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Abstract

:

Pollution by heavy metals is one of the most serious issues in the world, and the principal sources are manufacturing, fertilizers, mining, pesticides, transport, and wastewater discharge. In this study, the presence of macroelements (Nitrogen (N) and Phosphorus (P)) and heavy metals (Chromium (Cr), Nickel (Ni), Cadmium (Cd), Iron (Fe), Zinc (Zn), Lead (Pb), Cooper (Cu), and Manganese (Mn)) in the green tide caused by the green seaweed Ulva lactuca from Marchica lagoon (NE-Morocco, Mediterranean) was evaluated. The mean values of P and N in the algae were 1773.33 mg·kg −1 and 44.4 g·kg −1, respectively. The heavy metals have mean values following this descending sequence: Fe > Mn > Zn > Cu > Ni > Pb > Cr > Cd. This finding has suggested that Ulva has the strongest affinity to Fe and Mn among the metals examined. Mn, Fe, and Pb recorded the highest bioconcentration factors (BCFs), which were 1687, 1656, and 1643, respectively. Regarding their contribution to the Recommended Dietary Allowance (RDA), Fe showed a contribution of 13.58% to the RDA, while that of Mn varied between 4.42 % and 28.42%. The health risk assessment did not indicate any hazard related to the ingestion of Ulva lactuca. Therefore, this study suggests that Ulva lactuca in the Nador lagoon has the potential to bioaccumulate heavy metals and mitigate eutrophication.
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1. Introduction


Coastal zones are increasingly subject to degradation due to pollution caused by human activities [1]. Wastewater containing various concentrations of heavy metals, persistent organic pollutants, and nutrients is discharged into coastal areas, causing environmental degradation [1]. Due to the high levels of trace elements detected mainly in the Mediterranean Sea [2,3], monitoring the environmental state of coastal zones is important for better management of marine ecosystems and for the conservation of marine ecosystems and associated biodiversity [4]. Dried or fresh macro and microalgae are widely used for their ability to remediate different kinds of pollution, either in the laboratory or in the field [5,6,7,8].



Pollution by heavy metals is among the most serious environmental issues in the world, and the principal anthropogenic sources are mining, manufacturing, fertilizers, pesticides, discharges of sewage, and transport [9]. Toxic heavy metals such as Cd, Hg, Pb, As, Co, Ni, and Cr in marine ecosystems, even at small levels, pose a serious risk to the entire marine environment [10].



One promising technique, phycoremediation (remediation using algae), and another, phytoremediation (remediation using plants), are currently accepted worldwide as the most environmentally friendly and cost-effective methods for remediating water and soil [11]. The main sources of phosphorus are urbanization, wastewater discharges, septic tanks, and the use of synthetic fertilizers and animal manure in agriculture [12,13,14].



In different parts of the world, various species of seaweed have been proposed as organisms for biomonitoring of heavy metal pollution in coastal zones [15]. In this regard, many studies have concluded that Ulva lactuca has many characteristics that make it a good candidate for environmental applications: its wide distribution, high growth rates under normal conditions and in eutrophic waters, resistance to high salinity variations, high rates of nutrient uptake, and tolerance to different pollutants under toxic conditions [1]. Ulva lactuca is a green marine macroalga (Chlorophyta), very common in coastal zones, which has several interesting characteristics for water remediation. Among other characteristics, it is perfectly adapted to the variations of salinity caused by tides in estuaries with moderate eutrophication conditions [16,17]. It has been widely studied for its contaminants accumulation, as a bioindicator, as well as for its restoration capabilities [1]. Several studies have previously reported the use of Ulva lactuca and other species as bioindicators of metal pollution [1,4,18,19,20,21,22,23,24,25]. Nitrogen and phosphorus are the two main nutrients causing eutrophication [26]. The nitrogen cycle is more complex than that of phosphorus. Nitrogen can enter and leave the water body as free nitrogen gas through atmospheric exchange; phosphorus, on the other hand, can enter the aquatic environment through precipitation, dry deposits, and sediments. The phosphorus content is considered the critical variable for the control of eutrophication in a marine environment such as lakes. The total phosphorus content includes absorbed, particulate organic, soluble organic, and inorganic phosphorus [26].



