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Accumulation of heavy metals (HMs) in cultivated soils is a continuing environmental
problem in many parts of the world. An increase in HM concentration can enhance
uptake of toxic metals by crops and enter the human food chain. In this study, the
uptake behavior of wheat and safflower was evaluated in a calcareous soil by using 12
undisturbed columns in which half were artificially contaminated. Heavy metals in the
form of CdCl2 (15 mg Cd kg−1 ), CuSO4 (585 mg Cu kg−1 ), Pb(NO3 )2 (117 mg Pb kg−1 ),
and ZnCl2 (1094 mg Zn kg−1 ) were sprayed on the soil surface and completely mixed
in the top 10 cm. The background total concentrations of Cd, Cu, Pb and Zn were 1.6,
29.5, 17.5 and 61.2 mg kg−1 , respectively. After metal application, half of the columns
(3 contaminated and 3 uncontaminated) were sown with wheat (Triticum aestivum)
and the other half with safflower (Carthamus tinctorious) and grown for 74 days until
maturity. After harvesting, soil columns were cut into 10-cm sections and analyzed for
HNO3 - and DTPA-extractable metal concentrations. Metal concentrations were also
measured in different plant tissues. The results showed that artificial contamination of
topsoil decreased the transpiration rate of wheat by 12% and that of safflower by 6%. In
contaminated columns, Cd, Cu, Pb, and Zn accumulation in wheat shoot was greater by
8.0-, 1.9-, 3.0-, and 2.1-fold than the control, respectively. Accordingly, these numbers
were 46.0-, 1.3-, 1.7-, and 1.6-fold in safflower shoot. Soil contamination with HMs
resulted in a 55% decrease in shoot dry matter yield of wheat while it had no significant
effect on shoot dry matter of safflower. The normalized water consumption for safflower
was therefore not affected by metal contamination (≈13 mm H2 O g−1 of dry weight
for all safflower and uncontaminated wheat treatments), while contaminated wheat was
Address correspondence to Gholamabbas Sayyad, Assistant Professor, Department of Soil
Science, College of Agriculture, Shahid Chamran University of Ahvaz, Ahvaz, Iran. E-mail:
gsayyad@gmail.com
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much less water efficient at about 27 mm H2 O g−1 dry weight. It was concluded that
although artificial contamination had a negative effect on wheat growth, it did not affect
safflower’s normal growth and water efficiency.
Keywords

Metal accumulation, evapotranspiration, heavy metals, calcareous soil
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1. Introduction
Accumulation of heavy metals (HMs) in cultivated soils is a continuing environmental
problem in many parts of the world (Higgins, 1984; Hinz and Selim, 1994; McBride
et al., 1997; Richards et al., 1998; Li and Li, 2001; Schwab et al., 2002). Elevated HM
concentrations in the soil can lead to enhanced crop accumulation (Street et al., 1977; van
Lune and Zwart, 1997; Santa-Maria and Cogliatti, 1998; Gerard et al., 2000; Obrador et al.,
2003). Plants are an important link in the pathway by which excessive amounts of HM are
channelled into the food chain and biological cycles (Wierzbicka and Obidzinska, 1998).
Excessive metals in human nutrition could be toxic and cause acute and chronic diseases.
For example, Cd and Zn can cause acute gastrointestinal, respiratory, heart, brain and kidney
damage (Wagner, 1993; Schmidt, 2003). Lead may cause nephrotoxicity, neurotoxicity, and
hypertension as well as skeletal problems in children (WRCD, 1996). The transfer of HMs
from soils to plants depends on three factors: the total concentration (quantity factor), the
bioavailability of elements in the soil solution (intensity factor), and the rate of element
transfer from solid to liquid phases and to plant roots (Schmidt, 2003).
Heavy metal stress causes direct and indirect effects on physiological processes in
plants. The primary toxicity mechanisms of HMs alter the catalytic function of enzymes
(van Assche and Clijsters, 1988), and damage cellular membranes (Kastori et al., 1992).
These changes may cause numerous secondary effects, such as inhibition of photosynthesis
(Clijsters et al., 1999), mineral nutrient accumulation (Kastori et al., 1992), root and shoot
growth (Ewais, 1997), and mineralization (Aoyama and Kuroyanagi, 1996), as well as
hormonal imbalance and water stress (Kastori et al., 1992; Prasad, 1995). Up to now,
great attention has been paid to the effects of HM stresses on photosynthesis and mineral
nutrition, rather than water relations in soil–plant systems. However, a decrease in stomatal
conductance and transpiration rate (Sheoran et al., 1990) has been observed by many
researchers.
In the calcareous soils of Isfahan in central Iran, industrial and agricultural HM contamination is a concern (Amini et al., 2005). Wheat (Triticum aestivum) is the major crop in
the region, and safflower (Carthamus tinctorious) is a popular oil crop due to its tolerance of
salinity and drought (Bassil and Kaffka, 2002). Wheat has a fibrous root but safflower has a
taproot, which could cause differences in metal accumulation by these two rooting systems.
The objectives of this study were to evaluate the effects of elevated concentrations of Cd,
Cu, Pb and Zn on their accumulation and biomass of wheat and safflower in a calcareous
soil.

