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a b s t r a c t

To characterize the phytoextraction efficiency of a hybrid poplar (Populus deltoids × Populus nigra) in
cadmium contaminated purple soil and alluvial soil, a pot experiment in field was carried out in Sichuan
basin, western China. After one growing period, the poplar accumulated the highest of 541.98 ± 19.22
and 576.75 ± 40.55 �g cadmium per plant with 110.77 ± 12.68 and 202.54 ± 19.12 g dry mass in these
contaminated purple soil and alluvial soil, respectively. Higher phytoextraction efficiency with higher
cadmium concentration in tissues was observed in poplar growing in purple soil than that in alluvial
soil at relative lower soil cadmium concentration. The poplar growing in alluvial soil had relative higher
hytoremediation
oplar
ast-growing plant
hytoextractor

tolerance ability with lower reduction rates of morphological and growth characters than that in purple
soil, suggesting that the poplar growing in alluvial soil might display the higher phytoextraction ability
when cadmium contamination level increased. Even so, the poplars exhibited obvious cadmium trans-
port from root to shoot in both soils regardless of cadmium contamination levels. It implies that this
examined poplar can extract more cadmium than some hyperaccumulators. The results indicated that

ing t
soil a
metal phytoextraction us
cadmium in these purple

. Introduction

Owing to the rapid expansion of industrialization and the heavy
se of chemical fertilizer, pesticides and herbicides in agriculture,
admium pollutant has been considered as one of the most serious
nvironmental problems worldwide [1,2]. Compared with other
eavy metals, cadmium is not an essential nutrient in higher plants
3–5], and the exposure to relatively low concentrations results
n high toxicity to plant and animal [3,6]. Moreover, the heavy

etal can enter human diet and accumulate gradually in the human
ody [4,7], resulting a number of adverse health effects, such as
ephrotoxicity and osteotoxicity [8,9]. Thus, there is an urgent
nd imperative need to develop efficient techniques for cadmium
emoval from the environment.

Fortunately, a variety of the engineering and biology technolo-
ies have been developed to remedy the contaminated ecosystems
10,11]. Including others, phytoremediation, the use of plants to
xtract, sequester and/or detoxify hazardous heavy metal from

edium (soil, water and air), is regarded as a tangible alterna-

ive with great potential for affordable remediation of polluted
ites [12–14]. According to the previous studies, four indicators
ave been often used to define a cadmium hyperaccumulator:
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he poplar can be applied to clean up soils moderately contaminated by
nd alluvial soil.

© 2009 Elsevier B.V. All rights reserved.

(1) the threshold value of cadmium accumulated in the plant
(>100 mg kg−1 dry weight) [15,16]; (2) bioaccumulation coefficient
(BC), the ratio of metal concentration in the plant to medium (>1.0)
[16]; (3) transport factor from metal concentration (TF), the quo-
tient of metal concentration in shoots to roots (>1.0), which is used
to measure the effectiveness of the plant in transferring a metal
from roots to shoots; (4) tolerance index (Ti), the hyperaccumula-
tor should not decrease significantly at the concentration of the
critical value, which is a key endpoint index for judging it as a
hyperaccumulator [14]. It is obvious that the former three factors
were calculated mainly from metal concentration in plant tissue
and medium. Although the phytoextraction amount of metal was
determined by both biomass production and metal concentration
in plant, the biomass production of plant was ignored [17]. Con-
sequently, the actual efficiency of plant remediation was at least
partly concealed. In addition, it is well-known that metal con-
centration in plant tissue and the growth of plant rely greatly on
the metal concentration in medium and other medium characters
[18,19]. Many previous studies have focused on the cadmium accu-
mulation and growth responses of plant in controlled experiment
with relative higher cadmium concentration [6,19,20] compared

with that in field condition. Accordingly, the plant with higher
biomass production but relative lower metal concentration as fast-
growing plant might employ the higher remediation efficiency in
cadmium contaminated soil compared with the plant with lower
biomass production although higher metal concentration in tis-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:scyangwq@163.com
dx.doi.org/10.1016/j.jhazmat.2009.12.028
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Table 1
Height, basic radius and leaf area of poplar (means ± SD) in respond to different cadmium supplies in purple soil and alluvial soil.

