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Abstract: Salicornia species are halophyte plants that are an important source for food, pharmacy, and
bioenergy. They can be consumed as a leafy vegetable, but they can accumulate heavy metals that
carry a health risk when knowledge of how each species behaves in different types of soil is lacking.
This present work aimed to determine to what extent S. ramosissima can be cultivated as food in
estuaries contaminated by heavy metals and to what extent it can be used in phytoremediation works,
by studying its behavior in populations that grow naturally in contaminated soils. We analyzed
accumulation and translocation in different parts of the plant for 14 heavy metals and calculated the
Health Risk Index value associated with their consumption as a leafy vegetable. The results obtained
mean that the S. ramosissima plants that grow in most of the soils of this estuary are unfit for human
consumption in some of the populations studied. In conclusion, Salicornia ramosissima J. Woods can
accumulate Cd, As, and Pb—among other metals—in its leaves so its consumption should be limited
to plants that grow in soils free of these metals.

Keywords: safety food; Health Risk Index; salt marshes; Chenopodiaceae; heavy metals

1. Introduction

Heavy metals are enriched in the environment by human activities such as mining,
industrial and traffic emissions, untreated sewage effluents, fertilizer, pesticides, etc.,
reaching the soil and the sediment where they become bound [1–3], generating problems
by their contamination of the atmosphere, water and soil that have become a global
concern [4–7]. For this reason, soil contamination by heavy metals has been regulated
by various organizations and public administrations, which have established maximum
permitted limits for metal concentrations in order to protect the soil and the environment,
normally depending on the soil’s pH value. This is the case in the European Union [8] and
more specifically it is the situation defined by the Spanish government [9], which both set
limits for Cd, Cr, Cu, Hg, Ni, Pb, and Zn and, more locally in our case, the government of
the autonomous region of Andalusia, which fixed levels for As, Cd, Co, Cr, Cu, Ni, Pb, Tl,
and Zn [10].
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When heavy metals accumulate to a certain degree of concentration in soils, they can
easily enter the human body by plant enrichment via the food chain, which acts as the
major pathway for human exposure to heavy metals [5,7,11,12]. Unsurprisingly, food safety
is fast becoming a major concern worldwide, hence the growing demand for research on
the risks associated with the consumption of food contaminated by heavy metals [13–16].

The capacity of plants to absorb heavy metals from soil depends on the bioavail-
ability of the metal in the soil and on the plant species. As vegetables are an important
component of the human diet, many studies have assessed their levels of heavy metal
contamination in different situations and the risk to health by their intake—specifically
leafy vegetables—which potentially accumulate more heavy metals than other fruit and
vegetable crops [4,13,14,17–19].

Hazards due to heavy metal intake in the human body have led many countries and
agencies, such as the Food and Agriculture Organization of the United Nations, the World
Health Organization [20], and the European Union [21,22] to establish tolerance levels for
food and animal feed based on investigations of their effect according to their degree of
toxicity or to establish rates of periodic intake of which the most widely used are PTWI
(permitted tolerable weekly intake) (mg kg−1 body weight week−1)—whose levels were
established by the FAO and WHO [20,23]—and TUIL (Tolerable Upper Intake Level) (mg
day−1), whose levels are used by different agencies such as the Panel on Micronutrients of
the US Institute of Medicine [24], the European Food Safety Authority [25–27], the Spanish
Agency for Food Safety and Nutrition [28], and the WHO [29].

Various parameters could be used to quantify these hazards but the most common is
the Health Risk Index (HRI), which is based on the Estimated Daily Intake (EDI) (mg kg−1

body weight day−1) and on the dose reference (RfD) (mg kg−1 body weight day−1); this pa-
rameter generally uses the values established by the United States Environmental Protection
Agency [30–32], widely used for vegetable consumption [33–37].

Similar to EDI is the Chronic Daily Intake (CDI) (mg kg−1 body weight day−1) index,
which also considers the years of exposure to one food and the mean days of exposure in a
year, comparing this value with the RfD value yields the Target Hazard Quotient (THQ),
which has been used by several authors [15,16,19,34].

Meanwhile, degradation of agricultural land by salinization continues worldwide [38,39]
due to a decrease in fresh water and groundwater; this has stimulated interest in the use of
halophytes, which have more salt resistance than conventional agricultural crops [40–45]
because they are naturally adapted to salt resistance, which can also extend tolerance to
other toxic elements [46–49].

In Europe, halophytes play an increasingly important role in human consumption
patterns, and the European Union is mulling a decision to establish maximum levels
for heavy metals for such foods; monitoring has already begun of Salicornia europaea L.
(an aggregate species to which S. ramosissima belongs) to enable an accurate estimate of
exposure to be made [50] since halophytes and seaweeds could contain high concentrations
of heavy metals such as arsenic in comparison to terrestrial plants [51].

As in the rest of the glassworts Salicornia species, S. ramosissima is an annual halo-
phyte species in which water is stored in the succulent leaves that are opposite and fused,
forming a ring around the stems [52,53]. It is a pioneer species that colonizes European
and North African salt marshes, occurring in a range of salt marsh habitats [54], includ-
ing those with hypersalinity conditions, due to which its seeds are capable of germi-
nating at high salinity levels [55,56] and are an important source of food [16,42,57,58],
pharmaceuticals [42,43,59–61], and bioenergy [41,43]. Its cultivation also has ecological ap-
plications, thanks to its ability to survive and to reproduce in saline environments [62], as a
biofilter to recycle the water and nutrients contained in the effluents of marine aqua-
culture, and as a phytoremediator of saline soils and soils contaminated with heavy
metals [43,63–67].

In the case of S. ramosissima, it has been proposed for phytoremediation due to its
ability to accumulate Cd in its roots, but this accumulation recedes with increasing salinity,
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especially at high concentrations [68,69]; this species is considered as a phytoaccumulator
at root level for As, Cd, Cu, Ni, Pb, and Zn and that plant growth promoting inoculation
could enhance this phytoaccumulation due to its increase in plant biomass.

Salicornia species primarily inhabit saline coastal habitats, such as estuarine salt
marshes [54], where heavy metals have been added to the environment by polluted water
through various anthropogenic activities—such as manufacturing, mining, and agricultural
industries [70]—as is the case of the estuary of the Tinto and the Odiel rivers in Huelva
(SW Spain), which is one of the systems most heavily polluted by heavy metals in the
world [71–73].

The aim of this present study was to determine to what extent S. ramosissima can be
farmed for food in estuaries polluted by heavy metals and to what extent it can be used in
phytoremediation work by studying its behavior in populations growing naturally in the
heavy metal-contaminated soils of the Odiel river estuary. To do this, we analyzed heavy
metal accumulation and translocation in different parts of the plant for 14 heavy metals: Al,
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Tl, U, V, and Zn, mostly selected for their abundance in
the area and/or for their toxic potential when eaten.

The heavy metal concentrations observed in leaves for the 14 heavy metals in all
populations were compared to the limit of tolerable content in food for these metals
established by the FAO/WHO [20], the European Union [21,22], and China’s Food and
Drug Administration [74] to verify its edibility and its commercialization in accordance
with these criteria and then we calculated the Health Risk Index value associated with their
consumption as a leafy vegetable.

The following hypotheses were tested: (1) Heavy metal accumulation would be site
specific and depend on soil concentrations; (2) Heavy metal intake by roots could be
affected by soil pH and soil conductivity; (3) Heavy metal accumulation would vary in the
different habitats that this species inhabits; and (4) Heavy metal accumulation in edible
parts of the plant can compromise human consumption due to its toxicity.

2. Materials and Methods
2.1. Study Area and Species Studied

The study was carried out in the Odiel Marshes Natural Park (Huelva; SW Spain),
located in the estuary of Huelva, formed by the convergence of the rivers Tinto and
Odiel, protected by law in Andalusia as a Natural Park, and internationally recognized
as a Biosphere Reserve by UNESCO. The major habitats in the park are tidal marshes,
canals, saltworks, and islands covered by sclerophyllous shrubland vegetation and pine
woodlands [75]. Tidal salt marshes show a clear community zonation pattern, based on tidal
influence and elevation [76], which are sometimes separate in different habitats [75,77,78].
In the Odiel Marshes, S. ramosissima inhabits four types of habitats: low marsh, medium
marsh, saltpan, and saltwork.

A total of 14 populations of Salicornia ramosissima were sampled in May 2019 through-
out the Natural Park (Figure 1), including populations collected in the four habitats men-
tioned (Table 1).

Table 1. Coordinates of the sample points, correspondent habitat, and mean and standard error of
soil pH and soil conductivity (mS cm−1).

