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ABSTRACT

Dakhla Bay is a paralic environment distinguished by various potentialities, including fishing, aquaculture, and
tourism. However, the development of these human activities can lead to negative impacts on this environment,
posing a threat to human health. This situation requires special attention to the environment and the implementa-
tion of a program for the protection and preservation of this ecosystem. This study aims to identify solutions to
protect the marine environment from cadmium contamination by the macroalgae Gracilaria gracilis. The results
of cadmium analyses in different compartments of Dakhla Bay, including bivalve molluscs, seawater, sediment,
and macroalgae, indicate a difference in cadmium accumulation across the various studied compartments. The
highest levels of cadmium are noted in macroalgae, with concentrations ranging from a minimum of 0.9 mg/kg
fresh weight in the summer of 2019 to a maximum of approximately 2.55 mg/kg fresh weight recorded during the
summer of 2022 at the Lassargua station. In comparison, bivalve molluscs such as Perna perna showed Cd levels
ranging from 0.2 mg/kg to 1.4 mg/kg fresh weight at the same station. The sediment samples revealed average Cd
levels ranging from 0.02 to 1.39 mg/kg dry weight in samples collected from Lassargua, while seawater concentra-
tions were recorded at approximately 0.65 pg/L. The decontamination of cadmium by the macroalgae Gracilaria
gracilis without impacting the quality of the algae has been well confirmed. Indeed, cadmium levels noted in mac-
roalgae remain below the thresholds set by the regulations in force. In conclusion, the results of this study encour-
age the use of algocultures in Dakhla Bay to protect its ecosystem from various types of pollution.
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INTRODUCTION

Dakhla Bay is one of Morocco’s most impor-
tant paralic environments, representing one of
the country’s most fish-rich coastal regions and
an important site with high aquaculture poten-
tial. Fishing and aquaculture are vital socioeco-
nomic activities [Orbi et al., 1995]. The presence
of two ports in Dakhla Bay and the construction
of a new international Atlantic port in the N’tirift
area will boost the realization of various types of
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investment related to fishing, aquaculture, trade,
tourism and existing recreational activities. How-
ever, these different activities present consider-
able pressure on the existing paralic environ-
ment. In the context of the integrated system of
sustainable environmental management set up
by the government of Morocco, research proj-
ects are carried out by researchers to contribute
to and support sustainable development. Indeed,
within the framework of the persistent degrada-
tion of marine and forest ecosystems in Morocco,
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primarily ascribed to anthropogenic activities
such as urbanisation, overfishing, and deforesta-
tion [Arabi et al., 2024], the national environmen-
tal strategy highlights the essential role of scien-
tific research as a fundamental pillar. It promotes
the systematic exploration of priority environ-
mental challenges and the regular evaluation and
dissemination of data concerning the quality and
dynamics of the marine environment. As a result,
to solve the pollution problems that could damage
this environment, studies assessing the quality of
these ecosystems are carried out continuously.
These surveys help local operators manage the
area sustainably, provide information on the qual-
ity of the environment and fishery resources, and
protect consumers of fish products.

The culture of the seaweed Gacilaria gracilis
in the Lassargua area of Dakhla Bay was launched
in May 2019 to study the feasibility of culturing
the seaweed in the area allocated for seaweed pro-
duction, to produce agar and agar and to evaluate
the capacity of the seaweed to accumulate and de-
contaminate Cd in shellfish production areas. Sea-
weeds are now considered very good bioindicators
ofthe ecological status of water [Peltre et al., 2020].

In fact, these short-lived organisms are able
to respond rapidly and gradually to variations in
their environment because of their great diversity,
their presence in all types of aquatic habitats and
some of their physiological characteristics [Pel-
tre et al., 2020]. Many studies have focused on
demonstrating the durability of exploiting macro
seaweed biomass as a raw material for wastewa-
ter treatment [Biris-Dorhoi et al., 2020]. They can
reflect the ecological status and mitigate heavy
metal pollution [Luo et al., 2020]. Gracilaria sp.
can significantly remediate contaminants in mari-
culture ecosystems and improve the aquatic envi-
ronment, and its cultivation offers a new approach
for improving the coastal environment worldwide
[Yang et al., 2015]. For this reason, the seaweed
Gracilaria gracilis was selected for this project to
assess Cd in shellfish production areas in Dakhla
Bay for the first time.