In aquatic environments, the sources and the evolution of nutrients are defined by their biogeochemical cycle. The exchange of these elements takes place through two main pathways [27]: (a) A hydrogeochemical pathway characterized by external inputs in the form of freshwater or internal inputs by marine waters and exports characterized by outflows of marine waters and losses in gaseous forms. (b) A biological pathway where the imports and exports of elements are done via processes of assimilation, excretion, and transfer to higher trophic levels.



In the context of this study, it is clearly evident that the Nador lagoon has been subjected to high anthropogenic pressure for several years and that the aquatic ecosystem in which macroalgae have been collected has been contaminated by heavy metals and eutrophication [14,28,29] in several areas. However, only a few studies have been conducted on heavy metal contamination of water and sediment [28,30]. However, no studies have been conducted on the accumulation of heavy metals in the most common seaweed species occurring naturally or farmed in the Marchica lagoon. Therefore, the present study focuses on the level of metal contamination in Ulva lactuca: a macroalga causing green tides in the Marchica lagoon. Maicu et al. [31] reported that water renewal time in the sampling area is less than 20 days. To highlight the implication of these algae in the bioremediation of pollution, the bioconcentration factor (BCF), which is the ratio between the metal content in Ulva and the concentration of the same metal in seawater [32,33], was calculated using the average values of the heavy metal results from the lagoon waters [28].



This study aimed to (1) assess the presence of heavy metals (Fe, Zn, Mn, Cu, Ni, Cr, Cd, and Pb) and macroelements (P and N) in the green seaweed Ulva lactuca from Marchica lagoon (NE-Morocco, Mediterranean), to (2) calculate the contribution of Ulva lactuca to the Recommended Dietary Allowance (RDA), and to (3) assess the health risk using several indices including targeted hazard quotient (THQ) and hazard index (HI) [34,35] due to consumption of this seaweed as human food or animal feed.




2. Materials and Methods


2.1. The Study Area


The Marchica lagoon is 25 km long, 7.5 km wide, and has an estimated surface area of about 115 km2, making it one of the largest coastal lagoons in the Mediterranean. It is located in the northeast of Morocco between the “Cap des trois fourches” and the “Ras Kebdana” (Figure 1).




2.2. Sample Collection, Preparation, and Analysis


A sampling mission was conducted in July 2021. The seaweed was collected from the bottom using a quadrat (0.5 m × 0.5 m) to estimate the total biomass and then was washed carefully with seawater on site. The biomass obtained from each quadrat was transferred to plastic bags and taken to the laboratory. To remove residual water, the samples were dried at 60°C until the material reached a constant dry weight [36] to determine the percentage of the dry matter (DM). The sample comprised three independent samples from three different sites in the green tide of Ulva lactuca. In situ, the environmental variables of water temperature, dissolved oxygen (DO), pH, turbidity, and chlorophyll (a) were measured by a multi-probe device. The collected water samples were also analyzed for ammonium (NF T90-015), total phosphorus (TP), nitrates, and nitrites [37]. Dissolved inorganic nitrogen (DIN) is the result of the nitrate added to the nitrite and the ammonium.




2.3. Metal Analysis Description


All chemical reagents used in the analysis were of analytical reagent grade. Nitric acid (65%), Lab Expert, hydrogen peroxide (30%), Flukaand hydrochloric acid (37%) Fluka were used for algae digestion. A multi-element stock standard solution, Sigma Aldrich (Periodic table mix 1 for ICP) 10 mg/L−1, was purchased for preparing working standard solutions after appropriate dilution. A high-pressure laboratory microwave oven (Milestone Ethos UP, Italy) was used for the microwave digestion of algal samples. Weighed seaweed powder was transferred to 50 mL Teflon containers of the system digestion and a solution of 8 mL HNO3 and 2 mL H2O2 was added. Microwave digestion was carried out with the following temperature program: 30 min ramping to 210 °C and 20 min holding at 210 °C (1800 W in both cases). After completion of the procedure, the digested samples were transferred after cooling to volumetric flasks, 2 mL of concentrated hydrochloric acid was added, and the samples were adjusted to a final volume of 50 mL with MilliQ water. Blank samples were subjected to the same procedure. The digestion procedure was performed in duplicate for each algal sample. The determination of heavy metals was performed using an Agilent 5100 simultaneous vertical dual view inductively coupled plasma optical emission spectrometer (ICP-OES). Instrumental parameters (Table 1) for ICP-OES measurements of studied elements were as follows: RF incident power (1.2 kW), plasma argon flow rate (12 L·min−1), auxiliary argon flow rate (1 L·min−1), nebulizer argon flow rate (0.7 L·min−1), using concentric nebulizer, cyclonic double passspray chamber, and axial viewing. Three replicates were performed.