Cadmium supplies (mg kg−1) Purple soil Alluvial soil

Height (cm) Basic radius (mm) Leaf area (m2) Height (cm) Basic radius (mm) Leaf area (m2)

0.00 161.52 ± 26.87a 1.60 ± 0.20a 0.35 ± 0.03a 199.33 ± 1.89a 1.85 ± 0.03a 0.58 ± 0.03a
0.50 142.47 ± 12.73b 1.36 ± 0.00b 0.28 ± 0.02b 194.00 ± 7.79a 1.90 ± 0.06a 0.50 ± 0.01b
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1.00 124.38 ± 2.83c 1.32 ± 0.02b
1.50 124.09 ± 12.73c 1.26 ± 0.01c

ifferent letters within a column indicate the significant differences among the tre

ue. However, only a little information has been available on the
admium extraction efficiency of fast-growing plants in cadmium
ontaminated soil [18].

Furthermore, cadmium uptake and accumulation efficiency of
lants could be altered by a number of soil factors. Including oth-
rs, soil cadmium speciation [21], soil pH [22], other metals [4,5]
nd soil fertility [23] are the factors most frequently observed to
ffect cadmium availability to plants. At the same time, soil char-
cters also play crucial roles in plant growth, and subsequently in
admium accumulation. Thereby, the use of hyperaccumulator in
emedying contaminated soil should take the soil characters into
onsideration. However, most previous studies have carried out
n a single type of soil or in the nutrient solution when defined
he hyperaccumulator [6,24], which have limited the remediation
pplication of hyperaccumulator in the contaminated field condi-
ion.

Purple soil and alluvial soil are two representative soil types
n Sichuan basin, western China [25]. Due to the soil background
nd human activities, these soils have been contaminated by cad-
ium in many areas [26,27], resulting potential risk to local human

ealth and the environment. According to model forecast by Guo
t al. [28], the cadmium contamination level is increasing in this
egion with the increasing tendency in the global scale owing to
uman activities [29]. Thus, the stopping of the serious aggravat-

ng tendency and the cleanup of cadmium contaminated soils is
mergent. A kind of hybrid poplar (Populus deltoids × Populus nigra)
as been acknowledged as a hardy, perennial, fast growing, eas-

ly propagated, highly tolerance, and widely adaptation plant in
oth purple soil and alluvial soil in this region [30], which could be
otentially used as phytoremediation tools in the cadmium con-
aminated soil. However, no information is available concerning
he cadmium extraction effect of fast-growing trees as poplar in
hese cadmium contaminated areas.

This study was conducted in a typical cadmium contaminated
rea of Sichuan basin, Ya’an of Sichuan province, western China.
he objective was here to understand the cadmium phytoextrac-
ion efficiency of poplar in the cadmium contaminated condition
ith different contamination levels using a pot experiment in the
eld. It was hypothesized that fast-growing plant had the higher
emedying efficiency compared with the known slow-growing
yperaccumulators. It was also predicted that the phytoremedia-
ion of poplar could be used in both cadmium contaminated purple
oil and alluvial soil.

. Materials and methods

.1. Field site and soil characterization

The field pot-culture experiment was located at the state key
aboratory of forestry eco-engineering in Sichuan Agricultural

niversity (102◦59′E, 29◦58′N, a.s.l. 620 m). It belongs to the sub-

ropical zone with a warm and moist climate, 16 ◦C average annual
emperature, 1732 mm average annual precipitation, 838 mm aver-
ge transpiration, and 294 days frostless duration per year [31].
amples of purple soil and alluvial soil were collected from the sur-
4 ± 0.02bc 194.33 ± 8.14a 1.88 ± 0.01a 0.50 ± 0.02b
1 ± 0.02c 192.00 ± 14.40a 1.86 ± 0.06a 0.47 ± 0.02b

ts (P < 0.05, n = 5).

face (0–20 cm) in a field near the university and near the Qingyi
River, respectively. The sampled purple soil and alluvial soil were
measured with 4.85 and 8.02 for pH, 20.03 and 8.73 g kg−1 for
organic carbon, 1.28 and 0.32 g kg−1 for total nitrogen, 0.45 and
0.62 g kg−1 for total phosphorus, 3.05 and 3.59 g kg−1 for total
potassium, 2.95 and 2.87 g kg−1 for cadmium, respectively.