2. Materials and Methods
A greenhouse experiment was conducted using 12 initially undisturbed soil columns
(22.5 cm in diameter and 50 cm in depth). A calcareous soil (Fine, Mixed, Termic, Typic
Haplocalcid (Soil Survey Staff, 2003)) was sampled on two nearby fields from Kabotarabad Research Station of Isfahan Agricultural Research Center, 40 km southeast of
Isfahan, central Iran (3598500N, 572000E, UTM, Zone 39). The mean annual precipitation
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Table 1
Average and standard deviations of soil chemical and physical properties∗
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Soil properties
pH
EC (dS/m)
CaCO3 (%)
N (%)
P (mg/kg)
Cd (mg/kg)
Cu (mg/kg)
Pb (mg/kg)
Zn (mg/kg)
Cl (%)
CEC (cmol/kg)
Organic matter (g/kg)
Sand (g/kg)
Silt (g/kg)
Clay (g/kg)
Bulk density (Mg/m3 )
∗

Depth (m)
0–0.25
7.6 ± 0.1
9.8 ± 1.6
37.2 ± 1.7
0.04± 0.01
25.1 ± 3.1
1.6 ± 0.5
31.0 ± 1.9
19.3 ± 1.5
64.3 ± 5.5
2.1 ± 0.5
13.8 ± 0.7
8.0± 0.3
179.0 ± 15.2
432.0 ± 21.2
390.0 ± 23.0
1.32 ± 0.2

0.25–0.45
7.7 ± 0.1
7.8 ± 1.9
35.9 ± 0.5
0.04 ± 0.01
20.0 ± 3.2
1.7 ± 0.3
29.5±1.6
19.1 ± 1.9
62.1 ± 5.1
1.6 ± 0.3
14.6 ± 0.5
7.0 ± 0.8
171.0 ± 11.2
424.0 ± 12.1
405.0 ± 31.0
1.4 ± 0.1

0.45–0.60
7.8± 0.1
5.9 ± 2.2
36.2 ± 1.4
0.03 ± 0.01
18.0 ± 2.3
1.6 ± 0.5
28.1±1.6
14.1 ± 2.1
57.3 ± 3.2
1.1 ± 0.2
14.3 ± 0.8
5.0 ± 0.3
182.0 ± 5.1
433.0 ± 22.0
384.0 ± 12.0
1.43 ± 0.1

Average of three replications ± standard deviation.

