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The bioassay of barley root elongation was performed in 17 Chinese soils with added copper (Cu) to investi-
gate the phytotoxicity of soluble Cu based on soil pore water and 0.01 M CaCl2 extraction. For soluble Cu in
soil pore water, the soil solution property induced variations of effective concentrations that caused 10%
(EC10) and 50% (EC50) inhibition in barley root elongation which were 125 and 18 folds, respectively. Sim-
ilarly for soluble Cu extracted by 0.01 M CaCl2, the soil solution property induced variation of EC10 and EC50
values was 14 and 7 folds, respectively, indicating that the concentrations of soluble Cu extracted by 0.01 M
CaCl2 or in soil pore water were largely affected by soil solution chemistry and properties in a wide range of
soils. The multiple regression analysis was applied to derive empirical relationships between soil pore water
properties (pH, electrical conductivity (EC), K+, Na+, Ca2+, Mg2+, S and dissolved organic matter (DOC)) and
soluble Cu toxicity thresholds. When incorporating these parameters into the regression equations, the coef-
ficient of determination (r2) for EC50 or EC10 ranged from 0.78 to 0.87. The results showed that the toxicity
thresholds based on both Cu concentrations in soil pore water and 0.01 M CaCl2 extraction were affinitive to
soil pore water chemistry. Meanwhile, DOC was constantly significantly correlated to Cu toxicity thresholds
(EC50 and EC10) in the pore water and 0.01 M CaCl2 extraction, which could explain 70% of the variance of
EC50 for Cu in soil pore water.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Soil properties have definitely influenced the soil heavy metal
toxicity/bioavailability. There are a large number of studies about
the relationship between the soil properties and phytotoxicity of
metals in soils (Li et al., 2010; Rooney et al., 2006; Warne et al.,
2008).). However, there is still an issue about whether the differences
in metal toxicity thresholds could be better explained by soil soluble
metal concentrations (Broos et al., 2007; Rooney et al., 2007). For
example, the variations of toxicity thresholds based on both added
zinc (Zn) and copper (Cu) across the 12 Australian soils were smaller
than those on either the soil solution metal concentrations or CaCl2-
extractable metal concentrations for soil microbial processes (Broos
et al., 2007), whereas the EC50 (effective concentrations that caused
50% inhibition) based on the Ni concentration in soil solution varied
less among soils than that based on the total added Ni for barley
root and tomato shoot growth (Rooney et al., 2007). Even so, further
investigation is still needed to evaluate the soil soluble Cu toxicity/
bioavailability in soils as a function of soil solution properties.

Metal bioavailability and toxicity are determined by soil water
chemistry (Sauvé et al., 2000) and the different speciation distribu-
tion of Cu. For instance, free Cu2+ and CuOH+ are the most toxic
forms while other forms are less toxic or without toxicity for barley
root elongation (Guo et al., 2010; Wang et al., 2012a). Soil organic
matter (SOM), pH and concentrations of major ions in soil solution
are known to influence the speciation of metals and thus affect toxic-
ity of soluble metals to plants. Copper was reported to be preferen-
tially combined with organic matter (Degryse et al., 2009; Luo et al.,
2006a,b). Strawn and Baker (2008) mechanically elucidated the Cu
speciation using advanced spectroscopic and microscopic methods,
indicating that Cu was complexed to organic matter via bidentate
inner-sphere coordination with carboxyl or amine ligands. Moreover,
Cuss et al. (2010) used the geochemical equilibrium speciation model
MINTEQA2 to evaluate the impacts of dissolved organic matter (DOC)
on copper speciation and their results showed that free Cu concentra-
tion decreased with the increase in DOC concentration. Soil solution
pH was another important property determining the concentration
of soil soluble metal (Salam and Helmke, 1999) and Cu speciation
(Wang et al., 2009). More recently it is reported that pH had the sig-
nificant influence on free Cu concentration (Degryse et al., 2009; Luo
et al., 2006a,b) and thus influence soluble Cu toxicity. While whether
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the DOC or pH could really affect the soluble Cu toxicity in a wide
range of soil solutions is still unclear.

