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ABSTRACT

The influence of soil solution properties on nickel (Ni) toxicity and its effects on barley root elongation were investigated using 
17 Chinese soils amended with Ni chloride, which may or may not have undergone leaching treatment. The Ni in the soil 
solution was recorded in the soil pore water and in the extraction with 0.01 M CaCl2. The ranges of effective concentrations 
for CaCl2 -extracted Ni that caused 10% root elongation inhibition (EC10) and for 50% inhibition (EC50) varied widely from 
65 to 114 times between different soils. The EC10 and EC50 values for Ni toxicity thresholds in soil pore water for unleached 
and leached soils varied from 40 to 124 times. In most soils, the toxicity thresholds for Ni, based on 0.01 M CaCl2 or soil 
pore water extractions, were not significantly affected by leaching. Regression models between toxicity thresholds and soil 
solution chemistry were developed and showed that Mg and S in soil pore water were the two most important factors affecting 
the extent of Ni toxicity on barley root elongation. However, pH showed only a weak correlation with toxicity thresholds. 
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INTRODUCTION

Current legislative frameworks for soil pollution focus 
predominantly on total metal content. However, the 
environmental risks posed by metals are not only a function 
of their overall presence in soils, but also of their chemical 
speciation. There have been a number of studies into the 
effects of metal toxicity on plants (Jolanta and Stanislaw, 
2004; Daoust et al., 2006; Lock et al., 2007a; Warne et 
al., 2008; Papazoglou, 2011). For example, Rooney et al. 
(2007) reported that soil cation exchange capacity was the 
best single predictor for the median effective concentration 
(EC50) of added nickel (Ni) and the EC50 ranged from 
52 to 1929 mg kg-1 and from 17 to 920 mg kg-1 in tests on 
barley and tomato plants, respectively. Li et al. (2011) also 
developed phytotoxicity models for Ni using 17 Chinese soils 
and showed that soil pH, soil organic carbon content and 
effective cation exchange capacity were good predictors of 
toxicity thresholds, with the EC50 ranging from 48 to 2519 

mg kg-1 for barley root elongation. It has been shown that 
soil properties significantly influenced Ni toxicity on plants 
by altering its chemical forms/species in the soils and that 
soil solution chemistry was important for Ni speciation in 
soils. Dunemann et al. (1991) studied Ni speciation in three 
different soil solutions, with and without sludge amendments, 
in relation to the availability of Ni to oat plants. They showed 
that Ni availability was affected by the species of Ni that 
was present, which differed considerably between soil 
types. More recently, Van Laer et al. (2006) and Nolan et al. 
(2009) used the Donnan membrane technique (DMT) and 
Windermere humic aqueous model (WHAM) VI to determine 
the Ni speciation in surface water and in the pore water of 
contaminated soils, respectively, and their results showed that 
the Ni species distribution could be influenced by solution 
chemistry, especially the sulfate concentration and pH. In 
summary, artificial solutions, rather than real soil solutions, 
were used to investigate the relationships between the solution 
chemistry and Ni toxicity. Lock et al. (2007b) revealed that 
increased Mg2+ concentration linearly decreased soluble 
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Ni toxicity while Ca2+, Na+, K+ and H+ did not significantly 
influence the Ni toxicity on barley root elongation in nutrient 
solution. Li et al. (2011) also reported the Ni toxicity to 
barley root elongation decreased with increases in Mg2+ and 
Ca2+ concentration but not for Na+ and K+ in solution culture. 
For European soils, Rooney et al. (2007) reported that the 
EC50, based on the Ni concentration in soil solution, showed 
little variation between soils and suggested that Ni solubility 
is, instead, a key factor influencing its toxicity to plants. 
However, there have been few studies into the influence of 
soil solution chemistry on Ni phytotoxicity. 

Amending soils with soluble salts, such as chloride, 
nitrate, or sulfate salts, reduced the pH and led to a higher 
salinity, which could increase the toxicity of Ni added to 
soils. Oorts et al. (2007) and Li et al. (2011) found that 
leaching decreased Ni phytotoxicity significantly. Stevens 
et al. (2003) studied the phytotoxicity of anions and found 
that they indirectly increased both the metal concentrations 
in the soil solution and metal bioavailability. Therefore, to 
overcome this potential salinity effect, soils should be leached 
after contamination to achieve a more realistic exposure 
situation for assessing metal toxicity to plants, as would be 
more relevant under field conditions.

In the present study, bioassays of barley root elongation 
were undertaken in 17 Chinese soils with added Ni and with 
or without leaching. The aims of the present study were: 
(1) to quantify the effect of leaching on soluble Ni toxicity; 
(2) to establish empirical relationships between soil pore 
water properties and soluble Ni toxicity under leached and 
unleached conditions and (3) to determine the main factors in 
pore water influencing soluble Ni phytotoxicity. 

MATERIALS AND METHODS

Soil samples and treatments

Seventeen soil samples (0–20 cm depth) were collected 
from latitude 19°55’N to 47°28’N and longitude 87º46’E 
to 126°57’E, which covered the main areas of China. The 
map of sampling sites and properties of the soils have been 
reported in detail by Li et al. (2011). 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-1 and clay content 10–66%. The soils 
were representative of the major types of agricultural soils in 
China. The collected 17 soil samples before amendment with 
Ni solutions have not been polluted by other heavy metals 
(Cu, Zn, Pb, As, Cd and Cr).

The soil samples were air-dried and sieved through a < 2 
mm screen. Then they were taken in triplicate, amended (50 
mL kg-1 soil) with NiCl

2 
solution with eight concentrations 

from 4.261×10-3 to 8.18×10-1 M separately and thoroughly 
mixed again to produce nominal concentrations of: 37.5, 75, 
150, 300, 600, 1200 and 2400 mg Ni/kg for soils with pH > 7; 
25, 50, 100, 200, 400, 800 and 1600 mg Ni/kg for soils with 
pH 5 to 7 and 12.5, 25, 50, 100, 200, 400 and 800 mg Ni/kg for 

soils with pH < 5. Then the amended soils were incubated for 
2 days at 100% maximum water holding capacity (MWHC) 
(Jenkinson and Powlson, 1976), air-dried and sieved to < 2 
mm using plastic mesh. 

For each Ni treatment and each soil, samples of the 
amended soils were leached using artificial rainwater, prior to 
the barley root elongation bioassay, to overcome the potential 
salinity effect and to reduce the difference in Ni toxicity 
between laboratory treated and aged field soils (Stevens 
et al., 2003; Oorts et al., 2007; Li et al., 2011). A detailed 
description of the composition of the artificial rainwater and a 
protocol for the preparation of the leached samples have been 
reported by Li et al. (2011). All unleached and leached soil 
samples were air-dried, sieved through < 2 mm mesh and then 
stored at room temperature before bioassay.

