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Abstract
Purpose This study was undertaken to determine the feasibil-
ity of using three aquatic macrophytes, Phragmites australis,
Juncus effusus and Iris pseudacorus, to phytoextract poten-
tially toxic elements (PTEs) from a contaminated area by min-
ing activities.
Materials and methods An artificial pond was constructed
with two topsoils (yellow and black samples) collected from
Portman Bay. In order to simulate the mixing with carbonate
materials, which naturally occurs in this area, a stabilisation
approach was applied by mixing with 30% of limestone filler.
Three replicates of each type of soil have been prepared in
pots for the selected species. The total PTEs content (arsenic,
cadmium, copper, iron, lead and zinc) was determined and the
bioconcentration factor (BCF) and transfer factor (TF)
calculated.
Results and discussion Soil samples showed high PTEs con-
tent as a result of mining activities. As regards the root con-
tents, the PTEs is higher in yellow samples (YS) than in black
ones, because in these samples the PTEs content that could be
mobilised is higher. The BCF results were higher than unity

for arsenic, copper, lead and cadmium for I. pseudacorus and
P. australis growing on YS soil. Overall, copper and manga-
nese showed a larger number of plants with BCF higher than
unity. The PTEs content in leaves is low, and the TF results are
lower than unity in almost all samples.
Conclusions The results indicate that it is possible to use the
selected species for phytostabilisation of soils contaminated
with PTEs. J. effusus, P. australis and I. pseudacorus could be
considered as tolerant, and natural or artificial wetlands con-
taining these species could be used for remediation purposes.

Keywords Acidmine drainage . Phytostabilisation .

Phytoremediation . Potentially toxic elements .Wetland

1 Introduction

Mining activity is considered as one of the most hazardous
anthropogenic activities (Forghani et al. 2015), and its disrup-
tive effects on the environment have been known for decades.
Abandoned mine activities have produced huge quantities of
waste-rock dumps containing low-grade ore and tailings in
several regions of the world. Effluents of mine workings con-
taining residual sulphides typically leads to acid mine drain-
age (AMD) (Silva et al. 2014). The release and dispersion of
potentially toxic elements (PTEs) to the environment occurs
through AMD, and the erosion of waste-rock dumps and tail-
ings. Acid mine drainage can severely contaminate soils, af-
fect water quality and pollute ecological environments be-
cause of the low pH and high concentrations of heavy metals
and other toxic elements.

An important issue to be considered in soil recuperation
studies is the environmental risk assessment for human health,
which is a basic element for selecting reclamation techniques.
However, it is less common to apply the Ecological Risk
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Assessment (ERA), which emerged at the beginning of the
1990s with dawning awareness of the risks liable to impact
ecosystems when they are exposed to substances of anthropic
origin (Alhashemi et al. 2011; Perrodin et al. 2011; Topuz
et al. 2011).

The application of ERA methodology involves further
study of PTEs mobility through the food chain by an in situ
calculation of indicators which allows assessing the present
risk (Ciszewski et al. 2013; Guo and Cutright 2014).

The importance of the role played by wetlands in the bio-
sphere is fully recognised at the social, economic, scientific
and environmental level by the Convention on Wetlands of
International Importance (commonly known as the RAMSAR
Convention 1971).

In wetlands, there is a close relationship between the veg-
etation and the soil and water conditions, being complex sys-
tems in which the exchange between soil and biota is per-
formed in dilute media and sometimes in reducing environ-
ment, providing environments that differ from most soil sur-
face horizons, which are usually under aerobic conditions.
These environmental conditions determine the transport and
absorption of nutrients by the root system of plants, causing
significant physiological and morphological adaptations
(Almeida et al. 2005; Caçador et al. 2013).

In addition, wetlands have an important role in the preser-
vation of environmental quality due to their high capacity for
retention and/or inactivation of harmful substances
(González-Alcaraz et al. 2014).