The primary objective of this research is to
evaluate the capacity of the macroalga Gracilaria
gracilis to accumulate and remediate cadmium in
shellfish production areas of Dakhla Bay, as part
of a monitoring mission to conduct an integrated
study of the marine environment. By analyzing
cadmium levels across different compartments
of the marine ecosystem, this study aims to iden-
tify solutions for protecting this ecosystem from

contamination by trace elements, notably cadmi-
um (Cd), while providing recommendations for
the sustainable use of algocultures as an environ-
mental management strategy and contributing to
public health protection and the preservation of
marine biodiversity.

MATERIALS AND METHODS

Study and sampling area

Dakhla Bay, located in southern Morocco,
communicates with the Atlantic Ocean via a large
opening on the southern side (Figure 1). It is char-
acterized by a Saharan climate and low, uncertain
pluviometry (approximately 30 mm), but the oce-
anic influence compensates for the region’s ex-
treme aridity. The average annual temperature is
approximately 20 °C. Dakhla Bay covers an area
of approximately 400 km? (37 km long 10-13 km
wide) and is between 10 and 20 m deep [Orbi et
al., 1995]. Eight sampling zones were selected for
this study and are represented in Figure 1. These
areas were used to sample marine waters, sedi-
ments, seaweeds and bivalve molluscs. Table 1
summarizes the geographical locations and sam-
pling characteristics of the areas.

Seawater and sediment sampling

Seawater samples were taken quarterly in
1 Litre polyethylene bottles. The samples were
stored in an icebox at 4 °C and then stored at -20
°C before Cd analysis for the period of 2021—
2023. Seawater samples were taken quarterly in
1 L polyethylene bottles. The samples were then
kept in a cool box at 4 °C and stored at -20 °C
[Belasri et al., 2024] before Cd analysis for the
period of 2021-2023.

Physicochemical parameters, notably tem-
perature, salinity, pH and dissolved oxygen in
seawater, are measured in the field via a multipa-
rameter system at monthly intervals for the period
from 2019 to 2023.

Sediment samples were taken from all sur-
face areas in 1 m? quadrants, and representative
samples were taken by hand and placed in food
bags. The quantity of sediment taken must be
adequate for Cd analysis, equivalent to one kg
of sediment for each sample. The sampling fre-
quency adopted for the study is quarterly for the
period from 2021 to 2023.
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Figure 1. Locations of the sampling areas in Dakhla Bay
Table 1. Locations of the sampling areas and compartments in Dakhla Bay
Sampling area Location Name Geographical coordinates Sampling compartments Species
Mussel Perna perna
5 23°39'40.85"N Alga Gracilaria gracilis
t1 Lassargua 15°58'1 55" W Seawater i
Sediment -
. 23°42'3.27"N Seawater -

St2 Zone Urbaine 15°55'30. 26" W Sedimont i
23°50'8.11"N )
15°51'1.43"W Oyster Crassostrea gigas
230 52, 0'11,,N Clam Ruditapes decussatus
15°49'0.12"W

St3 Boutalha

Common hull Cerastoderma edule
23°52'0.26°N Seawater .
15°48'0.01"W
Sediment -
Grooved razor shell Solen marginatus
23°53'47.69°'N
St4 Pk25 15°46'21 42" W Seawater -
Sediment -
Oyster Crassostrea gigas
23°48'56.70°'N

St5 Duna Blanca 15°43'50.48"W Seawater -

Sediment -
Mussel Perna perna
. 23°34’3.57"N
St6 Puertitto 15°54'15.07"W Seawater -
Sediment -

Sampling of bivalve molluscs

Samples were taken once every six months
from 2018-2023, in accordance with the sam-
pling procedures in the applicable regulations.
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Samples are taken only from shellfish of market-
able size for human consumption. A representa-
tive sample is obtained by collecting a number of
shells of similar size at different points in the sam-
pling area. Using the square sampling method,
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the sampling point is sectioned into blocks, and
samples are taken from at least 5 predetermined
points located at equal distances from each oth-
er within each block. If necessary, the shells are
cleaned of excess mud by rinsing with seawater
and then drained. The containers used are bags or
food-grade plastic bottles. The live shellfish were
depurated as soon as possible after sampling. They
are placed between 18 and 26 hours in decanted
seawater from the sampling point. The samples
were dripped, crushed and stored at -20°C in poly-
ethylene bottles before analysis for Cd.

