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ABSTRACT

This work investigates the potential of Rubus ulmifolius, indigenous to a metal contaminated site — Esteiro
de Estarreja - for phytoremediation purposes. The site has a long history of metal contamination. The
accumulation of lead (Pb), arsenic (As) and nickel (Ni) in different sections - roots, stems and leaves - of
the plant was assessed and compared to the levels of those metals in the soil and in the available fraction.
The distribution of metals throughout the area was quite heterogeneous, presenting levels of As, Pb and
Ni of up to 3078, 1400 and 135 mg kg~!, respectively, and the metal content in the sections of R. ulmifolius
collected in the banks of the stream varied among sites of collection. Levels of metals were higher in the
plant roots: As levels (mgkg~') ranged from 277 to 1721 in the roots, 30 to 110 in the stems, and 60 to 265
in the leaves; Pb concentrations (mgkg~!) ranged from 248 to 1178 in the roots, 35 to 133 in the stems,
and 25 to 149 in the leaves; and Ni (mgkg~!) ranged from 48 to 151 in the roots. Significant correlations
were found between the total levels of Pb and As in the soil and the levels in the roots of the plant; further
correlations between total and available levels in the soil and metals in other plant tissues were generally
found as non-significant. According to the metal accumulation patterns of R. ulmifolius, this species seems
to be valuable for application in phytostabilisation strategies.

© 2008 Elsevier B.V. All rights reserved.

Capsule

Arsenic, lead and nickel accumulation by R. ulmifolius growing
in contaminated soils was high in the plant roots, indicating a toler-
ance strategy which renders the plant with potential for application
in phytostabilisation strategies.

1. Introduction

Heavy metals are contaminants of much environmental con-
cern, as they are hazardous to humans and other biota. Depending
on their physical-chemical state and the prevailing chemical con-
ditions, metal contamination can cause soil and groundwater
pollution, soil structure deterioration, destruction of the ecological
landscape and decrease in biological diversity [1,2]—with disap-
pearance of the vegetation cover and consequent aggravated risk
posed by a baren metal contaminated soil to the surrounding area
and its inhabitants. The application of traditional methods of reme-
diation to metal contaminated soils can become very costly and
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may only affect the upper layers of the soil [3]. The use of plants
to remove or immobilise the contaminants - phytoremediation -
offers a low cost method for soil remediation.

A number of plant species endemic to metalliferous soils were
found to be able to accumulate metals to levels exceeding those
considered as phytotoxic [4]. Proper selection of plant species for
phytoremediation plays an important role in the development of
remediation methods [5]. Specific constraints related to the soil,
climate, context of application, among others are important factors
to consider in the application of a specific plant species to a soil.
Heavy metals can cause severe toxicity and may act as a powerful
force for the evolution of tolerant plant populations. The search
for indigenous plants, often better in terms of survival, growth
and reproduction under metal-stressful field conditions may be
an adequate approach to find plant species with metal resistance
capabilities and even with the capacity to accumulate metals at
very high levels [6,7]. Although there has been a continuing inter-
est in this area, few studies have contributed to the evaluation of
the phytoremediation potential of native plants under field con-
ditions. Different phytotechnologies make use of different plant
properties [8]. In phytostabilisation, plants are used to stabilise the
soil surface, by retaining the metals in the roots, reducing mobility
and bioavailability of environmental pollutants and consequently
decreasing erosion and leaching of metals to the soil deeper layers
[9]. Metal-tolerant plant species are applied to immobilise heavy
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metals belowground, decreasing metal mobility and reducing the
likelihood of metals entering into the food chain [10]. Phytoextrac-
tion is based on the capacity of the roots of plants to absorb and
translocate toxic metals from soil to the aboveground harvestable
plant tissues (harvestable regions) [ 11]—the concentration process
results in a reduction of the contaminated mass and also in the
transfer of the metal from an aluminosilicate-based matrix (soil) to
a carbon-based matrix (plants) [12].

