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Abstract: Monitoring the negative impacts of trace metals is crucial to assess the health and stability
of ecosystems. In salt marshes, halophyte plants were reported as possible bioaccumulators of these
elements. The aim of this work was to explore the bioaccumulation potential of Bolboschoenus maritimus
as a tool for monitoring the presence of metals in coastal environments. Bolboschoenus maritimus were
collected from a brackish water lagoon, and the presence of the trace metals lead, cadmium, and nickel
were seasonally evaluated in distinct parts of the plants, and in water and sediment samples. Lead
was the trace metal with the highest concentration detected in water and sediments of the sampling
site. The highest lead concentrations in B. maritimus were recorded in the spring season. The transport
index indicated an accumulation of lead in the leaves of around 70% in the spring of 2009. Cadmium in
leaves in spring and summer of 2009 reached values above 5 mg Cd. kg−1. Nickel was not detected in
most samples collected. Bolboschoenus maritimus was considered an adequate biomonitor for lead and
cadmium, since it bioaccumulates both metals with seasonally distinct results, as the bioaccumulation
factor results indicated.

Keywords: halophyte plants; transport index; monitoring; pollution; bioaccumulation factor

1. Introduction

Trace metals are metallic elements found in low concentrations in aqueous environ-
ments and geological samples [1]. These elements are also observed in ground water, soil,
plants, animals, etc., resulting in persistence, bioaccumulation, non-degradability and other
harmful effects. The environmental behavior of metals such as cadmium (Cd), lead (Pb) and
nickel (Ni) depends on their chemical form. Trace metals can be transported through rivers
and streams both in dissolved and suspended forms or accumulated in aquatic organisms
and in suspended sediments, with repercussions on their mobility, bioavailability, and
toxicity [2]. The importance and magnitude of the problem of contamination by trace
metals in estuarine environments is investigated and monitored worldwide. Estuarine
and coastal areas are regions affected by intense human activity. Several industries are
located close to estuaries, where growth in urbanization, an increase in effluent disposal,
intensive agriculture and aquaculture are responsible for an increase in pollution [3]. Be-
cause they are exposed to low turbulent mixing and to limited exchange with the ocean,
coastal lagoons are susceptible environments that accumulate pollutants provided by the
adjoining watershed. Understanding the effects of the distribution of trace metals in those
environments and their potential impacts is important for managing the health and stability
of estuarine ecosystems.
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Salt marsh habitats are often present in estuarine ecosystems such as lagoons. They
are restricted to sheltered areas that protect the coastline from erosion [4]. Salt marshes are
classified as sensitive habitats that need to be protected according to several regulations [5–7].
Besides being habitats with a high diversity of fauna and flora, with renowned tasks such
as nursery areas and breeding sites, salt marshes play a central role in nutrient cycling,
transforming and sequestering nutrients, and are also important in phytoremediation [8].
Industrial wastes and sewage sludge, as well as extractive activities such as mining, are
potential sources of trace metal pollutants that affect different ecosystems [9]. Substantial
amounts of municipal sewage discharges have caused detrimental effects in saltmarshes
worldwide, increasing eutrophication, and decreasing biodiversity. As stated in the lit-
erature, the pollutants are conveyed in shallow waters by resuspension and deposition,
and their fate is highly dependent on tidal currents, a factor with low intensity in several
estuarine environments [10]. The contamination of the soil [11] and water resources [12]
with trace metals reduces agricultural productivity, deteriorates food chains, and poses
health problems to humans and other organisms [10,12–14].

Coastal lagoons often have important economic, social, and ecological roles in the
region where they are inserted, and that is a major reason why lagoons must be preserved
and protected. In coastal lagoons in North Africa, the main economic sectors include
fishing, shellfish harvesting, salt and sand extraction, and maritime transport [15,16]. On
the American Continent nurseries, coastal protection and carbon storage are important,
namely for tourism and for the energy sector [17]. Therefore, the potential and sensitivities
of coastal lagoons should be acknowledged, and it is vital to monitor these ecosystems.

In Europe, one of the most extensive coastal lagoons of the Portuguese coast, the
Óbidos Lagoon, is also affected by human activities [18–21] similar to other coastal la-
goons worldwide. This lagoon is influenced by agriculture, livestock farming, and several
discharges of domestic and industrial sewage from the towns nearby [22]. Although mon-
itoring programs with the aim of assessing the concentrations of trace metals in Óbidos
Lagoon were conducted already [22–24], these often relied on sediment and water samples,
while the impact of trace metals in salt marsh plants is still poorly understood.

Halophyte plants present a wide geographical distribution [25,26]. Salicornia ramosis-
sima J. Woods and Bolboschoenus maritimus (L.) Palla which have the capacity to accumulate
trace metals in their roots [26–30] are common halophytes in the salt marsh habitats of
Óbidos Lagoon. Bolboschoenus maritimus has been reported as a bioaccumulator of trace
metals [27–29] and can provide insight into the incidence, concentration values, and the
consequences of the exposure to a pollutant [31–35]. This plant belongs to the Cyperaceae
family and is common in Europe, North America and South Africa, in habitats such as wet
marsh flats, pond margins and estuaries, but also in seasonal and permanent wetlands.
These plants are widely spread in brackish water bodies of shallow depth in temperate re-
gions, reaching a height of 1.2 m [35,36]. This perennial plant has a rhizome system bearing
underground elliptical to spherical tubers, erect stems, and is mostly robust with an upper
leafless part of flowering shoots [36,37]. Their shoots are photosynthetically active for only
one growing season and similar dense monospecific stands of this species were already
recorded in shallow brackish marshes during the spring and summer seasons [37,38].

