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a b s t r a c t

Predicting the mobility, bioavailability and transfer of cadmium (Cd) in the soil–plant system is of great
importance with regards to food safety and environmental management. In this study, the transfer
characteristics of Cd (exogenous salts) from a wide range of Chinese soils to spinach (Spinacia oleracea L.)
were investigated. The major controlling factors and prediction equations for Cd transfer in the soil–plant
system were also investigated. The results showed that plant Cd concentration was positively correlated
with soil Cd concentration. The maximum transfer factor (ratio of the Cd concentration in the plant to
that in the soil) was found in acid soils. The extended Freundlich-type function was able to describe the
Cd transfer from soil to spinach plants. Combining soil total Cd, pH and organic carbon (OC) content in
the prediction equation greatly improved the correlation performance compared with predictions based
on total Cd only. A slight protection effect of OC on Cd uptake was observed at low soil Cd concentrations.
The results are a useful tool that can be used to predict Cd transfer from soil to plant.

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

Trace element accumulation in agricultural soils is of consider-
able concern due to the food safety implications and potential
health risks, as well as the detrimental effects on soil ecosystems
(McLaughlin and Singh, 1999). Of all the potentially toxic elements
in soils, either endogenous or exogenous, cadmium (Cd) is one of
the most dangerous of the trace elements because of its high
solubility and toxicity (Barcelo and Poschenrieder, 1992; Das et al.,
1997). Soil-to-plant transfer of Cd is the major exposure pathway
for humans with regards to soil contamination. Excessive dietary
intake of Cd accumulates in the body over a lifetime and can lead
to kidney malfunction and disease (McLaughlin et al., 1999).

The main soil factors that influence Cd uptake by plants have
been identified (Alloway, 1995; Adams et al., 2004; Yanai et al.,
2003). For example, Cd uptake increases with decreasing soil pH
(Lagerwerff, 1971; Miller et al., 1976), whereas it decreases with
increasing soil organic carbon (OC) content (Eriksson, 1988).

Root and leafy vegetables have a greater soil Cd uptake efficacy
than fruit and seed vegetables (Lund et al., 1981; McLaughlin et al.,
1999; Alexander et al., 2006). Spinach is classified as a plant with
high capacity for Cd uptake according to Kuboi et al. (1986) and

some other studies (Bingham et al., 1975; Bradford et al., 1975;
Davis and Carlton-Smith, 1980). Previous investigations have
focused on the soil-to-plant transfer characteristics of Cd, but the
relationship between Cd uptake by spinach and soil factors has not
been investigated. Furthermore, the soil types and sampling areas
used in most studies have been generally limited to small variation
ranges, so the identified influential factors and prediction relation-
ships may lack broader representativeness. In this study, the
transfer characteristics of Cd (exogenous Cd salts) from a wide
range of Chinese soils to the edible parts of spinach (Spinacia
oleracea L.) were investigated, the major controlling factors were
identified and prediction equations were developed.

2. Materials and methods

2.1. Soil samples and experimental design

A set of fifteen soils covering a wide range of soil properties was collected from
typical locations in China, which were representative of the major soil types and
the distributions of soil pH and organic matter content of agricultural soils in China.
Selected physical and chemical characteristics of the soils are shown in Table 1. Soil
pH and electrical conductivity (EC) were measured in deionized water (soil:
solution ratio, 1:5); cation exchange capacity (CEC) was determined using the
unbuffered silver–thiourea method; OC was measured by dry combustion and clay
content was determined using the standard pipet method. The carbonate (as
CaCO3) content of the soils was determined by treating each soil with HCl and
measuring the liberated CO2. The background Cd in the soils was determined using
an aqua regia (a 1:3 fresh mixture of concentrated HNO3 and HCl) digestion.
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Soil active Al, Fe and Mn were determined using a dithionate-citrate extraction: a
0.8 g soil sample (o0.5 mm) was mixed with 0.8 g sodium dithionite and 40 ml of
22 percent sodium citrate solution and shaken for 16 h. Then five drops of Superfloc
were added and the extract was again shaken, centrifuged and filtered, after which
the extract was diluted and left loosely stoppered for two days before analysis. All
the metals were determined using inductively coupled plasma–mass spectrometry
(ICP–MS, Agilent 7500a, Agilent Technologies Co. Ltd., USA).

