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ABSTRACT
Coastal wetlands are highly sensitive to changes occurring at the coastline. It is critically important to determine

region-specific projections for these areas due to their specificities and vulnerabilities to climate change. This work
aimed to value the impacts of recent climate changes at West Africa Sahara coastland, southern Morocco, at
Khnifiss Lagoon. We have applied a combined approach using remote sensing techniques and environmental
reconstructions based on high-resolution analysis of sediment cores, covering the current warm period. Remote
sensing highlighted changes to the lagoon inlet, accompanied by a greater meandering character of the tidal chan-
nels. As a response, the sediment cores have recorded a predominant vegetation substitution due to changes in the
tidal limit, and an increase in organic carbon accumulation was observed. For the current climatology, during posi-
tive phases of the North Atlantic Oscillation, winds reaching the coast strengthen in an east-to-west direction. In
the Khnifiss Lagoon, whose inlet is dominated by the ebb tide, the intensity and direction of the winds on the
coast at surface level modifies its connection to the ocean by increasing sediment transport toward the interior of
the lagoon. Locally biological responses to wind intensification, and possibly sea-level rise, exemplify the lagoon
sensitivity to large-scale processes. Coastal vegetated wetlands are considered to be highly dynamic environments.
However, we expect a loss of the upper tidal vegetation due to boundary conditions limiting the accommodation
space in this arid environment in a possible future scenario of continuously inland tidal line displacement.

The most important transition environments between terres-
trial and marine ecosystems are coastal vegetated wetlands such
as salt or fresh marshes, mudflats, mangrove swamps, and

submerged seagrass (Viaroli et al. 2007). These zones are located
close to the coastal line in estuarine or lagoon systems and
undergo tidal influence, characterized by permanent or periodical
salt or brackish water influx (Rey 2016). Complex interactions
among stressors and autochthonous and allochthonous material
fluxes from land, ocean, and atmosphere control the ecosystem
evolution, resulting in a highly dynamic and vulnerable environ-
ment (Viaroli et al. 2007). Factors such as sea-level rise, heavy pre-
cipitation runoff during storms, and anthropogenic action are
among the most considerable impacts on coastal wetlands
(Crossland et al. 2005). These factors can cause changes in
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wetland extent and morphology (Schuerch et al. 2018) and, indi-
rectly, consequences for its biota and biological interactions (Day
et al. 2008).

Mangroves and saltmarshes contribute between 2000 and
215,00 US$ ha�1 yr�1 (Macreadie 2020) to coastal economies
through the delivery of ecosystem services such as nature-
based flood and erosion protection (Möller et al. 2014), “blue
carbon” burial (Macreadie 2020; Richir et al. 2020), support to
fishing activities (Aburto-Oropeza et al. 2008), tourism, and as
barrier to coastal pollutants and pathogens (Richir et al. 2020).
Above all, they also provide habitat to various species, includ-
ing commercially important fisheries stocks and threatened
birds and mammals (Richir et al. 2020).

Many societies depend on coastal productivity, which can
sum up to 15% of the animal protein and support 10–12% of
the global population (Barua et al. 2020). The fishery is vital
for the economy of developing countries, which, together,
contribute to 54% of global fishery exportation (FAO 2018),
and where most of the people who depend on this activity—
and who also deal with low incoming and limited food
resources—live. In arid areas, where resources are naturally
scarce, coastal wetlands play a significant role in the suste-
nance of local population and biota—which may include
endemic species.

Multi-time-scale natural archives indicate that coastal wet-
lands are sensitive to changes occurring at the coastline
(McFadden et al. 2007). It is critically important to determine
region-specific expected future changes once wetlands are
diverse environments with specificities and different vulnera-
bilities to climate change (Day et al. 2008; Erwin 2009).

Morocco has a coastal zone of 3500 km, in the Atlantic
Ocean and in the Mediterranean Sea, comprising a maritime
area of about 1.2 million km2. Its fishing potential is estimated
to be 1.5 million tons, renewable each year, as inferred by the
FAO (Food and Agriculture Organization of the United
Nations) (Royaume du Maroc 2015). The fishing sector in
Morocco is the third most important national economy,
below agriculture and tourism. The Khnifiss Lagoon is the
only example of a continental-marine environment in the
Moroccan Sahara (Dakki and de Ligny 1988). Away from any
high human impact activities, it is classified as a Site of Biolog-
ical and Ecological Interest of great natural and sociocultural
importance (AEFCS 1996). This Ramsar site provides resources
for the local population—in terms of the fishery, grazing, and
tourism—and for the local biodiversity, including endemic
species and a significant amount of intercontinental migratory
birds.

Our objective is to comprehend better the regional impacts
of climate change on coastal ecosystems in North Africa dur-
ing the recent past. Understanding the relationship between
the modes of climate variability known in the literature as
much as the response and tendencies of these rare coastal
environments is crucial for predicting possible impacts and
planning adaptation and mitigation strategies.

Because instrumental records are limited to the last few
decades for the West Africa Sahara coastland, we have applied
a combined approach using both remote sensing data and
reconstructed past environments from biogeochemical and
physical proxies recovered from high-resolution sediment cores
layers—to evaluate better the recent change (since ~ 1901) on
Khnifiss Lagoon ecosystem.

Methods
The Khnifiss Lagoon

The Khnifiss Lagoon (28�0205400N, 12�1306600W), 20 km
long and 65 km2 of surface area, is located on the southern
Atlantic coast of Morocco, 170 km from the city of Laâyoune
(Fig. 1a), in an upwelling region of great importance, Cape
Ghir (McGregor et al. 2007). The lagoon is characterized by a
small and shallow basin with rare freshwater contribution
from the temporary river (Oued) Aouedri and a perennial
connection with the Atlantic Ocean, the inlet Foum Agoutir
(Dakki and de Ligny 1988). It presents a configuration of a
tidal creek, characterized by shallow channels of muddy bot-
tom, subject to the tide action. The Khnifiss Lagoon tidal
dynamic is characterized by two cycles of bidirectional and
alternating currents with a duration of approximately 24 h.
For each cycle, two phases are observed equivalent to the fill-
ing and the emptying of the lagoon. The tidal range varies
between around 1.5–2 m, thus being characterized as a
microtidal environment. A tidal lag is observed, with an
increase related to the distance into the lagoon (El Agbani
et al. 1988).

