sub-
sequent phases of modification triggered by different factors (Fig. 1).
Sea-level changes, modification of ocean circulation and shift in the
discharge of main rivers (e.g., the Euphrates and Tigris), have contrib-
uted to altering the geomorphology of such contexts and, in turn, to

Fig. 1. A) GoogleEarthTM imagery (2023) of the Arabian Peninsula where the main coastal-lagoon system is indicated (red lines). B) The UAE coastal lagoons located
in the proximity of the Abu Dhabi and Dubai emirates. C) The main lagoon in the northern sector of the UAE, in red the UAQ coastal lagoon. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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promoting the evolution of ecosystems (Johannes and Hearn, 1985;
Morton et al., 2000; Carrasco et al., 2018; Sharifinia et al., 2019; Ranjbar
et al., 2020; Silveira et al., 2021; Morel et al., 2022).

In the lower sector of the Arabian/Persian Gulf, one of the major
factors triggering the formation and evolution of extant lagoons was the
post-Last Glacial Maximum (LGM) transgressive phase (starting ca. 21
ka BP). After the LGM, the general rise of the sea-level permitted the
development of several coastal lagoon environments in the region and
especially along the shorelines of the United Arab Emirates (UAE), and
the growth of extensive mangrove forests (Lambeck et al., 1996; Bernier
et al., 1995; Dalongeville and Sanlaville 2005; Strohmenger et al., 2010;
Lokier et al., 2015; Mauz et al., 2022). Therein, the early Holocene
reflooding of the Arabian/Persian Gulf resulted in a complex coastline
stretching from Abu Dhabi to Ras al-Khaimah, characterized by a broad
system of coastal lagoons, including choked, restricted, and leaky la-
goons (sensu Bird 1994; Kjerfve 1994) (Fig. 1). Such systems developed
on – and in part overshadowed – the Late Pleistocene landscape, con-
sisting of coastal to continental dune fields and sabkhas, dissected by
fluvial systems (Bernier et al., 1995; Kirkham, 1998) reactivated since
the increase in rainfall at the beginning of the Holocene (Ménot et al.,
2006; Parker et al., 2006; Staubwasser and Weiss, 2006; Garcin et al.,
2007; Parker and Goudie, 2008; Matter et al., 2016; Groucutt et al.,
2018). Numerous sedimentological, geochemical, and geomorpholog-
ical studies have meticulously explored the ecological attributes and
environmental characteristics of the coastal lagoon system (Fig. 1B)
(Schneider 1975; Alsharhan and Kendall, 2003; Kendall et al., 2011;
Damien et al., 2020; Mauz et al., 2022). More recently, the dynamic of
the lagoonal systems between Abu Dhabi and Ras al-Khaimah has been
further complicated because of human agency. Local lagoons have been
altered due to human interventions, pushed by rapid urban expansion
that saw the occupation of existent shorelines and islands for buildings
and infrastructures, and the creation of artificial patch of lands
(Subraelu et al., 2022; Mateos-Molina et al., 2023). Since the 2000 s,
land reclamation initiatives along the coast to expand coastal areas (e.g.,
Palm Jumeirah and Palm Jebel Ali in Dubai) and the construction of
artificial islands (e.g., World Islands in Dubai) have significantly altered
the shoreline of the region (Goudie and Viles 2016; Subraelu et al., 2022;
Mateos-Molina et al., 2023) (Fig. 1). Vulnerability assessments based on
the analysis of satellite imagery have highlighted the profound impact of
these buildings and infrastructures on shore and offshore landforms and
on erosional and depositional process, as well as the effects of intensive
urbanization on coastal and tidal dynamics (Subraelu et al., 2022;
Mateos-Molina et al., 2023).

Due to minimal urban sprawl and limited land reclamation, the Umm
al-Quwain (UAQ) lagoon remains the only one among the UAE’s many
lagoons that still retains extensive mangrove ecosystems, pristine land-
forms, and natural tidal dynamics (Fig. 1). For that reason, this study
focuses on the geomorphological assessment of the UAQ lagoon (the
main portion of which is called in Arabic Khawr al-Bayḍāʾ or Khor al-
Beidah) based on a combined remote sensing and field validation
approach, aimed at supporting a deep understanding of the formation
and dynamics of tidal-lagoons and coastal systems and landforms. Such
approach benefited from the multitemporal analysis of satellite imagery
spanning from 1968 to the present day, thus enabling the identification
of natural processes regulating the lagoon system and disentangling any
anthropogenic fingerprint contributing to shape the evolution of UAQ’s
coastal-lagoon landscape. Furthermore, a meticulous geomorphological
reconstruction of selected sectors of the Khor al-Beidah lagoon allowed
tracing the evolution of the lagoon giving further tools to interpret the
adaptation strategies and exploitation of natural resources of human
community settling the region since prehistory.

2. The study area

2.1. Geological and geomorphological background

The study area is part of the coastline of the UAQ Emirate in the
southern sector of the Arabian/Persian Gulf, a shallow epicontinental
sea that is part of the Arabian Plate, which dips toward the NE beneath
the Zagros Mountains with a Gulf foredeep basin formed by the collision
of the Arabian and Eurasian plates in the late Miocene. The collision
produced the Zagros Fold Belt in Iran and the large Mesopotamian
Foredeep (Uchupi et al., 1999; Mouthereau et al.,2012). During the
Quaternary, the several climate fluctuations and effects of the sea–level
rise after the LGM (Lambeck, 1996; Teller et al., 2000; Forti et al.,
2022b; Beni et al., 2024), drove widespread geomorphological changes.
The landscape of UAQ is complex, including hill areas exceeding 200 m
a.s.L. at the foothills of the Hajar Mountains, extensive dune fields and
coastal lagoon environments. The predominant Quaternary landform in
UAQ consists of linear dunes, oriented transversely to the prevailing
Shamalwind (W-NW), which are part of the Rub’al Khali dune fields (El-
Sayed, 2000; Atkinson et al., 2011; Leighton et al., 2013). Local hy-
drography is ephemeral, and the major watercourse is Wadi Dhaid,
which runs for ca. 102 km from the merging point of alluvial fans in the
Hajar Mountains to the Arabian/Persian Gulf (Feulner, 2023). Wadi
Dhaid braided channels cut the alignments of dunes and are particularly
active during periods of intense rainfall from December to February
(Mueller et al., 2023). The coastal zone is characterized by the lagoon
system stretching ca. 20 km towards the north. This coastal-lagoon
system is intersected by tidal channels, which divide the area into sub-
parallel, hook-shaped spits. Within the UAQ lagoon the main islands
are S̄ın̄ıya, al-Ghalla and Akab. The southern sector of the study area is
home to the city of UAQwhich grew on top of a coastal dune systemwith
sandy beaches (Fig. 2).