Aquatic macrophytes are widely distributed in various wet
environments, from fresh to salt water (Bonanno and Lo
Giudice 2010). They have a large capacity for metal accumu-
lation from soil and sediments through their root/rhizome sys-
tem which is a good indicator of their potential use for
phytoremediation purposes. Wetland plants that can survive
under low pH and high concentrations of metals, such as
Phragmites australis and Typha latifolia, are commonly used
to remediate AMD-contaminated soil (Caldelas et al. 2012a;
Guo and Cutright 2014). Phytoremediation is an effective, low
cost, preferred clean-up option for moderately contaminated
areas. Wetland plants generally are not “hyperaccumulator”;
they store more metals in the below ground organ than in the
above ground organ (Park et al. 2008; Soda et al. 2012).
Phytoremediation has been successfully tested in degraded
areas, acting as a green filter and providing a simple and effi-
cient solution for contamination problems (González-Alcaraz
et al. 2011; Teuchies et al. 2012; Sun et al. 2013). When
phytoremediation techniques are applied in abandonedmining
areas, the soil-plant transfer of PTEs has to be studied in order
to thoroughly assess the environmental risk of PTEs with car-
cinogen effects entering the human food chain (Madejón and
Lepp 2007; Anawar 2013).

The aim of this study was to study the feasibility of using
three plant species frequently used in artificial wetlands,

J. effusus, I. pseudacorus and P. australis, for remediation
purposes. The selected species grew on soils affected by min-
ing activities amended with limestone filler, and data on their
vegetative growth, nutrient uptake and PTEs transfer were
determined to select the most suitable species in terms of
remediation.

2 Materials and methods

2.1 Study area

Sierra Minera is a lineation of about 25 km of low rising hills
(maximum height, 431 m.a.s.l) in south-east of the province of
Murcia (Spain), in the Cartagena-La Unión area. The mining
district of La Unión used to be one of the most important
mining sites in Spain and a perfect example of the close rela-
tionship between the Miocene magmatism, tectonics and
metallogenic processes in SE Spain. Mining activities origi-
nally (from the seventh century B.C.) focused on silver and
lead. Following long centuries of intermittent activity, mining
resumed in the nineteenth century, with a renewed interest in
zinc and iron. From the mid-twentieth century, large open pits
predominated, until 1990, when mining ceased altogether
(Peña et al. 2013; Martínez-Sánchez et al. 2014).

From 1957 to 1991, the materials mined were transported
to “Lavadero Roberto”, the benefiting plant located in
Portman Bay, which used seawater for flotation processes.
Sterile materials were dumped directly into the bay, which
was flooded by sediments, resulting in the coastline retracting
several hundred metres (Martínez-Sánchez and Pérez-Sirvent
2008). In this treatment plant, the mineral was crushed and
passed through flotation circuits for the differential separation
of sulphides (galena, sphalerite and pyrite). Once the ores had
been separated, the waste materials were discharged directly
into the sea, originally in the inner part of the bay; later on,
wastes were discharged a little further offshore. Up to 1967,
magnetite was also recovered, but this practice ceased, in or-
der to prioritise the recovery of sulphides, reducing magnetite
to a residue. In addition, the wastes showed a high content of
trace elements and an important proportion of iron oxides
including magnetite, goethite and hematite. As a result of
dumping, the whole bay has filled up with wastes, which also
extended into the Mediterranean Sea (García-Lorenzo et al.
2014; Pérez-Sirvent et al. 2016).

In the sea, coastal dynamics transported fine particles off-
shore while the sand fraction remained to fill up the bay.
Finally, wastes were also discharged directly over the bay
surface. These wastes showed a high content of fine particu-
lates and are affected by weathering processes. However, ma-
terials in the deepest experienced reducing conditions. In sum-
mary, the bay contains largely unaltered mine wastes, while a
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small proportion of the infilling materials have experienced
weathering.

In 2007, a recuperation pilot project (Martínez-Sánchez
et al. 2013; González-Ciudad 2014; Pérez-Sirvent et al.
2014) was developed and financed by the Spanish
Government. In the first step of this project, the complete
physical, chemical and mineralogical characterisation of top-
soils, both in surface and at depth, was carried out. In this
project, the construction of wetlands to mitigate the effect of
acid mine drainage in restored areas as a result of torrential
rains is planned (Navarro et al. 2008; Navarro-Hervás et al.
2012).

2.2 Experimental design

The experiments were conducted using two topsoils collected
from the most recent exploitation stage in Portman Bay: a
black sandy sample (BS) and a yellow fine texture sample
(YS). Three samples of each soil were collected.