The local geomorphology comprises dendritic channels
that fill with the tide and taper toward the upstream. The
intertidal flats, also called mudflats, generally surround the
tidal creek and are located at the high tide limit (or above).
Seawater is confined to the main channel, except during
spring tides. The tidal channels are interconnected and
flanked by extensive salt marshes, exhibiting a variety of vege-
tation, most of them halophytes (Fig. 1b–d), previously
described for the site (Hammada 2007). Within the tidal com-
munity, it is usually possible to identify a clear zoning pattern,
typically linked to resistance and adaptation to flood and
salinity, as depicted in Fig. 1b for the case of the Khnifiss
Lagoon. The saltmarsh is vegetated by halophytic herbs,
grasses (pioneers), and low shrubs at the lower and upper
marsh adapted to regular or occasional submergence by the
tides, respectively.

The Khnifiss Lagoon presents a real complex of habitats:
the intertidal channels; intertidal areas and mudflats; areas
covered by Zostera or algae in shallow zones; plains between
the channels, dominated by Spartina; extensive salicorns; and
the Tazra and Mzeira salt flats (sebkhas). Data from the Ramsar
sheet indicate that the Khnifiss Park, which includes the
lagoons and surrounding areas, is home to several vulnerable
or threatened species at a national or international level.
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Remote sensing
According to availability and cloud coverage, satellite

images were chosen for each decade, representing the wet
(November to March) and dry period (April to October)
between 1972 and 2016, totaling 23 images previously radio-
metrically corrected. The images, whose information is
described in Table S1, were obtained from the Earth Explorer
USGS database, accessed at http://earthexplorer.usgs.gov,
courtesy of the U.S. Geological Survey.

We have explored the vegetation coverage around the
lagoon based on its spectral signature. Vegetation exhibits
high absorption in the visible region and high reflectance in
the near-infrared properties used in remote sensing to define
reflectance indices. Herein, we have used the Soil Adjusted
Vegetation Index (SAVI) (Huete 1988), which takes into
account the normalization of soil color and exposure varia-
tions, setting the constant parameter “L” and therefore
highlighting the vegetation cover. The parameter “L” varies
from 0 (areas with very dense vegetation cover) to 1 (areas
with little vegetation cover). For the Khnifiss Lagoon sur-
roundings, a value of 0.5 was applied since medium coverture
was observed. We have used the maximum SAVI values as an
additional parameter to understand the vegetation vitality ten-
dencies and compare them with other remote sensing-derived

data. Beyond vegetation area coverage and vitality, the SAVI
values were used as a tool for satellite image classification.
Pixels in the images were identified as water, sandy terrain,
salt flat, intertidal terrain, or vegetation by applying an object-
oriented image classification (Congalton and Green 2019).
Once a pixel in a satellite image represents a known area
defined by the spatial resolution, specific for each satellite sen-
sor and ranging from 30 to 80 m (Table S1), it is possible to
obtain each feature coverage area based on the number of
pixels previously classified, through the years. Given the
extensive coverage area of the features of interest, the spatial
resolution is enough for their satisfactory classification. Also,
as dealing with changes in a landscape level, the analysis of a
few images representing the dry and wet periods—limited by
images availability—is enough to observe tendencies in the
features dynamics throughout the analyzed period.

As a result of erosion, the meander of a channel becomes
more curved proportionally to the speed and volume of water
entering the system (Julien 2018). The distance between the
lagoon inlet and the apparent end of the main channel was
measured for each image, based on the classified pixels, to cal-
culate the Meandering Index. For this index, values close to
1 represent highly rectilinear channels. In contrast, the
increase in this value follows an increase in the meandering

Fig. 1. (a) The Khnifiss Lagoon (southern Morocco) surroundings exhibit a combination of salt flats (sebkhas), dunes, and saltmarsh vegetation
(in green). The red dots are the recovering points for THI and THIII sediment cores; (b) vegetation distribution profile around the waterbody; (c and d)
pictures of the studied area during low tide.
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character of the analyzed system (see Fig. S1 for details). We
have also measured the inlet opening width through the
years, using control points as a reference.

To investigate the impact of winds on the lagoon geomor-
phology, remote sensing derived data were used, according to
datasets available variables. Wind speed data at 10 m derived
from ERA-40 (Uppala et al. 2005) and ERA-Interim (Berrisford
et al. 2011) were accessed through the ClimateReanalyzer.org
portal of the Institute of Climate Change of the University of
Maine (USA). ERA-40 (1.125� � 1.125� global grid) and ERA-
Interim (0.75� � 0.75� global grid) data were used to under-
stand the regional impact of the winds in the coast given their
spatial resolution. We have also used sea surface winds data
derived from the NOAA/NCDC blended daily global 0.25� Sea
Surface Winds archive (Zhang et al. 2006) to understand the
wind stress at the coast. Surface wind vector, derived from
NCEP/NCAR Reanalysis (2.5� � 2.5� global grid) (Kalnay
et al. 1996), was used to investigate the wind pattern relation
with large-scale atmospheric dynamics, that is, comparing it
with the North Atlantic Oscillation (NAO) phases time series
(NOAA/ESRL PSL). Sea-level data from satellite altimeter esti-
mations (Church and White 2011) and tide gauges measure-
ments (Caldwell et al. 2015) were considered.

Sediment cores
Sediment cores recovery and bulk density estimation

The cores measuring approximately 50 cm were collected man-
ually from a boat employing a gravity core sampler. The cores
were sliced every 2 cm in the field, packed in individually identi-
fied plastic bags, and kept refrigerated. The THIII sediment core
(28�01.6260N, 12�16.5580W), measuring 48 cm in length, was
recovered in one of the lagoon’s main water entrance channel
sections. This site is approximately 5–8.7 m deep (Idrissi
et al. 2004) and lies between two islets of exposed sediment domi-
nated by marine grass specimens of Zostera noltii. Due to its prox-
imity to the inlet, this site is highly influenced by the seawater
entrance and ocean nutrients. It presents a higher current velocity
between 56–78 cm s�1 and bottom sediments composed of sandy
clay. The THI sediment core (27�59.1390N, 12�17.1090W), located
in the inner portion of the lagoon, was retrieved from a secondary
channel, having 52 cm in length. To its east side, the secondary
channel is protected by a desert plateau. To its west lies a
saltmarsh area, occupied by specimens of the genus Salicornia sp.,
periodically exposed by tidal dynamics. A low marine influence
characterizes this part of the lagoon, depths between 2.70 and
5.20 m, during low and high tides, respectively (Idrissi
et al. 2004), and surrounded by extensive heterogeneous marshes.
The saltmarsh currently shelters plant species such as
Arthrocnemum macrostachyum, Atriplex portulacoïdes, Salicornia sp.,
and Zygophyllum gaetulum, adapted to soils often submerged by
the action of the tides. Salinity was measured for each sampling
site using an YSI© 188 Professional Plus multiparameter sonde.