2.2. Climate and coastal dynamics

The Arabian/Persian Gulf is a closing sea-oriented NW-SE with an
average depth of 35 m, that reflects the complex geodynamic history of
the area related to the motion of Arabian and Eurasian plates
(Mouthereau et al., 2012). The general setting of the UAQ offshore, like
in the entire western sector of the Gulf, is an homoclinal ramp with a
very gently sloping bathymetry which deepens to a maximum of 80 m
towards the N, in the proximity of the Strait of Hormuz (Alsharhan and
Kendall, 2003) (Fig. 2). The climate in UAQ is arid with air temperatures
reaching 45 ◦C in summer and dropping to 0 ◦C in winter with average
annual temperature above 18◦ C. Rainfall is influenced by the
orographic effect exerted by the Hajar Mountains and occurs mainly
between autumn and winter with an annual average less than 40 mm
(Feulner, 2023). The predominant and strongest wind is the Shamal that
blows all year from the W and NW with occasional breaks in winter
associated with the SE Kaus wind (Feulner, 2023). The Shamal is a hot
and dry wind originated by air mass instability and localized distur-
bances that blows continually especially during the summer causing
dust, sandstorms, and swells throughout the Gulf area (Paparella and
Burt, 2023). The circulation of marine current in the Arabian/Persian
Gulf is generally counterclockwise from the Strait of Hormuz with pro-
gressive increase in water salinity towards the central part of the sea
(Campos et al., 2020). Semidiurnal and mixed diurnal tide regime is
influenced by the NW wind resulting in spatio-temporal variations. The
main tidal range is 1.0–1.5 m in the protected zone and 2.5 m in the open
sea, the mean spring tide is 1.1 m and the neap 0.75m. The tidal currents
and the longshore drift run parallel to the coast and are driven by the
Shamalwind (Pous et al., 2012). Combined effects of tidal and longshore
currents coupled with wave action are responsible for the overall coastal
processes with transport and deposition of sediment from the landward
side to the seaward side and vice versa. In particular, the protracted
action of the Shamalwind in concurrence with spring tides, especially in
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Fig. 2. A) GoogleEarthTM imagery (2023) of the study area. B) Digital Terrain Model that highlights the main topographic elements of the UAQ territory and the
offshore bathymetry in front of UAQ with the main direction of the Shamal wind (blue arrows) and marine currents (red arrows). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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lagoon area, cause flooding of supratidal areas with the transportation of
sediment from the sea towards the land. In the lagoon area, the sediment
transport is dependent on tidal currents. During the flooding phase the
sediment is transported within the lagoon and released into the open sea
during ebb phases with a bidirectional tidal flow within tidal channels
and tidal inlets. Once the entrained sediment is delivered offshore via
the tidal delta formation it is reworked by longshore currents and wave
action that promote the formation of intertidal spits, beach ridges, and
offshore transverse mega ripples and wave-break bars in front of tidal
delta (Alsharhan and Kendall, 2003; Alsharhan and El-Sammak, 2004).

2.3. The ecosystem of the UAQ coastal lagoon: Biodiversity and effects of
climate change

Coastal lagoons in the United Arab Emirates are highly productive
ecosystems that are crucial for biodiversity and provide significant
ecosystem services. These lagoons have been identified as conservation
priorities due to their role in supporting key coastal habitats for
threatened and locally important species, particularly as nursery areas
before species move into the open sea (Ben Lamine et al. 2020; Mateos-
Molina et al. 2021a,b). Coastal habitat mapping on the UAE coast of the
Arabian/Persian Gulf has revealed a mosaic of intertidal and subtidal
habitats, including sabkha, halophytes, mangroves, seagrasses, and
saltmarshes (Mateos-Molina et al. 2020, Mateos-Molina et al., 2021b).
The spatial arrangement and hydrology of these habitats influence
ecological connectivity, creating unique seascapes where the ecosys-
tem’s value exceeds the sum of its individual habitats.

Coastal lagoons in the UAE play a vital role in carbon sequestration,
capturing and storing ’blue carbon’ from marine organisms in sedi-
ments, which helps mitigate climate change (Nellemann et al. 2010).
Habitats like mangroves, seagrasses, saltmarshes, and microbial mats
are crucial for carbon capture, with microbial mats showing significant
carbon storage (Schile et al. 2017; Schile-Beers et al. 2018; Alsumaiti
and Shahid 2019). Coastal lagoons act as carbon sinks by trapping
sediments and dead plant biomass, leading to long-term carbon
sequestration due to slower decomposition in low-oxygen waters
(Campbell et al. 2015). This underscores the importance of conserving
these ecosystems not only for their biodiversity but also for their
contribution to the UAE’s 2050 carbon neutrality goals.

The coastal zones of the UAE and the Arabian/Persian Gulf are
characterized by high productivity due to nutrient input from land,
making coastal lagoons fertile feeding grounds for various fish species
like anchovies, sardines, and juvenile larger fish (Nezlin et al. 2007;
Muzaffar et al., 2017). These small forage fish are crucial food sources
for larger predators, including fish, sharks, dolphins, and seabirds.
Additionally, coastal lagoons provide habitat for numerous threatened
species such as green and hawksbill turtles, halavi guitarfish, greater
flamingos, and various seabirds (Whelan et al. 2017, 2019). These la-
goons are also home to thermally tolerant corals (Smith et al. 2017) and
serve as important seascapes for feeding, breeding, and roosting, espe-
cially for globally threatened migratory species (Muzaffar et al., 2017;
Ben Lamine et al. 2020).

Global climate change, driven by greenhouse gas emissions, is ex-
pected to exacerbate extreme conditions in the UAE’s coastal lagoons,
such as higher temperatures, increased salinity, and lower oxygen levels.
The Arabian/Persian Gulf, home to the world’s warmest ocean water,
faces rising sea levels due to thermal expansion and melting polar ice.
Projections suggest significant changes in intertidal habitats, with some
models predicting a global sea-level rise of over 2 m by 2100 (IPCC
2019). In the UAE, tidal gauge data has shown a sea-level rise of 2.2 mm
per year from 1979 to 2007 (Alothman et al. 2014), and coastal inun-
dation maps indicate that considerable changes in intertidal habitats are
likely by 2050 (Melville-Rea et al. 2021). As sea levels rise, coastal la-
goons will face increased erosion, habitat loss due to ‘coastal squeeze’
(Mills et al. 2016), and reduced freshwater inflow, leading to harsher
conditions for coastal plants and animals (Tully et al. 2019). Predictions

suggest a significant drop in marine species and fisheries production in
UAE waters by 2090 (Wabnitz et al. 2018).

The high biodiversity and vulnerability of these ecosystems make
them priorities for nature-based solutions, such as conservation and
climate adaptation (Pittman et al. 2022). However, there are significant
knowledge gaps in understanding how multiple stressors will interact to
affect these lagoons (Melville-Rea et al. 2021), including those related to
ongoing human agency.

3. Methods

The geomorphological mapping of the area was performed following
the protocol suggested by Forti et al (2022a) and based on the com-
parison between multitemporal satellite imagery and declassified
remote sensed pictures such as those in the Corona and Hexagon ar-
chives. Such approach allows to compare the dynamicity of geomor-
phological systems and their evolution from the second half of the last
century up to today, thus allowing to compare the impact of a growing
urbanization and human pressure over natural geomorphic processes
and pristine ecosystems (Gurnell et al., 2003; Ekercin, 2007; Georgoula
et al., 2013; Alberico et al., 2018; Forti et al., 2022a; 2023).