2.2. Experimental design

The porcelain pots with 25 cm height and 36 cm in diameter
were used in this experiment. Air-dried soil of 20 kg was sieved by
a 4-mm plastic sieve, and then placed into each pot after mixed
with Cd solution. Based on the investigation in the cadmium con-
taminated soil of this region and the model forecast by Guo et al.
[28], the content of soil cadmium in this region would be gradually
increased. As the result of it, four levels of cadmium (0.00, 0.50,
1.00, 1.50 mg Cd kg−1 dry soil) were supplied as CdCl2·2.5H2O to
simulate the future application. Thus, the cadmium content was
2.95, 3.33, 3.81 and 4.35 g kg−1 in purple soil, and 2.87, 3.23, 3.70
and 4.27 g kg−1 in alluvial soil, respectively. Meanwhile, 6 g urea
and 3 g KH2PO4 were applied in each pot to avoid nutrient lim-
itation. 1-year-old and 10-cm cuttings of poplar were collected
from a non-contaminated field in the key laboratory of forestry
eco-engineering in Sichuan Agricultural University before plant
germination. The cuttings were transferred directly to porcelain
pots on March 16, 2008, and the average dry mass of the used cut-
ting was determined. The plants were grown outdoors to simulate
field condition. Each treatment was arranged in ten replicates to
ensure the sampling at the end of the experiment. The experiment
was terminated just after completely leaf fell on November 2, 2008.
The total growth time was 231 days.

2.3. Measurements and calculations

The fell leaves were collected every month during the experi-
ment, and their area was determined immediately by a portable
leaf-area recorder (CI-203). Their biomass was determined after
oven-dried at least 36 h at 70 ◦C. The total area and biomass of leaf
were the sum of the leaf area and leaf biomass in every month.
Five plants with similar growth character were harvested in each
treatment when experiment terminated, and their height and basic
diameter were recorded. The harvested plants were rinsed with
tap water, and the roots were immersed in 20 mM Na2-EDTA for
15 min to remove cadmium adhered to the root surface [32,33],
and then the whole plants were rinsed with deionized water. The
roots and shoots were divided and dried in an oven for at least
48 h at 70 ◦C to constant weight for biomass determination. Aver-
age dry mass of the cuttings at the beginning was subtracted from
final shoot dry mass for shoot biomass determination. Total plant
biomass was the sum of the leaf, root and shoot. The oven-dried

samples were ground finely by a porcelain mortar for cadmium
analysis.

The powders of samples were digested with a concentrated acid
mixture of HNO3–HClO4 (3:1, v/v) and heated at 160 ◦C for 5 h. After
cooling, the extract was diluted, filtered, and made up to 25 ml with
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Table 2
Poplar biomass and its components (means ± SD) in respond to different cadmium supplies in purple soil and alluvial soil.

Cadmium supply (mg kg−1) Leaf biomass (g) Shoot biomass (g) Root biomass (g) Total (g)

Purple soil 0.00 18.08 ± 2.28a 33.32 ± 8.36a 69.42 ± 16.59a 120.82 ± 3.19a
0.50 20.23 ± 5.93ab 25.54 ± 7.31a 52.37 ± 14.30ab 98.14 ± 26.32b
1.00 21.67 ± 2.44b 27.49 ± 7.26a 61.62 ± 3.67a 110.77 ± 12.68b
1.50 22.00 ± 2.87b 28.58 ± 5.95a 45.83 ± 8.41b 96.41 ± 17.03b

Alluvial soil 0.00 41.72 ± 1.31a 85.22 ± 2.17a 77.17 ± 12.40a 204.11 ± 15.69a
0.50 40.75 ± 4.74ab 82.57 ± 10.01a 68.80 ± 6.87a 192.11 ± 21.33ab
1.00 35.02 ± 4.61b 77.80 ± 5.38a 67.85 ± 12.00a 180.67 ± 18.54b
1.50 42.69 ± 3.79a 80.85 ± 7.39a 79.00 ± 8.64a 202.54 ± 19.12a

Different letters within a column indicate the significant differences among the treatments (P < 0.05, n = 5).

Fig. 1. Cadmium concentrations of leaf, shoot and root in respond to different cadmium supplies in purple soil and alluvial soil. Bars indicate SD, n = 5.

Table 3
Poplar cadmium accumulation and its components (means ± SD) in respond to different cadmium supplies in purple soil and alluvial soil.