Bulk density measurements were realized through the
mass-volume method and expressed as g cm�3.

Sediment core dating and sedimentation rates estimation
The sedimentation rates and chronology of each sediment

layer were determined by the Constant Initial Concentration
model (Robbins and Edgington 1975) using natural radionuclides
210Pb and 226Ra and the 1965 bomb peak for 137Cs. The sedi-
ment samples were dried in an oven at 50�C for 48 h, ground
in an agate mortar, and stored in sealed disposable plastic Petri
dishes. The samples were weighed and the densities were mea-
sured. The high-resolution gamma-ray measurements were
performed for 24 h for each sample using a plane coaxial
extended range germanium hyper pure detector (model
GX5021), installed at the Department of Physiological Sciences
of the Espírito Santo Federal University (UFES), Brazil. Detector
relative efficiency is 50%, with a resolution of 2.1 KeV
(FWHM) at the 60Co peak (1.33 MeV).

Geochemical analysis
To determine the origin of the sedimentary organic matter,

elemental and isotopic concentrations of carbon and elemen-
tal S and N were analyzed. The samples were lyophilized, mac-
erated in an agate mortar, and weighed. An aliquot of each
sample was analyzed at the elemental analyzer Vario El III Ele-
mentary (Elementar) for total carbon, nitrogen, and elemental
sulfur concentrations with a precision of 0.05 for %C, 0.05 for
%N, and 0.2% for sulfur. The remaining aliquot was used to
determine δ13C and organic carbon. Samples were subjected to
acid attack (HCl 3%) until the carbonate fraction was
removed. Elemental organic carbon and organic carbon iso-
topes were analyzed with a FlashHT 2000 elemental analyzer
coupled with a Delta V Advantage mass spectrometer from
Thermo Fisher Scientific with a precision of 0.05 permil for
δ13C and 0.05% for organic carbon. The δ13C is expressed in
per mil (‰) against the international standard VPDB (Vienna
Pee Dee Belemnite).

Aiming at a better recognition of the carbon and nitrogen
signature nature at the different layers in the sediment core
and avoiding the use of generic ranges for these isotopes, the
local vegetation specimens were collected and analyzed for
their elemental and isotopic analysis of C and N. The method-
ology and further information are detailed in Supplementary
Text 1 and Table S6.

Carbon flux for the Khnifiss Lagoon was calculated from
both sediment cores, considering its sedimentation rates—
when available, total organic carbon (TOC) content, and bulk
density. Values were expressed in terms of g C m�2 yr�1.

Finally, Sr, Ca, Si, and Ti concentrations were determined
using an Epsilon 3X energy dispersive X-ray fluorescence (XRF)
spectrometer, PANalytical. A total of 50 samples (26 and
24 for THI and THIII, respectively) were milled into powder
and transferred to an open-ended XRF cup covered with a
3.6 μm PANalytical thin film. The reference concentration for
each element was based on the concentration of the element,
using inter-element slope and baseline-corrected peak heights
from the XRF system.
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Granulometric analysis
The samples for particle size analysis were treated with 1 N

HCl at 25�C to remove carbonates. Once the digestion process
was completed, the samples were washed with distilled water
and then were centrifuged at 4000 rpm, after which the super-
natant was carefully removed using a Pasteur pipette. After
this step, the samples had their organic matter content
removed by treatment with concentrated hydrogen peroxide
(30%) that was continually added to the sample in a hot plate
at 60�C until sample frothing ceased. A dispersant (sodium
hexametaphosphate [NaPO3]6, 40 mg L�1) was added to avoid
particle aggregation, which could interfere in the determina-
tion of the particle size distribution. Thus, only the mineral
fraction of the sample remained, presenting no agglutination
between the particles. The samples were shaken for 24 h and
then analyzed in the CILAS® 1064 Particle Analyzer. The
CILAS 1064 has a dual sequenced laser system for a measuring
range of 0.04–500 μm and delivers the results in 100 interval
classes.

Sedimentary chlorophyll derivatives
To determine chlorophyll derivatives in sediment, we

applied the method described by Sanger and Gorham (1972).
The “sedimentary chlorophyll,” a product of chlorophyll deg-
radation, was extracted from sediments by placing approxi-
mately 1 g of wet sample to a centrifuge tube, protected from
ambient light with laminated paper, and by adding 20 mL of
90% acetone in each tube. The tubes were left on a shaking
table, in a semi-dark environment, for approximately 20 min
for two consecutive times, interspersed by centrifugation and
removal of the supernatant, and with a third extraction,
adding 10 mL of acetone. The absorbance of the extract was
measured in a scanning spectrophotometer with a range of
350–800 nm. The possible interferences in the absorbance
background were corrected by subtracting the chlorophyll
peaks from a baseline curve made between 500 and 800 nm,
thus eliminating the absorbance of nonchlorophyll compo-
nents (Wetzel 2001). The concentrations of pigments are
expressed as the Sediment Pigment Derivative Unit (SPDU)
per gram of organic matter (Vallentyne 1955).

To support the multiproxy interpretation and discussion, a
principal component analysis (PCA) was performed for each
core data using the Statistica software by StatSoft.

Results and discussion
Remote sensing

Applying the object-oriented classification, which used
both spectral and spatial information from the 19 remote
sensing images analyzed, it was possible to identify the dis-
tinct landscape features covering the areas over the last ~ 44 yr
(Fig. S2). The area occupied by the waterbody presents an
antiphase behavior over time compared to the vegetation
extension. Once the waterbody increases in volume, the water

column covers the vegetation that once was exposed to the
satellite’s sensor (Fig. S3; Table S2).

