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Abstract: The Tarim River Basin, the largest area of Chinese cotton production, is
receiving increased attention because of serious environmental problems. At two
experimental stations (Korla and Aksu), we studied the influence of salinity on cotton
yield. Soil chemical and physical properties, soil water content, soil total suction and
matric suction, cotton yield and water use efficiency under plastic mulched drip irrigation
in different saline soils was measured during cotton growth season. The salinity (mS-cm™')
were 17-25 (low) at Aksu and Korla, 29-50 (middle) at Aksu and 52-62 (high) at Aksu for
ECe (Electrical conductivity measured in saturation-paste extract of soil) over the 100 cm
soil profile. The soil water characteristic curves in different saline soils showed that the soil
water content (15%—-23%) at top 40 cm soil, lower total suction power (below 3500 kPa) and
lower matric suction (below 30 kPa) in low saline soil at Korla had the highest water use
efficiency (10 kg-ha !'mm™") and highest irrigation water use efficiency (12 kg-ha '-mm™")
and highest yield (6.64 t-ha!). Higher water content below 30 c¢m in high saline soil
increased the salinity risk and led to lower yield (2.39 t-ha™!). Compared to low saline soils
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at Aksu, the low saline soil at Korla saved 110 mm irrigation and 103 mm total

1

water to reach 1 t-ha™! yield and increased water use efficiency by 5 kg-ha '-mm™! and

7 kg-ha '-mm™! for water use efficiency (WUE) and irrigation water use efficiency

(IWUE) respectively.

Keywords: salinity; soil matric suction; soil osmotic suction; water use efficiency;
Tarim River Basin

1. Introduction

The Tarim River Basin, the most important location for Chinese cotton production (corresponding
to 3.7% of the world cotton production [1]), as a result of exploitation, gained attention because of
serious environmental problems developing over the last 50 years: serious degradation of soil (more
than 12 x 10* km? of land desertification; approximately 112 T of organic carbon was released into
the atmosphere from 1970 to 2000 in the Tarim River basin [2]); increased water salinity (maximum
salt concentration of the irrigation water increased between 1960 and 1998 from 1.3 to 7.8 g-L™! [3]);
water resource degradation (a 46 m drop in ground water levels from the 1960s to 1980s [2];
approximately 300 km of the Tarim River’s lower reaches ran dry between the 1950s and 1970s,
including the previous terminal lake Lop Nor [3]; arsenic concentration in the Tarim River was
4.2 times higher than international limits due to the use of pesticides [4]); and plant coverage reduction
(Populus euphratica (Salicaceae family) forest acreage and biomass declined by 67% and 50%
respectively from 1958 to 1978 and 3820 km? of P. euphratica forest, and 200 km? of shrub- and
grassland were lost in the lower reaches between the 1950s and 1990s [2]). Accumulative salt and
gypsum in the Tertiary sediments induced the big amount of saline and alkaline soil in Xinjiang
(71.61 x 10* ha), which occupied 33.26% of all agricultural fields [5]. The salinity in surface water
moved to the basin. Soil salinity increased with increasing irrigation water salinity levels also in plastic
mulch drip irrigation [6].

“The main causes of Tarim River desiccation were the increase in the irrigated area of the
headstream section in the upstream region, the rise in water consumption in the upper and middle
reaches, and the construction of reservoirs in the mountain area” [7].

A cotton irrigation experiment demonstrated that drip irrigation under a cover of plastic mulch is an
effective way to protect from unproductive soil evaporation and that a mild water deficit during the
budding stage could significantly enhance cotton fiber yield and improve water use efficiency [8].
Plastic mulching significantly increased the harvesting of rainwater and significantly increased
yield [9], An experiment in Shihezi University under varying soil water content, with 90%, 75%, 60%
of field water capacity, showed that a higher soil water saturation is unfavorable for the growth of the
cotton root system and the yield of cotton under mulched drip irrigation in Xinjiang [10]. Research on
water use efficiency of cotton in the Tarim River Basin showed that the lower limits of optimum
soil water indices for high yields, water-saving, and good quality of seeding, squaring, flowering,
boll-opening stage of cotton are 65%, 65%, 72%, 63% of soil water capacity (at 100 cm depth),
respectively [11]. In Xinjiang, the experimental fields with different soil matric potentials at 20 cm soil
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depth showed that percolation and the ratio of deep percolation with irrigation water all increased with
increasing soil matric potential [12]. Irrigation type, irrigation amount, and irrigation time are the
factors in agricultural production which most affect water use efficiency (WUE). Irrigation of cotton in
Xinjiang indicated that the flowering and budding stages were the most suitable times to supply limited
irrigation water, thus significantly improving WUE by 57% [11]. At Aksu station (Xinjiang), a study
of different limited irrigation (80%, 70%, 60%, 50% and 40% of field capacity) impact on winter
wheat growth was conducted and showed that periods of mild soil water depletion in the early
vegetative growth period together with severe soil water depletion in the maturity stage of winter
wheat is an optimal limited irrigation regime in this oasis [13]. The effects of soil moisture on cotton
root length density and yield under drip irrigation with plastic mulch in the same station showed that
the water stress caused root length density increase in lower soil layers [14].