The aim of the present work was to explore the presence of metals in coastal environ-
ments by using B. maritimus plants as potential biomonitors. Additionally, the concentra-
tions of the trace elements Cd, Pb and Ni, hazardous metals of large concern in the aquatic
environment, were analyzed in samples of water, sediments, and B. maritimus collected
seasonally from saltmarshes of Óbidos Lagoon during one year of study.

2. Materials and Methods
2.1. Study Area

The study area was at Óbidos Lagoon (39◦24′ N, 9◦17′ W), on the western coast of
Portugal (Figure 1). This coastal ecosystem has an area of 17 km2 and a mean depth of
3 m. In this system, longitudinal variations of salinity or stratification are not observed and
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the semidiurnal tides, which range between 0.5 m and 4.0 m, spread their influence to the
entire lagoon [21]. This lagoon is attached to the Atlantic Ocean by a small inlet (<100 m
wide) in which the morphological transformations were reported on monthly time scales.
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Figure 1. Location of the sampling station (S1) at the Óbidos Lagoon (Portugal).

Due to distinct hydromorphological and sedimentary characteristics, two separate
regions are observed in the lagoon: an upper lagoon, with low water velocities, high
residence time and muddy bottoms [21], and a lower lagoon, with various sand banks and
channels, with strong water velocities and low residence time. Two inner branches are
distinguished in the upper lagoon, the Barrosa arm at the east side and the Bom-Sucesso
arm at the west side (Figure 1). The Barrosa arm is the shallower arm of the lagoon, with a
mean depth of 0.5–1 m. Here, the water circulation is mainly propelled by the tides and by
the small freshwater tributary, the Cal River. Freshwater discharge is negligible in summer
(<0.05 m3·s−1) [3] and averages 3 m3·s−1 per year [39]. The sampling point, hereafter called
S1, was selected in between those arms, at the vicinity of the Arnóia River mouth (Figure 1).
This location is an area that drains the main agricultural fields of the region. This narrowed
area was reported as an eutrophic zone by [26]. Bolboschoenus maritimus are found in the
saltmarshes near the mouths of rivers that run into the Óbidos Lagoon. Those plants are
exposed to periodic submersions by highly saline brackish waters (>30.0 in the summer).
Several plants of B. maritimus are grown namely in S1, which allows us to easily collect
samples for analyses.

2.2. Water, Sediments, and B. maritimus Plant Collection

Water and sediment samples were collected on a seasonal basis between 2009 and 2010,
at S1, in the following months: May (spring), July (summer), September (autumn) of 2009,
and in January (winter), April (spring) and July (summer) of 2010 (Figure 1). The sampling
took place during low tides and the samples were immediately transported to the laboratory
for treatment. To determine the concentration of trace metals in water (dissolved fraction and
suspended fraction), surface water (at <0.5 m depth) was sampled in polypropylene bottles.
Surface sediments were also collected by hand for the quantification of organic matter
content and trace metal concentration. During the collection of the samples, environmental,
hydrological and hydro chemical parameters such as Dissolved Oxygen (DO, %), salinity,
water temperature and pH, were monitored in situ with a portable multiparameter probe
(HANNA HI9828). Precipitation data were obtained from SNIRH, the National Water
Resources Information System, as presented in the Supplementary Material.

At the same collection point (S1) and in the same months of 2009 and 2010, a minimum
of 7 plants and a maximum of 29 plants were carefully collected, depending on their
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abundance. This occurred at the marshes of the upper intertidal areas, where the salinity
in low water tidal pools varied from 0.5 in winter to 31.0 in summer. Green plants of B.
maritimus, with equivalent size and age, and without a senescent appearance were collected.
To remove attached sediments, the plants were cleaned in the water from the lagoon and
were afterwards transported in plastic containers to the laboratory.

2.3. Sample Treatment (Water, Sediment, and Plants)

Previous to the trace metal determination analyses, the glass and plastic materials
were prepared and cleaned as in [39]. All the standard solutions were prepared daily from
stock solutions with ultra-pure water.

At the laboratory, the water samples were filtered, using a Whatman GF/C glass-fiber
filter, to extract the dissolved and suspended particulate matter. The dissolved trace metals
analysis was performed starting with filtered water that was acidified (69% HNO3), to a
pH < 2, transferred to 50 mL plastic containers and stored frozen, at −18 ◦C, until further
analyses. For the determination of trace metal concentration in the suspended particulate
matter of the water, the glass-fiber filter of each water sample was prepared for trace
metals analysis following the digestion methods described in [29], and afterwards stored at
−18 ◦C, until further analyses.

Sediment mean grain size of the sampling stations was evaluated according to the
method described in [39]. To evaluate the organic matter content in sediments a loss ignition
at 450 ◦C, for 8 h, was performed and then the sediments were dried for 48 h, at 60 ◦C. The
dried sediment samples were also prepared by digestion methods for trace metal analysis
(as described in [39]) and stored at −18 ◦C, until further analyses.

