As, Cd, Pb and Zn uptake by Salix spp. clones grown in soils
enriched by high loads of these elements
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ABSTRACT

As, Cd, Pb and Zn accumulation in the aboveground biomass of seven clones of Salix spp. and changes in element uptake
by plants after element addition to soil were studied in a pot experiment. Unpolluted Chernozem (Suchdol) as a control
and soils with addition of As (100 mg/kg), Cd (40 mg/kg) and either Pb (2000 mg/kg) (Suchdol-Pb) or Zn (2000 mg/kg)
(Suchdol-zn) were used for the experiment. Significant differences were found in the accumulation of elements between
willow clones and also between different element additions to the soil. Although As and Cd uptake slightly increased in
Suchdol-Zn soil compared to Suchdol-Pb soil, the element removal from soil was significantly higher in Suchdol-Pb soil
due to asignificant reduction of aboveground biomass yield in Suchdol-Zn soil caused by Zn phytotoxicity. The yield
reduction decreased the uptake of plant-available elements by biomass, thus higher plant-available portions of As and Cd
were found in Suchdol-Zn soil. Element removal from soil was more dependent on element contents in willow tissues in

Suchdol-Pb soil than in Suchdol-Zn soil, where willow plants exhibited physiological symptoms of phytotoxicity.
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Phytoremediation is a method for in situ cleanup of
contaminated soil. Green plants play a major role in
achieving this goal (Baker and Brooks 1989, Baker et al.
1994, Salt et al. 1998, Wenzel et al. 1999). Phytoextraction
presents direct uptake of heavy metals by plants and
theit translocation to aboveground biomass. Willows
meet main requirements for suitable phytoextraction be-
cause of their high biomass production, metal tolerance,
and high concentrations of heavy metals in aboveground
biomass (Dickinson et al. 1994, Greger and Landberg
1995). Willows have the capacity of efficient uptake of
macro- and micro- nutrients and high evapotranspiration,
which is reflected in their high productivity (Perttu and
Kowalik 1997). Under environmental conditions of the
Czech Republic Salix spp. can reach annual yield of dry
biomass about 10 t/ha (Weger and Havlickova 2002).
Willow plants have different capabilities to accumulate
different heavy metals among the clones. The mecha-
nisms behind the accumulation, transport, and tolerance
are specific of each of the different metals (Greger and
Landberg 1999). Salix spp. was shown as shoot accumu-
lators of Cd and Zn in comparison with other wetland
species growing on old submerged mine tailings that re-
stricted translocation of elements to shoots (Stoltz and
Greger 2002). Landberg and Greger (1994) reported that
the accumulation or exclusion of heavy metals by wil-
lows did not depend on their tolerance. However, Land-
berg and Greger (1996) found that clones from polluted
areas had higher accumulations of Cd, Cu, and Zn in their
roots, and the transport of those metals to shoots was
more restricted than in clones from an unpolluted area.
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The species that accumulate and tolerate large concen-
trations of metals in aboveground harvestable tissues
would clearly be appropriate to reclaim contaminated
soils (Punshon et al. 1995). Willows acclimation to toxic
metals can be achieved by gradually increasing concen-
trations of heavy metals over 128 days rather than by
short-term single pre-treatment. Increased resistance (es-
pecially to Cd) is attributable to reduced uptake (Pun-
shon and Dickinson 1997). The interaction between Cd
and Zn is either antagonistic or synergistic. Cd competes
with Zn in forming protein complexes, a negative associ-
ation between the two was found. However, soil Zn in-
duces dissociation of Cd sorbed onto the binding sites
as a result of competition for these sites and increases
Cd in solution. Such synergism was found also for Pb
and Zn (Adriano 2001).