We extrapolated data from both historical aerial/satellite imagery
derived from declassified Corona and Hexagon, and recent acquired
satellite imagery. The latter resources include Landsat 5 imagery and
high-resolution Sentinel 2A/2B-A, Esri World Imagery, Bing Virtual
Earth and GoogleEarthTM satellite images (Bing Maps, 2023 Esri, 2023).
Declassified Corona and Hexagon satellite imagery datasets were
selected from the EarthExplorer platform of the USGS (https://earth
explorer.usgs.gov). The Corona imagery was taken in October 1965
(ds1025-1040da009/ds1025-1040df002), while the Hexagon in
November 1973 (d3c1207-100046a013/d3c1207-100046a014).
Corona and Hexagon imagery was observed in single band grayscale.
Landsat 5 and Sentinel 2-A were extrapolated with Google Earth Engine
(GEE) repository (Landsat 5 https://developers.google.com/earth-engi
ne/datasets/catalog/landsat-5; Sentinel 2-A https://developers.google.
com/earth-engine/datasets/catalog/sentinel-2). The 1984 Landsat 5
(mean resolution 30 m, acquisition 1984) was observed in true colour
(RGB red= band 3, green= band 2, blue= band 1). In the same way, the
2022 Sentinel 2-A (mean resolution 10 m) was observed in true colour
(RGB red = band 4, green = band 3, blue = band 2) (Table 1).

The Normalized Difference Vegetation Index (NDVI) was extracted
from the Landsat and Sentinel imagery and reclassified to obtain
geomorphological and ecological information helpful to realize a gen-
eral map of the lagoon in 1984 and 2022. NDVI is calculated as a ratio
between the red (R) and near infrared (NIR) bands based on the equa-
tion: (NIR − R) / (NIR + R). For the Landsat the NDVI calculation
combination bands are: (Band 4 – Band 3) / (Band 4+ Band 3) and it was
extrapolated with Google Earth Engine (GEE) (Landsat 5 TM Collection
1 Tier 1 Annual NDVI Composite https://developers.google.com/earthe
ngine/datasets/catalog/LANDSAT_LT05_C01_T1_ANNUAL_NDVI). For
the Sentinel 2-A the bands combination are: (Band 8 – Band 4) / (Band 8

Table 1
Datasets of satellite imagery used in this study.

Dataset Name Period of
acquisition

Ground
resolution

Decassified Corona
Image

DS1025-
1040DA009

08/10/1965 9 feet

Decassified Corona
Image

DS1025-
1040DF002

08/10/1965 9 feet

Decassified
HEXAGON

D3C1207-
100046A013

15/11/1973 2–4 feet

Decassified
HEXAGON

D3C1207-
100046A014

15/11/1973 2–4 feet

Landsat 5 ​ 20/06/1984 30 m
Sentinel-2A ​ 20/06/2022 10 m
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+ Band 4), and like previous Landsat 5 was calculated using GEE (https
://custom-scripts.sentinel-hub.com/custom-scripts/sentinel-2/ndvi/).
The NDVI was an important tool to estimate the vegetation cover and its
greenness, here applied to the variations in the extent of mangroves and
other kinds of plant (Kirui et al., 2013; Elmahdy et al., 2020; Rondon
et al., 2023; Salem et al., 2024). In general, the NDVI displays a value
range from − 1 to 1. Negative values close to − 0.3 correspond to subtidal
environment, the range from − 0.02 to 0.05 indicate intertidal/supra-
tidal (barren land of sand) and anthropic area, and values from 0.05 to
0.3 represent shrub, grassland, and mangrove (intertidal to supratidal).

Remote sensing data served to draw the main geomorphological map
that also benefited from the extensive ground survey of the region. The
focus of the map was to highlight the changing landforms in the different
sectors of the lagoon according to the different tidal regimes from the
open sea to the inner part, underline the extensive development of the
mangrove forest, and monitor the ongoing human impact on the coastal
lagoon system. The basemap used for the survey was derived from
GoogleEarthTM satellite imagery, where the main coastal landforms
were reported. Remote sensing images were projected in the UTM Zone
40 reference system and used as the background for remote observations
in QGIS 3.16 software (NextGis, 2022). An AW3D30 Digital Terrain
Model (DTM) with a horizontal resolution of 1 arcsecond (circa 30 m at
the equator; JAXA, 2022) was used to highlight the regional distribution
of the landforms. The DTM was coupled with GEBCO’s bathymetric
dataset (free gridded data available at: https://www.gebco.net/) to
emphasize the gently sloping UAQ offshore topography.

4. Results

4.1. Geomorphological mapping and landforms

The coastal-lagoon landscape of the UAQ lagoon is shaped by the
semi-diurnal tidal ranges, the longshore drift, and the wave action, all of

which have a great effect on coastal processes (Subraelu et al., 2022;
Mateos-Molina et al., 2023).

The lagoon is low-lying, choked with a single narrow inlet that ex-
tends about 20 km to the NE, with a width of about 8 km and an area of
~ 127 km2. The tidal flooding current enters in the lagoon through the
northern parts with a mean flow speed of ca 12 km/h and flows into the
lagoon to form a meandering tidal channel system that has a NE to NW
flow direction (Mateos-Molina et al., 2023).

The major geomorphological features along the lagoon system have
been distinguished based on the subdivision of the tidal flats environ-
ments into supratidal, intertidal, and subtidal (Alsharhan and Kendall,
2003 and references therein) (Fig. 3).

The tidal ebb channel flows out to the open sea, forming a submarine
ebb tidal delta. The sediment eroded within the lagoon (mainly fine sand
and silt) is transported by tidal currents and redistributed offshore and
longshore by currents and waves. Different subtidal breaking point bars
are formed, oriented in the direction of the main longshore currents and
shaped by the action of the waves driven by the NW Shamal. The
innermost part of the lagoon is protected by a coastal barrier island that
extends towards the N, constantly being reworked by the action of waves
and longshore currents. The barrier island developed upon spits that in
the N innermost portions of the lagoon are hook shaped. Beachrock lines
the upper portion of the intertidal zone at the transition with the
supratidal zone of these spits, sometimes occurring at a different level
from the present sea-level (Fig. 4A).

The supratidal portions of most of the northern sectors of the lagoon
(e.g. S̄ın̄ıya Island) are characterized by the presence of sand ridges,
consisting of fine/medium, cross bedded sands interlayered with shell-
rich layers. The latter are typical of beach environments, stabilized by
halophyte vegetation, and are exposed during high tidal phases and
rarely flooded during spring tide periods (Fig. 4B).

Supratidal areas in the southern sectors of the lagoon (e.g. Akab Is-
land) are characterized by the presence of active sabkha and gypsum-
rich dunes formed after the deflation of evaporitic belts. Dunes are
associated with shell accumulations (Fig. 4C). In some cases, such shell
accumulations are related to archaeological sites (Degli Esposti et al.,
2020) and can be defined as anthropogenic shell middens (Álvarez et al.,
2011;).