is 145 mm. One field had been cultivated with safflower and the other with wheat in the
previous year. The crop rotation on the wheat field was wheat-fallow-wheat-wheat and
wheat-wheat-fallow-safflower on the safflower field in the four years before sampling.
Disturbed soil samples were taken from different depths in the field. Soil samples
were air dried, crushed and sieved to <2 mm. The pH was measured in saturated paste
using a pH-meter (Model Metrohm 320), electrical conductivity (EC) in saturated paste
extract by EC-meter (Model Metrohm 644), and calcium carbonate by titration with NaOH.
Cadmium, Cu, Pb and Zn were extracted by 4 M HNO3 (Sposito et al., 1981) and measured
using AAS, (SpectraAA 220/FS, Varian, Australia). Chloride was determined by titration
with AgNO3 , cation exchange capacity (CEC) by CH3 COONa method (Sumner and Miller,
1996), organic mater (OM) by using wet oxidation method (Walkley and Black, 1934), soil
particle analysis (sand, silt and clay) by hydrometer method (Gee and Bauder, 1986), and
bulk density by soil cores (Blake and Hartge, 1986).
A randomized complete block design with three replications was conducted. Twelve
undisturbed soil columns (22.5 cm diameter, 50 cm depth) were sampled. For preparing
undisturbed soil columns, two parallel long trenches were dug and the columns were
carefully excavated by removing the surrounding soil. The polyethylene tubes were driven
(by pressure) into the soil to a depth of 50 cm. Each column was placed on a support and
the leachate was collected through a plastic funnel to determine water balance and calculate
ET.
The columns were divided into two groups. In the first group, solutions of CdCl2 (15 mg
Cd kg−1 ), CuSO4 (585 mg Cu kg−1 ), Pb(NO3 )2 (117 mg Pb kg−1 ), and ZnCl2 (1094 mg Zn
kg−1 ) were separately sprayed on the soil surface and completely mixed with the top 10 cm
using a plastic shovel. Total applied amounts of Cd, Cu, Pb and Zn were 77.5, 2980.6, 596.1
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and 5563.7 mg column−1 , respectively. The remaining columns were left uncontaminated.
The amounts of metals added to the soil were chosen based on 50% of maximum permitted
metal loadings in soil established by USEPA Part 503 regulations (USEPA, 1993). During
two weeks after metal application, for normal plant growth, the columns were irrigated
until discharge EC decreased around 2 dS m−1 . Thereafter, independent of contamination,
60 mg N kg−1 as urea and 40 mg K kg−1 as potassium nitrate were mixed to the top soil.
Although due to Pb(NO3 )2 application topsoil N concentrations in contaminated columns
were more than controls by about 15 mg N kg−1 , it is still very low compared to the
background soil total N concentration (Table 1) plus applied 65 mg N kg−1 in the form of
urea and potassium nitrate. Furthermore, after irrigations (applied during the two weeks
before fertilizing), NO3 leaching from the soil columns (data not shown) sharply decreased
the difference in N concentration of the columns. In any case, soil conditions were the same
for both plants justifying their comparison. As the soil native phosphorus concentration
(Table 1) was sufficient for plant growth, we did not add any P-fertilizer. Thereafter, half
of the columns were sown with a spring variety of wheat (Mahdavi) (200 seeds m−2 ) and
the others with a cultivar of safflower (Kose) (20 seeds m−2 ). The same was done for
uncontaminated columns. Columns were irrigated using tap water, which was used in order
to be as close as possible to realistic farm conditions, wherein farmers use river water for
irrigation. Tap water also was used in some other experiments (Frost and Ketchum, 2000;
Liu et al., 2003). The analyses showed that there is no metal in the applied tap water. The
irrigation was based on 65% depletion of the available soil water capacity. For this purpose,
soil moisture characteristic curves were determined at 10, 30, 50, 100, 300, 500, 1000 and
1500 kPa (Klute, 1986).
Water content in the columns was measured using horizontal TDR probes (6050X1
Trase System, soil moisture, USA) placed at 15, 30 and 45 cm depths. Leachate was
continuously collected and its volume and concentration of metals (data not shown) were
measured to determine water balance and calculate ET.
Plants were harvested by cutting the shoots at the end of pollination (74 days after
sowing). Safflower matured about a week sooner than wheat. Plant samples were washed
carefully with tap water to remove dust and rinsed with 0.1 M HCl solution followed
by several rinses with deionized water. The samples were then oven dried at 60◦ C and
ground in a mill. The roots and shoots (stems plus leaves) and heads (spike in wheat
and head in safflower) were analyzed separately. Sub-samples of 0.2 g were digested in 6
mL of 65% HNO3 , 2 mL of 2% H2 O2 and 2 mL of distilled water, and heated at 100◦ C
for 25 minutes in microwave (MSL-1200 with HPV 80, pressure digestion vessels AGW,
Leutkirch, Germany). The solution was then filtered using Whatman No. 42 filter paper
and analyzed by graphite furnace atomic absorption spectrometry (Varian Spectra 300-400,
Varian, Australia).
After harvesting the plants, soil columns were cut into 10-cm sections, air dried,
crushed by a woody hammer, and sieved to <2 mm by a 2 mm stainless steel sieve.
Sub-samples were collected from each section and analyzed for HNO3 - (Sposito et al.,
1981) and DTPA-extractable metal concentrations (Soltanpour et al., 1991). A mixture of
9.6 g soil and 60 mL of 4 M HNO3 was heated overnight at 70◦ C on a hot plate. The
mixture was subsequently centrifuged for 15 minutes and filtered using Whatman No. 42
filter paper. DTPA-metals were extracted by shaking 20 g soil and 40 mL DTPA solution
(a mixture of 1 M NH4 HCO3 and 0.005 M DTPA buffered at pH 7.6) for 15 minutes
and filtered. Total heavy metal accumulation in soil can be monitored through acid (e.g.,
HNO3 ) soil extractions. Evaluation of total metal levels may be useful as a global index
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of contamination, but it provides little indication of their specific bioavailability, mobility,
and reactivity in soils (Cao et al., 1984; Walter et al., 2002). Another monitoring approach
consists of the use of various chemical reagents to estimate the fraction of the soil metal
that is potentially available to plants. The most frequently employed reagents are chelating
agents such as DTPA. Metals extracted by DTPA largely exist in exchangeable, organically
complexed and carbonate forms. Such extraction provides more information about metal
availability and tends to correlate with metal uptake by plants (Hooda and Alloway, 1994).
The absolute quantity of metals extracted by DTPA is a useful means of evaluating plantavailable metals in the soil (Walter et al., 2002). In this study both methods were used
and the results were related to the metal concentrations in plants and compared. The metal
concentrations in the extracts were analyzed using atomic absorption spectrometry (Zn, Cu)
(AAS, SpectraAA 220/FS, Varian, Australia) or inductively coupled plasma (Cd, Pb) (ICPOES, Vista-MPX Varian, Australia). Quality control samples included Standard Reference
Materials BCR number 62 (Olive Leaves) and number 962 sandy clay from the Netherlands.
Good agreements were achieved between the data obtained and the certified values.
The water balance for the whole experiment period was calculated using the following
expression:
ET = I − D + S