MATERIAL AND METHODS

Bioavailability of As, Cd, Pb and Zn and accumulation
of these elements by Salix spp. were investigated in a pot
experiment. Unpolluted Chernozem (Suchdol locality)
was used as a control soil. Amounts of 100 mg As/kg,
40 mg Cd/kg and either 2000 mg Pb/kg (Suchdol-Pb) or
2000 mg Zn/kg (Suchdol-Zn) were added into this soil.
As, Cd, Pb and Zn were supplied to the soil as Na,HAsO,
CdCl, Pb(CH,CO0), and Zn(CH,COO0),, respectively.
Soils with substances were thoroughly mixed, and imme-
diately used in the experiment. Mean total contents of
As, Cd, Pb and Zn and plant available portions of these
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Table 1. Total contents (mg/kg) and plant-available portions (%) of As, Cd, Pb and Zn in experimental soils

A P Z
Soil s Cd b n

total  plant-available  total  plant-available  total  plant-available total  plant-available
Suchdol-Pb 118 0.28 40.4 0.82 2029 0.05 87.1 < 0.023
Suchdol-Zn 118 1.64 40.4 1.04 29.3 < 0.031 2087 0.39
Suchdol 18.0 0.48 0.42 0.72 29.3 < 0.031 87.1 < 0.023

elements in experimental soils are summarised in Table 1.
Seven clones of high biomass production willows from
Silva Tarouca Research Centre for Landscape and Deco-
rative Horticulture in Prithonice (S. x smithiana S-218, S. x
smithiana S-150, S. viminalis S-519, S. alba S-464, S. alba
Pyramidalis S-141, S. dasyclados S-406, S. x rubens S-391)
were used in the experiment. The willow collection is well
documented and of known provenance. Willows were
planted in 5-litre plastic pots with 5 kg of air-dried soil for
five and a half months. Soil moisture was regularly
checked and kept at 60% of MWHC. Four replications
were used for each clone (three 20cm cuttings in one pot).
After harvest, the aboveground biomass was separated
into leaves and twigs, checked for fresh and dry biomass,
ground and analysed. The plant material was decom-
posed by a modified dry ashing procedure in the mixture
of oxidising gases (O, + O, +NO ) in APION Dry Mode
Mineralizer (Miholova et al. 1993). Total soil element con-

centration was determined after two-step decomposition,
using APION in the first step and wet digestion by a mix-
ture of HF + HNO, in the second step (Mader et al. 1998).
The soil samples were taken in the middle of the vegeta-
tion period and extracted with 0.01 mol/I CaCl, (Novozam-
sky et al. 1993). Element concentrations in the digests
were determined by atomic absorption spectrometry
(VARIAN SpectrAA-400, Varian, Australia) in flame (Cd,
Pb and Zn), flameless (Pb), and hydride generation (As)
measurement modes, respectively. The measurements
were performed in Trace Element Laboratories of Depart-
ments of Chemistry and Agrochemistry at the Czech
University of Agriculture in Prague. Certified reference
materials RM 12-02-03 Lucerne and RM 7001 Light Sandy
Soil were applied for quality assurance of analytical data.
One-way analysis of variance (Fisher’s LSD procedure
method) and linear regression model were used for sta-
tistical evaluation of the data using Statgraphics Plus 5.0.

Table 2. Contents of As, Cd, Pb and Zn (mg/kg dry weight) in leaves and twigs in seven clones of Salix spp. (S. x smithiana S-218,
S. x smithiana S-150, S. viminalis S-519, S. alba S-464, S. alba Pyramidalis S-141, S. dasyclados S-406, S. x rubens S-391)