In other cases, shell-rich accumulations form due to coastal processes
and provide evidence of Holocene shorelines (Zuschin et al., 2003)
(Fig. 4D). Landward, the sabkha system extends towards aeolian dune
fields that are deposited on the Pleistocene aeolianites (Figs. 3 and 4E).
Sabkhas and dune fields are greatly colonized by halophyte plants
(glasswort).

A significant part of the intertidal areas of the lagoon is characterized
by the extensive forests of grey mangroves (Avicennia marina), which
grow between the high tide level and low tide level (Fig. 4F) (Samara
et al.,2020; Friis and Killilea 2023).

Mangrove forests are widespread throughout the central and south-
ern parts of the lagoon and grow along small portions of supratidal sand
ridges. In different sectors of the lagoon, particularly landward of the
mangroves, the intertidal zones are dissected by tidal creeks and occu-
pied by cyanobacteria and algal mats, sometimes colonized by halo-
phyte plants and bioturbated by crab burrows and other marine
invertebrates (Fig. 4G).

The subtidal and low intertidal zones are characterized by the
presence of sediments that are transported and reworked by the action of
tidal currents. Different bedforms occur within the tidal channels; they
are related to sediment availability, channel depth, current velocity, and
bottom topography. Based on these parameters, longitudinal mega-
ripples and sand ribbons that formed parallel to the axis of the tidal
channels were recognized. In the ebb channel zone, transverse mega-
ripples and in minor proportion linguoid mega-ripples were observed
(Boothroyd, 1985). In areas far from the main tidal channels of the
lagoon, tidal creeks develop and suffer the erosive action of ebb tides
and material (mainly fine sand and silt) transported to subtidal areas is

Table 2
Data of figure 9 in which the different environments derived from the band
values geomorphological mapping are reported. Band values of Landsat and
Sentinel 2A NDVI and corresponding environments (with colour code) as rep-
resented in Figure 9.

Satellite imagery Band value Environment Code
fig.9

Landsat 5 NDVI
(1984)

− 0.3258; −
0.2480

Lower subtidal 1

Landsat 5 NDVI
(1984)

− 0.2480;
− 0.2286

Upper subtidal 2

Landsat 5 NDVI
(1984)

− 0.2267;
− 0.1383

Tidal creek thalweg 3

Landsat 5 NDVI
(1984)

− 0.1348; −
0.0641

Intertidal algal mat 4

Landsat 5 NDVI
(1984)

− 0.0198;
0.0190

Supratidal-intertidal
halophyte plants

5

Landsat 5 NDVI
(1984)

0.0173: 0.1216 Supratidal 6

Landsat 5 (1984) 0.1411; 0.3798 Mangrove 7
Sentinel-2A NDVI
(2022)

− 0.2207;
− 0.1437

Deep marine 1

Sentinel-2A NDVI
(2022)

− 0.1327;
− 0.1107

Low subtidal 2

Sentinel-2A NDVI
(2022)

− 0.0997;
− 0.0667

Tidal creek thalweg 3

Sentinel-2A NDVI
(2022)

− 0.0667;
0.0228

Tidal creek deep thalweg 4

Sentinel-2A NDVI
(2022)

− 0.0228;
0.0102

Upper subtidal 5

Sentinel-2A NDVI
(2022)

0.0102; 0.0542 Supratidal 6

Sentinel-2A (2022) 0.0542; 0.0872 Intertidal algal mat 7
Sentinel-2A (2022) 0.0872; 0.1311 Supratidal-intertidal

halophyte plants
8

Sentinel-2A (2022) 0.1311; 0.34 Mangrove 9
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Fig. 3. A) Map of the major landforms and Quaternary deposits in the study area showing the main coastal, tidal, aeolian and anthropic features. B) Holocene
evolution of the main spit of the lagoon (modified after Bernier et al., 1995).
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deposited.
The mainland of the study area consists of Pleistocene aeolianites

largely dismantled by human activities related to the creation of resi-
dential districts. Human driven modifications of landforms are also
evident along the main spit that contains most of the UAQ city. Sabkhas
with an anhydrite-gypsum crust are supratidal features still preserved
among the residential areas. In many locations, these areas have been
used as dumping areas for sand resulting from the excavation of building
foundations and lagoon reclamation. The southeastern sector of the

study area preserves portions of sabkha with gypsum dunes largely
levelled to build several cricket fields. Further, the open sea shoreline of
the UAQ city has been heavily reshaped by human activity with the
building of groins, jetties, and seawall to prevent the coastal erosion
(Burt, 2014; Burt and Bartholomew, 2019; Subraelu et al., 2022).

Bernier (1995) examined the Holocene evolution of the UAQ coastal-
lagoon system, finding that initially, the lagoon was wide open with an
unobstructed spit, substantial depths, and robust tidal currents main-
taining accessibility. However, early mangroves were likely already

Fig. 4. Documentation of the main geomorphological features detected along the UAQ coastal-lagoon system. A) beachrock outcrop in the N supratidal sector of the
lagoon. B) Supratidal beach sand ridge sequence consisting of cross-bedded fine/medium sands with shell layers (red arrows). C) Supratidal sabkha and gypsum-
bearing dunes (red arrows). D) Anthropogenic shell midden. E) Pleistocene aeolianites in the Akab island. F) Mangrove forest (Avicennia marina) during the
high tide. G) Intertidal flats area with cyanobacteria and algal mats and seaward tidal creek. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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present, possibly sheltered at the end of the spit. Around 5,500 BP, the
relative sea-level was approximately 2 m higher than today. Sedimen-
tary deposits suggest a retreat and lowering of the sea-level before rising
to around + 1.50 m approximately 4,500 BP. While mangrove growth
expanded, some areas experienced infilling, leading to the evolution into
sabkha environments due to limited inflow from significant wadis.
Initially located to the south around 6,000 BP, the lagoon gradually
extended northward, reaching its maximum expansion around 3,500 BP.
Subsequently, a breach of the littoral ridge occurred in the south around
2,600 BP. By around 1,500 BP, a ridge nearly closed off the lagoon,
marking the final step of lagoonal ridges against Pleistocene dunes
(Bernier et al., 1995; Dalongeville and Sanlaville 2005) (Fig. 3B).

4.2. Geomorphological analysis of the S̄ın̄ıya Island

The toponym “S̄ın̄ıya” refers to a cluster of smaller islands, sandbars,
and spits connected to one another at low tide (Power et al., 2023). Local
people indicate with S̄ın̄ıya Island the largest island of the lagoon,
located in the outermost seaward sector of the study area (Fig. 2). It is
characterized by a series of coastal and tidal environments that were
investigated in detail to better understand the geomorphological evo-
lution of the open-sea and the innermost portion of the lagoon. Two
investigation areas were selected: one to the N, highlighting the rela-
tionship between the evolution of the coastal barrier and the open-sea
environment (North seaward area), and the second, located further to
the S, aiming to elucidate the relationships between the tidal environ-
ments and the processes that develop in the innermost sectors of the
lagoon (Internal lagoon area).

