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Abstract

This research is focused on evaluating heavy metals (Cd, Cu, Fe, Mn, Pb, and Zn) uptake and removal by Eleocharis ovata,
Cyperus manimae, Typha dominguensis, and Pteridium aquilinum in a natural wetland impacted by mining activities. We
analyzed heavy metals content and distribution in native plants, soils, and water of a semipermanent natural wetland in Taxco
de Alarcon, Guerrero, and we also determined the physicochemical characteristics of the water. Translocation factor (TF)
and bioconcentration factor (BCF) were evaluated. Results showed that physical and chemical conditions are favorable for
plants development. Correlation analysis showed a good and positive relation (0.95) between Cu and Pb in soils and plants.
In the analyzed matrices: Zn (0.62-2.20 mg/L) exceeded the permissible limits in water, high concentrations of Pb and Zn
(26.57-525.67 and 266.67-983.33 mg/kg, respectively) were detected in the studied soils, and Pb exceeded the normal range
for E. ovata and P. aquilinum in the analyzed plants. Uptake of heavy metals in the tissues of different species was found in
the following order: root > leaf. Data of TF and BCF showed that E. ovata is a tolerant plant with respect to heavy metals
exposure since TF value was greater than 1. This study showed that E. ovata could be considered as a bioaccumulator of
heavy metals in contaminated soils.
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Introduction

Heavy metals are serious contaminants due to their toxicity,
environmental persistence, and ability to be incorporated
into the food chain and generate risks to the environment
and human health (Sasmaz et al. 2008). The most important
sources of heavy metals pollution in the environment are
those generated by anthropogenic activities such as mining,
smelting, mining-metallurgical industry, chemical industry,
among others.

Tailings are wastes resulting from the crushing, grind-
ing, and processing (by physical and chemical methods) of
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rocks until the desired ore is obtained. These residues are
usually placed near the processing site, and once exposed
to the weather, can be oxidized and release heavy metals by
the action of rain and other factors which may reach the soil
and water bodies altering water quality (Romero et al. 2008).

The concentration of heavy metals in soil and water
increases due to the amount of discharged wastes to the
surroundings. Their concentration and availability play an
important role in controlling the bioavailability of metals to
plants, which depends on soil type, HM solubility in water,
plant growth status, and plant species. Heavy metals cannot
be degraded in the environment, so they are continuously
deposited in water bodies and soil.

The presence of heavy metals in soil and water can affect
wildlife, plant growth, and others (Popescu et al. 2009).
The collection and accumulation of heavy metals in plants
follows two different paths: (1) through the roots and (2)
through the leaf surface (Sawidis et al. 2001). This uptake
and accumulation are also modified by the plants’ life cycle,
biomass, and interaction with microorganisms present in the
rhizosphere.
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Heavy metals exist in water bodies, sediments, plants,
and other organisms (Engin et al. 2015). As they also affect
the environment, heavy metals distribution can also change
flora and fauna distribution in wetlands, due to different abi-
otic and biotic factors. It is thus important to investigate
pollutants removal processes by different routes as plants,
microorganisms, and abiotic factors; they can influence the
mobility and translocation of heavy metals.

Contamination by mining activities has generated many
environmental problems worldwide. In the study zone of
Taxco de Alarcén, Guerrero, several geochemical and bio-
logical studies have been published (Romero et al. 2008;
Ruiz-Huerta and Armienta-Hernandez 2012; Gémez-Ber-
nal et al. 2014). However, important plant species are being
defined for the removal of pollutants from anthropogenic
activities in the area and the implementation of wetlands
around sites close to mineral residues (Gémez-Bernal et al.
2017). Therefore, this study aims to evaluate heavy met-
als (Cd, Cu, Fe, Mn, Pb, and Zn) uptake and removal by
Eleocharis ovata, Cyperus manimae, Typha dominguensis,
and Pteridium aquilinum in a natural wetland impacted by
mining activities, as a case study possibly to implement at
other similar areas and to propose species able to remediate
this kind of contamination.

Materials and methods
Geographic delimitation

Plants were collected in a semipermanent natural wetland
(300 m?) located in Taxco de Alarcon, Mexico (Fig. 1).
Taxco is a municipality located in the northern part of
the state of Guerrero, at an altitude of 2600 m above sea
level (18°21'N, 99°47 W). The annual temperature varies
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between 12 and 26 °C, and the range of annual precipita-
tion is 800—1500 mm (INEGI 1999). “La Concha” tail-
ing pond is located north of San Antonio mine (Fig. 1),
at 18°32'22.27191"N, 99°38'9.0537". It is a deposit of
irregular shape of 140 m long, 50 m wide, and 10 m height
(CRM 2003).

Collection of samples

Selection of sampling points was designed according
to the following: Soil collection was carried out where
the most abundant plant species grew along the natural
wetland being eight sampling points at a depth of 30 cm
(points 1-8, Fig. 1) and one more point in an artificial wet-
land receiving wastewater from the mine (point b, Fig. 1).
The rhizosphere was also collected at each sampling point.
Water samples were taken from the mine water outlet and
from the natural wetland during the dry season (Fig. 1).

