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Abstract: Salinization and secondary salinization often appear after irrigation with saline 

water. The Taklimakan Desert Highway Shelterbelt has been irrigated with saline ground 

water for more than ten years; however, soil salinity in the shelterbelt has not been evaluated. 

The objective of this study was to analyze the spatial and temporal distribution of soil 

moisture and salinity in the shelterbelt system. Using a non-uniform grid method, soil 

samples were collected every two days during one ten-day irrigation cycle in July 2014 and 

one day in spring, summer, and autumn. The results indicated that soil moisture declined 

linearly with time during the irrigation cycle. Soil moisture was greatest in the southern and 

eastern sections of the study area. In contrast to soil moisture, soil electrical conductivity 

increased from 2 to 6 days after irrigation, and then gradually decreased from 6 to  

8 days after irrigation. Soil moisture was the greatest in spring and the least in summer. In 

contrast, soil salinity increased from spring to autumn. Long time drip-irrigation with saline 

groundwater increased soil salinity slightly. The soil salt content was closely associated with 

soil texture. The current soil salt content did not affect plant growth, however, the soil in the 

shelterbelt should be continuously monitored to prevent salinization in the future. 
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1. Introduction 

In arid and semiarid regions, water scarcity is a serious and chronic environmental problem 

threatening the ecosystem [1]. To overcome this shortage, lower quality water is widely used [2,3]. For 

instance, saline groundwater is applied in the ecological shelterbelt in the Taklimakan Desert, the 

largest mobile desert in China. The desert has a harsh environment with little precipitation and strong 

evaporative potential [4]. To access oil fields, a highway was built from north to south across the 

Taklimakan Desert in 1997. A shelterbelt was planted along both sides of the highway in 2003, to limit 

sand drift into the highway [5]. The shelterbelt, which is sometimes called “Great Green Wall”, 

consists of several drought- and salt-tolerant plants including Tamarisk L., Haloxylon Bunge, and 

Calligonum L. [6]. The moving dunes have been successfully stabilized on both sides of the highway 

for more than ten years. The highway shelterbelt is irrigated with underground water (containing  

2.8–29.7 g·L−1 salt). The water comes from 108 wells. Each well irrigates 3.12 × 103 m2. The water 

salinity averages 5 g·L−1 [6]. 

Saline water irrigation can result in an increase in salinity at the soil surface. This process, which is 

known as secondary salinization, is a major environmental hazard [7,8] that threatens about 6% of the 

total global land area [9]. Salt accumulation in soil not only affects physical, chemical, and biological 

soil processes [10], but also reduces soil productivity [11], soil sustainability [12,13], and vegetation  

growth [14]. Soil salinity in the irrigated areas of Xinjiang has increased 40% from 1983 to 2005 [8]. 

Previous studies in the Taklimakan Desert Highway Shelterbelt indicated that long-term drip irrigation 

with saline water irrigation did not significantly increase soil salinity among lateral roots but did 

significantly increase soil salinity at the soil surface (0–10 cm) [15]. Furthermore, Zhang et al. [6] 

indicated this salt accumulation was a major threat to the shelterbelt. Drip irrigation with saline water 

within the shelterbelts may increase soil nutrient content and improve soil structure [15]. 

Many factors can influence the distribution of soil moisture and salinity. Sumner et al. [16] showed 

that the salinity at which vegetation growth is negatively affected as soil clay content increases. 

Furthermore, they observed that soils with high clay content had greater water retention capacity, soil 

salinity and osmotic potential. Li et al. [17] reported significant differences between the inter-dunes 

and dune-tops, indicated that different topographic characteristics between plots result in the 

differences in soil organic carbon (SOC), available nitrogen (AN), and available phosphorus (AP), 

whereas the heterogeneity of soil pH and electrical conductivity (EC) arise from plant species and their 

distribution. In the arid desert environment, the aerial parts of vegetation for nutrients retardation are 

beneficial to soil evolution. Li et al. [15] showed that irrigation salinity water significantly affected soil EC 

but not soil pH. Salt accumulation in soil increased as irrigation water salinity increased. Low salinity  

(3.6–15.5 g·L−1) in irrigation water increased SOC, total nitrogen (TN) and total phosphorus (TP). In 

addition, saline irrigation is beneficial for the development of Aeolian sandy soils, and there has been 

no salinity hazard to plants with saline irrigation for seven years. There was no obvious profile 
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differentiation because of the short time since shelterbelt establishment, however, the color of the 

Aeolian sandy soil changed slightly [18]. 

