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Abstract In order to identify the effects of soil properties
on the transfer of Cd from soil to wheat under actual field
conditions, 126 pairs of topsoil and wheat samples were
collected from the Yangtze River delta region, China. Rel-
evant parameters (Cd, Ca, Mg, Fe, Mn, Zn, N, P, K, S, pH,
total organic carbon, and speciation of soil Cd) in soil and
wheat tissues were analyzed, and the results were treated by
statistical methods. Soil samples (19.8%) and 14.3% of the
wheat grain samples exceeded the relevant maximum per-
missible Cd concentrations in China for agricultural soil and
wheat grain, respectively. The major speciations of Cd in
soil were exchangeable, bound to carbonates and fulvic and
humic acid fraction, and they were readily affected by soil
pH, total Ca, Mg, S and P, DTPA-Fe, Ex-Ca, and Ex-Mg.
Cadmium showed a strong correlation with Fe, S, and P
present in the grain and the soil, whereas there was no

significant correlation in the straw or root. Generally, soil
pH, Ca, Mg, Mn, P, and slowly available K restricted Cd
transfer from soil to wheat, whereas soil S, N, Zn, DTPA-Fe,
and total organic carbon enhance Cd uptake by wheat.
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Abbreviations
Car Bound to carbonates
DTPA Diethylenetriamine penta-acetic acid
Ex Exchangeable
Fe–Mn Bound to Fe–Mn oxyhydroxides
HF Fulvic and humic acid
OM Organic matter
Phyto-Cd Soil phytoaccessible Cd
Res Residual
TOC Total organic carbon

Introduction

The presence of cadmium in an environment is of great
concern as it is toxic to both crops and human health [1].
Cadmium present in the agricultural food chain is mainly
imported from topsoil through its uptake by plants. With
global economic development, many heavy metals have
now entered soil–crop systems as a result of anthropogenic
activities, such as industrial emissions, overuse of chemical
fertilizers, and wastewater irrigation [2, 3].

Cadmium uptake by plants and its transfer to grain are
influenced by soil properties, plant species, and crop man-
agement practices [4, 5]. Some publications report that soil
pH, clay mineral content, salinity, organic matter content,
and other soil properties, such as the presence of Zn, N, P,

Biol Trace Elem Res (2012) 148:264–274
DOI 10.1007/s12011-012-9367-z

C. Wang : J. Ji (*) : L. Chen
Key Laboratory of Surficial Geochemistry, Ministry of Education,
School of Earth Sciences and Engineering,
Nanjing University,
22 Hankou Road,
Nanjing 210093, China
e-mail: jijunfeng@nju.edu.cn

Z. Yang
School of Earth Sciences and Resources,
China University of Geosciences,
Beijing 100083, China

P. Browne
Institute of Earth Sciences and Engineering,
University of Auckland,
Auckland 1142, New Zealand

R. Yu
Department of Environmental Science and Engineering,
Huaqiao University,
Xiamen 361021, China



and Fe–Mn oxides, can affect Cd bioavailability and its
transfer in soil–plants [6–9]. It is recognized that the effect
of soil parameters on Cd transfer in the soil–wheat system is
very complex. Many studies showed that soil pH was the
most important factor [10–12]. However, some studies point
out that organic matter is a more significant factor than soil
pH [13, 14]. Besides their different effects on Cd transfer of
soil properties, even the same soil parameter may affect Cd
transfer differently under different conditions [15].

Earlier researchers studied the relationship between soil
properties and Cd accumulation in cereals under field con-
ditions and reported regression models predicting wheat
grain Cd concentrations in relation to soil properties [11,
12, 16–19]. However, due to the complexity of soil–plant
relationships and the heterogeneity of a natural agricultural
system, the effect of soil properties on Cd transfer from soil
to plant is not well understood, especially over a wide area
under actual field conditions. Furthermore, the number of
sampling sites or soil parameters in the studies mentioned
above was relatively small and their study objects were
mainly wheat grain and soil but few included speciation of
Cd in coexisting wheat root and straw.

