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Abstract

Coastal lagoons are highly dynamic ecosystems that are continually changing in shape and size due to natural processes.
This study used satellite imagery, remote sensing, and GIS mapping, along with historical wind and wave data, to com-
prehensively explore the long-term changes occurring at the Khenifiss Lagoon entrance and its downstream main channel,
which is one of the most important wetlands protected by the Ramsar Convention in Morocco. By employing thorough image
selection, rigorous corrections, and intricate processing and analysis techniques, this research shed light on the evolution of
sediment deposition areas, eroded zones, vegetation coverage, and locations, where dune influence affected sedimentation
in this dynamic coastal ecosystem. The investigation spanned from 1984 to 2019 and relied on the analysis of Landsat opti-
cal images gathered in 1984, 1990, 2000, 2009, and 2019. During the study period, the entrance to the Khenifiss Lagoon
(Foum Agouitir) gradually enlarged, increasing from 1450 m in 1984 to 1650 m in 2019. Concurrently, vegetation coverage
within the lagoon's entrance and main channel increased from 53.54 hectares in 2009 to 103.9 hectares in 2019, resulting
in a significant decrease in total water body extent. Sediment deposition impacts 206 hectares, considerably surpassing the
erosion-affected area of 99.14 hectares. This significant difference emphasizes the rising dominance of sedimentation over
erosion at the Khenifiss Lagoon entrance zone. The processes of sedimentation within the lagoon are largely influenced by
the dune's advance, which has resulted in silt deposition over an area of approximately 57.39 hectares. These findings high-
light the lagoon's exposure to progressive closure and strongly support the need to start a monitoring program to evaluate the
lagoon's changing condition, especially at the entrance and the main channel. This study puts forth several recommendations
for implementing management strategies aimed at ensuring the sustainability of this coastal ecosystem.
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Introduction

Coastal lagoons cover approximately 13% of the world's
coastlines (Barnes 1980), and they are aquatic ecosystems
characterized by their shallow nature and their proximity to
the marine environment, separated from the open sea by a
barrier, land spit, or similar land feature, and connected to
the sea through one or more inlets (Pérez-Ruzafa et al. 2011,
2019). Coastal lagoons are highly dynamic ecosystems that
are continually changing in shape and size due to natural
processes (De Wit 2011). These ecosystems are also known
for their high productivity and biodiversity (Lewison et al.
2016). Coastal lagoons, on the other hand, are vulnerable to
a variety of pressures and are classified as threatened eco-
systems due to a combination of natural and human factors
(Mahapatro et al. 2013). Given their substantial socioeco-
nomic and environmental importance, effective manage-
ment practices are imperative to ensure the preservation and
sustainable utilization of these valuable coastal ecosystems
(Pérez-Ruzafa et al. 2019). Remote sensing and Geographic
Information Systems (GIS) prove to be practical and attrac-
tive tools for conducting research and managing coastal eco-
systems, encompassing wetlands, estuaries, and coral reefs
(Ahmed et al. 2009; Klemas 2011). Common applications of
remote sensing in coastal areas include mapping nearshore
and shallow marine ecosystems, tracking temporal changes,
creating bathymetric maps, and investigating suspended
sediment plumes and coastal currents (Green et al. 1996).
Nonetheless, the efficacy of remote sensing in the manage-
ment of coastal zones is compromised by variables affecting
data accessibility, such as cloud cover and sensor limitations
(Green et al. 1996).

The Khenifiss Lagoon (or "Khnifiss Lagoon" in litera-
ture), located in southern Morocco's coastal Sahara, is the
largest lagoon and most significant wetland in the Atlantic
Moroccan desert. It stands out for its shallow and small
basin, with occasional freshwater input from the tempo-
rary river known as Oued Aouedri (Dakki and De Ligny
1988; Nogueira et al. 2022). The lagoon is complemented
by its uninterrupted connection to the Atlantic Ocean
through the only inlet, the Foum Agoutir inlet (Dakki and
De Ligny 1988). The lagoon is distinguished by its abun-
dant biodiversity and elevated biological productivity,
serving as a crucial wintering habitat for migratory birds.
In addition, it provides a habitat for species that are vul-
nerable or endangered on both national and international
levels (Department of Water and Forestry 2008). Since
1983, the lagoon has been protected under the Ramsar
Convention (Convention on the Conservation of Wetlands
of International Importance) as an important stopover and
wintering ground for migratory birds. Besides, it has been
designated as a national park since 2006.
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The Khenifiss Lagoon serves as a pivotal center for vari-
ous socioeconomic activities, notably fishing, and employ-
ing small fishing boats (El Mahrad et al. 2020). Tourism
activities and salt mining further contribute to the lagoon's
economic vitality (El Mahrad et al. 2020). The local socio-
economic structure is rooted in fishing and shellfish harvest-
ing, providing a significant source of income and employ-
ment (El Mahrad et al. 2020). There are 12 traditional fishing
boats, also used for transporting tourists within the lagoon.
Recently, the unique ecosystem of Khenifiss has attracted
private investors, prompting their involvement in aquacul-
ture activities (Abioui et al. 2018).

The adjacent salt flat, Sebkha of Tarza, spans 830 hec-
tares south of the lagoon and plays a pivotal economic role.
Approximately, 418 hectares of salt deposits were exploited
by seven small companies (Department of Water and For-
estry 2008). These salt pans, serving as substantial artificial
salt production sites, yield over 20,000 tons of salt annually,
according to the Regional Planning Department of Laayoune
in 2022. Moreover, the Khenifiss Lagoon stands out as a site
tourist attraction, offering diverse activities like geotourism,
ecotourism, bird watching, and nature observation (Depart-
ment of Water and Forestry 2008).

However, the lagoon has faced significant environmental
challenges in recent years as a result of natural and human
factors (El Mahrad et al. 2020; Mejjad et al. 2020). These
challenges include the migration of transverse sand dunes
affecting the lagoon and its inlet (Saltani et al. 2015), the
presence of a huge shipwreck obstructing the only entrance
(Ministry of Equipment and Transport 2010), and the emer-
gence of new islands in the lagoon's main channel, all of
which contribute to a significant sedimentation problem
(Amimi et al. 2021). Given these circumstances, the main
objective of this study is to identify and assess changes in
the lagoon entrance over the last four decades. The primary
focus is on assessing changes in sediment deposition areas,
vegetation coverage, eroded zones, and locations, where
dune influence affected sedimentation throughout the study
period. The investigation spanned from 1984 to 2019 and
relied on the analysis of Landsat optical images gathered
in 1984, 1990, 2000, 2009, and 2019. The time interval
between these data points allowed for a thorough under-
standing of the evolution of sediment-related processes over
the study period in this dynamic coastal ecosystem.