Cadmium supply (mg kg−1) Cadmium accumulation (�g plant−1)

Leaf Shoot Root Total

Purple soil 0.00 0.33 ± 0.01a 71.87 ± 1.99a 86.75 ± 3.06a 158.95 ± 1.05a
0.50 0.68 ± 0.11b 89.21 ± 23.73b 100.61 ± 3.60b 190.50 ± 27.44b
1.00 0.56 ± 0.09c 243.90 ± 6.84c 297.52 ± 26.15c 541.98 ± 19.22c
1.50 2.01 ± 0.28d 237.01 ± 27.40c 299.25 ± 8.19c 538.27 ± 35.87c

Alluvial soil 0.00 1.43 ± 0.49a 103.03 ± 53.23a 43.18 ± 5.38a 147.63 ± 47.62a
0.50 1.65 ± 0.60a 81.36 ± 5.07b 78.17 ± 8.88b 161.18 ± 5.09b

D atmen

5
m
(
a

d
c
s

1.00 1.71 ± 0.14a
1.50 1.10 ± 0.11b

ifferent letters within a column indicate the significant differences among the tre

% HNO3 [20]. The cadmium concentration of the extract was deter-
ined by Inductive Coupled Plasma Atomic Emission Spectroscopy

ICP-AES IRIS Intrepid II XSP) (Thermo Electron Company, USA). The

nalysis was carried out in triplicate.

The bioaccumulation coefficient (BC), or enrich factor, was
escribed as Liu et al. [33] and Tanhan et al. [34]: BC = the cadmium
oncentration in the whole plant/the cadmium concentration in the
oil.
208.24 ± 29.30c 148.42 ± 37.82c 358.37 ± 65.71c
303.00 ± 42.46c 272.65 ± 57.59d 576.75 ± 40.55d

ts (P < 0.05, n = 5).

The translocation factor (TF) indicated the ability of plants to
translocate cadmium from the roots to the shoots [35]. TF from
cadmium concentration was calculated as Liu et al. [33]: TF = the

cadmium concentration in shoots/the cadmium concentration in
roots; TF from cadmium accumulation (TF′) = the cadmium accu-
mulation in shoots/the cadmium accumulation in roots.

The tolerance index (Ti) was calculated to measure the ability
of the plant to grow in the presence of a given concentration of



F. Wu et al. / Journal of Hazardous Materials 177 (2010) 268–273 271

Table 4
Bioaccumulation coefficient (BC), transport factor from concentration (TF) and from accumulation (TF′), and tolerance index (Ti) of poplar (means ± SD) in respond to different
cadmium supplies in purple soil and alluvial soil.

Cadmium supply (mg kg−1) BC TF TF′ Ti

0.00 0.45 ± 0.11a 1.73 ± 0.59a 0.83 ± 0.03a 1.00 ± 0.00a
Purple soil 0.50 0.58 ± 0.12b 1.82 ± 0.91a 0.87 ± 0.27a 0.81 ± 0.22ab

1.00 1.28 ± 0.24c 1.84 ± 0.13a 0.82 ± 0.03a 0.92 ± 0.10a
1.50 1.28 ± 0.25c 1.27 ± 0.73b 0.79 ± 0.12a 0.80 ± 0.14b
0.00 0.25 ± 0.06a 2.16 ± 0.54a 2.39 ± 0.52a 1.00 ± 0.00a

Alluvial soil 0.50 0.26 ± 0.07a 0.87 ± 0.39b 1.04 ± 0.06b 0.94 ± 0.10a
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1.00 0.54 ± 0.06b
1.50 0.67 ± 0.10c

ifferent letters within a column indicate the significant differences among the tre

etal [2,36], calculated as: Ti = dry weight of the plants growing in
admium supplies/dry weight of the plants growing in control.

.4. Statistical analysis

Differences between treatments were tested by ANOVA fol-
owed by LSD test using the SPSS (Standard released version 11.5
or Windows, SPSS Inc., IL, USA) software package.

. Results

.1. Growth responses

A decreased tendency was observed in the height, basic radius
nd leaf area of poplar with the increase of cadmium concentration
n both purple soil and alluvial soil, but the decreased tendency

as more obvious in purple soil compared with that in alluvial soil
Table 1). The height, basic radius and leaf areas of poplar were
ower in purple soil than those in alluvial soil.