The Yangtze River delta region is one of the most famous
alluvial deltas in the world. As a cradle of eastern civilization,
agriculture is an important human activity, and rice (Oryza
sativa L.) and wheat (Triticum aestivum L.) have been the
most prominent crops. After the 1980s, economic develop-
ment in this area (especially in the south) accelerated, and this
had a great impact on the agricultural environment. The highly
developed industrial area in the South Yangtze River delta and
the traditional agricultural area in the north comprise a typical
industry–agriculture transition area in the river delta region.
The transfer and accumulation of heavy metals in soil and
wheat here have practical significance for understanding glob-
al soil–plant relationships. Some reports have been published
concerning Cd concentrations (contamination) in soil and
crops in this region, but most previous work focused on
special field areas, and the crops studied were mainly rice
and vegetables [3, 20, 21]. There have been few investigations
of Cd pollution and its transfer from soil to wheat under real
field conditions. Therefore, a regional-scale survey was per-
formed to study Cd contamination and the effects of soil
properties on Cd transfer from soil to wheat under actual field
conditions.

Materials and Methods

Study Area and Sampling

The study area is located between 30°00′ N–33°20′ N and
119°10′ E–121°40′ E in East China. According to Chinese
soil taxonomy, anthrosol is the major soil order in this area.

A total of 126 pairs of topsoil and wheat (T. aesti-
vum L.) samples (42 paired root and straw samples) at
the same locations were collected from the study area
shortly before harvesting at sites located with the aid of
a Global Positioning System (Fig. 1). At each site, five
topsoil (depth, 0–20 cm) subsamples were gathered in a
200-m2 area using a stainless steel trowel and mixed in
a cloth bag. At the same time, five corresponding wheat
plant subsamples (the sampling area of a subsample is
5×5 m) were collected and combined into a single
composite sample, then separated into root, straw, and
grain samples. The soil samples were air-dried and
sieved through a 2-mm polyethylene sieve to remove
larger debris, stones, and pebbles. Soil pH was mea-
sured on the unground sample first. After determining
their pH, soil samples were ground to fine particles
(<0.074 mm) for chemical analysis. The plant samples
were carefully rinsed with deionized water, initially air-
dried at room temperature, and ground into fine par-
ticles (<0.074 mm). The powdered samples of plant
tissues were oven-dried at 60°C for 48 h before chem-
ical analysis.

Fig. 1 Study area and sampling sites in the Yangtze River delta region,
China
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Chemical Analysis

Soil pH was determined in a paste with a ratio of 1:2.5
of unground soil sample to water using a pH meter
(Model PHS-3C, Shanghai Precision and Scientific In-
strument Co. Ltd., China) [22]. The total concentrations
of Ca, Mg, K, Fe, Na, S, and P in soil samples were
determined by powder X-ray fluorescence (ZSX primus
II, Rigaku Japan, Osaka, Japan). The soil samples were
first digested by HCl–HNO3–HClO4–HF, then Zn and
Mn concentrations were determined by inductively cou-
pled plasma–optical emission spectrometer (ICP-OES,
Thermo Element iCAP6000 (Radial), Cambridge, BZ,
UK). Cadmium concentrations were determined on the
same digestions with an inductively coupled plasma–
mass spectrometer (ICP-MS, Thermo Element X Series
2, Bremen, Germany). Total organic carbon (TOC) was
determined by dichromate oxidation using a modified
Tyurin method [23]. Total soil N was determined by
the Kjeldahl method after digestion with H2SO4 [24].

Soil available Fe and available Zn were extracted using
the diethylenetriamine penta-acetic acid (DTPA) method
and analyzed by ICP-OES [25]. Soil available P was
extracted using NH4F–HCl or NaHCO3 (based on pH)
[26] and analyzed by ICP-OES. Soil available K was
extracted with 1 M NH4OAc and concentrations measured
by ICP-OES [27]. The concentration of slowly available K
(the reservoir of available K, mainly comprises K in the clay
fraction and mica [22]) was calculated from the amount of K
extracted with 1 M hot HNO3 (i.e., HNO3–extractable K
concentration minus available K concentration) [27], with
HNO3–extractable K concentrations measured by ICP-OES.
Soil ammonium nitrogen (NH4–N) was extracted with 1 M
KCl and its concentration determined as per Bao [27]. Soil
exchangeable Ca (Ex-Ca) and exchangeable Mg (Ex-Mg)