The Khnifiss Lagoon is a meandering system strongly
influenced by the volume of water entering it from the Atlan-
tic Ocean. Changes in the water entry regime to the lagoon—
such as changes in the inlet or sea level—may have a more
significant impact on the local ecology than other variables
such as precipitation due to the insertion in a desertic envi-
ronment. In this way, Fig. S4 depicts a comparison among the
maximum registered SAVI values during both dry and wet sea-
sons, the normalized inlet size, the Meandering Index, and
the vegetation coverage area. A decreasing trend is observed
for the SAVI values (Table S3), indicating decay in general
vegetation vitality and coverage. In contrast, the inlet width
(Table S4) and the meandering index (Table S5) exhibited an
increasing behavior, indicating a possible higher water intake
in response to a broader inlet. Therefore, we can infer that a
process of the lagoon’s inlet opening led to a more meandric
character of the ecosystem resulting in more vegetation area
coverage by the water body.

Sediment cores
From the sediment cores’ geochemical and physical charac-

teristics, we observed a progressive inflow of seawater into the
lagoon since the early 1970s. This record is in concordance
with our satellite data compilation.

Chronology of the sediment core THI spans 1928–2014,
resulting in an 86-yr record of the Khnifiss Lagoon (Fig. S5).
During the sampling, salinity at the site was 40 PSU (Practical
Salinity Unit). The sedimentation rate (Fig. S5b) revealed a ten-
dency of increase since the year 1975, indicating that the
lagoon environment became increasingly prone to deposition.
On the other hand, the TOC content (Fig. 2a) showed an oppo-
site trend, probably reflecting a decrease of allochthonous vege-
tal biomass at the THI site. The chlorophyll derivatives,
however, remained relatively stable (~ 12.50 SPDU O.M.) until
approximately 1975, when a slight decrease in the local pri-
mary productivity was observed until 2004 (11.43 SPDU O.M.).
After this period, we observed an increasing tendency of chloro-
phyll derivatives, probably due to better preservation of the sed-
imentary organic matter in the most recent layers (Fig. 2a).

Several authors proposed using Sr/Ca ratio as a possible proxy
for the water paleosalinity (Fritz et al. 2018). In this sense, we
observed an increasing trend in the phytoplankton-derived
organic matter contribution toward the present, accompanied
by a decrease in water salinity since ~ 1988. The Khnifiss
Lagoon waters are hypersaline, with a gradient of increase
toward its innermost compartment (Idrissi et al. 2004); then, an
increase in the seawater intake would result in dilution and,
consequently, decrease in salinity. The ratios of Si/Ti
(Peinerud 2000) also indicate an increase in biogenic silica
since ~ 1988, suggesting more microalgae contribution.

Finally, events that resulted in episodic higher energy at the
lagoon are highlighted from the median grain size (D50) of the
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sediment (Fig. 2a): between 1930 and 1940, around 1965, and
about 1995. The spectral analysis of the particle size distribution
for core THI indicates the presence of coarse particles for these
periods ranging from 150 to 300 μm and containing > 400 μm
(Fig. S6a). This variation in the median grain size (D50) (Fig. 2a)
may indicate an episodic intensification of the hydrodynamics,
supporting the hypothesis of more significant water arrival at
this point in the lagoon over the past few years.

THIII core, retrieved closer to the inlet Agoutir, represents the
lagoon area with the strongest marine influence and, therefore,
under the constant action of currents in and out of the lagoon.
The salinity measured at the site on the day of the sampling was
50 PSU, thus revealing a saline gradient that increases toward
the upstream, probably due to a longer residence time of the
water and consequent higher evaporation rate at that site. The
chronological model revealed an accumulation from 1901 to
2014 (Figs. 2b, S7). The sedimentation rate for the THIII core
was ~ 0.35 cm yr�1. Although a possible perturbation in the sedi-
mentation process was noted on the top part of the core, general
tendencies were clear enough to allow interpretation. During the
recorded period, an increase in TOC, chlorophyll derivatives,
and salinity (represented by the C/S ratio; Holland and Tur-
ekian 2010) is observed, indicating a general growth in produc-
tivity and plant biomass fixation. THIII core is located on a
sharp meander margin concerning the principal channel, which

favors sediment/sand accumulation resulting from the very local
erosion process. An enhanced deposition in this area would
cause the terrain to increase vertically, consequentially leading
to a more frequent exposition of the soil and occupation by ter-
restrial vegetation, turning the δ13C signature more negative
(Fig. S14). The saltmarsh accretion is a consequence of the depo-
sition of suspended particles during flooding, either mine-
rogenic (allochthonous)—sand, silt, or clay carried in by the
tide—or autochthonous accumulation of organic material (from
plant roots or aerial parts) or varying combinations of the two
(Adam 2016). The sediment deposited may be eroded; however,
more sediment is retained as the vegetation density increases.
Also, with increasing elevation, the accretion rate declines as
the number of flooding tides reaching the terrain at that point
decrease (Adam 2016). The bulk particle size distribution of
THIII corroborates with this assumption, as it is observed as
dominance of fine grain size particles (mainly < 50 μm)
(Fig. S6b) during most of the record, revealing a low energy
environment (Fig. 2b), and as sediment particles settle slowly to
the bottom due to plants roots and naturally meandering
streams (Weis 2016).

Environmental changes in the Khnifiss Lagoon
In shallow microtidal basins like the Khnifiss Lagoon, charac-

terized by extensive tidal flats and salt marshes, prevailing winds

Fig. 2. Time variability of the main geochemical proxies for (a) THI and (b) THIII cores. The yellow-highlighted areas denote the period of more signifi-
cant changes in the lagoon dynamic due to the interpretation of a successive opening of the lagoon’s inlet (~ 1970–1995). The gray-shaded area repre-
sents analysis instrumental errors. Blue curves represent the normalized inlet width measured through remote sensing techniques. Red curves represent
the PC1 for each sediment core. Green curves represented sea level data from to satellite altimeter estimations and by tide gauges measurements.
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appear to be important in constraining sediment stabilization
and erosion (Fagherazzi et al. 2007; Deng et al. 2018). Tidal flats
elevation results from a balance between sediment deposition
and resuspension by tidal currents and wind waves (Fagherazzi
et al. 2007). Wind waves are also the main cause of salt marsh
deterioration through scarp erosion (Fagherazzi and
Wiberg 2009). At Venice Lagoon, Italy, winds were found to
influence the equilibrium elevation of tidal flats as a result of the
relation between wind stress and depth (Fagherazzi et al. 2007).
Although processes such as continuous sediment input, varying
hydrodynamic and climatic changes prevent the basin’s mor-
phology from reaching a long-term stable equilibrium, a rela-
tively large-scale stabilization is expected to be achieved (Deng
et al. 2018). In this case, a dynamic equilibrium may be observed
between the longitudinal axis of the estuary and the prevailing
wind direction (Deng et al. 2018). Thus, explaining the NE posi-
tion of the Khnifiss Lagoon in consequence of the NE winds,
prevailing for the region. This process is valid for wind-
dominated systems. For example, at Lake Illawarra, Australia, a
similar process occurred, where the estuarine system reached a
quasi-equilibrium state, and a planimetric orientation along the
prevailing winds was observed (Deng et al. 2018).