All soils were bulked samples from the top 20 cm of the soil profile. They were
then air-dried at 25 1C and sieved to o2 mm prior to analysis. Exogenous Cd (as Cd
(NO3)2 � 4H2O) at concentrations of 0, 1, and 2 mg/kg were added and thoroughly
mixed with 1 kg air-dried soil. Each concentration treatment was repeated four
times. After three months’ homogenization, spinach seeds purchased from Beijing
Jiahe Seeds Co. Ltd, China, with radicles less than 3 mmwere sown in each pot. The
pots were placed on randomized racks inside a greenhouse at a temperature of
2573 1C during the daytime and 2073 1C at night with a natural light photo-
period. Soil moisture was maintained at 60 percent to 70 percent of field capacity
using deionized water during the entire plant growing period.

2.2. Sampling and analysis

The edible parts of the spinach plants were harvested at six weeks after
sprouting. The samples were cleaned with deionized water before being oven-dried
at 105 1C for 30 min, followed by 70 1C for 48 h. The dry weights of the edible parts
of the spinach biomass were measured before being ground. Subsamples of 0.5 g
were then weighed and digested in 6 ml concentrated HNO3 (70 percent w/v) and
3 ml H2O2 using a CEM Mars�microwave oven (CEM Mars) at a pressure of
3.1 MPa. The cadmium concentration in the digestion solution was determined by
inductively coupled plasma–mass spectrometry (ICP–MS, Agilent 7500a, Agilent
Technologies Co. Ltd., USA).

After harvesting the spinach, soil samples from the pots were air-dried and
thoroughly mixed. Subsamples weighing 10 g were collected using a chessboard
method and sieved to o0.26 mm. Subsamples of 5.0 g were weighed into 50 ml
digestion tubes and mixed end over end for 2 h with 25 ml 0.05 M Na2-EDTA. The
suspensions were then centrifuged at 4000 rpm for 0.5 h and filtered through
0.2 μm pore-size cellulose acetate filters before analysis. Another 0.5 g subsample
was weighed and added to digestion tubes containing 9 ml HNO3 and 3 ml HF. The
cadmium concentrations in both the extraction solution and the digestion solution
were measured using inductively coupled plasma–mass spectrometry (ICP–MS,
Agilent 7500a, Agilent Technologies Co. Ltd., USA).

For analytical quality control, standard certified reference plant and soil
materials were used for determination of physic-chemical properties of soils, and
for determination of total metal concentrations in soils and plants.

2.3. Data analysis

The ratio of the Cd concentration in the plant to that in the soil was defined as
the transfer factor (TF, also called the uptake factor, accumulation factor or
concentration factor in the literature). Currently, two methods are used to calculate
the Cd transfer factor. The first is based on total Cd in the soil, which can be
formulated as Alexander et al. (2006):

TFtotal ¼ Cplant=Csoil ð1Þ

where Cplant is the Cd concentration in the plant and Csoil is Cd concentration in the
soil. Taking the source of Cd into account, the second method is as follows:

TFadded ¼ ðCplant–CcontrolplantÞ=ðCsoil–CcontrolsoilÞ ð2Þ

where Cplant is Cd concentration in the test plant, Ccontrol plant is the Cd concentra-
tion in the control plant, Csoil is the Cd concentration in the test soil and Ccontrol soil
is the Cd concentration in the control soil.

SPSS 17.0 for Windowss (SPSS Inc, Chicago, IL, USA) was used for statistical
analysis of the significant differences and Origin 8.0 (OriginLab Co., Northampton,
MA, USA) was used for the regression analysis.

3. Results

3.1. Relationship between Cd concentrations in the plants and in the
soils

A significant and positive correlation (r2¼0.534, po0.001) was
obtained between the Cd concentrations in the plants and in the
soils (Fig. 1). The soil Cd concentration in the fifteen selected soils
varied between 0.04 and 1.49 mg/kg (including the control), which
corresponded to a Cd concentration in the plants of between 0.02
and 6.17 mg/kg (including the control). The log-transformation of
the data, as recommended by Webster (2001), provided a much
better (r2¼0.878, po0.001) correlation due to assurance of
variance homogeneity.