Cadmium supplies also decreased shoot, root and total biomass
f poplar, but increased leaf biomass in purple soil (Table 2).
lternatively, only cadmium supply with 1.00 mg kg−1 significantly

P < 0.05) decreased total biomass and leaf biomass of poplar,
hereas the other treatments had insignificantly (P > 0.05) effects

n poplar biomass and its components in alluvial soil.

.2. Cadmium accumulation

Cadmium concentration in poplar components showed the
ame order (shoot > root > leaf) in both purple soil and alluvial soil
Fig. 1). However, cadmium concentrations in shoot and root were
ncreased with the increase of cadmium supply in both purple soil
nd alluvial soil, but cadmium concentrations in leaf had no sig-
ificant (P > 0.05) changes. In addition, cadmium concentrations in
oth shoot and root were higher in purple soil compared with those

n alluvial soil.
Cadmium accumulation in poplar and its components increased

ith the increase of cadmium concentration in both soils (Table 3).
admium accumulation in plant components showed the order as
oot > shoot > leaf regardless of cadmium supplies in purple soil,
ut which showed the order as shoot > root > leaf in alluvial soil.
oplar cadmium accumulation was higher in purple soil than that
n alluvial soil when treated with relative lower cadmium supplies
<1.00 mg kg−1), but shoot and total cadmium accumulations were
igher in alluvial soil compared with those in purple soil at the
reatment with 1.50 mg kg−1 cadmium supply.

Additionally, BC of poplar was increased with the increase

f cadmium concentration in both purple soil and alluvial soil,
hereas BC was higher in purple soil than that in alluvial soil

Table 4). The highest cadmium supply significantly decreased TF,
F′ and Ti of poplar in purple soil, but all of the cadmium supplies
ecreased TF and TF′ in alluvial soil, although cadmium supplies
1.22 ± 0.27c 1.40 ± 0.14c 0.89 ± 0.19a
1.09 ± 0.16c 1.11 ± 0.14b 0.99 ± 0.09a

ts (P < 0.05, n = 5).

showed few effects on Ti in alluvial soil. Although TF of poplar was
higher in purple soil than that in alluvial soil when treated with
cadmium supplies, TF′ was higher in alluvial soil than that in pur-
ple soil regardless of cadmium supplies. Ti of poplar was lower in
purple soil compared with that in alluvial soil at the treatments
with 0.50 and 1.50 mg kg−1 cadmium supplies.

4. Discussion

Previous studies have documented that plants can suffer
toxic effects when the tissue cadmium concentration reaches
3–10 mg kg−1 dry weight [19,37]. The results of the present study
indicated that the poplar has received the toxic effects from cad-
mium in these cadmium contaminated soils, because cadmium in
poplar shoot was 8.29 and 3.75 mg kg−1 dry weight in both pur-
ple soil and alluvial soil (Fig. 1), respectively. Nonetheless, the
poplar could still adapt to the contaminated soils with only a lit-
tle decrease of morphological growth and biomass production as
the cadmium contamination level increased. In addition, the poplar
showed efficient cadmium extraction efficiency with the highest
of 541.98 ± 19.22 �g cadmium plant−1 and 576.75 ± 40.55 �g cad-
mium plant−1 for purple soil and alluvial soil after one growing
period, respectively. These findings implied that the examined
poplar tree could be an efficient phytoextraction plant in these
cadmium contaminated soils.

Adaptive responses in morphology and biomass production are
the primary tolerance indicators by which the poplar can cope
with the cadmium contaminated environment. According to the
current results, although the reduced tendency of poplar growth
was observed with the increase of cadmium concentration in both
purple soil and alluvial soil, more significant reduced responses
of poplar growth were observed in purple soil in respond to the
increase of cadmium concentration, which suggested that poplar
could have higher tolerance ability to cadmium in alluvial soil than
that in purple soil. Including other soil characters, soil pH is essen-
tially different between purple soil and alluvial soil. Higher metal
activity and biology availability of cadmium have been widely doc-
umented under acid condition than that under alkaline condition
[38]. Consequently, the toxicity of cadmium might be aggravated in
acid condition in comparison with that in alkaline condition [22,39].
This is also the reason that the growth characters (height, basic
radius, leaf area, biomass and its components) of poplar were lower
in purple soil (pH 4.85) than those in alluvial soil (pH 8.02).