Both remote sensing and sedimentological results suggest
an enlargement of the lagoon inlet, more pronounced

between the 1970s and the first half of the 1990s. This process
led to a great internal water exchange, reaching farther inland
portions of the lagoon. In a naturally intact system with low
anthropogenic influence, the tidal line is mainly influenced
by changes in the: (1) sea level, (2) riverine intake, (3) free
inlet area connected to the ocean or sea, and (4) frequency of
impacts of extreme events such as storms (Roman et al. 1997).
In the case of Khnifiss Lagoon, inserted in a desert environ-
ment context, the contribution of water to the lagoon occurs
almost exclusively through the Agoutir inlet since (1) precipita-
tion is extremely rare and (2) Aouedri river freshwater is of
very low contributions (Dakki and de Ligny 1988). Although
storms at sea are infrequent for the region (Dakki and de
Ligny 1988), sea-level wind strengthening at the coast and
sea-level rise would add significant changes to seawater inflow
along the period of the present analysis.

From the remote sensing, we have selected two time inter-
vals that exemplify grand openings of the lagoon inlet
(11-1990, Fig. 3a; and 09-2007, Fig. 3b) and other two time
intervals of significant narrowing (12-2006, Fig. 3c; and
01-2011, Fig. 3d). We investigated that behavior under differ-
ent wind predominant directions and intensity overseas. This
parameter is related to the wind stress that could potentially
affect the coastal sedimentation and coastal sand drifts. When

Fig. 3. Exemplification of two time intervals in which there was a wide opening of the inlet (a and b, 12 November 1990 and 08 September 2007,
respectively) and the other two where there was a partial closure (c and d, 26 December 2006 and 06 January 2011, respectively) through satellite image
and wind data at sea level. The red dot represents the studied area of approximated localization. NOAA/NCDC blended daily global 0.25� sea surface
winds. Data courtesy of NOAA NCEI.
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the inlet width reached up to two kilometers, as in 11-1990
and 09-2007, the main tidal channels enlarged, and the associ-
ated vegetation was partially submerged (Fig. 3a,b). During
these occasions, sea surface winds data indicated a predomi-
nantly wind direction from the ocean to the inland over the
lagoon region, reaching the coast obliquely, mainly from the
northeastern (Fig. 3a,b). In a condition of restricted opening,
with the inlet measuring between 570 and 250 m, as in
12-2006 and 01-2011, the tidal channels have become
narrower and the vegetation more exposed, while the predom-
inant sea surface winds blew nearly the opposite direction
from the continent to the ocean (Fig. 3c,d). The observed
changes in wind vectors of Fig. 3 suggest that the lagoon is
under the influence of the positioning of the cyclone (over
tropical North Africa < 15�N) and anticyclone systems (Azores
high and the one at the subtropical Sahara, 27–32�N, over
Algeria) (Rodríguez et al. 2015) that modulates the regional
wind redistribution.

The action of winds on coastal ocean waters can “induce”
temporary changes in the water levels of estuaries (Rozas 1995).
From the above, we believe that Khnifiss Lagoon water levels
respond to such a process driven by the wind on the coast. In
summary, prevailing ocean-continent winds increase the filling
velocity, while emptying velocities (ebb velocities) are increased
when winds blow from the continent to the ocean
(Morton 1994). For the Khnifiss Lagoon, it is reported that the
emptying of the lagoon occurs faster than the filling due to vari-
ations in the current, which is more pronounced during the first
situation (Idrissi et al. 2004). Therefore, the emptying currents
are responsible for more mobilization of fine sediments from
the lagoon to the continental shelf.

The maintenance of the inlet opening condition seems to
be a complex process based on the balance of the filling cur-
rent that removes the accumulated sediments at the proximity
of the inlet and the exported amounts from the lagoon during
its emptying. In inlets dominated by the ebb tide, such as the
Agoutir, the transport of sediments toward the interior of the
lagoon to the so-called back-barrier occurs when there is an
increase in wave energy on the coast (FitzGerald 1988), gener-
ally associated with increased surface wind stress. Both our
remote sense analysis and our geochemical data retrieved from
the sediment cores show no evidence of enclosure or ephem-
eral conditions of the lagoon since ~ 1900 C.E. However, a
reduction of the inlet extension was observed. According to
Kjerfve and Magill’s (1989) classification of coastal lagoons,
the Khnifiss Lagoon is considered a choked lagoon character-
ized by one or more long and narrow entrance channels.
Depending on the direction and duration of wind stress
together with the direction and degree of wave energy, which
determines the potential of coastal erosion and coastal trans-
port of sediments, choked lagoon inlets may be enlarged or
narrowed by sediment deposition at the entrance (Bird 1994).
Impacts on the hydrological and ecological functions are
expected due to this dynamic.

For the innermost compartment of the lagoon, herein rep-
resented by the THI sediment core, the greater continuous
opening process of the inlet, presumed to have occurred
between 1970 and 1995, caused the increased water exchange
and sedimentation rates. In the sediment core, it is represen-
ted by a predominance of biogenic silica, a decrease in organic
carbon resulting from the predominance of phytoplankton
biomass, higher productivity, and a reduction in salinity that
lasted at least 25 yr (1970–1995). After 1999, THI site experi-
enced its lower salinity values, a greater predominance of bio-
genic silica linked to the predominance of phytoplankton
biomass, and higher productivity, indicating that the water
continued to arrive in these portions until the present day.
Overall, we deduced that at the THI site, migration of habitats
took place, where the increased arrival of water, and a conse-
quent change in tide line, caused a predominance of pioneer
vegetation, characteristic of intertidal environments, which are
under more extended periods of submergence. Based on the
δ13C vs. C/N diagram (Fig. S14), we interpret that along the
recorded time, there has been a relative change in the predomi-
nant vegetation, from lower marsh one giving away to others
adapted to more frequent submersion periods, such as Spartina
maritima and Z. noltii. According to Esteves (2016), coastal eco-
systems vary dynamically to adjust to new oceanographic and
meteorological conditions such as short- and long-term sea-level
fluctuations. The tidal range is one of the main factors in the
shift of habitats toward land, whose zoning will reflect the toler-
ance of different plant species to flooding.