Physicochemical parameters of water

Water samples were collected in 250 mL polyethylene bot-
tles previously washed with HCI (1 N) and rinsed with dis-
tilled water. Temperature, pH, and electrical conductivity
were measured with a portable multiparameter (HANNA,
HI 9829). Water samples were also collected at each point
acidifying with HNO; (0.1 M), filtered through a 0.45-
pm pore membrane and stored under refrigeration until
laboratorial analysis. Analyses of main cations and anions
were carried out using the techniques described by Arm-
ienta et al. (1987) and APHA (2005). Metals concentra-
tions were determined by atomic absorption spectrometry
(Perkin Elmer A Analyst 200).

a Mining ® Sample points

b | Mining waste

Fig. 1 Distribution of sample points of water, soils, and plant species in the wetland close to the mining waste “La Concha” in Taxco, Mexico
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Determination of heavy metals in soils

Soil samples were dried, homogenized, and sieved through
0.063 mm. Half a gram of each sample was weighed, added
with 10 mL aqua regia (HNO; and HC1 3:1), and digested
during 30 min in a microwave oven CEM, MARSXpress.
The digestions were taken to 100 mL with deionized water
and filtered through Whatman 40. Triplicates of each sam-
ple were treated in this way. Concentrations of Cd, Cu, Fe,
Mn, Pb, and Zn in soil were determined by flame atomic
absorption spectrometry (Perkin Elmer AAnalyst 200).
High purity standards (Certified reference materials NIST
traceable, Montana soil 2711) were used for calibration.

Determination of heavy metals in plants

We collected randomly nine plant samples. Plants sam-
ples were carefully washed in the laboratory with running
tap water, followed by three rinses with deionized water
(18 MQ/cm, Milli-Q Millipore), and a rinse of tri-distilled
water. All plants were carefully divided into roots and
leaves. A dry weight of the collected plants was obtained
after heating at 60 °C for 75 h in an oven; the samples
were then crushed, sieved (< 325 pm), homogenized, and
weighed. The digestions were performed open: 0.5 g of
each part was weighed and cut into small pieces and open
digested with concentrated HNO; and HCIO,. The accu-
racy of the procedure was determined by analyzing the
certified reference material peach leaves (SRM 1547) for
plants for quality control. Concentrations of Cd, Cu, Fe,
Mn, Pb, and Zn in plants were determined by flame atomic
absorption spectrometry (Perkin Elmer AAnalyst 200).

Table 1 Physicochemical parameters in water of the samples points

Translocation and bioconcentration factors

The values of the heavy metals concentrations were used to
estimate the translocation factor (TF) and the bioconcen-
tration factor (BCF). TF was defined as the average of the
heavy metal concentration in leaves divided by the heavy
metal concentration in roots (Ruiz-Huerta and Armienta-
Hernandez 2012; Gémez-Bernal et al. 2014). The BCF was
defined as the average of the heavy metals concentration in
plant tissues divided by the heavy metals concentration in
soil (Ruiz-Huerta and Armienta-Hernandez 2012; Gémez-
Bernal et al. 2014).

Results and discussion
Physicochemical parameters of water

The pH in the water ranged from 8.20 to 8.55, complying
with ecological criteria for water quality CE-CCA-001/89
(SEDUE 1990), which is 6.0-9.0 for recreational and indus-
trial water, and with USEPA (1986) that establishes mean
pH values between 6.5 and 9.0 for aquatic life. The electri-
cal conductivity ranged from 571 to 797 pS/cm (Table 1).
The normal range proposed by WHO (1980) is 400600 pS/
cm. Our data exceeded these values for the first four sam-
pling points. The range of carbonates (CO32_) was from
13.07 to 22.57 mg/L. The range of bicarbonates (HCO;")
was 115.96-217.42 mg/L (Table 1). These parameters have
their own importance as part of the environment necessary
for biological processes. The range of sulfates (SO42_) in
water was from 165.17 to 212.32 mg/L. Chlorides ranged
from 9.21 to 12.05 mg/L. The range of sodium in water was
from 5.16 to 6.80 mg/L. Nitrates (NO;") varied from 9.32

Sample  pH QuS/cm  CO>~ HCO,_ SO CI F- Na*  K* Ca’* Mg®*  Balance  NO,_
1 8.2 754 19.00 21742 18851 1195 058 680 094 13475 19.13  0.98 28.20
2 823 797 2257 21138 21232 1195 059 660 080 141.06 20.03 0.16 26.70
3 831 758 22.57 19568  188.10 1205 057 676 1.06 133.63 23.63 422 23.47
4 8.55 625 203 117.17  191.60  10.15 053 565 1.19 107.65 2025 3.6 13.86
5 834 571 13.07 11596  165.17 921 050 516 0.70 9503 1350  0.54 9.32
Sample  Zn ZnF/H* CdH* CdFH" MnH* MnFH* PbH* PbFH" FeH' FeFH' CuH' CuF/H'
1 220 235 ND ND ND ND ND ND 0.13 ND ND ND

2 2.15 ND ND ND ND ND ND ND ND ND ND ND

3 1.65 130 ND ND ND ND ND ND ND ND ND ND

4 0.62 048 ND ND ND ND ND ND ND ND ND ND

5 1.60  1.16 ND ND ND ND ND ND ND ND ND ND

Concentrations in mg/L

ND non detectable
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to 28.20 mg/L (Table 1). Calcium (Ca**) ranged from 95.03
to 141.06 mg/L. The range of magnesium in water was from
13.50 to 23.63 mg/L.