2.4. Health Risk Assessment


The bioconcentration factor was calculated as the ratio between the metal concentration in Ulva lactuca and the content of the element in seawater [32,33]. An assessment of potential risk to human health was determined based on exposure dose, the targeted hazard quotient (THQ), and hazard index (HI) described by US EPA’s IRIS database [34,35,38].



The HI was calculated from the concentration of each metal in the samples of Ulva lactuca along with standard values of US EPA (2013) guidelines [38].



Based on the US EPA (2013) guidelines, HI < 1 indicates that there is no risk to human health [34,35].




2.5. Determination of Intake


The determination of the dietary intake requires the calculation of the estimated daily intake (EDI) [39], which is obtained as follows:


EDI (mg/day) = content of each metal (mg·kg −1) dry weight × average consumption (kg·day −1).



(1)







The contribution percentage is calculated as follows [39]:


Contribution percentage (%) = ((EDI (mg·day −1))/(Guideline value))/100



(2)







The Recommended Dietary Allowance (RDA) was calculated considering the percentage contribution of a 5.2 g portion of dry seaweed [40].




2.6. Data Analysis


To explore the relationship between trace and major elements in all samples studied, Pearson’s correlation analysis was performed. The bioconcentration factor (BCF), which is the ratio between the concentration of each metal in Ulva and the concentration of the same element in seawater [32,33], was calculated to highlight the implication of these algae in the bioremediation process. ANOVA test was used to determine if the difference between the mean values of the biomass is statistically significant. The correlation of the Pearson and ANOVA tests was performed in SPSS 26.0 software. The map of the lagoon was produced with QGIS software.





3. Results and Discussions


3.1. Physicochemical Parameters of Water and Ulva lactuca


The results of the physicochemical parameters of water are listed in Table 2. These results show a remarkable variation in chlorophyll and turbidity. The results of oxygen, temperature, pH, and salinity in the sampling sites did not show large variations, with a high temperature (30 °C), a slightly basic pH, high oxygenation, and salinity close to the open sea values. In this sampling area where algal blooms appeared, a previous study by [14] on the trophic status of the lagoon water showed that the trophic index was between 4 and 6, indicating a mesotrophic to eutrophic condition. The overall quality of the lagoon’s water was generally good and improved after the opening of the new pass with the Mediterranean Sea [14]. This new inlet has improved water exchange and hydrodynamics in the lagoon; however, nutrient discharges from agricultural activities, sewage treatment plants, and watersheds are still significant, as reported by [28] in this area.



The results of biomass from the green tide caused by Ulva lactuca during July 2021 are listed in Table 3. No significant difference was observed between sites (p > 0.05). This green tide covers an area of 4 km long, 200 m wide, and an average depth of 2 m. The green tide of Ulva (Figure 2) is a real threat to other algae in this area.



This bloom of green algae has been reported in the Bouareg zone. In this area, and in the framework of “integrated coastal area management,” the fishers’ community has received a grant for seaweed farming, especially for Gracilaria, from the “Global Environment Fund” and the World Bank. Blooms of Ulva lactuca have been reported in this Gracilaria farm and would be a source of nutritional competition in favor of Ulva lactuca and would cause problems to the algae farm by clogging the culture nets.