Besides the influences on Cu forms, the solution chemistry param-
eters, such as Mg2+, Ca2+, Na+, K+ and H+, were supposed to inter-
act with the biotic ligand with Cu and consequently resulted in a
decreased phytotoxicity of Cu. This protective effect had been studied
on barley, tomato, wheat and lettuce (Lock et al., 2007; Luo et al.,
2008; Thakali et al., 2006a,b; Yen Le et al., 2012). Thakali et al.
(2006a,b) and Yen Le et al. (2012) revealed that only protons could
influence the Cu toxicity on barley, tomato and lettuce, respectively,
as competing cation. While Lock et al. (2007) and Luo et al. (2008)
reported the ameliorative effects of Mg2+ and Ca2+ on the Cu
rhizotoxicity to barley (Hordeum vulgare) and wheat (Triticum
aestivum), respectively, but not for H+, Na+ and K+ in nutrient solu-
tions. The latter results derived from artificial solutions did not accord
with observation of former results using the real soil solution. Since
most research focused on the cultural solution rather than the real
soil solution, whether these findings derived from artificial solutions
are available for the real soil solutions is still unanswered until now.

Therefore, in the present study, bioassays of barley root elongation
were performed in 17 Chinese soils with added Cu. The aims of the
present study were: (1) to evaluate the phytotoxicity of soil soluble
Cu based on soil pore water and 0.01 M CaCl2 extraction; (2) to
use the obtained toxicity thresholds data to derive empirical relation-
ships between soil pore water properties and soluble Cu toxicity and
(3) and to determine the main factors in pore water influencing solu-
ble Cu phytotoxicity.

2. Materials and methods

2.1. Soil samples and treatments

Seventeen soil samples (0–20 cm depth) were used, which are
representative of the major types of agricultural soils in China. The
soil sampling sites and physical and chemical characteristics of the
soils have been described in detail by Li et al. (2010). The ranges of
the main soil properties were as follows: pH 4.93–8.90; organic
carbon content (OC) 0.60–4.28%; cation exchange capacity (CEC)
6.36–33.59 cmol+/kg and clay content 10–66%.

The soil samples were air-dried and sieved through a b2 mm
screen. Copper was added as CuCl2 solution at eight concentrations
(control plus seven Cu doses) and thoroughly mixed again to produce
nominal concentrations of: 0, 12.5, 25, 50, 100, 200, 400 and 800 mg
Cu/kg for soils with pH b 5; 0, 25, 50, 100, 200, 400, 800 and 1600 mg
Cu/kg for soils with pH 5 to 7; 0, 37.5, 75, 150, 300, 600, 1200 and
2400 mg Cu/kg for soils with pH N 7. All the amended soils at three

replications were incubated for 2 days at 100% maximumwater hold-
ing capacity (MWHC) (Jenkinson and Powlson, 1976), air-dried,
sieved to b2 mm using plastic mesh, then stored at room tempera-
ture before bioassay.

The soluble metal concentrations were measured in soil pore
water and in soil CaCl2 extraction. The methods for collecting soil
pore water were referred to Thibault and Sheppard (1992). The soil
samples which were incubated overnight with addition of deionized
water at field capacity at pF 1.7 (log 50 cm water suction) were cen-
trifuged for 45 min at a speed of 3500 r/min and then another 45 min
at a higher speed of 15000 r/min. The supernatant was passed
through 0.45 μm filters and then the properties and chemistry of
the filtrates were measured immediately. The Cu extraction, using
0.01 M CaCl2 solution, was undertaken using an air-dried soil in a
ratio of soil to solution 1:5 (m/V). The soil suspension with 0.01 M
CaCl2 solution was shaken for 30 min and centrifuged for 15 min at
a speed of 3500 r/min. The supernatants were passed through
0.45 μm filters. The basic parameters of the soil pore water were mea-
sured, such as DOC, pH, electrical conductivity (EC), Na+, K+, Ca2+,
Mg2+ and S. The pH and EC of the pore water were measured using
a microelectrode pH and EC meter (Thermo Fisher Scientific Inc.,
New York, USA) and the concentration of DOC in the solutions was
determined using a Formacs SERIES TOC/TN Analyser (Skalar Ltd.,
Breda, The Netherland). The concentrations of a number of cations
(K+, Ca2+, Na+, Mg2+, Cu2+) and S of soil pore water and the soluble
Cu concentration in the 0.01 M CaCl2 extraction were measured
either by inductively coupled plasma-atomic emission spectrometry
(Spectro flame Modula, Spectro, Boschstr, Kleve, Germany) or induc-
tively coupled plasma-mass spectrometry (Spectro flame Modula,
Spectro, Boschstr, Kleve, Germany) depending on their concentra-
tions in the solutions (Zarcinas et al., 1996). The main pore water
properties of soil samples are presented in Table 1.