Table 2 reports concentrations of heavy metals in water.
Magnesium ranged from 13.50 to 23.63 mg/L. Manganese
was not detected in any sample. The range of Zn was from
0.62 to 2.20 mg/L. The limit for this last metal proposed
by WHO (1980) is 5 and 2 mg/L by SEDUE (1990). The
limit proposed by WHO (1980) was not exceeded. How-
ever, for SEDUE (1990), concentrations were higher at two
sampling points (1 with 2.20 mg/L and 2 with 2.15 mg/L)
decreasing toward the sampling point 4 (0.62 mg/L) and
increasing to 1.60 mg/L at sampling point 5. This could be
explained for sampling point 4 because there is in this site
abundant Eleocharis ovata, a plant species that has been
reported to colonize mining shafts and impacted areas with
high concentrations of heavy metals (Lottermoser and Ash-
ley 2011).There is also a difference in altitude with respect
to sampling points 3 and 4. Cadmium was not detected in
the water at any sampling point. This could be explained
by the pH values since the solubility of Cd, Pb, Cu, and
Zn is low (Sukreeyapongse et al. 2002) at the measured
pH (Table 1). Concentrations of heavy metals are below
the maximum allowable limits established by Mexican

Table 2 Permissible maximum limits (mg/L) of pollutants in waste-
water discharges into water and national properties (NOM-001-SE-
MARNAT-1996)

NOM-001-SEMARNAT-1996 (natural wetlands)

Heavy metal Monthly average Daily average
Cd 0.1 0.2
Cu 4.0 6.0
Pb 0.2 04
Zn 10 20

regulation (NOM-001-SEMARNAT-1996) for natural wet-
lands (Table 2).

Soils

Cd occurred only in inorganic form and in one oxidation
state (2+) in natural environments, and its bioavailability
depends greatly on soil conditions (Clemens and Ma 2016).
Alloway (1995) proposed a limit of 60—125 mg/kg of Cu for
soils which was not exceeded at any sampling point. The
NOM (2003) indicates that the permissible limit is 20 mg/kg,
which was not exceeded at the sampling points. The US EPA
(1992) contemplates a range of 3—10 ppm of Cd in surface
soil, considering the excessively phytotoxic sites exceeding
this range. Concentrations of the heavy metals in the stud-
ied soils were within the permissible limits (Table 3). The
range of Cd in wetland soils was 1.88-9.25 mg/kg. Sampling
points with the highest concentrations of Cd were 6.33, 7.77
and 9.25 mg/kg, for points 6, 7, and 8, respectively; the latter
concentrated more Cd in the soil (Table 3). This shows that
Cd in the wetland soils did not exceed any proposed limit
by US EPA (1992), Alloway (1995) and NOM (2003). Cd
toxicity in soil is well known as a heavy metal that causes
toxicity even at low concentrations (Khan et al. 2015).

European Union’s regulatory commission (EU) (2006)
sets a limit of 100 mg/kg of Cu in soils, while the limit in
India is 135-270 mg/kg (Awashthi 2000). However, in any
case, this limit was not exceeded at the studied area. Cu
ranged from 0.56 to 9.83 mg/kg in soils. The highest concen-
trations of Cu were measured at sampling points 6, 7, 8, and
9(9.73,9.83, 9.13, and 10.83 mg/kg, respectively) (Table 3).

Iron concentration ranged from 205.00 to 1200.03 mg/kg
in the soil. The highest concentrations were at the sampling
points 6, 7, and 9 (1039.63, 750.00, and 1200.03 mg/kg,
respectively). The highest concentration was measured at
sampling point 9 (Table 3).

Table 3 Concentrations of heavy metals in soils (mg/kg) of the wetland close to “La Concha” tailings in Taxco, Mexico

Sample point Cd Cu Fe Mn Pb Zn
1. T. dominguensis 2.51 +£0.02 1.54 £ 0.00 350.00 + 10.82 38.00 + 0.00 31.80 +0.17 891.66 + 72.16
2. E. ovata 3.41 +0.02 0.56 +£0.01 464.60 + 9.52 55.03 +£1.25 52.10 £ 0.96 983.33 + 28.86
3. E. ovata 1.93 +0.05 1.47 £ 0.07 205.00 +2.50 34.66 + 4.04 29.70 + 1.57 308.33 + 14.43
4. E. ovata 1.88 + 0.02 1.41 +0.05 194.16 + 15.87 32.66 +0.76 26.56 +2.51 266.66 + 14.43
5. E. ovata 2.03 +0.07 0.56 +0.01 195.00 + 0.00 31.16 £ 0.76 27.00 +0.43 341.66 + 14.43
6. C. manimae 6.33 + 0.05 9.73 + 0.05 1039.63 + 14.43 82.00 + 1.00 457.33 + 6.42 583.33 + 28.86
7. C. manimae 7.77 + 0.41 9.83 + 0.45 750.00 + 33.07 68.33 + 0.57 480.33 + 17.03 658.33 + 38.18
8. P. aquilinum 9.25 + 0.00 9.13 + 0.05 697.93 + 13.00 66.33 + 0.57 525.66 + 1.15 816.66 + 28.86
554 +£0.14 10.83 + 0.20 1200.03 + 51.16 94.66 + 1.52 387.66 + 9.07 608.33 + 14.43

