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INTRODUCTION

Soil salinization and alkalization are caused by the 
accumulation of soluble salts (ions) in the soil solum to a 
level that depresses plant production, and are serious 
problems in irrigated agriculture in semiarid and arid 
regions (Rengasamy, 2006).  The ions accumulation in 
irrigated fields is affected by dynamics of water and ion 
transport through physical and physiological processes 
in the plant−environment system (Kitano et al., 2006).  
Therefore, these transport processes have to be control-
led optimally for effective and sustainable use of the irri-
gated field. 

In order to develop soil physical and biological meth-
ods for controlling salinity and sodicity in 
surface−irrigated fields within a normal range, an experi-

mental field was newly established at Pingbu village in 
Jingyuan prefecture in the upper Yellow River valley.  
Wang et al. (this issue) described the background and 
objectives of the experiments, and Yoshikoshi et al. (this 
issue) summarized the observation system installed in 
the field for measuring meteorological and hydrological 
elements.  In this paper, spatial distribution of ions rele-
vant to the present subject observed in and around the 
experimental field is shown, and the state of salinization 
and alkalization in the field is analyzed. 

MATERIALS AND METHODS

Experimental field and cultivation conditions
Figure 1 shows a ground plan of the experimental 

field newly established and its surroundings at Pingbu 
village in Jingyuan prefecture in the upper Yellow River 
valley (N 36° 25.5’, E 104° 25.4’, 1461 m ASL).  The cli-
matic characteristics of Jingyuan and the observation 
systems installed in the field for measuring meteorologi-
cal and hydrological elements are described in detail by 
Wang et al. (this issue) and Yoshikoshi et al. (this issue), 
respectively.  In the experimental field with an area of 
about one mu (Chinese unit of area, 667 m2), corn was 
cultivated in 2007 and irrigation is applied from a canal 
with the water diverted from the Yellow River.  A sali-
nized field, where growth of corn was depressed greatly 
by the excessive salt accumulation in the surface soil in 
2007, is adjacent to the experimental field, and extensive 
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paddy fields spread out from the other side of the canal.  
A cliff of the yellow loess about 150 m high rises at about 
500 m far from the field in a southeasterly direction, and 
corn is grown on this river terrace extending from the 
top of the cliff to the back mountainous area by applying 
the water pumped up from the Yellow River.  Therefore, 
saline seeps occur at the foot and wall face of the cliff, 
and the saline seep water flows to a drain ditch next to 
the cliff that leads to the Yellow River.  On the other 
hand, groundwater level in and around the experimental 
field is relatively shallow (about 50 cm in depth) during 
the growing period because the canal is filled with water 
in the period.

The crops grown in and around the experimental 
field are mainly corn and rice, and also wheat, sesame 
and legume are grown by the mixed cultivation with 
corn, as shown in Fig. 2. 

Sampling water, soils and crops
Intensive surveys were practiced three times during 

the periods 2−9 June, 10−20 August and 17−23 
September 2007, for analyzing the spatial distribution of 

ion concentrations in waters, soils and crops in and 
around the experimental field.  On 7 June in the first 
survey, the Yellow River water, irrigation canal water 
and flooded surface water in the paddy field were sam-
pled, and then the surface soils (0−5 cm in depth) and 
root zone soils (20−25 cm in depth) were also sampled 
in the experimental field and the salinized field (Fig. 1).  
Furthermore, crops grown in and around the experimen-
tal field (corn, wheat, sesame, legume and rice) were 
sampled and their dry weight and height were measured.  
On 12 August and 19 September in the second and third 
surveys, the saline seep water and the groundwater in 
the field as well as the Yellow River water were sampled. 