Sampling Point Longitude Latitude Habitat Soil pH Soil Conductivity

1 37◦16’18.75” N 6◦58’59.81” W Saltpan 6.14 ± 0.01 38.05 ± 0.25
2 37◦15’40.85” N 6◦58’34.57” W Saltwork 5.66 ± 0.06 24.95 ± 0.15
3 37◦15’39.13” N 6◦58’37.06” W Saltwork 5.92 ± 0.01 32.45 ± 0.05
4 37◦15’12.12” N 6◦57’59.79” W Low marsh 6.20 ± 0.00 31.60 ± 0.20
5 37◦14’31.80” N 6◦57’56.65” W Saltpan 5.92 ± 0.00 32.45 ± 0.05
6 37◦14’31.54” N 6◦57’54.44” W Saltpan 5.03 ± 0.01 23.30 ± 0.00
7 37◦13’32.80” N 6◦57’52.52” W Medium marsh 5.11 ± 0.02 34.40 ± 0.20
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Table 1. Cont.

Sampling Point Longitude Latitude Habitat Soil pH Soil Conductivity

8 37◦13’17.47” N 6◦57’41.09” W Saltpan 6.33 ± 0.02 15.60 ± 0.00
9 37◦13’16.31” N 6◦57’43.75” W Medium marsh 6.48 ± 0.00 23.70 ± 0.40

10 37◦13’04.99” N 6◦57’48.85” W Medium marsh 5.73 ± 0.01 36.05 ± 0.05
11 37◦12’29.71” N 6◦57’32.60” W Low marsh 5.69 ± 0.01 36.50 ± 0.30
12 37◦12’26.06” N 6◦57’33.75” W Saltpan 5.55 ± 0.25 28.75 ± 0.15
13 37◦12’20.09” N 6◦57’04.41” W Medium marsh 5.96 ± 0.03 21.25 ± 0.15
14 37◦11’02.84” N 6◦56’29.89” W Medium marsh 6.21 ± 0.01 32.00 ± 0.10
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2.2. Soils Sampling and Analysis

In each sampling population, a soil sample and a sample of plant material were
collected. Soil samples were collected from the S. ramosissima population using stainless
steel cores of 50 mm height and diameter. These samples were hermetically sealed in
polyethylene bags and stored at −20 ◦C for analysis in the laboratory [6].

The day before analysis, the soil samples were thawed to room temperature. A sample
of 20 cc from each soil sample was placed in a Falcon tube with 20 cc of distilled water
(1:1), then homogenized by vigorous vortex shaking for two minutes, and centrifuged
at 3000× g for 15 min. The supernatant was transferred to a glass tube for the rest of
analysis. Electrical conductivity in the supernatant was measured by a conductivity meter
(Horiba Laqua, Kyoto, Japan), and the pH was measured by a pHmeter (Crison Basic 20+,
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Barcelona, Spain). The pH and the conductivity analyses were performed in duplicate, and
two measures of pH and conductivity were taken for each soil sample [77].

For the quantification of bioavailable metals, the samples were pretreated using the
Alan and Kara protocol namely, the thawed soil samples were deposited in Petri dishes
and oven-dried at 45 ◦C for two days. A sufficient amount of soil sample was sifted
using a 100 µm sieve. Once sifted, 1 g of each soil sample was weighed and 40 mL of
20 mM CaCl2 added, then constantly stirred overnight at room temperature. The following
day, the soil samples were centrifuged at 3000× g for 15 min to recover the supernatant
fraction containing the bioavailable metals and stored at 4 ◦C until further quantification
by ICP-MS [79].

Each supernatant was five-fold diluted with 5%HNO3 (trace metal grade 65%), contain-
ing 100 ug/L of Rh as internal standard, and analyzed in an inductively coupled plasma
mass spectrometer, (ICP-MS) Thermo XSeries2 (Thermo Scientific, Bremen, Germany),
equipped with a MicroMist nebulizer, Ni cones, and Cetac ASX-500 autosampler (Agilent,
Wilmington, DE, USA). All analyses were performed in triplicate, and three measures of
each heavy metal were taken for each soil sample. The validation of the methodology was
carried out using the standard reference material NIST 1646a (estuarine sediment).

The heavy metals recorded were: Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Tl, U, V, and
Zn. This list includes the 10 most abundant metals in solutions and in sediments found
in the Odiel Marshes Natural Park: Al, As, Cd, Co, Cu, Fe, Mn, Ni, Pb, and Zn [80–89].
The list also includes three of the heavy metals most commonly associated with poisoning
in humans—lead (Pb), arsenic (As), and cadmium (Cd)—which cause significant health
problems associated with neurotoxic and carcinogenic actions, even when exposed to
low concentrations [90], and other metals required by living organisms in traces, such as
chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), copper (Cu), and zinc (Zn), which
at excessive levels can be harmful to humans, causing degenerative diseases of the central
nervous system, the cardiovascular and gastrointestinal systems, lungs, kidneys, liver,
endocrine glands, and bones [91]. To complete the study, we also included V, Tl, and U.

2.3. Plants Sampling and Analysis

At each of the 14 populations, 20 or more complete plants were carefully selected and
transported in paper bags to the laboratory and stored at 20–25 ◦C for analysis the following
day. Plant material was processed using a modified protocol from Alzahrani et al. [92]
namely, plants from each sampling point were dissected in three parts: roots; basal parts
of the stem with dried leaves, referred to as stems; and the upper parts of the stems and
branches with fresh and turgent leaves around, referred to as leaves. The different parts
were carefully washed with ultrapure water, thoroughly dried in a forced convection oven
at 60 ◦C for 48 h and pulverized with a mortar and pestle (the mortars were previously
washed by immersion in pure nitric acid for half an hour, rinsed with deionized water and
dried in an oven at 60 ◦C), and the powder stored in hermetically sealed polypropylene
tubes at 4 ◦C for analysis. A total of 50 mg of a powdered sample were mixed with 640 µL
HNO3 and 160 µL of H2O2 in polytetrafluoroethylene vessels and incubated for 10 min.
Mineralization, using a CEM Matthews microwave oven (CEM Corporation, Matthews,
NC, USA, model MARS) was carried out at 800 W at room temperature, ramped up to
180 ◦C for 10 min, and maintained for 20 min at that temperature. Then, the solutions
were prepared with up to 5 mL of ultrapure water, and the metals were analyzed with an
inductively coupled plasma mass spectrometer (ICP-MS), as described in the soil analysis.
All analyses were performed in triplicate, and three measures of each heavy metal in each
plant part were taken for each population. The validation of the methodology was carried
out using the standard reference material NIST 1573a.

2.4. Translocation and Bioconcentration Factors

The heavy metal concentrations recorded were used to estimate the translocation
and the bioconcentration factors. The translocation factors (TF) were calculated by divid-
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ing the heavy metal concentrations in the different parts of the plants: stems/roots and
leaves/stems; the bioconcentration factors (BCF) were calculated by dividing the heavy
metal concentrations in the different parts of the plants by soil concentration [7].

2.5. Assessment of Food Risk to Human Health

First, we compared the heavy metal concentrations in leaves to the limit of tolera-
ble content in food for these metals established by the FAO/WHO [20], the European
Union [21,22], and China’s Food and Drug Administration [74].

For each heavy metal included in this study we also calculated the Estimated Daily
Intake (EDI) (mg kg−1 body weight day−1):

EDI = (Cmetal × Cfactor × Dfood intake)/Bw according to the concentration of metal in
food (mg kg−1 dry weight) (Cmetal); the conversion factor (Cfactor) that converts the fresh
vegetable weight into dry weight; the daily intake of the respective food (kg wet weight
day−1) (Dfood intake); and the body weight (Bw).

For the Cfactor in leafy vegetables, we used the value of 0.2 [93]; for the daily intake of
leafy vegetables, we used the mean population data in Spain, 70.4 g, which is considerably
higher than in most European countries and the United States, due to influence of the
Mediterranean diet [94]; and for body weight, we used the European average of 70.8 kg [95].
Then, we calculated the Health Risk Index (HRI):

HRI = EDI/RfD, applying the United States Environmental Protection Agency values
for most of the metals studied [30–32].

If the HRI is <1, then adverse health effects are not expected, but there could be adverse
health effects if the HRI is >1. However, these health risk parameters could add uncertainty
and limitation to the risk assessment as metals in food are not totally absorbed by humans
when ingested, so metal concentrations may overestimate the actual health risk value [15].