9
P. aquilinum

Average + SD

Bold values indicate the most representative values of the study
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Alloway (1995) proposed a limit for Mn of 5000 mg/kg in
soils, which was not exceeded at any of the sampling points.
The range at the sampling points of soils was from 31.17
to 94.66 mg/kg. The highest sampling point concentrations
were 82.00, 68.33, 66.33, and 94.66 mg/kg, for points 6, 7, 8,
and 9, respectively. The highest concentration was measured
at sampling point 9 (Table 3).

Pb is one of the first anthropogenic pollutants, being
highly persistent in soils and hardly bioavailable under
most conditions due to its low solubility at pH greater than
5; it has a strong interaction with organic matter (Clem-
ens and Ma 2016). Pb concentration ranged from 26.57 to
525.67 mg/kg; sampling points 6, 7, and 8 exceeded the limit
of the Mexican regulation (NOM-147-SEMARNAT/SAAT1-
2004) of 400 ppm, the limit proposed by Alloway (1995) of
100—400 mg/kg of Pb and the limit of 420 mg/kg established
by the USEPA (2005). Sampling points with concentrations
higher than those proposed by NOM-147-SEMARNAT/
SAA1-2004 Alloway (1995) and USEPA (2005) were 6,
7, and 8 (457.33, 480.33 and 525.67 mg/kg, respectively)
(Table 3).

Alloway (1995) proposed a limit of 70-400 mg/kg of
Zn in soils, which was exceeded at sampling points 1, 2,
6,7,8,and 9 (891.67, 983.33, 583.33, 658.33, 816.67, and
608.33 mg/kg, respectively) (Table 3). The sampling site
with the highest concentration of Zn was point 2 (983.33 mg/
kg), exceeding the limit of Alloway (1995). Gémez-Bernal
et al. (2014) found the following concentrations of heavy
metals in “La Concha” tailings: Pb (19125.05 mg/kg), Zn
(37994.35 mg/kg), Cu (1039.51 mg/kg), Mn (15.84 mg/kg),
and Fe (19.15 mg/kg). In the soils surrounding “La Concha,”
the concentrations were as follows: Pb (3.87-49.91 mg/kg),
Zn (70.48-109 mg/kg), and Cu (50.90-52 mg/kg). The
values measured in this study were higher for Pb and Zn
(27-525.67 and 266.67-983.33 mg/kg, respectively) and
lower for Cu (0.56-10.83 mg/kg). This difference in con-
centrations in the wetland may be due to the proximity of
points 7-9 to “La Concha” tailings.

Correlation analysis is widely used in environmental stud-
ies and provides an efficient method of revealing relation-
ships between multiple variables (Zhuang and Gao 2014;
Xie et al. 2016). Table 4 shows the correlation of heavy

metals in the soil, indicating the high correlation between
Fe and Mn (0.99), Pb and Cu (0.96), as well as Pb and Cd
(0.96), Cu and Fe (0.91), Cu and Mn (0.90). Principal com-
ponent analysis (PCA) (Fig. 2) shows that Zn has no signifi-
cant relation with the other metals. Likewise, the relation-
ship between sampling points 1 and 2, as well as, 3-5 is
evidenced by PCA.

The distribution of heavy metals in the soil was variable
at sampling points 1 and 2, decreasing at sampling points
3-5 in almost all heavy metals with the exception of Cd, Pb,
and Zn at sampling point 5. On the other hand, heavy metals
concentrations varied at sampling points 6-9. At sampling
point 9, the highest values for Cu, Fe, and Mn were observed
(Table 3). Sampling point 8 presented the highest values for
Cd and Pb. Clearly, there is retention at sampling points 3-5.
The mobility and bioavailability of heavy metals in contami-
nated soils are affected by a number of biological processes
and physicochemical properties such as soil characteristics,
pH, organic matter content (Ahmad and Goni 2010), cation
exchange capacity, and microbiota of the soil (Khan et al.
2015) (Fig. 3).