Our results showed that the critical nitrogen level, the nitrogen content of the tissue at which growth will be below the maximum level for a species [41], is higher than the 3.2% reported by [42] for Ulva lactuca. Thus, our observations of Ulva species proliferation in Marchica lagoon during the summer are in agreement with the results of [43], who showed that a strong association exists between the warmest sites and the highest biomass of Ulva prolifera, while pH and salinity are not considered factors explaining the spatial variability of this species’ growth. Under experimental conditions, [44] found that both light and nitrate concentrations affected the pigment composition of Ulva lactuca and, consequently, the nitrogen content. A higher growth rate and consistently higher biomass yield have also been reported in Ulva lactuca fertilized with ammonium than with nitrate [45]. In addition, Li et al. [46] showed that the nitrogen and phosphorus content of seawater can significantly increase the growth rate and the fresh weight of Ulva prolifera and their carbon uptake through photosynthesis.



During the study period, no algal blooms were reported in other locations in the lagoon. The bloom observed in the sampling area might be caused by wastewater discharges and agricultural runoff [47]. This area of Bouareg is characterized by moderate levels of the trophic index [14], and the occurrence of Ulva bloom was expected, as previously reported by Li et al. [46], who indicated that the algal bloom is a nuanced result of the eutrophication process. Choi and al [48] reported that longer poor water exchange in coastal zones and continuous supply of submarine groundwater discharge with high content of dissolved inorganic nitrogen are among the factors controlling the growth and the extension of Ulva blooms.



The matrix of Pearson’s correlations is summarized in Table 4. Positive correlations were found between the following pairs: Ni–Mn, Ni–Cu, Fe-Zn, Cu-Mn, and Cu–Fe, indicating similar accumulation behavior of those elements in Ulva lactuca [34], and negative correlations between Cr-Fe, Cr-Zn, and Cr-Cu without significance (p > 0.05). These findings suggested that the two combined metals exhibited comparable bioaccumulation behavior in seaweeds [49].




3.2. Heavy Metals in Water and Ulva lactuva


The bioconcentration of Pb, Cr, Zn, Cd, Mn, Cu, Ni, and Fe by Ulva lactuca samples collected from the Marchica lagoon are depicted in Table 5. The phosphorus mean was 1773.33 mg·kg −1. Cadmium was not detected in the species Ulva lactuca. The heavy metals with mean values can be sequenced in descending order, Fe > Mn > Zn > Cu > Ni > Pb > Cr > Cd. This finding suggests that Ulva has the strongest affinity to Fe and Mn bioaccumulation among the assessed metals. Our results show that Ulva lactuca has a great affinity to Mn and Fe, which are the most abundant metals in the Marchica lagoon because of its watershed and the mineralogical characteristics of the deposits of the old iron mine of Nador [28,47]. These results are in agreement with the finding of [50], who reported that Ulva has a particular affinity for Mn, Fe, and Pb. In the previous studies on heavy metals in the Marchica lagoon [28,47], Mn and Fe recorded the strongest concentrations in waters and sediments.



The BCFs of P, N, Pb, Cr, Zn, Cd, Mn, Cu, Ni, and Fe in Ulvalactuca and water samples from the Marchica lagoon are listed in Table 5. Mn, Fe, and Pb recorded the highest BCFs, which were 1687, 1656, and 1643, respectively. Our results were in agreement with those of [21], where a higher transfer factor (TF) from water to Ulva lactuca was found, suggesting a higher accumulation of metals from water. Zeroual and al [33] also reported values of bioconcentration factors greater than one unity, suggesting high transfer of heavy metals from water to Ulva lactuca rather than from sediments.



Regarding the contents of metals in Ulva lactuca and their contribution to RDA (Table 6), phosphorus contribution to RDA was very low (1.52–1.76%), while that of Mn ranged between 4.42 and 28.42%. Fe showed a maximum contribution of 13.58% to the RDA. Zn does not contribute much to the RDA, with a maximum value of 0.44%. Our findings are in agreement with studies that concluded that edible Chlorophyta have a low content of the essential minerals Zn and Cu and a high content of Ca [51] compared to brown and red seaweeds. In our results, the seven g of dried Ulva lactuca as suggested by [52] is not sufficient to achieve the RDA requirement for Cu and Zn. [52] reported that consumption of seven g of dried Ulva lactuca every day ensures the Cu RDA but is not enough to reach the Zn RDA. Similarly, [40] found that all green species studied, including Ulva sp., contributed less than 15% of the RDA of Cu and Zn but made a major contribution toward the RDA of Fe.