Germination, emergence, and early seedling growth are considered to be more sensitive to salinity
than later stages of cotton growth [15]. “The key to salinity control and to irrigation sustainability is
leaching and it interacts closely with crop growth, irrigation methods and soil-physical properties.
Whereas most soils in the saline wasteland of Xinjiang have low permeability, which is considered
critical in reclamation, their infiltration capacity tends to decrease greatly due to corruption of soil
structure as soils are saturated” [16]. To control soil secondary salinization, one should mainly
establish irrigation-drainage systems and reduce irrigation amount [17]. The volume of irrigation water
is a key factor in controlling salt accumulation; insufficient irrigation cannot guarantee enough
leaching of soil salt because of a low infiltration volume [18]. The rate of irrigation also affects the salt
accumulation: The lower the drip rate (1.24 L-h™!, 3 h per time), the less the salt content along the soil
depth; the higher the drip rate (2.55 L-h™!, 3 h per time), the greater the tendency of salt content to
increase with horizontal distance [19].

Matric potential had a greater effect on organic matter decomposition than clay content [20].
The different soil matric potentials for the drip agricultural systems were studied at 20 cm soil depth in
China and provided the best estimates for increasing crop yield, which included, for example,
matric potentials higher than —20 kPa for cotton in Xinjiang province [12] and for oleic sunflower in
Tianjing [21], —35 kPa for Radish field in the North China Plain [22], and —10 kPa for corn in
Northwest China [23]. Soil water retention is influenced by soil texture [24,25] and structure [25-27],
organic matter content [28,29], and bulk density [30]. The calcium carbonate content of soils in arid
and semi-arid areas should also be taken into account, when available water values are estimated from
textural considerations [31,32].

As research mentioned above indicates, those studies focused mainly on the effect of soil matric
potential on water use, the osmotic potential on plant growth, and water use on the osmotic potential,
respectively, but seldom mentioned their combination on water use under field plastic mulched drip
irrigation in soils. The aims of this study were: (i) to quantify cotton agricultural hydrological features;
(i1) to combine soil matric and osmotic suction on water use; (iii) to investigate water use efficiency in
different saline soils under cotton cultivation as affected by plastic mulch and drip irrigation in the
Tarim River Basin in China.
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2. Materials and Methods

2.1. Site Description

The experiment was conducted at the Aksu National Experimental Station of Oasis Farmland
Ecosystems (40°37" N, 80°45" E, altitude 1028 m) and at Xinier Township, Korla City (41°35" N,
86°09' E, altitude 903 m), Xinjiang, located in the Tarim River Basin (Table 1, Figure 1). It is a typical
temperate arid climate, with mean minimum and maximum temperature during the study period

(April-November) ranging between 16.6 and 34.8 °C. There are different degrees of soil salinity and
alkalinity (Table 2).

Table 1. The basic information of two experimental stations in Tarim River Basin.

. . emp Ele (m) GWD Relative Wind Speed ? .
Site  Location Prec (mm) . ~ Soil Type
° as.l. (m) Humidity * (%) (km-h™)

40°37'N

Aksu 11.0 71.6 1028 2.0 50.5 53 Solonchak
80°45' E
41°35'N

Korla 12.2 100.8 903 1.4 42.8 7.7 Solonchak
86°09' E

Notes: Temp, annual average temperature from 1982 to 2012 [33]; Prec, annual total precipitation from 1982

to 2012 [33]; Ele, elevation; GWD, groundwater depth; a.s.l, above sea level; * the annual average data from
1982 to 2012 [33].

o Urumgqi

Korla Station

\\\\\\\\\\\

Figure 1. The location of the Aksu (left arrow) and Korla (right arrow) experimental
stations in Tarim River Basin.
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Table 2. The soil chemical and physical properties of different saline soils in two experimental stations in Tarim River Basin.