The subsequent evaluation of these major entities required
a multifaceted approach. The collected satellite images were
subjected to a rigorous correction process that included atmos-
pheric, radiometric, and geometric corrections, as well as noise
reduction techniques. We utilized the GIS software ArcMap
10.3 to create various false-color composites for each image,
enhancing the visibility and contrast of different elements, and
we used the Normalized Difference Vegetation Index (NDVI)
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and the Normalized Water Difference Index (NDWI) to dif-
ferentiate various features within the study area. Furthermore,
we used supervised classification to improve the accuracy of
our land cover identification process. Finally, we applied on-
screen digitization techniques to map the identified features
accurately. This intricate methodology provided a reliable
method for distinguishing and quantifying the changes of dis-
tinct elements within the satellite images. This study also sheds
light on the characteristics of wind and wave conditions in
the study area, as well as their impact on the lagoon's dynam-
ics, contributing to a better understanding of the changes that
have occurred at the lagoon's entrance. Through a meticulous
four-decade analysis of satellite imagery, this study provides
valuable insights into the evolving dynamics of the Khenifiss
Lagoon, particularly the inlet and the downstream part of the
main channel, which are vital for the lagoon's ecosystem sur-
vival. It enables us to detect long-term changes, evaluate sedi-
mentation patterns, monitor vegetation coverage, comprehend
erosion patterns, and assess the impact of sand dunes. These
findings contribute to a better understanding of the evolving
features of Khenifiss Lagoon and provide valuable methodol-
ogy and insights applicable to the management and conserva-
tion of coastal ecosystems worldwide.

Study area

The Khenifiss Lagoon, also referred to “Naila Lagoon” by
the local population, depicted in Fig. 1, is a Saharan wetland
area that spans an area of 65 km?. It is the largest Atlantic
lagoon in Morocco. It is situated in the southwest of the
Moroccan Sahara, between the cities of Tan-Tan and Tar-
faya, at a latitude of 28° 03' North and a longitude of 12°
15" West (Hammada 2007). The lagoon is separated from
the Atlantic Ocean by a dune barrier interrupted by an inlet
known as "Foum Agouitir" (Beaubrun 1976). This inlet,
which allows the lagoon to connect with the ocean, is about
a hundred meters wide and 5—6 m deep (Beaubrun 1976).
The hydrology of the lagoon is predominantly influenced
by tidal dynamics, with tides reaching the bottom of the salt
flat Sebkha of Tarza during spring tides (Beaubrun 1976; El
Agbani et al. 1988; Lakhdar Idrissi et al. 2004). Indeed, the
contributions of freshwater from the continent, especially
through the Ouedri River, are minimal (Lakhdar Idrissi et al.
2000). The lagoon's main channel extends for approximately
24 km (Lakhdar Idrissi et al. 2000, 2004) and is bounded by
a cliff to the east and active sand dunes to the west, as shown
in Fig. 1d. The main channel ends in the southwest with the
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Fig. 1 a Geographic location of the study area. b True color satellite image of the Khenifiss Lagoon (Landsat 8 OLI image captured on Decem-
ber 14, 2019). ¢ and d Pictures illustrating the main entities of the lagoon's downstream area, including the main pass (taken in February 2022)
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saline depression (Sebkha of Tarza), which is 9 km long
and 5 km wide (Beaubrun 1976; Lakhdar Idrissi et al. 2000,
2004). It is bounded to the west by the Hassi Fleiga sand
dunes and to the east and south by a high cliff that ranges
in height from 22 to 35 m (Beaubrun 1976). This salt flat is
submerged by seawater at high tide, especially during spring
tides, and as a result of intense evaporation, it produces a
sizeable salt deposit (Beaubrun 1976).

Beaubrun (1976) divided the main channel into three
parts: The downstream part, stretching over 7 km, is the
deepest (6—15 m) and has a sandy bottom and muddy tidal
zone. At low tide, some sandbanks emerge. The middle sec-
tion, 4 km long and 3—4 m deep, has a sandy bottom, and
its shores are adjacent to sand dunes. The upstream part, 9
km long, flows into Sebkha of Tarza. Its depth varies from
0.20 to 5 m.

The lagoon is situated within the Saharan bioclimatic
zone, and its climate is significantly shaped by the maritime
trade winds, leading to elevated humidity levels, substan-
tial cloud cover, and mild temperatures (André et al.1975).
The prevailing winds typically blow from the NNW to NE
direction (Elbelrhiti et al. 2008). Wind speed over the past
three decades has varied between 2 and 14 m/s (Adnani et al.
2018). Temperature fluctuations are strongly affected by
the thermal conditions of coastal waters, with temperatures
ranging from a minimum of 12 °C to a maximum tempera-
ture of 29 °C (Adnani et al. 2018). The highest tempera-
tures are typically registered during September and October.
Monthly average precipitation is very low (164 mm annually
over the last three decades) and highly irregular (Adnani
et al. 2018).

In the Khenifiss Lagoon, three main morphological
lagoon features are observed, namely, the sandy barrier
formed by the Hassi Fleiga dunes, the Foum Agouitir inlet
ensuring the connection with the ocean, and a water depres-
sion containing a main channel. According to Postma's clas-
sification (1969), this lagoon belongs to the anti-estuarine
type. It is situated in a mesotidal environment, according
to Hayes' classification (1975), and is partially enclosed,
according to Nichols and Allen's classification (1981). Fur-
thermore, it is considered a lagoon with restricted exchange
with the ocean, following Kjerve's classification (1986).

The sedimentology of the lagoon is characterized by
three main sediment types: sandy, muddy-sandy, and sandy-
muddy (Lakhdar Idrissi et al. 2000). Sandy mud constitutes
the majority of deposits, mainly located along the left bank
of the downstream area and the marshes of the upstream
zone (Lakhdar Idrissi et al. 2000). These areas exhibit low
hydrodynamic activity, facilitating sediment retention due
to the presence of seagrasses and resulting in the accumula-
tion of organic matter. In contrast, at the channel and pass
levels, sediments are primarily sandy, marked by intense
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turbulence and a low organic matter content (Lakhdar Idrissi
et al. 2000).