Sampling of Gracilaria gracilis

The Lassargua zone is located near the new
port and is also one of the landing points for ar-
tisanal fishing in the Dakhla region. This area
is very rich in natural shellfish beds, including
mussels (perna perna), cockles (Cerastoderma
edule), razor clams (Solen marginatus) and clams
(Ruditapes decussatus). Since it is a port area, it
is not classified, and its shellfish beds are not ex-
ploited. It is also rich in natural seaweed depos-
its, particularly gracilaria, which is why it was
chosen as a site for seaweed farming (Gracilaria
gracilis). The presence of the Gracilaria gracilis
algal deposit has always been noted in the port
area of Dakhla Bay, particularly in the Lassar-
gua area, but not abundantly. With the develop-
ment of port activities, this deposit has become
increasingly abundant, and its presence in a well-
defined habitat indicates that the environment is
polluted and eutrophic. The first trials related to
the cultivation of Gracilaria gracilis in Dakhla
will be launched during the month of May 2019.
The cultivation of Gracilaria gracilis is carried
out first by collecting algae from natural depos-
its in the aforementioned area and then by taking
cuttings from clumps of 100 g each on a special-
ized rope (Figure 2).

The culture of Gracilaria gracilis was real-
ized following an agreement between the private
companies SETEXAM and INRH in the area of
Lassargua (St1). Biannual monitoring of Cd con-
centrations in these algae was performed from
2018-2023. The algae were purified for 18 to
24 hours, ground and stored at -20 °C in poly-
ethylene bottles. The samples were subsequently
lyophilized and stored in amber glass vials until
analysis for Cd.

Cadmium dosage

Cadmium analysis in seawater, sediment,
shellfish and macroalgae was conducted via induc-
tively coupled plasma—mass spectrometry (ICP-
MS) in accordance with the standards listed below:
e Moroccan Standards (Cd analysis in seawa-
ter): NM ISO 11885 V 2014

e French Standards (Cd analysis in shellfish and
algae): NF EN 15763 V2010

e French Standards (Cd analysis in sediment):
NF EN 16170 V 2016.

RESULTS

Evolution of seawater
physicochemical quality

Seawater is essential to the life of organisms,
and its physical and chemical qualities determine
their survival, progression or mortality. It is there-
fore important to know more about the quality of
the physicochemical parameters of seawater, such
as temperature, dissolved oxygen, salinity, pH, and
chlorophyll a, and to qualify it via a quality grid.

Globally, environmental factors play a crucial
role in the ability of macroalgae to accumulate cad-
mium. Specifically, temperature and salinity have
been shown to significantly affect cadmium uptake.

Figure 2. Gracilaria gracilis farm in the Lassargua area of Dakhla Bay
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For instance, higher temperatures and lower salini-
ties enhance cadmium accumulation in Gracilaria
tenuistipitata [Huang et al., 2010].

Additionally, pH levels influence nutrient up-
take, with optimal accumulation rates observed at a
pH of 8.0 for Gracilaria tenuistipitata var. liui [Xu
et al., 2001]. In another species, Ulva ohnoi, cad-
mium accumulation is dose-dependent and is also
affected by temperature and salinity, with maxi-
mum uptake occurring at 18 °C and a salinity of 35
[Bastos et al., 2019].

Moreover, cadmium speciation varies with
changes in salinity, while pH and temperature pri-
marily affect uptake through metabolic processes
in marine organisms [Pavlaki et al., 2017]. These
environmental factors not only influence cadmium
accumulation but can also impact algal growth
rates and their physiological responses to cadmium
exposure [Huang et al., 2010; Bastos et al., 2019].
Thus, understanding these factors is essential for
interpreting the results of studies on cadmium ac-
cumulation in macroalgae such G. Gracilis.

Figure 3 illustrates the evolution of these
physicochemical parameters namely, the tem-
perature (T) , dissolved oxygen (O,), salinity, and
hydrogen potential (pH), in Dakhla Bay during
the period 2019-2023.