Soils
-0,5 0,0 0,5

2

ol

0,5

Principal Component 2
1

3
14 o4 —4-1,0

-2 0 2
Principal Component 1

Fig.2 Principal Components plot of heavy metals in the wetland soil

Table 4 Corre?lation m‘atrix of cd Fe Mn Pb 7n
heavy metals in the soil of the
wetland cd 1

Cu 0.87 1

Fe 0.72 0.91 1

Mn 0.74 0.90 0.99 1

Pb 0.96 0.96 0.83 0.83 1

Zn 0.42 0.18 0.32 0.36 0.26 1

Bold values indicate the most representative values of the study
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Fig.3 Heavy metals (mg/kg) content in soils and different parts of 7. dominguensis, E. ovata, C. manimae, and P. aquilinum. All the values are

mean of three replicates

Plants

Plants growing on contaminated soils with high levels
of cadmium show visible signs of leaf damage reflecting
chlorosis, growth inhibition, oxidative stress, genotox-
icity, inhibition of the photosynthetic apparatus, brown
margins, wavy leaves, inhibition of the roots metabolism,
and finally death (Sanita di Toppi and Gabbrielli 1999;
Benavides et al. 2005; Mohanpuria et al. 2007; Guo et al.
2008; Mishra and Tripathi 2008; Andersen and Kiipper
2013). Cd has a tendency to show interference with Fe
uptake and transport and to the use of several elements
such as Ca, Mg, P, and K in water by plants (Das et al.
1997). According to Allen (1989), plants in non-contami-
nated environments contain 0.01-0.30 mg/kg of Cd. In this
study, the highest concentration for leaf was measured in
E. ovata at sampling point 2 and in the roots of P. aquili-
num at sampling point 8 (Table 5). A high translocation
of Cd from the roots (0.48 mg/kg) to the leaves (0.96 mg/
kg) in E. ovata was observed at sampling point 2; this

@ Springer

sampling point is the only case. For the case of P. aquili-
num at sampling point 9, leaf accumulation (0.48 mg/kg)
was higher than in roots (0.42 mg/kg). It has been reported
that both roots and leaves absorb considerable amounts
of Cd (Kabata-Pendias and Pendias 2001; Sasmaz et al.
2008). Carranza-Alvarez et al. (2008) reported that roots
of T. latifolia accumulated 25 mg/kg of Cd, which means
that they exceed 50 times the phytotoxic concentrations.
Sasmaz et al. (2008) reported average concentrations of Cd
in soils of 0.23 mg/kg, as well as in plants of 0.44 mg/kg in
roots and 0.21 mg/kg in leaves of T. latifolia, which show
a great absorption of cadmium from sediments. Chandan-
shive et al. (2017) found lower concentrations of Cd in a
textile effluent (0.07 mg/kg) for T. angustifolia (0.05 mg/
kg), Paspalum scrobiculatum (0.05 mg/kg), and in the
association of both plants (0.02 mg/kg). This shows that
concentrations of Cd vary for each species of Typha and
also present a different translocation; however, the lower
concentrations may also be due to the aqueous speciation
of Cd in the effluent.
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Table 5 Heavy metals concentrations (mg/kg) in roots and leaves of plants growing in a natural wetland close to “La Concha” tailings

Sample point  Plant Cd Cu Fe Mn Pb Zn
1 T. dominguensis Leaf ND ND 0.33 +0.10 1.13 +0.11 ND 1.15 +0.52
Root 047 +0.11 0.65+0.13 75.83 +34.06 4.63 +1.94 348 +1.42 163.33 + 15.27
2 E. ovata Leaf 096+ 049 032+0.10 29.20+ 1241 22.01 +13.64 2.37+0.95 311.66 + 178.48
Root 0.48 +£0.07 0.29+0.03 16.30 +£2.25 1091 +£2.32 1.56 +0.23 89.16 + 11.54
3 E. ovata Leaf 0.03+0.06 0.15+0.04 1.72+1.80 1.04 £ 0.91 0.26 +0.21 17.83 £9.82
Root 030+021 0.15+0.05 6.95+2.99 2.08 +£0.67 0.68 +0.35 35.00 £ 16.46
4 E. ovata Leaf ND 0.11 +£0.02 1.35+0.81 2.01+£0.31 041 +0.22 28.16 + 13.51
Root 0.63+0.10 0.77+0.15 28.50+10.85 10.25 +3.03 5.30+1.83 254.16 + 7.21
5 E. ovata Leaf ND 0.10+0.00 0.46 +0.04 1.35+0.24 0.43 +£0.10 9.33+0.57
Root 0.52+0.29 0.54+0.22 18.28 +8.70 8.35+4.73 743 +4.19 100.83 + 50.02
6 C. manimae Leaf ND 0.14 £0.00 0.33+0.16 0.34 +0.08 ND 210+ 1.12
Root 028 +0.14 029+0.72 8.50+4.73 5.83 +3.97 0.97 + 0.64 47.79 +27.39
7 C. manimae Leaf ND 0.15+0.00 0.20 +£0.07 0.22 +£0.03 ND 1.20 + 0.00
Root 031+0.15 028+0.10 9.90+5.99 498 +3.47 1.03 +£0.74 60.00 + 31.32
8 P. aquilinum Leaf ND ND 0.53 +£0.16 0.23 +0.06 0.53+0.15 1.60 + 0.55
Root 1.68 +£0.25 148 +0.28 31.33 +£8.52 11.83 + 5.77 62.38 + 14.12  150.00 + 18.02
9 P. aquilinum Leaf 048 +0.31 041+ 0.24 15.06 +9.87 4.66 + 3.05 2.68 + 0.96 87.50 £ 17.50
Root 0.42+0.09 246+ 0.59 3583 +1328 11.53+5.15 92.50 + 1520  161.66 + 27.53
ND not detectable