were measured using the ammonium acetate method [28].
The six-step sequential extraction of soil Cd used for this
study is described in Table 1. The extraction method was
mainly modified from the methods of Tessier et al. (steps a,
b, d, e, and f) and Donisa et al. (step c) [29, 30]. Soil
phytoaccessible Cd (Phyto-Cd) generally comprises ex-
changeable, bound to carbonates and organic acid fractions
Cd [31], so the present study estimates phyto-Cd by Σ
(exchangeable Cd, bound to carbonates Cd, fulvic and hu-
mic acid fraction Cd).

To determine the concentrations of elements in wheat
tissues, samples were digested using HNO3 and H2O2. Cad-
mium was determined by ICP-MS. The concentrations of S,
P, K, Ca, Mg, Fe, Zn, and Mn were measured by ICP-OES.
Measurement of N used the Kjeldahl method [24].

The accuracy of determinations was verified using the
Chinese standardized reference materials GBW07402 and
GBW07406 for soil samples and GBW10011 and
GBW10014 for wheat samples; these standardized mate-
rials were purchased from National Institute of Metrology
People’s Republic of China (18 E. North Third Ring
Road, Beijing, 100013, China). The analytical quality
control showed good precision throughout. The relative
standard deviation (RSD) for soil Cd is 0.3–2.7%, for soil
TOC, N, and S are <5.0%, and for other soil parameters is
<3.0%, whereas RSDs for Cd present in wheat is 0.3–
3.8%, and other elements in wheat is <5.0%.

Statistical Analysis

Data were statistically analyzed by SPSS version 16 pro-
gram (SPSS Inc., USA). Spearman correlation coefficients
were calculated to determine the relationship between soil
parameters and wheat tissues.

Table 1 Sequential extraction procedure (based on 1.0 g soil sample)

Step Fraction Sequential treatments

a Exchangeable (Ex-) 1 M MgCl2 (8 ml), pH07.0, 1 h at room temperature (25°C),
continuous agitation.

b Bound to carbonates (Car-) 1 M NaOAc adjusted to pH05.0 with HOAc (8 ml), 5 h at room
temperature (25°C), continuous agitation

c Fulvic and humic acid fraction (HF-) 0.1 M Na4P2O7 (sodium pyrophosphate) (20 ml), pH010, 1 h
at room temperature (25°C), continuous agitation

d Bound to Fe–Mn oxyhydroxides (Fe–Mn-) 0.04 M NH2OH·HCI in 25% (v/v) HOAc (20 ml), 6 h at 96±3°C,
occasional agitation

e Bound to organic matter (OM-) 0.02 M HNO3 (3 ml)+30% H2O2 (5 ml) adjusted to pH02.0 with
HNO3, 2 h at 85±2°C, occasional agitation

After cooling to room temperature, 3.2 M NH4OAc in 20% (v/v)
HNO3 (5 ml), 0.5 h, continuous agitation.

f Residual (Res-) Dry at 65°C for 72 h. HF–HNO3–HCl–HClO4 acid digestion

The extraction method was modified from the methods of Tessier et al. [29, 30] (steps a, b, d, e, and f) and Donisa et al. (step c)
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Results

Soil Cd Concentration and Soil Properties

The soil properties in 126 soil samples and total soil Cd, TOC,
and pH are shown in Fig. 2. The mean value of total soil Cd
(0.215 μg g−1) apparently exceeds the local background value
(mean00.116μg g−1, range00.02–0.26μg g−1, SD01.63, n0
157) [32], implying that the higher concentration of Cd in soil
may derive from external sources such as industrial emissions,
auto exhaust, and farming practices. Compared with soil
environmental quality standards in China, 19.8% of the soil
samples exceed the maximum allowable concentration of Cd
in agricultural soil (0.3μg g−1) [33]. Soil pH ranged from 4.80
to 8.28, i.e., strongly acid to mildly alkaline. Generally, the
topsoils in the south Yangtze River delta region have lower
acidity. This location-dependent soil acidity may be related to
the soil parent materials and acidification, which was acceler-
ated by the exterior sources such as acid rain and overuse of
fertilizers [34, 35]. The wide range of soil pH and concen-
trations of Ca, Mg, N, P, etc. were suitable for studying the
effect of soil properties on Cd uptake by wheat plants under
actual field conditions. Compared with previous publications
[11, 16, 18, 19, 36, 37], the total concentrations of soil Cd,

TOC, and pH values in the present study generally lie in the
worldwide range for corresponding soil parameter in normal
agro-topsoil (Fig. 2, displays b–d).