Sample pHmzo EC Soil
CEC BD ECe  Coy Nt €CaCOs COs> HCOs CI'  SOs& Ca®* Mg®¥ Na' K Partial Size Distribution
Depth (1:5) (1:5) Texture
Soil Salinity Level Clay< Silt2-63 Sand 63—
2 pm pm 2000 pm
(cm)  (cmolkg)  (g/em’) (mS/em) @ke)" (%)
Sandy
27 29 1.57 7.8 1.7 23.8 48 1.1 116.1 0.00 0.2 0.2 2.1 0.8 0.2 0.2 0.1 2.6 38.1 59.3
loam
Sandy
52 2.0 1.55 8.1 1.5 21.0 1.7 0.9 1235 0.00 0.3 04 0.6 03 0.1 0.3 0.1 2.6 36.0 614
loam
Loamy
63 1.5 1.50 82 1.5 21.0 1.6 0.9 120.7 0.00 0.2 0.2 0.9 04 0.1 0.2 0.1 20 272 70.8
Low sand
(Korla) Sandy
85 29 1.56 82 1.8 252 24 0.9 1159 0.01 0.3 0.6 12 04 0.2 0.5 0.1 25 413 56.1
loam
Low Loamy
120 12 1.50 8.5 12 16.8 1.5 0.9 111.1 0.01 0.3 0.2 04 0.2 0.1 0.2 0.1 1.7 213 77.0
(17-25 sand
mS-cm™) Sandy
140 1.9 1.57 84 13 182 2.1 0.9 116.5 0.01 0.2 0.2 04 0.2 0.1 0.2 0.1 32 43.8 53.1
loam
27 5.0 1.37 8.0 1.8 252 6.8 1.3 161.4 0.01 04 0.3 1.6 0.5 0.3 0.3 0.1 8.8 82.2 9.0 Silt
Silt
38 74 1.54 82 14 19.6 8.7 14 157.1 0.00 04 0.2 0.7 0.3 0.1 0.2 0.1 6.8 75.2 18.0
loam
Low
Silt
(Aksu) 64 6.1 1.51 8.1 1.5 21.0 82 14 159.8 0.00 04 0.2 0.8 0.3 0.2 0.2 0.1 82 71.0 14.7
loam
Silt
130 1.7 1.33 83 12 16.8 2.1 0.9 67.1 0.00 03 0.2 0.3 0.2 0.1 0.1 0.1 2.1 71.1 26.8

loam
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Table 2. Cont.
Sample pHmzo EC Soil
CEC BD ECe  Coy Not CaCO; CO~ HCOs CI' SOs* Ca* Mg* Na' K Partial Size Distribution
Depth (1:5) 1:5) Texture
Soil Salinity Level Clay< Silt2-63 Sand 63—
2 pm pm 2000 pm
(cm)  (cmolkg)  (glent) (mS/cm) (gkg)' (%)
Silt
35 5.6 1.52 7.5 35 49.0 44 0.3 138.7 0.00 0.1 0.5 82 2.5 0.3 0.8 0.1 54 74.7 199
loam
Silt
67 1.8 1.42 7.5 3.6 50.4 1.5 0.1 94.8 0.00 0.1 1.0 8.1 29 0.1 0.9 0.0 2.6 51.1 46.3
Middle (29-50 loam
mS-cm ™) (Aksu) Silt
104 55 1.40 7.9 2.1 294 22 0.2 161.7 0.00 0.2 0.8 14 0.3 0.1 0.7 0.0 3.6 70.8 255
loam
Silt
130 48 1.48 7.9 1.6 224 2.1 0.1 170.6 0.00 0.2 0.2 12 0.2 0.1 0.3 0.0 45 75.1 204
loam
Silt
32 2.8 1.70 7.5 3.7 51.8 2.1 0.1 100.4 0.00 0.1 1.0 83 2.7 0.3 1.0 0.1 4.0 57.5 385
loam
Silt
57 2.8 1.71 7.6 4.1 574 1.5 0.1 108.5 0.00 0.1 1.7 89 29 0.3 1.5 0.1 4.7 68.5 26.8
loam
High (5262 mS-cm™)
Silt
(Aksu) 85 3.8 1.39 7.6 44 61.6 1.8 0.1 107.9 0.00 0.1 2.1 8.8 2.8 0.3 1.9 0.0 5.1 74.6 20.3
loam
110 39 1.49 7.5 43 60.2 1.7 0.1 138.1 0.00 0.1 1.9 85 2.8 0.2 1.8 0.0 6.7 81.7 11.6 Silt
Silt
115 4.1 nd. 74 42 58.8 1.7 0.1 121.9 0.00 0.1 1.7 87 29 0.1 1.8 0.0 5.6 787 157
loam

Notes: ! the eight ions content was all total content; n.d., not identified.
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2.2. Experimental Design

The cotton planting design was double rows with irrigation tubes (two tubes at Korla and one tube
at Aksu) and one bare soil row (Figure 2). The salinity (mS-cm ') was 17-25 (low) at Aksu and Korla,
29-50 (middle) at Aksu and 52-62 (high) at Aksu for ECe value over the 100 cm soil profile and two
replicates per treatment, in which the soil matric potential at a depth of 25, 45, 65 cm was recorded.
Every treatment had three replicates for TDR (Time Domain Reflectometer) and tensiometer.