2.6. Statistical Analyses

Statistical analyses were carried out using STATISTICA 8.0 (StatSoft Inc., Minneapolis,
MN, USA) with results considered significant when p ≤ 0.05. The normality and the
homogeneity of variance in the data series were tested using the Kolmogorov–Smirnov
and the Levene tests, respectively.

In each population, the mean and standard error was calculated for soil pH and
conductivity (n = 2) and for the content of the 14 heavy metals studied in soil, roots,
stems and leaves (n = 3). The means of these parameters were compared among the
populations using the non-parametric Kruskal–Wallis test, as none of the data series had
normal distribution and homogeneity of variance. To examine the strength of association
between the population means of the different parameters, we used Pearson’s correlation
coefficient, when the series of means had normal distribution, or otherwise Spearman’s
correlation coefficient, applying the Bonferroni correction to each series of analyses.

In each population, the TF root/stem, TF stem/leaf, BCF root, BCF stem, and BCF leaf
were determined, and the mean and standard error for each metal was calculated.

For habitat analysis, the populations were grouped in the four habitats considered:
low marsh (2 populations), medium marsh (5 populations), saltpan (5 populations) and
saltwork (2 populations) (Table 1). In each habitat, the mean and standard error was
calculated for soil pH and conductivity (n = 4 for low marsh and saltwork, and n = 10
for medium marsh and saltpan) and for content of the 14 heavy metals studied in soil,
roots, stems and leaves (n = 6 for low marsh and saltwork, and n = 15 for medium marsh
and saltpan). The means of these parameters were compared among habitats using the
ANOVA test and Tukey as a post-hoc test, when the data series had normal distribution
and homogeneity of variance, or otherwise, the Kruskal–Wallis test and Mann–Whitney as
a post-hoc test.

In each habitat the TF root/stem, TF stem/leaf, BCF root, BCF stem, and BCF leaf were
determined, and the mean and standard error for each metal was calculated and compared
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among habitats using the non-parametric Kruskal–Wallis test as none of the data series had
normal distribution and homogeneity of variance.

3. Results
3.1. pH and Soil Conductivity Found in Populations and Habitats

The mean soil pH in the different populations studied ranged from 5.03 to 6.48
(5.85 ± 0.11) (Table 1), with significant differences among populations (Kruskal–Wallis
test H(12.28) = 26.47, p = 0.0147). At habitat level, the means ranged from 5.79 in saltpans and
saltworks to 5.95 in low and medium marshes (Figure 2), with no significant differences
among habitats (ANOVA test F(4.28) = 0.279, p = 0.8399).

Diversity 2022, 14, x FOR PEER REVIEW 7 of 27 
 

 

For habitat analysis, the populations were grouped in the four habitats considered: 

low marsh (2 populations), medium marsh (5 populations), saltpan (5 populations) and 

saltwork (2 populations) (Table 1). In each habitat, the mean and standard error was cal-

culated for soil pH and conductivity (n = 4 for low marsh and saltwork, and n = 10 for 

medium marsh and saltpan) and for content of the 14 heavy metals studied in soil, roots, 

stems and leaves (n = 6 for low marsh and saltwork, and n = 15 for medium marsh and 

saltpan). The means of these parameters were compared among habitats using the 

ANOVA test and Tukey as a post-hoc test, when the data series had normal distribution 

and homogeneity of variance, or otherwise, the Kruskal–Wallis test and Mann–Whitney 

as a post-hoc test. 

In each habitat the TF root/stem, TF stem/leaf, BCF root, BCF stem, and BCF leaf were 

determined, and the mean and standard error for each metal was calculated and com-

pared among habitats using the non-parametric Kruskal–Wallis test as none of the data 

series had normal distribution and homogeneity of variance. 

3. Results 

3.1. pH and Soil Conductivity Found in Populations and Habitats 

The mean soil pH in the different populations studied ranged from 5.03 to 6.48 (5.85 

± 0.11) (Table 1), with significant differences among populations (Kruskal–Wallis test 

H(12.28) = 26.47, p = 0.0147). At habitat level, the means ranged from 5.79 in saltpans and 

saltworks to 5.95 in low and medium marshes (Figure 2), with no significant differences 

among habitats (ANOVA test F(4.28) = 0.279, p = 0.8399). 

The mean soil conductivity in the populations ranged from 15.60 to 38.05 mS cm−1 

(29.36 ± 1.77) (Table 1), with significant differences among populations (Kruskal–Wallis 

test H(12.28) = 26.80, p = 0.0133). At habitat level, the means ranged from 27.63 in saltpans to 

34.05 in low marshes (Figure 2), with no significant differences among habitats (ANOVA 

test F(4.28) = 0.929, p = 0.4419). 

 

Figure 2. Mean and standard error for soil pH (grey bars) and conductivity (black point) for popu-

lations grouped by different habitats. 

3.2. Heavy Metal Concentrations in Soil  

The supplementary material table shows the heavy metal concentrations for each 

population in soil, roots, stems, and leaves. The order of metals by mean concentration for 

all populations in the soils was: Zn > Mn > Cu > Fe > Al > As > Ni > Co > Pb > V > Cr > Cd 

> Tl > U. For all metals, there were significant differences among soil concentrations in 

different populations. Significantly greater concentrations of Al, Fe, and U were found in 

population 1; Cr in population 3; Mn, Ni, and Cu in population 7; V in population 11; and 

As, Cd, Co, Pb, Tl, and Zn in population 14. Significantly lower concentrations of Cr were  

Figure 2. Mean and standard error for soil pH (grey bars) and conductivity (black point) for popula-
tions grouped by different habitats.

The mean soil conductivity in the populations ranged from 15.60 to 38.05 mS cm−1

(29.36 ± 1.77) (Table 1), with significant differences among populations (Kruskal–Wallis
test H(12.28) = 26.80, p = 0.0133). At habitat level, the means ranged from 27.63 in saltpans to
34.05 in low marshes (Figure 2), with no significant differences among habitats (ANOVA
test F(4.28) = 0.929, p = 0.4419).

3.2. Heavy Metal Concentrations in Soil

The supplementary material table shows the heavy metal concentrations for each
population in soil, roots, stems, and leaves. The order of metals by mean concentration for
all populations in the soils was: Zn > Mn > Cu > Fe > Al > As > Ni > Co > Pb > V > Cr >
Cd > Tl > U. For all metals, there were significant differences among soil concentrations in
different populations. Significantly greater concentrations of Al, Fe, and U were found in
population 1; Cr in population 3; Mn, Ni, and Cu in population 7; V in population 11; and
As, Cd, Co, Pb, Tl, and Zn in population 14. Significantly lower concentrations of Cr were
observed in population 2; As, Co, Cu, Tl, U, and Zn in population 3; V in population 6; Al,
Fe, and Ni in population 9; and Mn and Cd in population 11.

There were no significant differences among soil concentrations in the different habitats
studied for Al, Cr, Mn, Fe, and Pb (Table 2). Soil available concentrations of V and Cu
were significantly greater in low-marsh soils; those of Co, Ni, Zn, As, Cd, and Tl were
significantly greater in soils of the medium marshes; and those of U were significantly
greater in saltpan soils. Soil available concentrations of Ni and Tl were significantly lower
in low-marsh soils; those of As were lower in saltpan soils; and those of V, Co, Cu, Zn, Cd,
and U were lower in saltwork soils.
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Table 2. Mean and standard error of metal content (mg kg−1) in soil and in the different parts of the
plants for each habitat and results of the statistical test for comparing means among populations.
Different letters after the means indicate significant differences among means for habitats.