From a geological perspective, the Khenifiss Lagoon is
located in the northern part of the Tarfaya-Ladyoune Coastal
Basin (Dakki and De Ligny 1988). This geological basin
comprises a Precambrian basement, which outcrops in the
Saharan hinterland, while a Mesozoic-Cenozoic coastal
sedimentary cover predominates (Abioui et al. 2019). This
cover includes Miocene sands overlaid by a Quaternary
Moghrebian slab mainly composed of sandstone and lime-
stone (Ranke et al. 1982; Dakki and De Ligny 1988). The
thickness of the Quaternary platform, where the Khenifiss
Lagoon is situated, can reach several meters, up to 40 m
(Dakki and De Ligny 1988).

Coastal lagoons are ephemeral coastal features, having a
recent origin, and their evolution occurs rapidly on a geo-
logical timescale (Kjerfve 1986). Research into the forma-
tion of coastal lagoon systems along the Moroccan Atlantic
coast has revealed that the emergence of these systems can
be traced back to the eustatic rise in sea levels during the
Holocene (Carruesco 1998). This rise has resulted in marine
submersion, concurrently giving rise to the formation of bar-
riers along both straight and indented coastlines (Bird 1994).

Materials and methods
Remote sensing and GIS mapping

The GIS is a tool that facilitates the acquisition of high-
quality and current information to assist in gaining a deeper
understanding of the operations within coastal zones (Bur-
rough et al. 2015; Nakhli and Ghazi 2008). It can be suc-
cinctly described as a compilation of geographical data
managed by a unified system, aiming to improve the com-
prehension and meaningful incorporation of the dynamics of
natural phenomena within the specified area, such as coastal
zones (Burrough et al. 2015; Nakhli and Ghazi 2008). This
study utilized a comprehensive approach, as presented in
Fig. 2, utilizing satellite imagery and remote sensing tech-
niques, to investigate the long-term transformations occur-
ring at the lagoon's entrance and the downstream segment
of the main channel. The study was assisted by the use of
GIS mapping methods, which allowed for a detailed exami-
nation of these changes over time. Landsat optical images,
as shown in Fig. 3 and detailed in Table 1, were carefully
chosen for each decade, taking into account considerations
such as image availability and cloud coverage, which is a
factor that affects data availability in coastal zones (Green
et al.1996). These satellite images, obtained from the United
States Geological Survey (USGS) (https://earthexplorer.
usgs.gov/), were selected as the primary data source.
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Fig.2 Satellite image processing and analysis methodology

These satellite images were subjected to a series of
meticulous corrections (Laignel et al. 2023; Toure et al.
2019). These include atmospheric corrections to mitigate
atmospheric effects, radiometric calibration to normalize
pixel values, and geometric corrections to rectify distortions
caused by the sensor and the Earth's curvature. Furthermore,
noise reduction techniques were employed to diminish any
unwanted artifacts or irregularities present in the images.
The satellite images utilized have a spatial resolution of 30
m. To conduct a thorough analysis of these satellite images
and accurately differentiate between various features,
we generated various false-color composites of each image,
as shown in Table 1. These false-color composites serve as
valuable tools for enhancing the visibility and contrast of
distinct elements within the imagery (Liu et al. 2018). The
GIS software ArcMap 10.3 was employed to code differ-
ent bands in blue, green, and red, respectively. These band
combinations were chosen methodically and with the ability
to discern distinct spectral signatures of distinct elements
within the study area, i.e., water bodies, vegetation cover,
tidal flats, and sand dunes. Furthermore, we employed the
Normalized Difference Vegetation Index (NDVI) (Laignel
et al. 2023; Toure et al. 2019), as given in Eq. 1 (Rouse et al.
1974), to accurately measure the vegetation coverage and
patterns. In addition, we employed the Normalized Water

Difference Index (NWDI) (Laignel et al. 2023; Toure et al.
2019), as detailed in Eq. 2 (Gao 1996), to assess the extent
of water bodies (Ahmed and Akter 2017; Gao 1996).

NDWI = GREEN-NIR/GREEN + NIR D

NDVI = NIR-RED/NIR + RED 2)

Figure 4 depicts the important role that NDVI and NDWI
play in distinguishing various features within the study area.
This visual example is based on an analysis of the Landsat
image captured in 2019, showcasing how these indices con-
tribute to a clearer differentiation of distinct elements within
the landscape.

Last but not least, we used a supervised classification
approach to improve the accuracy of our land cover identi-
fication process. Following that, armed with the wealth of
information gathered, we set about digitizing and mapping
each distinguishing feature. This comprehensive approach
enabled us to examine and document the dynamic changes
that occurred within the study area throughout our research,
providing a thorough and detailed account of its evolution
over time. It's important to highlight that these findings were
later verified and validated through an on-site field visit con-
ducted in February 2022 within the lagoon area.

@ Springer
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5, 4, 3 RGB. Vegetation is displayed in red, water in deep blue, sand
dunes typically appear as shades of beige, and sandy tidal flats are
often represented as brown
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Table 1 Detailed information on selected satellite images for remote sensing analysis, band combinations used to create Landsat RGB color
composite images, their conforming wavelengths, and applications

Date Satellite Sensor Resolution in meters (m) Band combination in ~ wavelengths Application (Liu et al. 2018)
RGB (Liu et al. 2018)
September 1984 Landsat5 TM 30m 4-3-2 NIR-Red-Green  Vegetation mapping;
December 1990 Landsat5 TM 5-3-1 SWIR-Red-Bleu  Water bodies mapping;
February 2000  Landsat7 ETM+ 5-4-1 SWIR-NIR-Bleu Tf)pographlc textu'res; '
Lithological Identification
November 2009 Landsat5 TM
December 2019 Landsat 8§ OLI TIRS 5-4-3 NIR-Red-Green
6-4-2 SWIR-Red-Bleu
6-5-2 SWIR-NIR-Bleu

12°16'0'W

12°150"W

12°140'W

28°30°N ] F28°3'0"N

1-28°2'0"N
28°2'0"N o

12°14'0"'W

12°16'0°W

Fig.4 Application of NDVI and NDWTI Indices on the Landsat Image
from 2019 in the Study Area. The extent of vegetation cover is deter-
mined using NDVI indices, with vegetation represented in green.

Wind and wave data

Due to the unavailability of accessible records from wave
buoys and meteorological stations in the Khenifiss area, we
had to rely on alternative sources to acquire crucial wave
and wind data. This decision was prompted by the signifi-
cant absence of such data within the study region. To address
this data gap, we primarily relied on a valuable resource, the
Puertos del Estado, which is a reputable institution known for
its comprehensive oceanographic data. The specific wave and
wind data for each year of the study period can be accessed
on https://www.puertos.es/en-us/oceanografia/Pages/portus.
aspx. These data were collected from the nearest measure-
ment point to the entrance of Khenifiss Lagoon, which had
coordinates of 13.00° W and 28.25° N.