Soil pore water samples (two replicates) were extracted 
according to Thibault and Sheppard (1992) by centrifugation 
of the soil samples after incubation overnight at 50 cm 
water tension and 20°C. The extracted soil pore water was 
passed through 0.45 mm filters. The Ni extraction, using 
0.01 M CaCl

2
 solution, was undertaken using an air-dried 

soil in a soil solution ratio of 1:5 (m/V). The soil and 0.01 
M CaCl

2
 solution mixtures were shaken for 30 minutes 

and centrifuged for 15 minutes at a speed of 3500 r/min. 
The supernatants were passed through 0.45 mm filters. The 
dissolved organic carbon (DOC), pH, electrical conductivity 
(EC), Na+, K+, Ca2+, Mg2+ and SO

4
2- concentrations in the soil 

pore water samples were measured. The pH and EC of the 
pore water were measured using a microelectrode pH and 
EC meter (Thermo Fisher Scientific Inc., New York, USA). 
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 positive ions (K+, Ca2+, Na+, Mg2+, Ni2+) of the solutions 
were measured either by inductively coupled plasma–atomic 
emission spectrometry (Spectro flame Modula, Spectro, 
Boschstr, Kleve, Germany) or inductively coupled plasma–
mass spectrometry (Spectro flame Modula, Spectro, Boschstr, 
Kleve, Germany) depending on their concentrations in the 
solutions (Zarcinas et al., 1996).  Inorganic anions (Cl-, NO

3
-, 

SO
4

2-) concentrations were measured by ion chromatography 
(IC; Dionex 4000i, AS9-HC column, Sunnyvale, CA, USA). 
The main properties of the unleached soil pore water samples 
are shown in Table 1. However, the leached soil pore water 
characteristics are not listed here. 

Barley root elongation bioassay

The barley root elongation bioassay was performed according 
to ISO 11269-1(1993). Four pregerminated barley seeds (H. 
vulgare cv. Pinggu No.1) with radicles <2mm in length were 
planted in each of three replicate pots for each Ni treatment. 
After 5 days, plant roots were removed intact from soils and 
the length of the longest root of each plant recorded. All 
the detail procedures for the barley root bioassay have been 
described by Li et al. (2011). The percentage difference in 
barley root elongation compared to the controls (RE,%) in a 
test medium was calculated using the equation:
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RE =
REt
REc

×100

where RE
t
 is the root length in the test medium and RE

c
 is the root 

length in the control without added Ni. 

Chemical speciation

The chemical speciation model of WHAM VI was used in this 
study (Tipping, 1998a, b). Dissolved cation ( Ni2+,Ca2+, Mg2+, K+ 
and Na+) and anion (CO

3
2-, Cl-, NO

3
- and SO

4
2-) concentrations in 

the soil pore water samples were entered into the model with the 
exception of Fe3+ and Al3+. The activities of Fe3+ and Al3+ were 
calculated according to Tipping et al. (2003). In order to input 
organic matter into the model, dissolved organic matter (DOM) 
was assumed to consist of a certain fraction of active fulvic acid 
(FA) and a fraction that was not available for ion binding. It was 
also assumed that the organic matter all consisted of FA (Tipping 
et al., 1998a and b). The concentration of DOM was roughly 
twice that of DOC in natural water and it was assumed that about 
65% of DOM was active (Van Laer et al., 2006) and thus FA

input 

was calculated as DOC × 2 × 65%. The CO
2
 pressure was 

maintained at 3.8 × 10-4 atm.

Data statistical analysis

The EC10 and EC50 values were calculated using the log–
logistic dose–response curves based on the measured soluble 
Ni concentrations in both the CaCl

2 
extraction solutions and in 

the pore water samples from unleached and leached soils. Their 
95% confidence intervals were derived from the fitted curve 
parameters according to Haanstra et al. (1985). The regressions 
between toxicity thresholds (EC10 and EC50) and the properties 

of soil pore water were analysed using SPSS 19.0 for Windows 
(SPSS, Chicago, IL, USA). Parameters were only log transformed 
if it was found necessary after testing the data for normality and 
homogeneity of variance. Relationships were deemed significant 
at P ≤ 0.05.

RESULTS

Toxicity thresholds for soluble Ni in unleached and leached soils 
When considering the toxicity thresholds for Ni extracted 

by 0.01 M CaCl
2
, it was found that the EC10 and EC50 values 

for unleached and leached soils varied widely from 65 to 114 
fold differences (Table 2). For example, the EC50 ranged from 
1.32 (S13) to 89.57 mg kg-1 (S9) in leached soils and from 0.94 
(S14) to 60.87 mg kg-1 (S5) in unleached soils, respectively. 
Similarly, the toxicity thresholds for Ni in soil pore water showed 
that the EC10 and EC50 values for unleached or leached soils 
also varied considerably from 40 to 124 fold differences (Table 
3). For example, the EC50 values varied from 0.8 (S13) to 70.8 
mg L-1 (S12) in leached soils and from 1.6 (S14) to 64.2 mg L-1 
(S9) in unleached soils, respectively. In the same set of soils, Li 
et al. (2011) reported that the EC50 values of soils spiked with 
Ni ranged from 48 to 2519 mg kg-1 (52.4 fold difference) in 
unleached soils. These results showed that the toxicity thresholds 
of both Ni extracted by 0.01 M CaCl

2
 and in soil pore water 

ranged more widely than previously records and showed that the 
concentrations of Ni extracted by 0.01 M CaCl

2
 and soil pore 

water were not a simple way to estimate the toxicity of Ni in 
a wide range of soils. 

The toxicity thresholds for Ni based on 0.01 M CaCl
2
 

extraction and soil pore water were not strongly affected by 

Table 1 Properties of the unleached soil pore water samples used in the present study before being amended with Ni

Soil 

no.
Location pH

EC  

(mS cm-1)

DOC  

(mg L-1)

Ca  

(mg L-1)

K  

(mg L-1)

Mg  

(mg L-1)

Na  

(mg L-1)

S  

(mg L-1)

S1 Beijing 7.89 0.858 214 294 28.1 50 11.1 42

S2 Chongqing 7.88 0.976 235 187 2.4 15.8 20 75

S3 Gansu 8.29 1.443 302 310 12 99.7 99.4 150

S4 Guangzhou 8.05 1.83 313 390 36 23.2 59.3 210

S5 Hailun 7.41 0.543 131 114 0.8 28 20.6 46.5

S6 Hainan 6.47 1.081 98.4 60.9 53.6 20 17.6 3.66

S7 Hangzhou 7.32 2.675 280 525 40 92.3 155 272

S8 Hunan 5.11 1.266 79.1 202 17.7 23.1 45.5 29.1

S9 Jiaxing 7.48 2.502 163 369 8.19 85.7 155 125

S10 Jilin 8.15 0.926 226 246 4.4 22.8 15.7 75

S11 Langfang 8.3 0.835 143 140 18 21 33.1 24.2

S12 Neimeng 7.6 9.46 239 322 20 354 1925 690

S13 Shandong 8.17 2.192 207 295 3.2 108 285 120

S14 Shanxi 8.2 0.845 52.6 176 6.53 13.1 10.1 32.1

S15 Shijiazhuang 8.25 2.347 235 560 6 72 50.4 255

S16 Xinjiang 8.35 2.021 294 341 40 63.7 433 315

S17 Zhengzhou 8.2 0.97 94.3 118 <2 27 55 48
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Table 2 Toxicity thresholds, measured by barley root elongation, for soil Ni extracted by 0.01 M CaCl
2
 (mg kg-1).