3.3. Health Risk Assessment


The results of the THQ and HI are listed in Table 7. In particular, no validated guidelines have been reported for the human consumption of seaweed in Morocco. Thus, values recommended by the USEPA (2013) on human risk assessment were considered. Since the consumption of algae in Morocco is very low, the values of algae consumption in Asian countries were used to calculate THQ and HI [35].



The TQH for each element was below 1.0 for all elements, suggesting that the exposure dose calculated in all samples was less than the RfD established by the US EPA. In addition, in all samples, the calculated hazard index (HI), including the sum of THQ, showed an HI below the value of 1. The HI values demonstrated the following sequence: Pb > Mn > Fe> Cr > Ni > Cu > Zn > Cd.




3.4. Comparative Study


Generally, the chemical composition and bioaccumulation of metals by macroalgae might vary greatly according to species, provenance area, and collection time [40,53,54]. Ulva lactuca has a strong capability to accumulate heavy metals. Thus, under experimental conditions, living Ulva lactuca proved to be a viable tool for accumulating the content of Cd, Pb, Cu, Cd, Cr, Pb, Ni, and Mn in contaminated waters [55].



When heavy metal levels in the Ulva lactuca species collected from the Marchica lagoon are compared to similar Ulva species throughout the Mediterranean, our results indicate generally high concentrations and are even closer to the results from contaminated areas. The results are summarized in Table 8.



The results of Fe were lower than those reported from the Venice lagoon [56], which recorded a maximum of 1630 mg/kg. Thus, our Fe results were lower than those reported from open sea areas such as the Sea of Marmara [57] and the Lebanon coast [50]. However, the results of Fe in the Marchica lagoon were similar to the values reported on the Tunisian coast and in the Aegean Sea [58,59].



The results of Zn, Mn, and Cu were higher than those reported by [60] on the Egyptian coast. The values of Mn were close to the values recorded in the eastern Mediterranean Sea [50,57] and higher than the results from the Tunisian coast [59]. Regarding Zn and Cu, our results were similar to the results recorded from the coast of Sicily, Syria, Lebanon, and Algeria [4,50,61,62], and they were lower than those from the Sea of Marmara [57], the Venice lagoon [56], and some areas of the Algerian coast [32].



Nickel in Ulva lactuca from the Marchica lagoon was higher than those reported in Ulva spp. from the Sicilian coast [4], the Venice lagoon [56], and the Lebanese coast [50]. Lead and chromium results in Marchica were higher than those reported from the Algerian coast [62], Egypt [60], and the Sicilian coast [4]; they were similar to results from the Lebanese coast [50] and lower than results from the Aegean coast [58].





4. Conclusions


This study showed the bioconcentration of some heavy metals (Fe, Cr, Ni, Zn, Cu, Pb, Zn, and Cd) and the nutrients that were responsible for the Marchica lagoon’s eutrophication (N and P) in the species Ulva lactuca (Chlorophyta) collected from the lagoon during a green tide in July 2021.



The study revealed that Ulva lactuca has a higher bioavailability and capacity towards Fe and Mn than the other metals. In addition, it revealed the capability to mitigate eutrophication because of the high bioavailability of nitrogen and phosphorus. Therefore, because it revealed important levels of metals, Ulva lactuca is recommended for biomonitoring and phycoremediation of heavy metals and eutrophication.



Furthermore, human ingestion of the assessed heavy metals from the consumption of Ulva species would not pose a risk to human health. Hence, further analysis of toxic metals is needed to obtain a comprehensive overview of the metal profile of this alga.