Soil Clone As d Po Zn
leaves twigs leaves twigs leaves twigs leaves twigs
Suchdol S-218 1.044 0.281¢ 3.214e 2.18¢ 0.805% 0.797% 141¢ 193¢
S-150 1.40¢ 0.253be 2.60¢4 1.468b¢ 3.48¢ 1.19¢ 35.62 112b
S-519 0.604°¢ 0.1292b 1.45% 1.132 0.9522b 0.446 68.6° 75.12
S-464 0.561b¢ 0.135%b 0.9292 1.70b¢ 0.871% 0.4122 37.7% 80.82
S-141 0.3332 0.1598abe 1.94b¢ 0.913% 0.8972b 0.6052b 138¢ 80.42
S-406 0.36120 0.116° 2.91de 1.428be 1.38b 0.5422b 74.1° 112b
S-391 0.376%b 0.2188abe 3.66¢ 1.112b 0.469% 0.784b 144¢ 80.52
Suchdol-Pb S-218 8.78b 2.21b¢ 76.8° 41.9b 8.09% 16.6b¢ 58.12 47.9b
S-150 6.72b 1.16% 53.4% 23.8% 23.2b 11.52 62.12 34.42
S-519 2.492 1.012 35.12 21.32 8.442 9.632 66.12 34.22
S-464 3.222 2.72¢ 36.7% 19.0 6.86% 12.52% 43.6° 34.92
S-141 2.378 0.9942 52.92b 24.02 26.8b 11.82b 153b 4482
S-406 3.56% 0.766% 75.2b 48.8b 20.1° 20.5¢ 67.0% 69.20
S-391 3.26% 1.228b 70.8° 41.1b 23.5b 18.6¢ 121b 60.5°
Suchdol-Zn S-218 5.96° 4.082 84.12 34.8% 1.682 0.276° 210520 5922b
S-150 7.84¢ 2.89¢ 81.82 42.7° 2.308b 1.042b 15522 4522
S-519 4.00 1.75% 75.8? 32.72b 1.902 0.573ab 3631¢ 51720
S-464 4.62eb 3.21¢ 55.12 21.78 2.72%b 0.686% 15812 50730
S-141 3.67% 1.242 63.12 38.6° 4.47° 2.85b¢ 22210 761b¢
S-406 3.342 2.09° 89.72 38.8b 3.68% 4.55¢ 3664°¢ 1033¢
S-391 3.52# 1.642 1340 66.0°¢ 8.10¢ 2.67b¢ 2639% 983¢

Clones with identical alphabetic signs are not significantly different at the 95% confidence level, n = 4
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RESULTS AND DISCUSSION

A general trend of significantly increasing concentra-
tions of heavy metals in aboveground biomass was
found in all tested willow clones as a result of addition of
metals to the soils in comparison with unpolluted soil.
Comparison of individual elements indicated much high-
er accumulation of Cd and Zn in aboveground biomass
than that of As and Pb and it is in accordance with find-
ings of Stoltz and Greger (2002). The clonal variations in
accumulation of heavy metals in leaves and twigs are
demonstrated in Table 2. It is obvious that each clone has
a different ability to accumulate higher amounts of spe-
cific heavy metals. Significant differences were found in
the accumulation of different metals between willow
clones and also between different element additions to
the soil. These results confirm observations of Riddell-
Black (1994) and Greger and Landberg (1999). Arsenic
was predominantly accumulated by leaves of clones
S-218 and S-150 (Salix % smithiana) in all investigated
soils. Cadmium was mostly accumulated by leaves of
clone S-391 (S. X rubens) in all investigated soils. On the
other hand, the lowest content of Cd was found in leaves
of clone S-464 (S. alba). The lead concentration in plant
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biomass was lower compared to Cd and Zn, and translo-
cation of this element from twigs to leaves was limited in
both cases, with and without addition of Pb to the soil.
Salix spp. showed high ability to accumulate zinc in Such-
dol-Zn soil. The higher content of Zn was found in leaves
of clones S-519 and S-406 (S. viminalis and S. dasycla-
dos). Larger translocations of Cd and Zn from twigs to
leaves were found in soils when Cd and Zn were added.
Nissen and Lepp (1997) found evident Zn accumulation
in eight willow species and general trend of exclusion of
Cu. Zn contents decreased in the order leaves > bark >
twigs > wood.