The selection of wind roses and wave roses is intentional,
aligning with the intervals of satellite images employed in the
study. This strategic decision facilitates the identification of
changes in two pivotal factors — wind and waves — that exert
a substantial influence on the lagoon's dynamics, in addition
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NDWI, on the other hand, is utilized to evaluate the extent of water
bodies, which are depicted in deep blue and tidal flats, indicated in
light blue

to tidal effects. By synchronizing the analysis with the inter-
vals of satellite images, our study aims to offer a thorough
understanding of how fluctuations in wind and wave patterns
contribute to the lagoon's dynamics over time. Maintaining
this consistency is vital for precisely correlating variations in
these factors with the corresponding satellite data.

Results and discussion

The morphology or shape of the inlet, which connects a
coastal water body such as a coastal lagoon with the open
sea, is typically associated with the supply, transport, and
deposition of sediments resulting from the interplay of
various factors, including tidal movements, wave action,
coastal currents, and river inflows. The analysis of pro-
cessed satellite images of the Khenifiss Lagoon entrance
and its corresponding downstream main channel from
the years 1984, 1990, 2000, 2009, and 2019, in conjunc-
tion with the generated maps derived from these images,
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enables the identification of the morphological evolution
of the downstream area of the Khenifiss Lagoon over the
past four decades. The findings of this study reveal signifi-
cant changes that are observable in the spatial and tem-
poral distribution of the vegetation expansion within this
part of the lagoon. These changes are also pronounced in
three distinct sections of the lagoon's downstream zone:
the inlet, the right bank, and the left bank, in terms of
sediment deposition, eroded zones, and dune-induced sedi-
mentation. Similarly, these changes are notable in terms
of the number and size of islands present within the main
channel at each of the dates. These changes had an impact
on the position of the main channel throughout this period
and, evidently, the hydrodynamics of the lagoon. During
the study period, the transformation of the lagoon's down-
stream zone, including the entrance, has been dynamic,
which has important implications for the hydrodynam-
ics and connectivity of the lagoon with the surrounding
coastal environment. These findings are in line with the
research conducted by Nogueira et al. (2022) on the Foum
Agouitir inlet, emphasizing the dynamic nature of this
environment, which undergoes significant transformations
over time. These fluctuations have a significant impact on
the geochemical characteristics of the lagoon, sediment
deposition patterns, and vegetation progression (Nogueira
et al. 2022). The differential developments on the left and
right banks of the lagoon showcase the intricate interplay
between sediment deposition and erosion processes influ-
enced by factors such as wind action, wave action, and sea
level changes. The evolving landscape not only impacts
the physical features of such a coastal ecosystem but also
influences the ecological dynamics and habitat distribu-
tion within it (Pérez-Ruzafa et al. 2019). It is crucial to
recognize these changes in the context of ongoing envi-
ronmental shifts and to consider their potential effects on
coastal management and preservation strategies.

Characteristics of wind and their effects
on the lagoon entrance

Wind forcing plays a critical role in shaping the hydro-
dynamics and morphology of the Khenifiss Lagoon inlet
(Nogueira et al. 2022). Furthermore, Rozas (1995) shows
that winds along coastal regions can cause transient varia-
tions in water levels within estuaries. Wind stress exerted on
ocean waters toward the coast typically leads to an increase
in estuarine water levels as it pushes seawater into the estu-
ary (Rozas 1995). Conversely, when winds propel coastal
waters away from the shore, they have the opposite impact,
causing a decrease in estuarine water levels (Rozas 1995).
While this meteorological influence may not be as strong
as the gravitational pull of astronomical tides in mesotidal
and macrotidal environments along the Atlantic Coast, it is
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especially strong during neap tides (Boon 1975), which is
the case of Khenifiss Lagoon. In addition, in coastal eco-
systems such as the Khenifiss Lagoon, the presence of pre-
vailing ocean-continent winds enhances the rate at which
the lagoon fills, while emptying velocities experience an
increase when winds blow from the continent toward the
ocean (Morton 1994).

Wind patterns in Khenifiss Lagoon have the potential to
significantly influence coastal sedimentation and sand drift-
ing (Nogueira et al. 2022). These wind patterns have had a
significant impact on the morphology and hydrodynamics of
the lagoon over time (Nogueira et al. 2022). An examination
of sea surface wind data for the lagoon's region, as shown
in wind roses in Fig. 5, reveals a prevailing wind direction
originating from the ocean and blowing inland, intersect-
ing the coastal area at an oblique angle, primarily from the
northeastern quadrant, with average speeds of 6 m/s and fre-
quently exceeding 8 m/s. Elbelrhiti et al. (2005) also mention
that this wind pattern is known as one of the most consist-
ent trade winds in the world. Throughout the study period,
notable changes have occurred in the inlet and the main tidal
channel within the lagoon (Figs. 7 and 8). These changes
are characterized by a significant expansion in their dimen-
sions, resulting in a winding configuration and a marked
shift towards a more sinuous shape of the main channel.
These changes may influence water circulation and water
residence time within the lagoon, since the geomorphology
of a coastal lagoon, including the characteristics of its inlet,
governs the hydrodynamics of the lagoon (Bird 1994).

Characteristics of waves and their effects
on the lagoon entrance

Understanding wave directions near the shoreline is criti-
cal. Knowing the directions of wave propagation and their
frequencies is extremely useful for understanding sedi-
ment movements observed in coastal areas, which eventu-
ally result in the formation of sandbars and beach erosion
(Mahé 1957). Almost always, there is a noticeable swell on
the entire western coast of Africa, generally unrelated to
the local coastal weather conditions (Makaoui et al. 2005;
Orbi and Nemmaoui 1992). This swell is primarily caused
by both strong and consistent winds with minimal direction
changes, slow-moving cold fronts, or, more commonly, baro-
metric depressions passing far out in the ocean between the
Azores and Iceland (Orbi and Nemmaoui 1992). The largest
swells occur once or twice a year and can reach heights of
7-9 m (Orbi and Nemmaoui 1992). These robust swells are
most frequent during the autumn and winter months. As they
approach the coast and encounter shallow depths, they break
along the shoreline, continuously agitating the waters of the
coastal zone (Makaoui et al. 2005; Orbi and Nemmaoui
1992). The currents generated by this swell often lead to