III-I[I)IIiQItIllIbIeIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

III-II-IIlIIIIII | | wlllllllllllllIIIIIIIIIIIII
L. Plastic
(2) mulch
I'ensiometer Tensiometer Tensiometer
65cm 45cm 25¢m L Bare soil
40 ¢m
:'::::::%::::::I::::::?::::::'::::::?:::l
TDR 1 TDR 2 TDR3 L plastic
mulch

Plastic
EEEEEE NN NN SN NN NI NN NN NN EEENEEEENEEEEE] mulch
(b) f Baresail
:‘lllllllﬁllllll‘llllllcllllll‘l.ll.lblllll- N
(SR REREIRRRNRRRRRRIRERNRERRERERIRIRIERIERRRRERTRT] ] cnmmna Cotton doublerows
Plastic
EE NN NN NN NN IS NN EEE NN NN NN EEEEEEEN] mulch IrrigatiOl’]dl‘ithbeS

Figure 2. Field experimental design in different saline soils during cotton season from May
to September 2012 in Tarim River Basin (a) at Aksu station and (b) at Korla station.

2.3. Field Sampling and Laboratory Analysis

Soil water content was measured by TDR-Time Domain Reflectometer (Time domain Reflectometry
with Intelligent MicroElements-TRIME-PICO IPH) up to a depth of 85 cm. Soil water potential was
monitored in the morning hours using tensiometer P-80 (Mechanical ecoTech Tensiometer, ecoTech
Umwelt-MeBsystem GmbH, Bonn, Germany) at 25, 45 and 65 cm depths. The TDRs and tension
meters were set up between the cotton double rows and around 20 cm from the irrigation tube at Aksu
and near the irrigation tube at Korla (Figure 2). The tensiometers were filled with distilled water and
readings were taken every three days at the same time as TDR measurement in the fields. Soil samples
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were taken during harvesting season at Aksu and Korla. All soil samples were air-dried and sieved.
Soil texture was determined using a granulometer. Bulk density was determined by the cylinder
method. Organic carbon was measured by potassium bichromate titrimetric outside heating method.
Total N was measured by perchloric acid-sulfate digestion using LWY84B an aluminum body
digestion furnace and determination of nitrogen distiller. CaCO3 was measured by Gas Method. CO3*
and HCOs™ were measured by double indicator neutralization method. ClI” was measured by AgNO3
titration. Ca?*, Mg?" and SO4*>~ were measured by EDTA complexometry. K* and Na* were measured
by flame photometry. All above methods used the analytical methods from Soil Agricultural Chemical
Analysis [34]. At harvest, numbers of cotton bolls were recorded and cotton was collected from each
replicate, oven-dried at 70 °C for 24 h and weighed to estimate yield. The cotton yield calculation was
from the methods of the ministry of agriculture of the People’s Republic of China [35].

Cotton seed yield = plant density x average boll number per cotton plant x weight per boll x 0.85 (1)

Average boll number per cotton plant = boll with cotton + boll without cotton +
1/3 x small boll (smaller than 2 cm) @)

2.4. Calculations and Statistical Analysis
2.4.1. Soil Water Retention

The soil water potential energy is the sum of matric potential (ym), osmotic potential (yo), gas
pressure potential (yp) and gravitational potential (yz) [36,37].

YT = YM + Yo + yp + Yz 3)

yr: the total soil water potential.

In unsaturated soils, gas pressure potential is zero and gravitational potential is a relative value from
an arbitrary reference level [37], so the equation is changed to Equation (4). We selected 25 cm below
the soil surface as the reference level.

YT =ym + yo + yz “4)

“The osmotic potential results from the reduction in energy of the water (relative to that of pure,
free water) resulting from mixing the water with a solute” [36]. Osmotic potential is due to the solute
in soil water. The ECi1:5s was converted to ECe using the following equation [38].

ECe = (14.0 — 0.13%clay %) x ECi:s (5)

The osmotic potential of soil water was determined using the following equation from the United
States Salinity Laboratory [39].

Yo = —0.036ECmeas Oref/Oact (6)

yo: the osmotic potential (MPa) at the actual moisture content; ECmeas: the measured electrical
conductivity (mS-cm™") of the extract at the reference water content (1:5 soil/water); Orer: the reference
water content (g-g ') at 1:5 soil/water; Oact: the actual moisture content (g-g ™).
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2.4.2. Water Use Efficiency (WUE)

The total cotton evapotranspiration (ETc) for different salinity (low at Korla, low, middle, high at
Aksu) soils during cotton season from May to September 2012 in Tarim Basin was estimated using the
water balance method as follows [12]:

ETc=/+P+AS—R—-D (7)

I: irrigation amount; P: precipitation; AS: change of soil water storage in 1 m; R: surface runoff;
D: downward flux below the crop root zone.