However, these studies are often limited to point-scale. Information about the spatial patterns of soil 

moisture content and salinity on the field scale are lacking in this region. Soil salinity and moisture are 

highly variable over time and space [19–22], especially in harsh environments. To understand the 

factors governing hydrological process, information is needed about the spatiotemporal evolution of 

soil moisture and salinity under saline drip irrigation. Deriving conclusions from soil moisture and 

salinity measurements at only a few locations may result in large uncertainties because soil moisture 

and salinity can be highly variable. The prediction of soil moisture and salinity at un-sampled locations 

creates even more uncertainty. This requires knowledge of soil moisture and salinity magnitude, 

temporal dynamics, and spatial variability [23]. Since the 1990s, the study of spatiotemporal 

distribution of soil moisture and salinity was promoted by geostatistical techniques which reduce and 

quantify these uncertainties [24]. Currently, research interest is growing in mapping soil EC as a 

surrogate for soil salinity [25]. Zheng et al. [26] characterized the spatiotemporal variability of soil EC 

in a drip-irrigated field during the cotton growing and determined the factors that influence the 

spatiotemporal variability of soil salinity. Many findings have demonstrated that spatial and temporal 

information about soil EC can be used to improve the overall management of irrigated fields [27]. 

Soil moisture and salinity are essential factors restricting the sustainable development of 

shelterbelts. Usually, salinity tends to concentrate in shallow soils. To understand soil and plant 

development along the Taklimakan Desert Highway Shelterbelt, it is important to learn more about the 

spatiotemporal distribution of soil salinity within irrigation cycles and with seasons. In this study, our 

objectives were: (1) to characterize the spatiotemporal distribution of soil moisture and salinity either 

in one single drip-irrigation cycle, or in different growing seasons (spring, summer and autumn); and 

(2) to determine the factors that influence the spatiotemporal variability of soil moisture and salinity. 

2. Materials and Methods 

2.1. Study Area 

The study was conducted in the Taklimakan Desert Highway Shelterbelt (Figure 1), which is located 

between 37–42° N and 82–85° E. The region has annual precipitation < 30 mm and annual potential 

evaporation > 3800 mm; Annual average temperature is 12.7 °C, with the highest temperature of  

43.2 °C in August and the lowest temperature of −19.3 °C in January. It has more than 130 days for  

sand-shifting. The annual average wind speed is 2.5 m·s−1, with wind activity intensity index above 

40,000 [5]. Most of the areas along the highway are covered with mobile shifting sands, mainly 

consisting of fine and very fine sand particles [4]. There are very few natural vegetation and residential 

animals [5]. 
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Figure 1. Locations of sampling sites at the study area. The green line shows the 

Taklimakan Desert Highway Shelterbelt. The red box shows the sampling site. 
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2.2. Sampling Design and Soil Analysis 

Similar ground landscape, vegetation planting pattern, vegetation species, and irrigation 

measurements are developed along the highway shelterbelt. The ground landscape is mainly high 

mobile dunes combined with large complex dune chains. The soil is mainly shifting Aeolian sandy 

soil. The shelterbelt was planted with a spacing of according to 1 m × 2 m intervals. The shelterbelt is 

irrigated twice per month, from March to May, and from September to October. Irrigation is applied 

three times per month, from June to August [6]. The only difference is the salinity of irrigation water, 

and the salinity around 5 g·L−1 represents most salinity of the irrigation water. 
Since the spatial arrangement of shelterbelt controlled by groundwater irrigation is very similar from 