Two areas are present in Portman Bay: a wetland with
vegetation, where the two types of soils (black sand and yel-
low sand) are intercalated. This area receives carbonate mate-
rials from surrounding areas and is mainly colonised by
P. australis and J. effusus. The other area is also flooded at
different times of the year but does not present vegetation.
This area receives AMD and constitutes a contamination fo-
cus with high environmental risk.

Topsoils selected for the experience correspond to the most
extreme situation that can be found in the bay. The YS sample
is the result of the direct discharge of waste material in the
beach. These materials have been affected by weathering pro-
cesses for 25 years, being the pyrite oxidised and secondary
minerals, such as jarosite, akaganeite and gypsum, were
formed. The YS is also characterised by acid pH and high
PTEs contents (Table 1 and Table 2). This material showed a
fine texture because minerals were finely grounded in order to
float the ore, which was separated from the rest (such as sili-
cates, carbonates or oxides). The pyrite was also rejected and
discharged with the steriles, reaching sometimes concentra-
tions ranging from 3 to 15 %. These materials occupy a large
space in the bay and could appear covered with other mate-
rials, black sands, also considered in this work.

The BS sample has a sandy texture because of grain sorting
by sea currents, concentrating the denser and larger minerals
and forming a mixture of unreactive minerals, such as mag-
netite, hematite, goethite, siderite, mica or pyrite, with a coarse
texture. These materials constitute the beach sand, are stable
and are not affected by weathering processes. Due to the ac-
tion of waves and wind, they appear in the bay with different
thicknesses.

Previous studies (Pérez-Sirvent et al. 1998, 2016; García-
Lorenzo et al. 2014) showed that no phases of lead, arsenic or
cadmium are present, being these elements included in the

crystal lattice of identified minerals. Then, the mobility of
these metals depends on the solubility of the host minerals.

A control soil was also collected and corresponds to a cul-
tivated area close to the studied zone. Is a Luvic Calcisol with
PTEs content slightly higher than the geogenic values
established in the area (Martínez-Sánchez and Pérez-Sirvent
2008; Pérez-Sirvent et al. 2009)? This soil is affected by ter-
tiary contamination (Lottermoser 2007; García-Lorenzo et al.
2012, 2014), it is mixed with mining soils and carried by rain
(Navarro et al. 2008). The mineralogical composition of this
sample (Table 2) showed that clay minerals, quartz and calcite
are the main minerals, together with hematite.

In order to simulate the mixing with carbonate materials,
which naturally occurs in the study area (García-Lorenzo et al.
2012), a stabilisation approach was applied by mixing the
topsoil YS with 30 % of limestone filler. The limestone filler
is a residue of crushing of limestone from a stone quarry. The
limestone filler was characterised by a basic pH and the PTEs
content was below the detection limit, except for iron. The X-
ray diffraction analysis showed that it is mainly composed of
calcite (86 %) (Pérez-Sirvent et al. 2007, 2011a, 2011b;
Martínez-Sánchez et al. 2014).

Three plant species, which usually grow in the study area,
has been selected for this study: I. pseudacorus, J. effusus and
P. australis.

Iris pseudacorus (Linneo) usually grows in wet conditions
and is commonly found in marshes, tolerating immersion, low
pH and anoxic soil conditions. This species spreads rapidly
through rhizomes and seeds dispersed by water. Although it is
an aquatic plant, rhizomes could survive extended dry periods.
I. pseudacorus has been used in the remediation of contami-
nated waters, mainly in marshy areas (Barbolani et al. 1986;
Lee and Kim 2011), because of its ability to absorb PTEs
through their roots.

Juncus effusus (Linneo) (soft rush or common rush) is an
ecologically important plant, common in fresh and brackish
water habitats, and is widely used in water gardens, contami-
nation mitigation and constructed wetlands. It serves several
purposes in wetlands, including metal accumulation, waste-
water treatment, food and cover, nitrification-denitrification,
stimulation of microbial activity and biological processing
(Almeida et al. 2004, 2011; Bhatia and Goyal 2014).

