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Abstract

Years of intensive irrigated farming in the Oasis area of Xinjiang in north-western China

has caused secondary salinization of vast areas of land since the mid 1980s. Soil salinity/

sodicity surveys in the area, conducted after the problem surfaced, showed relatively high

levels of the sodium adsorption ratio (SAR) in the upper soil layers. In one study, 92% of

cored soil samples of the affected fields showed SAR values above 5, while 42% had values

above 15. One ameliorative approach, bio-drainage using different desert vegetations, was

used to control the high water-tables and reverse the observed salinity/sodicity trends in the

border area of the Manas Alluvial Fan. The ground-water table dropped to below 2.28m in

the summer of the fifth year, which was sufficient to prevent secondary salinization. A related

plot study showed that Lycium barbarum and Puccinellia Chinamponsis consumed large

amounts of soil water while leaving most of the salts behind. The salt contents of leaves and

young branches were different for different vegetation. Soil profile salt distributions for the

deep-rooted and shallow-rooted systems were different in two of the three years after planting.

Commercial forestry of L. barbarum and other timber products under current conditions, and

without irrigation, appears a viable agricultural alternative that could bring higher returns

than for wheat or cotton. Results of this study indicate that both conventional and biological

drainage are attractive options for controlling the local hydrology and limiting or diminishing

salinity–sodicity trends.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Advances in soil science during the past several decades have significantly
increased our understanding of many soil physical and chemical processes at
especially the laboratory scale, but unfortunately not always equally at the field
scale. This dichotomy is well exemplified by soil salinity and sodicity studies in
Northern Xinjiang of China during the past 30 years. Xinjiang, situated in an arid
region with intensive irrigated agriculture, has proved to be very vulnerable to soil
salinization and sodification. Salinization of large areas of farmland constitutes a
major ecological and environmental problem, and threatens continued development
and sustained operation of irrigated agriculture in the area. In attempts to solve this
problem, numerous salinity-related studies have been carried out during the past 30
years by a number of researchers at several institutes in Xinjiang, leading to
considerable advancement in the knowledge of soil salinity and sodicity.
Unfortunately, the acquired knowledge has not prevented the continued

salinization of the irrigated alluvial fan and its border in northern Xinjiang from
the mid 1980s onwards (Li and Yu, 1982; Shi and Li, 1986). This failure to control
salinization has triggered a new set of salinity-related research efforts: (a) field-scale
hydrologic investigations, including a country-wide soil salinity survey, (b)
implementation of bio-drainage technologies aimed at controlling rises in the
ground-water-table, and (c) in-depth laboratory studies aimed at understanding and
quantifying the impact of selected environmental variables on the hydraulic
properties of alkalized desert soil (Agassi et al., 1985; Ben-Hur et al., 1998). The
latter studies focus on soil structural stability, infiltration rate, hydraulic
conductivity, water content, effective porosity, and compaction behavior (Li and
Yu, 1982; Wang, 1986; Shainberg et al., 1996).
It is widely recognized that laboratory results generally do not reflect field

experiments because of two major problems: (a) their freedom from the
simultaneous, transient, and nonlinear effects of all major environmental factors
operating under natural field conditions; and (b) soil cores in laboratory experiments
are usually repacked, and hence do not represent undisturbed field conditions
(Shainberg and Letey, 1984). In addition, results of numerous laboratory studies
conducted in Xinjiang and elsewhere strongly suggest that the only assured measure
for control of sodification is an appropriate increase in the electrolyte concentration
of the soil solution by adding calcium salts. This is achieved either by dissolution of
minerals naturally present in the soil, or by artificial application of soil amendments.
The higher the exchangeable sodium percentage (ESP) of the soil complex, the more
salts should be added to increase the electrical conductivity (EC) of the percolating
water and to maintain the EC above the flocculation value (Frenkel et al., 1978;
Shalit et al., 1998). In this respect, rainfall is often the least desirable source of water
for irrigation or for leaching sodic soils.
The above observations have much relevance for sodicity control and for

understanding the potential advantages of bio-drainage to address the growing
salinity problems in the border areas of the alluvial fan in Xinjiang. Biological
drainage using desert plants in this area provides a means of extracting shallow
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ground-water, thus lowering its level below that of the active, salinity-prone, upper
soil layer.
The objectives of this research are to: (1) assemble the results of several field

studies purporting to classify alkalized desert soils in terms of SAR; (2) study the use
of bio-drainage to control or lower rising ground-water tables; and (3) evaluate the
dynamics of sodicity in actual sodic field soils subjected to artificial drainage.