Chemical analyses, and salinity and sodicity
The electrical conductivity (EC) at 25 °C, concentra-

tions of different ions (Na+, Ca2+, Mg2+, K+, Cl−, SO4
2− and 

NO3
−) and pH for the Yellow River water, irrigation 

water, paddy field water, saline seep water and ground-
water were measured with an EC meter (B−173, 
HORIBA), an ion chromatograph system (ICS−90, 
DIONEX) and a pH meter (B−212, HORIBA).  
Furthermore, the sodium adsorption ratio (SAR) and the 
exchangeable sodium percentage (ESP), which are good 
indicators of sodicity, were calculated for the respective 
water sample from the measurements of ion concentra-
tions (Wang et al., this issue): 

SAR = CNa / (CCa+CMg)
1/2   (1)

ESP ≈ 1.5SAR / (1+0.015SAR)   (2)

where C is the ion concentration in mol m−3, and sub-
scripts of Na, Ca and Mg refer to sodium, calcium and 
magnesium, respectively. 

The state of salinization and alkalization of soils can 
be diagnosed on the basis of EC, and SAR or ESP of the 
saturation extract of soil, which is obtained from a satu-
rated soil−paste made by adding distilled water to a sam-
ple of soil while stirring with a spatula.  As an easily 
measurable and practical index of soil salinity, the EC of 
the extract of a saturated soil (ECSAT) was defined by 
using EC of the extract of a 1:x soil−water ratio (EC1:x) 
as follows (Kobayashi et al., 2006):

ECSAT=EC1:x     (3)

with
x=ερw / (1−ε)ρS     (4)

where ε is the porosity of the soil under actual field con-
ditions, ρS is the density of soil particles and ρw is the 
density of water.  ECSAT is estimated by extrapolation 
using a regression equation as EC1:x=x−n EC1:1 obtained 
from more than three EC values of dilution extract 
(EC1:x) for x=1~5.  The parameter n is determined by 
experiment. 

On the other hand, EC of a solution is an indicator of 
the sum of concentrations of each ion present in the 
solution.  Therefore, the concentration of an ion M in the 

Fig. 1. A ground plan of the experimental irrigated field at Pingbu 
village in the upper Yellow River valley: Solid squares (P1, 
P2 and P3) indicate measurement points of soil moisture 
and electrical conductivity; W. S. weather station. 

Fig. 2. Photograph of a mixed cultivation (corn and wheat) 
field in Pingbu village early in June.
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extract of a saturated soil ([M]SAT) can also be expressed 
by using the concentration of M of the dilution extract of 
a soil sample at 1:x soil−water ratio ([M]1:x) as

[M]SAT= [M]1:x=x−n [M]1:1    (5)

In this study, dilution extracts of a soil sample at 
soil−water ratios of 1:1, 1:3 and 1:5 were obtained and 
their electrical conductivities and ion concentrations 
were measured with the EC meter and the ion chroma-
tograph system.  As an example, relationships of EC and 
Na+ concentration with soil−water ratio x for the surface 
soils sampled at the experimental field and the salinized 
field are shown in Fig. 3.  

By using the relationships as Eqs.(3) and (5), EC 
and concentrations of ions Na+, Ca2+, Mg2+, K+, Cl−, SO4

2− 
and NO3

− for the extract of saturated soil were estimated 
and designated as ECSAT, [Na+]SAT, [Ca2+]SAT, [Mg2+]SAT, [K

+]
SAT, [Cl−]SAT, [SO4

2−]SAT and [NO3
−]SAT, respectively.  Physical 

properties of the soil in the experimental field are shown 
elsewhere (Yoshikoshi et al., this issue).  Furthermore, 
SAR and ESP of the soil samples were evaluated using 
[Na+]SAT, [Ca2

+]SAT and [Mg2
+]SAT from Eqs.(1) and (2). 

The contents of ions Na+, Ca2+, Mg2+, K+, Cl− and 
SO4

2− in the sampled crops of corn, wheat, sesame, leg-
ume and rice were measured following the standard pro-
cedures (Kitano et al., 2006).  The ash of shoot and root, 
or the whole of each crop was dissolved in dilute nitric 
acid (HNO3) to achieve complete decomposition of 
organic matter, and then the ions content and accumula-
tion in crops were evaluated from the ion analysis of the 
dissolved ash solution with the ion chromatograph sys-
tem.  In this procedure, the content of NO3

− was not 
measured. 