P. australis (Adanson) (common reed) is one of the most
distributed macrophytes in aquatic ecosystems, and numerous
studies showed its capacity of trace elements bioaccumulation
(i.e. Bragato et al. 2009;Maddison et al. 2009; Bonanno 2014;
Conesa et al. 2014). P. australis is a large perennial grass
living in lakes and rivers or brackish wetlands, such as
marshes, across temperate and tropical regions all over the
world and has colonised many coastal salt marshes. It belongs
to the Poaceae family and is the most common species of the
Phragmites genus. This species prefers eutrophic and stagnat-
ing waters, and tolerates a moderate salinity (Cooper et al.
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1996; Kumari and Tripathi 2015). It is a rhizomatous
hemicryptophyte/geophyte and forms wide stands known as
reed beds that provide microhabitats for many birds and mam-
mals. In addition, it can accumulate several metals (Rocha
et al. 2014).

An artificial pond was constructed and filled with
layers of BS and YS intercalated as follows: 40 cm of
BS, 30 cm of YS stabilised with 30 % of limestone filler
and 10 cm of BS in the surface. After filling the pond
with water, it was left in contact with the soil for a month
and, after this time, water samples were collected
(Table 1).

Three replicates of each type of soil were prepared in
pots for the three selected species. In addition, three rep-
licates with the control soil, without mining influence,
were prepared for each species. The experiment was de-
veloped by immersing the plant pots in 20 cm of water in
the pond. After 1 year, samples of the rhizosphere soil,
roots and leaves were collected in each pot, obtaining a
total of 27 samples.

2.3 Analytical determinations

Soil samples were air-dried and sieved through a 2-mm
screen for general analytical determinations. The pH and
EC were determined in a 1:5 (m/V) suspension of soil in
pure, deionised water (Milli-Q; resistivity ≥18 MΩ cm).

To determine the total PTEs content, the soil samples
were first ground to a fine powder using a zirconium ball
mill. Aliquots (0.1 g) of soil samples were placed in
Teflon vessels, and a mixture of 5 ml concentrated HF
(37 %), 200 μl concentrated HNO3 (65 %) and 5 ml water
was added. When digestion in the microwave system was
complete, the samples were transferred to a volumetric
flask and brought to 50 ml before measurement. Teflon
or other suitable plastic ware was used for handling these
liquids.

Fresh plant materials were separated into root and
above-ground part, carefully washed with fresh water,
cleaned using an ultrasonic bath to remove dust contam-
ination and finally rinsed with deionised water, air-dried
and then lyophilized. Then, 200 mg of lyophilized vegetal
tissue was placed in Teflon vessels with 3 ml water, 2 ml
concentrated H2O2 and 5 ml concentrated HNO3 acid so-
lution, and subjected to digestion in the microwave oven,
finally obtaining 50 ml solutions, which were analysed.

The soils and plants samples were digested using a
Milestone ETHOS Plus microwave system operating with a
standard programme (applied power in watts 150, 0, 150, 0,
150, 0, 350, 400, 0, 450 and 0 for 1, 1, 1, 1, 2, 1, 5, 5, 1, 1 and
20 min, respectively).

The reliability of the results was assessed through analysis
of the NIST standard reference materials: SRM 2711MontanaT
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Soil and SRM 1515 Apple leaves. Spikes, duplicates and re-
agent blanks were also used as a part of the quality control.

Zinc and Fe content in soils were determined by flame
atomic absorption spectrometry (FAAS) using a Perkin-
Elmer 1100B Atomic Absorption Spectrophotometer. Lead,
cadmium and copper contents were determined by electrother-
mal atomization atomic absorption spectrometry (ETAAS)
using a high-resolution continuum source ContrAA spectrom-
eter from Analytik Jena AG. Arsenic was measured by atomic
fluorescence spectrometry using an automated continuous
flow hydride generation spectrometer (PSA Millenium
Merlin 10055).

The limit of quantification for the selected elements was
0.3 μg kg−1 for arsenic, 10 μg kg−1 for lead, 0.5 μg kg−1 for
copper, 0.6 μg kg−1 for cadmium, 50 μg kg−1 for zinc and
manganese and 100 μg kg−1 for iron.

A semiquantitative estimation of the mineralogical
composition of the solid samples was made by powder
X-ray diffraction (XRD) analysis using Cu-Kα radiation
with a PW3040 Philips Diffractometer. An X-powder
software was used to analyse diffractograms. The powder
diffraction file (PDF2) database was used for peak
identification.