All plants were washed with ultrapure water, to remove slurry and epiphytic algae,
and finally dried with paper towels. The plants were then fresh weighed (FW), measured
for their length, and split into their parts: underground organs (roots, rhizomes and tubers)
and aerial parts (stems and leaves), using a ceramic knife. The various parts of the plants
were afterwards dried at 60 ◦C, during 48 h, dry weighed (DW) and powdered in a glass
mortar. An acid digestion of the ground samples was performed: 0.1 g of dried material
with two times 3 mL of 69% HNO3 were dried on a hot plate at 150 ◦C, until 1 mL solution
remained [40,41]. The 3 mL of 1% HNO3 was added to the samples at room temperature,
and finally these were filtered with ashless quantitative filter papers Whatman grade
no. 41 (0.45 µm pore size, 55 mm Ø, Whatman GmbH, Dassel, Germany. The samples were
then diluted with ultrapure water to make up the final volume of 50 mL, transferred to
plastic containers and frozen (−18 ◦C) until further analysis. After all the preparation, three
independent replicates of each part of each individual plant sample were used for the trace
metal analyses.

2.4. Trace Metal Analyses

Cd, Pb and Ni were the trace metals analyzed in all the samples collected because
of their toxicity and persistence in coastal environments, and particularly in Óbidos La-
goon, where those elements were already reported in halophyte plants, such as S. ramosis-
sima [29,30]. Atomic Absorption Spectrometry (AAS) (Thermo Scientific iCE3500 Atomic
Absorption Spectrometer), with a graphite furnace (SOLAAR FS95 Furnace auto sampler)
was the analytical technique used to quantify the concentrations of Cd, Pb and Ni in
water (dissolved fraction and suspended particles), sediments and B. maritimus samples.
Hollow cathode lamps were used for each metal (Cd: 10 mA; Pb: 10 mA; Ni: 15 mA;
Thermo Electron Corporation). Argon was the carrier gas (Praxair Portugal Gases S.A.,
Portugal). According to the equipment specifications, 20 µL of matrix modifier (magnesium
nitrate) was added in 1 mL of water, sediment and plants samples used for the detection of
cadmium and lead. All the standard solutions were prepared daily for trace metal analysis,
using the cadmium, lead and nickel stock solutions presented in [39]. Blank solutions
were prepared for each type of trace metal and external calibrations were performed using
aqueous matched standards. The detection limits of this technique for each metal are the
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following: cadmium (0.2 µg·L−1), lead (0.1 µg·L−1) and nickel (10 µg·L−1, as described
in [41].

2.5. Data Analyses

Data normality and homoscedasticity were evaluated prior to analysis and variables
were transformed whenever necessary. The effects of the year of sampling and of seasons
on the trace metal concentrations of the water and sediment samples, as well as on the
plant samples, were evaluated with one-Way ANOVA procedures, with post-hoc tests
(Tukey HSD and LSD tests), using the SPSS Software package. Additionally, the Pear-
son correlation analysis was performed to analyze if there was any correlation between:
(1) the concentration of metals in the environmental samples (water and sediments); (2)
the concentration of metals detected in environmental samples and their concentration in
the various parts of the plants (underground organs, stems and leaves) and in the whole
plant which refers to the sum of the underground organs, and aerial parts (stems and
leaves) (significance level p-value < 0.05). The concentrations in whole plants were only
determined when the plants presented leaves.

To better understand the bioaccumulation ability of B. maritimus for the analyzed
trace metals, several calculations were performed. The transportation index (Ti) was
calculated to evaluate the proportion between leaf and rhizomes’ metal concentrations as
in [42], that depicts the plants’ ability to translocate the metal ion form from rhizomes to
leaves. The Bioaccumulation Factor (BAF), as previously used by [29] was estimated, and
corresponds to the ratio between a contaminant concentration in the organism tissues and
its concentration in the ambient water. Additionally, the plant/soil concentration ratio was
measured to evaluate the amount of contaminant uptake [43].

3. Results
3.1. Physicochemical Parameters

At the sampling site, the highest water temperatures were observed in the summer
of 2009 while the lowest temperatures were recorded in the winter of 2010 (Table 1). The
highest pH values were registered during the autumn of 2009 and the summer of 2009,
while the lowest were recorded in the winter of 2010 and in the spring of 2010. The highest
salinity results were measured in the summer of 2009 and in the autumn of 2009, while the
lowest salinities were measured in the winter and spring of 2010. The DO (%) showed the
lowest values in both spring seasons and was highest in both summer seasons.

Table 1. Environmental parameters observed at the sampling station S1 for the seasons studied at
the Óbidos Lagoon (Portugal) during 2009 and 2010. For quantitative features, the averages and
deviation error recorded in the period under study were calculated and reported.