This work investigates the potential of a species indigenous to
a metal contaminated site for phytoremediation purposes. The site
has a long history of metal contamination, due to the industrial
activity in the surrounding area [13]. For many years the discharge
of solid residues directly into the ground and of the industrial
wastewaters into a stream - “Esteiro de Estarreja” - induced a
contamination scenario in which the levels of heavy metals in the
sediments of this stream are above the limits established by EC
Directive 86/278/EC. Among the metals present at higher levels in
those sediments, Pb, As, and Ni appear as the contaminants with
the higher hazard degree. It is known from previous studies that the
contamination along the banks of the stream is very heterogeneous,
with the area near the former exit of contaminated wastewaters
being the most polluted and occurring mainly in the top 20 cm layer
of the soil [13,14,15]. Despite this pollution situation, the vegetation
remains abundant, and throughout the years a species has been tak-
ing over the site—Rubus ulmifolius Schott. Studies evaluating metal
accumulation by R. ulmifolius are yet not common.

The aim of this study was to determine the accumulation of
heavy metals, namely Pb, As and Ni, in different sections - roots,
stems, and leaves - of R. ulmifolius colonizing a contaminated site
and to relate that feature to the metal content of the soil. Accord-
ing to the accumulation patterns and abilities of R. ulmifolius, the
analysis of its possible application in soil phytoremediation - either
phytoextraction or phytoestabilisation — was evaluated.

2. Materials and methods
2.1. Research site and sampling techniques

Plant and soil sampling was made at four different spots in the
bank where this species was predominant (the right bank of the
stream) starting near the conduct exit and following the stream
course. The collection spots were separated by 20m from each
other, in order to cover a diverse range of soil metal concentra-
tions, potentially toxic to plants, profiting from the heterogeneity
of the site contamination (Fig. 1). At each sampling location,
0.5m sided squares delimited the spot from which plant sam-
ples were collected. In each square three plants were collected
randomly—selected plants were ca. 1m in height and presented
no visual toxicity signs. A soil sample from each plant rooting zone
(0-20 cm depth) was also collected. Sampling was made in the dry
and flowering season (April).

2.2. Soil analysis

The following methods were based on Houba et al. [16]. Soil
samples — three replicates for each sampling location - were
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Fig. 1. Scheme of the study area.

oven dried at 40°C for 48 h and passed through a 2mm sieve.
The soil pH was measured using a 1:2.5 soil water ratio. Water
content was determined by drying pre-oven dried (40°C) soil at
105 °C until constant mass was achieved. Organic matter content
was determined by loss on ignition. Samples for total phospho-
rous and nitrogen were digested at high temperatures (up to
330°C) with a selenium and salicylic and sulphuric acids mix-
ture. For total nitrogen colorimetric determination, two reagents
were added to the digests: reagent 1, consisting of a mixture of
a 5x 102 M disodiumhydrogenphosphate buffer (pH 12.3) and
a 4% bleach solution and reagent 2 consisting of a mixture of a
1M sodium salicylate solution, a 1 x 103 M sodium nitroprusside
solution and a 3 x 10~3 M EDTA solution. For total phosphorous
colorimetric determination, two different reagents were added to
the digests: reagent 1, consisting of a 3 x 102 M ascorbic acid
solution and reagent 2 consisting of a mixture of a 6 x 1073 M
antimonyl tartarate solution, a 5x 10-3M ammonium molyb-
date solution, 0.7 M sulphuric acid and an anticoagulation agent
(Wetting aerosol 22, Cytek, New Jersey, USA). The elements con-
centration on the resulting preparations was determined on an
UNICAM HELIOS® spectrophotometer (Waltham, USA), at 660 nm
for nitrogen and 880 nm for phosphorous. For total soil metals
determination, soil samples were digested at high temperatures (up
to 140 °C) with concentrated nitric and hydrochloric acids (1:1). The
available [17]—ethilenediaminetetraacetic acid (EDTA) extractable
metal fractions were determined using a 1:10 soil 0.05M EDTA
ratio. The resulting solutions were incubated for 2 h at 20°C, after
which they were filtrated through a 0.45 p.m cellulose acetate filter.
The metal (Pb, As, Ni) content of the resulting digests and extracts
were determined using inductively coupled plasma mass spec-
troscopy (ICP-MS) in a Varian 730-ES® spectrophotometer (Palo
Alto, USA).