Soil no.
CaCl

2
-extractable Ni（unleached soil） CaCl

2
-extractable Ni（leached soil）

EC10 95% CIa EC50 95% CI EC10 95% CI EC50 95% CI

S1 6.5 4.5–9.4 27.4 23.6–31.8 17.3* 13.0–23.1 56.2* 47.5–66.5

S2 9.0 5.8–14.0 25.0 17.2–36.3 11.4 8.5–15.3 51.5* 45.4–58.4

S3 4.6 3.5–6.1 8.5 7.9–9.2 >20.86 NC NC NC

S4 4.5 2.3–8.6 16.1 8.9–28.8 25.0 5.6–112.4 58.1* 29.6–114.1

S5 26.2 16.9–40.5 60.9 50.6–73.3 23.8 13.3–42.8 84.5 61.4–116.4

S6 3.4 1.1–10.5 19.3 13.3–28.1 0.8 0.3–2.0 8.8 5.9–13.1

S7 13.6 9.8–18.8 51.7 42.6–62.7 15.9 11.0–22.9 66.6 57.4–77.2

S8 6.2 2.9–13.4 36.2 25.8–50.7 5.7 3.2–10.2 31.2 23.9–40.7

S9 20.0 14.0–28.5 59.6 50.5–70.4 23.3 15.0–36.3 89.6* 74.6–107.5

S10 2.7 0.4–18.6 8.9 5.5–14.4 4.8 2.9–8.2 11.4 9.7–13.6

S11 1.0 0.4–2.8 3.0 1.9–4.7 18.6* 9.3–37.1 43.2* 29.9–62.5

S12 13.6 4.1–44.9 48.5 29.2–80.5 25.4 17.2–37.6 82.1 67.6–99.8

S13 2.3 0.2–22.6 NC NC 0.3 0.1–1.2 1.3 0.7–2.6

S14 0.2 0.1–0.6 0.9 0.6–1.4 0.4 0.0–69.0 NC NC

S15 0.7 0.5–1.0 2.8 2.3–3.3 >3.29 NC NC NC

S16 0.6 0.5–0.9 1.8 1.5–2.1 0.4 0.0–475 NC NC

S17 0.5 0.2–1.0 3.8 2.7–5.2 >2.08 NC NC NC

a:Ranges given as 95% confidence intervals (CI).
NC: Toxicity thresholds could not be calculated because the highest soluble Ni dose measured did not result in 10% or 50% inhibition;
*Significant difference between unleached or leached EC10 and EC50 using a t-test at the P ≤ 0.05 significance level.

Table 3 Toxicity thresholds, measured by barley root elongation, for Ni in soil pore water (mg L-1) for 17 Chinese soils.

Soil no.
Pore water Ni（unleached soil） Pore water Ni（leached soil）

EC10 95% CIa EC50 95% CI EC10 95% CI EC50 95% CI

S1 4.3 2.5–7.2 23.9 19.6–29.2 8.3 5.2–13.1 35.7 27.7–46.1

S2 5.5 3.0–10.1 20.9 12.6–34.6 2.1 1.1–4.3 18.8 13.7–25.7

S3 6.3 3.8–10.5 18.6 16.2–21.4 >18.1 NC NC NC

S4 1.9 0.8–4.3 12.3 6.3–23.7 14.8 0.0–396747 34.4 0.5–2427

S5 8.2 1.1–61.8 28.0 18.4–42.7 8.0 4.6–14.1 24.6 20.3–29.8

S6 0.9 0.0–28.0 4.9 1.9–12.4 0.2 0.0–35.4 1.9 0.4–8.2

S7 11.4 7.1–18.3 61.7 49.0–77.8 8.5 3.7–19.8 66.3 47.1–93.3

S8 2.1 0.5–8.6 21.1 11.5–39.1 2.8 1.1–7.4 17.9 11.7–27.3

S9 16.1 10.6–24.4 64.2 53.6–76.9 8.9 2.2–35.4 57.5 23.7–139.0

S10 0.3 0.1–0.9 4.1 2.4–7.3 1.9* 1.0–3.8 9.9* 7.5–12.9

S11 0.7 0.2–2.7 5.1 3.0–8.7 6.3* 2.9–13.9 14.7* 9.9–21.9

S12 14.3 4.4–46.2 52.9 29.6–94.5 22.1 14.0–34.7 70.8 56.7–88.5

S13 4.1 0.1–211.1 NC NC 0.4 0.2–0.9 0.8 0.4–1.5

S14 0.1 0.0–1.3 1.6 0.6–4.2 0.2 0.0–209933.7 NC NC

S15 0.7 0.3–1.4 6.4 4.7–8.9 >1.57 NC NC NC

S16 0.5 0.4–0.6 3.2 2.9–3.5 0.4 0.0–30.6 NC NC

S17 0.4 0.1–1.2 7.2 4.5–11.3 >2.07 NC NC NC

aRanges given as 95% confidence intervals (CI).
NC: Toxicity thresholds could not be calculated because the highest soluble Ni dose measured did not result in 10% or 50% inhibition;
*Significant difference between unleached and leached EC10 or EC50 using t-tests at the P ≤ 0.05 significance level.
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leaching. In CaCl
2
 extraction solutions, leaching was found 

to significantly (p ≤ 0.05) increase EC10 in only two soils 
(S1 and S11) and EC50 values in just five soils (S1, S2, S4, 
S9 and S11). For soil pore water, EC10 and EC50 values 
increased significantly in the S10 and S11 soil samples. In 
other soils, the EC10 or EC50 for Ni in the 0.01 M CaCl

2
 

extraction samples and in the pore water samples from 
leached soils were generally similar or larger than those from 
unleached soils (Figures 1 and 2) but the differences were not 
significant, which indicated that the toxicity of Ni extracted 
by the 0.01M CaCl

2
 solutions and by the pore water did not 

significantly decrease after leaching. 
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Figure 1 Dose–response curves for Ni concentrations in the 0.01 M CaCl
2
 extraction samples for barley root elongation in 17 unleached and 

leached soils. Symbols represent all replicated data points, and lines are the fitted log–logistic curves. UL and L represent unleached and 
leached soils, respectively.
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Figure 2 Dose–response curves for Ni concentrations in soil pore water samples for barley root elongation in 17 unleached and leached soils. 
Symbols represent all replicated data points, and lines are the fitted log–logistic curves. UL and L represent unleached and leached soils, 
respectively.
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Soil solution factors influencing the soluble Ni toxicity on 
barley root elongation

Multiple regression analysis was applied in order to derive 
the relationship between pore water properties and soluble 
Ni toxicity thresholds under the leached and unleached 
treatments. Since not all the regression models provided 
significant factors in the prediction equations, the linear 
regression models are presented in Appendix Tables A1, A2, 
A3 and A4. The regression equations, 1 to 6, are presented 
in Table 4. The equations contain some major significant 
variables that help explain the thresholds. When pH, EC, 
DOC, Na+, K+, Ca2+, Mg2+ and S data from the unleached 
and leached soil pore water samples, without addition of Ni, 
were incorporated into the regression models, together with 
corresponding unleached and leached toxicity thresholds for 
Ni from the 0.01M CaCl

2
 extraction samples and pore water 

samples, the coefficient of determination (r2) for EC50 or 
EC10 ranged from 0.31 to 0.91 in leached and unleached soil 
(Appendix Tables A1, A2, A3 and A4). The r2 value for EC50 
and EC10 for Ni from the 0.01 M CaCl

2
 extraction samples 

ranged from 0.07 to 0.79 in the leached and unleached soils 
(Appendix Tables A3 and A4). The results showed that the 
r2 values for EC10 and EC50 were considerably higher in 
the pore water samples than in the CaCl

2
 extraction samples 

(Appendix Tables A1 and A2), which was probably due to the 
changes to the soil solution chemistry by the CaCl

2
 extraction 

process. The toxicity thresholds for Ni in the pore water 
samples were significantly related to the properties of the soil 
pore water. Under the same conditions, the predictability of 
the soluble Ni by empirical models increased after leaching 
because the r2 values for leached soils were appreciably 
larger than those for unleached soils, which implied that the 
soluble Ni thresholds in leached soils were strongly related to 
properties of the soil pore water. 