Station S1 Environmental Parameters

Season/Year Temperature
(◦C) pH Salinity Dissolved

Oxygen (%)

Spring/2009 18.37 ± 1.46 8.46 ± 0.24 16.29 ± 10.31 64.21 ± 10.62
Summer/2009 26.20 ± 1.01 8.56 ± 0.03 31.16 ± 0.43 91.52 ± 11.48
Autumn/2009 21.42 ± 0.00 8.73 ± 0.00 30.03 ± 0.00 84.8 ± 0.00
Winter/2010 12.97 ± 2.12 8.22 ± 0.28 1.29 ± 1.15 77.88 ± 12.38
Spring/2010 18.29 ± 4.41 7.95 ± 0.22 1.20 ± 0.73 64.74 ± 27.24

Summer/2010 20.27 ± 0.96 8.43 ± 0.09 5.99 ± 3.88 94.19 ± 4.48

3.2. Concentrations of Trace Metals in Water and Sediment

Lead was the metal with highest concentrations in water dissolved fractions, espe-
cially in the samples collected during the spring of 2009 (0.03 ± 0.00 mg·L−1) (Figure 2a).
Cadmium was not detected in these samples (Figure 2a). The highest concentrations of
Ni quantified in the samples collected were values lower than 0.01 ± 0.00 mg·L−1 in the
spring of 2009 and the winter of 2010.
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Figure 2. Final concentrations of Cd, Pb and Ni measured in the dissolved fractions of water samples
(a), final concentrations of the suspended forms of Cd, Pb and Ni measured in water samples (b) and
the final concentrations of Cd, Pb and Ni measured in sediment samples (c) collected seasonally on
S1 at the Óbidos Lagoon (Portugal) during 2009 and 2010. d.w.—dry weight.

As for the trace metals determined in the suspended fraction of water (Figure 2b), Pb
was, once again, the most abundant element recorded, with the highest concentrations
obtained in samples from the autumn of 2009 (0.01 ± 00 mg·L−1), and the winter and
spring of 2010 (both 0.01 ± 00 mg·L−1). The highest concentrations of Cd were reported in
the autumn of 2009 (0.01 ± 0.00 mg·L−1) and the winter of 2010 (0.01 ± 0.00 mg·L−1), but
Ni was not detected in the suspended fraction of the water samples collected, in any of the
two years studied.

As for sediment samples, Pb was the most persistent trace metal, having been found in all
samples, and with the highest concentrations (the lowest value was 16.23± 0.00 mg·kg−1 and
the highest was 45.22± 0.00 mg·kg−1) (Figure 2c), especially in both the 2009 and 2010 winter
samples (43.06 ± 0.00 mg·kg−1 and 39.99 ± 0.00 mg·kg−1, respectively) collected, and in the
spring, and summer of the 2010 samples (45.22 ± 0.00 mg·kg−1 and 44.33 ± 0.00 mg·kg−1,
respectively). Concentrations of Cd recorded were also highest in the sediment samples of
the winter and spring of 2009 (2.44± 0.00 mg·kg−1 and 5.54± 0.00 mg·kg−1, respectively),
compared with the results of the dissolved and suspended water fractions. Nickel was never
detected in the sediment samples collected in the four seasons during 2009 and 2010, since
their measurements were always below the detection limits of the analytical equipment.
Results of the one-way ANOVA conducted, showed that neither the year of sampling nor
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the seasons of the year influenced the presence of the studied metals in the environmental
samples (p > 0.05). The Pearson correlation analysis between the concentrations of Cd, Pb
and Ni in water (suspended and dissolved fractions) and in the sediments, on the other hand,
demonstrated the existence of a strong positive correlation between the concentrations of Ni
and Pb present in the dissolved fraction of water samples (Table 2).

Table 2. Pearson’s correlation coefficients between the concentrations of metals (Cd, Pb and Ni) in
the environmental samples of water and sediments collected and evaluated at the Óbidos Lagoon
(Portugal). Significant correlations with p < 0.05 are highlighted in bold. susp frac—suspended
fraction; dissol frac—dissolved fraction.

Pearson
Correlation

Cd Water
(susp frac)

Cd
Sediments

Pb Water
(dissol frac)

Pb Water
(susp frac)

Pb
Sediment

Ni Water
(Dissol frac)

Cd water (susp
frac) 1

Cd sediments −0.417 1
Pb water (dissol

frac) −0.310 0.669 1

Pb water (susp
frac) 0.481 0.062 −0.552 1

Pb sediments −0.482 0.191 −0.232 −0.157 1
Ni water (dissol

frac) −0.152 0.694 0.880 0.478 −0.045 1

3.3. Trace Metal Concentrations in B. maritimus Plants

The plants presented their highest lengths in the spring of 2010 (87.83± 22.43 cm), while
the lowest lengths were obtained in plants collected in the spring of 2009 (31.78 ± 13.70 cm)
(Figure 3). Additionally, measurements of the total length of the plants in the autumn of
2009 and the winter of 2010 were not possible since the plants did not present leaves in those
seasons (the resulting measurements were exclusively of underground organs collected)
(Figure 3).
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Figure 3. Total length measurements of B. maritimus plants collected at S1 at the Óbidos Lagoon
(Portugal), across the seasons of 2009 and 2010. The concentrations in whole plants were only
determined when the plants presented leaves. Therefore, data for autumn 2009 and winter 2010 are
not shown to avoid inadequate comparisons. Values are means (±standard deviation).

Cd and Pb were the only trace elements detected in the samples of B. maritimus during
this study (Figure 4), while the presence of Ni was not detected by the atomic absorption
spectrometry instrument in any of the samples of B. maritimus (underground organs, stems,
and leaves) that were analyzed.
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Figure 4. Final concentrations of Cd (mg·kg−1) (a) and Pb (mg·kg−1) (b) in underground organs,
stems and leaves and final concentrations of Cd and Pb measured in plants overall (c) seasonally
collected at S1 sampling station at the Óbidos Lagoon (Portugal) in the years of 2009 and 2010. Values
are means (±standard deviation).