(1)

where ET is actual evapotranspiration (mm), I is irrigation (mm), D is discharge (mm),
and S is the change in column’s moisture storage (mm). The change in storage S was
determined by the difference in total water at two time points (the first at the beginning of
the experiment, the second at the end). For calculating total water content, the measured
volumetric water content (cm3 cm−3 ) in unit area (cm water cm−1 soil) in each depth was
multiplied by the respective soil depth (cm), resulting in water depth; the summation of
water depths in three depth zones resulted in total water content in the column. In this
calculation, the TDR at the 15-cm depth was assumed to represent the water content in
the depth of 0–20 cm, and the TDRs at 30 and 45-cm depths were assumed to represent
intervals of 20–40 cm and 40–50 cm, respectively.
To evaluate the effect of contamination on plant growth, water use efficiency (dry
biomass/water used (ET)) of both plants in different treatments was calculated and compared.
Statistical studies were conducted with SAS software (Version 6.12). Multiple comparisons of variables were made by using LSD’s separation of means procedure. A probability
level of P ≤ 0.05 was chosen to establish statistical significance.

3. Results and Discussion
3.1. Soil Properties
Chemical and physical properties of the soils under wheat and safflower in the field showed
small differences, so the average values of the two farms are shown in Table 1. We intended
to have similar soil profiles so as to reveal the differences in the two different rooting
systems.
The calcareous soil had a high cation exchange capacity (CEC) and high pH (Table 1),
with an organic matter content of less than 1%. A large amount of CaCO3 imparts large
buffering capacity for pH, which in general decreases the possibility of metal solubility
(Plassard et al., 2000). But the dominant anion, chloride, can form soluble complexes
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Table 2
Effect of contamination on evapotranspiration and dry biomass *(average± standard
deviation)
Treatment

Soil water
storage change
(mm)

ET†
(mm)

Discharge
(mm)

Aerial dry biomass
(g plant/column)