2.3. Plant analysis

Entire plants - three replicates for each sampling location
- were washed with tap water, followed by washing with HCl
0.1M, and with de-mineralised water, after which they were
separated in roots, stems, and leaves, oven dried at 70°C for
48 h, grinded, and sieved to <1 mm. The resulting samples were
digested at high temperature (up to 205°C) with a mixture of
concentrated nitric, perchloric and sulphuric acids (40:4:1). Metal
(Pb, As, Ni) content was determined using ICP-MS of the digests
[18].

2.4. Statistical analysis

Statistical analysis was performed using the SPSS program (SPSS
Inc., Chicago, IL, Version 12.0). Three independent replicates were
used for each treatment group. The variance homogeneity and the
normality of the distribution were verified in each group. The data
concerning As and Pb levels of accumulation versus plant tissue
and versus sampling location were analysed through analysis of
variance (two-way ANOVA). As, Pb and Ni levels versus plant tissue
was analysed through one-way ANOVA and the Tukey test was per-
formed to detect the statistical significance of differences (P<0.05)
between means in this analysis. Correlations were performed with
different variables and Spearman’s correlation coefficients were
determined.

2.5. Chemicals

The chemicals used were analytical-grade and were obtained
from Pronalab (liquid reagents) and Merck (solid reagents).
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Table 1
Soil properties of the study site.
Collection site pH Water content (%) Organic content (%) N (mgkg") P (mgkg 1)
R1 713 £ 04 1.46 + 0.09 10.1 £ 0.2 3513 + 4 201 =8
R2 6.49 + 0.1 14+ 01 84 +£03 1596 + 10 282 +4
R3 633 £0.2 1.6 £ 0.1 79 £0.3 3359+ 5 255+ 8
R4 714 £ 0.1 1.60 + 0.09 9.5+0.2 1118 + 13 44 + 4
Results are expressed as mean +S.D.
Table 2
Total and extractable metal concentrations in soils from different sampling locations.
Collection site Metal
As Pb Ni
Total EDTA extract Total EDTA extract Total EDTA extract
R1 3078 + 117a 43 + 2a 1400 + 9a 204 + 5a 96 + 5b 2.23 £ 0.05b
R2 952 + 13b 26 + 3b 371 + 1c 67 + 10b 135 + 10a 9+ 1a
R3 1180 + 24b 8.7 £ 02c 611 £ 7b 77 £ 3b 63 + 2c 2.01 + 0.05b
R4 1126 + 27b 20 +3b 540 + 9b 83 +9b 105 + 3b 3.7+ 04b
"(F=264) "(F=32) “(F=214) (F=81) “(F=28) "(F=38)

Results are expressed as mean + S.D. (n=3). Means in the same column with different letters are significantly different from each other (P<0.05) according to the Tukey test.
The test results are shown with the test statistics and as: NS, non-significant at the level P<0.05; "significant at the level P<0.05; “'significant at the level P<0.01; "significant

at the level P<0.001.

3. Results
3.1. Soils

The soil collected from the banks of the stream presented a range
of pH from 6.33 to 7.14, a water content ranging from 1.4% to 1.6%,
and organic matter contents ranging from 7.9% to 10.1%. The nutri-
ent content of the soils was variable, with N ranging from 44 to
282mgkg~! and P levels ranging from 44 to 282 mgkg~! (Table 1).

The total metal concentration in the soil was variable along
the stream, with some significant (P<0.05) differences registered
within the sampling points (Table 2). The highest levels of As and
Pb were registered in the first sampling point, located near the
former exit of contaminated wastewaters, and were of 3078 and
1400mgkg~1, respectively; the highest Ni level in the soil was
135 mgkg~! (values shown are in dry weight).

Spearman'’s correlation analyses of the levels of metals in the
soils versus the available (EDTA extractable) fractions were per-
formed - strong significant and positive correlations were found
between total concentration in the soil and the metal levels in the
available fractions - ranging from 0.77 to 0.96 (Table 3). Thus, EDTA
soil extractable fractions were also different from point to point:
lower in collection sites R3 for As and Ni and R2 for Pb and higher
in the same locations as for the total levels—in collection site R1 for
As and Pb and in collection site R2 for Ni (Table 2).