Chemical Composition (Speciation) of Cd Under Sequential
Extraction

Figure 3 shows the concentrations of Cd in each soil fraction
presented in decreasing concentration of total Cd. The mean
value of percentage recovery was 97% (ranging from 84 to
105%). The average concentrations of Cd in the different
fractions were generally in the order of exchangeable (Ex-)
>bound to carbonates (Car-)>fulvic and humic acid (HF-)>
bound to Fe–Mn oxyhydroxides (Fe–Mn-)>bound to organ-
ic matter (OM-) and>residual (Res-). The major species of
Cd were Ex-, Car-, and HF-Cd, and their sum accounted for
about 60% of the total soil Cd.

Table 2 correlates the different fractions of Cd and soil
properties. Each Cd fraction has a significant correlation
with total soil Cd, S, and TOC. All the Cd fractions, except
Ex-Cd and Res-Cd, show positive correlations with total soil
N. Car and HF fractions of Cd have significant positive
correlations with pH, total Ca, Mg, S, and P but have
negative correlations with DTPA-Fe, Ex-Ca, and Ex-Mg.

Fig. 2 Soil properties (n0126) in the Yangtze River delta region and
total concentrations of soil Cd, TOC, and pH values in different
regions. A Concentrations of soil parameters in our study (SA-K slowly
available K; the purple, red, and green bars on the columns indicate
the maximum, mean, and minimum values, respectively). B–D Com-
parisons of total soil Cd, pH, and TOC between in the present study
(blue columns and marked “a” at the bottom of columns) with those in
previous publications (Norvell et al. study “b” [19], Eriksson and
Söderström study “c” [11], Garrett study “d” [37], Nan et al. study
“e” [18], Adams et al. study “f” [16], Chaudri et al. study “g” [36],

respectively). As total Cd was not analyzed by Norvell et al. [19], the
total Cd concentrations in the reports of it (B, b) is the concentrations
of DTPA-Cd. Similarly, TOC was not analyzed by Adams et al.,
Eriksson and Söderström, and Nan et al. [11, 16, 18], so TOC concen-
trations in the reports of them (D, c–f) are the concentrations of total
organic matter. The units of total Fe, Ca, Mg, Mn, K, P, S, and N, TOC,
available K, and SA-K are g kg−1, of total Zn, total Cd, DTPA-Fe,
DTPA-Zn, Available P and NH4

+–N are μg g−1, of Ex-Ca is cmol (1/2
Ca2+) kg−1, and of Ex-Mg is cmol (1/2 Mg2+) kg−1, respectively
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Each Cd fraction has a weak correlation with total soil Fe,
available P, available K, slowly available K, and NH4–N.
These results and correlations indicate that Ex-, Car-, and
HF-Cd are the predominant fractions that affect the bioavail-
ability of Cd and that they are susceptible to changes in soil
properties, such as soil pH, total Ca, Mg, S, and P, DTPA-
Fe, Ex-Ca, and Ex-Mg.

Cadmium and Some Relevant Elements in Wheat Grain,
Straw, and Root

The concentrations of Cd and some relevant elements are
presented in Table 3. The maximum permissible concentra-
tions (MPC) for Cd in wheat grain are not consistent in

different countries. The European Union set the MPC for Cd
in wheat grain of 0.235 μg g−1 dry weight in 2001 [38],
whereas Australia and New Zealand set it at 0.1 μg g−1 dry
weight [39]. In China, the MPC is in agreement with Australia
and New Zealand [40]. For safety for the consumer, the
China-MPC value (0.1 μg g−1) is adopted in the present study.
This means that 14.3% of the wheat grain samples exceeded
this MPC, and Cd in wheat grain may be hazardous to con-
sumers. Compared with studies on other regions, the concen-
trations of grain Cd in the present study are closest to those
reported by Eriksson and Söderström and Gawalko et al. (the
samples were also randomly gathered in the actual agricultural
topsoil in both studies) [11, 41]. In our study, the mean
concentration of Cd in root was higher than in both the straw