2. Experimental methods

The experimental field is a 500-ha national agricultural farm, situated along the
border area of the Manas Alluvial Fan near the Western Bank Big Canal in northern
Xinjiang. The climate is arid and has a wide range of temperatures and rainfall. The
field site consists primarily of light loamy sediments with moderate to poor drainage
properties, underlain by fine sands and without impeding strata to a depth of about
8m (Li and Yu, 1982). Soil salinity and soil water content measurements were made
for each 20 cm layer of the soil profile. Ground-water depth was automatically
monitored at the ten-ground-water monitoring wells since 1964. A basin-wide soil
salinity/sodicity survey was conducted on different farmlands. For the purpose of
controlling ground-water levels, the thirty 0.67-ha salinity-affected plots were
arranged in different waterlogged and salinity-affected plots in the Manas Alluvial
Fan. Several locations of planted vegetation, including Elaeagnus angustifolia, H.

Ammonderdron Bge, Lycium barbarum, and Puccinellia Chinamponsis, were planted
in the field. When vegetation was planted, the size and density for each species was
treated according to local management in each plot, respectively (such as 2m� 2m
and 1675 individual plants for trees and 1m� 1m and 3500 individual plants for
shrubs). One major aspect of the field experiments was to identify plants that would
most effectively control ground-water levels in the area.

3. Results and analysis

3.1. Salinity and sodicity characteristics of the border of Manas Alluvial Fan

Soils along the border of the Manas Alluvial Fan are primarily fine-textured
alkalized desert soils. Soil texture was generally about 65% clay, 28% silt, and 7%
sand, with montmorillonite being the dominant clay mineral. The soil typically
contains 63 g/kg CaCO3, 42 g/kg organic matter and had a cation-exchange-capacity
(CEC) of 53 cmolc per kg of soil. The 300-km2 area of the border zone in the Manas
Alluvial Fan was not used extensively in the 1950s. In the early 1960s, when wheat
became the dominant crop, irrigation was introduced. Many water harvesting and
storage facilities, such as the Western Bank Big Canal of the Manas River, were
constructed at the time in the border of the Manas Alluvial Fan to secure irrigation
waters for the long dry summer seasons.
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The introduction of irrigation caused a drastic impairment of the delicate
hydrological balance of the area. Ground-water levels started to rise and salinization
inevitably started to affect the border area. The southern part of the irrigated area
also suffered from seepage of the Western Bank Big Canal. Between 1964 and 1980,
the ground-water level rose from 8.1m to 5.0m below the soil surface in the Xiayedi
Irrigation Farm. Levels during those 16 years rose by an average of 19 cm per year
(see Fig. 1), while shallow ground-water concentrations increased from 6.6 to 12.2 g/
dm3. In 2000, the ground-water level and salt concentration rose further to 2.28m
and 16.8 g/dm3, respectively.
Following many previous studies of soil salinity and sodicity in the literature we

will characterize sodicity on agricultural lands in Xinjiang using the SAR. SAR is
based on Ca2+, Mg2+ and Na+ concentration measurements performed on soil
extracts obtained from soil core samples: SAR=Na/[0.5Ca+Mg]0.5. Many soil
profiles had been measured for SAR during the past 5 years in the Manas Alluvial
Fan in northern Xinjiang. These data provide an invaluable basis for analyzing and
quantifying of the scope of the problems, and for evaluating of the degree of
improvement achieved by treatment of the affected lands. Most measurements were
done every 20 cm to a depth of 100 cm.
Fig. 2 represents typical soil salinity and SAR profiles respectively, of the salt-

affected fields in the border area. Having a maximum SAR at a depth of about 80 cm
is characteristic of the alkalized desert soils in the border area; this point is in a layer
of maximum compaction and sodium accumulation. Fig. 2 shows the catena effect of
salt accumulation toward the lower slope (site 7) where natural drainage is not
sufficient to remove the salts. Accepting SAR levels of 10–12 at a depth of 100 cm as
‘‘normal’’ for the alkalized desert soils in our research area, repeated sodicity
profiling of the affected fields revealed SAR values which far exceeded the norm at
shallower layers (Table 1).
Table 1 shows a classification of the alkalized soils in the area. Weakly alkalized