RESULTS AND DISCUSSION

Table 1 shows the EC, concentrations of ions (Na+, 
Ca2+, Mg2+, K+, Cl−, SO4

2− and NO3
−), pH, SAR and ESP for 

the Yellow River water, irrigation canal water, paddy 
field water, saline seep water and groundwater.  
Concentrations of ions Na+, Mg2+ and Cl− increased as 
water flowed down from the Yellow River to the canal 
and therefore EC was a little higher in the irrigation 
canal water than that in the Yellow River water.  For the 
paddy field water, ions such as Na+, Cl− and SO4

2− took a 
large part of the total ions present in it and EC was 
1.0 dS m−1.  This EC value is much higher than the aver-
age value of 0.2 dS m−1 for a paddy field water in Fukuoka 
prefecture, Japan (Mizuta et al., 2001).  The saline seep 
water had a very large amount of ions and EC was 
52.2 dS m−1, which is nearly equal to that of the seawa-
ter.  The paddy field water and the saline seep water as 
well as the irrigation canal water may percolate into the 
water table in the study area.  The groundwater in the 
field contained a large amount of ions Na+, Cl− and SO4

2− 
and EC was 3.5 dS m−1.  The EC value and the concentra-
tion of ions, except for K+, of the groundwater were 
somewhat higher than those at an irrigated cornfield in 

Fig. 3. Relationships of the electrical conductivity (EC1:x) and Na+ 

concentration ([Na+]1:x) of the dilution extract of a soil 
sample at 1:x (soil−water ratio) with x for the surface soils 
sampled in the experimental field and the salinized field 
on 7 June 2007.  Open symbols (Control−1, 2 and 3) indi-
cate values of soils sampled in the experimental field, and 
closed symbols (Salt−1, 2 and 3) indicate values of soils 
sampled in the salinized field. 

Table 1. Electrical conductivity (EC), ion concentrations, pH, sodium adsorption ratio (SAR) and exchangeable sodium percentage 
(ESP).   Means of three to nine samples are shown with the standard error in parenthesis
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Inner Mongolia, China, reported by Kitano et al. (2006).  
Furthermore, all the water samples were weakly alkaline 
because the values of pH were about eight, but judged 
normal with respect to sodicity, except for the saline 
seep water, because their SAR values were within the 
low level range shown by Akae et al. (2004) and ESP 
values were smaller than 15 (Wang et al., this issue). 

Figure 4 shows the ECSAT, [Na+]SAT, [Ca2+]SAT, [Mg2+]SAT, 
[K+]SAT, [Cl−]SAT, [SO4

2−]SAT and [NO3
−]SAT of the soils sampled 

in 0−5 cm and 20−25 cm depth layers in the experimen-
tal field (Control) and the salinized field (Salt) on 7 June 

2007.  Concentrations of all ions were higher in the 
0−5 cm depth layer than those in the 20−25 cm depth 
layer, and hence ECSAT was also larger for the soil taken 
in the 0−5 cm depth layer.  This suggests that evapotran-
spiration brought the upward movement of water and 
ions in the soil profile and thereafter only ions were 
remained in the surface soil.  On the other hand, it is 
obvious that Na+, Cl− and SO4

2− were major ions con-
tained in the experimental and the salinized field soils, 
because [Na+]SAT, [Cl−]SAT and [SO4

2−]SAT were extremely 
higher than the others.  Between the experimental and 
salinized fields, large differences in these major elements 
[Na+]SAT, [Cl−]SAT and [SO4

2−]SAT were found for the 0−5 cm 
depth soil, but there was no significant differences for 
the 20−25 cm depth soil.  Therefore, a similar distribu-
tion as for the major elements concentrations in soils 
was appeared for ECSAT; ECSAT for the 0−5 cm depth soil 
in the experimental and salinized fields were 33.8 dS m−1 
and 78.9 dS m−1, respectively, while ECSAT for the 20−25 cm 
depth soil in both fields took the same value as 5.5 dS 
m−1.  Furthermore, the SAR and ESP evaluated using 
[Na+]SAT, [Ca2+]SAT, [Mg2+]SAT in Fig. 4 were shown in Fig. 
5.  SAR and ESP were also higher for the surface soil, 
and the ESP of the 0−5 cm depth soil in the experimen-
tal and salinized fields were 21.9 and 34.9, respectively, 
while the ESP of the 20−25 cm depth soil in both fields 
were 10.6 and 12.5, respectively. 