Environmental Earth Sciences (2024) 83:122

Page 9 of 21

122

w |

NW CLNE

/

. ENE

Vind rose for Weah spied | | [ wbe [
‘ z::en: ea(i)' 191;34 Me:(-::vssl;?ed = w Mud Foe or
W it e s = Yy SWALT ’ ~ the year 1990
s \ \ 6% X\, /~20-/30 3 \

. Wind rose fo

! \ S PN I
R I 2y
\ \ e e WAl
7~ 185 .4 -\ . 60- 70

707 80
>80 /

W RV,

o N NE

e /
4

\‘ ' Mean speed

/ ese

the year 2000

Fig. 5

- (mfs)
~h0-20
/20- 30

ind rose for

/

s

Mean q:peedi; i &

v

the

year 2000

L 30-/40- | 3 .
\ (o a0is0 ) T \ ’
’ ~ N fo-60/ / ESE wsw |\ AN
" 80-70 <
70780 N
X i >80
sw s - 4

ol
//' ‘. e \
NW " \ NE
A ‘ \
> ¥ \
\\ >
/ N \
WNW ) \ \ ENE
Y /
e

' Wind rose fof )

. Mean si)eedlil

 the year 20

AN

wsw

9

79-

‘(m/s)
/ 10-

20/
39+
40-
/50~
.60,

20
30

40
50,

60
70

80

/ ESE

>80
7 SE

ssw

Wind rose for the years 1984, 1990, 2000, 2009, and 2019 in the study area

/30-40
40-50

~_/

60~ 70

>80

f(m/s)
( 12 20!
4 20-30/

5060

/ ESE

70-80 /

@ Springer



122 Page 10 of 21

Environmental Earth Sciences (2024) 83:122

the siltation of certain ports (Makaoui et al. 2005; Orbi and
Nemmaoui 1992). The hydrodynamics of Khenifiss Lagoon
are primarily influenced by a semidiurnal astronomical tide,
which occurs with a frequency of two flooding events each
day (Lakhdar Idrissi et al. 2000). However, similarly to the
Atlantic Ocean coast, the entrance of the lagoon is subject to
wave influence (Orbi and Nemmaoui 1992). An analysis of
wave data impacting the lagoon's inlet, depicted in the wave
roses in Fig. 6, demonstrates a consistent northward (N) pre-
vailing direction of incoming waves. This dominant trend
shows an increasing annual percentage from 73% in 1984 to
over 80% in 1990, 2000, and 2009, and a peak of almost 90%
in 2019. In contrast, the annual percentage of waves com-
ing from the northwest (NW) does not exceed 14%, and the
frequency of waves coming from other directions such as the
northeast (NE), the west (W), and the east (E) remains mini-
mal. The prevailing significant wave height falls within the
range of 0—2 m for over 64% of the year, while wave heights
ranging from 2 to 3 m occur less frequently, at a rate of fewer
than 32%. Rarely does the significant wave height surpass
3 m, and occasionally, it can even exceed 5 m in the region.
The action of the waves prevents the deposition of silt and
clay in the entrance and main channel (Nichols and Boon
1994). Instead, fine sediments are transported by tidal cur-
rents and deposited in protected margins or marshes (Nich-
ols and Boon 1994). The configuration of a lagoon entrance
is the product of the dynamic interplay between sea waves,
incoming tides (flood current), and outgoing tides (ebb cur-
rent) (Bird 1994). Flood currents, typically driven by tidal
inflows, transport sediment into the entrance, leading to its
potential reduction and eventual closure (Bird 1994). Con-
versely, ebb currents, along with the discharge of floodwa-
ters from the lagoon, work in opposition to this process by
helping to maintain the entrance's openness (Bird 1994). In
the case of the Khenifiss Lagoon, it is identified as a mes-
otidal environment, featuring a tidal range that fluctuates
between approximately 1.5 and 3 m (Beaubrun 1976). The
hydrodynamic characteristics of the lagoon include a current
velocity that can peak at 110 cm/s during the spring tide
(Lakhdar Idrissi et al. 2004). These hydrodynamic features
hold particular significance in the context of preserving the
openness of the lagoon entrance and ensuring its continuous
connection with the ocean. The entrance is dominated by
ebb currents (Lakhdar Idrissi et al. 2004). In such a case, the
stronger ebb velocities effectively flush suspended sediment
and can slow down or even prevent the sedimentary infilling
process that typically occurs in most lagoons (Nieblas et al.
1999). Regarding of the Khenifiss Lagoon, we propose that
the combined effect of waves and the specific dominance of
ebb currents at the entrance play a critical role in maintain-
ing the openness of its main inlet. This enables the continued
exchange of water between the lagoon and the open sea,
thereby maintaining the lagoon's ecological balance.

@ Springer

Spatiotemporal evolution of vegetation coverage
in Khenifiss Lagoon entrance

Vegetation has a significant impact on the hydrodynam-
ics of coastal wetlands, such as estuarine marshes (Rozas
1995). It can influence the marsh hydroperiod by chang-
ing the topography of the marsh surface, and it plays an
important role in stabilizing the marsh substrate, promoting
sediment accretion, and contributing organic matter to the
sediment layers (Reed and Cahoon 1992; Rozas 1995). It
also hinders water flow on the marsh surface, leading to
delays in the initiation of flooding during a rising tide and
the drainage of the marsh as the tide recedes (Borey et al.
1983). Khenifiss Lagoon exhibits modest floral diversity,
totaling 25 species, reflecting a restricted range of habitats,
predominantly consisting of an estuarine system devoid of
freshwater input and a temporary marshy system (Ham-
mada 2007). The vegetation within the lagoon can be cat-
egorized into two systems: estuarine and continental, with
the estuarine system being predominant (Hammada 2007).
In the main channel, the dominant flora includes Zostera
noolti, Spartina maritima, Arthrocnemum macrostachyum,
and various algae species (Hammada 2007). The extent of
vegetated shore areas, as displayed in Table 2, exhibited
fluctuations during the study period. Vegetation is primar-
ily concentrated in the downstream region adjacent to the
entrance of the lagoon's main channel. Approximately 55.11
hectares of vegetated shoreline were measured in the first
year of observation, 1984. Then, by 1990, this area shrank
to 50.27 hectares, but by 2009, it had expanded to reach
80.48 hectares. But then there was a decrease, and in 2009,
the area was only 53.54 hectares. Yet, there was a subse-
quent resurgence in development, resulting in an expansion
to 103.9 hectares by 2019.