Temperature

Temperature is one of the physical parameters
most important to the development of the differ-
ent phenomena that occur in water: dissolving
salts, especially gases, and therefore also con-
ductivity and pH determination. It is considered
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a limiting factor for the development of marine
species [Orbi et al., 1995; Guelorget et al., 1996].

The results of seawater temperature measure-
ments in Dakhla Bay for the period of 2019-2023
(Figure 3a) reveal that the temperature varies be-
tween a minimum of 15.5 °C and a maximum of
28.4 °C. The average annual temperature record-
ed is between 16.6 °C and 25.6 °C.

Historic temperature data recorded in Da-
khla Bay show that the latter oscillates between
a minimum of 15 °C and a maximum of 27 °C
measured in the Duna Blanca area of Dakhla Bay
[Anhichem et al., 2017]. In fact, the temperature
is high in this area, as it is a confined zone with
shallow depths, which makes it easy for these
marine waters to warm. However, the maximum
temperatures recorded in the marine waters of
Dakhla Bay do not exceed 23.5 °C [Orbi et al.,
1995]. The qualification grid qualifies the seawa-
ter temperature in the Dakhla Bay area as medi-
um-quality water (23-28 °C).

Salinity

Salinity in the marine environment is a fairly
constant parameter. It can, however, fluctuate de-
pending on specific areas and seasons. The stan-
dard value in seawater is 35 g/kg (35 %o). The sa-
linity values noted in the seawater of the Dakhla
Bay areas during the periods of 2019 to 2023 vary
between a minimum of 36%o and a maximum of
42%o (Figure 3b). The average recorded salinity
varies between a minimum of 37.5%o and a maxi-
mum of 38.2%o. Historic variations in the salin-
ity of seawater in Dakhla Bay reveal that salinity
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Figure 3. Variations in the average physicochemical parameters of seawater in the areas of Dakhla
Bay from 2019 to 2023: (a) temperature, (b) salinity (PSU), (c) pH, (d) dissolved oxygen (mg/L)
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oscillates between a minimum of 33%o, noted at
the level of urban areas whose wastewater dis-
charges cause softening of the bay’s seawater, and
a maximum of 41%o, noted in the most confined
areas where the rate of evaporation is high (the
case of Duna Blanca) [Orbi et al., 1995].

In accordance with these records, the waters
of Dakhla Bay are characteristic of a mixoeuha-
line sea (between 30 and 40%o), whose waters are
thalassic homoiohaline, whose salinity responds
to oceanic waters, which do not show significant
variations over time [Orbi et al., 1995].

pH

The pH values noted in the marine waters of
Dakhla Bay between 2019 and 2023 varied be-
tween a minimum of 7 and a maximum of 8.95
(Figure 3c). The average pH of the seawater in
Dakhla Bay during this period varied between
7.63 and 8.29. The pH values, noted as a func-
tion of time, of seawater in Dakhla Bay varied
between a minimum of 7.6 and a maximum of
9.1, values characteristic of marine water [Orbi
et al.,, 1995; Guelorget et al., 1996]. According
to the data history and the seawater qualification
threshold grid, the seawater in Dakhla Bay is con-
sidered very good quality seawater.

Dissolved oxygen

From 2019 to 2023, the dissolved oxygen val-
ues recorded in seawater in the Dakhla Bay area
varied between a minimum of 5.52 mg/L and a
maximum of 9.95 mg/L (Figure 3d). The average
dissolved oxygen level recorded during the mon-
itoring period was 6.69 mg/L. Dissolved oxygen
values, measured as a function of time in Dakhla
Bay seawater, oscillate between a minimum of
4.5 mg/L recorded in 1997 [Dafir et al., 1997],
and a maximum of 10.83 mg/L was recorded in
2014/2015 [Anhichem et al., 2017]. This varia-
tion illustrates that the marine waters of Dakhla
Bay are well oxygenated at the surface as well

as at depth, at 9 mg/L. This good oxygenation
is also due to the intense currents in the south-
ern part of the bay, where there are strong ex-
changes with the ocean, as well as to winds that
constantly agitate the surface waters. According
to the grid of thresholds for qualification of the
dissolved oxygen parameter, the seawater in Da-
khla Bay is of very good quality (values between
5and 10.3 mg/L).