Fig. 3 Distribution of different
fraction of Cd in soil. The major
speciations of Cd in soil were
exchangeable, bound to
carbonates, and fulvic and
humic acid fraction, and their
concentrations generally
increased with increasing total
concentration of soil Cd

Table 2 Correlation coefficients between Cd fractions and soil properties

Ex-Cd Car-Cd HF-Cd Fe-Mn-Cd OM-Cd Res-Cd

Total Cd 0.656a 0.707a 0.595a 0.650a 0.498a 0.398a

Total N 0.105 0.314a 0.142 0.279a 0.455a 0.158

Total S 0.303a 0.378a 0.297a 0.366a 0.386a 0.207b

Total P 0.437a 0.497a 0.442a 0.308a 0.159 0.200b

TOC 0.245a 0.293a 0.199b 0.292a 0.388a 0.195b

pH 0.367a 0.470a 0.490a 0.149 −0.022 0.400a

Total Ca 0.492a 0.536a 0.496a 0.259a 0.110 0.390a

Total Mg 0.352a 0.452a 0.329a 0.263a 0.165 0.235a

DTPA-Fe −0.306a −0.375a −0.377a −0.071 0.011 −0.357a

Ex-Ca −0.043 −0.227b −0.245a 0.065 0.030 −0.297a

Ex-Mg −0.109 −0.349a −0.290a −0.070 0.001 −0.413a

Among all study soil parameters, soil pH, total Ca, Mg, S, and P show more significant correlations with Ex-, Car-, and HF-Cd, whereas DTPA-Fe,
Ex-Ca, and Ex-Mg show negative correlations with Car- and HF-Cd (Ex exchangeable; Car bound to carbonates; HF fulvic and humic acid
fraction; Fe–Mn bound to Fe–Mn oxyhydroxides; OM bound to organic matter; Res residual). Soil parameters that show weaker correlations with
Cd fractions are not presented
a Correlation is significant at the 0.01 level (two-tailed)
b Correlation is significant at the 0.05 level (two-tailed)
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and grain, whereas the CVs of Cd in different wheat tissues
increased in the order of root<straw<grain. These results
indicate that Cd concentrated preferentially in the root but
had a wider variation in grain. Similarly, the mean concentra-
tion of Fe in different wheat tissues was in the order of
grain<root<straw, whereas S, P, and Zn were in the order of
root<straw<grain. Correlation analysis showed that grain Cd
exhibited a significant correlation with grain Fe, S, and P;
straw Cd had no significant correlation with straw Fe, S, and
P; root Cd showed no significant correlation with root Fe, S, P,
Ca, and Mg. In addition, soil Cd showed a positive correlation
with soil S and P. These correlations imply that the major
speciation of Cd in matured wheat grain and soil may closely
correlate with Fe, S, and P. In addition, the close correlation
between Cd and P may also indicate the presence of Cd in the
P fertilizers applied. As a result of the overuse of fertilizers in
the study area in the past, the total soil P contents range from
0.426 to 2.172 gkg−1 and so are generally above its the
average concentration in Chinese topsoil (0.2–1.1 gkg−1) [42].

Correlations Between Cd and Other Parameters

Correlation analysis was performed to assess the effect of
pH, TOC, N, P, S, K, Ca, Mg, Fe, and Mn on Cd concen-
trations in wheat (Table 4). Grain Cd correlated significantly
with soil S, N, TOC, DTPA-Fe, DTPA-Zn, total Zn, soil
total Cd, and phyto-Cd but correlated negatively with soil
pH, Ca, Mg, Mn, P, and slowly available K. Meanwhile,
correlations between root Cd and soil parameters are similar
to that between grain Cd and soil parameters, although most
are a little weaker. In general, the absolute values of the
correlation coefficients between soil parameters and root Cd
are generally 0.01–0.17 lower than those with grain Cd.
This slight difference might be related to the intrinsic char-
acteristic of wheat tissues and the smaller number of root
samples. In addition, straw Cd shows a negative correlation
with root Ca, Mg, Fe, and P, but a weak correlation with root
S, indicating that root Ca, Mg, Fe, and P restrains Cd
translocation from root to straw. This restraint by Ca, Mg,
and Fe on Cd transfer may result from the synergism of the
cations in the transfer process [9].