Different views exist regarding the relationship between the
plant Cd concentration and the soil Cd concentration. McBride
(1995) proposed three possible trends in metal solubility (or plant
availability) as a function of the metal concentration in soils:
(i) the linear model (constant partitioning model), (ii) the plateau
model (saturation model) and (iii) the Langmuir sorption model.
Other scientists (Kuboi et al., 1986; Castilho and Chardon,1995;
Fytianos et al., 2001) contend that there is no correlation between
plant Cd and soil Cd concentration. However, it is generally
accepted that plant Cd concentration is considered to be related
to Cd2+ activity in the soil solution. The distribution of Cd between
the soil solid phase and the soil solution can be described by a
Freundlich sorption function (given that the solubility of Cd at low
soil Cd concentration is sorption-controlled rather than precipita-
tion-controlled). Though diffusion limitation has been demon-
strated for Cd supply from the soil solution to the plant root
(Degryse et al., 2006) and the correlation between the metal
concentration in the plant roots and above-ground biomass
depends on many factors affecting translocation (including species
and cultivar of plant, environmental conditions and competing

Table 1
Selected properties of the soil samples.

Soil no Locationa pH OC (%) CEC
(cmol+/kg)

EC
(μS/cm)

Background Cd
(mg/kg)

Clay
(o2 μm, %)

CaCO3

(%)
CD-Al
(g/kg)

CD-Fe
(g/kg)

CD-Mn
(g/kg)

S1 Haikou, Hainan 4.93 1.5 8.7 110.8 0.092 66.1 0 9.478 83.920 0.574
S2 Qiyang, Hunan 5.31 0.9 7.5 74.1 0.260 46.1 0 3.293 26.154 0.422
S3 Hailun, Heilongjiang 6.56 3.0 33.6 153.0 0.142 40.4 0 1.244 6.559 0.396
S4 Hangzhou, Zhejiang 6.80 2.5 12.8 203.3 0.042 38.9 0 0.631 8.413 0.153
S5 Chongqing 7.12 1.0 22.3 71.0 0.072 27.3 0 0.370 7.727 0.315
S6 Guangzhou,

Guangdong 7.27 1.5 8.3 136.7 0.172 25.3 0.2 1.488 11.411 0.048

S7 Lingshan, Beijing 7.48 4.3 22.7 92.5 0.149 19.9 4.3 0.706 6.950 0.276
S8 Hulunbeier, Inner

Mongolia 7.66 2.7 22.7 888.0 0.057 37.1 0.3 0.956 5.259 0.322

S9 Gongzhuling, Jilin 7.82 2.2 28.8 146.9 0.137 44.6 0.3 1.067 6.932 0.366
S10 Shijiazhuang, Hebei 8.19 1.0 11.7 302.0 0.268 21.4 3.8 0.579 7.544 0.261
S11 Yangling, Shaanxi 8.83 0.6 8.5 83.2 0.174 27.5 8.9 0.461 7.193 0.350
S12 Langfang, Hebei 8.84 0.6 6.4 5.7 0.219 10.1 2.4 0.273 3.729 0.112
S13 Zhengzhou, Henan 8.86 1.6 8.5 108.7 0.125 16.3 0.2 0.361 4.289 0.166
S14 Zhangye, Gansu 8.86 1.0 8.1 151.8 0.120 19.6 7.8 0.451 8.356 0.331
S15 Dezhou, Shandong 8.90 0.7 8.3 111.8 0.152 17.6 6.2 0.369 4.965 0.219

a Soil sample locations are listed in the order of increasing pH.
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ions) (McBride, 1995), a Freundlich-type function relationship
(discussed in detail below) could still be expected between plant
Cd concentration and soil Cd concentration, as was the case (log
[plant Cd] vs. log [soil Cd]) in this study.