It is obvious from the results in Figure 1 that Zn addi-
tion caused an increase in As content in leaves of five
out of the seven clones (not statistically significant due
to high variations of replications) whereas in twigs As
content was higher in all seven clones (statistically sig-
nificant in four clones) compared to the soil with Pb ad-
dition. On the other hand, Zn addition caused a higher
accumulation of Cd in leaves of all clones (statistically
significant in two clones) whereas higher Cd content in
twigs was found only in five clones (statistically signif-
icant in three clones) in comparison with Cd content in
clones grown in the soil with Pb addition. An exposure
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Figure. 1 As and Cd (mg/kg dry weight) contents in leaves and twigs of seven willow clones planted in the soil supplied with Zn (Su-Zn)

and Pb (Su-Pb)

x axis = clone No.: 1. S. X smithiana S-218, 2. S. X smithiana S-150, 3. S. viminalis S-519, 4. S. alba S-464,
5. 8. alba Pyramidalis S-141, 6. S. dasyclados S-406, 7. S. x rubens S-391

PLANT SOIL ENVIRON., 49, 2003 (5): 191-196

193



As — leaves

Su-Pb
140 - ¢
O Su-Zn
120 1 3 =7.599x +7.904 .
Ei 100 - R2=0.778
% 80 A *
g 60 4 *
° W ® ) =2.8569x +1.474
< | R2=0.5611
20
0 . : .
0 5 10 15
As content (ppm)
Cd - leaves
1400 1 & Su-Pb
1200 | osSwzn & ¥ =7.03lx+152.1
_ R2=0.419
G, 1000 - o
g 8007 3 y =1.309x +140.1
o i
£ 600 R2=0.229
3 400 | & ¥ oB
200 | o8 W
Q0O o
0 ‘ ; ; ; \
0 50 100 150 200 250

Cd content (ppm)

As — twigs
100 - . & Su-Pb
O Su-Zn
804 y=15.029x +7.149
z R?=0.583
5 60 4
< 4 *
° 40 y =2.459x —1.224
< 5 R*>=0.513
W
0 - ‘ ‘
0 2 4 6
As content (ppm)
Cd - twigs
¢ Su-Pb
1000 -
O Su-Zn
¢ -
800 - o o
z ‘e o Y =6.961x +368.5
g 6004 T R>=0.253
3 * Y
£ 400 | YR .
3 . y =-0.117x +69.8
200 - R?=0.0055
QO o Q o
0 . - :
0 50 100

Cd content (ppm)

Figure 2. Relationship between As and Cd contentsin leaves or twigs (mg/kg dry weight) and As and Cd removal (offtake, pg)

by harvested biomass from pots after one vegetation period

to dual combinations of metals in the solution culture
increased Cd and Zn content in willow roots when sup-
plied with Cu, but not when it was supplied with Zn.
Root-bound Cu increased in all combinations (Punshon
and Dickinson 1997). However, these element interac-
tions are necessary to compare biomass yields. In Such-
dol-Zn soil total high Zn content and its considerable
plant available portion had phytotoxic effects and
caused a significant reduction in the yield of above-
ground biomass, chlorosis, and partial foliage abscission
that could have an effect on the uptake of elements by
plants. Pb addition caused a much lower yield reduction
than Zn addition. Yields of leaf and twig biomass in con-

trol soil and in soils with addition of elements are shown
in Table 3. Gilinthardt-Goerg and Vollenweider (2002)
found that the heavy metal stress caused extended ne-
crosis of lower epidermis. Zn appeared to be responsible
for visible symptoms on poplar leaves.

The yield reduction feasibly decreased the plant-avail-
able portion of elements taken up by biomass in the soil.
Higher plant-available portions of As and Cd were found
in Suchdol-Zn soil in the middle of vegetation period
(Table 1). Eriksson and Ledin (1999) reported that Salix
cultivation reduced the amount of plant-available Cd in
the soil whereas total contents were influenced only
slightly. An amount of elements removal from the con-

Table 3. Yield of total (leaves + twigs) dry biomass (g) of seven willow clones (S. x smithiana S-218, S. x smithiana S-150, S. viminalis
S-519, S. alba S-464, S. alba Pyramidalis S-141, S. dasyclados S-406, S. x rubens S-391)