After the pond filling, the PTEs content and the pH and EC
of the water were determined in the same way as in the soil
samples.

With the soil, root and shoot tissue concentrations of
PTEs, the bioconcentration factor (BCF) and the transfer
factors were calculated. The BCF is defined as the ratio
between the concentration of the elements in the root and
that present in the soil while the transfer factor (TF) is
defined as the ratio between the concentration of the ele-
ment in leaves and in roots.

2.4 Data treatment

The statistical analysis has been applied in order to clarify
the influence of soil type in the PTEs behaviour for the
three species and the influence of each plant species in the
PTEs behaviour. Two multivariate techniques have been
carried out: a general linear model (GLM) and a multiple
linear regression.

A factorial ANOVAwas applied using the GLMunivariate.
GLM is an ANOVA procedure in which the calculations are

performed using a least squares regression approach to de-
scribe the statistical relationship between one or more predic-
tors and a continuous response variable.

To find which of the selected elements has more influence
on the rest, a multiple linear regression was applied, where
predictor variables were introduced to study its influence on
the dependent variable. All statistical calculations were made
using SPSS version 20 software.

3 Results and discussion

3.1 Rhizosphere soil and plant results

Table 3 summarises the average values obtained for the PTEs
in the rhizosphere soils, roots and shoots of the studied plants.
In relation to the rhizosphere soil samples, differences were
observed for the different plants grown in the same medium.
The differences, that were particularly noticeable for arsenic,
lead and iron, could be attributed to the sampling stage, but
several authors (Weiss et al. 2004; Yang et al. 2010) have
reported that plants may modify the rhizosphere by concen-
trating elements that are retained by the roots, or facilitating
the formation of iron oxide plaques that immobilise and con-
centrate PTEs. The effect increased in the order
P. australis > J. effusus > I. pseudacorus. This fact could be
related to the morphological and physiological characteristics
of each species that, as reported elsewhere (Whalley et al.
2005; Hinsinger et al. 2009), result in the formation of soil
aggregates with different physicochemical properties despite
the plants are growing in the same soil. In the case here stud-
ied, the differences were more evident for the control soil and
the fine texture soil (YS) and for iron and arsenic, which is
attributed to the reduced mobility of iron at a pH above 5, and
the affinity between Fe (III) and arsenic (Yang et al. 2016).
The levels of PTEs found in roots also showed this behaviour,
the highest content of arsenic being found for P. australis.

Zinc and cadmium contents in root samples were higher in
plants growing in YS for J. effusus and P. australis. No dif-
ferences were noticed among the selected species or among
the soil types. On the contrary, the maximum lead content for
the three media were found for I. pseudacorus and the level
was higher in the roots of the plants grown in YS.
I. pseudacorus developed in YS showed the highest content

Table 2 Mineralogical composition (%) in soil samples

Clay Hematite Quartz Magnetite Siderite Calcite Pyrite Jarosite Goethite Non-crystalline

BS 30 10 15 3 27 <dl <dl <dl 10 5

YS 9 20 2 1 <dl <dl 31 23 9 5

Control soil 47 2 28 <dl <dl 10 <dl <dl <dl 13

BS black sandy sample, YS yellow fine texture sample, <dl under the detection limit
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in roots (132 mg kg−1) while the other species showed similar
values for both soil types.

Even if no significant differences were found in the copper
concentrations of the plant roots developed in YS, they are
slightly higher than in the plants growing in BS soil. For
manganese, a similar behaviour was observed, YS being the
soil in which more element was incorporated in the root. In
addition, the highest concentration effect was found for the
case of P. australis.

For shoot samples, the arsenic level was low in all cases,
indicating that the species studied limit the mobility of this
element from roots to shoots. Only J. effusus growing in YS
soil showed an average content of 21 mg kg−1 while the other
plants showed concentration lower than 2 mg kg−1 (Table 3).
Iron, lead and copper showed a similar behaviour, the highest
contents being found in samples growing in YS soil, with no
differences among species.When cadmium concentration was
evaluated in shoots, the highest values were found in
P. australis, both growing in YS and BS soils, while the lowest
concentration was determined in I. pseudacorus. No signifi-
cant differences were noticed among species and soil type.

