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Abstract:

Coastal lagoons have significant biodiversity ambl@gic and socio-economic interest.
Several resident and migratory birds live in cdastgoons as well as fish and other aquatic
biota. Over the years, lagoons worldwide have bsebject to considerable sediment
deposition coming especially from soil erosion dfi@gricultural activities, and the lagoon’s
inflows have resulted in an accelerated sedimamtatinich can drastically affect the aquatic
ecosystem balance. A new, fast, and cost-effecjygroach was developed, using water
surface change as a proxy, to evaluate the sedidegasition rate. In the current research,
this methodology was applied in the Moulay BousseihLagoon in Morocco, and a
combination of Landsat 8 and Landsat 5 imagery iaedwat four points in time over 30 years
(1985-2015) was used. Following geometric corracaod enhancement, the interpretation
of the acquired images provided important insighttbe current conditions of the water
surface change using the Normalized Difference Whatdex (NDWI). Several iterations
were done to determine a suitable threshold farcéiffe water surface detection. In order to
validate the automatically extracted water surféeatures, many band combinations of
Landsat and Sentinel 2 were used as referencamtthe accuracy assessment. The results
show that the Moulay Bousselham Lagoon lost 17.6006 ha) of its water surface area, and
530,000 m to 1,060,000 rhof its water volume during the last three decad@mverting
water surface loss into sedimentation returnede #80.58 cm/yr. These results have been
confirmed by previous field work using sedimentabtad approaches. Proper management
should be applied to sustain the vitality of tlagdon environment.

Keywords. Environmental monitoring; Remote sensing; GIS;t@panalyst; Human/nature
interaction; Sustainability planning.



1. Introduction

Wetlands are crucial ecosystems and resourcesufoah kind (Hu et al., 2017). In addition
to their ecosystem services supporting agricultiisbing, and the tourism industry, wetlands
provide a significant ecological and biologic sees where natural habitats host rich flora
and fauna (Affian et al., 2009; Hatvany, 2009; Miatet al., 2016; Pérez-Ruzafa & Marcos,
2012; Sun et al., 2017; Zhang et al., 2017). Co#sgaons are considered wetlands but with
their features, mainly inflow and outflow dynamiggh oceans, providing another dimension
in terms of species presence (Pérez-Ruzafa é2@l3). Facing the population shift near to
the coastal areas, population growth, and humadsnegns of degradation of water quality
and quantity of these ecosystems have become w@aidenMuch of these coastal wetland
areas have undergone or are undergoing adversgesham their environmental conditions,
partly or largely due to human activities (Kallailal., 2012; Maanan et al., 2014). Since the
beginning of the 20th Century, the world lost amw%-71% of its wetlands (Davidson,
2014). Filling and sedimentation are defined amttrggmain causes of wetland degradation
(Zedler & Kercher, 2005). Many past studies highiggl accelerated sediment accumulation
over the years (Bowen & Johnson, 2017; Dinis et2006; Tsai et al., 2010). The filling
process threatens the ability of wetlands to same hold water (Luo et al., 1997) which can
have a drastic and negative impact on wetland enanand ecologic services (Pérez-Ruzafa
et al., 2013).

Moulay Bousselham Lagoon, located on the northdric#n coast, is no exception to these
changes. The lagoon is in an area under developwigere the population has increased by
150% over the last 25 years (Maanan et al., 200.8) the outfall, through the natural Drader
River, for its watershed and through the artifisi@terway Canal Nador of a larger watershed
located in its southern part. Both of the basirskarown for high agricultural activity where

most of the fresh water is diverted for irrigatiorhe lagoon suffers from both direct and



indirect water pumping which reduces the amounintibw water supplied to the Moulay
Bousselham Lagoon.