3.2. Effects of different soil types on Cd transfer in the soil-spinach
system

As shown in Fig. 2, TFtotal after Cd addition increased substan-
tially in the different soils compared with the control, due to the
higher bioavailability of added Cd. Generally, the bioavailability of
added metal salts to soils is higher than the metals in soils and
from other sources, such as wastes. Because other sources are
heterogeneous, the approach of added metal salts to soils for risk
assessment is often used in the procedures to set soil quality
standards (Smolders et al., 2009). There was a non-significant
difference in the TFtotal after the addition of 1 mg/kg and 2 mg/kg
Cd. In the control soil, the two maximums for TFtotal (1.89 and 1.79)
were observed in S1 and S2 (pH 5.31 and 4.93). This result
confirms that Cd under acidic conditions is more highly bioavail-
able and leads to increased absorption by the plant (Lagerwerff,
1971; Miller et al., 1976; Hinesly et al., 1984; Castilho and Chardon,
1995; Adams et al., 2004). TFtotal in S15 (pH 8.90) was lower than

that in S1 and S2, but significantly higher than in the other twelve
soils, which may be ascribed to the low OC (0.7 percent) and clay
content (o2 μm, 17.6 percent) in S15. Increased Cd solubility, due
to complexation with dissolved organic matter (DOM), could be
seen at elevated pH values, which was expected in soils with low
OC and clay contents (Castilho and Chardon, 1995). The values of
TFtotal in S3–S10, S12 and S13 were intermediate, ranging from 0.35
to 0.53. The two minimums for TFtotal (0.25 and 0.22) were found
in S11 and S14, which coincided with the highest CaCO3 content of
7.8 percent and 8.9 percent, respectively. Under Cd addition at
1 mg/kg, the two TFtotal maximums were still observed in S1 and
S2. Insignificant differences for TFtotal were observed in S5, S8, S10,
S12, S13, with pH values of 7.12, 7.66, 8.19, 8.84 and 8.86,
respectively. Noticeably, no significant difference was found
between S5 and S13, which had a difference in pH of 1.74. This
was probably due to the difference in CEC between the two soils
(22.3 and 8.5). Cations adsorbed on soil colloids could exchange for
Cd in the soil, thus decreasing the bioavailability of Cd and
reducing its transfer from the soil to the plants. It can therefore
be concluded that the compensation role of CEC in S5 offset its low
pH effect compared with S13 (Haghiri, 1974; Miller et al., 1976).
Under Cd addition at 2 mg/kg, S1 and S2 still had the highest TFtotal
values among the fifteen soils. The values of TFtotal in S3, S4, S5, S8,
S10, S12, S13 and S15 were intermediate (1.03 to 1.54), with S6, S7,
S9, S11 and S14 recording low values for TFtotal (0.70–0.80).

For TFadded, there was no significant difference between Cd
addition at 1 mg/kg and 2 mg/kg in S1 and S2 and these soils
recorded the highest values out of all the soils. Nevertheless, the
elimination of the control Cd concentration in the calculation
formula resulted in increased Cd transfer factors for each soil
compared with TFtotal.

3.3. Major factors affecting plant uptake of Cd in different soil types

In most cases, the inclusion of soil factors improves the
correlation performance between Cd concentration in the plant
and in the soil compared to those based on total Cd concentration
only. In this study, r2 between log [soil Cd] and log [plant Cd] was
0.878 (po0.001). When soil Cd and pH were combined, the
controlled variance was improved to r2¼0.926 (po0.001) and
when OC was introduced into the equation, the regression
coefficient rose to r2¼0.944 (po0.001). Other soil factors, such
as CEC, clay, Fe and Mn contents failed to significantly improve the
correlation performance and were therefore excluded. The simple
relationships between plant Cd and pH, and plant Cd and OC are
shown in Fig. 3

Fig. 1. Relationship between the Cd concentrations in the plants and in the soil in
normal scales and in log–log scales with upper and lower confidence (95 percent)
interval curves of the regression slope.
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Fig. 2. Effects of different soil types on the transfer factor based on total Cd in soils
(TFtotal) and added Cd to soils (TFadded).
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3.4. Prediction equations for Cd transfer from the soil to spinach
plants

The Freundlich-type function is often used to describe Cd
transfer from the soil to plants (Efroymson et al., 2001; Krauss
et al., 2002).