Metal Material Low Marsh Medium Marsh Saltpan Saltwork Kruskal Wallis Test

Al

SOIL 102.96 ± 27.32 74.83 ± 7.20 147.22 ± 47.14 49.98 ± 2.80 H(3, N=42) = 2.78 p = 0.4273
ROOT 795.79 ± 40.70 1468.69 ± 319.61 1994.83 ± 178.26 1677.93 ± 474.13 H(3, N=42) = 6.01 p = 0.1109
STEM 165.21 a ± 48.65 178.08 a ± 35.05 574.17 b ± 92.46 133.67 a ± 10.26 H(3, N=42) = 21.29 p = 0.0001
LEAF 26.24 a ± 1.19 46.57 a ± 12.94 101.24 b ± 15.28 36.67 ab ± 2.16 H(3, N=42) = 16.64 p = 0.0008

V

SOIL 5.43 a ± 1.96 2.05 a ± 0.17 0.85 b ± 0.11 0.62 b ± 0.03 H(3, N=42) = 25.57 p = 0.0000
ROOT 1.82 a ± 0.15 29.19 b ± 17.38 3.73 b ± 0.48 2.63 ab ± 0.67 H(3, N=42) = 8.17 p = 0.0425
STEM 0.54 ± 0.09 0.78 ± 0.09 1.52 ± 0.39 0.49 ± 0.01 H(3, N=42) = 8.85 p = 0.0314
LEAF 0.06 a ± 0.01 0.17 b ± 0.03 0.16 b ± 0.03 0.07 ab ± 0.00 H(3, N=42) = 15.08 p = 0.0018

Cr

SOIL 1.67 ± 0.15 1.68 ± 0.09 1.70 ± 0.13 1.98 ± 0.52 H(3, N=42) = 0.91 p = 0.8228
ROOT 1.02 ± 0.04 8.85 ± 4.99 1.88 ± 0.13 1.46 ± 0.36 H(3, N=42) = 6.92 p = 0.0744
STEM 0.71 ± 0.07 0.53 ± 0.03 0.86 ± 0.13 0.57 ± 0.01 H(3, N=42) = 5.84 p = 0.1198
LEAF 0.09 a ± 0.01 0.17 b ± 0.02 0.17 b ± 0.02 0.08 a ± 0.00 H(3, N=42) = 20.71 p = 0.0001

Mn

SOIL 410.51 ± 180.09 1190.85 ± 336.31 799.61 ± 240.70 203.83 ± 67.45 H(3, N=42) = 2.53 p = 0.4704
ROOT 42.54 ± 8.27 93.23 ± 27.75 88.53 ± 16.86 53.45 ± 16.39 H(3, N=42) = 2.11 p = 0.5498
STEM 24.01 ab ± 5.75 68.42 a ± 15.99 44.65 ab ± 9.37 13.70 b ± 1.90 H(3, N=42) = 10.96 p = 0.0120
LEAF 5.90 a ± 0.17 43.92 b ± 10.74 28.92 b ± 7.14 18.66 ab ± 3.52 H(3, N=42) = 13.19 p = 0.0043

Fe

SOIL 119.55 ± 31.78 118.98 ± 23.01 144.75 ± 41.20 29.55 ± 1.85 H(3, N=42) = 4.68 p = 0.1971
ROOT 989.57 ± 152.21 1305.59 ± 228.56 2167.75 ± 277.07 1197.09 ± 360.23 H(3, N=42) = 8.52 p = 0.0365
STEM 177.32 a ± 10.97 203.62 a ± 27.24 504.88 b ± 98.36 152.74 a ± 12.89 H(3, N=42) = 21.68 p = 0.0001
LEAF 39.57 ± 7.95 66.28 ± 17.17 58.82 ± 10.55 27.93 ± 1.15 H(3, N=42) = 3.81 p = 0.2832

Co

SOIL 4.93 ab ± 1.92 14.21 a ± 2.94 9.01 ab ± 1.41 2.44 b ± 0.94 H(3, N=42) = 10.10 p = 0.0177
ROOT 1.87 ± 0.04 5.01 ± 1.84 3.31 ± 0.46 1.96 ± 0.74 H(3, N=42) = 2.76 p = 0.4300
STEM 0.63 ab ± 0.05 1.06 a ± 0.14 1.24 a ± 0.13 0.34 b ± 0.05 H(3, N=42) = 16.10 p = 0.0011
LEAF 0.10 ± 0.01 0.38 ± 0.13 0.24 ± 0.04 0.09 ± 0.01 H(3, N=42) = 6.81 p = 0.0782

Ni

SOIL 4.91 a ± 0.15 12.93 b ± 2.70 10.34 b ± 1.13 6.41 ab ± 0.33 H(3, N=42) = 14.00 p = 0.0029
ROOT 1.78 ± 0.15 6.35 ± 2.70 4.62 ± 0.79 3.42 ± 0.49 H(3, N=42) = 6.99 p = 0.0723
STEM 2.06 ± 0.74 1.05 ± 0.15 1.94 ± 0.62 2.59 ± 0.99 H(3, N=42) = 2.92 p = 0.4035
LEAF 0.28 ab ± 0.05 0.45 a ± 0.04 0.24 b ± 0.02 0.26 ab ± 0.04 H(3, N=42) = 16.98 p = 0.0007

Cu

SOIL 246.83 a ± 20.72 188.17 a ± 31.15 172.81 a ± 22.11 13.23 b ± 3.86 H(3, N=42) = 16.60 p = 0.0009
ROOT 43.09 ab ± 2.74 71.31 a ± 9.56 70.61 a ± 3.77 24.91 b ± 7.02 H(3, N=42) = 15.89 p = 0.0012
STEM 22.91 ab ± 3.72 30.58 ab ± 1.22 34.74 a ± 2.28 18.70 b ± 4.29 H(3, N=42) = 10.67 p = 0.0137
LEAF 3.57 a ± 0.02 8.76 b ± 1.21 8.91 b ± 0.93 6.96 ab ± 0.82 H(3, N=42) = 16.01 p = 0.0011

Zn

SOIL 166.23 ab ± 54.54 1706.96 a ± 500.86 647.84 a ± 194.64 88.14 b ± 22.28 H(3, N=42) = 13.18 p = 0.0046
ROOT 50.00 ab ± 0.69 67.58 a ± 6.95 59.25 a ± 1.78 39.09 b ± 4.42 H(3, N=42) = 11.94 p = 0.0076
STEM 47.12 ab ± 1.32 57.82 a ± 2.98 49.62 a ± 2.49 34.38 b ± 0.44 H(3, N=42) = 19.78 p = 0.0002
LEAF 16.11 a ± 0.78 27.86 b ± 2.69 26.88 b ± 2.82 17.76 ab ± 0.77 H(3, N=42) = 14.56 p = 0.0022

As

SOIL 8.64 ab ± 1.07 24.28 a ± 4.31 6.23 b ± 0.43 7.74 ab ± 2.68 H(3, N=42) = 22.75 p = 0.0000
ROOT 7.79 ± 1.55 13.84 ± 4.21 9.71 ± 1.28 7.78 ± 2.80 H(3, N=42) = 1.19 p = 0.7562
STEM 1.29 ± 0.04 1.49 ± 0.15 2.26 ± 0.35 1.28 ± 0.27 H(3, N=42) = 6.07 p = 0.1084
LEAF 0.22 ± 0.03 0.42 ± 0.12 0.36 ± 0.05 0.24 ± 0.06 H(3, N=42) = 2.49 p = 0.4776

Cd

SOIL 0.49 ab ± 0.09 1.53 ab ± 0.57 1.05 a ± 0.09 0.39 b ± 0.02 H(3, N=42) = 13.58 p = 0.0035
ROOT 0.14 ab ± 0.01 3.69 a ± 2.36 0.20 ab ± 0.03 0.12 b ± 0.00 H(3, N=42) = 14.82 p = 0.0020
STEM 0.19 ± 0.05 0.14 ± 0.01 0.13 ± 0.01 0.12 ± 0.02 H(3, N=42) = 2.33 p = 0.5062
LEAF 0.03 ± 0.00 0.10 ± 0.01 0.08 ± 0.02 0.06 ± 0.01 H(3, N=42) = 6.93 p = 0.0740

Tl

SOIL 0.19 a ± 0.01 0.44 ab ± 0.09 0.37 b ± 0.04 0.21 ab ± 0.02 H(3, N=42) = 12.83 p = 0.0050
ROOT 0.18 ± 0.03 0.49 ± 0.06 0.98 ± 0.28 0.42 ± 0.16 H(3, N=42) = 5.31 p = 0.1502
STEM 0.12 ± 0.02 0.29 ± 0.06 0.65 ± 0.18 0.34 ± 0.11 H(3, N=42) = 4.39 p = 0.2221
LEAF 0.09 ± 0.01 0.22 ± 0.04 0.70 ± 0.20 0.19 ± 0.06 H(3, N=42) = 5.82 p = 0.1205

Pb

SOIL 4.74 ± 0.38 4.71 ± 0.53 3.55 ± 0.24 4.52 ± 1.37 H(3, N=42) = 3.99 p = 0.2625
ROOT 4.57 ± 0.22 5.62 ± 0.94 5.03 ± 0.56 4.66 ± 1.66 H(3, N=42) = 0.75 p = 0.8604
STEM 1.52 ± 0.30 1.96 ± 0.25 2.36 ± 0.36 1.38 ± 0.04 H(3, N=42) = 2.45 p = 0.4843
LEAF 0.31 ± 0.03 0.57 ± 0.08 0.43 ± 0.05 0.55 ± 0.03 H(3, N=42) = 7.37 p = 0.0611