To prevent ecological losses and degradation, terbenderstanding of the evolution and the
behavior of the water body of the Moulay Bousselhbagoon is needed. To improve
understanding, a fast and accurate delimitatiothefwater body is fundamental for wetland
resources evaluation, management, and protecti@o (&t al., 2014). Using traditional field
survey techniques can be a challenging task ing@fmvater body delimitation depending on
the nature of the field. These tasks also areyasitl time consuming. However, relying on
remote sensing technology and data can help tacones these difficulties.

Monitoring and assessing changes based on spattaialogies is a powerful and crucial tool
that has been used in several studies to studyamest! (Brivio & Zilioli, 1996; Munyati,
2000; Ozesmi & Bauer, 2002; Rebelo et al., 200%aZét al., 1999) and more specifically to
assess water body changes (El-Asmar et al., 2018, &t al., 1998; Hui et al., 2008).

Due to its great socioeconomic and ecological nes®) the Moulay Bousselham Lagoon has
long aroused the interest of the scientific comny(Beaubrum, 1976; Carruesco, 1989) and
more recently in the two last decades has beengpatte projects CASSARINA (Flower,
2001) and MELMARINA (Flower & Thompson, 2009). Mast the past studies concerning
the Moulay Bousselham Lagoon have been based lovieek and observations (Appleby et
al., 2001; Kraiem et al., 2001; Labbardi et alQ20Peters et al., 2001, Ramdani et al., 2001,
2009; Thompson et al., 2009). Several other stuasesl spatial technologies (Ahmed et al.,
2009; Ibara et al., 2015; Maanan et al., 2013; #hekal., 2017) to characterize and analyze
environmental and ecological changes within thdamet These studies often focused on the
water contamination due to anthropic activities dmalv it impacts the ecological and

biological balance of the ecosystem.



The main subjects treated, in the current papeewdtre behavior and change of water
quantity within the Moulay Bousselham Lagoon. Reshptsensed data and spatial
technologies technics were used in order to achidne following objectives: (1) to

characterize water body changes during a periathree decades (1984 - 2015), and (2) to

propose a method to estimate the sedimentation rate

2. Materialsand methods
2.1.Study area

Moulay Bousselham Lagoon covers 35 km? (Alaouilet2z®10) and is a “Ramsar” (Ayadi et
al.,, 2014) wetland on the northern Moroccan colstgftude: 6°16'32” W and latitude:
34°50'57” N). The site has been declared as a “Sitbiological and ecological interest”
following a ministerial order by the local governmén 1978 due to its significant biosphere.
Furthermore, with its 11 habitats (Benhoussa etl809), it is home to considerable biologic
and ecologic activities as many endemic and migyagpecies live in the lagoon (Kraiem et
al., 2009). Figure 1 shows the Moulay Bousselhamoba, its drainage basin and land uses
and sampling locations in this basin. This coastafland is composed of two distinct and
unequal water bodies (Fig. 1). Merja Zerga is th@nnwater body which occupies a major
part of the lagoon. A secondary one Merja Kahlgs laorth of Merja Zerga. The lagoon
receives its water mostly from the daily exchangeth the Atlantic Ocean following a
semidiurnal tidal cycle. In addition to the oceagdon water exchanges, two important water
inflows are feeding the main water body with freghter. The Nador Canal, an atrtificial
waterway constructed in the early fifties, feeds ldligoon from the south. Oued Drader is a
natural river that feeds the lagoon from the e&ké climate in the lagoon is dominated by
two distinct seasons. A cold and wet season wheréeimperature is low and precipitation is

relatively high, starting in October and endingAipril (Thompson et al., 2009). Then a hot

i.e. Ramsar is an intergovernmental conventionighog a framework for the conservation and wise efseetlands and their resources



dry season takes over afterwards with marginalipitatons and high temperatures that
reach their peaks in July and August (30C°). Theuah precipitation can reach 750 mm

depending on the year.