Cplant ¼ 10aCb
soil or log½Cplant� ¼ aþ blog½Csoil� ð3Þ

The Freundlich-type function can be extended using soil factors
like pH, OC, CEC, etc. It has been well established that Cd uptake by
plants is dependent on soil total Cd, soil pH and OC content
(McBride et al., 1997; Sauvé, 1999; Sauvé et al., 2000). In the
present study, the relationship between plant Cd concentration
and soil total Cd concentration was established using the extended
Freundlich-type function and included pH and OC.

log½plant Cd� ¼ aþ blog½soil Cd� þ cpHþ dlog½OC� ð4Þ
The optimum prediction equation was acquired by minimizing

the residual sum of squares between the predicted TF and the
measured TF (Fig. 4). In this study, the predicted TF was calculated
as the ratio of predicted plant Cd concentration from Eq. (4) to soil
Cd concentration and the measured TF was expressed as the
quotient of the measured plant Cd concentration and the soil Cd
concentration. TFtotal and TFadded were analyzed separately and

took into account the origin of the Cd. TF values at 1 mg/kg and
2 mg/kg were combined as there was a negligible difference
between the two (as discussed above).

Table 2 shows the prediction equations for the different Cd
sources (control, total and added). The equation and all parameters
for the control soil were significant at po0.05, while significance
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Fig. 3. The simple relationships between the Cd concentration in plants (plant Cd)
and soil pH, and organic matter in soils (OC).

Fig. 4. Relationship between the measured log [plant Cd] and the predicted log
[plant Cd] for different Cd sources (control, total and added Cd only) with upper
and lower confidence (95 percent) interval curves of the regression slope.
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was observed at po0.001 for the total Cd and the added Cd
equations. All equations displayed the same trend, in that plant Cd
concentration was positively related to soil Cd and negatively
correlated with soil pH and OC. The correlation between plant Cd
and soil added Cd was higher than that for soil total Cd. The
concept of extrogenity was introduced and applied to the calcula-
tion of Cd transfer from soil to plant in order to exclude the effect
of soil background Cd (control Cd). The higher correlation between
plant Cd and soil added Cd indicated a better representation of the
Cd transfer characteristics.

Incorporating the control Cd with total Cd (45 observations)
considerably improved the equation predictability from r2¼0.721
to r2¼0.944, as indicated in Eq. (5) and Fig. 5.

log½plant Cd� ¼ 1:29þ 1:01 log½soil Cd�–0:15 pH–0:47 log½OC� ð5Þ

For the sake of consistency and comprehension, several pub-
lished data sets are listed for comparison in Table 3.

Similar prediction approaches have been applied by other
researchers, with the same positive and negative relationship for
fitted terms as was found in this study. All the parameters in Eq.
(5) were significant at po0.001. All coefficients of log [soil Cd] and
log [OC] were significant at po0.001 in Eqs. (6)–(8), but the
coefficient of pH in Eq. (6) and the coefficient of intercept and pH
in Eq. (8) were not significant. The weak significance (p¼0.154) for
pH in Eq. (6) may be ascribed to the strong effect of soil OC on
controlling Cd uptake by the crops when pH and OC were
simultaneously accounted for. The non-significance (p¼0.340) of
pH in Eq. (8) can be attributed to the narrow pH range in the soils.
Both the pH range and OC interval were wide enough to guarantee
the significance of the coefficients for pH and OC in this study.
Notwithstanding the results, a slight protection effect of OC on Cd
uptake, with r2 changing from 0.926 to 0.945, was observed at low
soil Cd concentrations.

4. Discussion

Generally, plants readily take up Cd in the soil solution in either
free ionic or complexed forms. Soil pH is the primary factor
influencing the phytoavailability of Cd. The direct effect of pH is
its influence on Cd speciation. Cd2+ is generally the predominant
soluble Cd species below pH 9.0 and can comprise 40 percent to 90
percent of the soil solution Cd (Hirsch and Banin, 1990; De
Villarroel et al., 1993; Holm et al., 1995). The ultimate effect of
pH is its influence on the solution activity of Cd and the distribu-
tion of Cd between the soil phase and the solution phase
(Christensen, 1984; Eriksson, 1990; Naidu et al., 1994). The
increased sorption of Cd at elevated pH values would reduce the
solution concentration and thus decrease Cd phytoavailability.

Other soil factors, such as soil organic matter (OM), texture,
salinity, redox potential and nutrient status, might also affect Cd
uptake. Soil OM is the major contributor to the pH-dependent
negative charge in soils that gives rise to the soils’ ability to retain
cationic metals. It must be stressed, however, that OM appears to
have quite different roles in controlling Cd uptake by plants,
depending upon whether it is soluble (fulvic acid) or insoluble
(humic acid).