The soil water content of the soil profile (down to 80 cm) was measured by TDR during the cotton
growing season in 2012, which was used for AS estimation, because 85% of the cotton roots were
distributed in the top 30 cm of soil under mulched drip irrigation [10]. Surface runoff (R) was ignored
because precipitation was not high and no gradient of movement was observed.

Then water use efficiency (WUE t-ha''mm™') and irrigation water use efficiency (IWUE
t-ha”''mm™") is defined by the following equations [12]:

WUE = Y/ETc (8)
IWUE = V/I (9)

Y is the seed cotton yield (t ha™') and [ is the irrigation water applied (mm).
2.4.3. Statistical Analysis

Using SAS 9.1 software, one way ANOVA was used to evaluate the effects of treatments on water
use efficiency. Student t test (p < 0.05) was used to compare and rank the treatment means. To count
the average data, two replicates were randomly located in the field except for the edge of the field.
Statistic 10.0 software was used for soil water model lineal parameter estimation with Quasi-Newton
estimation method.

3. Results
3.1. Soil Chemical and Physical Properties of Different Saline Soils

The ECe value increased from 17 to 62 mS-cm™' throughout the soil profiles. Sodium increased
with the increase of EC. Using the linear relationship between EC (dS'm™!) and soil salt content
(g-kg™!) with equation y = 4.6x (EC was the variable) in Aksu water balance station [40]. The cotton
critical soil salt content, cotton threshold soil salt content, the soil salt content at the fastest rate of
cotton relative yield reduction, and the soil salt content at the 50% cotton relative yield reduction were
0.302% (0.66 mS-cm™'), 1.119% (2.43 mS-cm™!), 0.558% (1.21 mS-cm™'), 0.581% (1.26 mS-cm!) at
0-20 cm soil layer at Aksu river irrigation district respectively [41]. In the experiment, low salinity at
Korla and Aksu was under the cotton soil salt content threshold; however the middle and high salinity
level at Aksu were higher than cotton soil salt content threshold. Here the ECe data were much higher
than the international accepted limit of 15 dS'm™! for high salinity [42], but the general high level of
salt in Xinjiang was also documented in the locally used limits. There were higher yield data (3.0 to
5.9 t-ha™!) with top soil EC (3—-11 dS'm™") in the south Xinjiang documented [43]. The Na* content
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increased as the soil salinity level increases from 0.1 to 1.8 g-kg™'. Na* content was also used to define
the different soil salinity levels because the ions that lead to salinization increase in importance in the
following order: Mg?" << Ca?" < SO4 ” < CI” = Na" [44]. Soil texture in the top 30 cm soils were:
sandy loam in low saline soil at Korla, silt in the low saline soil at Aksu, and silt loam in the middle
and high saline soils at Aksu (Table 2).

The high saline 30 cm topsoil at Aksu had the lowest CEC (2.8 cmol-kg™'), highest bulk density
(1.70 g-cm ), lowest organic carbon content (2.1 g-kg™!), highest SO4>~ content (8.3 g-kg ') and the
highest calcium content (2.7 g-kg ). The low saline 30 cm topsoil at Aksu had the lowest bulk density
(1.37 g:ecm™), the highest organic carbon content (6.8 g-kg '), the highest total nitrogen content
(1.3 g-'kg™!), lowest SO4>~ content (1.6 g-kg '), the lowest calcium content (0.5 g-kg ') (Table 2).
Within the data, bulk density of 1.7 g-cm™ is already high, but 1.37 g-cm™ is medium.

3.2. Soil Water Retention in Different Saline Soils at Different Soil Depths

The water content was higher in low saline soil (20%—29%) than in middle saline soil (18%—-24%)
at Aksu and in low saline soil (15%-23%) at Korla in 0 to 40 cm depth (Figure 3), where the most
cotton roots were distributed. Soil water content was highest in August in all soils. Soil water content
changed strongly in the high saline soil (Figure 3d). The highest soil water content (57%) was
observed in July at 70 cm depth soil of the high saline soil, while the lowest soil water content (15%)
was observed in July at 30 cm depth soil of the low saline soil at Korla.