W††
W+M
S
S+M

− 12.7 ± 5.1a§
−7.0 ± 5.7b
−17.0 ± 8.4a
−9.0 ± 7.0b

382.0 ± 3.7ab
336.0 ± 20.2c
391.0 ± 11.4a
367.0 ± 5.9bc

193.0 ± 8.8b
245.0 ± 14.3a
180.0 ± 19.8b
212.0 ± 12.9ab

27.6 ± 7.1a
12.4 ± 3.2b
29.8 ± 2.4a
27.4 ± 4.9a

∗

Total applied irrigation = 588.5 mm.
ET stands for actual evapotranspiration.
††
W: uncontaminated wheat, W+M: contaminated wheat, S: uncontaminated safflower, S+M:
contaminated safflower.
§ In each column, means with similar letters (a, b, c) are not significantly different at 0.05 level
according LSD test.
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†

with Cd (Smolders and McLaughlin, 1996; Khoshgoftar et al., 2004) that may increase its
solubility.
Background metal concentrations in soil profiles showed that the soil was not polluted
(Table 1). The order of metal concentration in soil profile were Zn>Cu>Pb>Cd. Average
total concentrations of Cd, Cu, Pb and Zn were 1.6, 29.5, 17.5 and 61.2 mg kg−1 , respectively, which are lower than the maximum acceptable concentrations (MAC) of trace metals
in agricultural soils suggested by most countries (Kabata-Pendias and Pendias, 1997).
3.2. Effects of Contamination on Shoot Dry Matter Yields and Evapotranspiration
Contamination of the soils affected shoot dry matter yield for wheat columns (Table 2),
where yields significantly (p < 0.05) decreased by 55% in contaminated soil. Accordingly, Kastori et al. (1992), Clijsters et al. (1999), and Veselov et al. (2003) reported low
photosynthetic efficiency in heavy metal contaminated soil for sunflower, higher plants
and wheat seedling, respectively. On the other hand, safflower yield was not affected by
contamination.
During the experiment, each soil column received a total of 588 mm of water. On
average, about 35% of the applied irrigation water was collected as discharge, thus more
water was lost by evapotranspiration (ET) than by discharge. The discharge rate varied significantly (p < 0.05) between contaminated and uncontaminated columns. This difference
evolved with time as the plants developed and consumed more water during the growing
period (Figure 1).
Wheat and safflower are reported to have similar water consumption in the literature
(Doorenbos and Pruitt, 1997), which was also found in this study for uncontaminated
columns (Table 2). However, under HM stress there was a significant difference (p < 0.05)
in water uptake behavior between the test crops. The wheat plants showed a 12% decrease
in ET in contaminated columns as compared to the uncontaminated ones, while the decrease
for safflower was 6%. The effects of HM contamination on decreasing evapotranspiration
(which in our study was more obvious for contaminated wheat columns) have been reported
by Sheoran et al. (1990) and Kastori et al. (1992).
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Figure 1. Cumulative irrigation and discharge for different treatments.

However, the decrease in wheat yield (55%) was substantially greater than the decrease
in ET (12%), which suggests that the water use efficiency of the wheat in the contaminated
columns was severely diminished (49%) while safflower was not affected (2%). Indeed,
normalizing the water use (i.e. ET) to the actual dry matter yield for each treatment indicates
that uncontaminated wheat and all safflower treatments had similar normalized water uses
of about 13 mm H2 O per g dry weight; in contrast, the contaminated wheat normalized
water use was much less efficient at over 27 mm per g dry weight (Table 2).
3.3. Plant Metal Concentration
3.3.1. Effect of contamination on metal accumulation and concentration in different plant
tissues. Contamination of topsoil significantly (p < 0.05) increased the accumulation of
all four metals (Cd, Cu, Pb, and Zn) by both plants (Table 3). The increases of metal
accumulation in aerial safflower parts in contaminated columns were more than wheat. The
order of metal accumulation by both plants was Zn > Cu > Pb > Cd, except for safflower
in contaminated columns, which absorbed more Cd than Pb. Possible reasons for more Cd
uptake in safflower could be due to natural differences between plant species and genotypes.
More research is needed to clarify the reasons.
Metals concentrations in different parts of the plants were different, depending on the
plant and metal types (Table 4). Both in wheat and safflower the highest metal concentrations
Table 3
Metal accumulation by aerial plant parts (mg/column)∗
Treatment
W†
W+M
S
S+M
∗