2.2.Data sets

Three main types of data sets were used: satetidéges, bathymetric (lagoon depth), and
hydrological measurements (tidal level). Cloud ftesndsat images covering a period of
thirty years were acquired from the U.S. Geologtgatvey (https://earthexplorer.usgs.gov).
All selected Landsat scenes were acquired betweegugt and September assuring nearly
similar weather conditions (Table 1). The imagesrewselected during similar tide
magnitudes in order to avoid tidal fluctuationseafing the water body surface change. An
additional Sentinel 2 image, in accordance withdsat acquisition conditions, was acquired
for validation. Tide data were acquired from onlswurces that use XTide. XTide is a tide
prediction program commonly used in scientific w@Berthot & Pattiaratchi, 2005; Kilcher
& Nash, 2010; Verhoeven et al., 2014). The lagodr@thymetry depends on the location; it
rarely exceeds 1 m within the lagoon while it caaah 2 m within the inlet (communication
channel between the ocean and lagoon) (Thompsaail.,eR009). Ayache et al. (2009)
suggested that the peak water depth within theolag@ries from a minimum of 5 cm in the
borders and a maximum of 2 m in the central paldodi et al. (2010) agreed that the mean
depth is 1 to 1.5 m and 0.3 to 0.5 m, respectifelyMerja Zerga and Merja Kahla. Ramdani
et al. (2001) suggested that the average deptherfaMZerga ranges between 3 and 80 cm.
Finally the value chosen value as the mean deptltns has been reported by Kraiem et al.
(2001) and Labbardi et al. (2005). Due to its sipe the fact that the fresh water inflows
don't drain directly into it, Merja Zerga was sédet as the central interest of the current

study.



2.3.Surface water change detection

231 Image preprocessing
The first step of the pre-processing phase comsist@rojecting Landsat scenes to the local
projection coordinates system. No additional geoim&eatments were required as the scenes
matched perfectly with a georeferenced basemap. sewend step was the radiometric
calibration consisting of the conversion of the dsat digital numbers to top-of-atmosphere
(TOA) radiance. Using Exelis Visual Information 8twbns software (ENVI 5.1), which can
automatically read Landsat metadata files and pevadiometric calibration with the Band
Interleaved by line with a “scale factor” equaldd 0. These parameters are required for the
execution of the last step. Finally, the chosenhegffor atmospheric correction was the Fast
Line-of-sight Atmospheric Analysis of Hypercubed JASH model) (Fig. 2). Following
instructions made available on the ENVI website, kkey parameters used for the FLAASH
model are listed in Table 2.

2.3.2 Satellite-based water index
Over the years several studies have used remateled data and water indices for water
detection in urban, rural, coastal, and inlandaegi(El-Asmar et al., 2013; Han et al., 2014;
McFeeters, 2013; Singh et al., 2015; Zhang eRalll). The choice of the right water index
depends on the nature of the study area. Consgddhan facts that the selected images were
cloud free and there are no built up areas netreavater borders (Gautam et al., 2015; Xu,
2006), the Normalized Difference Water Index (NDWIas chosen. The NDWI was first
introduced in the mid-nineties by (McFeeters, 1986gre the author affirms that this method
uses the green light wavelengths to maximize thiemiaatures reflectance and uses the near-
infrared (NIR) where water absorbance peaks anardsche highest reflectance of soil and
terrestrial vegetation. In the near-infrared thgnal between water and non-water features is
more marked. Using this approach, water featurese hzositive values while soil and

terrestrial vegetation tend to have negative val(MsFeeters, 1996). In addition to the



current criteria selection, the NDWI has often ghhvalue in accuracy assessment (Rokni et

al., 2014). The NDWI is computed as follows

Green — NIR
Green + NIR

NDWI =
where Green and NIR stand, respectively, for theegrwavelengths and near-infrared
wavelengths. The green match bands 2 and 3 acgbydior Landsat 5 and 8, while NIR
match bands 4 and 5 accordingly for Landsat 5 and 8

2.4.Sedimentation rate

The balance of water inflows and the filling speletermines the lagoon dynamics and allows
estimation of the sedimentation rate. The sedimgaantity is very sensitive to environmental
changes and human development. Many techniquestdesreused over the years to estimate
the sediment deposition rate, such as coring. Tdreyaccurate but expensive and time-
consuming. Using remote sensing instead, can bterfaand easier to estimate the
sedimentation rate.