Exclusion and accumulation of metal are two main tolerance
mechanisms of plants in respond to heavy metal pollution as
declared by Baker [40]. Due to higher cadmium concentration in
shoot compared with that in root (Fig. 1), poplar growing in cad-

mium contaminated purple soil and alluvial soil might employ the
accumulation mechanism. This suggested that this hybrid poplar
has efficiently translocation ability that transferred cadmium from
root to shoot. Cadmium concentration in plant tissue was increased
with the increase of cadmium concentration in medium, indicat-
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Table 5
Comparison of Cd accumulation in some species of hyperaccumulator plants and the poplar.

Plant species Biomass (g) Cadmium accumulation (�g plant−1) Cadmium content in medium (mg kg−1) Reference

Arachis hypogaea 0.85 56.00 50 [19]
Arabidopsis halleri 0.50 84.00 12.5 [11]
Atriplex halimus 0.12 1.13 50 [6]
Bidens pilosa 5.00 291.20 5 [14]
Cannabis sativa 0.19 8.50 50 [19]
Echinochloa polystachya 15.96 310.00 10 [18]
Iris iactea var. chinensis 0.40 100.20 10 [20]
Iris tectorum 0.30 50.10 10 [20]
Linum usitatissimum 0.04 2.40 50 [19]
Lonicera japonica 4.06 494.99 5 [33]
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Populus deltoids × Populus nigra 202.54 576.75
Solanum nigrum 0.46 46
Solonum nelongena 0.22 11

ng poplar has potential cadmium phytoextraction ability, which
greed with many results from other plants [14,20]. Due to the
igher cadmium activity in acid condition [38], cadmium con-
entrations of shoot and root were higher when poplar growing
n purple soil compared with those in alluvial soil. Moreover,
enesced leaves have relative lower cadmium concentration than
ther plant tissues, implying that cadmium could be reabsorbed
y plant before leaf fall. This observation warrants further study of
admium translocation.

Generally, cadmium accumulation was determined by its con-
entration in plant tissue and biomass production. Increased
admium accumulation was found with the increase of the cad-
ium concentration in this study could be explained by two sides.
n the one hand, poplar growth as morphological characters and
iomass production was not sharply decreased with the increase
f cadmium concentration in both purple soil and alluvial soil
Tables 1 and 2). On the other hand, cadmium concentrations of
oplar tissue were significantly increased with the increase of the
admium concentration in both soil mediums (Fig. 1). The results
lso imply that the poplar is an interesting candidate plants for phy-
oremediation application in these cadmium contaminated soils.

Many previous studies have suggested that four indicators (the
hreshold value of cadmium, BC, TF and Ti) could be used to define
cadmium hyperaccumulator [14–16]. The threshold value of cad-
ium here was not examined, the results from the BC, TF, TF′

nd Ti were inconsistent between poplar growing in purple soil
nd in alluvial soil. Even so, the synthesized analysis implied that
oplar could be a cadmium hyperaccumulator in both purple soil
nd alluvial soil with Ti > 0.8, TF > 1.0, and BC > 1.0 in purple soil,
nd increased with the increase of cadmium concentration in allu-
ial soil. However, phytoremediation efficiency depends on plant
iomass and the ability of metal to be translocated to the shoots
19]. Thus, transport factor (TF′) from cadmium accumulation could
e a better parameter in indicating metal transport efficiency than
F. The results indicated that poplar could transport more cadmium
rom root to shoot in alluvial soil, implying that the poplar might
isplay relative higher phytoremediation efficiency in alluvial soil
ompared with that in purple soil. The results from Ti could also
raw the similar conclusion that Ti was not significantly decreased
ith the increase of cadmium concentration in alluvial soil.

An ideal plant for phytoextraction application should have high
etal tolerance and high accumulation capacity in its tissues (espe-

ially in harvestable parts) [19,41]. However, a lot of studies have
ocused on the metal tolerance and the accumulated concentration
n hyperaccumulator [6,18,20], but ignored the biomass production

f the plant, which limited the actual phytoextraction application
n contaminated field. Fast-growing plant as the examined poplar
xhibited higher phytoextraction efficiency with higher biomass
roduction but relative lower cadmium concentration in com-
arison with some species of hyperaccumulator plants (Table 5).