Vol (%)
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Figure 3. The soil water content in different soil depths (0—80 cm) during cotton season from
May to September 2012 in Tarim River Basin (a) in low saline soil at Korla; (b) in low saline
soil at Aksu; (¢) in middle saline soil at Aksu; and (d) in high saline soil at Aksu.
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The soil in 25 cm depth had the highest matric suction in all saline soils from May to October in
2012, which was followed by 45 cm depth and 65 cm depth because of surface evapotranspiration,
new soil organic carbon input from root growth and increasing moisture in deeper soil profile
(Figure 4). The soil matric suction fluctuated from 2 to 72 kPa in low saline soil and 12-52 kPa in
middle saline soil at Aksu from May to October in 2012 compared to that in high saline soil
(2—-12 kPa) and low saline soil at Korla (5-31 kPa) (Figure 4). In the 25 cm soil depth, the matric
suction was highest (72 kPa) and lowest (2 kPa) in low saline soil at Aksu compared to the other soils
(Figure 4). The matric suction power of the high saline soil remained constant in all three soil depths
because of the high soil water saturation problems (Figure 4).
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Figure 4. The soil matric suction in different soil depths (25 cm, 45, 65 c¢cm) during cotton
season from May to October 2012 in Tarim River Basin (a) in low saline soil at Korla; (b) in
low saline soil at Aksu; (¢) in middle saline soil at Aksu; and (d) in high saline soil at Aksu.
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The soil salinity level mainly effects osmotic suction and the total suction. The highest total suction
power was 5400 kPa at 25 cm soil depth in higher saline soil and the lowest (1100 kPa) was in the low
saline soil at 45 cm soil depth at Aksu (Figure 5). At all soil depths, the suction power of the high and
middle saline soils was higher than that in the low saline soils (at Aksu and Korla), the order was: the
total suction power of the high saline soil (2200-5400 kPa) > middle saline soil (3800-5200 kPa) >
low saline soil at Aksu (1100-2200 kPa) and Korla (1600-3500 kPa). From the water content and the
matric suction, all soil would not have strong water stress at any time. The irrigation obviously was
insufficient to bring the total suction above the wilting point (15,000 kPa), therefore the cotton could
withdraw water at any time, but the medium and high saline soil already had these problems.
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Figure 5. The soil water characteristic curves (matric and osmotic suction) in different
saline (low at Korla, low, middle and high at Aksu) soils during cotton season from May to
September 2012 in Tarim Basin (a) in 25 cm soil depth; (b) in 45 cm soil depth; and (c¢) in
65 cm soil depth.

3.3. Water Use Efficiency in Different Saline Soils

Seed cotton yield was higher in low saline soil than that in higher saline soil. The seed cotton
yield was highest (6.64 t-ha™!) in the low saline soil at Korla and lowest (2.39 t-ha™!) in the high saline
soil at Aksu (Table 3). The yield measured in this paper was covered within the regime from the
reported cotton yield data in different treatments and different locations in Xinjiang (1.8-3.6 t-ha™' on
a saline wasteland [45]; 3.0 to 5.9 t-ha™! in the southern Xinjiang [43]; 5.5 to 6.5 t-ha™! at Aksu [46];
5.3-6.5 t-ha! at Shihezi [47]; 7.0 t-ha! in the south of Xinjiang [48]). The Chinese average cotton
yield data for 2012/13 was 1.44 kg-ha™!, which was higher than the world average data (0.77 kg-ha™')
and is bigger than that in USA (0.99 kg-ha™'), India (0.49 kg-ha™!), Pakistan (0.68 kg-ha™') and Brazil
(1.43 kg-ha™") [49].
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Table 3. The field management data and water use efficiency of different saline soils
in two experimental stations in Tarim River Basin in 2012.

Soil Salinity Sowing Harvest FertN FertP Fert K Irrigation' Precipitation'  Yield? IWUE WUE

Location
Level Date Date (kg-ha™) (mm) (mm) (t"ha™) (kg'ha™'*mm™)
Korla Low 04.05 04.09 331 124 108 571 128 6.64 11.6° 9.5¢
Aksu Low 08.04 15.09 306 294 55 878 49 448 5.1° 4.8°
Aksu Middle 25.04 10.09 317 88 135 878 49 4.68 53° 5.0°
Aksu High 08.04 05.09 327 215 70 804 49 2.39 30°¢ 2.8°¢

Notes: ! the amount was within the growing season; 2 seed cotton yield; Fert, fertilizer; IWUE, irrigation
water use efficiency; WUE, water use efficiency; values in column IWUE or WUE followed by the

different letters (> > ) indicate significant differences among treatments at 0.05 levels.

Precipitation at Korla (128 mm) was much higher than that at Aksu (49 mm) during the cotton
growing season in 2012. More irrigation water (804—-878 mm) was used at Aksu, compared to 571 mm
irrigation water at Korla. A significant difference was determined in water use efficiency for different
salinity levels between low saline soil (WUE 10 kg-ha™!-mm™!, IWUE 12 kg-ha™'-mm™) at Korla, low
and middle saline soil (5 kg-ha ''mm™"), and high saline soil (3 kg-ha!-mm™') at Aksu by the student
t test at the 0.05 level. EC had affected water use efficiency mainly through the cotton yield. EC was
negatively correlated with cotton yield (p < 0.01) at Maigaiti county in Xinjiang [50]. Two years of
different salinity and fertilization treatment under cotton showed the IWUE changed from 0.7 to
1.5 kg-m™> at Shihezi in Xinjiang [47]. Southern Xinjiang had an average cotton yield over three years
from 3.6 to 5.1 t-ha™!, and irrigation water productivity between 0.91 and 1.16 kg-m™ with a low EC
in the top 30 c¢m soil from 3 to 11 dS'm™' [43]. As research mentioned above, our WUE data were
lower (0.53 kg-m %), except for WUE and IWUE data at Korla.