To compute the sediment deposition rate, using oamgotely sensed data, the following
formula below was proposed. The equation is basea water volume approach. To simplify
calculation in the proposed model, two key assuongtiare applied (Fig. 3): First, due to the
Depth-Volume-Area correlation, the lost water votumrithin the lagoon during the period
1984-2015 was replaced by an equal amount of sedinfdis means that the sediment
volume must be computed. The Sediment volume edoealsediment depth times playa area
(Tsai et al., 2010). Second, the sediment is assumbe equally spread all over the lagoon.
In addition to these assumptions, the morphologthefbottom surface can be approximated
by a very gentle slope, which relatively increagesng from the border to the principle

channels in the center of the lagoon.



ABS (Ve — Vr) 1
= * —

SDR
Ae p

where ABS = the absolute value function; SDR = $&diment deposition rate in m/yr; Vr =
the water recent volume from 2015 irf;nde = the water earlier volume from 1984 ifi; e

= the water earlier area from 1984 i;rand p = numbers of years.

Following the foregoing equation, the volume of &dbss during the studied period first was
computed. The volume, in ¥nwas calculated from the absolute value of théedihce
between the recent and the earlier area multifdiethe average mean depth. Then the result
was divided by the earlier water area iAtmget the value of the sediment deposition depth
during the last three decades. Finally, to getniiean sedimentation rate per year, the latter
result was divided by the period covered by theenirstudy.

2.5.Accuracy assessment
Accuracy assessment techniques were used to ewalbeat quality of the automatically
extracted information using remote sensing datest o evaluate the surface change, the
Kappa coefficient and the overall accuracy whicek &awo well documented and known
methods (Congalton, 1991; Wilson & Sader, 2002;rivatal., 2005) were used. To do the
accuracy assessment, band combinations of Landsges were visually interpreted in order
to create reference maps and a 100 ground trutitspfuir each date. An additional reference
map was developed from a band combination of theirgd 2 image for 2015. Furthermore,
the area evaluation was supported by the calculatiothe absolute error which is the
difference between the automatically extractedsaatesang the NDWI and the areas from the
reference maps. Similar accuracy assessment wdsrugokni et al. (2014) and Yuan et al.

(2005).



3. Resultsand discussion
3.1.Water body change

Due to its dominant size, changes in the Merja Zdx@sin were the main focus of the current
study. The area covered by water in the lagoorrlgléas been shrinking over the years. In
Fig. 4, the water surface evolution shows a lossater surface of about 17.60% going from
602 ha in 1984 ha to 496 ha in 2015. Figure. 4evedaa peak in the water surface area in
1995 which reaches 953 ha. Despite this peak, edsiag trend can be easily deduced from
the evolution of the extracted water surface areas.

For the water body changes accuracy assessmente (Fphthe overall accuracies and the
kappa coefficients range, respectively, from 0.890194 and 0.78 to 0.88. These values
ensure the reliability of extracted water bodiesrébver, this conclusion was supported by
the calculation of the absolute error. For 201%, absolute error values were respectively,
10.91 and 16.74 ha for the reference map from tigel 2 image and the Landsat image.
The Sentinel 2 image has a spatial resolution ahMhich is better for visual interpretation.

For the years 1984, 1995, and 2003, the valueghirabsolute error were, respectively,
42.63, 16.68, and 16.74 ha. This range of valuedbsblute error are tolerable considering the

areas of the water body in the studied wetland.

The shape of the water body is adapting to theyst&® morphology change. In 1984, most
of the water was concentrated in the southern astem parts of the lagoon while in its
center; only the permanent channels were fillediater Fig. 4a. This water body shape can
be explained by the development of a sandpit atrtbeth of the lagoon (Carruesco, 1989).
This sediment body has been aggrading throughautydars in parallel with the coastline
periodically blocking the inlet. Blockages obviopdimit the exchange between the ocean

and the lagoon.