[

4.28 This study
10 [24]
10 [24]

The results at least partly demonstrated the hypothesis that fast-
growing plant had the higher remedying efficiency compared
with the other slow-growing hyperaccumulators. Nevertheless, the
results that the plant growing in purple soil accumulated more cad-
mium with lower biomass but higher cadmium concentration in
tissues compared with the poplar growing in alluvial soil. This sug-
gested that cadmium concentration in tissue is also the important
factors determining phytoremediation efficiency.

In conclusion, the poplar had potential phytoremediation appli-
cation as a good phytoextractor in both cadmium contaminated
purple soil and alluvial soil with high tolerance ability and cadmium
accumulation. Compared with the poplar growing in purple soil, the
poplar growing in alluvial soil had higher phytoextraction ability
with higher biomass production at higher soil cadmium concentra-
tion. It should be also noted that the soil characters play important
roles in remedying efficiency of plant.
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[39] G. Cieśliński, G.H. Neilsen, E.J. Hogue, Effect of soil cadmium application and pH
F. Wu et al. / Journal of Hazard

11] S.P. McGrath, E. Lombi, C.W. Gray, N. Caille, S.J. Dunham, F.J. Zhao, Field evalua-
tion of Cd and Zn phytoextraction potential by the hyperaccumulators Thlaspi
caerulescens and Arabidopsis halleri, Environ. Pollut. 141 (2006) 115–125.

12] M.N.V. Prasad, Phytoremediation of metal-polluted ecosystems: hype for com-
mercialization, J. Plant Physiol. 50 (2003) (2003) 764–780.

13] Q.X. Zhou, S.H. Wei, Q.R. Zhang, Ecological Remediation, Chinese Environmetal
Science Press, Beijing, 2004 (in Chinese).

14] Y. Sun, Q. Zhou, W. Liu, J. An, Z. Xu, L. Wang, Joint effects of arsenic and cadmium
on plant growth and metal bioaccumulation: a potential Cd-hyperaccumulator
and As-excluder Bidens pilosa L., J. Hazard. Mater. 165 (2009) 1023–1028.

15] A.J.M. Baker, Accumulators and excluders-strategies in the response of plants
to heavy metals, J. Plant Nutr. 3 (1981) 643–654.

16] Q.X. Zhou, Y.F. Song, Principles and Methods of Contaminated Soil Remediation,
Science Press, Beijing, 2004 (in Chinese).

17] J.L. Jordahl, L. Foster, J.L. Schnoor, Effect of hybrid poplar trees on microbial
populations important to harzardous waste bioremediation, Environ. Toxicol.
Chem. 16 (1997) 318–321.

18] F.A. Solís-Domínguez, M.C. González-Chávez, R. Carrillo-González, R.
Rodríguez-Vázquez, Accumulation and localization of cadmium in Echinochloa
polystachya grown within a hydroponic system, J. Hazard. Mater. 141 (2007)
630–636.

19] G. Shi, Q. Cai, Cadmium tolerance and accumulation in eight potential energy
crops, Biotechnol. Adv. 27 (2009) 555–561.

20] Y.L. Han, H.Y. Yuan, S.Z. Huang, Z. Guo, B. Xia, J. Gu, Cadmium tolerance and
accumulation by two species of Iris, Ecotoxicology 16 (2007) 557–563.

21] P.N. Soltanpour, Determination of nutrient availability and elemental toxicity
by AB-DTPA soil test and ICPS, Adv. Soil Sci. 16 (1991) 165–190.

22] X. Xian, G.I. Shokohifard, Effect of pH on chemical forms and plant availability
of cadmium, zinc and lead on polluted soils, Water Air Soil Poll. 45 (1989)
265–273.

23] J.J. Street, W.L. Lindsay, B.R. Sabey, Solubility and plant uptake of cadmium in
soils amended with cadmium and sewage sludge, J. Environ. Qual. 6 (1977)
72–77.

24] R.L. Sun, Q.X. Zhou, F.H. Sun, C.X. Jin, Antioxidative defense and pro-
line/phytochelatin accumulation in a newly discovered Cd-hyperaccumulator,
Solanum nigrum L., Environ. Exp. Bot. 60 (2007) 468–476.
25] Sichuan Office of Soil Survey, Sichuan Soil, Sichuan Science & Technology Press,
Chengdu, 1995 (in Chinese).