Evolution of the Cd concentration
in the water and sediment

The results of the Cd analyses of seawater tak-
en from the shellfish production areas of Boutalha,
PK25, Duna Blanca and Puertitto in Dakhla Bay
from 2021 to 2023 revealed Cd values below 0.5
ng/L. However, the Cd levels in seawater samples
from two areas, the city and the port (Lassargua),
slightly exceeded 0.5 pg/L. The maximum values
noted in the waters of these areas are on the order
of 0.60 pg/L, and 0.65 pg/L, respectively.

The results of the Cd analyses of sediment
taken from the shellfish production areas of Bout-
alha, Pk25, Duna Blanca and Puertitto in Dakhla
Bay revealed values between 0.005 mg/kg dry
weight and 0.45 mg/kg dry weight (Table 2).

However, the Cd contents in the sediments col-
lected from the urban and port areas (Lassargua)
were relatively high, varying between 0.03 mg/kg
dry weight and 1.4 mg/kg dry weight. The Cd con-
centrations decreased as a function of time in the
sediments in the different areas studied (Figure 4).

Cadmium decontamination
by Gracilaria gracilis

During the two winter and summer 2018 and
before seaweed farming began in the Lassargua
area, Cd analyses of the natural deposit of the
seaweed Gracilaria gracilis were carried out to
determine the zero state of Cd concentrations in

Table 2. Variation in Cd (in mg/kg dry weight) in sediment in the Dakhla Bay area (Period: 2021-2023)

Areas (zones) Min Max Average * Standard deviation
Lassargua zone 0.03 1.39 0.65 £0.55
Urban zone 0.09 1.4 0.54+ 0.44
Boutalha zone 0.01 0.05 0.03 £ 0.01
PK25 zone 0.03 0.45 0.10£0.13
Duna Blanca zone 0.01 0.05 0.03 +0.01
Puertitto zone 0.005 0.04 0.02 £ 0.01
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Figure 4. Variation in the average Cd concentration in the sediment of the Dakhla Bay area from 2021-2023

natural seaweed. The results of these analyses
indicate concentrations on the order of 1.33 and
1.7 mg/kg dry weight (= 6.65 and 8.55 mg/kg
fresh weight).

Figure 5 shows the spatiotemporal evolution
of the Cd concentration in the algal and bivalve
mollusc biological matrix from 2019 to 2023. The
results of the Cd analyses of Gacilaria gracilis,
which was sampled in the Lassargua port area of
Dakhla Bay, revealed values ranging from a mini-
mum of 0.9 mg/kg fresh weight recorded during
the summer of 2019 to a maximum of approxi-
mately 2.55 mg/kg fresh weight. weight, recorded
during the summer 2022. During the entire study
period, Cd accumulation by algae was notable
(Figure 5). In contrast, the Cd concentrations
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measured in mussels (Perna perna) sampled in
the Lassargua area decreased as a function of
time, revealing an inverse trend to that observed
in G. gracilis. The Cd levels in the mussels ranged
from a minimum of 0.2 mg/kg to a maximum of
approximately 1.4 mg/kg Fresh weight. The av-
erage Cd levels in macroalgae increased as they
decreased in mussels from the same sampling sta-
tion (Lassargua area).

The results of the ANOVA statistical analy-
sis test, which was carried out with the average
Cd concentrations accumulated by seaweed and
mussels, revealed a highly significant difference
between the Cd accumulation capacity of the sea-
weed Gracilaria gracilis and the mussel (perna
perna) in the Lassargua area of Dakhla Bay (p <
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Figure 5. Evolution of average Cd concentrations in alga Gracilaria gracilis
seaweed and bivalve molluscs in Dakhla Bay from 2019 to 2023
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0.05 = 0.000575). The results of the PCA (Figure
6) are consistent with the statistical results of the
ANOVA test, which highlighted the highly sig-
nificant difference in Cd accumulation by algae
and mussels. The PCA therefore confirmed that
the physicochemical parameters measured indeed
facilitated Cd accumulation in the biological ma-
trix (algae and mussels) in the Lassargua area.