Considering that the ocean mainly supplies watéhedagoon (Thompson et al., 2009), these
blockage episodes reshape the water body and asakplistribution. The narrow inlet
channel which provides the sea-lagoon exchangecwagletely blocked in 1983 (Carruesco,
1989). These episodes have been recurrent thrduglceénturies and only happened on
several occasions during the Twentieth Century (Agaet al., 2009). Once the inlet of the
lagoon is blocked, the wetland receives the watestiy from its freshwater inflows namely
Oued Drader River and Nador Canal. The water dpdistéribution fits perfectly with the
freshwater outfalls, where most immersed areaslauated in the south and east of the
lagoon. These morphologic modifications highly ircipdne water chemistry. In this case, the
salinity level lowers and the lagoon changes intiseshwater lake. Ayache et al. (2009)
reported that the water salinity conditions havéamage impact on the fish community,
especially the migratory species. Following theckége episodes, which generally lasted a
few months (Carruesco, 1989), the inlet is mecladlyicemoved by the local fishermen who
do need a narrow channel (communication betweemotagnd the ocean) for their fishing
activity in addition to other uses (UCL, 1994). Tiheer part of this latter channel is used as a
daily fishing port.

The estimated water area for 1995 shows that therviiad regained all the available space.
In addition to the immersed areas in 1984, those tiee inlet became filled with water Fig.
4b. The constant ocean-lagoon exchanges assuremament submersion of the wetland.
Some blockage episodes associated with storms aotuare occasions. Since the active
maintenance previously mentioned is on-going, tiesdents are short-lived events and only
last a few days according to the local communitye§e momentary interruptions have not
been documented. Once the entrance is clearedapict water replacement due to the large

tidal oscillation reported by Thompson et al. (20l@its the salinity decrease.



Starting from 1995, the water body begins to shifirdim the south and the east borders
without showing a major modification in its shafgée lagoon lost approximatively a third
and half of its immersed areas, respectively, fd885 to 2003 and from 1995 to 2015. This
water surface evolution shows a progressive andtively fast reduction in terms of
immersed areas. As shown in Fig. 4c and 4d therveatg¢ace shrinking is a localized loss
where it's likely to be linked to the lagoon fresiter inflows. The lost water area in the
southern part of the wetland is likely due to tmegpadation of the deltaic structure induced
by the Canal Nador discharge (Ahmed et al., 200@chAe et al., 2009; Carruesco, 1989).
The deltaic structure appeared in the mid-fiftideew the artificial waterway was constructed
and kept developing afterwards. Its size has rehéhkm? (Carruesco, 1989) and 6.6 km?
(Ayache et al., 2009) respectively in 1983 and 20802015, this deltaic body has been
estimated to reach 9.8 km? in size (Fig. 5).

In the eastern part of the Merja Zerga, despitepitesence of a delta at the outlet of the
natural Drader River, the water surface loss isbatted to the hydrology conditions. In
Morocco, as in the most developing countries, ambgenic pressure overwhelms
environmental considerations and water managemgnta exception. Following the
demographic expansion around the region and fagioging resource demands, the Drader
River and its tributaries have been subjected swvy@nd continuous pressure to satisfy the
population and their activities. Agriculture wag $e be the primary activity of the local
community and dominates the land use (Fig. 1), @ale on both sides of the Drader River.
Fields, especially permanently irrigated landst tieve developed around the lagoon are a
good indicator of the rapid human expansion. Thgoda watershed is shared by
anthropogenic activities and the natural environimesere another indicator of this
development can be spotted. This indicator is thaps of the western and southern