2.2. Barley root elongation bioassay

The barley root elongation bioassay was performed based on the
International Organization for Standardization (ISO) 11269-1 (1993).
All the detailed procedures for the barley root elongation bioassay
have been described by Li et al. (2010). The percentage difference in
barley root elongation compared to the corresponding control samples
(RE, %) in a test medium was calculated using the equation:

RE ¼ REt
REc

� 100 ð1Þ

Table 1
Initial properties of pore water samples in soils without Cu addition.

Soil no. Location pH EC
(mS/cm)

DOC
(mg/L)

Ca
(mg/L)

K
(mg/L)

Mg
(mg/L)

Na
(mg/L)

S
(mg/L)

S1 Beijing 7.53 1.03 623 219 31.4 38.3 6.15 47.1
S2 Chongqing 7.73 0.532 207 134 2.44 11.4 13.4 52.6
S3 Gansu 8.4 2.087 243 132 8.9 42.7 54.2 28.7
S4 Guangzhou 7.76 1.196 259 1359 31.5 16.1 47.1 187
S5 Hailun 6.97 0.847 308 168 3.14 41.4 20.1 58.7
S6 Hainan 4.94 1.063 153 50.4 50.8 16.8 18.8 3.45
S7 Hangzhou 6.86 2.13 286 438 34.2 78.3 135 237
S8 Hunan 4.9 1.084 152 206 12 26.1 26.8 63.4
S9 Jiaxing 7.21 2.137 117 353 7.2 81.5 154 119
S10 Jilin 8 1.271 158 239 5.79 22.1 12 51.6
S11 Langfang 8.16 0.854 153 155 22.5 22.1 23.3 42.2
S12 Neimeng 7.59 11.36 337 354 16.4 483 2128 721
S13 Shandong 8.18 2.31 138 248 1.6 95.1 248 123
S14 Shanxi 8.2 1.139 53 236 11.8 18.9 19.3 50.7
S15 Shijiazhuang 7.96 2.835 207 730 8.11 104 69 424
S16 Xinjiang 8.29 3.303 294 444 51.5 90.3 605 446
S17 Zhengzhou 8.31 1.121 166 169 4 38.6 65.4 81.8
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where REt is the root length in the test soil samples and REc is the root
length in the control samples without spiked Cu.

2.3. Data statistical analysis

The EC10 and EC50 values were performed on the log-logistic
dose–response curves based on the measured soluble Cu concentra-
tions in both the CaCl2 extraction solutions and in the pore water
samples. The 95% confidence intervals of EC10 and EC50 values
were also obtained from the fitted curve parameters according to
Haanstra et al. (1985).

The toxicity thresholds (EC10 and EC50) and the properties of
soil pore water were regressed using SPSS 19.0 for Windows (SPSS,
Chicago, IL, USA). Relationships were deemed significant at p ≤ 0.05.

3. Results

3.1. Toxicity thresholds for soil soluble Cu

Barley root elongation exhibited a significant response to Cu addi-
tions in all soils. Compared to the unamended control, the inhibition
on barley root elongation due to the addition of Cu was observed and
the data fitted reasonably well to the log-logistic dose–response curve
(Figs. 1 and 2). When considering the toxicity thresholds for Cu in soil
pore water, it was found that the EC10 ranged from 0.01 (S6) to
0.97 mg/L (S1) and EC50 ranged from 0.14 (S14) to 2.50 mg/L (S1),
representing 125 and 18 fold differences, respectively (Table 2). Simi-
larly, the toxicity thresholds for Cu extracted by 0.01 M CaCl2 showed
that the EC10 values varied from 0.08 (S6) to 1.21 mg/kg (S1) and the
EC50 varied from 0.52 (S14) to 3.60 mg/kg (S1), representing 14 and
7 fold differences, respectively. In the same set of soils, Li et al. (2010)
reported that the EC10 values of the added Cu ranged from 31 to
444 mg/kg (14.3 fold differences) and EC50 ranged from 67 to
1129 mg/kg (16.8 fold differences). These results showed that the dif-
ferences between the toxicity thresholds expressed by Cu extracted by
0.01 M CaCl2 were only smaller than the toxicity thresholds of the
added Cu for EC50 and those expressed by soluble Cu in soil pore
water were greater than those of expressed by added Cu. Similarly,
soluble Cu in soil pore water did not narrow the soil to soil variation

in the toxicity thresholds to barley in 18 European soils (Zhao et al.,
2006). Therefore, all the results indicated that the toxicity of either Cu
extracted by 0.01 M CaCl2 or Cu in soil pore water is largely affected
by soil solution chemistry and properties in a wide range of soils.