According to the diagnosis of soil by US Salinity 
Laboratory Staff (1954), a soil is considered to be saline 
if ECSAT is above 4.0 dS m−1 and is considered to be sodic 
if ESP is above 15.0.  The soils in the root zone 

Fig. 4. Electrical conductivity (ECSAT) and ion concentrations ([Na+]SAT, [Ca2+]SAT, [Mg2+]SAT, [K
+]SAT, [Cl−]SAT, [SO4

2−]SAT 
and [NO3

−]SAT) of the extract of saturated soils for the 0−5 cm and 20−25 cm depth layers in the experi-
mental field (Control) and the salinized field (Salt) on 7 June 2007.  Means of three samples are shown 
with the standard error. 

Fig. 5. Sodium adsorption ratio (SAR) and exchangeable sodium 
percentage (ESP) of the extract of saturated soils for the 
0−5 cm and 20−25 cm depth layers in the experimental 
field (Control) and the salinized field (Salt) on 7 June 
2007.  Means of three samples are shown with the stan-
dard error. 
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(20−25 cm depth soil) in the both fields were classed as 
saline but non−sodic, while the surface soils (0−5 cm 
depth soil) were highly saline and sodic.  These results 
suggest that corn can grow almost normally in the exper-
imental field but not in the salinized field. 

Table 2 shows the concentrations of ions Na+, Ca2+, 
Mg2+, K+, Cl− and SO4

2− in crops (corn, wheat, sesame, 
legume and rice) grown in and around the experimental 
field on 7 June 2007.  The ion concentrations in plant 
body (shoot and root, or whole) are considered to reflect 
the active and selective ion uptake by roots (Kramer and 
Boyer, 1995).  K+ is the major essential nutrient for plant 
growth (Taiz and Zeiger, 2002), and therefore its con-
centration was found to be relatively high in all the 
crops.  On the other hand, Na+, which is not the essential 
element for crop growth, was not highly concentrated in 
plant body, although a large amount of Na+ existed in the 

soil in and around the experimental field (Fig. 4).  
Table 3 shows ion accumulations in shoots and roots of 
corn, which has the largest dry biomass of a single plant 
among the cultivated crops, in the experimental field 
(Control) and the salinized field (Salt) on 7 June 2007.  
High Na+ concentration in the soil induced an increase of 
Na+ concentration in corn (Table 2), but caused the 
growth depression.  Plant heights in the experimental 
field and the salinized field averaged for several speci-
mens were 0.78 m and 0.38 m, respectively.  
Consequently, the difference of Na+ accumulation in the 
whole plant body (shoot + root) of corn was not so sig-
nificant between the experimental and salinized fields.  
These results indicate that all crops grown in and around 
the experimental field have a poor ability to absorb Na+ 
from soils, and this poor ability seems to be one of the 
factors causing the soil salinization and alkalization. 

Table 2. Ion concentrations in crops grown in and around the experimental field on 7 June 2007.   Means 
of three samples are shown with the standard error in parenthesis

Shoot

Root

Shoot

Root

Shoot

Root

Shoot

Root

Whole

Whole

Corn
(Control)

Corn
(Salt)

Wheat

Sesame

Legume

Rice

PartPlants

1.2
(0.19)

6.2
(0.36)

4.1
(0.07)

4.3
(0.10)

8.0
(0.27)

5.5
(0.25)

20.9
(1.97)
12.4

(0.84)

9.6
(0.44)

6.8
(0.22)