The leaves were the part of the plant where Cd concentrations were highest as opposed
to underground organs and stems, particularly in plants collected in the spring and summer
of 2009 (concentration in leaves: 6.33 ± 8.95 mg Cd kg−1 in spring and 8.61 ± 11.43 mg Cd
kg−1 in the summer of 2009) (Figure 4a).

As for the lowest Cd concentrations recorded, these were detected in stems collected
in the winter and spring of 2010 (concentration in stems: 1.26 ± 1.78 mg Cd kg−1 in winter,
0.10 ± 0.14 mg Cd kg−1 in the spring of 2010). In the remainder of samples from the
underground organs, the metal Cd was not detected. The ANOVA analysis performed for
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the underground organs, showed that Cd concentrations in the stems and in the leaves did
not present significant statistical differences between the years of study, or between the
seasons analyzed (p > 0.05).

Pb was detected in several parts of B. maritimus plants, particularly in the underground
organs and in the stems (Figure 4b). The highest concentrations of Pb in the underground
organs were registered in the summer of 2009 (13.29 ± 17.74 mg Pb kg−1) and the lowest
in the spring of 2009 (1.38 ± 1.03 mg Pb kg−1). The stems presented the highest Pb
concentrations in the autumn of 2009 (19.28± 0.00 mg Pb kg−1) and the lowest in the spring
of 2009 (2.45± 3.09 mg Pb kg−1). As for the leaves of B. maritimus, the Pb concentration was
highest in samples collected in the spring of 2010 (2.57 ± 3.36 mg Pb kg−1) and lowest in
samples collected in the summer of 2009 (0.86 ± 0.84 mg Pb kg−1) and the summer of 2010
(0.73 ± 0.88 mg Pb kg−1). The ANOVA analysis of Pb concentrations in the underground
organs per year and per season did not present significant differences (p > 0.05).

Considering the whole plants of B. maritimus, Pb was the metal present in highest
concentrations, in comparison with Cd (Figure 4c). The plants presented higher concentra-
tions of Pb in the summer of 2009 (18.07 ± 7.14 mg Pb kg−1 B. maritimus) and the spring of
2010 (15.22 ± 2.44 mg Pb kg−1 B. maritimus). As for Cd, the highest concentrations were
observed in the summer of 2009 (8.61 ± 5.38 mg Cd kg−1 B. maritimus) and the spring of
2009 (7.71 ± 3.82 mg Cd kg−1 B. maritimus).

Pearson correlation analysis between the concentrations of Cd and Pb, both in the
environmental and in the B. maritimus samples, revealed that there were some significant
correlations (p < 0.05) between the presence of these elements in the environmental samples
and their presence in the distinct parts of the tested plants, especially for Cd (Table 3). A
strong positive correlation was observed between the Cd present in the suspended fraction
of water samples and the Cd present in underground organs, while a very strong positive
correlation was obtained between the Cd present in the sediments and the Cd measured
in the stems of the plants. Additionally, the concentrations of Cd measured in the whole
plants were very strongly and positively correlated with the concentrations of this metal
in the leaves. The environmental concentrations of Pb did not correlate significantly with
any of the Pb concentrations observed in the several parts of the plants tested, but the Pb
concentrations in the whole plants were strongly and positively correlated with the Pb
concentrations in the stems.

Table 3. Pearson’s correlation coefficients between the concentrations of metals (Cd and Pb) in the
environmental samples of water and sediments and the concentrations of those metals in Bolboschoenus
maritimus plants (underground organs, stems, leaves and in whole plant) collected and measured at
the Óbidos Lagoon (Portugal). Significant correlations with p < 0.05 are highlighted in bold. susp
frac—suspended fraction; dissol frac—dissolved fraction.

Pearson
Correlation

Cd Water
(susp frac)

Cd
Sediments

Cd
Underground

Organs
Cd Stems Cd Leaves Cd Whole Plants

Cd water
(susp frac) 1

Cd sediments −0.417 1
Cd underground

organs 0.877 −0.227 1

Cd stems −0.317 0.987 −0.196 1
Cd leaves −0.451 0.413 −0.317 0.460 1

Cd whole plants −0.196 0.461 −0.006 0.519 0.944 1

Pearson
correlation

Pb water
(dissol frac)

Pb water
(susp frac)

Pb
sediments

Pb underground
organs Pb stems Pb leaves Pb whole plants

Pb water
(dissol frac) 1

Pb water
(susp frac) −0.552 1
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Table 3. Cont.