3.2. Effects of soil solution on the soluble Cu toxicity

The multiple regression analysis considered the important water
chemistry that affected Cu toxicity, including pH, EC, K+, Na+, Ca2+,
Mg2+, S and DOC. Since not all soil pore water parameters are statis-
tically significant in all equations, the regression equations with the
specific significant parameters (p b 0.05) are presented in Table 3.
The regression results showed that DOC constantly significantly cor-
related to Cu toxicity thresholds (EC50 and EC10) in the pore water
and 0.01 M CaCl2 extraction for 17 soil samples (Table 3). For exam-
ple, single DOC parameter could explain 55% and 70% of the variance
of EC10 and EC50 for Cu in soil pore water. Meanwhile, the DOC was
significantly positive with the toxicity thresholds, indicating that the
toxicity threshold increased as the DOC concentration increased.

Except DOC, the second important parameter was soil solution pH.
For instance, including pH, the coefficient of determination (r2) of
EC10 increased from 0.55 to 0.68 in the pore water (Table 3). In addi-
tion, Na+ was found to be a significant parameter of toxicity thresh-
olds (EC10) of Cu in soil pore water, which increased r2 from 0.68
to 0.78 (Table 3).

When incorporating initial soil pore water chemistry (pH, EC, K+,
Na+, Ca2+, Mg2+, S and DOC of soil pore water samples without ad-
dition of Cu) into the regression models, together with corresponding
toxicity thresholds for Cu from the pore waters and the 0.01 M CaCl2
extractions, the r2 for EC50 or EC10 ranged from 0.78 to 0.87
(Appendix Tables 1 and 2), indicating that more factors could further
improve predictions. When comparing the r2 values for EC50 and
EC10 for Cu from pore water and the 0.01 M CaCl2 extraction samples,
the values were a little higher in pore water than that in 0.01 M CaCl2
extraction (Appendix Tables 1 and 2). The results suggested that the
toxicity thresholds based on Cu concentrations in soil pore water
and 0.01 M CaCl2 extraction were both affinitive to soil pore water
chemistry, even better for Cu toxicity thresholds based pore water.
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Fig. 1. Dose–response curves for barley root elongation as a function of the concentrations of Cu in soil pore waters in 17 soils. Symbols represent all replicated data points and lines
are the fitted log-logistic curves.
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4. Discussion

4.1. Comparison of soluble Cu toxicity based on pore water and 0.01 M
CaCl2 extraction

In the present study, the toxicity of soluble Cu based on 0.01 M
CaCl2 extraction had smaller variation in wide range of soils and
with slightly lower coefficient of determination in the regression
equations, comparing with the toxicity based on Cu in soil pore
water. Moreover, the discrepancy of the significant factors in deter-
mining the soluble Cu toxicity was also observed. For instance, except
DOC and pH, the soluble Cu toxicity thresholds in 0.01 M CaCl2 ex-
traction showed more dependency on K+ content, whereas that in
pore water did not. The 0.01 M CaCl2 extraction always replaced soil

pore water as a simple way to estimate the soluble metal toxicity.
However, there was a query about its accuracy for Cu. In most soil so-
lutions, Cu was predominately complexed with dissolved organic
matter (DOM) and thereby the Cu concentration in solution was
largely decided by the DOM concentration (Strawn and Baker,
2008). The DOM concentration was lower in 0.01 M CaCl2 extraction
than that in soil pore water because it undergone the aggregation,
dilution and sorption of Ca–DOM complexes on the solid phase in
the process of CaCl2 extraction. Therefore, the concentrations of Cu
and speciation distributions in CaCl2 extraction would differ from
those in the soil pore water. In the present soil samples, the ratio of
the soluble Cu concentrations in pore water and 0.01 M CaCl2 extrac-
tion varied from 0.81 to 4.0 at highest dosage of Cu addition in the
same unit of mg/kg (Fig. 3), indicating that these differences directly
caused the different dosage response curve results and then
influenced the toxicity thresholds. Although the extents of toxicity
threshold variations were smaller for soluble Cu based on 0.01 M
CaCl2 extraction than pore water, its toxicity threshold variations
were still larger than 7 times and thus the soluble Cu extracted by
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Fig. 2. Dose–response curves for barley root elongation as a function of the concentrations of Cu in the 0.01 M CaCl2 extraction in 17 soils. Symbols represent all replicated data
points and lines are the fitted log-logistic curves.

Table 2
Toxicity thresholds measured by barley root elongation for soluble Cu for 17 Chinese
soils.

Soil no. Pore water Cu (mg/L) CaCl2-extractable Cu (mg/kg)

EC10 95% C. I.a EC50 95% C. I. EC10 95% C. I. EC50 95% C. I.