N=3.+SD

Bold values indicate the most representative values of the study

Copper (Cu) is also an essential element for the growth
of plants as an important constituent of oxidation—reduc-
tion reactions (Aksoy et al. 2005). However, it could
cause toxic effects when it accumulates in plants’ roots
and leaves exceeding health limits producing effects
such as decreased plant growth and leaf chlorosis (Lewis
et al. 2001). For Cu, the established limit by Borkert
et al. (1998) is 20 mg/kg in plants; it was not exceeded
at any sampling point. Sampling point 9 corresponding
to P. aquilinum was the one that accumulated the high-
est Cu in leaves (0.41 mg/kg) and in roots (2.46 mg/kg)
(Table 5). At sampling points 2 and 3, the roots concen-
tration (0.29 and 0.15 mg/kg, respectively) with respect
to leaves (0.32 and 0.15 mg/kg, respectively) indicated
a high translocation being the only present case for E.
ovata. Kabata-Pendias and Pendias (2001) reported Cu
levels of several plants of uncontaminated zones in differ-
ent countries in the range of 2.1 and 8.4 mg/kg. Ganjali
et al. (2014) found that Cu tends to be accumulated in
roots and is scarcely translocated to other organs of the
plant. This was observed in the analyzed samples in this
work (Table 5). Ha et al. (2011) found that E. acicularis
accumulated a range of 14.4-20.5 mg/kg compared to the
samples from this study in which E. ovata accumulated in
the range of 0.15-0.77 mg/kg in root and 0.10-0.32 mg/
kg in leaf, showing much less accumulation. It has been
reported that Cu and Cd in combination strongly affect

germination, seedling length, and number of lateral roots
in Solanum melongena (Neelima and Reddy 2002).

Iron (Fe) is one of the essential elements for plants
growth (Wintz et al. 2002) and plays an important role in
energy transformation processes for synthesis and other life
processes in cells (Klink et al. 2013). On the other hand,
excessive accumulation damages tissues by the formation
of free radicals (Engin et al. 2015). The damages caused by
iron in the plants are related to the high uptake of Fe>* by the
roots and their transportation to the leaves and stems. The
excess of Fe?* causes the production of free radicals that
alters irreversibly the cellular structure and damages plants
membranes, DNA, and proteins. (Dorlodot et al. 2005). In
the study, the highest concentration in the root was from T.
dominguensis (75.83 mg/kg) and in leaves from E. ovata
at sampling point 2 (29.20 mg/kg) (Table 5). At sampling
point 2, concentrations in the root (16.30 mg/kg) and leaves
(29.20 mg/kg) of E. ovata indicate a higher translocation; it
is the only present case.

Mn is an essential element for plants and is used in many
redox enzymatic processes and photosynthesis (Carranza-
Alvarez et al. 2008). Mn is rapidly transported from the
roots to the aerial parts through the stem, but is not rap-
idly mobilized through the phloem to other organs after the
leaves (Loneragan 1988). However, the Mn limit proposed
by Kabata-Pendias and Pendias (2001) is 300 mg/kg for
phytotoxic concentrations, and this was not exceeded at the
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sampling points. The highest concentrations in roots were
observed in P. aquilinum (11.83 mg/kg) and in leaves from
E. ovata at sampling point 2 (22.01 mg/kg) (Table 3). E.
ovata showed a high translocation from roots to leaves only
in site 2. Wu (1994) found that the visible symptoms of Mn
toxicity are necrotic scores in leaves, petioles, and stems,
which were not observed in the species of studied plants.
Pais and Jones (2000) found that some plants can grow
at concentrations as high as 1500 mg/kg without damage.
Baldantoni et al. (2004) indicate that a high accumulation
of Mn in the roots implies a high availability in sediments.
Engin et al. (2015) found for 7. latifolia concentrations of
Mn in the range of 177.09-906.35 mg/kg; the concentra-
tion of T. dominguensis at sampling point 1 was 4.63 mg/
kg indicating the great variability of accumulation of heavy
metals in the genus Typha.

Lead (Pb) is not an essential element for the growth
of plants but it is absorbed by them with other elements.
Kabata-Pendias and Pendias (2001) reported that Pb con-
tents of plants growing in non-contaminated areas ranged
from 0.05 to 3.0 mg/kg. Reeves and Baker (2000) present
a normal range of Pb in plants from 0.1 to 5 mg/kg, which
is exceeded in E. ovata and P. aquilinum at sampling points
4,5, 8, and 9 (5.30, 7.43, 62.38, and 92.50 mg/kg, respec-
tively). The highest values were in P. aquilinum at sampling
point 9 in leaves (2.68 mg/kg) and roots (92.50 mg/kg)
(Table 5). Beckett and Davis (1977) proposed a toxic con-
centration for plants of 27 mg/kg, which was exceeded by
samples 8 and 9 in roots, indicating a high accumulation of
Pb in plants. Outridge and Noller (1991) found ranges of 6.3
and 9.9 mg/kg in freshwater plants without contamination.
Chandanshive et al. (2017) found a decrease in Pb concen-
tration in a textile effluent (0.42 ppm) for T. angustifolia
(0.23 ppm), Paspalum scrobiculatum (0.21 ppm), and the
association of both plants (0.13 ppm). In the present study,
T. dominguensis contained high concentration in roots.