In contrast, the results showed that the toxicity thresholds 
for Ni in the CaCl

2 
extraction samples did not depend as 

much on the pore water properties. Therefore, this study only 
focused on the relationship between pore water chemistry and 
the toxicity thresholds for Ni in the pore water samples. The 
regression results showed that S, Mg and Na were found to 

be significantly correlated to Ni toxicity thresholds (EC50) 
in the pore water obtained from the leached soil samples 
(r2 = 0.90). Furthermore, S could also explain 59% of the 
variance of EC50 seen in the leached soil samples and was 
also the best predictor for EC10 of Ni in soil pore water in 
the leached soil samples (r2 = 0.67). Mg could explain 32% 
and 39% of variance of EC50 and EC10 of Ni in soil pore 
water from the unleached soil samples, respectively. From 
Eqn (1), S was the most important variable, followed by 
Mg, while Na was the least important variable. Furthermore, 
when Eqns (4), (5) and (6) were taken into account, Mg and 
S were the most significant predictors of Ni toxicity while 
the thresholds values for Ni were found not to depend on 
Na to any great extent. Therefore, Mg and S had the most 
significant protective effects against Ni toxicity in pore water 
obtained from leached and unleached soils.

Rooney et al. (2007) showed that EC10 or EC50 values 
based on soluble Ni were significantly inversely related to 
soil pH for barley and Oorts et al. (2006) reported that Ni 
thresholds based on free ion activity decreased as pH increased. 
However, in this study, there was only a weak correlation 
between pH and soluble Ni toxicity. When incorporating 
pH into the regression analysis, the EC10 or EC50 for Ni 
in the 0.01M CaCl

2
 extraction samples and the pore water 

samples from the leached and unleached soils decreased as 
pH increased, with the exception of the EC10 value for Ni 
in the unleached soil pore water samples, similarly to the 
results of Rooney et al. (2007), which meant that Mg2+ and S 
concentrations varied widely and had a greater influence on 
soluble Ni toxicity than did pH.

DISCUSSION

Influence of soil leaching on soluble Ni toxicity

The results of this study showed that leaching led to a decrease 
in the soluble Ni concentrations and thus significantly 
decreased the toxicity thresholds based on added Ni (Li et 
al. 2011). However, leaching did not significantly influence 

Table 4 Simple and multiple linear regressions between Ni toxicity thresholds based on Ni concentrations in soil pore water and pore water 

chemistry (mg L-1)

Regression equation r2 p

Toxicity thresholds of Ni in leached soil pore water , compared with leached soil pore water chemistry

1  EC50 = -3.62 + 0.44Mg–0.16Na + 0.45S （n = 12） 0.904 0.026 < 0.001 < 0.001

2  EC50 = 6.81-0.13Na + 0.50S（n = 12） 0.815 < 0.001 0.009 —

3  EC50 = 16.12 + 0.17S（n = 12） 0.585 0.004 — —

4  EC10 = 2.40 + 0.05S（n = 14） 0.673 < 0.001 — —

Toxicity thresholds of Ni in unleached soil pore water , compared with unleached soil pore water chemistry

5  EC50 = 12.75 + 0.14Mg（n = 15） 0.313 0.03 — —

6  EC10 = 2.18 + 0.04Mg（n = 16） 0.390 0.01 — —

r2, coefficient of determination (percentage of variance accounted for by the regression model); P, significant level; EC50, median effective 
concentration value and EC10, 10% of effective concentration value.
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soluble Ni toxicity thresholds in most soils. Similarly, Stevens 
et al. (2003) reported that there were no differences in water-
extractable Zn concentrations at the EC50 level for lettuce, 
except in one of the five soil samples. Leaching can change 
the properties of soil pore water. In the present study, the pH 
in soil pore water slightly increased and the Ca2+, Mg2+, K+, 
Na+ and S concentrations decreased after leaching in most of 
the soils tested (Figure 3) but the disparity was not large. For 
example, the concentration of Na+, which can lead to reduced 
plant growth, did not vary widely after leaching (Figure 
3) and thus had little influence on the soluble Ni threshold 
values in the leached soils. The ECs of the soils were less 
than the salinity critical limits, with the exception of S12, 
so salt effects were not evident in most soils. Nevertheless, 
leaching had flushed away a small amount of the anions and 
cations (Ca2+, Mg2+, K+ and Na+) associated with the soil 
samples amended with Ni. This had negative effects on barley 
root elongation and consequently the toxicity thresholds for 
soluble Ni in the 0.01M CaCl

2
 extraction samples and pore 

water samples increased slightly after leaching.
In theory, the effective soluble Ni in a soil solution 

should change to solid retainable Ni when additional Ni is 
initially added to soil. The effective soluble Ni in the soil 
solution should be prone to loss by leaching and this partly 

changes the dynamic process of absorption and desorption 
between effective soluble Ni and solid retainable Ni and 
thus the reaction is reversed. Therefore a difference in Ni 
distribution coefficients for solid state Ni and Ni in solution 
(Kd) existed between the leached and unleached soils. Kd 
has been found to be significantly related to pH (Tipping et 
al., 2003), increasing as the pH increased. This means that 
in high pH soils, the difference in Kd between leached and 
unleached soils is much higher than in low pH soils. In this 
study, leaching caused a slight pH increase (Figure 3) in the 
leached soils, which caused the soluble Ni2+ to decrease to a 
greater extent in the higher pH soils compared to the lower 
pH soils and the toxicity thresholds could not calculated in 
these higher pH soils. 

The EC of the soil pore water was a reliable indicator of 
the solute (cation or anion) concentrations. Previous research 
indicated that there was a significant negative effect of EC 
on metal toxicity in unleached soils (Stevens et al., 2003). 
However, no such effect for EC was seen in this study. The 
reason may be that the cations and anions had different 
fractions in the pore water and functioned differently in 
influencing the soluble Ni toxicity thresholds. The variation 
in these cations and anions has been found to directly affect 
the change in EC (Stevens et al., 2003; Staunton, 2004). 
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Therefore, in an ideal soil solution, such as an artificial water 
solution culture with a simple proportion of cations and 
anions, the EC would probably show a strong relationship 
between with toxicity thresholds of unleached Ni in the CaCl

2
 

extraction samples and the pore water samples.