Discussion

Effects of Soil pH and TOC on Cd Transfer from Soil
to Wheat

Both grain and root Cd show significant negative correla-
tions with soil pH in our study. It is generally known that
decreasing soil pH can enhance Cd uptake by plants, and
some studies even report that soil pH was the most impor-
tant factor in the uptake of heavy metals by plants [43, 44].

However, the effect of organic matter (OM) on Cd bio-
availability and its transfer is more perplexing than pH. Soil
OM affects the transfer of heavy metals in soils in two ways.
Firstly, OM could reduce the bioavailability of heavymetals in
soils by their adsorption or forming stable complexes with
humic substances [17, 45]. Antoniadis et al. [46] reported
enhanced heavy metal adsorption onto soil constituents with
increasing OM contents in soils. Secondly, OM can affect soil
pH [47], and it is also involved in supplying organic chemicals
to the soil solution, which may serve as chelates and increase
the bioavailability of metal to plants [48, 49].

Soil TOC correlates negatively with pH in our study area
(r20−0.205*), as this is mainly reflected in the reduction of
OM. This also implies that the major reaction of OM in the
topsoil may be the production of organic acid from OM
decomposition and nitrification [47]. The dissolved organic
acid could enhance the uptake of heavy metals by plants
[48, 49]. In this case, soil OM should mainly contribute to
Cd uptake by plants. In our study, as powerful proof, soil
TOC correlated positively with both grain Cd and soil Cd.
This indicates that the effect of soil OM in enhancing Cd
bioavailability hid the effect of restraining its mobility in the
soil–wheat system.

Effects of Ca, Mg, Mn, Fe, and Zn on Cd Transfer from Soil
to Wheat

The effects of soil Ca and Mg on Cd uptake by plants may
have two direct impacts and an indirect one. Firstly, the
direct impact is to increase Cd2+ concentrations in soil
solutions and enhance Cd bioavailability by desorption.
Higher exchangeable Ca concentrations can increase the
exchangeable Cd concentrations by reducing its sorption
on soil, as there is competition between Ca2+ and Cd2+ in
soil [47]. This desorption is intensified in acid soil, espe-
cially [50]. Secondly, the direct impact is to restrain Cd
transfer from soil to plant. It is reported that there is a
competition of Ca2+ with Cd2+ in uptake by plants and
transfer in the cell plasma membrane [51, 52].

In our study, straw Cd shows a negative correlation with
root Ca and Mg, reflecting that transfer of Cd was restrained
by Ca and Mg and via a Ca pathway from wheat root to straw.
However, soil Ex-Ca and Ex-Mg showed no significant cor-
relations with either root Cd or grain Cd. The effect of Ca2+

and Mg2+ on Cd translocation from soil to root is more
complex than that from root to straw. Besides, the suppression
of the transfer of Cd, Ex-Ca, and Ex-Mg could induce desorp-
tion of Cd in soil and enhance its mobility and solubility.

However, the effect of soil Ex-Ca and Ex-Mg on Cd
transfer can never be a surrogate for the effect of total soil
Ca and total soil Mg. Either may indirectly influence Cd
precipitation and its sorption by carbonates, which are hosts
of Ca and Mg in soils. In our study, grain Cd and root Cd
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correlated negatively with total soil Ca and Mg, and soil Cd
showed a positive correlation with soil Ca and Mg. These
correlations indicate that Ca and Mg could retain Cd in soil
and restrain its translocation from soil to wheat. Gil et al.
[53] studied the relationship between Cd and carbonates and
confirmed that Cd has the highest affinity for the fraction
associated with carbonates in calcareous soils. Carbonate
could coprecipitate with Cd present in a CdCO3 form [53],
as it has the ability to bind Cd via sorption and occlusion,
and thus increase soil pH [54]. Carbonates are the major
mineral form of Ca in topsoils in our study area [55]. As one
of the major Cd fractions in soil, Car-Cd in our study shows
a significant positive correlation with total soil Ca and Mg.
These phenomena suggest that the restraint by total soil Ca
and Mg on Cd transfer is related to the deposition and
sorption of Cd-containing carbonate.