Predicting the mobility and bioavailability of Cd in soil has been
a major area of research recently in both the agricultural and the
environmental fields. Both mechanistic and empirical models have
been adopted to predict plant concentration from the soil or from
the soil solution concentration. Mechanistic models are based on
plant and soil parameters that are difficult to determine, e.g.,
diffusion coefficients of ions in the soil solution, root geometry and
size and kinetic parameters for the uptake of ions by the roots
(Rengel, 1993; Barber, 1995). For this reason, far more studies seek
to use empirical models (Dudka et al., 1996; Mench et al., 1997)
using expressions that are as simple as possible. Different authors
have adopted distinct prediction models (equations) based on
different hypotheses (Browne et al., 1984; McBride, 2002; Krauss
et al., 2002; Wang et al., 2004). An advantage of the Freudlich-type
function as applied to the soil to plant transfer relationship is its
simplicity and applicability.

This study identified the major controlling factors, added them
into the empirical prediction equations and improved the relia-
bility of the equation. However, extrapolation of the present
experiment results and its broader application to other plants
and field conditions, particularly in the agricultural landscape, still
needs further investigation.

5. Conclusions

Plant Cd concentration was positively correlated with soil Cd
concentration and the log-transformed data improved the correla-
tion. The maximum TFtotal and TFadded values for the fifteen soil
types occurred in acid soils. TFadded was higher than TFtotal for each
soil type. The extended Freundlich-type function described well
the Cd transfer from soil to spinach plant. Combining soil total Cd,
pH and OC in the prediction equation greatly improved the
correlation performance compared with one based on total Cd
only, which will be a useful tool that can be used to predict Cd

Table 2
Prediction equations for the different Cd sources.

Cadmium sources Prediction equations r2 p

Control Cd log [plant Cd]¼1.21+0.89log [soil Cd]−0.20pH−0.58log [OC] 0.711 o0.05
Total Cd log [plant Cd]¼1.29+1.01log [soil Cd]−0.15pH−0.47log [OC] 0.721 o0.001
Added Cd log [plant Cd]¼1.26+0.98log [soil Cd]−0.14pH−0.48log [OC] 0.754 o0.001

Fig. 5. Relationship between the measured log [plant Cd] and the predicted log
[plant Cd] for the combined observations (control, total and added Cd together)
with upper and lower confidence (95 percent) interval curves of the
regression slope.
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transfer from the soil to the plant. A slight protection effect of OC
on Cd uptake was observed at low soil Cd concentrations.

Acknowledgments

This work was funded by the Natural Science Foundation of
China (project no. 40971262), and the Special Fund of Public
Industry in China (Agriculture, project no. 200903015).

References

Adams, M.L., Zhao, F.J., McGrath, S.P., Nicholson, F.A., Chambers, B.J., 2004. Predict-
ing cadmium concentrations in wheat and barley grain using soil properties.
J. Environ. Qual. 33, 532–541.

Alexander, P.D., Alloway, B.J., Dourado, A.M., 2006. Genotypic variations in the
accumulation of Cd, Cu, Pb and Zn exhibited by six commonly grown
vegetables. Environ. Pollut. 144, 736–745.

Alloway, B.J., 1995. Heavy Metals in Soils. John Wiley & Sons, Inc, New York.
Barber, S.A., 1995. Soil Nutrient Bioavailability—A Mechanistic Approach. John

Wiley & Sons, New York.
Barcelo, J., Poschenrieder, Ch., 1992. Respuestas de las plantas a la contaminación

por metales pesados. In: Proceedings IV. Simposium Nacional sobre Nutricion
Mineral de las plantas, Alicante, Spain, pp. 45–61.

Bingham, F.T., Page, A.L., Mahler, R.J., Ganje, T.J., 1975. Growth and cadmium
accumulation of plants grown on a soil treated with a cadmium-enriched
sewage sludge. J. Environ. Qual. 4, 207–211.

Bradford, G.R., Page, A.L., Lund, L.J., Olmstead, W., 1975. Trace element concentra-
tions of sewage treatment plant effluents and sludges; their interactions with
soils and uptake by plants. J. Environ. Qual. 4, 123–127.

Brown, S.L., Chaney, R.L., Angle, J.S., Ryan, J.A., 1998. The phytoavailability of
cadmium to lettuce in long-term biosolids-amended soils. J. Environ. Qual.
27, 1071–1078.