3.2. Plants

The metal content in the sections of R. ulmifolius collected in the
banks of the stream varied among sites of collection (Fig. 2). Arsenic

Table 3
Spearman’s correlation coefficients between total metal concentration in the soil
and available levels.

Soil factors

EDTA extractable, As

EDTA extractable, Pb EDTA extractable, Ni

Total As  0.77" na. na.
TotalPb  n.a. 0.96" n.a.
Total Ni n.a. n.a. 0.85"

n.a., not applicable.
™ Correlation is significant at the 0.01 level.

levels (mgkg~1) ranged from 277 to 1721 in the roots, 30 to 110 in
the stems, and 60 to 265 in the leaves; Pb concentrations (mgkg=!)
ranged from 248 to 1178 in the roots, 35 to 133 in the stems, and 25
to 149 in the leaves; and Ni (mgkg~1) ranged from 48 to 151 in the
roots, whereas Ni was not detected (Detection limit=0.1 mgL-1)in
the remaining sections (values shown are in dry weight).

Significant (P<0.05) differences between the As levels in the
roots, stems and leaves were observed, with the roots presenting
the highest accumulation levels, followed by the leaves and then the
stems. Significant (P<0.05) differences were registered between
the levels of Pb in the roots and the aboveground sections, but not
between leaves and stems.

3.3. Soil-plant relations

Spearman’s correlation analyses were performed with the lev-
els of metals in plants roots, stems and leaves versus the available
metal concentrations in the soil (Table 4). Positive correlations were
found between total Pb and As concentrations in the soil and the
metal levels in the roots of the plant. As to the remaining values,
the correlations were generally not significant.

Spearman’s correlation analyses were made also between pH,
loss on ignition C, N and P values, but few significant correla-
tions were found, with special emphasis for the correlations found
between the N levels in the soils and the As, Pb and Ni accumulation
in the roots (Table 4).

Bioconcentration factors (BCFs) were determined for the differ-
ent plant sections (root, stems and leaves), expressed as the ratio
between the metal concentration in the plant section and in soil
(Fig. 3). The highest BCF values were registered for the roots of R.
ulmifolius, and in some of these cases values higher than 1 were
observed. For the plant stems and leaves, low BCF values (generally
lower than 0.2) were observed.

4. Discussion

The total metal concentrations in the soil were variable along
the stream, corroborating the data obtained by Atkins [14]. A range
of soil metal concentrations was thus covered in this study. The
levels are much higher than those proposed by some authors as
normal in soils: 2-100 mgNikg~! [19], 2-300 mg Pbkg~! [20] and
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Table 4

Spearman’s correlation coefficients between metal concentration in the plant parts and soil factors.

Plant-soil factors

Total EDTA extractable pH N P C

Roots As (n=3) 0.706" n.s. n.s. 0.937" n.s. ns.

Pb (n=3) 0.608" ns. n.s. 0.748™ ns. n.s.

Ni (n=3) ns. ns. n.s. 0.670" —-0.862" n.s.
Stems As (n=3) n.s. n.s. n.s. n.s. ns. —0.764"

Pb (n=3) 0.818" ns. ns. 0.769" ns. n.s.

Ni(n=3) na. n.a. na. na. n.a. na.
Leaves As (n=3) n.s. n.s. n.s. n.s. n.s. n.s.

Pb (n=3) n.s. n.s. n.s. n.s. n.s. n.s.

Ni(n=3) n.a. n.a. n.a. n.a. n.a. n.a.

n.s., no significant correlation; n.a., non-applicable as Ni was not detected in the stems and leaves of the plants.

" Correlation is significant at the 0.05 level.
™ Correlation is significant at the 0.01 level.
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Fig.2. As(I),Pb(II)and Ni (IIT) levels in R. ulmifolius sections. Results are expressed as
means £ S.D. (n=3). One-way ANOVA was performed for each plant section. Means
for the same plant section with different letters are significantly different from
each other (P<0.05) according to the Tukey test. Two-way ANOVA was performed
to determine the influence of plant section and of sampling location in plant As
and Pb concentration (for Ni results of one-way ANOVA are presented). The test
results are shown with the test statistic for each case (A: plant section; B: sam-
pling location; A x B: plant section x sampling location) and as: NS, non-significant
at the level P<0.05; "significant at the level P<0.05; “'significant at the level P<0.01;
"significant at the level P<0.001.