Phytostabilisation is a process which depends on roots abil-
ity to limit the contaminant mobility and bioavailability in the
soils. Species tolerant to potentially toxic elements showing
high BCF and low TF can be used for phytostabilisation of
contaminated soils. Then, the elevated concentration of PTEs
in roots and low translocation to the above-ground parts of the
plants indicated their suitability for phytostabilisation. In order
to study the possible accumulation of PTEs, the BCF and TF
were calculated, and the results obtained for arsenic, manga-
nese and iron, that are summarised in Fig. 1, showed that for
arsenic, both I. pseudacorus and P. australis growing in YS
had BCF > 1. On the other hand, the TF value was lower than

unity in all species. No differences in BCF for manganese
were observed among the plants studied.

The results for other elements are given in Fig. 2. The BCF
and TF values for zinc were in the 0.1–0.9 range, so that the
plant species could be classified as tolerant for this metal. The
results obtained for lead indicated that this element was not
translocated to the aerial part of the plants. The BCF values for
copper and cadmium were above the unity for the three spe-
c ies growing in YS but conclus ions as regards
hyperaccumulation are not reliable due to the low content of
these elements in the rhizosphere soil.

In general, the PTEs concentrations both for roots and
leaves are slightly higher than those reported in other studies
for the selected plant species (Almeida et al. 2006; Zhang et al.
2007; Caldelas et al. 2012b; Ahmad et al. 2014) but they do
not reach the minimum values to be considered as
phytoextractor plants. Therefore, the selected species could
be considered as tolerant and used as phytostabilisers.

3.2 Statistical analysis

The obtained results of the GLM univariate (Table 4) for the
target elements determined in roots using as fixed factor the
soil sample showed that for all elements, the p value was lower
than 0.05. Based on this analysis, our data support the conclu-
sion that the selected soil affects the PTEs content determined
in roots. As regards the mean values, copper and cadmium are
higher in plants growing in YS and the lowest value was found
in the control soil. For iron, zinc, arsenic and lead, the highest
value was also found in the YS substrate, while the lowest
content was found in plants growing in BS. However, for
manganese, the highest value was found for the control soil
and the lowest in the BS. The applied treatment explains the

Fig. 2 Bioconcentration (BCF) and transfer factor (TF) for zinc, lead,
copper and cadmium in the selected plant species

Fig. 1 Bioconcentration (BCF) and transfer factor (TF) for manganese,
iron and arsenic in the selected plant species
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high values in the variance of arsenic, lead, iron and manga-
nese (maximum of 92%), the intermediate variance values for
copper and cadmium and low values of zinc (Table 4).

Applying the same procedure but taking into account the
PTEs content in leaves, the obtained p values were also lower
than the significance level (0.05). Similarly to roots, the PTEs
content in shoots depends on the soil type. A different situa-
tion was found in iron content. For this element, the p value
was 0.166. Based on this analysis, our data do not support the
conclusion that Fe content differ significantly by soil sample.

As regards the mean values, the highest values for copper,
iron, arsenic and cadmium were found in leaves of plants
growing on YS, while the lowest were determined in plants
growing on the control soil. The percentage of variance ex-
plained is low in all cases.

The obtained results confirmed that the soil type (BS or
YS) could affect in the PTEs content, both in roots and
leaves. However, the transfer from root to leaves is not
important.

When the influence of soil type in the PTEs content in the
rhizosphere soil is evaluated, lead, arsenic, zinc and manga-
nese contents depend on the soil sample, while cadmium,
copper and iron showed no dependence.

An ANOVA procedure was also used to determine whether
the average PTEs content in roots and leaves differed between
the plants species. In the output, summarised in Table 4, the
obtained p values were lower than 0.05, suggesting that the
PTEs content in roots depends on the plant species. However,
for arsenic and iron, the obtained p values are higher than the
significance level and then, we can affirm that PTEs content in
roots does not depend on the plant type. The mean values
obtained in different plants vary widely, and the percentage
of variance explained is moderate, ranging from 15 to 40 % in
all cases.

The results obtained applying the same procedure but tak-
ing into account the PTEs content in leaves showed that cop-
per, iron, lead and manganese are independent on the plant
species, while arsenic, zinc and cadmium showed p values
>0.05 and then their content depends on the selected plant
species. Arsenic and cadmium, typically present in
metalophytes, showed higher average values in J. effusus,
while in I. pseudacorus the lowest were found.