Both grain Cd and root Cd show negative correlation
with soil Mn, indicating that Mn restrained the uptake of
Cd by wheat. Previous research showed that Fe and Mn
oxyhydroxides could retain Cd in soil by sorption [12].
However, there is no significant correlation between total
soil Fe and grain Cd or root Cd in our study; this may be
because of speciation of Fe, but its effects are more
complex than Mn in soils [56]. However, soil DTPA-Fe
showed a significant positive correlation with grain Cd
and root Cd but a negative correlation with soil Cd,

indicating that soil DTPA-Fe enhanced Cd bioavailability
and transfer from soil to wheat.

Grain Cd and root Cd show positive correlations with soil
DTPA-Zn and total soil Zn in our study, indicating that soil
Zn enhances Cd uptake by wheat. As Cd2+ can be taken up
in plants by transporters of other divalent cations, such as
Zn2+ and Fe2+ [9]; Zn present in soil, as well as DTPA-Fe,
aids Cd transfer from soil to wheat. According to previous
reports [18, 57], the effects of Zn on Cd transfer in soil–
plants are not consistent. Besides our study, Nan et al. [18]
and Smilde et al. [58] also reported the enhancement effect
of Zn on Cd transfer and a synergy between Cd and Zn in
soil–plant. On the other hand, some studies reported that Cd
uptake and its accumulation in plants could be decreased as
a result of the application of Zn [8, 57]. Hart et al. [59]
attributed the competitive interaction between Cd and Zn for
uptake to their common transport mechanism in the plasma
membranes. These apparently different effects may be relat-
ed to different soil Zn or Cd concentrations, species, and the
complexity of the soil–wheat system. In our investigation,
soil Zn and Cd concentrations ranged from 34.1 to 229.6
and 0.08 to 1.25 μg g−1, respectively. This may represent
soil Zn and Cd concentrations in most agricultural land in
the Yangtze River delta region, so the present assumption
about the effect of Zn on Cd transfer in soil–plant may be
more significant.

Table 4 Correlation coefficients
between Cd and related parame-
ters in the soil–wheat system

Grain Cd exhibits significantly
correlation with soil S, N, TOC,
DTPA-Fe, DTPA-Zn, total Zn,
total Cd, and phyto-Cd, but
negative correlation with soil
pH, Ca, Mg, Mn, P, and slowly
available K. Correlations be-
tween root Cd and soil parame-
ters are generally similar to that
between grain Cd and soil
parameters
aCorrelation is significant at the
0.01 level (two-tailed)
bCorrelation is significant at the
0.05 level (two-tailed)