place to place along the highway shelterbelt, we mainly investigated the spatial distribution of soil 

water and salt of the shelterbelt irrigated by the most representative salinity, i.e., 4.80 g L−1. The 

geostatistical non-uniform grid sampling method was used, and 66 points in the shelterbelt, 25 points 

between the shelterbelts and 9 points in shifting sandy land were selected. In 2014, shallow soil 

samples (0–10 cm) were collected at each point on 23 April and 8 October. These dates were the 

middle dates during the irrigation cycle. Soil samples were also collected at each point every two days 

during one irrigation cycle (10 to 20 July). Light rainfall occurred early in the morning and again one 

or two hours before sampling on 20 July. In total, about 700 soil samples were taken. Five soil cores 

(i.e., five replicates) were taken at each grid point which was about 30-cm from the dripper. Each point 

was recorded with GPS. 

Each soil sample was divided into two parts. One part was used to measure soil moisture by the  

oven-drying method. The second part was air-dried and passed through a 1.0 mm sieve for soil 

chemical analyses. Topographical and vegetation conditions were noted at each sampling point. Soil 

SOC, total nitrogen (TN), total phosphorus (TP), total potassium (TK), pH, and particle size 

distribution were only measured at first sampling time in April. Soil pH and EC were measured in a 

soil–water suspension with a 1:5 soil: water ratio. The SOC content was determined using the 

K2Cr2O7–H2SO4 oxidation method of Walkley–Black [28]. Total soil N was determined using the 

Kjeldahl procedure (UDK140 Automatic Steam Distilling Unit, Automatic Titroline 96, Usmate Velate, 

Italy). Total soil P was determined by flow injection analysis [28]. Total soil K was determined by 

flame photometry [29]. Particle size distribution was determined by the pipette method in a 

sedimentation cylinder, using sodium hexametaphosphate as the dispersing agent [30]. 

2.3. Descriptive Statistical Analysis 

Descriptive statistics including mean, maximum, minimum, standard deviation (SD), coefficient of 

variation (CV), skewness, and distribution type (DT) among soil properties were calculated using 

SPSS 13.0. Analysis of variance (ANOVA) analysis was conducted to test the differences of moisture 

and EC among five sampling times during an irrigation cycle and among three seasons at a significant 

level of 0.05. Person’s Correlation Analysis was performed to identify the relationship among soil 

moisture, salinity, other selected physical, chemical factors, and terrain. 
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2.4. Geostatistics Analysis 

Geostatistics were used to explore the variation and spatial dependency of spatially distributed data. 

The variogram function can be used for Kriging interpolation to generate predictions for unsampled 

locations within the sampling extent. The GS+ software (version, 9.0; Gamma Design Software 2002) 

was used to create semivariograms for variance structure of soil moisture and salinity of topsoil [31]. 

Then, the ordinary Kriging interpolation method by Arcgis 9.3 was adopted to map spatial distribution 

of soil moisture and salinity [19,32]. 

A semivariogram was calculated for each soil property as follows [33]: 

(ℎ) = 12 ( ) − z( + h)  (1)

where z(xi) is a sample z at location xi, and N(h) is the number of data pairs separated by h. A 

variogram function is fitted to the experimental variogram to obtain geostatistics, including nugget 

variance (C0), structured variance (C), sill (C0 + C), and range (A0). To explore the degree of spatial 

dependency, the ratio of nugget to sill (i.e., the nugget ratio) was calculated. A nugget ratio < 25% 

indicates a strong spatial dependency; a nugget ratio > 75% indicates no spatial dependency, 

otherwise, the spatial dependency is moderate [20]. 

The most common variogram functions are bounded models with a fixed range (i.e., circular or 

spherical), or models that approach the sill asymptotically (exponential or Gaussian models). 

Semivariogram γ(h) for soil salinity during the irrigation cycle and growing period in different seasons 

were calculated, and the scatterplot of γ(h) versus h were generated. Then, different theoretical 

semivariance models were used to fit the calculated values and the model with the best-fitting value, 

which were based on R2. 