In the context of the Khenifiss Lagoon, fluctuations
in the tidal limit over time exert a significant influence
on the distribution of vegetation zones (Nogueira et al.
2022). The expansion of vegetation within the lagoon's
entrance and main channel from 53.54 ha in 2009 to 103.9
ha in 2019 has led to a reduction in the overall water body.
This is particularly notable, because, as vegetation den-
sity increases, a greater amount of sediment is retained
(Nogueira et al. 2022). Likewise, as plants like Zostera
noolti, Spartina maritima, and Arthrocnemum macrostach-
yum proliferate, they gradually encroach upon the open
water space, altering the lagoon's landscape and ecological
dynamics. The ecosystem may be significantly impacted
by this transformation, which may have an impact on
local biodiversity, habitat availability, and water flow. It
emphasizes how crucial it is to keep an eye on and control
vegetation growth in the lagoon to preserve its ecological
functions and balance.
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Table 2 Changes in vegetation coverage at the entrance zone of the Khenifiss Lagoon from 1984 to 2019

Year 1984

1990 2000 2009 2019

Evolution of Vegetated shores space in hectares (ha) 55.11

50.27 80.48 53.54 103.9

Spatiotemporal evolution of sediment-related
processes in Khenifiss Lagoon entrance

Figure 7 illustrates the spatial extent of the main features
within the entrance of Khenifiss Lagoon and its adjoining
areas at five time points: 1984, 1990, 2000, 2009, and 2019.
The analysis of the spatiotemporal evolution of sediment-
related processes at the entrance of Khenifiss Lagoon reveals
a dynamic landscape of sedimentation patterns between
1984 and 2019. Figure 8 illustrates and quantifies the spa-
tial distribution of these transformations. In this context, the
sedimentary dynamics manifest across three discernible cat-
egories, as outlined in Table 3, which are as follows:

e Sediment deposition in tidal flats: The tidal flats, includ-
ing vegetated shores, have witnessed significant sediment
deposition spanning an area of approximately 148.93
hectares along the study period. These areas play an
essential role in shaping the lagoon's overall sedimentary
makeup by acting as important reservoirs for accumulat-
ing sediments.

e Dune-induced sedimentation: Fig. 9 depicts the effect of
sand dunes in determining the sedimentation dynamics
of the Khenifiss Lagoon. The Hassi Fleiga sand dunes, in
particular, support sediment deposition over a large area,
covering around 57.39 hectares. This influence is most
noticeable in the inlet's eastern part and extends to both
the left and right banks of the main channel, as illustrated
in Fig. 8. Dune-induced sedimentation is an example of
how geomorphological characteristics can shape the dis-
tribution of sediment in the lagoon. A sand river, oriented
NNE-SSW, is solely responsible for the main siltation
occurring in the Khenifiss Lagoon (Saltani et al. 2015).
This dune structure is fed by sediment inputs originating
from the eastern part of the Khenifiss Lagoon (Saltani
et al. 2015).

e [Eroded areas: In contrast to deposition, certain sections
at the entrance and the downstream part of the lagoon’s
main channel have experienced erosion, resulting in an
area measuring about 99.14 hectares in size. The extent
of eroded areas emphasizes the imbalance between sedi-
ment influx and removal, underscoring the asymmetry in
these sedimentary processes.

In estuaries, the tidal amplitude is influenced by the
dimensions of the inlet (Hackney and Yelverton 1990).
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Increased inlet dimensions in estuaries increase tidal ampli-
tude at the upper estuary, because the larger inlet allows a
greater volume of water to enter during flood tides (Hack-
ney and Yelverton 1990). The entrance of Khenifiss Lagoon
(Foum Agouitir) gradually enlarged over the study period
between 1984 and 2019, with a progressive size increase
in this period from 1450 m in 1984 to 1650 m in 2019. The
eastern part of the entrance (on the left bank) has experi-
enced significant development of the sand barrier due to
the advancing sand dunes that characterize the region. This
sand barrier had extended progressively by about 100 m by
2019 inside the inlet, compared to its state in 1984. On the
contrary, the western part of the sand barrier (on the right
bank) has experienced a more significant retreat, with some
areas witnessing a progressive decline over the study period
to an extent between 200 and 300 m due to erosion. Note-
worthy changes in the number and size of islands within the
main channel can be seen at each of the recorded dates, with
a noticeable increase in both factors over the study period.

Significant changes have occurred within the lagoon's
downstream zone during the period of study, resulting in
the main channel becoming narrower and adopting a more
meandering shape. In addition, these changes have led to
an expansion of the vegetated shores on the left and right
banks. These observed changes highlight the dynamic nature
of coastal ecosystems as well as the intricate relationships
between geological processes and ecological dynamics.
Figure 8 and Table 3 provide, respectively, a visual repre-
sentation and quantification of sediment deposition (encom-
passing dune-induced sedimentation) and erosion within the
downstream zone and the entrance of the Khenifiss Lagoon.
The results highlight a significant spatial imbalance between
these two processes, shedding light on the issue of lagoon
silting. Approximately 206 hectares are impacted by sedi-
ment deposition, compared to only 99.14 hectares by ero-
sion. This difference emphasizes the lagoon's predominant
dominance of sedimentation over erosion. The results high-
light the worry that sedimentation is overtaking erosion as
the dominant geological process, ultimately resulting in the
lagoon's progressive silting.

Figure 10 depicts the temporal changes in the main fea-
tures of Khenifiss Lagoon. It depicts the progressive expan-
sion of sand dunes, which gained an extent of 1.55 km?
over the extent of other features in the studied area. This
expansion contrasts with a reduction in the water body extent
during the study period, decreasing from 4.8 to 3.8 km?,
accompanied by a slight retreat in the desert plateau caused
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Fig.8 Spatial distribution of sediment-related processes within the entrance and downstream main channel of Khenifiss Lagoon during the

period extending from 1984 to 2019

Table 3 Changes in areas impacted by erosion, deposition, and dune
advancement at the Khenifiss Lagoon entrance zone between 1984
and 2019

Processus Sediment deposi- Eroded areas  Dune-induced
tion in tidal flats sedimentation
(including veg-
etated shores)

Total surface area 148.93 99.14 57.39

in hectares (ha)

by erosion. Fluctuations are evident in the tidal flat and veg-
etation, with a notable increase over the past decade contrib-
uting to the narrowing of the lagoon's main channel.