Pearson
Correlation

Cd Water
(susp frac)

Cd
Sediments

Cd
Underground

Organs
Cd Stems Cd Leaves Cd Whole Plants

Pearson
correlation

Pb water
(dissol frac)

Pb water
(susp frac)

Pb
sediments

Pb underground
organs Pb stems Pb leaves Pb whole plants

Pb sediments −0.232 −0.157 1
Pb underground

organs −0.607 0.587 −0.383 1

Pb stems −0.329 0.258 −0.566 0.137 1
Pb leaves −0.281 0.827 0.484 0.195 0.152 1

Pb whole plants −0.584 0.555 −0.617 0.663 0.825 0.328 1

3.4. Bioaccumulation Ability of B. maritimus

Calculations of the Ti (%) of B. maritimus revealed that there was a higher translocation
of Pb into the leaves in the samples collected in the spring of 2009, although this process
was also observed in the spring and summer of 2010 on a much smaller scale (Figure 5a).
In the summer and autumn of 2009 and the winter of 2010 the plants did not present leaves,
and therefore Ti calculations were not possible to be performed.
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Figure 5. Cd and Pb transport index (Ti) in B. maritimus plants (a) Cd and Pb bioaccumulation factor
(BAF) representing the water/plant ratio of B. maritimus (b) and the bioaccumulation factor (BAF)
representing the sediment/plant ratio (c) seasonally collected in the Óbidos Lagoon (Portugal) in the
years of 2009 and 2010. Values are means (±standard deviation).

To evaluate the bioaccumulation capacity of B. maritimus to retain Cd and Pb, BAF
calculations were performed (Figure 5b). Concerning this ratio, the results indicated an
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accumulation of Pb, while Cd was not accumulated. During the autumn of 2009 and spring
2010 the highest accumulations of Pb were measured. As for the plant/soil concentration
ratios, Cd accumulation was observed during both the spring seasons of 2009 and 2010,
while for Pb higher values were obtained in the summer and autumn of 2009 (Figure 5c).

4. Discussion
4.1. Physicochemical Parameters

At Óbidos lagoon, spatial heterogeneity of water quality and a progressive decline
in water quality were previously reported in the literature [23]. The highest mean water
temperatures were registered in the summer seasons of the current study, especially in
2009. It was also in summer 2009 that the remaining physicochemical parameters (pH,
salinity, and DO) presented the highest values measured. The limited tidal waves seen in
the lagoon induced the recorded temperatures, which may have been reinforced by solar
radiation and convection processes in the homogeneous water column.

Another physical parameter analyzed was salinity, which depends on meteorological
conditions (rains and temperatures), but also on the proximity of tributaries and on the
hydrographic circulation of the system. This was seen between the collection point S1 and
the proximity to the tributaries, where salinity decreases from the mouth to the upstream
region. High salinities monitored in the summer and autumn of 2009 may be related to the
low precipitation and the reduction of the freshwater inputs [25,44]. As expounded by [45],
salt stress affected the trace metal bioaccumulation capacity of the plants.

At S1, the elevated dissolved oxygen measured over the different months was similar
to previously reported results, such as in [22–24]. Sewage and domestic discharges foster
an increase in nutrients in the water and potentially, the inception of eutrophication.

4.2. Trace Metal Concentrations in Water and Sediment

At Óbidos Lagoon, trace metal pollution is a significant environmental stressor factor,
given that its watershed drains into an agricultural area. The presence of trace metals in
water (dissolved and suspended fractions) was measured in samples collected at S1, a site
where disposal is frequent. According to [46], 50 µg L−1 of Cd is the maximum allowed
concentration (MAC) for irrigation waters, while for residual water discharges 200 µg L−1 of
Cd is the emission limit value (ELV). The [13] regulated the Environmental Quality Standard
Arithmetic Mean (EQS-AM) of Cd and their compounds in surface waters. For freshwater, the
values depend on water hardness and are≤0.08 and 0.25 µg L−1, while for transitional, coastal,
and territorial waters the value is 0.2 µg L−1. Cadmium amounts present in water (dissolved
and suspended fractions) (Figure 2a) were below those values, but the concentrations of this
metal in the suspended fraction were higher as opposed to the dissolved fraction (Figure 2b).
This metal is resistant to corrosion, however, as a salt, Cd combines with sulphates and
chlorides and is one of the most soluble trace metals in water and is biopersistent in most
organisms [30]. Cadmium solubility is also influenced by the pH, not being soluble above
7.5. In our study, pH values were above 7 (Table 1), suggesting that effluent discharges
might have been responsible for the water contamination with this metal, and therefore, for
the contamination of sediments. Despite the Cd concentrations measured being below the
detection limits, which was also indicated for Cd in sediments from other reports [11,47],
2–2.5 mg kg−1 of Cd is pointed out as a maximum allowed concentration for sediments,
according to the European Union regulations [48,49].

The organic matter content of the sediments quantified in this study were similar to
the results reported in [22]. Infaunal communities directly contact the sediment, and in the
sediment organic matter and other pollutants are easily accumulated [22], being afterwards
bioaccumulated by the plants in saltmarshes. Lead was the trace metal with the highest
concentration detected both in water and sediment samples collected at S1. Portuguese
Decree Law [48] states that 50 µg L−1 of Pb is the maximum allowed concentration (MAC)
for superficial waters. More recently, the [13] established for Pb and their compounds in
surface waters, the value of 7.2 µg L −1 for fresh, transitional, coastal, and territorial waters.
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Pb present in the dissolved fraction and suspended matter is related to their solubility
and translocation (Figure 2). Under standard conditions (T = 20 ◦C and P = 1 bar), Pb is
insoluble in water, but it can also appear in its ionic form (Pb2+), which is highly mobile
and bioavailable. The highest concentrations of this metal were reported in the suspended
fraction of water in the seasons of 2009 and 2010, except in the spring of 2009. Dissolved Pb
concentrations were reported in the range of 50 ng L−1 to 300 ng L−1 in coastal waters of
the Atlantic ocean affected by anthropogenic activities [49,50]. Wastewater streams, pipes
and soils are sources of suspended forms of Pb, which may then ascend to higher trophic
levels via food chains [50]. This is in agreement with the results obtained in this work at
Óbidos Lagoon.