3. Results and Discussion 

3.1. Descriptive Statistics of Soil Properties 

Table 1 showed the basic descriptive statistics of soil physical and chemical properties in the 

shelterbelt. Based on skewness values, SOC, TN, TP, TK, pH, sand, and silt content were normally 

distributed, while soil moisture, EC, and clay content were log-normally distributed. 

The large CV values were obtained for soil moisture (196.99%) and EC (107.00%), indicating a 

strong spatial variation. The CV values of TN, TP and TK ranged from 22.1% to 54.7%, corresponding 

to a moderate degree of variability. These results were consistent with other studies [34–36].  

Corwin et al. [36] reported that CV values for soil nutrient all exceeded 20%. Zhang et al. [37] 

indicated that soil SOC, TN, TP, TK were in moderate variability in a subtropical Karst forest, which 

were mainly related to soil parent materials. The lowest CV values were observed for sand content 

(4.2%). Notably, a relatively small CV value (6.3%) was observed for pH, similar to the surface layer 

of an agricultural soil [38]. Others have also reported similar findings at various scales [34,39]. The 

SOC content of all sampling sites ranged from 0.16 to 1.52 g·kg−1, with a mean of 0.65 g·kg−1, 

indicating that SOC was still in a low level. The CV value of SOC is 49.8%, which could be mainly 

attributed to planting pattern of the shelterbelt. 
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Table 1. Statistical summary for selected soil physical and chemical properties. 

Variable 
Descriptive Statistics a 

DT b 
Mean Min.–Max. SD CV (%) Skewness 

Moisture (%) 1.19 0.00–10.00 2.34 197.0 2.53 LN 

EC (mS·cm−1) 1.56 0.09–11.46 1.66 107.0 3.82 LN 

SOC (g·kg−1) 9.46 1.68–27.48 0.32 49.8 0.58 N 

TN (g·kg−1) 0.06 0.01–0.19 0.03 54.7 0.79 N 

TP (g·kg−1) 0.35 0.17–0.70 0.08 23.9 0.68 N 

TK (g·kg−1) 7.27 4.60–8.80 0.81 22.1 −0.95 N 

pH 8.32 7.08–9.48 0.53 6.3 −0.15 N 

Sand (%) 89.74 82.93–98.26 3.72 4.2 −0.02 N 

Silt (%) 10.24 1.74–17.07 3.69 36.1 −0.05 N 

Clay (%) 0.03 0.00–0.57 0.11 440.2 4.80 LN 

Notes: a Min., minimum; Max., maximum; SD, standard deviation; CV, coefficient of variation;  
b DT, distribution type; N, normal distribution; LN, log-normal distribution. 

3.2. Spatiotemporal Distribution of Soil Moisture and Salinity 

3.2.1. Spatiotemporal Distribution of Soil Moisture and Salinity during the Irrigation Cycle 

To describe the spatial variation of moisture and salinity in one irrigation cycle, isotropic 

semivariograms for all studied variables were calculated and the best fitted models were selected based 

on R2 (Figure 2). Moistures at 6th and 8th day were best fitted by the spherical model, whereas others 

were best fitted with the Gaussian model. 

The nugget/sill ratio has been used extensively to define spatial properties. Table 2 shows that the 

nugget/sill ratios ranged from 0.03% to 27.31%, indicating that moisture and salinity exhibits strong 

spatial dependence excluding soil moisture in the 6th day. Their spatial correlation may be controlled by 

both intrinsic variations of soil properties and extrinsic factors such as topography or human-induced 

activities [39]. The nugget/sill ratio of moisture of the 6th day was in moderate spatial correlation, 

implying the interaction of moisture and salt itself, combined the small scale of spatial variation of 

topography and the influence of vegetation growing on the soil. The sill variance of moisture and 

salinity decreased during the irrigation cycle except the last day with raining. Except the ranges of 

moisture on the 6th and 8th day were larger than 50 m, other ranges were all about 6 m (Table 2), 

confirming that our samples spacing (10 m) is reasonable. 
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(a) (b) (c) 