S1 0.97 0.54–1.74 2.50 1.98–3.16 1.21 0.65–2.24 3.60 2.78–4.66
S2 0.50 0.31–0.83 1.15 0.98–1.34 0.81 0.53–1.23 1.64 1.44–1.87
S3 0.37 0.30–0.44 0.77 0.71–0.83 0.57 0.27–1.19 1.32 1.05–1.66
S4 0.23 0.15–0.34 0.53 0.27–1.03 0.36 0.27–0.46 1.48 1.08–2.02
S5 0.12 0.08–0.18 0.44 0.36–0.53 0.25 0.18–0.36 0.82 0.70–0.96
S6 0.01 0.00–0.24 0.56 0.11–2.91 0.08 0.01–0.52 2.66 1.10–6.46
S7 0.21 0.12–0.37 1.33 1.05–1.67 0.25 0.12–0.51 1.78 1.33–2.38
S8 0.11 0.04–0.30 0.43 0.27–0.70 0.31 0.18–0.55 1.46 1.12–1.91
S9 0.09 0.05–0.15 0.25 0.19–0.33 0.22 0.12–0.41 0.65 0.52–0.83
S10 0.16 0.12–0.21 0.52 0.45–0.60 0.47 0.32–0.70 1.37 1.16–1.61
S11 0.51 0.24–1.11 1.14 0.84–1.55 0.35 0.12–1.02 0.88 0.61–1.27
S12 0.82 0.52–1.29 1.90 1.62–2.24 0.43 0.28–0.68 1.37 1.15–1.63
S13 0.30 0.20–0.46 0.70 0.58–0.85 0.32 0.20–0.52 0.75 0.62–0.89
S14 0.06 0.03–0.10 0.14 0.09–0.20 0.22 0.17–0.29 0.52 0.46–0.57
S15 0.35 0.15–0.84 0.78 0.55–1.11 0.38 0.18–0.78 0.87 0.65–1.18
S16 0.63 0.40–1.01 1.48 1.20–1.81 0.49 0.32–0.78 1.15 0.97–1.37
S17 0.32 0.18–0.55 0.73 0.59–0.91 0.35 0.15–0.82 0.80 0.60–1.08

a Ranges given as 95% confidence intervals (C. I.).

Table 3
Simple andmultiple linear regressions between soluble Cu toxicity thresholds and pore
water chemistry (n = 17).

Regression equation r2 p

Toxicity thresholds based on soil pore water
1 EC10 = −0.65 + 0.085pH + 0.0002Na +
0.001DOC

0.78 0.0026 0.034 b0.001

2 EC10 = −0.70 + 0.092pH + 0.002DOC 0.68 0.032 b0.001 –

3 EC10 = −0.019 + 0.002DOC 0.55 b0.001 – –

4 EC50 = −0.014 + 0.004DOC 0.70 b0.001 – –

Toxicity thresholds based on CaCl2 extraction
5 EC10 = 0.074 + 0.002DOC 0.54 b0.001 – –

6 EC50 = 2.8–0.32pH + 0.004DOC 0.68 0.011 b0.001 –

7 EC50 = 0.40 + 0.004DOC 0.48 0.002 – –

r2: coefficient of determination (percentage of variance accounted for by the regression
model); p: significant level; EC10: effective concentrations that caused 10% inhibition
and EC50: effective concentrations that caused 50% inhibition.

4 X. Zhang et al. / Geoderma 211–212 (2013) 1–7



Author's personal copy

0.01 M CaCl2 should also not be deemed as a precise predictor of tox-
icity to barley root elongation.

4.2. The effect of soil solution properties on soluble Cu toxicity

In the present study, DOC was the most important soil solution
properties, which significantly alleviates the phytotoxicity of soil solu-
ble Cu in wide range of soils. For toxicity thresholds based on soil pore
water, the EC10 increased 0.2 mg/L, and EC50 increased 0.4 mg/L,
respectively, as DOC in the soil solution increased 100 mg/L according
to the regression Eqs. (3) and (4) in Table 3. It was more obvious that
the ECx (x = 10, 50) based on soluble Cu in pore water was influenced
by DOC in the same trend, however the DOC exhibited even greater im-
pacts on EC50 (Fig. 4). In the 17 tested soils, the EC50 values weremore
than 2 folds higher than corresponding EC10 values. Thus, more soluble
Cu existed in the soil solution system and a large number of free Cu2+

was more readily to be complexed with DOC, which resulted in the
reduction of free Cu2+ concentration and thus reduced Cu toxicity
(Qiu et al., 2006; Temminghoff et al., 1997). Therefore, when the DOC
increased, the EC50 values were increased more than EC10. The DOC