The plant substrate influences the PTEs content in plants,
conditioning the concentration from rhizosphere soil to roots
and the shoot content. Only cadmium does not present signif-
icant variations in the rhizosphere soil. As regards the plant

Table 4 Mean values (mg kg−1) (n = 3) and statistical results in rhizosphere soil, root and leaf samples

Iris Juncus Phragmites BS YS Control p value1 p value2

Cu Root 58.1 35 28.9 25.0 72.4 24.6 0.000* 0.000*

Leaf 10.89 11.78 12.56 12.00 13.00 10.20 0.016* 0.911

Rhizosphere 25.9 23.7 26.0 24.9 19.9 30.8 0.090 0.006*

Fe Root 45,767 31,952 32,299 1196 78,344 30,478 0.046* 0.941

Leaf 746 417 452 465 826 325 0.166 0.635

Rhizosphere 200,184 173,440 204,078 281,437 232,558 63,706 0.073 0.401

Pb Root 117 63 85 20.4 208.0 35.8 0.000* 0.001*

Leaf 5.11 8.00 3.11 3.78 6.00 6.14 0.005* 0.165

Rhizosphere 225 279 183 497 127 63 0.000* 0.077

As Root 147 179 216 9.9 508.0 24.0 0.000* 0.204

Leaf 1.11 7.67 1.44 1.11 8.44 0.67 0.000* 0.000*

Rhizosphere 224 369 333 283 573 69 0.000* 0.193

Zn Root 295 670 515 402 600 477 0.000* 0.001*

Leaf 158 232 137 216 142 167 0.033* 0.004*

Rhizosphere 3374 3477 3153 7193 1637 1173 0.004* 0.537

Cd Root 1.67 1.00 0.66 0.92 1.67 0.73 0.000* 0.000*

Leaf 0.11 0.33 0.33 0.33 0.44 0.01 0.000* 0.022*

Rhizosphere 6.11 4.11 4.11 9.67 2.00 2.67 0.163 0.068

Mn Root 495 1710 1821 198 534 3294 0.000* 0.000*

Leaf 79 80 140 82 101 116 0.006* 0.455

Rhizosphere 3065 1770 3338 6989 362 824 0.000* 0.003*

1Using the type of soil as the fixed factor
2 Using the type of plant as the fixed factor

*Lower than significance level
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species, only copper and manganese showed significant vari-
ations in the rhizosphere soil.

In addition to the ANOVA procedure, a multiple linear
regression was applied in order to establish the possible rela-
tionship between PTEs in the rhizosphere soil, root and leaf
samples. In the rhizosphere soil, a low set of predictors was
obtained regarding the analysed variables, with percentage of
the variance explained higher than 65 % except for lead, with
a 2 %. The p value was lower than the significance level and
positive in all the variables and predictors, except for
lead/manganese, where this p value was negative. The main
predictor for copper and iron is arsenic, and zinc in the case of
cadmium and manganese.

Similarly, in roots, the results showed a low set of predic-
tors, except for copper. The percentages of variance explained
are dissimilar. Positive and lower than 0.05 p values are found
except for the pairs copper-zinc, arsenic-zinc/copper and cad-
mium-manganese. In leaves, the predictors are even lower
than those calculated for roots and rhizosphere soil, except
for lead, which present three predictors, explaining the 64 %
of the variance. For iron and manganese, no predictive rela-
tionships with any PTEs were found, so we have to assume
that under these experimental conditions these metals are in-
dependent from the rest in terms of its concentration in leaves.
The relationship between the dependent variable and each
predictor (p ≤ 0.000) was positive and statistically significant,
except for lead/copper and cadmium/lead, which showed neg-
ative values.

4 Conclusions

The results indicate that it is feasible to use the selected species
for phytostabilisation of soils contaminated with PTEs.
J. effusus, P. australis and I. pseudacorus could be considered
as tolerant, and natural or artificial wetlands containing these
species could be used for remediation purposes. Taking into
account that these species showed high BCF and low TF, they
can be used for phytostabilisation of contaminated soils. Since
the transfer to the aerial parts of the plants is so scant, the risk
of incorporation to the trophic chain is very low.
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