The results of this study suggest that the naturally occurring or cultivated macroalgae, especially Ulva lactuca, in the Marchica lagoon has the potential to absorb heavy metals in this coastal region, which can then be evaluated in fields without risks to human health, such as energy recovery.
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Figure 1. Locations of sampling sites in the study area. 
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Figure 2. Photo showing the Bloom of Ulva lactuca in Marchica lagoon during the study period. 
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Table 1. Emission wavelengths and the detection limits of the analyzed parameters.
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	Metals
	Emission Wavelengths (nm)
	Detection Limits (μg·L−1)





	Cd
	214.439
	0.3



	Cr
	267.716
	1.0



	Cu
	327.395
	1.0



	Fe
	238.204
	1.0



	Mn
	257.610
	0.3



	Ni
	231.604
	3.0



	Pb
	220.353
	3.0



	P
	213.618
	10.0



	Zn
	13.857
	1.0
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Table 2. The results of physicochemical and nutrient parameters in water.
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	T°
	Turbidity
	Salinity
	pH
	DO (mg·L −1)
	Chlorophyll a (µg·L−1)
	DIN (mg·L−1)
	PT (mg·L−1)





	30.60 ± 0.61
	20.64 ± 17.09
	35.64 ± 0.62
	8.24 ± 0.05
	9.72 ± 3.81
	206.24 ± 164.1
	0.09 ± 0.006
	0.45 ± 0.05
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Table 3. Biomass (p > 0.05) of Ulva lactuca from the green tide that occurred during July 2021.
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Sampling Sites

	
N° of Quadrat

	
Total Fresh Weight (kg)

	
Sub-Sample Fresh Weight (g)

	
Sub-Sample Dry Weight (g)

	
Dry Matter (%)






	
Site 1

	
1

	
2.56

	
250

	
28.76

	
11.50




	
Site 2

	
2

	
3.10

	
250

	
32.18

	
12.87




	
Site 3

	
3

	
3.55

	
250

	
32.84

	
13.14




	
Mean values (±Sd)

	
3.07 ± 0.49

	
250

	
31.26 ± 2.19

	
12.50 ± 0.87
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Table 4. Correlation matrix of the analyzed metals.
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	Pb
	Ni
	Zn
	Cu
	Mn
	Fe
	Cr





	Pb
	1.0
	
	
	
	
	
	



	Ni
	0.115
	1.0
	
	
	
	
	



	Zn
	0.567
	0.883
	1.0
	
	
	
	



	Cu
	0.468
	0.932
	0.993
	1.0
	
	
	



	Mn
	−0.022
	0.991
	0.811
	0.874
	1.0
	
	



	Fe
	0.807
	0.680
	0.944
	0.900
	0.573
	1.0
	



	Cr
	−0.684
	−0.803
	−0.989
	−0.965
	−0.714
	−0.983
	1.0
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Table 5. The bioaccumulation of heavy metals (mg·kg −1), N (mg·g −1), and P (mg·g −1) in Ulva lactuca and in water (mg·L−1).
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Pb

	
Cd

	
Cr

	
Ni

	
Zn

	
Cu

	
Mn

	
Fe

	
N

	
P






	
Ulva

lactuca

	
site 1

	
4.8

	
-

	
0.9

	
4.2

	
9.93

	
5.9

	
25.5

	
418

	
42.4

	
1.61




	
site 2

	
2.7

	
-

	
1

	
4

	
8.52

	
1.9

	
164

	
213

	
52.17

	
1.84




	
site 3

	
3.2

	
-

	
0.9

	
4.5

	
10.2

	
7.4

	
49.2

	
378

	
37.67

	
1.86




	
Mean values in water (mg·L−1)

	
0.0021

	
-

	
0.0334

	
0.0235

	
0.0283

	
0.0089

	
0.018

	
0.203

	
0.09

	
0.45




	
Mean values of BCF

	
1728

	
-

	
27

	
179

	
336

	
568

	
1687

	
1656

	
48,986

	
3940




	
Uptake: mean values (mg·m2)

	
43.77

	
-

	
11.45

	
51.95

	
117.19

	
62.17

	
976.4

	
4127.4

	
539 × 1000

	
21,762
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Table 6. Values of Estimated daily intake (EDI) (mg·day−1), Dietary Reference Values (DRVs) (mg.day−1), and the percentage of contribution to the Recommended Dietary Allowance (RDA).
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Parameters

	
P

	
Mn

	
Fe

	
Cu

	
Zn






	
Estimated daily intake (EDI) (mg·day−1)

	
site 1

	
8.38

	
0.132

	
2.173

	
0.031

	
0.051




	
site 2

	
9.57

	
0.852

	
1.107

	
0.010

	
0.044




	
site 3

	
9.70

	
0.255

	
1.965

	
0.038

	
0.053




	
Dietary Reference Values (DRVs) (mg·day−1)