is present in both terrestrial and aquatic ecosystem. Although the
chemical structures and molecular weights may be different be-
tween soil solution and natural water, they share similar functional
active groups (acidic (primarily carboxylic and phenolic), carboxyl,
hydroxyl and other bridging units), capable of binding with Cu
(Gardea-Torresdey et al., 1996). In water, Arnold et al. (2010) previ-
ously found that only DOC was significantly related to the median
lethal concentration (LC50) to rotifer Brachionus plicatilis in 48-h
static acute copper toxicity experiments, while pH and salinity
were not statistically significant. Unanimous result was also ob-
served in the culture solution (Guo et al., 2010; Linbo et al., 2009),
where it was demonstrated that Cu toxicity can be decreased by
the presence of organic ligands. Therefore, organic carbon could
greatly influence the Cu toxicity not only in water system and culture
solution but also the soil solution system.

It is not recommended to estimate the relationship between the
soluble Cu toxicity thresholds in 0.01 M CaCl2 extraction and cations
because of dilution of DOC and colloids and also the variation of soil
properties. Therefore, it is proper to focus on the soluble Cu toxicity
threshold in pore water. Compared to DOC, pHwas the second impor-
tant, significant in Eqs. (1) and (2) (Table 3). The EC10 was positively
correlated with soil solution pH in the multiple regression analysis,
while the linear relationship between 1/ECx and OH−, lgECx and pH
or ECx and H+ was not found. It indicated that the effect of pH on
soluble Cu toxicity thresholds in the complicated soil solution was
greatly influenced by other parameters in the soils. In culture solu-
tion, the significant linear relationship between pH and EC50 was
reported, in which the variation of speciation distribution of Cu and
other toxic forms of soluble Cu besides free Cu2+ in the soil solution
was considered (Wang et al., 2009). Previous study has revealed
that the CuOH+ was toxic besides free Cu2+ and could improve the
accuracy of evaluating the effect of soluble Cu toxicity in a wide
range of pH conditions (Wang et al., 2009, 2012a). The soluble Cu tox-
icity increased with the CuOH+ concentration increased. From the
other hand, the soil organic carbon would partition more to soil solu-
tion as pH increased, which resulted in more free Cu2+ complexed
with DOC (Temminghoff et al., 1997). These Cu–DOC compounds
were less toxic than free Cu2+ (Guo et al., 2010) and thus the soluble
Cu toxicity reduced as pH increased. For the pH b 8, the concentration
of CuOH+ steadily increased which contributed to the increase of
soluble Cu toxicity. For the pH N 8, the concentrations of free Cu and
CuOH+ decreased and increased the DOC–Cu, which lead to the re-
duction of soluble Cu toxicity. Similarly, Wang et al. (2012a) reported
that there were no significant variations on EC50 at solution pH less
than 6.5 and apparent reduction on EC50 with increasing pH at solu-
tion pH of 7–8. The discrepancy of pH effect existed between EC10
and EC50, for which the EC50 was not significant in multiple regres-
sion analysis, indicating that the EC50 was influenced by other soil so-
lution properties simultaneously. In our bioassay, most soluble Cu
may bind with DOC when added dosage Cu was small, while more
Cu was added to cause root growth inhibition from 10% and 50%,
which not only resulted the concentration of other speciation (such
as free Cu2+, CuOH+) to increase, but also more free Cu2+ would
compete for the limited absorption site of DOC. Therefore, the compli-
cated factors showed more influence on the EC50 values in common
with pH than that on EC10.

The effects of cations were relatively small in the present study,
which was supposed to alleviate the soluble Cu toxicity (Brown et
al., 2012; Cheng and Allen, 2001; De Schamphelaere and Janssen,
2004; Kinraide et al., 2004). The K+, Ca2+, Mg2+ and Na+ did not sig-
nificantly affect soluble Cu2+ toxicity in the regression results. Na+

more closely related with EC10 and the protective ability of Mg2+

against Cu toxicity was only found in Eq. (12) (Appendix Table 1).
In general, these cations were not obviously linearly correlated to
the EC50 or EC10, indicating that competition for binding sites be-
tween Cu2+ and cations such as Ca2+, Mg2+, Na+, K+ was not an
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Cu-pw, mg/kg) and 0.01 M CaCl2 extraction (expressed as, Cu–CaCl2 mg/kg) at highest
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important factor in determining soluble Cu2+ phytotoxicity in com-
mon soil solutions. In the similar concentration ranges of Ca2+, Na+