U

SOIL 0.27 ab ± 0.05 0.23 ab ± 0.01 0.28 a ± 0.03 0.16b ± 0.01 H(3, N=42) = 10.69 p = 0.0135
ROOT 0.25 ± 0.01 0.38 ± 0.10 0.50 ± 0.08 0.43 ± 0.16 H(3, N=42) = 6.86 p = 0.0764
STEM 0.08 ab ± 0.01 0.13 ab ± 0.03 0.16 a ± 0.01 0.07 b ± 0.02 H(3, N=42) = 11.95 p = 0.0075
LEAF 0.01a ± 0.00 0.01 ab ± 0.00 0.02 b ± 0.00 0.01 ab ± 0.00 H(3, N=42) = 11.79 p = 0.0081
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3.3. Heavy Metal Concentrations in Plants

At root level (Table S1 in Supplementary Material), the order of metals by mean
concentration for all populations was: Al > Fe > Mn > Cu > Zn > V > As > Pb > Ni > Cr > Co
> Cd > Tl > U. For all metals, there were significant differences among root concentrations
in different populations. Significantly greater concentrations of Al and Fe were found in
population 1; Tl in population 8; V, Cr, Mn, Co, Ni, Cu, As and Cd in population 10; and
Zn, Pb, and U in population 13. Significantly lower concentrations of V, Cr, Fe, Co, Cu, Zn,
As, Tl, and Pb were observed in population 3; Cd in population 5; Ni in population 9; and
Al, Mn, and U in population 14. At habitat level, for Al, Cr, Mn, Fe, Co, Ni, As, Tl, Pb, and
U, there were no significant differences among root concentrations in the different habitats
studied (Table 2). Concentrations of V, Cu, Zn, and Cd were significantly greater in the
roots of medium-marsh populations. Concentrations of V were significantly lower in the
roots of low-marsh populations, and those of Cu, Zn, and Cd were lower in the roots of
saltwork plants.

At stem level (Table S1 in Supplementary Material), the order of metals by mean
concentration for all populations was: Al > Fe > Zn > Mn > Cu > Pb > Ni > As > V >
Co > Cr > Tl > Cd > U. For all metals, there were significant differences among stem
concentrations in different populations. Significantly greater concentrations of Ni were
found in population 2; Cd in population 4; Tl in population 8; Al, V, Cr, Fe, Co, Cu, As, and
Pb in population 12; and Zn and U in population 13. Significantly lower concentrations of
V, Mn, and Pb were observed in population 1; Cd in population 2; Cu and Zn in population
3; Tl in population 10; Ni in population 11; and Al, Cr, Fe, Co, Zn, and U in population
14. For V, Cr, Ni, As, Cd, Tl, and Pb, there were no significant differences among stem
concentrations in the different habitats studied (Table 2). Concentrations of Mn, Co, and Zn
were significantly greater in stems of medium-marsh populations; and those of Al, Fe, Cu,
and U were significantly greater in plants from saltpans. Concentrations of Al, Mn, Fe, Co,
Cu, Zn, and U were lower in the stems of saltwork plants.

At leaf level (Table S1 in Supplementary Material), the order of metals by mean
concentration for all populations was: Al > Fe > Mn > Zn > Cu > Pb > Tl > As > Ni > Co >
Cr > V > Cd > U. For all metals, there were significant differences among leaf concentrations
in different populations. Significantly greater concentrations of U were found in population
1; V, Mn, Fe, Co, Ni, and Cu in population 4; Al, Cr, Zn, and Cd in population 7; Tl in
population 10; and Pb in population 11. Significantly lower concentrations of V, Cu, and
Zn were observed in population 3; Cd and Pb in population 6; Fe in population 8; Al, Co,
and As in population 11; Mn in population 12; Ni in population 13; and Cr, Tl, and U in
population 14. For Fe, Co, As, Cd, Tl, and Pb, there were no significant differences among
leaf concentrations in the different habitats studied (Table 2). Concentrations of V, Cr, Mn,
Ni, Cu, and Zn were significantly greater in leaves of medium-marsh populations; and
those of Al and U were significantly greater in plants from saltpans. Concentrations of
Al, V, Mn, Zn, and U were significantly lower in leaves of low-marsh populations; those
of Ni were lower in leaves of saltpan plants; and those of Cr were lower in the leaves of
saltwork plants.

There was no significant correlation in any of the metals studied between soil pH or
soil conductivity and metal concentration in the roots. Neither was there any significant
correlation in any of the metals between soil concentrations and concentrations in roots,
stems, or leaves, except in the case of concentration in soil and leaf for Fe (Spearman
correlation coefficient r = 0.736; p = 0.0027). Among correlations between concentration in
the different parts of the plant, the only significant correlations appeared between metal
concentration in the root and the stem for Tl (Spearman correlation coefficient r = 0.851;
p = 0.0001) and for U (Spearman correlation coefficient r = 0.885; p = 0.0000).

3.4. Translocation and Bioconcentration Factors

Figure 3 shows values, means, and standard error values for BCF and for TF for all the
metals studied in the populations. Maximum BCF means in the roots were observed for Al
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(21.6) and Fe (28.3), with values that exceeded 1 in all populations. V, Tl, Pb, and U showed
BCF means in the roots greater than 1, respectively, in 12, 9, 9, and 10 populations. For the
rest of the metals, BCF means in the roots were lower than 1, but Cr surpassed this limit in
5 populations: Mn in 3; Co in 2; Cu in 4; Zn in 1; and As in 6. The means were lower than 1
in all the populations for Ni and Cd.

For the stems (Figure 3), BCF means were greater than 1 for Al, which showed a
mean value of 4.8 and values above 1 in 12 populations; Fe had a mean value of 6.8, and
values greater than 1 in 11 populations; and Tl presented a mean value of 1.2, with values
greater than 1 in 6 populations. The rest of the metals presented means lower than 1, but V
concentrations exceeded this limit in 4 populations; likewise, Cr in 1 population; Mn in 2;
Cu in 2; Pb in 1; and U in 1.

For the leaves (Figure 3), BCF means were lower than 1 for all the metals studied,
except for Al, which showed a mean value of 1 and values greater than 1 in 5 populations;
Fe had a mean value of 1.2, with values greater than 1 in 4 populations; and Tl presented a
mean value of 1, with values greater than 1 in 6 populations. In the rest of the metals, only
1 population exceeded a value of 1 for Cu.

For all the metals studied, mean TF factors between root and stem were lower than 1
(Figure 3). However, 2 populations surpassed this level for Mn; 1 for Co; 3 for Ni; 2 for Cu;
5 for Zn; 2 for Cd; 1 for Tl; and 1 for Pb. For TF between stem and leaf (Figure 3), except Mn
which showed a mean value of 1.1 and surpassed the limit of 1 in 6 populations, the rest of
the means for the metals were lower than 1, with this level only surpassed in 1 population
for Al; 6 for Mn; 1 for Fe; 2 for Zn; 3 for Cd; 3 for Tl; and 1 for U.

The mean values for BCF and TF in the different habitats showed no significant
differences among them, except in the case of BCF in stems for As (Kruskal–Wallis test:
H(3.14) = 8.49, p = 0.0369) that reached its significant greatest value in saltpans (Figure 4).

3.5. Assessment of Food Risk to Human Health

Table 3 presents the values for the limit for heavy metal content in food, PTWI, TUIL,
RfD, and the minimum and maximum values calculated for EDI and HRI based on the
minimum and maximum concentrations observed in the different populations for each
heavy metal studied.

For Cd, no population reached the limit established by the FAO/WHO [20] and
ChFDA [74] for leafy vegetables, but in 3 of the 14 populations studied the Cd concentra-
tions in leaves surpassed the limit for leafy vegetables established by EUCR 2021/1323 [21].
For Pb, no population reached the limit established by the FAO/WHO [20] for food in
general, but in 11 of the 14 populations Pb concentrations in leaves exceeded the limit
for leafy vegetables set by EUCR 2021/1317 [22] and ChFDA [74]. In the case of Cr, no
population reached the limit established by ChFDA [74] for vegetables, while for As, 3 of
the 14 populations exceeded this limit.

For HRI, all the values calculated were lower than 1 except for Tl in which HRI ranged
from 1.2 to 37.2 in the populations studied.
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Table 3. Limit content in food, PTWI (Permited Tolerable Weekly Intake), TUIL (Tolerable Up-
per Intake Level), RfD (Oral Reference Dose), and minimum and maximum values calculated for
EDI (Estimated Daily Intake) and HRI (Health Risk Index) based on the minimum and maximum
concentrations observed in the different populations for each heavy metal studied.