For the zones closer to the lagoon inlet, represented by the
THIII sediment core, the alleged higher entry of seawater,
evidenced by the increasing C/S ratio, could have caused more
transport of marine and eroded materials from the lagoon bor-
ders to the system. The above process favored a decrease in the
sedimentation rates and an increase in the terrestrial input, rev-
ealed by the Ti/Ca ratio and the increase in detrital silica, as seen
in the Si/Ti ratio. Therefore, during the increased inlet size
phases, more significant redistribution of sediments into the
lagoon leads to its accumulations downstream, causing a vertical
accretion in terrain elevation and exposition. Hence, the soil
exposition caused by the sediment accumulation led to a
change in the predominant vegetation from a mostly phyto-
planktonic contribution to a marsh environment, characterized
by periodically submersion and exposure cycles. The propaga-
tion of local vegetation is depicted by the increase in the TOC
and chlorophyll derivatives. Recently (~ 1997), though, another
scenario is portrayed, when lower values accompany a sedimen-
tation rate increase in the δ13C signature, a decrease in TOC,
and an increase in chlorophyll derivatives. This suggests a local
decrease in the terrain and, thus, returning to a submerged pre-
dominant environment condition, although more productive
than the previous (1901–1960).

A PCA was performed for each core data, including their
more representative geochemical proxies and sedimentation
rates (Figs. 2, S8). The three first principal components (PCs)
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represented, cumulatively, 78.4%, and 86.7% of the data vari-
ance for THI and THIII, respectively. The first principal com-
ponent (PC1) accounted for 36.2% for THI and 64.0% for
THIII for the observed variance. PC1 temporal behavior at
both sediment cores (red curves in Fig. 2) presented high simi-
larity concerning the inlet width.

Therefore, the PC1 reflects that the most important
changes in the lagoon were driven by the inlet dynamics and
the consequent redistribution of seawater in the inner por-
tions of the lagoon. Bringing this understanding to the past
decades, changes between the beginning of the sedimentary
record, ~ 1928 to 1972, can be interpreted as a more extended
period of water residence due to ineffective seawater transport
at the inner portions of the lagoon. We observe lower sedi-
mentation rates, higher contribution of detrital silica, higher
salinity, and the predominance of grains < 20 μm, indicating
lower hydrodynamics at the THI site. At the near inlet zone,
we observed lower marine influence and silica detritus
predominance—also less vegetation coverage, as indicated by
THIII TOC and chlorophyll derivatives time series.

For the Khnifiss Lagoon, inlet restrictions that probably
occurred at the beginning (bottom part) of the sedimentary
record and reflected by the PC1 were associated with lower
sedimentation rates, higher salinity, and lower hydrodynam-
ics. The use of process-based soil elevation models for estuaries
throughout California showed that in scenarios with little or
no fluvial influx, inlet closures or restrictions can cause a
decrease in marsh elevation (Thorne et al. 2021). In this case,
low accretion rates were expected due to the diminishment of
tidal sediment fluxes, as also observed in the beginning (bot-
tom part) of our record. Like the paleoenvironment changes at
the Khnifiss Lagoon, at Lake Illawarra (Australia)—a coastal
lagoon connected to the ocean by a tidal inlet and with low
river inflow—changes in the inlet had a consequence for the
system hydrodynamics (Sloss et al. 2005). Restrictions in the
lagoon’s inlet were associated with a reduction in water move-
ment and circulation, changes from sand- to mud-dominated
strata, and higher salinity. However, when the connection
with the ocean was more efficient, deposition of medium to
coarse-grained sand was observed, and a higher energy system
was assumed (Sloss et al. 2005). Similar to reports by Saintilan
et al. (2016), the opening regime of estuarine entrances
observed in southern California and southeast Australia may
effectively change the vegetation structure and the ecosystem
geochemistry and may promote carbon sequestration and
encourage the recruitment of marine fish larvae.

The Khnifiss Lagoon and its potential as a carbon sink
In a climate change scenario and rising atmospheric CO2

concentration, carbon sequestration effectively mitigates the
Earth’s surface geochemical imbalances (IPCC 2014). Marine
organisms play an important part in carbon sequestration
(Duarte et al. 2013). Vegetated coastal habitats, especially, have
been pointed as important carbon sinks, supporting relevant

rates of organic carbon burial on a global level (Duarte
et al. 2013). Recurrent coastal upwelling is one of the main fac-
tors for higher productivity, by contributing to nutrient input
and consequence increase in carbon fluxes (McGregor
et al. 2007; Montero et al. 2007). The region off the coast of the
Khnifiss Lagoon is part of the Cape Ghir upwelling system, an
important and persistent upwelling cell along the NW African
coast (McGregor et al. 2007). Estimations of the carbon mass
accumulation rate for the Khnifiss Lagoon averaged from
59.30 � 25.18 to 24.97 � 25.35 g C m�2 yr�1 for THI and THIII
cores, respectively (Fig. 2). An increasing trend in the carbon
flux is observed for both cores, following the TOC and chloro-
phyll content increased trend. Consistent with a higher phyto-
planktonic contribution, the observed changes indicate the
Khnifiss Lagoon’s important role as a carbon sink. For THIII
core, for example, the average values in the sediments changed
from 7.32 g C m�2 yr�1, for the core bottom (1901–1923), to
69.70 g C m�2 yr�1 in its uppermost part (1923–1985), while
for THI, values average were stable around 74.13 g C m�2 yr�1

since ~ 1970. For comparison, at San Quintín Bay, a shallow
lagoon in Mexico, carbon burial estimations revealed an aver-
age carbon burial rate between 29.7 and 42.2 g C m�2 yr�1

from sediment cores retrieved at the saltmarsh and 57.9 and
58.5 g C m�2 yr�1 from the ones recovered at the seagrass dom-
inated area (Cuellar-Martinez et al. 2019). For the Indian Ocean
upwelling region off Java and Sumatra, Indonesia, the maxi-
mum organic carbon accumulation rates were between 5.2 and
10.4 g C m�2 yr�1 (Baumgart et al. 2010). For the Peruvian
coast, ~ 15�S, a highly productive upwelling region, estima-
tions of surface sediment organic carbon accumulation rates
were between 40 and 70 g C m�2 yr�1 (Henrichs and
Farrington 1984).