4.2.1. North seaward area
The northern portion of the S̄ın̄ıya Island lies at the transition from

the lagoon to the open marine environment. The main features recog-
nized from the seaward side to the landward side are an elongated
barrier island, a wide tidal channel, and a wide tidal flat with intertidal
and supratidal sand ridges (Fig. 5A). The part above the high tide level is
characterised by sand ridges, consisting of medium/fine crossbedding
with prevalent seaward dipping sand levels alternating with shell levels
(Fig. 4B). The intertidal zone is a flat area colonised by halophyte plants
growing on an irregular bed due to ridges and furrows forming during
ebb tides (Fig. 5B). The flat intertidal zone in front of the halophytes belt
is crossed by a tidal creek with current ripples oriented in the direction
of the prevailing tidal current and cemented gypsum crust. The current
berm is above the gypsum crust and stabilized by halophyte plants
(Fig. 5C and 5E). Seaward, a barrier island protects the inner part of the
lagoon. This latter is heavily shaped by the combined action of wind,
longshore drift, and wave action. In some parts of this area, a washover
fan associated with intense stormwaves is reworked by the tidal channel
(Fig. 5A and 5F).

4.2.2. Internal lagoon area
The southern part of S̄ın̄ıya Island was surveyed to investigate the

intertidal flat dynamics of the backshore area of the coastal barrier
(Fig. 6A), characterized by an ancient beach spit. Three different tran-
sects were identified with diverse intertidal environments based on the
absence (B-B’, Fig. 6A-6D) or presence (C-C’, Fig. 6E-6I) of beachrock
(red line in Fig. 6A) and the development of cyanobacterial mat in the
intra-spit tidal creek (D-D’, Fig. 6L-6O). The transect B-B’ (Fig. 6B-6E)
shows a supratidal environment with a beach sand ridge colonised by
halophyte vegetation with occasional presence of archaeological shell
middens (e.g., anthropogenic accumulations of shells) (Fig. 6C). The
passage towards the intertidal zone is characterised by a very gentle
profile with a partially cemented berm and shell accumulations parallel
to the shoreline. Seaward, the transition is to a cyanobacterial mat
burrowed by crabs and a large area of green filamentous algae (algal
mat) (Fig. 6D). The transect C-C’ (Fig. 6F) is characterised by a flat
supratidal environment with beach sand ridges stabilized by halophyte

plants. The transition from the low supratidal zone to the upper inter-
tidal is marked by different layers of beachrock. The present-day inter-
tidal level is made evident on the beachrock by the occurrence of a tidal
notch (Fig. 6G). The low intertidal zone is characterised by a small patch
of cyanobacterial mat that passes seaward to algal mat (Fig. 6H). The
transect D-D’ (Fig. 6L-6O) was investigated in a tidal creek intra-spit
area. The supratidal zone is characterized by beach sand ridges stabi-
lized by halophyte plants. In the intertidal zone, the main feature is the
cyanobacterial mat that is subdivided into two different areas. From the
landward side to the seaward side, the first area (black polygonal) is
characterised by desiccation polygons that range from a few cm to more
than 10 cm (Fig. 6M). The second (cinder-like) is characterized by small
bumps of 2 to 3 cm that contain cyanobacterial and organic sediments
(Fig. 6N). The whole intertidal zone and the supratidal zone are colo-
nized by halophyte plants. Patches of green filamentous algae mat are
observed in some sectors.

4.3. Geomorphological analysis of the Akab Island

The Akab Island is situated in the innermost part of the lagoon
(Figs. 2 and 3). The local bedrock consists of Pleistocene aeolianites,
exposed in the central and southern sectors of the island (Fig. 4D).
Mangrove forests line the island’s edges, except for its southeastern side,
where the deepest tidal channel section is located (Fig. 3). Two distinct
transects were investigated on the island, corresponding to the presence
of mangroves (A-A’ in Fig. 7A) and the tidal channel (B-B’ in Fig. 7B).
Transect A-A’ represents a supratidal environment characterized by
Pleistocene aeolianites, overlaid by Holocene dunes formed after the
deflation of the bedrock and sporadically stabilized by the halophyte
cover. The lower supratidal zone exhibits sabkha formations with gyp-
sum dunes covered by shell middens (Fig. 7C). The intertidal zone is
predominantly flat and is occupied by cyanobacterial mats, which
transition from polygonal mats landward to sparse vegetation resem-
bling cinder-like mat seaward. Mangroves colonize the sand flat facing
the cyanobacterial mat (Fig. 7D). Transect B-B’ also represents a
supratidal setting similar to A-A’. The transition to the intertidal zone
occurs across a sabkha with gypsum dunes, heavily colonized by halo-
phyte vegetation (Fig. 7F). Continuous gypsum crusts can be found here.
The upper intertidal zone features cyanobacterial mats, and the transi-
tion to the intertidal zone takes place across a gently sloping berm. The
environment is densely vegetated by halophyte plants, intermingling
with mangroves towards the sea (Fig. 7G).

4.4. Observation of historical remote imagery

The historical satellite imagery acquired in October 1965 (Corona)
and November 1973 (Hexagon) captures the lagoon during low and high
tides and well before the large-scale urbanization that occurred in the
1980 s. The 1965 Corona image represents the lagoon during a flooding
phase, highlighting major supratidal landforms. The 1973 Hexagon
image was taken during an ebb tide stage when numerous areas of the
lagoon were in low intertidal conditions (Fig. 8A and 8B). A comparison
between the historical images underlines the intensity of coastal and
tidal processes and reveals landforms currently obliterated by anthro-
pogenic activity. Some areas of particular interest are described in
detail, including the supratidal-intertidal environment of the southern
sector (red polygon) dissected by different tidal creeks. During flooding
phases (evident on Corona images), these sectors are partially inundated
but exposed during the ebb phase (as seen in the Hexagon images). The
resulting environment is a supratidal sabkha with a sand/mud flat in the
intertidal zone.

The second area encompasses the inner sector of the current main
spit that houses the modern city of UAQ, characterized by a sabkha
environment, while its seaward side is straight and shaped by longshore
drift (blue arrows in Fig. 8A and 8B). The tip of the main spit is char-
acterized by the presence of a tombolo connecting the historical
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Fig. 5. A) GoogleEarthTM image of the northern sector of S̄ın̄ıya island in which the main environments are indicated. B) the intertidal halophyte vegetation flat area.
C) the tidal flat crossed by tidal creek with halophyte. D) the transect A-A’. E) Present-day berm stabilized by halophyte plants. F) Seaward view of the tidal channel,
coastal barrier and the washover fan reworked by the tidal channel.
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Fig. 6. A) GoogleEarthTM image of the southern sector on S̄ın̄ıya island in which the main environments are indicated. B) panoramic view of the transect B-B’. C) The
supratidal sector of the transect B-B’. D) The low intertidal zone characterized by green filamentous green algae (algal mat). E) the transect B-B’. F) Field panoramic
view of the transect C-C’. G) Passage from the supratidal area and intertidal zone with the beachrock carved by tidal notch. H) Algal mat in the low intertidal zone. I)
the transect C-C’. L) Field picture of the intertidal zone in the transect D-D’. M) Polygonal cyanobacterial mat and N) cinder-like cyanobacterial mat. O) the transect
D-D’. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. A-B) GoogleEarthTM image of the norther sector on Akab island in which the main environments are indicated (the scale bars are the same for A and B). C) The
supratidal sector characterized by sabkha and gypsum dune. D) Panoramic view on the cyanobacterial mat, in background the mangrove stands. E) The transect A-A’.
F) Supratidal zone with Pleistocene-Holocene dune and sabkha. G) Panoramic view of the intertidal zone, in background the mangrove stands. H) The transect B-B’.
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settlement of UAQ to the mainland (green arrows in Fig. 8A and 8B).
Corona images from 1965 show that the dimension and shape of the
tombolo were driven by tidal range and coastal processes. Moreover, the
Hexagon imagery illustrates that since the 1970 s, a large section of the
inner tombolo zone began to be reshaped by human action to provide
greater surface to connect the historically occupied area with the