Zn is an essential element which is related to physi-
ological and metabolic processes in all plants. However,
in high concentrations, it can be toxic. Reeves and Baker
(2000) present a normal range in plants of 20—400 mg/kg,

which was not exceeded at any sampling point. The high-
est concentrations of Zn were observed in E. ovata leaves
at sampling point 2 (311.66 mg/kg) and in E. ovata roots
at sampling point 4 (254.16 mg/kg). E. ovata showed a
high translocation of Zn from roots to leaves at sampling
point 2 (89.16 and 311.66 mg/kg, respectively) (Table 5).
Engin et al. (2015) found for T. latifolia concentrations of
Zn in the range of 9.96-292.04 mg/kg, while for sampling
point 1 corresponding to 7. dominguensis was 163.33 mg/
kg, which demonstrates the great variability of accumu-
lation of heavy metals that can be altered depending on
the size of the plant, as well as on the characteristics of
the environment. Ha et al. (2011) found that E. acicularis
accumulated Zn in the range from 44 to 73.5 mg/kg com-
pared to the samples from this study in which E. ovata
accumulated in the range of 35-254.16 mg/kg in root and
9.33-311.66 mg/kg in leaf. These values are much higher
than those found by Ha et al. (2011).

The accumulation of heavy metals in the studied plants
followed the order Zn > Fe > Pb > Mn > Cu > Cd. Data
demonstrated that Zn is the most available element, which
is in agreement with the studies by Morton-Bermea
et al. (2014), who reported that in “La Concha” tailings
32.2-39.8% of a total concentration of 23,625-40,250 mg/
kg is in the available fraction, indicating a high availability
of Zn to the environment. However, different factors may
modify this accumulation behavior since at other sampling
points a decrease in the accumulation of heavy metals was
observed such as E. ovata at point 4 for Zn, and P. aqui-
linum at sampling points 8 and 9 for all heavy metals.
This may be due to the fact that these sampling points are
located on the edges of the wetland. It is also notable that
different plant species show different toxicities to the same
pollutant and in the same environmental condition, being
due to the mechanism of capture of heavy metal by plants,
which is not the same for all plant species (Clemens 2006).

Table 6 shows the correlations of heavy metals in
plants, indicating the high correlation between Pb and Cu
(0.95) and Zn and Mn (0.89). Principal component analy-
sis (Fig. 4) showed that Zn and Mn, as well as Pb and Cu
have a good correlation.

Table 6 Correlation matrix of cd Fe Mn Pb 7n
heavy metals in natural wetland
plants cd 1

Cu 0.54 1

Fe 0.55 0.56 1

Mn 0.76 0.49 0.51 1

Pb 0.49 0.95 0.38 0.39 1

Zn 0.71 0.50 0.71 0.89 0.32 1

Bold values indicate the most representative values of the study
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Translocation factor

In our study, high translocation factor values were calculated
for E. ovata at sampling point 2 for Cd (1.97), Cu (1.10), Fe
(1.79), Mn (2.01), Pb (1.52), and Zn (3.49) (Table 7). High
values were also present in E. ovata at sampling point 3 for
Cu (1.02) and P. aquilinum at sampling point 9 for Cd (1.13).
Also, the decrease in heavy metals from sampling points 2
to 5 was observed, demonstrating the accumulation of heavy
metals, which E. ovata develops. The translocation factor in
T. dominguensis is smaller due to its location in the artificial
wetland where the flow of the water is very fast affecting the
translocation of heavy metals.

Cadmium is a highly toxic non-essential element, which
influences the growth, metabolism, and water status of plants
(Bonanno and Giudice 2010). Sasmaz et al. (2008) reported
that both roots and leaves absorb Cd considerably. Copper is
an element for the nutrition of plants and necessary for vari-
ous oxide-reduction enzymatic activities. Thus, Cu tends to

accumulate in roots and is scarcely translocated to the upper
organs (Siedlecka et al. 2001). This can be seen in most of
the sampling points (Table 7).