Considering their insertion in an arid environment, there
coastal wetlands provide surprisingly high levels of regional
ecosystem services that support fisheries (Aburto-Oropeza
et al. 2008), biodiversity (Sievers et al. 2019), and carbon
sequestration (Adame et al. 2018). The presented comparisons
point to the relevance of the Khnifiss Lagoon as a carbon
burial ecosystem and highlight the need for more data on
organic carbon burial rates for the poorly studied tidal flat-
saltmarsh ecosystems (Cuellar-Martinez et al. 2019). An
improved understanding of the ecology, process, and dynam-
ics of coastal vegetated wetlands in arid environments is nec-
essary to protect and maintain their valued ecosystem services
(Adame et al. 2021).

Regional responses to climate changes
From wind databases derived from remote sensing, we

observed an intensification of trade winds from the northeast
to the Khnifiss region during the 1960s when wind speed on
the continental shelf in front of the inlet was 5.0 m s�1 on
average. During the 1970s, it increased to 5.5 m s�1, and from
the 1990s onward, it turned to be 6.0 m s�1 on average
(Figs. S9, S10). Due to the east-to-west alignment of the coast
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and an oblique action of the northeast trade winds, a high fre-
quency of these winds favors the opening of the Khnifiss
Lagoon inlet. It, therefore, provides an increase in the marine
influence in this coastal environment. Thus, in a situation of
wind strengthening under the above conditions, the seawater
input in the lagoon would be favored, which corroborates the
interpretations derived from both sedimentary records and
satellite data.

The NCEP/NCAR Reanalysis surface winds analysis
(Fig. S11) displays an increase in wind speed during NAO +

(positive values of NAO) years, indicating a relationship
between the NAO index and the wind speed in the continen-
tal shelf in front of the Khnifiss Lagoon. Most important is
that NAO has an inverse correlation to the zonal wind. In
periods of NAO +, winds are strengthening in an east-to-west
direction (Fig. S12). Models based on CMIP5 scenarios and
RCP 4.5 simulations projected a slightly positive future trend
for the NAO (Stephenson et al. 2006). The observed increase
in the carbon flux for the Khnifiss Lagoon is a consequence of
the strengthening in the NE winds reaching off coast. The
result is the opening of the lagoon’s inlet and the increased
entering of nutrient-rich water into the system, as discussed
previously. The strengthening of the alongshore winds also
increases the upwelling in the region (McGregor et al. 2007).
An upwelling intensification off the NW coast for the 20th

century is confirmed through Sea Surface Temperature records
from Moroccan sediment cores and is expected to continue
intensifying in the future (McGregor et al. 2007). All this
together points to a potential strengthening of the Khnifiss
Lagoon as a carbon sink in the future. Given the importance
of coastal vegetated wetlands and their potential role in car-
bon sequestration, further understanding of climate feedbacks
in upwelling regions and the role of coastal environments is
imperative.

Although in the Khnifiss vicinity no long-term tide gauge
data exist, for the last 40 yr, it is estimated that sea level had
risen around 10 cm in North Tropical Atlantic according to
satellite altimeter data (Church and White 2011) and measures
by tide gauges (Caldwell et al. 2015) (Fig. 2). Models and
observations have evidenced potential effects to coastal com-
munities due to the combined effect of storms, high astro-
nomical tide, and sea-level rise in all IPCC scenarios (McInnes
et al. 2003). Their model points to a considerable impact on
coastal zones, especially regarding two aspects: floods and
shoreline modification. Therefore, for Khnifiss, which presents
a predominantly sandy inlet structure and an apparent rela-
tion between seawater inflow in the lagoon and coastal winds,
we do not discard that modern sea-level rise has a synergistic
contribution to the local hydrological dynamics.

Coastal narrowing in arid environments
Coastal wetlands, an essential source of ecosystem services,

have suffered a loss of area over time so that a better under-
standing of this process is vital. Wetlands tend to transition

upward and thus adjust their position concerning the new
tidal limit and persist or even expand during these scenarios
due to rising water levels, either locally or at sea level
(Schuerch et al. 2018). This migration depends on hydrologi-
cal, sedimentological, and ecological factors (Rogers 2021).
The availability of accommodation space is then studied as a
way to conceptualize coastal wetlands’ response to changes in
the tidal limit. The accommodation space is related to the ver-
tical and lateral space available for the accumulation of fine
sediment (mineral and organic) and organic material that
allows the consequent colonization by vegetation (Schuerch
et al. 2018; Rogers 2021). Coastal wetland vulnerability can be
accessed by comparing the rates of substrate elevation change
to rates of changes in the tidal limit rise. However, the actually
estimated vulnerability may be overstated due to the lack of
adequate explanation regarding the resilience provided by
mineral and organic sediments in terms of providing accom-
modation space and substrate elevations in situ (Rogers 2021).
The available accommodation space is limited by boundary
conditions such as sea level, basement geology, altered hydro-
dynamic energy, and human-made barriers (Pontee 2013;
Rogers 2021). These conditions define the spatial boundaries
in which processes operate and limit the potential area for
accommodation space occurrence (Cowell and Thom 1994). If
there is no or low limitation in this aspect, the vegetation
tends to colonize the environment quickly, and there is an
expansion of the saltmarsh area. However, if there is a sub-
stantial limitation in the accommodation space, the final bal-
ance between loss and gain of the area will tend to be
negative (Schuerch et al. 2018).

This phenomenon, presented in Fig. 4 as “migration of habi-
tats towards the interior,” compensates for the loss of area in
the portions closest to the ocean by allowing expansion in more
continental zones. The geomorphological response of vegetated
coastal wetlands is a complex dynamic involving feedback
between hydrodynamics, sedimentation, and plant productivity
(Krauss et al. 2014) and their interaction with landscape-scale
dynamics and localized factors (Rogers 2021). Given that coastal
wetlands occupy a great variety of environments with a specific
combination of shoreline morphologies, local geology, climate,
ecological function, and impacts, a generalized projection for
their response to changes such as sea-level rise is far from ideal.
It is reasonable then to assume that coastal wetland response
and adaption will be spatially variable once vegetation zonation
shifts according to these factors and their combined impact on
potential habitats upward expansion.