mainland. The ebb tide phase in the Hexagon image is inferred from the
ebb tidal delta at the mouth of the tidal inlet, west of the ancient city of
UAQ (red arrow in Fig. 8B). All sediment transported by tidal currents in
the open sea is delivered by longshore currents and wave action,
redistributing it along the nearshore, forming several bedforms such as
angled, wave break-point bars, and runnels and ridges (yellow arrow in

Fig. 8. Historical satellite imagery of the study area. A) Declassified Corona satellite imagery acquired in October 1965 and B) Hexagon satellite imagery in
November 1973. Legend of polygon and arrows: red polygon = southern sector; blue arrows = straight shoreline of the main spit; light green arrows = the tombolo
area; brown arrows = the rapid evolution of the outer spit; dark yellow arrows = cuspate spits; red arrow = ebb tidal delta; yellow arrow = nearshore sediment
delivered by longshore drift and wave action. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 8B). Sediments carried by longshore currents and reworked by wave
action are deposited along the shoreline, forming new downstream spits
that display a high degree of mobility. A comparison between the 1965
and 1973 frames of the outer part of the coastal barrier that protects the
lagoon (S̄ın̄ıya Island) underlines the dynamicity of the spits, which
quickly change (brown arrows in Fig. 8A and 8B). The comparison of the
different tidal phases within the lagoon points out that during the high
tidal phase (1965 Corona), mangrove patches, hook-shaped spits edged
by beachrock, and Akab Island were easily visible. The flooding phase
(1973 Hexagon) highlights the different bedforms formed within the
lagoon by tidal currents, such as the formation of two cuspate spits (dark
yellow arrows in Fig. 8A and 8B) in the NE sector.

4.5. NDVI geomorphological mapping

The comparison of the Sentinel-2A and Landsat 5 multispectral im-
agery was performed to understand the landscape evolution between
1984 and 2022. The NDVI is used here to discriminate the different tide
and coastal areas, providing an overview of coastal and tidal processes
occurring in the last 40 years, largely dependent on human modifica-
tions. Landsat imagery from 1984 shows heavy anthropogenic activity
in the southern sectors of the study area. A large part of the supratidal
sabkha landscape in the internal sector of the main spit was completely
obliterated to provide new space for residential districts. A large part of
the area was remodelled to straighten the coastline, and the tidal
channel was entirely dredged, with the sand being removed and dumped

in the surrounding area to substantially reshape the al-Ghalla Island to
realise an airplane runway (red square in Figure 9A). These operations
are more evident through the analysis of the NDVI imagery (Figure 9):
the sabkha environment (in yellow) progressively began to be replaced
by buildings and roads (light orange and dark red colours). Further to
the east, the tidal channel (cyan) was rectified and dredged, quarrying
subtidal sediment (dark blue and violet), which was removed and
stocked in the elongated rectangle-shaped al-Ghalla Island (red square in
Figure 9B). The 2022 Sentinel-2A imagery of the same area illustrates
the anthropic expansion of the main spit surface and intense human
occupation related to residential neighbourhoods and industrial com-
plexes. It is interesting to notice that the pattern of the tidal channel and
the surroundings remained nearly unchanged. The NDVI reveals the
remarkable urban expansion that took place over the last 40 years, but
most significantly, the mangrove colonization of the sand ridges (red
square in Figure 9D). The area of the tombolo and the ancient city of
UAQ was also observed. Landsat and NDVI images from 1984 reveal the
presence of structures along the coast to stabilize the area: groins, jetties,
and seawalls built to mitigate coastal erosion (white square in Figure 9A
and 9B). The comparison between the 1984 and 2022 landscapes of the
inland areas of the lagoon exhibits an intense expansion of mangroves.
Dredging activities, involving the deepening of channels and widening
inlets, contribute to a reduction in salinity in the lagoon (Borland et al.,
2022). These actions triggered intensified tidal flushing, bringing in
lower salinity seawater (~38 ‰). The combination of increased flush-
ing, reduced salinity, and nutrient runoff from the land is believed to

Figure 9. A) Landsat 5 1984 image of the study area visualized in true colour (B03-B02-B01). B) NDVI extrapolated from the Landsat 5 1984. C) Sentinel-2A 2022
image of the study area visualized in true colour (B04-B03-B02). D) NDVI extrapolated from Sentinel-2A. The legend references for Figure 9B and 9D are listed
in Table 2.
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improve living conditions suitable for grey mangroves (Friis and Killilea,
2023). In fact, the comparison between Landsat 5 and Sentinel-2A NDVI
images highlights the expansion of mangroves from 1984 to 2022
(Elmahdy et al., 2020) (Figure 9B and 9D). Mangrove forests, especially
the densest ones, thrive between tidal channels and along the edges of
tidal flats emphasized by the dark red of the NDVI (Friis and Killilea,
2023). In 1984, mangrove forests were found mainly along the two
islands east of Akab, where the tidal channel splits into two branches
and assumes a meandering pattern, and some patches were located
southeast of S̄ın̄ıya Island (Fig. 8B). In contrast, 2022 NDVI imagery
displays the mangrove colonization along the whole southern part of the
internal lagoon (Figure 9D). This huge colonization has consequences on
the pattern of sediment transport by tidal currents. In fact, the NDVI
imagery reveals that in 1984, the sediment load carried by flooding
currents and subsequently by ebb currents within the lagoon (blue and
violet) was greater than in 2022 (dark blue). Furthermore, the tidal
channel depth east of Akab Island increases in 2022. This increase in
erosion and incision rate, along with the decrease in solid load, happens
because of the trapping action exerted by mangrove roots. In fact,
mangrove forests can stabilize submerged areas, decreasing the erosion
rate along the shoreline and promoting a gradual progradation of the
coastal-lagoon system seawards (Figure 9B and 9D). The open sea sector
of the lagoon appears to be strongly modelled by the action of waves and
currents along the coast. In particular, the evolution of a spit north of the
island of S̄ın̄ıya shows a change from an arcuate shape in 1984 to one
elongated in 2022 according to the main direction of the longshore
currents (white arrows in Figure 9).