In Fig. 11, a simplified conceptual model illustrates the
progressive narrowing of Khenifiss Lagoon, outlining three
distinct scenarios. The first scenario depicts the advance-
ment of sand dunes over the water body, resulting in the
constriction of the main channel and the formation of inter-
tidal flats adorned with sea grass vegetation. This process
promotes sediment deposition and facilitates the accretion
of both intertidal and supratidal flats. The second scenario
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illustrates the consequences of sand dune progression, lead-
ing to silting and the subsequent narrowing of the main
channel. In the third scenario, the subtidal area undergoes
vegetative colonization by sea grass, fostering sediment
deposition and contributing to the accretion of intertidal
and supratidal flats. These scenarios collectively capture
the dynamic processes shaping the evolving morphology of
Khenifiss Lagoon.

The Khenifiss Lagoon exhibits a distinct feature of lim-
ited accommodation space, a characteristic that contributes
to the reduction of available main channel space. This limita-
tion affects various crucial zones, encompassing the subtidal
zone, intertidal flat, and upper marshes. The consequence of
this phenomenon is a discernible net loss of wetlands within
the lagoon, consistent with the findings of Nogueira et al.
(2022). The depletion of these essential habitats underscores
the ecological challenges faced by the lagoon, emphasiz-
ing the need for thoughtful conservation and management
strategies.

The enlargement of the inlet may appear to improve
water circulation at first by increasing the exchange
between the lagoon and the sea. Several observed changes,
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however, raise concerns. The main channel has narrowed,
vegetated shores have expanded, and sediment deposition
has increased, leading to the expansion of tidal flats across
water bodies and the formation of new islands within the
main channel. These factors suggest that the inlet enlarge-
ment has influenced the balance between sedimentation
and erosion processes, resulting in increased sediment
deposition over erosion. This problem is exacerbated by
the sediment introduced into the main channel by moving
sand dunes. These observations strongly suggest that the
main channel, which is critical to the lagoon ecosystem
as a whole, is gradually closing. This is supported by the
documentation from the Ministry of Equipment and Trans-
port (2010), which reports reductions in depth within both
the inlet and the main channel. Furthermore, residents of
Khenifiss Lagoon and its surroundings have expressed

concerns about the observed decline in the depth of the
lagoon over recent decades (Amimi et al. 2021), which has
made it difficult for fishing boats to navigate certain areas
of the lagoon and has likely contributed to the decrease
in fish stocks within the lagoon. This research assesses
spatiotemporal changes at the lagoon entrance and its cor-
responding downstream main channel as observed through
satellite imagery. Nonetheless, it is critical to recognize
the limitations of this approach, as a thorough investiga-
tion into lagoon evolution necessitates a more in-depth
examination. A thorough assessment of depth evolution
within the lagoon at periodic intervals, in particular, is
critical for gaining a comprehensive understanding of
its evolution, particularly in determining whether or not
it is undergoing closure. Nonetheless, this study should
serve as a wake-up call. It emphasizes the critical need
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sediment deposition and facilitating the accretion of both intertidal

for coordinated action to address the lagoon's changing
dynamics and put into action strategies that aim to main-
tain the ecological balance and secure the lagoon's integ-
rity for both current and future generations.

Sustainable management strategies
for the Khenifiss Lagoon

Many coastal lagoons around the world are grappling with
environmental issues that result in their narrowing. How-
ever, the distinctive feature of the Khenifiss Lagoon is its
existence in an arid environment. Management strategies
for coastal lagoons vary depending on numerous factors,
including: geographical location, ecological characteristics,
human activities in the surrounding areas, and the specific
challenges or threats faced by each lagoon (De Jonge et al.
2012; Elliott et al. 2017; Puente-Rodriguez et al. 2015).

In the Chilika Lagoon, the largest brackish water coastal
lagoon in Asia located in India, approximately 62% of the
coastline has experienced varying degrees of accretion over
the past four decades (1975-2015), while 25% remains stable
and 13% faces low to high erosion, as reported by Baral et al.
(2018). The lagoon has encountered a combination of increased
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siltation and choking due to the degradation of the drainage
basin and the partial closure of the mouth connecting the lagoon
to the sea (Samal 2011). In 2000, a significant intervention was
undertaken to create an artificial inlet (Mahanty et al. 2016).
After the establishment of this new inlet, there was a notable
improvement in the ecological conditions of the lagoon, leading
to enhanced productivity (Mahanty et al. 2016).

The Biguglia lagoon, located in the northern part of Cor-
sica Island (France), is a shallow brackish coastal lagoon
confined by a long sandbar that separates it from the sea.
Seawater exchanges are regulated through a single narrow,
shallow natural channel to the north (Erostate et al. 2022).
The lagoon faces challenges with limited marine water
inputs as the sea channel tends to naturally close due to sand
accumulation, necessitating periodic human intervention for
reopening. Regular activities, such as the artificial opening
of the current channel and the cleaning of drainage chan-
nels, constitute active restoration measures (Erostate et al.
2022). These efforts show promising effects on the lagoon
ecosystem in the medium term, illustrating the resilience of
the lagoon to the effectiveness of human-induced changes.

In the San Jose Lagoon, located in an arid zone in Mex-
ico, a significant reduction in its overall size has occurred.
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Between 2001 and 2017, there was a 26% decline, primar-
ily attributed to inadequate land planning, environmen-
tal fragmentation, and ineffective management strategies
(Imaz-Lamadrid et al. 2019). This shrinkage, coupled with
increasing evapotranspiration and rising sea levels, is likely
to promote mineralization, resulting in a decline in the qual-
ity of surface water (Imaz-Lamadrid et al. 2019). As a result,
adverse effects on vegetation cover are anticipated, and with-
out appropriate management and effective measures to tackle
these challenges, there exists a risk that the lagoon might
ultimately vanish (Imaz-Lamadrid et al. 2019).

In Morocco, coastal lagoons confront various environ-
mental challenges, with noteworthy issues such as silting
and pollution (Mejjad et al. 2020). In contrast, the Khenifiss
Lagoon stands out as the most pristine among Moroccan
lagoons, showing no significant concerns regarding pollu-
tion levels (Mejjad et al. 2020; Tnoumi et al. 2021, 2022).
However, this study and others (Amimi et al. 2021) empha-
size legitimate concerns related to substantial silting in the
inlet and the main channel, alongside wetland loss (Nogue-
ira et al. 2022). These issues hold critical importance for
the ecosystem's vitality, biodiversity, and socio-economic
significance.