The effect of soil solution properties on soluble Ni toxicity

In the present study, the relationship between pH and EC10 
or EC50 was not significant, although it was negative in the 
multi-factor regression analysis. However, Rooney et al. 
(2007) found consistent relationships between EC50 or EC10 
based on soil solution Ni concentration and soil solution pH 
for barley root elongation. The coefficient was negative and 
significant (log EC50 = 2.05–0.11 soil pH, r2adj = 0.49, n 
= 16; log EC10 = 1.68–0.15 soil pH, r2adj = 0.38, n = 16). 
In a solution culture, the predictive ability of models was 
improved by incorporation of soil DOC, EC, pH, Na+, K+ 
and Ca2+. Kozlova et al. (2009) found that Ca2+ and Mg2+ 

cations in solution had a protective effect on Ni toxicity with 
Daphnia pulex. Deleebeeck et al. (2008) also found that both 
Ca2+ and Mg2+ reduced acute Ni toxicity to Daphnia magna in 
a series of 48 h synthetic test solutions while Na+ did not. Li 
et al. (2009) showed that Ni toxicity to barley root elongation 
in solution culture decreased with increases in Mg2+ and Ca2+ 
activities but not for Na+ and K+ activities. Higher H+ activity 
decreased toxicity either through H+ competition with Ni2+ 
bound to biotic ligands at pH < 7.0 or through changes to 
the Ni species found in solution at pH > 7.0, and meanwhile, 
H+ could also decrease Ni2+ activities at the cell membrane 
surface (Wang et al., 2011). 

A fraction of soluble Ni was complexed with DOM. 
While the DOM concentration was smaller in 0.01 M CaCl

2
 

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 CaCl

2
 extraction. Moreover, 

the Ca2+ in CaCl
2 
extraction would exchange the Ni2+ on the 

soil solid surface complexes and the Cl- anions would form 
Ni-Cl complexes. Therefore, these could change soluble Ni 

speciation and also the properties of the soil solution, such as 
soil pH. While the properties of soil pore water in unleached 
and leached soils were found to be related to the soluble 
Ni thresholds. The relationships between the EC50 values 
and Mg2+ and S in leached and unleached soils are shown 
in Figure 4. The results revealed that Mg2+ was positively 
correlated with EC50, which implied that soluble Ni became 
less toxic with increasing soil solution Mg2+ concentration. 
However, although the Mg2+ and S concentrations in the S12 
unleached soil were highest, the EC50 value was not the 
highest (Figure 4). This was because the EC of the soil was 
9.46 mS cm-1, which exceeded the salinity tolerant value of 
4–5 mS cm-1 (Mass and Hoffman, 1977) and therefore the 
barley root elongation may have been inhibited by salinity 
damage. Mg2+ has been found to be a more important variable 
than the other cations (such as Na+, Ca2+, K+) in affecting 
Ni toxicity to barley root elongation (Hordeum vulgare) 
(Lock et al., 2007; Li et al., 2011). Deleebeeck et al. (2009) 
investigated the protective effects of Mg2+ and increasing 
Mg concentrations were observed to decrease Ni toxicity to 
the green alga Pseudokirchneriella subcapitata. Wang et al. 
(2011) constructed an electrostatic toxicity model in order to 
predict the toxicity of Ni in hydroponic and soil solutions and 
found that Mg2+ also specifically alleviated Ni toxicity.

The concentrations of S in soil pore water were 
significantly positively related to EC50, which indicated that 
soluble Ni became less toxic with increasing S concentration, 
except for the unleached soils: S3, S4, S15 and S16. The 
toxicity thresholds for Ni in the pore water obtained from 
the unleached soils: S3, S15 and S16, may have been 
overestimated because of the increase in the anion (Cl-) 
concentration when high doses of Ni are added to soils. 
There was no doubt that free metal ions were the dominant 
species available to biota. However, other Ni solution species, 
such as NiCO

3
0 and NiHCO

3
+, have also been found to be 

available to biota (Hoang et al., 2004; Li et al., 2009). In 
order to determine if Ni speciation could be used to explain 
the influence of S concentration on Ni phytotoxicity in 
pore water, three field soils with pH values 5.0, 7.2 and 8, 
respectively, were selected in order to analyse the influence 
of S on Ni species distribution in pore water. Soil pore water 
parameters were measured for predicting the Ni speciation 
concentration using WHAM (Tipping, 1998a, b; Weng et 
al., 2001; Nolan et al., 2009). The calculated distribution 
of Ni species (%) at the three sites is shown in Figure 5. 
When pH = 5.0, the free Ni fraction sharply decreased as 
the concentration of SO

4
2- in solution increased (Figure 5a). 

When pH = 7.2, the free Ni2+, NiCO
3

0 and NiHCO
3
- fractions 

decreased as the concentration of SO
4

2- increased (Figure 
5b). When pH = 8.1, free Ni2+, NiCO

3
 and NiHCO

3
- fractions 

declined slightly and the NiSO
4
 fraction slightly increased 

(Figure 5c). These results could explain how S influences the 
Ni speciation distribution leading, in turn, to a decrease in 
soluble Ni toxicity. The results also suggested that S was not 
the only factor influencing the Ni species distribution because 
it was also changed significantly by the pH value. 

Some studies about the protective abilities of cations 
against Ni toxicity were derived from nutrient solutions 
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or from surface water (Li et al., 2009; Lock et al., 2007b; 
Deleebeeck et al., 2009). In the present study, the protective 
effect of Mg has been seen in real soil solutions. This 
indicated that the results acquired from nutrient solutions 
could be applied to real soil solutions and the results from the 
previous study could be used to provide references for real 
soil solution research.

CONCLUSIONS

Soluble Ni in the 0.01M CaCl
2
 extraction samples and pore 

water samples did not predict Ni toxicity accurately because 
it was also influenced by the interaction between chemical 
substances in the soil solutions, particularly Mg2+ and S. The 
results showed that pH had a relatively weak relationship 
with soluble Ni toxicity compared with Mg2+ and S. Soluble 
Ni toxicity decreased with increasing concentration of Mg2+ 
and S. This study therefore recommends that MgSO

4
 should 

be applied to soils to decrease the Ni toxicity in the field. 

ACKNOWLEDGMENTS

This work was financially supported by the Natural 
Science Foundation of China (project nos.40971262 and 
40620120436), and the Special Fund for Public Industry in 
China (Agriculture, project no.200903015). The authors also 
thank Cathy Fiebiger and Gillian Cozens from CSIRO for 
their technical assistance.

REFERENCES

Daoust, C.M., Bastien, C. and Deschênes, L. (2006) Influence of soil 
properties and aging on the toxicity of copper on compost worm 
and barley. J. Environ. Qual., 35, 558–567. 

Deleebeeck, N.M.E., De Schamphelaere, K.A.C., Heijerick, D.G., 
Bossuyt, B.T.A. and Janssen, C.R. (2008) The acute toxicity of 
nickel to Daphnia magna: Predictive capacity of bioavailability 
models in artificial and natural waters. Ecotoxicol. Environ. 
Safety, 70, 67–78.