Ni was detected in water samples in the spring of 2009, but it was not detected in a
suspended form or in sediment samples. The [13] has defined the value of EQS-AM for
Ni as 20 × 10−3 mg L−1 for surface water. The results obtained in the present study were
within this range of values. This is seen because some Ni compounds are water soluble,
with Ni chloride the most soluble form of this metal in water (553 g L−1 at 20 ◦C to 880 g
L−1 at 99.9 ◦C) or Ni carbonate (90 mg L−1). Others are water insoluble, such as Ni oxide,
Ni sulfide and Ni tetra-carbonyl as previously reported by [51].

4.3. Trace Metal Concentrations in B. maritimus

The abundance of the plants collected in the different seasons (results not shown) were
in accordance with the life cycle of B. maritimus, with higher abundances in spring and
summer, since B. maritimus rhizomes present tubers that are reserves of carbohydrates and
allow plant growth; these germinate in autumn, emerging from the sediment in winter.
At spring, these monoic plants form flowers and fruits due to sexual reproduction [29].
Therefore, total length measurements were only possible in spring and summer seasons,
with the plants reaching higher lengths in 2010, where the samples are indicated as whole
plants (underground organs, stems and leaves).

The amount of elements absorbed by macrophytes in shallow coastal ecosystems is
related to the content of those elements in the abiotic compartment, but also to the life-
form of the plants [52,53]. Therefore, trace metals present in water and sediment samples
affected the presence of trace metals in B. maritimus. The translocation of trace metals
through the plants is not restricted to underground organs, stems or leaves and there
are different protective mechanisms against the uptake of trace metals to restrain their
transport within the body of the plant [28]. During growth, the absorption of essential
elements increases, and higher concentrations of trace metals may be obtained at the mature
stage of the plant. Metal uptake occurs most probably through the root cells, using similar
uptake processes as the ionic metals that are essential micronutrients for the growth of
plants [54]. Nevertheless, different apoplastic structures, together with cell walls, work as
filters, restricting substance movements inside the symplast and in the aerial parts. The
cell vacuoles of most hyperaccumulator plants store metals, setting them apart from the
cytosol [27,28].

In accordance with previous studies [29,30,55], underground organs of halophyte
plants, such as B. maritimus and S. ramosissima present the highest concentrations of trace
metals, such as cadmium and lead, as seen in Figure 4. Since the stems of those plants
have vascular tissues with lower metabolic activity, less accumulation of metals than in
underground organs is expected [29,56].

Some species of halophyte plants, such as Salicornia europea, are capable of absorbing
Cd in the rhizomes and accumulate it in the aerial parts [56]. In the autumn of 2009,
the highest concentration of Cd present in underground organs may be a result of the
nutrient uptake that occurs in the senescent aerial part. This may be achieved because of
translocation to the underground over wintering tissues [28,29]. The leaves evidenced a
higher accumulation of Cd during the spring and summer of 2009 (Figure 4b), showing
that cadmium content in leaves was linked to the plants’ life-cycle. In accordance with [28],
Cd does not influence plant growth, particularly in rhizomatous plants, which agrees with
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the present results (Figure 3). The pH of the sediments influences the capacity of plants to
absorb Cd, since when pH increases, Cd mobility decreases and the dissolved form of this
metal decreases accordingly [57].

Due to the presence of Cd in water and in sediments, the correlation obtained in
the present work between Cd in the suspended fraction of water samples and Cd in the
underground organs of the plants was expected, because the biochemical form of Cd present
in the water allows the metal to be bioavailable for translocation [56–62]. Additionally,
since Cd is a predominant trace metal found in the dissolved form which, as previously
reported by the literature, was detected in sediments of this lagoon, there is an increased
possibility of translocation of this metal in the plants [59–62]. This is supported by the very
strong positive correlation found between the concentrations of Cd in sediments and in
B. maritimus’ stems.

Pb was observed in the distinct parts of B. maritimus in the four seasons of 2009 and
2010, especially in stems and underground organs. Additionally, the concentrations of
Pb in water and sediment samples were also the highest, with a high availability of this
trace metal able to be translocated and accumulated in several parts of the plant, revealing
the capacity of B. maritimus to accumulate Pb in its tissues. In fact, the strong positive
Pearson correlation observed between the Pb concentration in the stems of the plants and
the Pb concentration in whole plants suggests that most of the Pb translocated by the plants
was accumulated in their stems. This is in accordance with works performed with Scirpus
grossus, where higher concentrations of Pb were observed in the upper parts of the plant
rather than in the roots [63]. Following the previous results reported in [29,30], as well as
in the work of [58] where Cd and Pb were detected in distinct parts of B. maritimus plants
collected in the lower Diep River (South Africa), B. maritimus can actually be used as a
biomonitor for trace metals.

4.4. Bioaccumulation Ability of B. maritimus

Biomonitors are organisms that hold information on quantitative aspects of the quality
of their environment [64]. For B. maritimus to be seen as an adequate biomonitor for
trace metal contamination in saltmarshes, the plants must be able to bioaccumulate these
pollutants from their surrounding environment.