Browne, C.L., Wong, Y.-M., Buhler, D.R., 1984. A predictive model for the accumula-
tion of cadmium by container-grown plants. J. Environ. Qual. 13, 184–188.

Castilho, P.Del., Chardon, W.J., 1995. Uptake of soil cadmium by three field crops
and its prediction by a pH-dependent Freundlich sorption model. Plant Soil 171,
263–266.

Christensen, T.H., 1984. Cadmium soil sorption at low concentrations: I. Effect of
time, cadmium load, pH, and calcium. Water Air Soil Pollut. 21, 105–114.

Das, P., Samantaray, S., Rout, G.R., 1997. Studies on cadmium toxicity in plants:
a review. Environ. Pollut. 98, 29–36.

Davis, R.D., Carlton-Smith, C., 1980. Crops as Indicators of the Significance of
Contamination of Soils by Heavy Metals. Water Research Centre, Stevenage,
London.

Degryse, F., Smolders, E., Parker, D.R., 2006. An agar gel technique demonstrates
diffusion limitations to cadmium uptake by higher plants. Environ. Chem. 3,
419–423.

De Villarroel, J.R., Chang, A.C., Amrhein, C., 1993. Cd and Zn phytoavailability of a
field-stabilized sludge-treated soil. Soil Sci. 155, 197–205.

Dudka, S., Piotrowska, M., Terelak, H., 1996. Transfer of cadmium, lead, and zinc
from industrially contaminated soil to crop plants: a field study. Environ. Pollut.
94, 181–188.

Efroymson, R.A., Sample, B.E., Suter II, G.W., 2001. Uptake of inorganic chemicals
from soil by plant leaves: regressions of field data. Environ. Toxicol. Chem. 20,
2561–2571.

Eriksson, J.E., 1988. The effects of clay, organic matter and time on adsorption and
plant uptake of cadmium added to the soil. Water Air Soil Pollut. 40, 359–373.

Eriksson, J.E., 1990. Factors Influencing Adsorption and Plant Uptake of Cadmium
from Agricultural Soils. Reports and Dissertations, Department of Soil Sciences
4. Swedish University of Agricultural Sciences, Uppsala, Sweden, pp. 29.

Fytianos, K., Katsianis, G., Triantafyllou, P., Zachariadis, G., 2001. Accumulation of
heavy metals in vegetables grown in an industrial area in relation to soil. Bull.
Environ. Contam. Toxicol. 67, 423–430.

Ge, Y., Murray, P., Hendershot, W.H., 2000. Trace metal speciation and bioavail-
ability in urban soils. Environ. Pollut. 107, 137–144.

Haghiri, F., 1974. Plant uptake of cadmium as influenced by cation exchange
capacity, organic matter, zinc, and soil temperature. J. Environ. Qual. 3, 180–183.

Hirsch, D., Banin, A., 1990. Cadmium speciation in soil solutions. J. Environ. Qual. 19,
366–372.

Hinesly, T.D., Redborg, K.E., Pietz, R.I., Ziegler, E.L., 1984. Cadmium and zinc uptake
by corn (Zea mays L.) with repeated applications of sewage sludge. J. Agric. Food
Chem. 32, 155–163.

Holm, P.E., Christensen, T.H., Tjell, J.C., McGrath, S.P., 1995. Speciation of cadmium
and zinc with application to soil solutions. J. Environ. Qual. 24, 183–190.

Kim, S.J., Chang, A.C., Page, A.L., Warneke, J.E., 1988. Relative concentrations of
cadmium and zinc in tissue of selected food plants grown on sludge-treated
soils. J. Environ. Qual. 17, 568–573.

Krauss, M., Wilcke, W., Kobza, J., Zech, W., 2002. Predicting heavy metal transfer
from soil to plant: potential use of Freundlich-type functions. J. Plant Nutr. Soil
Sci. 165, 3–8.

Kuboi, T., Noguchi, A., Yazaki, J., 1986. Family-dependent cadmium accumulation
characteristics in higher plants. Plant Soil. 92, 405–415.

Lagerwerff, J.V., 1971. Uptake of cadmium, lead and zinc by radish from soil and air.
Soil Sci. 111, 129–133.

Lund, L.J., Betty, E.E., Page, A.L., Elliott, R.A., 1981. Occurrence of naturally high
cadmium levels in soils and its accumulation by vegetation. J. Environ. Qual. 10,
551–556.