soils are those with SAR values between 5% and 15%. Field experience indicates
that 90% of corn and cotton seedlings will survive such conditions. When the degree
of alkalization (SAR) is over 40%, the soil is classified as a solonetz, which inhibits
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Fig. 1. Changes in the ground-water level in the Xiayedi Irrigation Farm from 1964 to 2000.
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plant growth and can be used only after soil reclamation. The SAR in some extreme
cases was very high, with the associated soil hydraulic properties becoming very
poor. But the hydrolizing alkalinity and pH are not high enough. This type of soil is
considered to be a non-typical alkalized soil. If we accept McIntyre’s (1979)
definition of sodic soils (SAR>5) and considering the comprehensive index of
classification for alkalized desert soils, then 92% of the total affected fields listed in
Table 1 should be considered sodic. If SAR>15 is taken as the threshold value
(Shainberg and Letey, 1984; Misak et al., 1997), then 42% would be sodic.

3.2. Function of bio-drainage

Extensive biological drainage field experiments were conducted in Xinjiang
starting in the 1980s. Biological drainage with desert plant species as a means of
lowering the rising ground water tables was considered an alternative and cheaper
strategy to control salinity. The two primary research goals of the bio-drainage
efforts were: (a) to evaluate the effect of the desert plant growth in lowering the
shallow ground-water table and promoting salt-leaching conditions; and (b) to assess
the biomass growth rate of the plants under various field conditions, and the
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Fig. 2. Average distributions of salinity and SAR at seven sites along the catena in the Manas Alluvial

Fan in 1998–2000.

Table 1

Classification of alkalized desert soils and their percentages of the total research area

Classification Hydrolysible

alkalinity(%)

SAR

(%)

Percentage of the total

research area (%)

Non-alkalized soil o0.007 o5.0 8.2

Weakly alkalized soil 0.007–0.021 5.0–15.0 49.6

Moderately alkalized soil 0.021–0.037 15.0–30.0 24.1

Strongly alkalized soil 0.037–0.060 30.0–40.0 13.9

Solonetz >0.060 >40.0 4.3
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associated economic viability. Thirty 0.67-ha plots in the Xiayedi Irrigation Farm
were selected, representing a broad range of environmental conditions in the border
area, including the subsurface hydrological regime, soil salinity, and sodicity status.
It is worth mentioning that the plots were not used for crop production before the
experiments began because of waterlogging and/or salinity built-up.
Soil sampling prior to planting showed SAR values to be, in most cases, within the

range of 10–15. In some places, however, SAR values increased to values between 20
and 25. Ten species of E. angustifolia, Willow, Cathay poplar, Ammonderdron Bge,

L. barbarum, Haloxylon persicum, Populus diversifolia Schrenk, P. Chinamponsis

were selected and planted in two replicates at each of the 30 plots. Shallow
underground water levels were routinely monitored before and during the
experiments using ten observation wells. Growth rates of the different species were
measured periodically, using average diameter and average tree height as variables.
In each autumn of the year, the average annual biomass yield per hectare was
estimated by measuring average diameter and height. The transpiration rate of each
tree was determined by using a calibrated heat pulse technique. For the sake of
brevity, only major outcomes will be mentioned here. Ground-water tables declined
steadily during the 6-year monitoring period and dropped to more than 2.28m below
the soil surface in each of the plots in the summer of 2000 (Fig. 1). This exceeded the
minimum 2-m depth-to-water-table thought to be needed to control capillary rise
and to prevent salinization of the upper soil profile. Salinities simultaneously also
declined such as shown in Fig. 3 for the L. barbarum plots, which initially had a salt
content of 2.0%. After 4 years, the salinity of 20-cm top layer had reduced gradually
to 0.32% from 2.22% before planting (see Fig. 3). And in the P. Chinamponsis plots,
the salinity was reduced to 0.20% from 1.13% after 3 years (see Fig. 3). L. barbaru

and P. Chinamponsis were found to perform the best in terms of controlling soil
salinity and lowering the ground water level in alkalized desert soils.
When trees were 3 years old, transpiration rates during the summer were between

3.03 and 4.12mmday�1 for Willow, 3.55–3.67mmday�1 for Tamarix, 1.21–1.32 for
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Fig. 3. Salt concentration in the soil profile of the L. barbarum plots (left) and the P. chinamponsis plots