Deleebeeck, N.M.E., De Schamphelaere, K.A.C. and Janssen, C.R. 
(2009) Effects of Mg2+ and H+ on the toxicity of Ni2+ to the 
unicellular green alga Pseudokirchneriella subcapitata: Model 
development and validation with surface waters. Sci. Total 
Environ., 407, 1901–1914.

Dunemann, L., Wirén, N., Schulz, R. and Marschner, H. (1991) 
Speciation analysis of nickel in soil solutions and availability to 
oat plants. Plant Soil, 133, 263–269.

Haanstra, L., Doelman, P. and Voshaar, J.H.O. (1985) The use 
of sigmoidal dose response curves in soil ecotoxicological 
research. Plant Soil, 84, 293–297.

Hoang, T.C., Tomasso, J.R. and Klaine, S.J. (2004) Influence of 
water quality and age on nickel toxicity to Fathead Minnows 
(Pimephales Promelas). Environ. Toxicol. Chem., 23, 86–82.

Jenkinson, D.S. and Powlson, D.S. (1976) The effects of biocidal 
treatments on metabolism in soil-V: A method for measuring 
soil biomass. Soil Biol. Biochem., 8, 209–213.

Jolanta, M. and Stanisław, B. (2004) Relationship between the 
chemical form of nickel applied to the soil and its uptake and 
toxicity to barley plants (Hordeum vulgare L.). Geoderma, 122, 
247–255.

Kozlova, T., Wood, C.M. and McGeer, J.C. (2009) The effect of 
water chemistry on the acute toxicity of nickel to the cladoceran 
Daphnia pulex and the development of a biotic ligand model. 
Aquat. Toxicol., 91, 221–228.

Li, B., Zhang, H.T., Ma, Y.B. and McLaughlin, M.J. (2011) Influences 
of soil properties and leaching on nickel toxicity to barley root 
elongation. Ecotoxicol. Environ. Safety, 74, 459–466.

Li, B., Zhang, X., Wang, X.D. and Ma, Y.B. (2009) Refining a biotic 
ligand model for nickel toxicity to barley root elongation in 
solution culture. Ecotoxicol. Environ. Safety, 72, 1760–1766.

Lock, K., De Schamphelaere, K.A.C., Because, S., Criel, P., Van 
Eeckhout, H. and Janssen, C.R. (2007a) Development and 
validation of a terrestrial biotic ligand model predicting the 

 

0 3 6 9 12

0

20

40

60

80

100

0 3 6 9 12 0 3 6 9 12

pH=7.2pH=5.0

Ni
 sp

ec
ies （ %
 a

ct
iv

it
y 

di
st

ri
bu

ti
on

）
SO4

2- (mmol/L)

 Ni2+

 NiSO4
 NiCO3

 NiHCO3
-

a

 

 

b

 

 

c

pH=8.1

 

Figure 5 Calculated Ni species (% distribution) are influenced by the S concentration in pore water.

CSB1200130.indd   9 9/9/2013   12:27:16 PM



10 Ni toxicity effects on barley root elongation

effect of cobalt on root growth of barley (Hordeum vulgare). 
Environ. Pollut., 147, 626–633.

Lock, K., Van Eeckhout, H., De Schamphelaere, K.A.C, Criel, P. 
and Janssen, C.R. (2007b) Development of a biotic ligand model 
(BLM) predicting nickel toxicity to barley (Hordeum vulgare). 
Chemosphere, 66, 1346–1352.

Maas, E. and Hoffman, G. (1977) Crop salt tolerance: Current 
assessment. J. Irrigat. Drain. Divis., 103, 115–134.

Nolan, A.L., Ma, Y.B., Lombi, E. and McLaughlin, M.J. (2009) 
Speciation and isotopic exchangeability of Ni in soil solution. J. 
Environ. Qual., 38, 485–492.

Oorts, K., Ghesquiere, U., Swinnen, K. and Smolders, E. (2006) 
Soil properties affecting the toxicity of CuCl

2
 and NiCl

2
 for soil 

microbial processes in freshly spiked soils. Environ. Toxicol. 
Chem., 25, 836–844.

Oorts, K., Ghesquiere, U. and Smolders, E. (2007) Leaching and 
aging decrease nickel toxicity to soil microbial processes in soils 
freshly spiked with nickel chloride. Environ. Toxicol. Chem., 26, 
1130–1138.

Papazoglou, E.G. (2011) Responses of Cynara cardunculus L. to 
single and combined cadmium and nickel treatment conditions. 
Ecotoxicol. Environ. Safety, 74, 195–202.  

Rooney, C.P., Zhao, F.J. and McGrath, S.P. (2007) Phytotoxicity of 
nickel in a range of European soils: influence of soil properties, 
Ni solubility and speciation. Environ. Pollut., 145, 596–605.

Staunton, S. (2004) Sensitivity analysis of the distribution coefficient, 
Kd, of nickel with changing soil chemical properties. Geoderma, 
122, 281–290.

Stevens, D.P., McLaughlin, M.J. and Heinrich, T. (2003) Determining 
toxicity of lead and zinc runoff in soils: salinity effects on metal 
partitioning and on phytotoxicity. Environ. Toxicol. Chem., 22, 
3017–3024.

Thibault, D.H. and Sheppard, M.I. (1992) A disposable system for 
soil pore-water extraction by centrifugation. Commun. Soil Sci. 
Plant Analysis, 23, 1629–1641.

Tipping, E. (1998a) Humic Ion Binding Model VI: An improved 
description of the interactions of protons and metal ions with 
humic substances. Aquat. Geochem., 4, 3–48.

Tipping, E., Lofts, S. and Lawlor, A.J. (1998b) Modelling the 
chemical speciation of trace metals in the surface waters of the 
Humber system. Sci. Total Environ., 210-211, 63–77.

Tipping, E., Rieuwerts, J., Pan, G., Ashmore, M.R., Lofts, S., Hill, 
M.T.R., Farago, M.E. and  Thornton, I. (2003) The solid–
solution partitioning of heavy metals (Cu, Zn, Cd, Pb) in upland 
soils of England and Wales. Environ. Pollut., 125, 213–225.

Van Laer, L., Smolders, E., Degryse, F., Janssen, C. and De 
Schamphelaere, K.A.C. (2006) Speciation of nickel in surface 
waters measured with the Donnan membrane technique. Analyt. 
Chim. Acta, 578, 195–202.

Warne, M.S.J., Heemsbergen, D., Stevens, D., McLaughlin, M., 
Cozens, G., Whatmuff, M., Broos, K., Barry, G., Bell, M., Nash, 
D., Pritchard, D. and Penney, N. (2008) Modeling the toxicity 
of copper and zinc salts to wheat in 14 soils. Environ. Toxicol. 
Chem., 27, 786–792.

Weng, L.P., Temminghoff, E.J.M. and Van Riemsdijk, W.H. (2001) 
Contribution of individual sorbents to the control of heavy metal 
activity in sandy soil. Environ. Sci. Technol., 35, 4436–4443.

Wang, P., Kopittke, P.M., De Schamphelaere, K.A.C., Zhao, F.J., 
Zhou, D.M, Lock, K., Ma, Y.B., Peijnenburg, W.J.G.M. and 
McGrath, S.P. (2011). Evaluation of an electrostatic toxicity 
model for predicting Ni2+ toxicity to barley root elongation in 
hydroponic cultures and in soils. New Phytologist, 192, 414–
427.