McBride, M.B., 1995. Toxic metal accumulation from agricultural use of sludge: are
USEPA regulations protective? J. Environ. Qual. 24, 5–18.

McBride, M., Sauvé, S., Hendershot, W., 1997. Hendershot W. Solubility control of
Cu, Zn, Cd and Pb in contaminated soils. Eur. J. Soil Sci. 48, 337–346.

McBride, M.B., 2002. Cadmium uptake by crops estimated from soil total Cd and pH.
Soil Sci. 167, 62–67.

McLaughlin, M.J., Parker, D.R., Clarke, J.M., 1999. Metals and micronutrients—food
safety issues. Field Crops Res. 60, 143–163.

McLaughlin, M.J., Singh, B.R., 1999. Cadmium in soil and plants: a global perspec-
tive. In: McLaughlin, M.J., Singh, B.R. (Eds.), Cadmium in Soils and Plants.
Kluwer Academic Publishers, Dordrecht, pp. 13–21.

Mench, M., Baize, D., Mocquot, B., 1997. Cadmium availability to wheat in five soil
series from the Yonne district, Burgundy, France. Environ. Pollut. 95, 93–103.

Miller, J.E., Hassett, J.J., Koeppe, D.E., 1976. Uptake of cadmium by soybeans as
influenced by soil cation exchange capacity, pH, and available phosphorus. J.
Environ. Qual. 5, 157–160.

Naidu, R., Bolan, N.S., Kookana, R.S., Tiller, K.G., 1994. Ionic-strength and pH effects
on the sorption of cadmium and the surface charge of soils. Eur. J. Soil Sci. 45,
419–429.

Rengel, Z., 1993. Mechanistic simulation models of nutrient uptake: a review. Plant
Soil 152, 161–173.

Sauvé, S., 1999. Chemical Speciation, Solubility and Bioavailability of Lead, Copper
and Cadmium in Contaminated Soils. Ph.D. Dissertation. Cornell University,
USA.

Sauvé, S., Hendershot, W., Allen, H.E., 2000. Solid-solution partitioning of metals in
contaminated soils: dependence on pH, total metal burden, and organic matter.
Environ. Sci. Technol. 34, 1125–1131.

Smolders, E., Oorts, K., Van Sprang, P., Schoeters, I., Janssen, C.R., McGrath, S.P.,
McLaughlin, M.J., 2009. Toxicity of trace metals in soil as affected by soil type
and aging after contamination: using calibrated bioavailability models to set
ecological soil standards. Environ. Toxicol. Chem. 28, 1633–1642.

Wang, X.P., Shan, X.Q., Zhang, S.Z., Wen, B., 2004. A model for evaluation of the
phytoavailability of trace elements to vegetables under the field conditions.
Chemosphere 55, 811–822.

Webster, R., 2001. Statistics to support soil research and their presentation. Eur. J.
Soil Sci. 52, 331–340.

Yanai, J., Zhao, F.J., McGrath, S.P., Kosaki, T., 2003. Effects of spatial heterogeneity of
soil Cd on the growth, root distribution and Cd uptake by the hyperaccumulator
Thlaspi caerulescens. In: Abstracts of the Seventh International Conference on
the Biog of Trace Elements, vol. 2., Upsala, Sweden, pp. 154–155.

Table 3
Comparison of prediction equations for the different sources.

Equation no. Prediction equations Conditions

(6) log [plant Cd]¼5.83+2.09log [soil Cd]−0.19pH−2.09log [OC] With and without sewage sludge, Swiss chard, pH 6.5–7.9, OC 13–27%
n¼6, r2¼0.984 (Kim et al., 1988)

(7) log [plant Cd]¼3.36+1.27log [soil Cd]−0.24pH−1.27log [OC] Long-term sewage sludge, lettuce, pH 5.0–5.4, 6.2–6.9, OC 1.25–2.07%
n¼40, r2¼0.924 (Brown et al., 1998)

(8) log [plant Cd]¼1.24+0.77log [soil Cd]−0.091pH−0.77log [OC] Inactive railway yards, vegetation, pH 6.39–8.55, OC 1.39–15.0%
n¼24, r2¼0.523 (Ge et al., 2000)
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