Cd

Cu

Pb

Zn

0.001 ± 0.000c††
0.008 ± 0.003b
0.001 ± 0.000c
0.046 ± 0.059a

0.056 ± 0.08d
0.106 ± 0.028c
0.346 ± 0.007b
0.453 ± 0.063a

0.003 ± 0.001c
0.009 ± 0.002ab
0.007 ± 0.001bc
0.012 ± 0.005a

0.575 ± 0.105c
1.225 ± 0.414b
1.383 ± 0.165b
2.215 ± 0.768a

Average of three replications ± standard deviation
W: uncontaminated wheat, W+M: contaminated wheat, S: uncontaminated safflower, S+M:
contaminated safflower
††
In each column means with similar letters (a, b, c, d) are not significantly different at 0.05 level
according LSD test.
†
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were measured in roots. The metal concentrations in roots increased in the order of Zn> Cu>
Cd> Pb in both plants. Root metal concentrations (except for Pb and Cd) in the safflower
were greater than wheat. The same trend was observed for shoot metal concentrations in
both plants so that in contaminated soil, metal concentrations in safflower shoots were
significantly (p < 0.05) more than wheat, except for Cd and Pb. Pb concentration in
safflower shoots was significantly (p < 0.05) less than wheat.
Both in contaminated and uncontaminated treatments, head Zn concentrations in wheat
were significantly (p < 0.05) greater (about 1.7 times) than safflower. However, in the case
of Cu, concentrations in the head of safflower were 2.5 times those of wheat (significant
(p < 0.05)). Lubben and Sauerbeck (1991), who used a pot experiment to study metal
distribution in spring wheat cultivated in two contaminated soils (pH 6.5 Luvisol and pH
5.5 Cambisol), found metal concentrations in roots were greater than the aerial parts. They
found Cd, Zn, Pb and Cr contents of the grain to be appreciably lower than those of straw,
and in all treatments grain Zn concentration were greater than Cu, attributed to known Zn
enrichment in the bran. They also found that liming decreased the Cd-, Zn-, and Ni-content
in the plant.
The difference in Zn and Cu accumulation in the heads of wheat and safflower probably
related to the physiological behavior of these two plants (wheat being a monocotyledon and
safflower a dicotyledon), and metals partitioning in the plants can differ. Metal translocation
from roots to shoots was differently affected by contamination in safflower and wheat
(Table 5): contamination treatment decreased metal translocation from roots to shoots of
wheat; however, it had a different effect on safflower. In contaminated safflower treatment,
while shoot to root ratios for Cd and Zn were significantly greater than control, they did
not change for Cu and Pb (Table 5).

Table 4
Heavy metal concentrations in different plant tissues (mg kg−1 dry weight)∗
Treat

Tissue

W†
W
W
W+M
W+M
W+M
S
S
S
S+M
S+M
S+M

Root
Shoot
Head
Root
Shoot
Head
Root
Shoot
Head
Root
Shoot
Head

Cd

Cu

4.0 ± 2.8b(b)†† 57.0 ± 3.7d(d)
0.05 ± 0.0b(b)
3.6 ± 0.3e(d)
b(c)
0.03 ± 0.0
5.1 ± 0.6e(d)
a(a)
50.3 ± 7.9
111.7 ± 19.2c(c)
b(a)
0.9 ± 0.2
6.4 ± 0.5e(c)
b(a)
0.4 ± 0.07
6.4 ± 0.7e(c)
b(b)
3.7 ± 0.3
161.5 ± 7.4b(b)
b(b)
0.06 ± 0.01
9.3 ± 1.6e(b)
b(c)
0.03 ± 0.01
13.9 ± 1.2e(b)
a(a)
53.2 ± 8.9
255.7 ± 41.4a(a)
b(a)
0.8 ± 0.1
17.5 ± 0.4e(a)
b(b)
0.3 ± 0.06
16.4 ± 0.6e(a)

Pb

Zn

3.9 ± 0.2c(b)
535.8 ± 63.2d(d)
d(b)
0.3 ± 0.0
31.3 ± 7.8e(c)
d(ab)
0.2 ± 0.04
60.9 ± 18.9e(b)
a(a)
17.5 ± 6.1
1573.5 ± 99.8b(b)
d(a)
0.9 ± 0.3
66.3 ± 3.0e(b)
d(b)
0.2 ± 0.0
78.9 ± 3.1e(a)
bc(b)
5.9 ± 1.6
1086.2 ± 174.3c(c)
d(b)
0.3 ± 0.1
57.7 ± 0.5e(bc)
d(b)
0.1 ± 0.0
35.2 ± 7.7e(c)
b(b)
7.1 ± 0.5
2514.2 ± 175.2a(a)
d(b)
0.4 ± 0.1
107.8 ± 31.2e(a)
d(a)
0.3 ± 0.1
47.5 ± 10.0e(c)