The results of Cd evolution in bivalve mol-
luscs from shellfish production areas in Dakhla
Bay from the winter 2019 to the winter 2023
(Figure 5) revealed that the decrease in Cd in bur-
rowing species occurred beyond the winter 2019,
particularly from the start of rearing of Gracilaria
gracilis in Dakhla Bay. However, a decrease in
Cd levels in filter-feeding bivalve molluscs was
observed only beginning in 2020. However, an
increase in Cd levels in bivalve molluscs from
production areas in Dakhla Bay was recorded be-
ginning in the summer of 2021, in the winter 2022
and in the winter 2023. This increase is likely due
to accidental Cd contamination in areas of Dakhla
Bay, but the results suggest that the impact of Cd
decontamination in bivalve molluscs from other
shellfish production areas in Dakhla Bay, notably
Boutalha, Pk25, Duna Blanca and Puertitto by the
alga Gracilaria gracilis, is negligible.

The results of the ANOVA statistical analysis,
which was carried out with the averages of the Cd
levels accumulated by the algae and filter-feeding
bivalve molluscs, revealed that the difference in
Cd accumulation capacity was not significant

between the algae Gracilaria gracilis and the two
filter-feeding bivalve mollusc species, notably,
the oysters (Crassostrea gigas) collected from
both the Boutalha and Duna Blanca areas and the
mussel species (Perna perna) collected from the
Puertitto area (p > 0.05 = 1.0134).

The results of the ANOVA statistical analysis,
which was carried out with the averages of the
Cd levels accumulated by the algae and burrow-
ing bivalve molluscs, revealed that the difference
in Cd accumulation capacity was not significant
between Gracilaria gracilis and the burrowing
bivalve mollusc species, notably the common
cockle (Cerastoderam edule), clam (Ruditapes
decussatus) taken from the Boutalha area and
the razor clam (Solen marginatus) taken from the
Pk25 area (p > 0.05= 3.3025) (Figure 7).

A statistical PCA was carried out to highlight
the relationships that may exist between the envi-
ronmental factors studied, particularly the physico-
chemical parameters and the concentration of Cd
accumulated in algae and mussels in the Lassargua
area of Dakhla Bay (Figure 8). The variation in the
totality of the parameters studied is expressed by
the two factorial axes Dim1 and Dim 2 of the prin-
cipal component analysis (PCA), with 24.27% for
the Dim 1 axis and 25.47% for the Dim 2 axis.

The analysis of the individuals in the PCA
clearly revealed that the percentage of Cd accu-
mulated by the algae was greater than that accu-
mulated by the mussels in the Lassargua Zone of
Dakhla Bay (Figure 6).
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Figure 6. PCA results produced by the individuals studied in mussels
and the alga Gracilaria gracilis from the Lassargua area
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Analysis of variance: One factor

DETAILED REPORT

Groups Number of samples Sum Average Variance

Lassargua (Gracilaria gracilis) 9 16 1.777777778 0.318194444
Boutalha (Cerastoderma edule) 9 2.34 0.26 0.017275
Boutalha (Ruditapes decussatus) 9 3.96 0.44 0.038775
PK25 (Solen marginatus) 9 23 0.255555556 0.012490278
ANALYSIS OF VARIANCE

Source of Variations Sum of squares Degree of freedom  Average of squares F Probability Critical value for F
Between groups 14.57302222 3 4.857674074 50.24295772 3.302583872 2.901119584
Within groups 3.093877778 32 0.096683681
Total 17.6669 35

Figure 7. Comparison of Cd accumulation in three burrowing bivalve
molluscs and the alga Gracilaria gracilis (ANOVA test)
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Figure 8. PCA results produced by the variables studied in water, seaweed and mussels from the Lassargua area

DISCUSSIONS

The results of the Cd assessment of the farmed
alga Gracilaria gracilis from the Lassargua area of
Dakhla Bay revealed good accumulation of Cd in
the alga throughout the study period (2019-2023).
The concentration of Cd in Gracilaria gracilis
varies over time [Astorga-Espana et al., 2015; De
Souza et al., 2012]. However, there was a large dif-
ference between the Cd accumulation capacity of
the alga Gracilaria gracilis from the natural deposit
and that of the farmed alga from the Lassargua zone
of Dakhla Bay. In fact, metabolic stages such as the
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algal growth rate and exposure time affect Cd ac-
cumulation by algae [Duinker et al., 2016].