5. Discussion

5.1. The diversity of the geomorphological landscape within the UAQ
lagoon

The multitemporal geomorphological mapping of the UAQ coastal-
lagoon system reveals the diverse landforms that have evolved accord-
ing to the different coastal-lagoon system processes. The impact of the
sea on lagoonal morphology and function is predominantly influenced
by factors such as the size and depth of inlets (including dredged
channels), the tidal range, and the prevailing direction of currents. In
UAQ, the strong moisture-laden Shamal wind generates waves that alter
the configuration of coastal barrier dunes and facilitates the growth of
halophytes on dune ridges. When coupled with spring tides, these winds
can transport sediments onto tidal flats. This highly dynamic and
continually changing hydrodynamic and wind-driven process forms
dendritic networks of channels that facilitate the transport and redis-
tribution of sediments, nutrients, and organisms within the constantly
evolving lagoonal circulation system. From the coastal areas extending
inland, the predominant landforms identified are associated with coastal
processes influencing the creation of beaches and the migration of spits.
This phenomenon is particularly noticeable on S̄ın̄ıya Island, especially
in its northern sector, where the influence of open marine processes
controls the island’s coastal evolution, guarding the internal tidal
channel and tidal flat (refer to Figs. 3, 4B, and 5). There, the supratidal
environment exhibits pristine beach sand ridges colonized by halophyte
plants. A different scenario unfolds along the southern shores facing the
lagoon of S̄ın̄ıya Island, where cyanobacteria and algal mats dominate
the intertidal zone, and beachrock is present in transition areas with
supratidal zones characterized by sand ridges and shell middens (Figs. 3,
4A, 4D, 4G, 6). Conversely, as one moves inland from the lagoon,
particularly surrounding Akab Island, shallow intertidal zones are
dominated by strips of mangrove. Like at S̄ın̄ıya Island, the intertidal
zone of Akab Island is dominated by cyanobacteria and algal mats.
However, in contrast to S̄ın̄ıya Island, the supratidal zones are defined
by gypsum dunes/sabkha transitioning to Pleistocene aeolianites,
overlying a Holocene dune field (Figs. 3, 4C, 4E, 4F, 4G, 7).

5.2. Human agency driving the evolution of the UAQ lagoon

The detailed geomorphological analysis conducted on the UAQ
coastal-lagoon area has revealed that in recent times, human activity has
also contributed to the evolution of landforms (Fig. 3). Based on the
Corona satellite images from 1965, the study area was sparsely popu-
lated, with the only settlement located on the tied island in the tombolo
area (Fig. 8A and 10A) where the old town was moved in 1820 (Power et
al, 2022). During this period, the internal sector of the main spit pre-
dominantly consisted of a supratidal sabkha and a mud intertidal flat
intersected by tidal creeks (Fig. 8A and 10A). The 1973 Hexagon image
captured the initial stages of isthmus remodelling to improve connec-
tivity between the settlement and the mainland. Moreover, new resi-
dential districts began to emerge on the main spit, connected by a road
running along the shoreline, which represented the highest point of the
spring tide (Fig. 8A and red line in Fig. 10B). The 1973 Hexagon image
showed the study area during low tide when the ebb current tended to
transport material from the lagoon’s inner areas to the open sea
(Fig. 8B). This was clearly depicted by the formation of an impressive
ebb tidal delta to the north of the tombolo. The delta was characterized
by a deep ebb channel that flowed into the open sea, resulting in a
distinct terminal lobe oriented in the direction of the longshore drift to
the northeast (yellow arrow in Fig. 8B). Immediately after the outlet of
the tidal inlet on the left bank of the main ebb channel, spillover lobes
(red arrow in Fig. 10B) and swash bars (yellow arrow in Fig. 10B)
occurred. In the southern area, much of the landscape remained unal-
tered (Fig. 8A). However, it underwent a dramatic transformation
within a span of 10 years: the 1984 Landsat imagery and NDVI elabo-
ration captured significant anthropogenic alterations both in the inner
part of the lagoon and to the north of the tombolo. In the southern re-
gion, a large portion of the sabkha landscape and intertidal flats was
completely obliterated to make way for new construction (Figure 9A-
9B). The shoreline was shifted approximately 1.5 km and realigned to-
wards the lagoon (Fig. 10C). Dredged and excavated sand was stockpiled
for constructing additional infrastructure and expanding the island of al-
Ghalla, north of Akab.

These modifications disrupted the dynamics within the lagoon,
leading to periodic dredging of the ebb channel to accommodate large
cargo ships and contributed to a reduction in hyper salinity, which
enhanced the habitat conditions suitable for the expansion of grey
mangroves (Subraelu et al., 2022) (Fig. 4F, 7, 9B and 9D). Additional
changes took place north of the old town of UAQ, including the stabi-
lization of the western sector of the pristine ebb tidal delta (Figure 9A).
Anthropogenic structures were built along the coast to mitigate erosion
and sediment transport caused by downdrift longshore currents. This
altered the longshore dynamics of the currents and acted as a barrier to
new construction sites (see Fig. 10C). Additionally, the Sentinel-2A
image and the NDVI elaboration from 2022 showcased the urban
sprawl that had taken place on the land remodelled in 1984 (Figure 9C-
9D). This substantial expansion resulted in the complete transformation
of the landscape, with patches of sabkha observed between the different
neighbourhoods (Fig. 3A, 9A).

Comparing 1965 to 1984, a profound change in the landscape
became evident, with a shifting coastline due to anthropogenic earth-
works and the reclamation of approximately 8 km2 of land to facilitate
the urban expansion of UAQ (Fig. 10D). The coastal works conducted to
stabilize the area north of the tombolo successfully reclaimed over 1.5
km2 of land (Figure 9D) (Subraelu et al., 2022). The main geomorpho-
logical processes responsible for the development of coastal and tidal
landforms within the lagoon were affected by the construction of the
barrier island in S̄ın̄ıya. Multi-temporal analysis of satellite imagery
revealed that in 1965, the dynamics to the north of S̄ın̄ıya Island
exhibited a recurved spit oriented in alignment with the longshore drift
(Fig. 8A and 11A). The wave action and the amount of sediment trans-
ported by the longshore current shaped the curvature of the spit. This
process facilitated the development of a protected area, promoting the
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Fig. 10. Multitemporal shoreline variation: A) Declassified Corona satellite imagery acquired in October 1965 and B) Hexagon satellite imagery in November 1973.
C) Landsat 5 1984 image of the study area visualized in true colour (B03-B02-B01). D) Sentinel-2A 2022 image of the study area visualized in true colour (B04-B03-
B02). The red dots represent the study areas in the Akab Island. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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formation of a bay with a tidal inlet, which is evident in the 1973
Hexagon satellite images (Fig. 8B and 11B). (Petersen et al., 2008;
Mahanty et al., 2019). Comparison of historical images from 1965 to
1973 revealed that updrift, the spit migrated and prograded according to
the direction of the longshore current. Moving further to the north of the
spit, a slow progradation of the shoreline with a straight and linear
shape was observed (Fig. 11A and 11B). From 1984 to 2022, the
coastline of the UAQ lagoon changed progressively. Landsat satellite
imagery of 1984 in both the open sea and main spit sectors (Fig. 10A)
revealed that levelling and reclamation of the land north of the UAQ
village significantly influenced the coastal and lagoon dynamics with a
gradual change in orientation of the spit (Fig. 11C). In fact, in the 2022
Sentinel 2A imagery, a phase of progradation of the lagoon’s coastal
system began with an updrift shift and elongation of the spit towards the
north, due to a modification in the sediment delivery processes by the
longshore currents (Fig. 11D), caused by the strong human impact on
the UAE’s overall coastline − such as the artificially reclaimed islands in
Dubai − that may lead to beach erosion and disrupt the equilibrium of
the shoreline along the UAQ main spit’s front coast (Subraelu et al.,
2022).