Soil S-218 S-150 S-519 S-464 S-141 S-406 S-391
Suchdol-Pb 21.8° 28.1° 46.0° 29.5b 34.7° 28.0° 24.8b
Suchdol-Zn 5.82 4.12 6.42 6.32 5.82 3.82 3.32
Suchdol 49.4¢ 42.3¢ 57.5¢ 61.8¢ 36.0° 32.4b 39.8¢

Clones with identical alphabetic signs are not significantly different at the 95% confidence level, n = 4
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taminated soil is most important for phytoextraction
purposes (Wenzel et al. 1999). Based on the results in
Figure 2, total removal of elements depends not only on
the heavy metal concentration in plants but also on to-
tal biomass production. Although Cd content in leaves
was slightly higher in Suchdol-Zn soil, total removal of
Cd by leaves was much higher in Suchdol-Pb soil, where
the yield of biomass was not influenced by Zn addition.
Analogous results were obtained for As content in
leaves and twigs. Removal of As and Cd by leaves or
twigs were found significantly higher in Suchdol-Pb
soil than in Suchdol-Zn soil. Although Cd content in
twigs of willows planted in Suchdol-Zn soil markedly
ranged from 18.5 to 89.4 mg/kg, Cd removal by biomass
was influenced only slightly. Higher variations in Cd re-
moval by twig biomass were found in the soil supplied
with Pb (from 274 to 886 ug Cd) whereas Cd contents
were found to be in the range from 15.0 to 52.1 mg/kg.
Moreover, it is evident from highly differing slopes of
linear correlation (Figure 2) that the element removal is
more dependent on element content in biomass planted
in Suchdol-Pb soil, where willow plants grew without
any physiological symptoms of phytotoxicity, than in
the soil supplied with Zn. The relationship between As
and Cd contents and their removal by leaves showed
a higher correlation coefficient than the correlation of
both elements in willow twigs. Arsenic always showed
closer relations in comparison with cadmium, especially
with Cd in twigs, where Cd content did not correlate with
its removal in both soils (Suchdol-Zn and Suchdol-Pb).
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ABSTRAKT

Prijem As, Cd, Pb a Zn vrbami (Salix spp.) rostoucimi na pidé s vysokym pridavkem téchto prvki

V nadobovém pokusu byly sledovany akumulace As, Cd, Pb a Zn v nadzemni biomase sedmi klont Salix spp. a zmény
v piijmu téchto prvkl rostlinami po jejich pfidavku do pidy. Jako kontrolni ptida byla pouzita cernozem z lokality Such-
dol, do niz bylo dodano 100 mg As/kg, 40 mg Cd/kg a bud’ 2000 mg Pb/kg (Suchdol-Pb), nebo 2000 mg Zn/kg (Suchdol-Zn).
Byly nalezeny vyrazné rozdily v akumulaci prvki mezi jednotlivymi klony a také mezi riznymi ptidavky prvka do pady.
Ackoliv byl pfijem As a Cd mirné zvysen na pudé Suchdol-Zn v porovnani s ptidou Suchdol-Pb, odbér prvkl z pidy byl
vyrazné vys$§i na pudé Suchdol-Pb kvuli zna¢né vynosové depresi nadzemni biomasy na pidé Suchdol-Zn zptisobené fyto-
toxicitou Zn. Redukce vynosu snizila odbér rostlinam ptistupnych forem prvkl biomasou, takze na pidé Suchdol-Zn byly
nalezeny vys$i podily rostlindm ptistupného As a Cd. Na pidé Suchdol-Pb byl odbér prvkl z piidy vice zavisly na obsahu
prvku v rostlinnych tkanich nez na piidé Suchdol-Zn, kde rostliny vrb vykazovaly fyziologické poruchy.

Kli¢ova slova: pida; arzen; kadmium; olovo; zinek; Salix spp.; odbér; fytotoxicita
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