4. Discussion
4.1. Soil Water Retention in Relation to Different Soil Properties

Soil texture, organic matter content, and bulk density all together can influence soil water retention.
The order of sand content in 25 cm soil depth was low salinity soil at Korla (59.3%) > high salinity
soil at Aksu (38.5%) >middle salinity soil at Aksu (19.9%) > low salinity soil at Aksu (9%) (Table 2).
The soil textures have effect on soil water retention through soil physical process by increasing or
decreasing of the field capacity. The texture mainly influenced the matric suction power. At 25 cm
depth soil, the low saline soil at Aksu had the lowest sand and highest clay and silt content (Table 2),
which had the highest matric suction power compared to the others (Figure 4). Research on the effect
of clay content on well-graded sands due to infiltration indicated an increase in matric suction with an
increase in the clay content in the mixture of sand and clay [51]. Soil organic carbon increases soil
water retention mainly through increasing aggregation, increasing the biological activity and reducing
bulk density. The order of soil organic carbon content in 25 cm soil depth was low salinity (6.8 g-kg™')
soil at Aksu > low salinity soil at Korla (4.8 g-kg™!) > middle salinity soil (4.4 g-kg™!) at Aksu> high
salinity soil (2.1 g-kg™!) at Aksu (Table 2). The high saline soil at Aksu with the lowest SOC content
had the highest bulk density and the low saline soil at Aksu with the highest soil organic carbon
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content had the lowest bulk density (Table 2). The soil water retention increased, when the bulk
density was reduced [31,52]. At high organic carbon values all soils from the U.S. National Soil
Characterization database showed an increase in water retention and the largest increase was in sandy
and silt soils [29]. The low saline soil at Aksu had the lowest total suction power, lowest bulk density
(1.37 g'em™), sand content (11.8%, more fine-textured soil), highest SOC content (6.8 g-kg™!) in
topsoil, which indicated that the low saline soil at Aksu had better macro-aggregate structure,
compared to the high salinity soil, which had the highest total suction power, the highest bulk density
(1.70 g-cm™®), and lowest soil organic carbon content (2.1 g-kg™!') (Figure 5, Table 2). The water
logging problem in deeper soil of higher salinity soil induced low suction power but the higher total
suction power because of the higher osmotic potential (Figures 3—5). This hindered a deeper rooting in
the saturated subsoil.

4.2. Soil Water Retention Curves

The different soil matric potentials play an important role in the salt concentration in the soil.
Many experiments have shown a good relationship between plant growth and soil matric potential.
Average ECe value in the root zone, after the growing increased and as the control target of soil matric
potential decreased had a linear relationship between these factors [53]. A three year experiment on
salt distributions and the growth of cotton under different irrigation regimes in Xinjiang in an
extremely dry and saline wasteland with drip irrigation showed a favorable low salinity zone existed in
the root zone throughout the growing season, when the soil matric threshold was controlled below
—25 kPa [53]. Highest irrigation water use efficiency values were recorded when the soil matric
potential was around —20 kPa [53]. Matric potential plays an important role in salt accumulation in
soil. The amount of salt removed from 0 to 80 cm depth decreased with decreasing soil matric
potential [16]. In our research, there is a little different from the earlier studies. Only the low saline soil
at Korla and the high saline soil at Aksu kept the soil matric suction below 30 kPa in 65 cm soil profile
during whole cotton growing season (Figure 4) and the yield at Korla showed the highest value
(6.64 t-ha™') (Table 3). The water logging in high saline soil at Aksu (Figure 3) induced oxygen
deficiency. The low soil matric potential could not offset the high osmotic disadvantages, which
suggested that the irrigation volume should not be greatly reduced in high saline soil at Aksu.
To reduce the matric suction, the irrigation frequency should be increased in June, July, and August to
loose rewetting effects of the low saline soil at Aksu, which induced the higher soil suction power
fluctuation (Figure 4). When we consider the higher soil water content in low saline soil (20%—29%)
than in middle saline soil (18%—24%) at 40 cm soil profile at Aksu with the same irrigation and
precipitation amount and the value of the yield (4.48 t-ha™! in low salinity, 4.68 t-ha™! in middle
salinity), the irrigation water was overused in low saline soil at Aksu.