and Mg2+ of 10–250 mg/L, 10–250 mg/L, 12.5–100 mg/L, respec-
tively, Schwartz and Vigneault (2007) studied chronic Cu toxicity
to Ceriodaphnia dubia and found that there was no effect of cationic
competition using increasing Ca2+ and Na+ concentrations in the
exposures and a small protective effect for Mg2+. Meanwhile, De
Schamphelaere and Janssen (2004) also reported that a competition
effect of Na+ was observed in chronic Cu toxicity to Daphnia magna
not for Mg2+ and Ca2+, in which the Ca2+, Na+ and Mg2+ activities
were 1.24 × 10−4–2.07 × 10−3, 1.42 × 10−3–1.85 × 10−2 and 3.08 ×
10−5–5.14 × 10−4, respectively. Some studies indicated that besides
the competitive effect between the cation and Cu2+ (Thakali et
al., 2006a,b), the coexistent cations can be attributable to the
changes in the enhancement factor of Cu2+ activity at the outer
surface of the plasma membrane (PM) and the electrical driving
force across PMs (Wang et al., 2012b). These dual effects might be
more adequate to explain the no apparent effects of cation on solu-
ble Cu toxicity, rather than the sole cation competition effects.

In addition, S did not significantly relate to the soluble Cu toxicity
in multiple regression equation. The S was often less significant in
predicting copper toxicity compared with other important parame-
ters, such as DOC and pH. The EC of the soil pore water was a reliable
indicator of the solute (cation or anion) concentrations. Since the cat-
ion showed different influence on the soluble Cu toxicity, EC did not
exhibit as an important predictor. Therefore, in the present study,
DOC was the most important factor influencing the soluble Cu toxicity

thresholds based on pore water, followed by the pH, S, Mg2+, Na+,
K+, Ca2+ and/or EC which were the least important factors.

5. Conclusions

Based on soluble Cu in the 0.01 M CaCl2 extraction and soil pore
water, the toxicity thresholds to barley root elongation varied widely
with ≥7 folds in a wide range of Chinese soils and largely affected by
soil solution chemistry and properties. The regression results showed
that DOC was the most important factor in determining the soluble Cu
toxicity, which decreased with increasing concentration of DOC in
soils. Soil solution pH was less important but more complicated than
DOC in influencing Cu toxicity. Other soil properties such as cations
have inconsistent significant effect on soluble Cu toxicity,while they im-
prove the r2 inmultiple regression analysis.We recommend to use these
empirical relationships deriving from the common soil pore water
chemistry for risk assessments of soluble Cu in a wide range of soils.
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Appendix A

Appendix Table 1
Simple and multiple linear regressions between Cu toxicity thresholds based on Cu concentrations in soil pore water (mg/L) and soil pore water chemistry (n = 17).