As the Gracilaria species have previously shown
significant capacity for Cd accumulation, with the
microalga “Gracilaria tikvahiae” demonstrating
high accumulation of multiple heavy metals [Bur-
din and Bird, 1994]. The alga microalga “Gracilaria
tenuistipitata” exhibited biphasic Cd uptake kinet-
ics, accumulating 223-496 mg/kg dry weight with-
in 6 days, with over 50% retention after 10 days
in Cd-free seawater [Hu et al., 1996]. This species
also showed the ability to bioaccumulate about 9%
of Cd from the environment [Tonon et al., 2011].
Comparatively, other macroalgae like “Blindigia
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marginata” have also demonstrated effectiveness as
biomonitors for Cd and other metals [Chakraborty
and Owens, 2013]. Factors influencing Cd accumu-
lation in Gracilaria include light availability, with
reduced uptake in darkness, suggesting an energy-
dependent process [Hu et al., 1996].

Seaweed from natural deposits is exposed for
long periods and therefore represents a fairly ma-
ture seaweed, whereas farmed seaweed is exposed
for short periods in large areas of the zone, but
its growth stages are not sufficiently advanced.
Indeed, the variations in metal concentrations ap-
pear to be zone specific, linked to algal growth
rates and differ from one part of the alga to an-
other. In addition, the presence of a large surface
area of algae in contact with water facilitates the
absorption of contaminants [Duinker et al., 2016].
Studies in vitro confirmed the rapid accumulation
and bioconcentration of Cd by marine algae, with
some species recording Cd concentrations be-
tween 0 and 6 minutes of exposure [Boily, 2004].

Since the start of seaweed (Gracilaria graci-
lis) farming and throughout the monitoring period,
Cd accumulation by farmed seaweed has become
increasingly significant. However, a decrease in
Cd levels in mussels (perna perna) was observed.
Mussels are very good bioindicators because of
their ability to accumulate metals present in the
environment, with a concentration factor of ap-
proximately 10° to 10° in relation to the water in
the environment [Casas, 2005]. We note that the
highest levels accumulated by the mussel are on
the order of 1.4 mg/kg Fresh weight was recorded
during the winter 2019, while the lowest levels
were on the order of 0.2 mg/kg Fresh weight re-
corded during the winter 2022 (Figure 5).

As average Cd levels increase in macroalgae,
they decrease in mussels. These results suggest
that the exposure of mussels and algae in identi-
cal marine environments may favour the decon-
tamination of mussels from Cd, given that algae
rapidly concentrate high levels of Cd present in
seawater compared with the Cd levels concen-
trated by mussels (perna perna). Additionally, the
results of the ANOVA revealed a highly signifi-
cant difference between the Cd accumulation ca-
pacity of the alga Gracilaria gracilis and that of
the mussel (Perna perna) in the Lassargua area.
Statistical analysis of the individuals in the PCA
confirmed that the percentage of Cd accumulated
by the algae was greater than that accumulated by
the mussel in the Lassargua Zone of Dakhla Bay.

The results obtained clearly demonstrate the
important role of the alga Gracilaria gracilis in
the dynamics of Cd accumulation in mussels,
which effectively reflects changes in water qual-
ity in the area [Biris-Dorhoi et al., 2020]. Indeed,
the Cd concentrations in the water of the Lassar-
gua area were negligible and did not exceed 0.65
ug/L. Some studies have shown that the use of
algae-based adsorbents has produced satisfactory
and very significant results, with very high yields
in water purification achieved by decontaminat-
ing wastewater containing heavy metals, particu-
larly Cd [Znad et al., 2022].

The results of the Cd analyses of the sediments
collected from areas in Dakhla Bay revealed neg-
ligible average Cd levels, which decreased with
time. The maximum Cd levels are noted in the
two most polluted areas of Dakhla Bay, notably
the urban area, where the maximum is approxi-
mately 1.4 mg/kg dry weight, and the Lassargua
area, where the maximum is approximately 1.39
mg/kg dry weight [Anhichem et al., 2017].