In the case of the Oualidia Lagoon in north Morocco, and
light of various environmental challenges, particularly the
reduction of depths and the upstream water confinement, a
recommendation was made in 2006 to construct a sediment
trap (Bouchkara et al. 2021, 2022). This trap was subse-
quently created in 2011 to capture the finest sediment in the
upper part of the lagoon (Bouchkara et al. 2021, 2022). Con-
sequently, the construction of the sediment trap enhanced the
hydrodynamics of the lagoon, especially in the sandpit area,
leading to a morphological transformation. This hydrody-
namic shift changed the lagoon from a constrained basin to a
more restricted state following the dredging of the sediment
trap (Bouchkara et al. 2021, 2022). On the Moroccan Medi-
terranean coastline, particularly within the Nador lagoon,
the establishment of a new, broader, and deeper inlet has
proven to enhance hydrodynamics. This improvement not
only contributes to the overall health of the ecosystem but
also triggers a shift towards ebb dominance, thereby influ-
encing the mid-term morphological evolution (Maicu et al.
2021). This improvement also has a positive impact on the
sedimentary status and sediment redistribution of the lagoon
seabed, enhancing its quality (Kousksou et al. 2015).

All these cases exemplify the favorable outcomes
achieved through the implementation of effective man-
agement strategies for bolstering the conditions of coastal
ecosystems. They also underscore the effects of neglecting
the ongoing alterations faced by lagoons, which can lead
to significant issues for the entire ecosystem. Ignoring the
narrowing problems of the lagoon poses a direct threat not
only to the ecosystem's health but also to the vital services it

offers to the local community. Recognizing and addressing
these challenges through effective management is crucial for
the long-term sustainability of these coastal environments.

In the context of Khenifiss Lagoon, a primary concern
revolves around a large shipwreck obstructing the inlet
mouth that connects the lagoon to the sea (Ministry of
Equipment and Transport 2010). This obstruction signifi-
cantly disrupts the hydrodynamic circulation of seawater,
leading to the formation of new islands that exacerbate the
narrowing issue of the main channel (Amimi et al. 2021).
In addition, the rapid growth of vegetation in subtidal and
intertidal flats promotes sediment deposition, further con-
tributing to the narrowing of the main channel. The migra-
tion of dunes within the main channel also plays a role in the
substantial silting of the lagoon.

Figure 12 provides a visual representation of the
diverse sediment-related processes along the shoreline of
the Khenifiss Lagoon, expanding on the trends outlined
in Figs. 7 and 8. In addition, it offers information on the
total length of each process along the shoreline. Approxi-
mately, 27% of the shoreline in the study area remains stable,
whereas 21.7% is currently experiencing erosion. Moreover,
23.6% and 27.8% are undergoing accretion due to sediment
deposition and the progression of sand dunes, respectively.
Understanding trends and fluctuations in shoreline position-
ing is valuable for policymaking in developing coastal zone
monitoring and human interventions (Laignel et al. 2023).
This map acts as a valuable tool for decision-makers, ena-
bling them to develop informed strategies for the sustainable
development, preservation, and restoration of the lagoon. In
addition, it assists in pinpointing priority areas for interven-
tion, empowering decision-makers to implement targeted
measures that address the identified narrowing issues in the
Khenifiss Lagoon.

The sustainable future of coastal zones hinges on our abil-
ity to enhance comprehension, governance, and anticipation
of the developments in these environments (Laignel et al.
2023).To safeguard Khenifiss Lagoon, several management
strategies can be considered to address the identified chal-
lenges. Start by giving priority to removing the obstructing
shipwreck and reinstating normal hydrodynamic circulation.
Ensure regular dredging and maintenance of the inlet mouth
to prevent sediment buildup and sustain a vital connection
between the lagoon and the sea. In addition, consider engag-
ing in restoration projects to revive natural flow dynamics,
fostering a sustainable balance between the lagoon and its
encompassing environment. Implement dune stabilization
techniques to curb dune migration within the main chan-
nel, thereby lessening sedimentation and mitigating adverse
effects on the lagoon. Besides, it is imperative to formulate
and execute an integrated coastal zone management (ICZM)
plan encompassing the entire coastal ecosystem, with a spe-
cific focus on the lagoon, to foster a comprehensive approach
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Fig. 12 Map shows the extent of each sediment-related process along the shorelines of the Khenifiss Lagoon. The diagram depicts the total

length (Km) of each process along the shoreline

to conservation and sustainable utilization. Engage local
communities, government agencies, and environmental
organizations actively in both the planning and execution
phases of ICZM. However, management strategies should
be implemented alongside a monitoring program to track
potential changes occurring in the entire ecosystem. Human
interventions can induce alterations, and these changes, if
not carefully observed and addressed, pose the risk of desta-
bilizing the overall functioning of the ecosystem (Davies-
Vollum et al. 2019). Therefore, a comprehensive monitoring
framework is essential to assess the impact of management
strategies and to proactively manage any unintended conse-
quences that may arise, ensuring the sustained health and
balance of the ecosystem.

Conclusion

This study used satellite imagery, remote sensing, and GIS
mapping, along with historical wind and wave data, to
comprehensively explore the long-term alterations occur-
ring at the lagoon entrance and downstream main channel.
Through the selection of satellite images, thorough cor-
rections, and detailed analysis techniques, the research has
provided insights into the changing sedimentation-related
processes and vegetation cover of the lagoon over the past
forty years. Over this period, several transformations have
occurred that have influenced the shape and environment
of the inlet and the downstream part of the main channel.

@ Springer

These transformations have led to the inlet getting larger and
the main channel becoming narrower, while the surrounding
shores have become more vegetated and expanded. This has
also caused an increase in sediment deposition, resulting in
the expansion of sandy tidal flats and the creation of islands
within the main channel. These changes indicate that the
enlargement of the inlet has affected the balance between
sedimentation and erosion processes, leading to a greater
amount of sediment being deposited than eroded. The issue
is exacerbated by sediment carried into the main channel by
shifting sand dunes. Based on these observations, it strongly
suggests that the main channel, which plays a role in the
lagoon ecosystem, is gradually becoming closed off.

These findings are extremely alarming and necessitate
immediate action to preserve the delicate equilibrium of the
lagoon ecosystem and the vital services it provides to both
the local community and the environment. These results
strongly support the need to start a long-term monitoring
program to evaluate the principal channel of the lagoon's
changing condition. Consistent observations of water depth,
sediment deposition, water quality, and vegetation extent
should all be included in this program, giving scientists
and policymakers crucial information with which to make
decisions.
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