(d) (e)  

(f) (g) (h) 

(i) (j)  

Figure 2. Values of moisture (a–e) and EC (f–j) variograms of all plots during one 

irrigation cycle in July. 2d, 4d, 6d, 8d, 10d represent 2nd, 4th, 6th, 8th, and 10th days  

after watering. 
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Table 2. Parameters of semivariogram models for soil moisture and salinity during one 

irrigation cycle. 

Index Time (d) Mathematical Model Range(A0)/m Nugget/C0 Sill/(C0 + C) C0/(C0 + C)% R2 

Moisture 

2 Gaussian 6.10 0.01 7.77 0.13 0.63 

4 Gaussian 6.90 0.01 1.21 0.83 0.83 

6 Spherical 51.90 0.22 0.79 27.31 0.56 

8 Spherical 57.00 0.03 0.10 3.22 0.38 

10 Gaussian 6.80 0.00 0.21 0.47 0.68 

Salinity 

2 Gaussian 6.40 0.01 3.36 0.21 0.48 

4 Gaussian 6.00 0.00 3.07 0.03 0.45 

6 Gaussian 6.90 0.01 3.60 0.28 0.67 

8 Gaussian 6.40 0.00 1.13 0.08 0.67 

10 Gaussian 6.10 0.01 4.06 0.25 0.56 

Soil moisture and EC maps obtained by ordinary Kriging interpolation are displayed in Figure 3. The 

values and spatial patterns of soil moisture and salinity were clearly affected by irrigation time and raining. 

In general, soil moisture decreased gradually during the 10-day irrigation cycle (Figures 3 and 4). Soil 

moisture was the highest in the 2th day after watering, and then decreased quickly with time, and 

reached the smallest value in the 8th day. The three smoothed contour maps of moisture distribution 

during 2-day, 4-day, and 6-day after irrigation display quite similar spatial patterns, with high soil 

water contents in the southern and eastern sections and low values in the northern and western parts. 

Furthermore, the area of high moisture content in the southern and eastern sections was decreased 

during the irrigation and presented a diminishing trend from west to east. This could be ascribed to the 

east side of the study area closed to quicksand where plants were planted sparser than west, and the 

plants growth was not as good as the west. If dividing the protection forest area into two parts, 

projection area of tree crown of west and east part were 0.31% and 0.89%, respectively. Thus, due to 

the weak canopy shadow, the effect of evaporation in east was higher, and thus soil moisture of east 

section was lower. Consequently, the locations with relatively higher and lower moisture remained 

about the same over time, which somewhat revealed the temporal stability of soil moisture spatial 

patter similar to Zhao et al. [40].  

Eight days after irrigation, soil moisture reached stability, and the whole area had no significant 

differences on 18 and 20 July. This is mainly ascribed to infiltration and evaporation dynamics from 

topsoil layer. Due to the large water potential difference between soil under the dripper and the fringes 

of wetting area, moisture spread around at a large rate of the infiltration flux after the irrigation ended. 

Subsequently, with the decreasing of soil moisture under the dripper and the enlargement of wetting 

area, suction gradients and unsaturated hydraulic conductivity of the soil decreased, and the rate of 

migration of moisture also decreased. Generally, the typical distribution of soil moisture was presented 

at the second day during the drip irrigation cycle (Figure 3). Soil moisture maps of the 4th day can be 

explained that within the desert highway shelterbelt, the shallow soil was saturated after irrigation, 

then water evaporated, and water moved up through the capillary rise effectively [41]. At the 6th, 8th, 

and 10th day after the irrigation, soil moisture content continuously decreased due to strong 

atmospheric evaporation in desert areas, characterized by point source flowing sideways. Note that 

there are two kinds of soil water infiltration, i.e., vertical and lateral infiltration. Vertical infiltration 
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dominated when soil is less saturated, otherwise, lateral seepage is dominant. Although sand has strong 

permeability, lateral seepage processes would not occur until soil on the top-surface gradually 

saturated the soil below, with continuous drip irrigation. Furthermore, numerous small amounts of 

dripped water leached salt out by lateral seepage around the dripper, and gradually push the salt 

outward. Consequently, salt is concentrated on the soil surface and the edge of wetting-front, 

associated with the strong evaporation and capillary effect. In contrast, there is less salt near the 

dripper, corresponding to a lower thickness of salt crust and soil EC. 