The average Cd levels adsorbed by sedi-
ment in the Lassargua area are increasingly low
throughout the study period, which may be due to
Cd absorption by benthic species and low levels
of Cd in seawater. Sediments in the marine envi-
ronment are recognized as the main reservoir of
heavy metals and are essential for metal release
and transport [Ustaoglu et al., 2024]. Additionally,
the dynamics of Cd in sediment are very complex
since the presence of Cd in sediment is managed
by physical, chemical and biological processes
[Gonzalez and Foan, 2015]. Consequently, algae,
burrowing bivalve molluscs and other benthic
species can absorb Cd from adjacent waters and
sediments. We can conclude that algae have the
potential to bioremediate heavy metals, particu-
larly in sediments [Luo et al., 2020].

During this study, the results of Cd monitor-
ing in mussels, seaweed, seawater and sediment
in the Lassargua area confirmed the decontamina-
tion of Cd in mussels, seawater and sediment by
the seaweed Gracilaria gracilis.

The average Cd levels recorded in burrowing
and filter-feeding bivalve mollusc species from
shellfish production areas in Dakhla Bay, notably
Boutalha, PK 25, Duna Blanca and Puertitto, sug-
gest that algae farming is responsible for the de-
cline in Cd levels recorded. However, very high
levels of Cd were noted in filter-feeding burrow-
ing species during the summer of 2021, the winter
2022 and the winter 2023. This increase may be
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caused by a period of accidental Cd contamina-
tion affecting the entire area, but these results in-
validate the hypothesis that the alga Gracilaria
gracilis decontaminates Cd in bivalve molluscs
in these areas of Dakhla Bay.

The results of the ANOVA statistical analyses
indicate that the difference in the Cd accumula-
tion capacity between algae and burrowing, filter-
feeding bivalve molluscs is not very significant.
Indeed, the location of the algal bed is known
to be one of the environmental factors that can
influence the level of Cd contamination in algae
[Duinker et al., 2016; Roleda et al., 2019], re-
flecting the negligible impact of Cd decontami-
nation in bivalve molluscs from these areas by
farmed algae. Indeed, although the surface area of
Gracilaria gracilis algae under cultivation is very
large in the Lassargua area, its impact on Cd de-
contamination in the shellfish production areas of
Dakhla Bay has not been proven. The average Cd
levels recorded in the two groups of filter-feeding
and burrowing bivalve molluscs and in the alga
Gracilaria gracilis clearly demonstrate that the
geographical origin of the alga in relation to the
shellfish beds studied are variables that affect the
accumulation of trace elements by macroalgae
[Duinker et al., 2016; Roleda et al., 2019].

Consequently, the decontamination of Cd
in mussels from the Lassargua area by the alga
Gracilaria gracils grown in the same area has
been confirmed. However, the decontamination
of Cd in the two groups of bivalve molluscs locat-
ed in the Boutalha, Duna Blanca and PK25 areas,
more than 35 km north of the Lassargua area, and
in the Puertitto area, 12 km west of the Lassargua
area, by the alga Gracilaria gracilis in culture
has not been well demonstrated and remains to be
confirmed. For this reason, a study of the decon-
tamination of Cd in the aforementioned areas by
the same alga, Gracilaria gracilis, in culture in
these areas or in vitro may yield very satisfactory
results [Gonzalez and Foan, 2015].

CONCLUSION

On the basis of the results expected from
this study, Cd accumulation by the farmed alga
Gracilaria gracilis was confirmed throughout the
study period (2019-2023). A correlation between
various environmental factors, notably tempera-
ture, pH, salinity and dissolved oxygen, as well
as the location and area of algal rearing, is well
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noted and has facilitated Cd accumulation by the
alga Gracilaria gracilis, which in turn has facili-
tated Cd decontamination in the Lassargua area.
This decontamination was evidenced by the de-
crease in Cd concentrations in mussels (perna
perna), which showed a reverse trend in Cd levels
compared with those measured in farmed algae.

The results of the PCA and ANOVA revealed
a highly significant difference between the Cd ac-
cumulation capacity of Gracilaria gracilis algae
and mussels in the Lassargua area, demonstrat-
ing the important role of Gracilaria gracilis algae
in the dynamics of Cd accumulation in mussels,
which effectively reflects changes in seawater
quality in this area.
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