Regression equation r2 p Significant factors

1 EC10 = −0.62 + 0.094pH + 0.001 K − 0.0002Ca − 0.059EC + 0.0001 Mg +
0.0004Na + 0.0003S + 0.001DOC

0.82 0.086 0.87 0.28 0.73 1.0 0.42 0.59 0.008 DOC, pH, Na

2 EC10 = −0.63 + 0.095pH + 0.001 K − 0.0002Ca − 0.064EC + 0.0004Na +
0.0003S + 0.001DOC

0.82 0.045 0.80 0.25 0.51 0.38 0.561 0.002 –

3 EC10 = −0.58 + 0.090pH − 0.0002Ca − 0.073EC + 0.0004Na + 0.0004S +
0.001DOC

0.82 0.028 0.24 0.39 0.29 0.47 b0.001 – –

4 EC10 = −0.62 + 0.093pH − 0.0001Ca − 0.049EC + 0.0004Na + 0.001DOC 0.81 0.02 0.33 0.52 0.28 b0.001 – – –

5 EC10 = −0.66 + 0.092pH − 0.0001Ca + 0.0002Na + 0.001DOC 0.80 0.017 0.23 0.031 b0.001 – – – –

6 EC10 = −0.65 + 0.085pH + 0.0002Na + 0.001DOC 0.78 0.026 0.034 b0.001 – – – – –

7 EC10 = −0.70 + 0.092pH + 0.002DOC 0.68 0.032 b0.001 – – – – – –

8 EC10 = −0.019 + 0.002DOC 0.55 b0.001 – – – – – – –

9 EC50 = −0.96 + 0.15pH + 0.012 K − 0.001Ca − 0.27EC + 0.006 Mg +
0.0001Na + 0.001S + 0.003DOC

0.87 0.14 0.17 0.12 0.43 0.43 0.88 0.54 0.003 DOC, Mg

10 EC50 = −1.0 + 0.15pH + 0.013 K − 0.001Ca − 0.25EC + 0.006 Mg +
0.001S + 0.003DOC

0.87 0.11 0.11 0.088 0.4 0.37 0.52 0.002 –

11 EC50 = −1.1 + 0.17pH + 0.014 K − 0.0005Ca − 0.23EC + 0.007 Mg +
0.003DOC

0.87 0.065 0.057 0.084 0.42 0.31 0.001 – –

12 EC50 = −1.0 + 0.14pH + 0.011 K − 0.0005Ca + 0.002 Mg + 0.003DOC 0.86 0.081 0.059 0.064 0.041 b0.001 – – –

13 EC50 = −0.014 + 0.004DOC 0.70 b0.001 – – – – – – –

r2: coefficient of determination (percentage of variance accounted for by the regression model); p: significant level; EC10: effective concentrations that caused 10% inhibition and
EC50: effective concentrations that caused 50% inhibition; DOC: dissolved organic carbon; EC: electrical conductivity.

Appendix Table 2
Simple and multiple linear regressions between Cu toxicity thresholds based on Cu concentrations in 0.01 M CaCl2 extraction (mg/kg) and soil pore water chemistry (n = 17).

Regression equation r2 p Significant factors

1 EC10 = −0.14 + 0.037pH − 0.007 K − 0.0001Ca + 0.14EC −
0.005 Mg + 0.0003Na + 0.0001S + 0.002DOC

0.78 0.50 0.17 0.48 0.45 0.21 0.51 0.91 0.002 DOC, K

2 EC10 = −0.16 + 0.038pH − 0.007 K − 0.0001Ca + 0.14EC −
0.005 Mg + 0.0003Na + 0.002DOC

0.78 0.44 0.13 0.42 0.41 0.18 0.49 b0.001 –

3 EC10 = −0.26 + 0.044pH − 0.006 K − 0.0002Ca + 0.18EC −
0.005 Mg + 0.002DOC

0.76 0.35 0.16 0.28 0.26 0.20 b0.001 – –

4 EC10 = 0.041 − 0.007 K − 0.0001Ca + 0.24EC − 0.006 Mg +
0.002DOC

0.74 0.036 0.35 0.11 0.084 b0.001 – – –

5 EC10 = 0.024 − 0.008 K + 0.21EC − 0.005 Mg + 0.002DOC 0.72 0.031 0.14 0.11 b0.001 – – – –
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Appendix Table 2 (continued)

Regression equation r2 p Significant factors

6 EC10 = 0.13 − 0.005 K − 0.001 Mg + 0.002DOC 0.66 0.097 0.19 b0.001 – – – – –

7 EC10 = 0.11 − 0.004 K + 0.002DOC 0.61 0.13 b0.001 – – – – – –

8 EC10 = 0.074 + 0.002DOC 0.54 b0.001 – – – – – – –

9 EC50 = 1.52 − 0.20pH + 0.016 K − 0.0001Ca + 0.40EC −
0.003 Mg − 0.001Na − 0.002S + 0.004DOC

0.83 0.18 0.20 0.92 0.41 0.81 0.49 0.17 0.005 DOC, pH, K

10 EC50 = 1.52 − 0.20pH + 0.016 K + 0.39EC − 0.002 Mg −
0.001Na − 0.003S + 0.004DOC

0.83 0.16 0.17 0.39 0.80 0.47 0.079 0.003 –

11 EC50 = 1.4 − 0.18pH + 0.018 K + 0.30EC − 0.001Na −
0.003S + 0.004DOC

0.83 0.12 0.043 0.25 0.39 0.06 b0.001 – –

12 EC50 = 1.74 − 0.19pH + 0.016 K + 0.095EC − 0.002S +
0.004DOC

0.82 0.1 0.053 0.30 0.073 b0.001 – – –

13 EC50 = 2.0 − 0.22pH + 0.013 K − 0.001S + 0.004DOC 0.78 0.059 0.082 0.051 b0.001 – – – –

14 EC50 = 2.8 − 0.32pH + 0.004DOC 0.68 0.011 b0.001 – – – – – –

15 EC50 = 0.40 + 0.004DOC 0.48 0.002 – – – – – – –

r2: coefficient of determination (percentage of variance accounted for by the regression model); p: significant level; EC10: effective concentrations that caused 10% inhibition and
EC50: effective concentrations that caused 50% inhibition; DOC: dissolved organic carbon; EC: electrical conductivity.
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