For coastal wetlands inserted in an arid or semi-arid envi-
ronment, we propose that the accommodation space availabil-
ity related to the surrounding geology—with dunes and rocky
reg desert pavement—and local climate exerts a much stronger
control over the persistence of the vegetation, especially from
the upper marsh, when compared to the sea-level rise or
altered hydrodynamic energy. This proposal is especially true
for the Khnifiss Lagoon, located in a pristine environment
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with low human impact. Pontee (2013) delimits the concept
of “coastal squeeze,” which can be defined as the loss of inter-
tidal habitats due to rising sea levels along the shoreline limited
by anthropic structures. Although in the case of the Khnifiss
Lagoon, there are no physical human-made physical barriers

that would prevent a possible vertical and lateral expansion of
habitats, the surrounding desert climate itself and the landscape
consisting of a desert plateau on the left bank and transverse
dunes on the right would act as a barrier, making the term
“coastal narrowing” more suitable (Pontee 2013).

Fig. 4. Conceptual model of a coastal narrowing in arid environments, as supposed for the Khnifiss Lagoon. (a) Scenario representation of a sediment
core (red hashed rectangle) extracted in a lower marsh environment, in which soils are periodically submerged. (b) In case of water level rise, related to
the tidal limits, the previously cited local environment would have instead sheltered pioneer vegetation, as S. maritima, as a result of the inland migration
of the habitat. Diagrams a and b are in scale. (c) In arid areas, changes in the tidal line with limited accommodation space could cause the loss of the
upper marsh vegetation and generate a net loss of wetlands.
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A subsequent narrowing of coastal areas could cause a
decrease in vegetation coverage for the Khnifiss Lagoon, with
the loss of vegetation typical of the upper marsh impacting all
the biota that forages and shelters there. The increase in cur-
rent, caused by changes in channel and bank position due to
changes in the inlet, is a potential cause for erosion of the
most oceanic portions and lateral loss of intertidal habitats
(Pontee 2013). Further restrictions on lateral vegetation expan-
sion may result from possible adverse conditions in soil condi-
tions, geomorphologic characteristics (Schuerch et al. 2018),
and here, we add, climatic conditions. Thus, for arid coastal
wetlands, as in the case of Khnifiss Lagoon, changes in the
tidal limit influence the vegetation zonation, which, due to its
insertion in an arid climate, with insignificant fluvial hydro-
logical inputs and surrounded by dunes, has its accommoda-
tion space limited (see Fig. S13 for flow diagram). Such
limitation restricts the migration of habitats, causing the loss
of the upper marsh vegetation and generates a net loss of wet-
lands, as represented in Fig. 4, whose lateral and vertical
expansion is influenced by limited aquatic infiltration due to
the extreme climatic conditions of the region and the sandy
substrate. Degradation of arid coastal wetlands has been
related to vegetation salinity tolerance and the fact that
changes in hydrology, climate, or nutrient loads, even in small
scale, can have a great impact on its persistence (Lovelock
et al. 2009; Adame et al. 2021).

Conclusions
The use of remote sensing combined with geochemical

and physical analysis of lacustrine sediment cores improved
our knowledge of the sedimentary history of Khnifiss
Lagoon since 1901. Through remote sensing, it was possible
to quantitatively describe the increase of the Agoutir inlet
between 1972 and 1994, accompanied by a greater meander-
ing character of the tidal channels. Such change greatly
impacted the lagoon geochemistry, sedimentation, vegeta-
tion succession, and, therefore, the lacustrine ecosystem
overall. The presence of inlet(s) in coastal lagoons ensures
mass exchange between it and the ocean, having great natu-
ral and environmental importance. Thus, the knowledge of
the behavior and evolution of inlets is essential to under-
stand and enable a particular prediction about the conse-
quences of extreme natural events.

The maintenance of the inlet opening condition seems to
be a complex process; changes in its position and length have
impacts on the hydrological and ecological functions. For the
case of the Khnifiss Lagoon, whose inlet is dominated by the
ebb tide, the intensity and direction of the winds on the coast
at surface level acts on the inlet by increasing the ocean allo-
chthonous material and nutrients exportation toward the
interior of the lagoon as well as intensifying the filling cur-
rent. Great inlet opening was observed when the wind blew
predominantly from the ocean to the inland over the lagoon

region, reaching the coast obliquely, mainly from the north-
eastern direction.

Vegetated coastal habitats, especially, have been pointed as
important carbon sinks. Carbon accumulation rate estima-
tions for the Khnifiss Lagoon revealed an increasing tendency
for both of its analyzed zones, and high values, up to 88.65 g
C m�2 yr�1, were observed in the most recent sediment layers.
These estimations indicate the great potential of the Khnifiss
Lagoon as a carbon burial ecosystem and highlight the need
for more carbon flux studies in tidal flat-saltmarsh ecosystems.

A relation between the NAO index and the wind speed in
the continental shelf in front of the Khnifiss Lagoon was
observed; in periods of NAO+, winds are strengthening in an
east-to-west direction. An intensification of northeast trade
winds was observed since the 1970s through wind databases,
and it is interpreted as the main cause for the observed inlet
dynamics. Wind intensification in the coast is also related to
intensification in the upwelling and may have favored carbon
flux increases. We believe that modern sea-level rise has a syn-
ergistic contribution to the local hydrological dynamics.

The distribution of the tidal vegetation follows a zoning pat-
tern linked to the tolerance of the plants to flooding and salin-
ity. Although the tidal flats are highly dynamic environments,
in a possible future scenario of tidal line displacement, it is
expected that as a consequence, there will be a loss of upper
marsh vegetation. This conclusion is based on the fact that, due
to its insertion in a desert climate, the Khnifiss Lagoon becomes
highly prone to the process of coastal narrowing. Herein, we
propose that this process occurs due to the combination of local
geology (dunes and rocky reg desert pavement) and local cli-
mate, which act as boundary conditions in limiting the accom-
modation space and could refrain from expanding the upper
tidal vegetation toward the interior.

The rare coastal lagoons and wetlands at Northern Sahara
are key environments related to natural services sustainability.
Here, we demonstrated that parameters as the regional wind
structure, driven by known climate changes, can deeply
impact the lagoon hydrodynamics and biogeochemical cycles.
This observation exemplifies the great sensitivity of Khnifiss
Lagoon to large-scale climatic processes.
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