∗
Average of three replications ± standard deviation.
W: uncontaminated wheat, W+M: contaminated wheat, S: uncontaminated safflower, S+M: contaminated safflower.
††
In each column means with similar letters (a, b, c, d) are not significantly different at 0.05 level
according LSD test. For each plant tissue in each column, means with similar letters in parentheses
((a), (b), (c), (d)) are not significantly different at 0.05 level according LSD test.
†
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Table 5
Shoot/root ratio† of heavy metals for safflower and wheat∗

W††
W+M
S
S+M

Cd

Cu

Pb

Zn

0.068c§
0.039d
0.166b
0.233a

0.120a
0.029c
0.099b
0.101b

0.067b
0.027c
0.090a
0.100a

0.014b
0.008d
0.028c
0.042a

∗

Average of three replications ± standard deviation
For ratios calculation, total heavy metal mass in shoots was divided to the total heavy
metal mass of the roots.
††
W: uncontaminated wheat, W+M: contaminated wheat, S: uncontaminated safflower,
S+M: contaminated safflower.
§ In each column means with similar letters (a, b, c, d) are not significantly different at
0.05 level according LSD test.
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3.3.2. Relationship between HNO3 - and DTPA-extractable metals in soil and plants. The
order of metal concentration (by both HNO3 - and DTPA extraction methods) in the soil
profiles of the uncontaminated and contaminated treatments was Zn > Cu > Pb > Cd
(Table 6). Artificial contamination of topsoil caused an increase in HNO3 - and DTPAextractable metal concentrations in soil profiles of all the treatments, especially in topsoil
(Table 6).
Table 6
Average of soil metal concentrations (HNO3 -extractable and DTPA-extractable) in different treatments (mg kg−1 dry soil)∗
Metal Treatment HNO3: 0–10 cm HNO3: 0–50 cm DTPA: 0–10 cm DTPA: 0–50 cm
Cd

Cu

Pb

Zn

∗

W†
W+M
S
S+M
W
W+M
S
S+M
W
W+M
S
S+M
W
W+M
S
S+M

1.3 ± 0.1c††
12.7 ± 1.2a
1.3 ± 0.3c
6.4 ± 1.5b
19.8 ± 1.8c
594.0 ± 27.3a
20.9 ± 2.2c
457.7 ± 17.8b
15.9 ± 3.6b
109.7 ± 20.3a
13.1 ± 2.3b
124.6 ± 16.3a
67.7 ± 3.6c
775.0 ± 14.3a
60.6 ± 1.7c
713.7 ± 3.5b

1.3 ± 0.5c
4.1 ± 0.2a
1.2 ± 0.1c
2.8 ± 0.4b
19.3 ± 1.9c
146.7 ± 9.9a
20.6 ± 2.7c
119.7 ± 6.1b
14.8 ± 0.6b
36.4 ± 4.0a
13.4 ± 1.3b
37.2 ± 7.7a
43.8 ± 6.4b
207.5 ± 7.6a
37.1 ± 3.4c
208.4 ± 5.4a

0.06 ± 0.02c
2.1 ± 0.1a
0.05 ± 0.0c1
1.4 ± 0.1b
4.0 ± 0.4c
128.5 ± 10.1a
3.9 ± 0.5c
103.5 ± 6.2b
0.9 ± 0.1c
18.0 ± 2.1b
0.5 ± 0.1c
24.5 ± 2.2a
11.1 ± 1.0c
161.33 ± 5.0a
7.5 ± 0.6c
129.8 ± 8.8b

0.05 ± 0.02c
0.5 ± 0.03a
0.03 ± 0.01c
0.4 ± 0.06b
3.4 ± 0.4c
29.8 ± 2.8a
3.1 ± 0.4c
25.2 ± 1.7b
0.5 ± 0.1c
4.4 ± 0.4b
0.4 ± 0.1c
5.8 ± 0.6a
3.8 ± 0.5c
36.7 ± 1.1a
3.0 ± 0.4c
31.7 ± 2.1b

Average of three replications ± standard deviation
W: uncontaminated wheat, W+M: contaminated wheat, S: uncontaminated safflower, S+M:
contaminated safflower
††
For each metal in a column, means with similar letters (a, b, c, d) are not significantly different
at 0.05 level according LSD test.
†
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Figure 2. Relationships between HNO3 - and DTPA-extractable metal concentrations in topsoil and
metal concentrations in aerial plant parts.