26] B. Du, W.Q. Yang, J. Zhang, Investigation and assessment on soil heavy metal
contamination in the mountain–hilly transitive zone: a case from Wutongqiao
County, Sichuan, J. Mater. Sci. 24 (2006) 82–87 (in Chinese with English
abstract).

[
[

aterials 177 (2010) 268–273 273

27] Y. Jian, W.Q. Yang, J. Zhang, B. Du, J. Lin, A. Wang, L.Q. Zhou, Characteristics and
ecological risk of soil pollution in the lower reaches (Wutongqiao Section) of
Minjiang River, J. Agro-Environ. Sci. 28 (2009) 256–262 (in Chinese with English
abstract).

28] J. Guo, X. Wu, Y. Luo, J. Zhang, S. Hu, Modeling of soil cadmium pollution predic-
tion according to the main pollution factor, Pollut. Control Technol. 10 (2008)
17–22 (in Chinese with English abstract).

29] D. Pavlíková, T. Macek, M. Macková, J. Száková, J. Balíka, Cadmium tolerance
and accumulation in transgenic tobacco plants with a yeast metallothionein
combined with a polyhistidine tail, Int. Biodeter. Biodegr. 54 (2004) 233–237.

30] X. Wan, F. Zhang, X. Xia, W. Yin, Effects of cadmium on photosynthesis and
chlorophyll fluorescence parameters of solution-cultured poplar plants, Scien-
tia Silvae Sinicae 44 (2008) 73–78 (in Chinese with English abstract).

31] J. Zhang, Integrated Management on Soil and Water Loss in the Hilly Area
and Regional Sustainable Development in Sichuan Province, Sichuan Science
& Technology Press, Chengdu, 2009 (in Chinese).

32] X.E. Yang, X.X. Long, H.B. Ye, Z.L. He, D.V. Calvert, P.J. Stoffella, Cadmium tol-
erance and hyperaccumulation in a new Zn-hyperaccumulating plant species
(Sedum alfredii Hance), Plant Soil 259 (2004) 181–189.

33] Z. Liu, X. He, W. Chen, F. Yuan, K. Yan, D. Tao, Accumulation and tolerance
characteristics of cadmium in a potential hyperaccumulator – Lonicera japonica
Thunb, J. Hazard. Mater. 169 (2009) 170–175.

34] M.K.P. Tanhan, P. Pokethitiyook, R. Chaiyarat, Uptake and accumulation of cad-
mium lead and zinc by Siamweed [Chromolaena odorata (L.) King & Robinson],
Chemosphere 68 (2007) 323–329.

35] M.J.I. Mattina, W. Lannucci-Berger, C. Musante, J.C. White, Concurrent plant
uptake of heavy metals and persistent organic pollutants from soil, Environ.
Pollut. 124 (2003) 375–378.

36] D.A. Wilkins, The measurement of tolerance to edaphic factors by means of root
growth, New Phytol. 80 (1978) 623–633.

37] A.M. Balsberg-Pahlsson, Toxicity of heavy metals (Zn, Cu, Cd, Pb) to vascular
plants, Water Air Soil Poll. 47 (1989) 287–319.

38] J. Yanai, F.J. Zhao, S.P. Mcgrath, T. Kosaki, Effect of soil characteristics on
Cd uptake by the hyperaccumulator Thlaspi caerulescens, Environ. Pollut. 139
(2006) 167–175.
on growth and cadmium accumulation in roots, leaves and fruit of strawberry
plants (Fragaria ananassa Duch), Plant Soil 180 (1996) 267–276.

40] A.J.M. Baker, Metal tolerance, New Phytol. 106 (1987) 93–111.
41] D.E. Salt, R.D. Smith, I. Raskin, Phytoremediation, Annu. Rev. Plant Phys. 49

(1998) 643–668.


	Cadmium accumulation and growth responses of a poplar (Populus deltoids×Populus nigra) in cadmium contaminated purple soil...
	Introduction
	Materials and methods
	Field site and soil characterization
	Experimental design
	Measurements and calculations
	Statistical analysis

	Results
	Growth responses
	Cadmium accumulation

	Discussion
	Acknowledgements
	References