Yanqun et al. (2005) reported that higher TF values cor-
respond to accumulating species and lower values to spe-
cies that exclude heavy metals. These values greater than 1
indicate an ability to transport heavy metals from the root to
the leaf and probably to the metal sequestration in vacuoles
of the leaf and apoplast (Lasat et al. 2000). It is also impor-
tant to mention that many factors can influence TF values
in plants, such as plant species, physiological factors, and
metals characteristics. Table 7 shows that at sampling point
2 corresponding to E. ovata, TF values are higher than 1 for
all the analyzed heavy metals, the highest one was for Mn
(2.01) and Zn (3.49). At the other studied points (sampling
point 3 with 1.02 for Cu), TF was also generally higher with
respect to the other plant species with the exception of sam-
pling point 9 in which Cd TF was 1.13 corresponding to P.
aquilinum.
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Fig.5 Zn (mg/kg) content in soils, water and different parts of T
dominguensis, E. ovata, C. mamnimae, and P. aquilinu. All the values
are mean of three replicates

Table 7 Translocation factors of

Translocation factor Cd Cu Fe Mn Pb Zn
heavy metals of collected plants
in the natural wetland T. dominguensis 0 0 0 0.24 0 0
E. ovata 1.97 1.10 1.79 2.01 1.52 349
E. ovata 0.12 1.02 0.24 0.50 0.38 0.51
E. ovata 0 0.14 0.04 0.19 0.07 0.11
E. ovata 0 0.18 0.02 0.16 0.05 0.09
C. manimae 0 0.49 0.03 0.05 0 0.04
C. manimae 0 0.53 0.02 0.04 0
P. aquilinum 0 0 0.01 0.02 0 0.01
P. aquilinum 1.13 0.17 0.42 0.40 0.02 0.54

Bold values indicate the most representative values of the study
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Table 8 Bioconcentration

: Bioconcentration factor Cd Cu Fe Mn Pb Zn

factors of heavy metals in plants

growing in the natural wetland T. dominguensis 0.18 0.42 0.21 0.15 0.10 0.18
E. ovata 0.42 1.08 0.09 0.59 0.42 0.40
E. ovata 0.17 0.20 0.04 0.09 0.03 0.17
E. ovata 0.33 0.62 0.15 0.37 0.21 1.05
E. ovata 0.25 1.14 0.09 0.31 0.29 0.32
C. manimae 0.04 0.04 0 0.07 0 0.08
C. manimae 0.04 0.04 0.01 0.07 0 0.09
P. aquilinum 0.18 0.16 0.04 0.17 0.12 0.18
P. aquilinum 0.16 0.26 0.04 0.17 0.24 0.40

Bold values indicate the most representative values of the study

Figure 5 shows the decrease in the concentration of Zn in
both soil and water at sampling points 3-5, so in E. ovata,
at sampling point 2, a high transfer of all heavy metals from
the roots to the leaves was observed demonstrating that the
first plants in the natural wetland receiving wastewater from
the mine are those that have a greatest impact on the accu-
mulation of heavy metals. The high population density of E.
ovata may also be a factor of the heavy metals concentration
at sampling points 3-5.

The morphological and physiological characteristics of
E. ovata have developed a unique strategy to reduce the
damages caused by heavy metals, and this may be partially
responsible for the differences of the values of TF in this
study. It should be noted that E. ovata may be used as an
important filter for the removal of heavy metals from the fol-
lowing considerations: (1) they did not show visible damage
and there were no differences in height between the different
samples of E. ovata; (2) TF and BCF had values greater than
1; (3) it has a fast growth when being herbaceous; (4) wide
geographic distribution; (5) ease of cultivation by seeds or
stolons; and 5) facility to be collected. This is based on their
form and life cycle, as well as on the data obtained during
this research.

Bioconcentration factors

Table 8 shows the bioconcentration factors of all the studied
plants. The highest values of the BCF were for E. ovata at
sampling point 2 for Cd (0.42), Cu (1.08), Mn (0.59), and
Pb (0.42), sampling point 4 for Zn (1.05) and for sampling
point 5 in Cu (1.14), and for T. dominguensis at sampling
point 1 for Fe (0.21). It should be noted that the species E.
ovata presented the highest values of the BCF in general for
heavy metals. It is observed, at sampling point 2, that it acts
as a barrier for heavy metals dispersion (Fig. 3).

@ Springer

Conclusion

Results of this study indicate that E. ovata might capture
Cd, Cu, Mn, Pb, and Zn of contaminated soils with heavy
metals showing a good efficiency since the physicochemical
factors of water are in the normal range for the development
of the plants. The soils were mostly within the allowable
ranges (Cd, Cu, and Mn), and only Fe, Pb, and Zn exceeded
the limits at sampling points 6, 7 and 8, and also at points
1 and 2. The analyzed species, Eleocharis ovata, Cyperus
manimae, Typha dominguensis, and Pteridium aquilinum,
grow in a wetland near the heavy metals contaminated site
and are tolerant to these metals. Plants accumulate Cd, Fe,
Pb, and Zn over the toxic limits at several sampling points
without any visible changes. From the analyzed species,
E. ovata showed the highest values for TF (1.10-3.49) for
most analyzed heavy metals and BCF for Cd, Cu and Zn
(0.17-0.42, 0.20-1.14, and 0.17-1.05, respectively). There-
fore, E. ovata might be considered as a good candidate to
be a phytostabilizing species of heavy metals in natural and
artificial wetlands, thus preventing their dispersion to the
environment. On the other hand, it is necessary to investigate
the phytoremediation potential of E. ovata in future green-
house studies with different concentrations of heavy metals
to confirm the potential of this plant as well as to establish
the requirements of cultivation and its possible implementa-
tion in artificial wetlands.
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