0.1-40 mg As kg~! [21]. Heavy metal toxicity depends not only on
their total concentration but also on the bioavailability (defined as
the ease with which they pass into the soil solution and thereby
into the trophic chain) [22]. The metals considered readily avail-
able for plant uptake represent often only a small portion of the
total metal content of the soil [12], as was found in this study, with
the levels of EDTA extractable Pb, As and Ni representing 13%, 0.7%
and 2.4% of the total metal contents present in the soils, respec-
tively. The analysis of the potential bioavailable metal fraction is
considered probably more significant than the analysis of total con-
tents [22], because the former allows prediction of the risk of metal
uptake by plants and its mobility within the ecosystem. Neverthe-
less, this relation was not observed in this study, as generally no

2,54
2 |
1,54 BAs
BPb
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BCF

0,5 4

: - T (O
R1 R2 R3 R4

sampling location
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0+ - .
R1 R2 R3 R4
sampling location

L (D)

0,3

0,24

BCF

0,1

R1 R2 R3 R4
sampling location

(111)

Fig. 3. Bioconcentration factors (BCF) for R. ulmifolius roots (I), stems (II) and leaves
(III). Results are expressed as means +S.D. (n=3).
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correlations between EDTA extractable concentrations and the lev-
els in the plants were found. Similar patterns have been shown in
previous studies in which the accumulation of metals, such as Ni,
did not correlate with the soil metal concentration [23,24]. In fact,
when correlating the levels of total and available (EDTA extractable)
metals in the soil with the levels occurring in the plants, corre-
lations were only found for the roots of the plant and for total
levels of As and Pb in the soil. According to the reports found in
the literature, a relatively clear pattern of increasing plant accu-
mulation with increasing soil concentration is usually found only
for Zn [13,25]. However, the lack of correlation obtained in the
majority of cases may imply that in isolation the level of avail-
able metal is not dominant in determining metal accumulation
by that plant part. It is possible that variation of metal availabil-
ity and accumulation with parameters such as organic content
[26], pH [27], and soil nutrient status [28] obscures any possi-
ble relationship between the total concentrations in the soil, the
available levels and levels in the plant. In this study, Spearman’s
correlation analyses were performed to determine the effect of
these soil factors in metal accumulation by R. ulmifolius, but gen-
erally no relationships were found. Previous reports have shown
pH-dependent accumulation of metals by plants [27,28], but this
was not observed in this study. The apparent lack of influence of
P and C has been also reported for Pb, Zn and Cd accumulation in
Equisteum ramosisti [28]. A correlation with N levels in the soil was
found for metal accumulation in the roots; nonetheless, the absence
of correlation for the stems and leaves can be explained by a pos-
sible “dilution effect” caused by improved aboveground biomass
under N-rich soil conditions [19]. Spearman’s correlation analyses
presented in this study were performed only with metal concentra-
tion in plant tissues and the independent soil factors, reinforcing
the hypothesis that in the field metal accumulation results from
a dynamic interaction of factors, such as salinity [29], oxygen and
proton release [30] and it is not possible to isolate the effect of each
one.

The levels of accumulation obtained in this study are quite
high when compared with data presented in literature for plants
grown in non-impacted soil—0.1-5mg Pb [31], 0.01-5mg As [32]
and 1-10mg Ni [33], per kg of plant dry weight. Additionally, the
observed levels of As, Pb and Ni, in R. ulmifolius growing in the
field - maximum levels of 1721 mg As kg~1, 1178 mgPbkg~! and
151 mg Ni kg~ in the roots and 265 mg As kg~! and 149 mg Pb kg~!
in the leaves — were higher than other reported values for field
collections. Stoltz and Greger [30] reported for Erioforum angusti-
folium, Phragmites australis and Salix sp. maximum accumulations
of 38mg Pbkg~! and 8.4mg As kg~!, and 920mgPbkg~! and
276 mg As kg1, in the aboveground and belowground tissues,
respectively. Haque et al. [34] reported for Baccharis sarothroides
levels of up to 152, 45 and 97 mg kg~ of Pb, As and Ni, respectively,
in the roots, and 107, 37 and 31 mgkg~! of Pb, As and Ni, in that
order, in the shoots. Yoon et al. [7] analysed another blackberry
species, Rubus fruticosus, and have found levels of Pb of up to 825
and 22 mg kg~ in the roots and shoots when grown in soil contam-
inated with 4100 mg kg~'—a lower accumulation for a much more
contaminated soil than that observed presently for R. ulmifolius.