Despite the strong anthropogenic impact, the UAQ lagoon still
maintains a good level of conservation, allowing for the identification of
some natural features. Pristine landforms and especially the ecological
services of the lagoon system are still preserved. This contrasts with
evidence from other lagoon areas in the United Arab Emirates (e.g.,

Dubai and Abu Dhabi), where the ecology and geomorphology have
been significantly altered (Subraelu et al., 2022). Therefore, to preserve
these remnants of naturalness, environmental protection measures for
the UAQ area would be urgently mandatory.

6. Conclusion

The study of coastal lagoon systems in the United Arab Emirates,
particularly in the Emirate of Umm al-Quwain (UAQ), reveals the
complex interplay between natural processes and human activities that
shaped these environments. The UAQ lagoon, characterized by diverse
intertidal and subtidal habitats like sabkha, mangroves, seagrasses, and
saltmarshes, has evolved through natural processes such as sea-level
changes and sediment transport driven by tidal currents and longshore
drifts (Alsharhan and Kendall, 2003; Ben Lamine et al., 2020; Mateos-
Molina et al., 2020). In recent decades, however, significant human
activities, particularly large-scale urbanization and land reclamation,
have drastically altered the natural landscape of the UAQ lagoon. These
interventions have reshaped the shoreline, disrupted natural sediment
transport, and altered coastal processes (Subraelu et al., 2022; Mateos-
Molina et al., 2023). These changes have impacted the physical struc-
ture of the lagoon and influenced its ecological balance, leading to shifts
in habitat distribution. The alteration of salinity levels due to dredging
and increased tidal flushing has directly contributed to the expansion of
grey mangroves. Human activities, specifically the deepening of

Fig. 11. Multitemporal shoreline variation from A) Declassified Corona satellite imagery acquired in October 1965; B) Hexagon satellite imagery in November 1973;
C) Landsat 5 1984 image visualized in true colour (B03-B02-B01) and D) Sentinel-2A 2022 image of the study area visualized in true colour (B04-B03-B02). The red
dots represent the study areas in the S̄ın̄ıya Island. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

L. Forti et al. Catena 247 (2024) 108517 

17 



channels and widening of inlets, have boosted tidal exchange with
lower-salinity seawater (~38 ‰). This increased exchange, combined
with nutrient runoff, likely enhances habitat suitability for grey man-
groves.(Friis and Killilea, 2023; Elmahdy et al., 2020).

The analysis of historical and recent satellite imagery highlights the
extensive modifications in the UAQ coastal-lagoon system over the past
decades. The once relatively untouched landscape has transformed into
a heavily engineered environment, where natural processes are
increasingly constrained by human infrastructure. This transformation
has led to the loss of natural landforms, changes in coastal dynamics,
and the creation of new anthropogenic features that continue to shape
the lagoon’s evolution (Goudie and Viles, 2016; Subraelu et al., 2022;
Mateos-Molina et al., 2023).

Despite these processes, the UAQ lagoon is still less impacted than
other lagoons in the UAE and remains a critical ecosystem that provides
significant ecological services, including carbon sequestration and
habitat for threatened species (Nellemann et al., 2010; Schile et al.,
2017). Our study underscores the importance of integrating geomor-
phological and ecological knowledge in coastal management to mitigate
the adverse effects of urbanization and climate change. Moreover, this
contribution confirms the importance of recent and historical remote
sensed data in monitoring the steps and magnitude of human driven
modification (e.g., Forti et al., 2023) to pristine ecosystem and land-
forms. Effective conservation strategies, such as eco-engineering solu-
tions and the protection of remaining natural habitats, are essential for
preserving the ecological integrity of coastal lagoons in the UAE (Burt
and Bartholomew, 2019; Schuerch et al., 2018).

Future research should focus on long-term monitoring of the UAQ
lagoon to assess the ongoing impacts of climate change and urbaniza-
tion. Developing predictive models that integrate geomorphological and
ecological data will provide valuable insights for sustainable coastal
management. Additionally, exploring nature-based solutions, such as
the restoration of mangrove forests, could enhance the resilience of
these ecosystems to environmental changes. Collaborative efforts be-
tween scientists, policymakers, and local communities are crucial for the
protection and sustainable development of the UAE’s coastal lagoons.

CRediT authorship contribution statement

Luca Forti: Writing – original draft, Visualization, Validation, Su-
pervision, Software, Resources, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization. Michele Degli Esposti:
Writing – review & editing, Project administration. Mauro Cremaschi:
Visualization. Federico Borgi: Writing – review & editing. Roberto
Sergio Azzoni: Writing – review & editing, Writing – original draft.
Andrea Zerboni: Writing – original draft, Visualization, Validation,
Supervision, Project administration, Methodology, Investigation,
Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This research was conducted under the umbrella of the Land of Lulu –
Geoarchaeological Mission to the Lagoon of Umm al-Quwain (United
Arab Emirates) directed by AZ and the Italian Mission to Umm al-
Quwain directed by MDE and FB. We are grateful to all the members
of the Tourism and Archaeology Department of Umm al-Quwain, espe-
cially Haythan Sultan Al Ali, Director General of the TAD-UAQ who
provided all the permits to conduct the fieldwork and export samples,
and Ms Rania Houssein Kannouma, Acting Director of the Department of
Archaeology and Heritage, for the precious support in the field. A special

acknowledgement to H.H. Sheikh Majid bin Saud al Mualla, chair of the
TAD-UAQ for his continuous interest and support. The staff of the Italian
Embassy in Abu Dhabi is kindly acknowledged for their continuous
support. Funding for fieldwork and analyses was provided by the Italian
Ministry for Foreign Affairs and International Cooperation (MAECI
Contributi per Missioni Archeologiche, Antropologiche, Etonologiche
Italiane all’Estero 2022–2024 entrusted to AZ) and Italian Ministry of
University and Research (Grant PRIN202223RAZZO, GEOTRes – Geo-
heritage threating and resilience: mapping the impact of geomorphic
and human processes in sensitive morphoclimatic environments;
entrusted to RSA). Part of the research was supported by the Italian
Ministry of Universities and Research through the project “Dipartimenti
di Eccellenza 2023–2027”, awarded to the Dipartimento di Scienze della
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