Metal Limit Content in Food PTWI TUIL RfD EDI Min. EDI Max. HRI Min. HRI Max.

Al - 2 (1) - 1(14) 0.001352 0.034180 0.001352 0.034180
V - - 1.8 (2,3) 0.005(14) 0.000008 0.000082 0.001600 0.016400
Cr 0.5 for vegetables (15) - - 0.003(14) 0.000014 0.000064 0.004640 0.021213

Mn - - 11 (2) 0.14(14) 0.001104 0.022785 0.007884 0.162747
Fe - 0.8 (4) 45 (2) 0.7(14) 0.003697 0.038215 0.005281 0.054593
Co - - - 0.0003(14) 0.000012 0.000274 0.040000 0.913333
Ni - - 1 (2); 0.15–0.90 (5) 0.02(14) 0.000028 0.000139 0.001392 0.006960
Cu - - 10 (2); 2–3 (4); 5 (6) 0.04(14) 0.000708 0.003248 0.017699 0.081189
Zn - 1(4) 40 (2); 25 (6) 0.3(14) 0.002917 0.009319 0.009725 0.031064
As 0.5 for vegetables (15) 0.015 (7) 0.003–0.008 (8) 0.0003(12) 0.000014 0.000263 0.046403 0.875028

Cd 0.2 (7); 0.1 (9); 0.2 (15)
for leaf vegetables

0.025 (4);
0.0025 (10) - 0.0001(14) 0.000002 0.000046 0.019890 0.457400

Tl - - - 0.00001(14) 0.000012 0.000372 1.200000 37.200000

Pb
2 for food (7); 0.3 (11);

0.3 (15) for leaf
vegetables

0.025 (16) - 0.004(13) 0.000039 0.000181 0.008452 0.045243

U - - - 0.0002(14) 0.000000 0.000008 0.000000 0.040000

Limit content in food (mg kg−1 dry weight), PTWI (mg kg−1 body weight week−1), TUIL (mg day−1), RfD (mg
kg−1 body weight day−1). Numbers between brackets: (1) [23]; (2) [24]; (3) [25]; (4) [29]; (5) [28]; (6) [26]; (7) [20];
(8) [27]; (9) [21]; (10) [96]; (11) [22]; (12) [32]; (13) [15]; (14) [31]; (15) [74]; and (16) [97].

4. Discussion
4.1. pH and Soil Conductivity

It has been described that soil conductivity and pH affect metal availability [1,98–100].
According to the United States Department of Agriculture Soil Survey Division and the
United States Division of Soil Survey [102], we can classify the soils in our study as strongly
acidic (populations 6 and 7), moderately acidic (populations 2, 3, 5, 10, 11, 12, and 13), and
slightly acidic (populations 1, 4, 8, 9, and 14), which fits with the calculations made by
Bermejo et al. [87] in the Odiel estuary, who determined that water acidity decreases as a
consequence of the tidal action of sea salt water in the estuary. In terms of salinity, all the
populations’ soils were strongly saline [103].

At habitat level, this study’s values for pH and conductivity for low- and medium-
marsh populations matched those obtained by Contreras-Cruzado et al. [77] in other
tidal marshes of the Gulf of Cádiz (SW Iberian Peninsula), who also found no significant
differences between the means of these habitats for both parameters. Likewise, our data for
pH and for conductivity for saltpan populations coincide with those obtained by Polo-Ávila
et al. [78] in the Odiel estuary.

4.2. Heavy Metal Concentrations Found in Soil

The differing concentrations of metals observed in the sampled populations of
S. ramosissima may be due to the variations of heavy metal concentrations in soils due
to their spatial location, which affects their level of exposure to fluvial or marine influence,
their location with respect to industrial effluents, and their sediment context [82,104]; it
could also be due to soil characteristics such as pH, cation exchange capacity, clay content,
and organic matter content [1,13,98,99].

The available Cu, Ni, Zn, As, Cd, and Mn concentrations determined in the soils in
our study were within the ranges described by other authors who had previously studied
their available content in sediments in the Odiel and Tinto estuary [82,83], however, our
concentrations were lower for As and Cu than those registered by Mesa-Marín et al. [69]
in a location of the Odiel marshes; these authors observed a more than two-fold increase
in these marshes in the concentration of Pb and As compared to data compiled in the last
decade due to anthropogenic influence, as this increase has not been observed in other
salt-marshes of the province with lower human activity [69,101]. Our results are of the
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same order of magnitude but somewhat less than those of other authors who studied
their total concentrations in sediments in the same area, for example, the available Cr
(1.26–2.70 mg kg−1) and Fe (11.58–431.49 mg kg−1) observed in concentrations were lower
than the total concentrations registered previously in sediments, 8–5003 mg kg−1 and
9168–88,429 mg kg−1, respectively [73,86–89].

In the case of Pb, the available concentrations we observed (1.45–8.00 mg kg−1) were
much less than the available concentrations registered by Borrego et al. [82] (58–2060 mg kg−1)
and by Mesa-Marín [69] (1139.85 mg kg−1), who classified the soils of the Odiel estuary
as heavily polluted and less than the concentrations in total sediments observed by other
authors (19–1660 mg kg−1) [73,86–89].

According to levels for soil contamination established by EUCD 1986/278 [8], SGRD
1310/1990 [9], and Andalusia’s Ministry of Environment [10], for soils with a pH under
7, 11 populations surpassed the limit of 50 mg kg−1 for Cu; 9 populations surpassed the
European and the Spanish limit of 150 mg kg−1 for Zn (8 surpassed the Andalusian limit
of 200 mg kg−1); 4 populations surpassed the limit of 1 mg kg−1 for Cd (1 surpassed
the Andalusian limit of 2 mg kg−1); 3 populations surpassed the Andalusian limit of
20 mg kg−1 for As; 2 populations surpassed the Andalusian limit of 20 mg kg−1 for
Co; 1 population surpassed the European and the Spanish limit of 30 mg kg−1, but none
exceeded the Andalusian limit of 40 mg kg−1 for Ni; 1 population surpassed the Andalusian
limit of 1 mg kg−1 for Ti; and none of the populations surpassed the European, Spanish,
and Andalusian limit of 50 mg kg−1 for Pb; nor the Spanish and Andalusian limit of
100 mg kg−1 for Cr.

The greatest soil concentrations of 9 of the 14 heavy metals studied were reached at
population or habitat level in the middle-marsh populations. This habitat showed the
highest levels for soil organic matter content and soil conductivity, and it had the most
acidic soils among the marsh habitats [77], factors that favored metal availability and could
explain the greater concentrations in this habitat [1,98,99]. Low pH affects cationic metal
availability since the hydrogen ion has a higher affinity for negative charges on the colloids,
releasing metals [1,100]; some authors have suggested that the availability of heavy metals
increases with a rise in salinity, caused by greater ionic strength that raises the level of
concentration of the metals released [48,105,106]. This habitat also presented the highest
levels for soil water content, due to twice-daily flooding by tides and evaporation, which
increases the concentration of the solute dissolved thus improving precipitation, mainly
during summer drought [77].

The soil in saltpan population 1 reached the highest concentrations in 3 of the 14 metals
studied, namely Al, Fe, and U, and its concentrations of Al and Fe were much greater than
those of the rest of the populations. This could be due to the historical location of this
sampling point, next to an old ship-loading dock where minerals arrived by train from the
mines of Tharsis (Huelva) [107].

The soils of the saltwork populations showed the lowest concentrations in 9 of the
14 heavy metals studied, and none surpassed the contamination levels established by
European, Spanish, and Andalusian regulations. This is undoubtedly due to the fact that
these habitats are not connected to the Odiel river, as they are inundated with seawater
from open ocean via the Punta Umbría estuary (Figure 1) that flows through shallow ponds,
where it evaporates and deposits sodium chloride in crystallizing ponds [82].

As commented before, pH and salinity affect heavy metal availability in soil [1,48,101,106].
However, in none of the metals studied were there significant correlations between soil
pH or soil conductivity and the available metal concentrations in the soils. Therefore, it is
logical to think that the different concentrations observed in the populations were due to
the heterogeneity of the estuary in terms of total content in the soil, as indicated in other
studies of the area [86–89].
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4.3. Heavy Metal Concentrations in Plants

The ranges of concentrations of As, Cr, Fe, Mn, and Ni in the different parts of
S. ramosissima found in the populations studied include the means obtained by Luque
et al. [108] for the whole plant in the same species and in the same estuary, but the means
for concentrations that these authors registered for Cu (279 mg kg−1), Pb (51.6 mg kg−1),
and Zn (348 mg kg−1) exceeded the range observed in our study.