CSB1200130.indd   10 9/9/2013   12:27:16 PM



Xiaoqing Zhang, Dongpu Wei, Bo Li, Yibing Ma and Zhanbin Huang 11
A

pp
en

di
x 

Ta
bl

e 
A

1 
Si

m
pl

e 
an

d 
m

ul
tip

le
 li

ne
ar

 re
gr

es
si

on
s 

be
tw

ee
n 

le
ac

he
d 

N
i t

ox
ic

ity
 th

re
sh

ol
ds

 b
as

ed
 o

n 
N

i c
on

ce
nt

ra
tio

ns
 in

 s
oi

l p
or

e 
w

at
er

 a
nd

 th
e 

le
ac

he
d 

so
il 

po
re

 w
at

er
 c

he
m

is
tr

y 
(m

g 
L

-1
)

R
eg

re
ss

io
n 

eq
ua

tio
n

r2
P

Si
gn

ifi
ca

nt
 f

ac
to

rs

1 
E

C
50

 =
 2

5.
49

–3
.0

0p
H

–0
.0

3K
–0

.0
8C

a–
6.

84
E

C
 +

 0
.8

0M
g–

0.
22

N
a 

+
 0

.5
2S

 +
 0

.0
3D

O
C

 (
n 

=
 1

2)
0.

91
7

0.
85

8
0.

75
6

0.
74

5
0.

84
6

0.
59

6
0.

32
1

0.
07

2
0.

92
4

M
g，

N
a，

S

2 
E

C
50

 =
 1

6.
09
–

1.
55

pH
–

0.
03

K
–

0.
06

C
a–

4.
11

E
C

 +
 0

.6
7M

g–
0.

20
N

a 
+

 0
.5

1S
 (

n 
=

 1
2)

0.
91

7
0.

78
4

0.
72

5
0.

53
7

0.
81

1
0.

18
1

0.
07

2
0.

02
5

—
　

3 
E

C
50

 =
 9

.8
8–

1.
11

pH
–

0.
03

K
–

0.
05

C
a 

+
 0

.6
1M

g–
0.

21
N

a 
+

 0
.5

0S
 (

n 
=

 1
2)

0.
91

6
0.

81
5

0.
67

9
0.

49
9

0.
10

8
0.

03
5

0.
01

1
—

—
　

4 
E

C
50

 =
 1

.0
6–

0.
02

K
–

0.
05

C
a 

+
 0

.6
2M

g–
0.

20
N

a 
+

 0
.5

0S
 (

n 
=

 1
2)

0.
91

5
0.

69
5

0.
45

6
0.

07
7

0.
02

1
0.

00
5

—
—

—
　

5 
E

C
50

 =
 -

0.
28
–

0.
05

C
a 

+
 0

.6
1M

g–
0.

21
N

a 
+

 0
.5

0S
 (

n 
=

 1
2)

0.
91

2
0.

44
6

0.
05

7
0.

01
3

0.
00

2
—

—
—

—
　

6 
E

C
50

 =
 -

3.
62

 +
 0

.4
4M

g–
0.

16
N

a 
+

 0
.4

5S
 (

n 
=

 1
2)

0.
90

4
0.

02
6

0.
00

1
0.

00
1

—
—

—
—

—
　

7 
E

C
50

 =
 6

.8
1–

0.
13

N
a 

+
 0

.5
0S

 (
n 

=
 1

2)
0.

81
5

0.
00

1
0.

00
9

—
—

—
—

—
—

　

8 
E

C
50

 =
 1

6.
12

 +
 0

.1
7S

 (
n 

=
 1

2)
0.

58
5

0.
00

4
—

—
—

—
—

—
—

　

9 
E

C
10

 =
 1

.6
4 

+
 0

.1
9p

H
 +

 0
.0

1K
–

0.
01

C
a–

5.
38

E
C

 +
 0

.1
5M

g–
0.

02
N

a 
+

 0
.1

0S
 +

 0
.0

1D
O

C
 (

n 
=

 1
4)

0.
77

9
0.

93
7

0.
83

5
0.

75
9

0.
46

7
0.

45
0

0.
53

7
0.

12
7

0.
68

1
S

10
 E

C
10

 =
 3

.2
2 

+
 0

.0
1K

–
0.

01
C

a–
5.

60
E

C
 +

 0
.1

5M
g–

0.
02

N
a 

+
 0

.1
0S

 +
 0

.0
1D

O
C

 (
n 

=
 1

4)
0.

77
9

0.
82

4
0.

73
1

0.
36

6
0.

38
3

0.
49

9
0.

09
2

0.
59

5
—

　

11
 E

C
10

 =
 3

.4
0–

0.
01

C
a–

5.
05

E
C

 +
 0

.1
4M

g–
0.

02
N

a 
+

 0
.1

0S
 +

 0
.0

1D
O

C
 (

n 
=

 1
4)

0.
77

7
0.

71
5

0.
33

3
0.

35
9

0.
46

8
0.

06
9

0.
59

9
—

—
　

12
 E

C
10

 =
 2

.6
7–

4.
74

E
C

 +
 0

.1
0M

g–
0.

01
N

a 
+

 0
.0

9S
 +

 0
.0

1D
O

C
 (

n 
=

 1
4)

0.
77

2
0.

32
6

0.
30

2
0.

44
0

0.
04

6
0.

65
3

—
—

　

13
 E

C
10

 =
 4

.1
7–

5.
03

E
C

 +
 0

.1
0M

g–
0.

01
N

a 
+

 0
.1

0S
 (

n 
=

 1
4)

0.
76

6
0.

27
1

0.
29

8
0.

47
2

0.
01

9
—

—
—

　

14
 E

C
10

 =
 5

.7
6–

6.
54

E
C

 +
 0

.1
1M

g 
+

 0
.0

8S
 (

n 
=

 1
4)

0.
75

1
0.

10
7

0.
23

6
0.

01
4

—
—

—
—

—
　

15
 E

C
10

 =
 5

.1
1–

3.
42

E
C

 +
 0

.0
8S

 (
n 

=
 1

4)
0.

71
2

0.
25

0
0.

01
4

—
—

—
—

—
—

　

16
 E

C
10

 =
 2

.4
0 

+
 0

.0
5S

 (
n 

=
 1

4)
0.

67
3

0.
00

0
—

—
—

—
—

—
—

　

r2 , 
co

ef
fic

ie
nt

 o
f 

de
te

rm
in

at
io

n 
(p

er
ce

nt
ag

e 
of

 v
ar

ia
nc

e 
ac

co
un

te
d 

fo
r 

by
 t

he
 r

eg
re

ss
io

n 
m

od
el

);
 P

, 
si

gn
ifi

ca
nt

 l
ev

el
; 

E
C

50
, 

m
ed

ia
n 

ef
fe

ct
iv

e 
co

nc
en

tr
at

io
n 

va
lu

e 
an

d 
E

C
10

, 
10

%
 o

f 
ef

fe
ct

iv
e 

co
nc

en
tr

at
io

n 
va

lu
e;

 D
O

C
, d

is
so

lv
ed

 o
rg

an
ic

 c
ar

bo
n;

 E
C

, e
le

ct
ri

ca
l c

on
du

ct
iv

ity
.