 

Figure 3. Ordinary Kriged maps of soil moisture and EC during the irrigation cycle in 

July. 2d, 4d, 6d, 8d, 10d represent 2nd, 4th, 6th, 8th, 10th days after watering. 
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Based on the soil salinity classification system of FAO, five salinity classes were established using 

the EC values as follows: (1) very strongly saline, >16 mS·cm−1; (2) strongly saline, 8–16 mS·cm−1;  

(3) moderately saline, 4–8 mS·cm−1; (4) slightly saline, 4–2 mS·cm−1; and (5) non-saline,  

0–2 mS·cm−1 [41]. The EC values indicated that the salt concentration over the irrigation cycle was 

non-saline to slight (Figure 5). In the 10-day irrigation cycle, soil moisture content was decreasing 

during the 2nd and 8th days and finally increased at the 10th day due to the unexpected rainfall before 

measurement. With different patterns to soil moisture, EC values increased from the 2nd to the 6th 

days, gradually decreasing at the 8th day and then increasing at the 10th day (Figure 4). Compared 

with soil moisture, the spatial distribution of the salinity presented plaques shape, indicating a local 

secondary salinization. During drip irrigation, soil salt content differs with different distances from the 

dripper. Note that each of 100 soil cores was a composite of sub-samples taken from five points, with 

one under the dripper and the other four centered from dripper, spaced 30 cm apart. Wang et al. [42] 

found that with saline drip-irrigation, the soil EC changing with a distance from the dripper of 30 cm 

was first increasing then decreasing. Meanwhile, three mechanisms including convection, diffusion, 

and mechanical dispersion affect salt transport. After saline irrigation, a series of complex chemical 

reactions, such as dissolution, precipitation, adsorption, desorption, and ion exchange occurred 

between the different elements of the soil solution and soil solid phase. With evaporation happened on 

the soil surface, salt in the soil solution can move up and become a precipitate. Consequently, with 

strong evaporation affected by soil capillary action, salts accumulate on the soil surface and form a salt 

crust, inhibiting soil evaporation, in turn [6,41]. Overall, non-secondary salinization was dominant at 

the irrigation cycle and accounted for 86%, 75%, 54%, 71%, and 63% at the 2th, 4th, 6th, 8th and 10th 

day, respectively (Figure 3). 

 

Figure 4. Functional diagram of averaged moisture and salt changes during the irrigation cycle. 
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Figure 5. Distribution of soil salinity classes during the irrigation cycle. 

Notably, both moisture and salinity increased at the 10th day (Figure 4). Due to the rainfall at the 

10th day, soil salt content could be decreased due to the rainfall input. However, our case showed that 

this amount of rain actually was not enough to leach out salt from the topsoil. Conversely, it could be 

very effective to wash the salinity from the branches and leaves to soil surface. Pereira et al. [43] also 

pointed out that the increased salinization in the surface soil may be attributed to poly-salt or salt 

excretion from halophytes, indicating that halophytes can gather salt on their surface. There are  

salt-secreting plants in the shelterbelt, such as Chinese tamarisk, which the salt can be reasonably 

leached out by the stemflow to the topsoil. Consistent with our findings, Li et al. [44] also 

demonstrated the chemical elements in soil were formed by the effects of stemflow in the nearby 

Gurbantunggut Desert. The comparison of the chemical properties of stemflow and bulk precipitation 

revealed a higher content of chemical elements in the stemflow. 