The data obtained in this study for Mn, Fe, Ni, Cu, Zn, As, and Pb matched those of
Sánchez-Gavilán et al. [109] for whole plants of S. patula Duval-Jouve in a location near the
Odiel Marshes Natural Park as well as the data obtained by Mesa-Marín et al. [69] for Cd
and Ni. However, these authors recorded higher values than ours for As, Cu, Pb, and Zn.

At population or habitat level, as was the case with soil metal concentrations, the
middle marsh showed the highest root concentrations for 11 of the 14 heavy metals studied,
and the saltworks showed the lowest root concentrations for 10 heavy metals. However, at
stem level, the saltworks showed the highest stem concentrations for 10 heavy metals and
the lowest concentrations for 7. At leaf level, the highest concentrations were reached in
the medium marsh for 8 metals, and the lowest concentrations in leaves were reached in
the low marsh for 7 metals.

We found no significant correlations in any of the metals studied between available
soil concentration and concentrations in roots, as Sánchez-Gavilán et al. [109] observed for
Fe concentrations in whole plants and total soil content in Salicornia patula, and as Otte
et al. [105] observed for Cd, Cu, and Zinc in different parts of plants of Spartina anglica C.E.
Hubb. and Aster tripolium L., when using fresh soil samples, but they found some significant
correlations when they used dry soil samples. In Salicornia spp., Williams et al. [110] found
that metal concentrations within sediments were not reflected in the plants, except for Zn;
and Smillie [64] found significant correlations with both the roots and the aerial portion of
the plants of Salicornia spp. with sediment Cu and Zn concentrations, although he found
no significant relationships with either Mn or Fe.

This is not unusual as Greger [1] observed when establishing that the phytoavailability
of metals for a plant species need not correlate linearly with the bioavailable metal concen-
tration in the soil or the total metal concentration, and so S. ramossisima was not included
in the indicator group of plants, as defined by this author, in which tissue concentration
reflected external metal concentration. We also found no significant correlation in any of
the metals studied between soil pH or soil conductivity and metal concentrations in roots.

Many reasons could explain this lack of correlation regarding the absorption of heavy
metals, including metal species, soil properties, and salinity [3,111–113]. Other reasons
could be the exclusion of metal ion uptake at root level [114], saturation in root tissues at
high levels of soil concentration [1,7], transpiration rates [115], the presence of root exudates
that can improve the solubility of heavy metal ions and thus enhance metal accumulation
in plants, such as Pb in Salicornia europaea [116], or the interactions among metals for
absorption [4]. Furthermore, Smillie [64] and Khalilzadeh et al. [117] found in Salicornia spp.
and S. europaea, respectively, that concentrations of Mn, Zn, Cu, Cd, Pb, and Ni in roots and
aerial parts changed significantly in the plant development stage. Additionally, in dense
populations, as in the case of S. ramosissima [78], the plants compete in the uptake of metals
and uptake efficiency diminishes [100]; it is possible that there were differences in the metal
uptake mechanism among populations of the same species due to the genotypic differences
among them [1,14].

4.4. Translocation and Bioconcentration Factors

Plants with a high Bioconcentration Factor (BCF) indicate efficient metal transport
from soil to root, and they are called hyperaccumulators. Plants with a high Translocation
Factor (TF) show efficient metal translocation from root to stem [7,118–120]. Both factors
are important in the scientific evaluation of risks that chemicals may pose to humans and
the environment, and they are a current focus of regulatory initiatives [121].
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For Cr, Mn, Co, Ni, Cu, Zn, As, and Cd, the mean concentrations in roots were lower
than the concentrations available in the soil, so their BCF was less than 1 in most of their
populations, therefore, S. ramosissima could be considered a root excluder [114,122].

For V, Tl, Pb, and U, the BCF values ranged between 1 and 3, with most of their
populations having values greater than 1. These results coincide with those observed
by Fuente et al. [123] and Sánchez-Gavilán et al. [109] in S. patula. They compared the
concentrations in whole plants with the concentrations of total metals in the soil of Mn, Ni,
Cu, Zn, and As, and they found a BCF of less than 1 in a population near the Odiel Marshes
Natural Park and in a population of the Tinto River estuary and with those obtained for Zn,
Cu, Pb, and Ni by Khalilzadeh et al. [117] in the roots and the stems of S. europaea plants.

Our results are also similar to those for the perennial shrub Arthrocnemum subterminale
(Parish) Standl. (known as Salicornia subterminalis Parish) for Zn, Cu, Cd, Pb, and for As by
Sánchez-Martínez et al. [124], who observed BCF values in the roots of two populations
that were lower than 1, except in one population for Cu (4.25) and Zn (1.03). In the case
of Cd, Pedro et al. [68] and Pérez-Romero et al. [125] proposed S. ramosissima for the
phytoremediation of contaminated soil due to its capacity to accumulate Cd in the roots,
with a BCF above 1, but the former authors observed this accumulation in a non-saline
medium and the latter observed it in a growth medium of 171 mM NaCl, which is in the
lower range for soil salinity observed in this paper.

Maximum BCF means in the roots were observed in Al (21.6) and Fe (28.3), exceeding
1 in all populations. It seems that S. ramosissima could accumulate these metals in the
root in concentrations higher than those in the soil, which indicates that there must be
mechanisms at work that enhance their uptake. This could be related to pH and the redox
potential in the rhizosphere, especially in the case of Al and Fe [126], as plants that live
in environments with low redox potential, as in salt marsh plants, are able to transport
the oxygen produced in photosynthesis to the roots and release it to the rhizosphere; this
increase in the redox potential releases the metals from sulfides and the plant can take them
up [1,127]. Additionally, some plants in the presence of low bioavailable Fe are able to
synthesize and to release phytosiderophores, macromolecules that can release Fe and other
metals from colloids and transport the complex to the root tissue [128].

BCF in stems and leaves was less than 1 for V, Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Pb,
and U. These results coincide with those obtained by Sánchez-Martínez et al. [124] in the
perennial shrub Arthrocnemum subterminale in the presence of Zn, Cu, Cd, Pb, and As, based
on the results of Liu et al. [129] for Cd, Pb, Cr, and AS in 23 plant species under natural
conditions in China. Our results also fit with those of Pal et al. [36] for Cd, Pb, Cu, Zn, Cr,
and Ni in six plant species irrigated with domestic wastewater in India and with those of
Chabchoubi et al. [16] for Zn, Cu, Pb, Cd, Cr, and Ni in three plants, including the perennial
scrub Sarcocornia fruticosa (L.) A.J. Scott (known as Salicornia arabica L.), which grows in
phosphogypsum-contaminated fields in Tunisia.

For Al, Fe, and Tl, the mean BCF values in stems and leaves were close to 1, exceeding
1 for the stem values in most of the populations, while for the leaves the majority of the
populations had values lower than 1. These results are compatible with those of Sánchez-
Gavilán et al. [109] for S. patula and with those of Fuente et al. [123] who found in this species
values that exceeded 1 for Mn, Fe, Ni, Cu, Zn, As, and Pb in whole plants in a population
located in the Tinto River estuary; they also observed similar results for populations of
Arthrocnemum macrostachyum (Moric.) K. Koch, Sarcocornia perennis (Mill.) AJ Scott and
Halimione portulacoides Aellen, other halophytic species of the Chenopodiaceae family.

So, we can assume that S. ramosissima is not an accumulator plant in terms of the
description by Nikalje and Suprasanna [114]. Additionally, as expressed by other authors,
hyperaccumulator plants may accumulate more than 100 mg kg−1 for Cd and As; 1000 mg
kg−1 for Co, Cu, Cr, Ni, and Pb; and 10,000 mg kg−1 for Zn and Mn [130–133]. These levels
were not reached by S. ramosissima in any of the populations studied.

As expected in view of the BCF results, TF values were lower than 1 or close to 1 for all
the metals studied in root-stem and stem-leaf transport, which indicates a trend to reduce



Diversity 2022, 14, 452 17 of 24

metal concentration from roots to stems and from stems to leaves, a common behavior,
as during their transportation through the plant, metals become bound largely to the cell
walls [1]. Additionally, some metals are retained at root level, as in Pb and Ni [16]. What is
remarkable is the low TF values from root to stem for Al and Fe, with their concentrations
reducing drastically from root to stem, as observed by Kabata-Pendias [134].