For the trace metal Cd, higher concentrations of this metal were found in leaves of B.
maritimus, especially in those collected in the spring and summer of 2009, leading to the
observed reported results in the Ti (%) and BAF depicted in Figure 5. Ti (%) values confirm
that Cd uptake follows the life cycle of the plant and is related to the uptake of trace metals
through the roots, in stems up through the leaves (up to 20%) (Figure 5b). B. maritimus
Ti analyses for the absence of Cd were below 20%, as similarly reported in a previous
work by [55]. Cadmium’s Tis (%) in B. maritimus were higher than 1 and are in agreement
with the results of Figure 4, where plants were able to retain higher concentrations in their
tissues during the spring of 2009, when full plants were collected and measured. Similar Ti
(%) values were already reported in other plants, such as T. repens in polluted soils growing
in a heavy metal-contaminated field near a closed smelter in France, which accumulated
Cd in both roots and shoots [59].

As for BAF water/plant ratio (Figure 5b) and for sediment/plant ratio (Figure 5c), it
was not possible to calculate those ratios for Cd, except in the case of sediment/plant ratio
in both spring seasons. However, Ti and BAF results reported for Cd indicated that the
presence of this trace metal in the plant was higher than from non-polluted environments,
classifying B. maritimus as a biomonitor of the presence of this metal at the Óbidos Lagoon,
in the warmer seasons.

In terms of Pb, Ti (%) values were always higher than 1 and reached the highest
values also in the spring of 2009 (68.22%), spring of 2010 (16.16%) and summer of 2010
(16.48%), seasons in which B. maritimus was collected as a full plant (Figure 5a). The
trace metal Pb, reached the highest results for most of the seasons for the plants collected,
demonstrating that B. maritimus is a suitable biomonitor for this metal, namely at the
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Óbidos Lagoon. The highest values of BAF water/plant ratio were obtained in the spring
of 2010, reaching 2797 (Figure 5b), but for BAF sediment/plant ratio the value obtained
in this season was only 0.19, one of the lowest results (Figure 5c). The remaining results
were similar, suggesting that plants can transport and accumulate Pb in their tissues
during the four seasons, except in the winter of 2010. As explained by [27], the trace metal
content of the shoots was not affected by the distance from the inlet, but it was easier for
the plant to translocate trace metals closer to the underground organs proficiently, than
from the water to the soil, where trace metals mostly exist as insoluble forms and are not
bioavailable to plants [61]. The present results therefore demonstrate that the uptake of
Pb in B. maritimus plants is an important factor, and that this plant efficiently transports
this metal from the underground organs to the shoots, also suggesting the development of
tolerance mechanisms to endure high concentrations of this element [44]. As stated in [62],
the BAF value for other halophytes such as Scirpus mucronatus was >1 for Pb, where the
authors also concluded that Pb bioaccumulates when contaminants carried by the plant
are not degraded rapidly. In their study, the concentration of Pb was not higher than
1000 mg · kg−1 in the shoot, though the ability of S. mucronatus to endure and store heavy
metals was beneficial for phytostabilization. Other works such as [62], indicated that Scirpus
americanus and T. latifolia could extract Pb, from their water surroundings, as demonstrated
by the higher concentrations of heavy metals in roots as opposed to stem and leaves. This
agrees with the results obtained in the present work. The last authors also stated that
the uptake of Pb from root to stem was likely to occur in both species and assumed that,
because of their capacity to extract Pb from their lagoon and their capability to accumulate
this metal in their roots, S. americanus and T. latifolia are interesting alternatives to restore
polluted water systems. Following this reasoning, B. maritimus can be considered both
as a biomonitor and as a bioindicator for Pb and Cd at the Óbidos Lagoon. The plant B.
maritimus can indicate the presence of trace metals in the ecosystem in all seasons, due to
the accumulation of these pollutants in their tissues as demonstrated by the Ti and BAF
results, making them suitable for seasonal monitoring.

5. Conclusions

The results obtained in this work increase the understanding of the accumulation and
translocation capacity of B. maritimus in coastal lagoons regarding contamination by trace
metals and may support coastal management actions for trace metal bioaccumulation and
pollution monitoring. The concentrations of the trace metals, Cd, Pb and Ni recorded as
present in water and sediment samples in Óbidos Lagoon were a result of local disposals
and seasonal variation. The accumulation of Cd and Pb in the various parts of these
plants suggests that B. maritimus is capable of retaining those trace metals in their tissues
and able to translocate them to the leaves. The plant B. maritimus can be considered an
adequate biomonitor for cadmium and lead, especially in spring and summer, where the
highest concentrations, Ti and BAF results were reported. Additionally, this halophyte
plant can be used as a phytoremediator for these pollutants, to remove those from water
and sediments or to render them innocuous. This is an approach that provides an appealing
alternative, with minimal disturbance to the ecosystem’s efficiency due to reduced levels of
associated contamination and the potential for recovery of trace metals, using plants such
as B. maritimus as bioaccumulators.

Phytoremediation techniques in marine environments, particularly in coastal lagoons,
will help to identify new strategies to monitor trace metal pollution, using plants as
biomonitors in situ and to identify pollution specific points that can be strategically used
for more political regulation and environmental control.
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