2.4
(0.18)

6.4
(0.48)

3.2
(0.33)

9.4
(0.48)

2.7
(0.19)

4.0
(0.68)

7.0
(0.30)

5.8
(0.21)

29.8
(1.00)
15.6

(0.85)

12.3
(1.04)

9.6
(1.31)

4.9
(0.51)

9.4
(0.34)

1.8
(0.26)

3.2
(0.28)

2.2
(0.12)

7.7
(3.28)

2.0
(0.18)

2.5
(0.47)

10.6
(0.99)

6.7
(0.28)

4.2
(0.33)

1.8
(0.16)

3.2
(0.21)

6.5
(0.19)

3.8
(0.67)

2.2
(0.22)

5.6
(1.35)

1.4
(0.15)

3.8
(0.80)

1.3
(0.06)

12.9
(1.41)

5.9
(0.55)

3.1
(0.68)

1.1
(0.04)

4.2
(0.87)

0.8
(0.09)

2.6
(0.50)

7.6
(0.41)

7.3
(0.71)

16.5
(0.55)

7.1
(0.59)

10.3
(0.72)

3.0
(0.42)

9.8
(4.09)

2.3
(0.11)

6.0
(0.69)

2.1
(0.56)

4.8
(0.11)

Na+ Ca2+ Mg2+ K+ Cl– SO4
2–

(mg L–1 D. W.)

Table 3. Ion accumulations in shoots and roots of corn plants grown in the experimental field (Control)
and the salinized field (Salt) on 7 June 2007.   Means of three samples are shown with the stan-
dard error in parenthesis

Shoot

Root

Shoot

Root

Control

Salt

PartCorn

6.3
(0.76)

8.9
(0.31)

22.8
(2.08)

6.2
(0.54)

44.3
(2.36)

7.9
(0.95)

117.8
(18.43)

18.2
(2.97)

54.1
(6.71)

9.9
(1.10)

13.6
(2.24)

9.3
(1.61)

9.4
(3.00)

6.3
(1.60)

7.5
(1.28)

2.4
(0.23)

19.8
(3.89)

3.8
(0.70)

86.8
(22.39)

10.4
(2.72)

36.0
(10.56)

6.6
(2.24)

13.3
(1.67)

6.1
(1.18)

Na+ Ca2+ Mg2+ K+ Cl– SO4
2–

(mg part–1)
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Therefore, techniques such as mixed cultivation or 
crop rotation using the plant with high ability of roots to 
absorb Na+  should be developed for controlling salinity 
and sodicity in surface−irrigated fields within a normal 
range.  Quintero et al. (2007) examined the root Na+ 

uptake and Na+ accumulation in the shoot of sunflower 
plants, and Irshad et al. (2005) dealt with the reclama-
tion of saline wastelands by using halophytes. 

CONCLUDING REMARKS

During the crop growing period, leaf transpiration 
accompanied by root water uptake induces the most sig-
nificant driving force for mass flow transporting the 
groundwater toward the root zone (Yasutake et al., 
2007), in which zone dynamics of ion balance largely 
depends on the root function of active and selective 
nutrient uptake (Kitano et al., 2006).  Therefore, not 
only physical but also physiological transport processes 
in the soil−plant−atmosphere continuum should be 
taken into consideration for analysis of soil salinization 
and alkalization in irrigated fields. 

In this study, waters (Yellow River water, irrigation 
canal water, paddy field water, saline seep water, 
groundwater), soils (experimental field and salinized 
field) and crops (corn, wheat, sesame, legume and rice) 
were sampled and their chemical characteristics such as 
EC, ion concentration, pH, SAR and ESP were meas-
ured, and the state of salinization and alkalization in and 
around the experimental field was analyzed using mainly 
the data obtained on June 2007.  To get more detailed 
information about the dynamics of water and ion trans-
port, which causes salinization and alkalization of soil 
and water, seasonal change in the spatial distribution of 
ion concentrations in and around the field should be 
analyzed by conducting intensive surveys frequently. 
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