A
pp

en
di

x 
Ta

bl
e 

A
2 

Si
m

pl
e 

an
d 

m
ul

tip
le

 li
ne

ar
 re

gr
es

si
on

s 
be

tw
ee

n 
un

le
ac

he
d 

N
i t

ox
ic

ity
 th

re
sh

ol
ds

 b
as

ed
 o

n 
N

i c
on

ce
nt

ra
tio

ns
 in

 s
oi

l p
or

e 
w

at
er

 a
nd

 th
e 

un
le

ac
he

d 
so

il 
po

re
 w

at
er

 c
he

m
is

tr
y 

(m
g 

L
-1
)

R
eg

re
ss

io
n 

eq
ua

tio
n

r2
P

Si
gn

ifi
ca

nt
 f

ac
to

rs

1 
E

C
50

 =
 4

6.
05

–7
.5

6p
H

–0
.0

8K
 +

 0
.0

6C
a 

+
 7

.9
5E

C
 +

 0
.2

4M
g–

0.
02

N
a–

0.
13

S+
 0

.0
6D

O
C

 (
n 

=
 1

5)
 

0.
58

5
0.

42
2

0.
83

9
0.

69
0

0.
69

4
0.

49
9

0.
88

4
0.

59
2

0.
66

5
M

g

2 
E

C
50

 =
 4

5.
84

–7
.6

9p
H

–0
.0

8K
 +

 0
.0

7C
a 

+
 6

.5
9E

C
 +

 0
.2

2M
g–

0.
16

S 
+

 0
.0

6D
O

C
 (

n 
=

 1
5)

0.
58

3
0.

37
4

0.
82

7
0.

20
8

0.
69

0
0.

45
6

0.
30

5
0.

60
9

—
　

3 
E

C
50

 =
 3

9.
54
–

6.
96

pH
 +

 0
.0

8C
a 

+
 6

.4
5E

C
 +

 0
.2

3M
g–

0.
16

S 
+

 0
.0

6D
O

C
 (

n 
=

 1
5)

0.
58

0
0.

34
8

0.
15

9
0.

67
5

0.
38

9
0.

25
3

0.
61

3
—

—
　

4 
E

C
50

 =
 5

2.
22
–

7.
90

pH
 +

 0
.0

8C
a 

+
 0

.3
2M

g–
0.

12
S 

+
 0

.0
3D

O
C

 (
n 

=
 1

5)
0.

57
0

0.
24

3
0.

14
5

0.
06

1
0.

18
1

0.
71

7
—

—
—

　

5 
E

C
50

 =
 4

8.
58
–

6.
90

pH
 +

 0
.0

8C
a 

+
 0

.3
0M

g–
0.

11
S 

(n
 =

 1
5)

0.
56

3
0.

23
6

0.
07

6
0.

05
1

0.
17

1
—

—
—

—
　

6 
E

C
50

 =
 -

1.
91

 +
 0

.0
8C

a 
+

 0
.3

4M
g–

0.
13

S 
(n

 =
 1

5)
0.

49
4

0.
09

8
0.

03
1

0.
11

1
—

—
—

—
—

　

7 
E

C
50

 =
 4

.7
1 

+
 0

.0
3C

a 
+

 0
.1

2M
g 

(n
 =

 1
5)

0.
35

6
0.

38
9

0.
06

9
—

—
—

—
—

—
　

8 
E

C
50

 =
 1

2.
75

 +
 0

.1
4M

g 
(n

 =
 1

5)
0.

31
3

0.
03

0
—

—
—

—
—

—
—

　

9 
E

C
10

 =
 9

.5
7–

1.
30

pH
–

0.
05

K
–

0.
01

C
a 

+
 2

.6
0E

C
 +

 0
.0

8M
g–

0.
02

N
a 

+
 0

.0
01

S 
+

 0
.0

1D
O

C
 (

n 
=

16
)

0.
55

3
0.

55
7

0.
65

4
0.

72
2

0.
58

8
0.

33
7

0.
48

4
0.

98
9

0.
71

5
M

g

10
 E

C
10

 =
 9

.4
9–

1.
30

pH
–

0.
05

K
–

0.
01

C
a 

+
 2

.6
1E

C
 +

 0
.0

8M
g–

0.
02

N
a 

+
 0

.0
1D

O
C

 (
n 

=
 1

6)
0.

55
3

0.
52

8
0.

62
8

0.
59

2
0.

55
4

0.
23

1
0.

29
7

0.
65

1
—

　

11
 E

C
10

 =
 7

.9
0–

0.
93

pH
–

0.
03

K
–

0.
01

C
a 

+
 1

.9
6E

C
 +

 0
.0

9M
g–

0.
02

N
a 

(n
 =

 1
6)

0.
54

1
0.

60
2

0.
71

5
0.

72
1

0.
62

0
0.

18
2

0.
31

1
—

—
　

12
 E

C
10

 =
 1

0.
28
–

1.
27

pH
–

0.
04

K
 +

 1
.0

0E
C

 +
 0

.0
8M

g–
0.

01
N

a 
(n

 =
 1

6)
0.

53
4

0.
38

3
0.

62
2

0.
71

5
0.

17
3

0.
21

7
—

—
—

　

13
 E

C
10

 =
 1

1.
61
–

1.
38

pH
–

0.
03

K
 +

 0
.1

0M
g–

0.
01

N
a 

(n
 =

 1
6)

0.
52

8
0.

31
9

0.
64

8
0.

04
3

0.
18

7
—

—
—

—
　

14
 E

C
10

 =
 9

.7
7–

1.
23

pH
 +

 0
.1

0M
g–

0.
01

N
a 

(n
 =

 1
6)

0.
51

8
0.

34
0

0.
02

8
0.

13
8

—
—

—
—

—
　

15
 E

C
10

 =
 0

.5
4 

+
 0

.0
9M

g–
0.

01
N

a 
(n

 =
 1

6)
0.

47
8

0.
03

3
0.

16
2

—
—

—
—

—
—

　

16
 E

C
10

 =
 2

.1
8 

+
 0

.0
4M

g 
(n

 =
 1

6)
0.

39
0

0.
01

0
—

—
—

—
—

—
—

　

r2 , 
co

ef
fic

ie
nt

 o
f 

de
te

rm
in

at
io

n 
(p

er
ce

nt
ag

e 
of

 v
ar

ia
nc

e 
ac

co
un

te
d 

fo
r 

by
 t

he
 r

eg
re

ss
io

n 
m

od
el

);
 P

, 
si

gn
ifi

ca
nt

 l
ev

el
; 

E
C

50
, 

m
ed

ia
n 

ef
fe

ct
iv

e 
co

nc
en

tr
at

io
n 

va
lu

e 
an

d 
E

C
10

, 
10

%
 o

f 
ef

fe
ct

iv
e 

co
nc

en
tr

at
io

n 
va

lu
e;

 D
O

C
, d

is
so

lv
ed

 o
rg

an
ic

 c
ar

bo
n;

 E
C

, e
le

ct
ri

ca
l c

on
du

ct
iv

ity
.

CSB1200130.indd   11 9/9/2013   12:27:16 PM
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