Grain Cd Soil Cd Root Cd Root Cd Straw Cd Grain Cd

Soil pH −0.440a 0.354a −0.319a Root Cd 1 0.693a –

Soil Ca −0.369b 0.490a −0.215 Root Ca −0.029 −0.325b –

Soil Mg −0.341a 0.406a −0.307b Root Mg −0.120 −0.500a –

Soil Fe −0.064 0.207b −0.096 Root Fe 0.002 −0.414a –

Soil Mn −0.230a 0.181b −0.309b Root C 0.207 0.260 –

Soil Zn 0.216b 0.571a 0.365a Root K −0.091 −0.227 –

Soil K −0.091 0.262b 0.120 Root P 0.086 −0.423a –

Soil P −0.192b 0.501a −0.058 Root S −0.092 −0.078 –

Soil S 0.380a 0.585a 0.321b Straw P – −0.213 −0.122

Soil N 0.389a 0.453a 0.316b Straw Fe – 0.299 −0.085

Soil C 0.290a 0.648a 0.182 Straw N – 0.193 −0.020

Soil TOC 0.352a 0.494a 0.211 Straw S – 0.356b 0.155

Ex-Ca 0.133 −0.063 −0.022 Straw Cd – – 0.737a

Ex-Mg −0.010 −0.157 −0.018 Grain P – – 0.501a

DTPA-Fe 0.450a −0.244a 0.362b Grain S – – 0.548a

DTPA-Zn 0.429b 0.009 0.367a Grain Fe – – 0.592a

Available P −0.150 0.146 −0.280

Available K −0.250a −0.007 −0.302

Slowly available K −0.509a 0.042 −0.368b

NH4
+-N 0.061 −0.171 0.056

Soil Cd 0.198b 1 0.392b

Phyto-Cd 0.215b 0.840a 0.332b
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Effects of N, S, P, and K on Cd Transfer from Soil to Wheat

Depending on their different effects on wheat Cd con-
centration, N, S, P, and K can be divided into two
categories. Soil S and N enhanced Cd concentrations
in wheat, whereas soil P and slowly available K re-
strained its uptake.

Perilli et al. [57] reported that application of N fer-
tilizer could increase Cd accumulation in wheat grains.
Nitrogen can affect Cd bioavailability by altering soil
properties and the osmotic strength of the soil solution
[60]. Nitrogen can also affect Cd speciation and com-
plexation, which are closely related to Cd translocation
from soil to plant roots and its absorption onto roots
[47, 61]. As nitrogen fertilizers have been overused in
the study area [34, 35], the mean concentration of soil
N apparently exceeds its mean concentration in Chinese
tillage topsoil (1.05 gkg−1) [42]. Therefore, it is thought
that increased soil N may contribute to the contamina-
tion of wheat grain by Cd.

In our study, soil S has a strongly positive correlation
with soil Cd, indicating that sulfate- and sulfur-
containing organic matter may be the major host of
Cd in the Yangtze River delta soils. Organic S is the
major form of S present in paddy soil, and one impor-
tant speciation is organic sulfate (a major bioavailable
speciation) [42, 62]. Cd-containing organic sulfate trans-
forms into SO4

2− easily in soil and releases Cd2+ syn-
chronously, thus increasing the solubility and mobility
of Cd via soluble CdSO4 [42]. This would then promote
the uptake of Cd by wheat, accounting for the enhance-
ment effect of soil S on wheat Cd concentration evident
in our study.

Grain Cd has a negative correlation with soil P but
shows no significant correlation with available P. In addi-
tion, soil Cd has a positive correlation with soil P. These
correlations indicate that the main effect of soil P on the
bioavailability and mobility of Cd in soil is the binding
action by insoluble solid phase P. This agrees with the
report by Brown et al. [63]. Additionally, negative corre-
lation between root P and straw Cd showed that even P in
the root restrains Cd transfer from root to straw. Little is
known about this restraint (or correlation), and it may
need further study.

Although there was no significant correlation between
soil K and grain Cd or root Cd, soil slowly available K
showed a significant negative correlation with grain Cd and
root Cd. This slowly available K mainly comprises that
present in the clay fraction and mica. Soil clays have a
strong capacity to retain Cd in soil [53], and the sequestra-
tion of Cd on clay mineral surfaces can reduce Cd phyto-
accessibility. Soil slowly available K may reflect this capac-
ity of the clay fraction and mica in soil indirectly.

Conclusions

Compared with the maximum permissible Cd concentra-
tions for agricultural soils and wheat grain in China,
19.8% of our soil samples from the Yangtze River delta
and 14.3% of the wheat grain samples, respectively, are
contaminated by Cd. The major speciations of Cd in soil
were exchangeable, bound to carbonates or present in the
fulvic and humic acid fractions, and were susceptible to soil
parameters such as soil pH, total Ca, Mg, S, and P, DTPA-
Fe, Ex-Ca, and Ex-Mg. Cadmium concentration shows a
strong correlation with Fe, S, and P in the grain and the soil,
whereas there is no significant correlation in the straw and
the root. Correlation analysis indicates that root Ca, Mg, Fe,
and P restrain the transfer of Cd from root to straw. In
general, soil pH, Ca, Mg, Mn, P, and slowly available K
restrict Cd transfer in the soil–wheat system, whereas soil S,
N, Zn, DTPA-Fe, and TOC enhance Cd accumulation in
wheat grain.
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