Artificial contamination increased the final HNO3 - and DTPA-extractable Cd of topsoil
10- and 35-fold, respectively, in wheat planted columns. As a result, Cd concentration in
aerial wheat parts increased 16-fold (Figure 2). In safflower planted columns, artificial Cd
application increased top soil’s HNO3 -extractable Cd by a factor of 5, and DTPA-extractable
Cd by a factor of 28. This, in turn, increased Cd concentration in safflower aerial parts by
a factor of 12 (Figure 2). This shows wheat has more potential for Cd accumulation in this
type of soil than safflower. In average 31-fold and 24-fold increases in Cu concentrations
of topsoil in wheat and safflower planted columns caused, respectively, 1.5-fold increase
in Cu concentration in aerial plant parts for wheat and safflower (Figure 2). As a result of
contaminating soil, HNO3 - and DTPA-extractable Pb increased in the topsoil of wheat and
safflower planted columns, which in turn increased Pb concentration in aerial wheat by a
factor of 2.2 and aerial safflower by a factor of 1.8. As a consequence of artificially applying
Zn in columns, in average, Zn concentration increased 13.0- and 14.6-fold in the topsoil of
wheat and safflower planted columns, respectively, which caused 1.6-fold increase in Zn
concentration in the aerial parts of the both plants (Figure 2).
As the results show, safflower was more tolerant to heavy metal contamination and
could produce dry biomass as much as uncontaminated situation with smaller decrease
(6%) in evapotranspiration than wheat (12%). In fact, in our study safflower could grow
normally while wheat growth was affected by contamination. One explanation for the
differences in the behavior of wheat and safflower could be their rooting systems. Wheat
has a fibrous rooting system and most of its growth was limited to the top soil, which was
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the contaminated zone in our study, while safflower has a taproot system, which could more
easily escape the contaminated zone. In fact, if not restricted, as in pot experiments, plants
try to avoid growing roots in the contaminated zones (Logan and Chaney, 1983; Mench et
al., 2000; Rosselli et al., 2003). Many greenhouse studies show a larger metal concentration
in aerial plant parts (Vandecasteele et al., 2005), largely because of restricted root growth.
The results obtained in this study agree with previous research. Whiting et al. (2001)
evaluated the role of Zn bioavailability in soil on hyperaccumulation by T. caerulescens,
and concluded that T. caerulescens acquired Zn that was not initially soluble in the soil. They
proposed that the high dissolution of insoluble Zn may have been due to high root density in
the soil, as a consequence of the limited volume of pot experiments. The physical restriction
of roots in small volumes of soil causes overlapping of the rhizospheres, which increases
the root-soil interaction (Marschner, 1995). Consequently, high root density intensifies the
effects of weak root-derived mobilization mechanisms, increases microbial density/activity
within the soil, and also enhances the dissolution of buffered-Zn by more rapid depletion
of the soluble pool due to plant uptake.
One obvious real-world application of our finding would be to select the right kind
of crop, based on the soil metals profile. If the contamination is mostly on the top of the
profile, avoid fibrous shallow-rooted crops. If it’s an older site where most of the metals
have started to leach or have leached out of the upper profile, then a shallow fibrous root
crop might be better suited than a deep-rooted one. Also, more tolerant crops should be
selected for contaminated soils.

4. Conclusions
Contamination of the soils decreased significantly the shoot dry matter yield for wheat, while
it had no effect on safflower plants. While water use efficiency diminished significantly
as a result of metal accumulation in wheat plants, it was not changed significantly in
contaminated safflower columns. The increases of metal accumulation in aerial safflower
parts in contaminated columns were more than wheat. Also, shoot/root metal ratios were
differently affected for wheat and safflower by metals contamination so that contamination
treatment decreased metal translocation from roots to shoots of wheat, while it had a
different effect on safflower. In contaminated safflower treatment, while shoot to root ratios
for Cd and Zn were significantly greater than the control, they did not change for Cu and
Pb.
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