Our results coincide with those by Pedro et al. [68] who observed in S. ramosissima
that Cd accumulation in the roots exceeded that of the aerial portions in all of the Cd
concentrations tested. Our findings also match those by Mesa-Marín et al. [69] for As, Cd,
Cu, Ni, Pb, and Zn, and the TF between roots and leaves observed by Sánchez-Martínez
et al. [124] in the perennial shrub Arthrocnemum subterminale (Parish) Standl (known as
Salicornia subterminalis Parish), [16]. In contrast, it has been observed that in Sarcocornia
fruticosa the concentrations of Cu and Zn in leaves were higher compared to roots and
stems, with Cu concentrations in leaves 15 times higher than in roots, and 24 times higher
than in stems, and 1.8 times higher than in roots and 2.3 times higher than in stems for Zn,
while our study found the same decreasing order of concentrations from the underground
part to the aerial part for these same metals. The difference in this different pattern could
be explained by the perennial nature of Sarcocornia species [57], so that the time of exposure
to accumulation is greater than in the annual Salicornia ramosissima and, as in other leafy
plants, it could accumulate heavy metals with increasing exposure time [135].

A major concentration in leaves rather than in roots has also been observed by other
authors in some leafy vegetables. Intawongse and Dean [136] analyzed heavy metal con-
centrations in lettuce, spinach, radish, and carrot, and they observed that the accumulation
of Cd, Zn, and Mn was higher in the leafy portion than in the root portion of the plants.
This greater accumulation of heavy metals in the leaves of leafy vegetables could be due to
the plant’s higher transpiration rate in order to maintain growth and the moisture content
of the plant [115].

The means values of BCF and TF in the different habitats showed no significant
differences among them, except in the case of BCF in stems for As, which reached its
significant greatest value in saltpans.

4.5. Assessment of Food Risk to Human Health

The results obtained make it impossible for European consumers to contemplate
consumption of the S. ramosissima plants that grow in most of the soils in this estuary
because in 3 of the 14 populations studied the Cd concentrations in the leaf exceeded the
limit of heavy metal content for leafy vegetables, 11 populations exceeded the Pb limit in
the leaf, and some populations exceeded the limit for As [21,22,74]. If we compare our
results to the limits set by the FAO/WHO [20] for foods in general, the limit established for
any of the metals was not exceeded.

Sánchez-Gavilán et al. [109] stated that concentrations of Cu in plants of S. patula
from different areas of the Iberian Peninsula surpassed the intake levels of 10 mg kg−1

established by USIM [24] on the basis that these concentrations in plants reached values
greater than 10 mg kg−1 dry weight. However, this intake level established by USIM [24]
is the daily upper limit of Cu with no observed adverse effect in adults and so is a daily
TUIL (Tolerable Upper Intake Level), and it depends on the daily intake of fresh vegetables
consumed each day and on the conversion factor that converts the fresh vegetable weight
into dry weight, not only on the Cu concentration on dry weight. In the same way, these
authors stated that Pb concentrations in S. patula plants also surpassed the intake levels of
0.01 mg kg−1, which they attributed to EFSA [97], according to which reference this value
given as a limit for food is a PTWI (Permitted Tolerable Weekly Intake) of 25 µg kg−1 b.w.,
which these authors stated was no longer appropriate.

Our results also show that human consumption is not recommended based on the
HRI values obtained for Tl, which was present in all populations at a level above 1, ranging
from 1.2 to 37.2.
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Cd was present in soil and in plant parts in low concentrations, and S. ramosissima
showed BCF and TF values of less than 1. However, this metal had been classified as
carcinogenic in humans by the International Agency for Research on Cancer, with numerous
toxic effects, the main outcome being kidney dysfunction [28], hence the limits established
by EUCR 2021/1323 [21] for its content in leafy vegetables even though the Tolerable
Weekly Intake (TWI) estimated by EUCR 2014/193 [96] (0.0025 mg kg−1 body weight) is
very near to the mean weekly intake of Cd in Spain (0.00203 mg kg−1 body weight) [28].
Nevertheless, HRI results for Cd showed no potential risk by intake of this plant as food,
and this discrepancy between the established limit in food content and the risk calculated
by its ingestion has also been observed in Sarcocornia ruticose (=Salicornia arabica), which
grows in phosphogypsum-contaminated fields in Tunisia, where Chabchoubi et al. [16]
studied concentrations of Zn, Cu, Pb, Cd, Cr and Ni in soils and plants, and they found that
Cd concentrations in leaves were higher than the FAO/WHO [20] threshold, but no risk
was observed to human health due to its intake as food, according to the Target Hazard
Quotient (THQ) values they calculated.

The Pb concentrations observed in soil were relatively low with respect to the other
heavy metals studied and with respect to the concentrations observed by other authors, as
commented above; none of the populations studied surpassed the Pb soil contamination
levels established by European [8], Spanish [9], and Andalusian [10] regulators. However,
it showed a mean BCF root of 1.5, which means a certain capacity of these populations to
increase their Pd content compared to soil content, which is in accordance with observations
by Kaviani et al. [66], who stated that Salicornia iranica is able to accumulate Pb, and it can
be used for phytoremediation in polluted soils.

Pb has been associated with a decrease in intelligence quotient in children and with
an increase in blood pressure in adults [29], and it is listed as a probable carcinogen in
humans [28]. Our results showed that, in most of the populations studied, Pb concentrations
in the leaf surpassed the limit for content of this metal in leafy vegetables established
by EUCR 2021/1317 [22], although the HRI was lower than 1 in all of them. Similar
contradictory results were found by Rahmdel et al. [38], who studied Pb, Cd, Cu, Zn, Ni, and
Co contamination in 100 samples of leafy vegetables cultivated in different agricultural sites
in Iran and found that, according to the HRI, the consumption of these leafy vegetables was
less than the established safety limit, with the Pb level observed exceeding the permissible
limit set by the FAO/WHO [20] in 44% of samples taken.

Tl concentrations in soil were low, making it the second lowest heavy metal in terms of
concentration, but it had a BCF leaf value above 1 in 9 of the populations studied, making
it the third highest metal in BCF leaf value, behind Al and Fe; thus, its concentration in
leaves was greater than for other metals that were more abundant in the soil. Tl represents
a rare cause of heavy metal poisoning. Because thallium is not a common environmental or
workplace contaminant and it is not readily available to the public, any thallium-poisoned
patient should be considered a victim of a criminal act until proven otherwise [137]. For this
reason, there is little information on this metal, and its low RfD value (0.00001 mg kg−1 body
weight day−1) as estimated by USEPA [31] is an unreliable estimate, perhaps spanning an
order of magnitude, with the previous RfD values for its soluble salts ranging from 0.00008
to 0.00009 mg kg−1 body weight day−1, according to a document from 2009 included in
the database by USEPA [32].

Al and Fe were the heavy metals with the highest levels of concentration in S. ramo-
sissima leaves, despite not being the most abundant metals in the soil; they showed the
highest BCF values in roots, stems, and leaves.

Fe is an essential element in human nutrition and, as with Al, there is little indication
that it is acutely toxic to humans when orally ingested, despite the widespread occurrence
of this element in foods. It has been hypothesized that aluminum exposure is a risk factor
for the development or acceleration of onset Alzheimer disease in humans [29]. Both metals
have high established values for PTWI, TUIL, and RfD, so, as expected, both showed
low HRI.
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5. Conclusions

In the specific case of the marshes of the estuary of the Tinto and the Odiel rivers in
Huelva—one of the systems most contaminated by heavy metals in the world—the results
obtained discourage the consumption of S. ramosissima obtained in most studied locations
since it exceeds the limits established in the regulations regarding concentrations of Cd, Pb,
and Tl in leaves.

S. ramosissima is an accumulator of Al and Fe, chiefly in its roots and stems, so it could
be used in soils contaminated by these metals. With respect to the rest of the studied heavy
metals, it is a root excluder of As, Cd, Co, Cr, Cu, Mn, Ni, and Zn, and its BCF values in
leaves are lower than 1 for Pb, U, and V. Following these results, we can set down that
this species can be cultivated and/or harvested from most of the environments that do not
reach the extreme levels of contamination that occur in the Huelva estuary and especially
in salt marsh habitats. Regarding Tl, for which this species has average BCF levels of 1,
food safety problems could arise, although it is not a common environmental or workplace
contaminant nor is it readily available to the public. Based on what was observed, we
would recommend carrying out specific studies on the content of Al and Tl in the soils
where this species will be cultivated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14060452/s1, Table S1: Heavy metal concentrations for each
population in soil, roots, stems and leaves.
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