R. ulmifolius never accumulated more than 1000 mg kg1 of any
of the metals in the aboveground tissues, the criteria indicated for
As, Pb or Ni hyperaccumulators [12]. In fact, the metals were mainly
accumulated in the roots of the plant, indicating a low degree of
metal translocation into the aboveground section—translocation
rates between roots and stems ranged from 0.02 to 0.16 for As and
from 0.08 to 0.13 for Pb. The high metal concentration in roots
and apparent low translocation to the aboveground tissues indi-
cates that the plant is capable of rather well-balanced uptake and
translocation under heavy contamination conditions [34]. This may

suggest a metal exclusion strategy from stems and reproductive
tissue by retaining the metal in the roots [35], thus avoiding its tox-
icity. Resistance of R. ulmifolius to the metals can be achieved by
an avoidance mechanism such as the precipitation and association
with cell walls or detoxification in vacuoles [36,37]. Although each
plant species might have a unique mechanism against heavy met-
als, other published data also indicates higher accumulation of As
[38,39], Pb [29] and Ni [40] in the roots of plants growing in metal
contaminated soils than in its aboveground tissues. R. ulmifolius
also has shown the same type of accumulation behaviour for Zn;
plants accumulated up to 563, 110 and 91 mgZnkg~! in the roots,
stems and leaves, respectively, for a level of Zn in the soil of up
957 mg kg1 [13]. This pattern of accumulation for all the studied
metals truncates the biogeochemical cycles of the metals and limits
potential food chain transfer to a restricted range of root consumer
and decomposer organisms [37] of R. ulmifolius.

Additionally, the highest BCF values registered in this study were
observed for the roots, and only in some of these cases were they
higher than 1. In fact, the BCF values for the aboveground tissues
were lower than those registered for other non-hyperaccumulating
species, namely for Pb in Gentiana penneliana [7] or for As in Pteris
multifida [41], with values of BCF higher than 10. Nevertheless R.
ulmifolius has shown increased accumulation abilities, considering
the roots’ BCFs, when compared to other species. For accumula-
tion of Pb in Cyperus esculentus, Phyla nodiflora or even in another
blackberry, Rubus fructicosus [7], reported BCF levels were lower
than 1. The BCF has been used to evaluate the availability of heavy
metals in contaminated soils [7,42]. Plants exhibiting BCF values
lower than 1 in the aboveground tissues are referred to be unsuit-
able for phytoextraction [43], whereas high BCF values for the
roots indicates potential for phytostabilisation, the latter being
found in this study for R. ulmifolius. R. ulmifolius established suc-
cessfully on this metal polluted soil, with metals being retained
in the belowground sections. Additionally, this species presents
significant biomass production in the field step, is well dissemi-
nated throughout the region and easy to propagate, characteristics
that are desirable for a plant to be used in phytostabilisation
approaches.

5. Conclusions

R. ulmifolius colonises a multi-metal contaminated site. The
plants found in the area did not show visual toxicity signals, indi-
cating tolerance to As, Pb and Ni, which were mainly accumulated
in R. ulmifolius roots. Significant correlations were generally found
between the total levels of metals in the soils and the accumulation
in the roots, thereby exhibiting low metal translocation to its above-
ground sections. This pattern of accumulation seems to indicate
an exclusion strategy by this plant species. The use of R. ulmifolius
for phytoremediation purposes should be effective when using the
plant to reduce the effects of the contamination by the establish-
ment of a green cover that immobilizes the metals, avoiding further
distribution of the contamination via erosion or leaching, and, due
to its low translocation capacities, decreasing the risks of passing
Pb, As and Ni into the food chain.
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