(right) during 1994–1998.
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H. persicum, and 1.39–1.61mmday�1 for E. angustifolia. The calculated cumulative
transpiration rate for Tamarix at the Xiayedi plots was 1310mm per year. Excluding
rainfall, Tamarix consumed 1110mm directly from underlying ground-water,
leading to a decline of 0.92m in the water-table. Growth rates were no less
impressive. During the third year of the trial, the biomass yield of the best plot was
4.50–7.83 t ha�1 for L. barbarum, 8.30–8.51 t ha�1 for E. angustifolia, 2.55–2.60 t ha�1

for Tamarix and 1.50–3.00 t ha�1 for P. Chinamponsis.
To further follow the effects of biological drainage during the experiments, plant

salt contents and soil salinity distributions were also monitored for different desert
plants. Table 2 shows substantial differences in plant salt contents among the desert
vegetations, especially for the halophytes. The total salt content of pearly Salsola

foliosa reached 31.9%, while the leaves of P. diversifolia Schrenk had a salt content of
14.8%; corresponding SAR vales were 16.7 and 10.8, respectively.
As expected, soil salinity distributions differed greatly between the deep-rooted

and shallow-rooted systems two or three years after planting. For the shallow-rooted
systems, salts moved down and concentrated in the 40-cm layer. For the deep-rooted
systems, salt moved slowly to deeper layers, eventually reaching a maximum at
120 cm. When deep-rooted and shallow-rooted plants were grown together, salt
concentrations in the soil profile tended to show double peaks. Salts then
accumulated in the 20-cm layer of the shallow-rooted plants, but also in the 80-cm
layer because of uptake by the deep-rooted plants. In the L. barbarum plots, soil
salinity decreased to 0.6% in the arable layer after four years, while solutes also
penetrated the clay lens (60–80 cm) and then continued to move down to deeper
layers.
The economic viability of growing plants on abandoned lands in the border area

was also studied as part of our bio-drainage research effort. We found that, without
irrigation under current conditions, commercial forestry of L. barbarum and other
timber product is a viable agricultural alternative that could bring higher returns
than wheat or cotton. At present, commercial forestry is readily expanding in
northern Xinjiang, with more than 2000 ha being cultivated by farmers for this
prospective venture.
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Table 2

Plant salt content for different desert plant species (%)

Type of plant Total salt HCO3 Cl� SO4 Ca2+ Mg2+ K+ Na+ SAR

Pearly S. foliosa 31.88 2.95 2.01 16.33 0.05 0.44 1.89 8.28 16.73

Red flower S. foliosa 22.91 1.56 11.51 0.98 0.05 0.35 1.62 6.28 15.30

R. soogoria young branch 23.24 0.97 13.02 0.87 0.73 0.90 0.36 6.44 7.13

Non-leaf A. salsa young branch 16.95 1.31 8.82 0.24 0.04 0.42 1.52 4.60 9.59

Young branch of A. sala 6.66 1.25 2.85 0.17 0.07 0.28 0.58 1.46 3.49

Leaves of C monsphelia 3.43 0.72 0.67 0.83 0.11 0.09 0.52 0.49 1.55

Leaves of N erinceum 2.59 0.76 0.71 0.13 0.05 0.13 0.75 0.06 0.20

Leaves of P. diversifolia Schrenk 14.75 0.19 7.41 0.90 0.01 0.08 5.68 2.25 10.79
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4. Conclusions

Observed SAR values from hundreds of analysed soil samples cored in the border
area of the Manas Alluvial Fan showed that large areas of land are extremely
vulnerable to sodification. One detailed survey showed that 92% of the cored
samples from the affected field had SAR values above 5, while 42% had SAR values
above 15. Field experiments in the Xiayedi Irrigation Farm indicate that salinity is
more critical than sodicity, even in places where the sodicity is high and severely
impairs the soil hydraulic properties.
Biological drainage proved to be very effective in lowering shallow ground-water

tables and facilitating some leaching of salts from the surface layers. This occurred in
nearly all-experimental plots. Ground-water tables declined steadily during the 6-
year monitoring span, and dropped to more than 2.28m below the soil surface in
each of the plots. Annual transpiration of selected trees was 649–1310mm, or three
to six times the local average annual precipitation rate.
The salt content of leaves and young branches was different for different desert

vegetations. Soil salinity distributions were as expected also different between the
deep-rooted and shallow-rooted systems 2 or 3 years after planting. The long-term,
possibly deleterious, effects of salt build-up in the root zone of tree remains a
concern and needs to be addressed in further research. At the time this paper was
written, some 10 years after planting, the trees in all plots were still in good health
with no discernible signs of stress. Without irrigation, under current conditions,
commercial forestry of L. barbarum and other timber products appears a viable
agricultural alternative that could bring higher returns than for wheat or cotton.
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