	

	
550

	
3

	
11–16.0

	
1.6–1.3

	
12.7–6.3




	
Contribution (%) to the Recommended

Dietary Allowance (RDA)

	
site 1

	
1.52

	
4.42

	
13.585

	
2.36

	
0.43




	
site 2

	
1.74

	
28.42

	
6.923

	
0.76

	
0.37




	
site 3

	
1.76

	
8.52

	
12.285

	
2.96

	
0.44
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Table 7. Values of the reference dose for heavy metals in foods (RfD), the targeted hazard quotient (TQH), and the hazard index (HI).
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Parameters

	
Cr

	
Mn

	
Fe

	
Ni

	
Cu

	
Zn

	
Cd

	
Pb

	
HI = ∑ THQ






	
RfD (µg·g−1·day−1)

	
0.003

	
0.14

	
0.7

	
0.02

	
0.04

	
0.3

	
0.001

	
0.004

	




	
Ulva

lactuca

	
THQ

	




	
site 1

	
0.025

	
0.013

	
0.044

	
0.015

	
0.011

	
0.002

	
nd

	
0.089

	
0.201




	
site 2

	
0.022

	
0.087

	
0.022

	
0.017

	
0.003

	
0.002

	
nd

	
0.050

	
0.204




	
site 3

	
0.022

	
0.026

	
0.040

	
0.016

	
0.013

	
0.002

	
nd

	
0.061

	
0.182
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Table 8. Comparison of heavy metal concentrations (mg·kg−1 DW) measured in Ulva spp. from some Mediterranean areas (minimum and maximum levels are marked ‘‘−’’, means are marked ‘‘±’’, nd = no data).
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	Reference
	Location
	Pb
	Cr
	Ni
	Zn
	Cu
	Mn
	Fe
	Cd





	This study
	Morocco
	2.7–4.8
	0.9–1
	4.2–4.5
	8.55–10.2
	1.9–7.4
	25.5–164
	213–418
	nd



	[60]
	Egypt
	0.05 ± 0.01
	0.46 ± 0.14
	nd
	0.31 ± 0.05
	2.02 ± 0.13
	nd
	1.43 ± 0.05
	nd



	[4]
	Sicily coast, Italy
	0.67–5.77
	0.25–2.21
	0.97–8.12
	8.21–85.1
	1.48–10.4
	nd
	nd
	0.06–0.26



	[63]
	Algeria
	nd–154.78
	0.00
	nd
	16.6–106.88
	0.33–44
	nd
	nd
	nd–7.02



	[61]
	Syria
	0.55 ± 0.99
	4.71 ± 0.02
	nd
	11.0 ± 0.33
	5.48 ± 0.28
	nd
	nd
	11.0 ± 0.33



	[57]
	Marmara
	4.92–19.31
	
	nd
	15.15–41.29
	6.67–18.31
	8.26–25.31
	553.31–989.32
	0.451–3.21



	[62]
	Algeria
	1 ± 0.002
	0.979 ± 0.002
	nd
	5.400 ± 0.001
	2.587 ± 0.002
	nd
	nd
	0.038 ± 0.008



	[32]
	Algeria
	1.88–6.25
	0.00
	nd
	92–178.9
	nd
	nd
	nd
	nd



	[50]
	Lebanon
	1.04 ± 1.03
	1.08 ± 0.90
	2.13 ± 0.63
	5.12 ± 2.29
	2.30 ± 1.49
	29.4 ± 37.8
	516 ± 473
	0.05 ± 0.03



	[56]
	Italy
	0.7–17.6
	0.7–8.6
	2.2–5.0
	25–179
	4–29
	nd
	173–1630
	<0.1–0.7



	[59]
	Tunisia
	12.6
	nd
	nd
	68
	8
	13
	410
	nd



	[58]
	Aegean coast
	0.94–5.65
	0.78–4.78
	nd
	40.4–81
	7.78–13.9
	nd
	146–307.5
	14.9–54.2
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