boundaries of the forest which has smoothly beerdeted by the expansion of the



agricultural parcels. Drader River water has hgdvdlen used for irrigation. Thompson et al.
(2009) reported that an important but unknown amadfirwater is extracted by a pumping
station near to the outlet of the Drader Riveradidition to that, in 2015 around the eastern
natural inflow, the permanently irrigated areaseneaached approximatively 3800 ha.
Since the construction of the Canal Nador, thersedtation in the lagoon has been modified.
The artificial waterway was constructed in 1953past of plans to reduce the flooding
problem that frequently occurred in Gharb basimafaii, 2009; Carruesco, 1989). This basin
is drained by the Sebou River. The Sebou Rivembesvers an area of 38,380 km2 and it is
highly known for its intensive agricultural actieis (Ayache et al., 2009). The Canal Nador
has partly reduced the flooding problem throughndng irrigation water. As a consequence,
a huge amount of water ends in the lagoon. TheageeNador Canal sediment discharge has
been estimated at 450,000 t/yr (Carruesco, 198%rge part of this discharge is attributed to
agricultural waste.

3.2.Sedimentation rate
According to the formula previously presented, ¢é&racted areas from each image and the
mean value of bathymetry of the lagoon were usezbtopute the volume of water and then
calculate a mean value of the sedimentation raistoftc values of the sedimentation rate
were used to validate the results. The estimatdongmtation rate depends on the location of
the sediment core sampling. For example, near thketoof the freshwater sources, the
sedimentation rate is greater than in the cental @f the lagoon (Carruesco, 1989). Using
the volume-based approach a value of 0.58 cm/yr fmasd. This value agrees with the
values found in previous scientific work where Maaret al. (2013), Appleby et al. (2001)
and Carruesco (1989), respectively, estimated0t@&8, 0.6, and 0.4 cm/yr using radionuclide

methods (137Cs and 210Pb, cesium 137 and lead 210).



The current paper has proved that estimating tbentesedimentation rate based on the water
volume approach is a time saving and cost-effeatiathod. This approach uses the water
area as a proxy to calculate the volume as welhasvater depth. It can be a powerful tool
for worldwide wetland monitoring and wetland presgion. This method depends on two
major parameters: a good estimation of water depith satellite image availability. This
method can be a substitute for the radiometricradetation and core sampling methods

which are known to be time-consuming and costly.

4. Conclusions

The key for a coastal ecosystems’ longevity is promanagement and continuous
monitoring. The monitoring is controlled by finaaticonstraints. Furthermore, traditional
monitoring based on field sampling often is timengmaming. Thus, the current study
demonstrated that the use of remotely sensed ddt&Es based techniques allow a fast and
fairly accurate method to assess the water surfslt@pe change and estimate the
sedimentation rate in a coastal wetland. The custrdy shows that, in addition to natural
factors, the shape of the Merja Zerga is constattgnging under anthropogenic influences.
Human intervention assures the continuity of theanélagoon exchange that keeps the sea
water coming and helps maintain an important imet@rea. Even with this maintenance,
the lagoon keeps shrinking and is progressivelingpsignificant immersed area each year.
Moreover, the spatial distribution of water in tieisosystem can indicate the water’s origin.
Regarding the estimation of the sediment depositaia, the approach proposed is highly
time saving and low cost. However, there are soméaltions to its application. Further
evaluations should be done in different naturalstalaand inland ecosystems as well as

artificial reservoirs to test and adapt the propaseproach.
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Figures captions

Fig. 1. Land use in the Moulay Bousselham basin and argbng locations

Fig. 22 Scheme of the methodology used to compute thenssdi deposition rate and to

extract the water body change (note: NDWI = Norgeadi Difference Water Index)

Fig. 3: Visual model to estimate the sedimentation fat®pted from Tsai et al. (2010)).

Fig. 4: a, b, c and d represent, respectively, the waidy larea from 1984, 1995, 2003 and

2015; and e is the diagram of water area fluctnatichectares (1984-2015)

Fig. 5: Deltaic cores and sediment loads, Moulay Bousselbagoon, Morocco
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