The difference in SWCCs (Soil Water Characteristic Curves) was mainly related to the soil salinity
level (Figure 5). Salt stress reduced the growth of plants [15,21,53—56]. The high saline soil had the
highest suction power (5400 kPa) (Figure 5). Salinity had a pronounced negative effect on
microorganism activity, mainly through the metabolic burden imposed by the need for stress tolerance
mechanisms [57]. Salt stress reduces the growth of plants [21,54-56] and also effects the soil microbial
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activity. Research on the different salinity effects on soil microbial activity in soils of varying texture
showed cumulative CO: in soil decreasing significantly with increasing osmotic potential [58,59].

4.3. Water Use Efficiency in Different Saline Soils

In Xinjiang province drip irrigated cotton fields, the highest seed cotton yield was obtained, when
the matric potential threshold was controlled above —30 kPa in 2008 and —0 kPa in 2009 and 2010 and
water use value tended to increase as the soil matric potential threshold from —30 kPa increased to
—20 kPa in 2009 and 2010 under plastic mulched drip irrigation in Xinjiang [12]. The irrigation
type [60], irrigation rate [46] and the irrigation amount [10] have effected on the cotton yield.
Especially, Soil salinity and sodicity can be maintained at acceptable low levels by appropriate
preplant irrigation[61].

The cotton seed yield increased as the soil matric potential control target increased [53]. The low
saline soil at Korla kept the soil matric suction below 30 kPa, the soil suction below 3500 kPa and had
the highest yield (6.64 kg-ha™!), which prevented high salinity stress in the cotton during the growing
season, producing the highest yields and highest water use efficiency (12 kg-ha™'*mm™") (Table 3,
Figures 4 and 5). Although the soil matric suction of high saline soil was below 30 kPa (Figure 4),
considering the highest osmotic suction (Figure 5), and the waterlogging problem below 40cm soil
profile (Figure 3), it did not bring much profit to the yield (2.8 kg-ha™!) (Table 3). The main reason for
decreased root length in cotton under drip irrigation with mulch film was localized accumulation of
salinity [62] and the cotton yield increased with the root biomass increase [63]. For the high saline soil
one would need a better drainage. This will deepen the root zone, improve the leaching, reduce the
salinity and finally increase the yield. Thereby it could save water and increase WUE as well. On the
other hand, one need water more irrigation to alleviate the salinity problem. Compared to low saline
soils at Aksu, the low saline soil at Korla saved 110 mm irrigation and 103 mm total water to reach
1 t-ha™! yield and increased water use efficiency by 5 kg-ha !'mm™" and 7 kg-ha™*mm™"' for WUE and
IWUE respectively (Table 3).

With the relationship of soil water and soil matric suction, the osmotic suction, the soil texture and
soil organic carbon content and total nitrogen, there were the models with strong closed relationship
(R* = 1) to modelling the soil water content (Figure 6). The soil organic carbon, and soil total nitrogen
content, soil texture, which affected the soil matric suction, also affected the soil water content and
reduced the salt effect to cotton. The laboratory experiment showed the SOC could restrict the soil
water evapotranspiration, salt accumulation and increased the salt leaching [64]. A field experiment
showed that farmyard manure could reduce the soil salinity and sodicity and increased cotton
yield [65]. In the cotton field in Xinjiang, the soil fertility amelioration is a way to increase the
leaching and soil water content, water use efficiency and resist the harm of salinity.
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Figure 6. The relationship between the simulated and the measured soil water content with
modelling (Vol% = a0 + al x pF1 + a2 x clay% + a3 x silt% + a4 x Corg + a5 X Nt + a6 X pF2)
(pF1: pF matric, pF2: pF osmetic, Corg: (g/kg), Nwt: (g/kg)) (a) in low saline soil;
(b) in middle saline soil; and (¢) in high saline soil.

5. Conclusions

Based on the experimental data, the relationships between soil water retention, water consumption,
water use efficiency and yield were systematically analyzed. The mechanisms of soil moisture and
salinity distribution and transport together with the relationship of soil water retention in different
saline soils showed that the soil water content (15%—23%) at the top 40 cm soil, lower suction power
(below 3500 kPa) and lower matric suction soil (below 30 kPa) in low saline soil had the highest water
use efficiency and higher yield. The water resource limitation and increasing salinization danger, the
physical and chemical properties, matric and osmotic suction, and water logging problem should all be
considered for water use efficiency in field management. For example: draining the water logging fields,
increasing irrigation frequency, reducing the irrigation amount depending on the soil texture, increasing
the manure fertilization. A feasible irrigation with reduction of the salinity harm combined with increasing
the soil fertility should be the way to increase water use efficiency in the Tarim River Basin.
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