3.2.2. Spatiotemporal Distribution of Soil Moisture and Salinity in Different Seasons 

In 2014, soil samples (0–10 cm) at each point were collected in two days before irrigation during 

the spring (23 April), summer (18 July), and autumn (8 October), respectively, to investigate the 

seasonal dynamics of soil moisture and salt contents. Soil moisture in spring and salt in autumn 

reached the highest sill and the comparably high nugget (Figure 6 and Table 3). According to R2, salt 

in spring did not show an organized spatial pattern; a best fit to the data is accomplished by using a 

linear model with the strong nugget effects. Nugget/sill ratio of moisture ranged from 0.03% to 3.22%, 

and salt ranged from 0.08% to 100%, indicating that moisture was the strong spatial dependence and 

kept relatively stable with the season, whereas salt demonstrated seasonal-dependent spatial 

heterogeneity. The nugget/sill ratio of salt was in moderate spatial dependence in autumn, strong in 

summer, and weak in spring (Table 3). 
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Figure 6. Variograms of soil moisture and EC among different seasons. 

Table 3. Parameters of semivariogram models for soil moisture and salt among  

different seasons. 

Index Month Mathematical Model Range(A0)/m Nugget/C0 Sill/(C0 + C) C0/(C0 + C)% R2 

Moisture 

April Exponential 57.3 0.05 3.07 1.60 0.86 

July Spherical 57.00 0.03 0.10 3.22 0.38 

October Exponential 33.90 0.00 0.30 0.03 0.72 

Salinity 

April linear 55.83 0.95 0. 95 100 0.00 

July Exponential 13.40 0.00 1.27 0.08 0.75 

October Gaussian 52.30 2.43 5.88 41.33 0.86 

There were strong seasonal variations of soil moisture and salinity (0–10 cm). Soil moisture was the 

highest in spring and decreased in the later season due to the strong evaporative demand, whereas soil 

salinity showed the relatively smaller change (Figure 7). Although the amount of irrigation water was 

the same in different seasons, the accumulative characteristics of irrigation were not. The amount of 

intensity of water loss was mainly controlled by atmospheric evaporation capacity and soil moisture 

condition. Note that, although the frequency of irrigation in summer was higher than in spring and 

autumn, the evaporative demand was the highest in summer. Therefore, soil moisture content due to 

irrigation was the lowest in the summer. According to local meteorological data, the average 

temperature in autumn is lower than in summer, but higher than in spring. Figure 8 was indicative of 

the average moisture content in different seasons, which demonstrated soil moisture in the autumn was 

higher than in the summer, but lower than in the spring. Accordingly, it may imply that temperature is 

the main factor controlling soil water content. 
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Figure 7. Ordinary kriged maps of soil moisture and EC during different seasons. 

  

Figure 8. Functional diagram of soil moisture and EC changes in different months. 

Under saline water irrigation, soil salinity slightly increased in summer, as compared to that in 

spring (Figure 8). This phenomenon was in accordance with the idea that, with continuing irrigation, 

salt accumulation and salt leaching occur simultaneously [35]. Similarly, Li et al. [15] reported that 

soil salinization increased near the surface soil throughout the year. 
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3.3. Correlation between Selected Parameters 

To characterize the relationship between soil moisture, EC, and selected soil properties (SOC, TN, 

TP, TK, pH, sand, silt, clay and terrain), Pearson's correlation coefficient was calculated for each 

variable (Table 4). The results indicated that soil moisture is significantly positively correlated with 

TN and silt content, and negatively correlated with pH and sand content; whereas EC strongly 

positively correlated with TN, TP and silt content, and negatively with sand content. Remarkably, it 

seemed that both soil moisture and salt had significant correlation with soil texture and TN. For a 

finer-textured soil, the water retention capacity is greater than a coarse-textured soil, therefore at a 

given EC and matric potential, the osmotic potential of the soil solution is lower in the coarse-textured 

soil [16]. Due to saline water irrigation, a series of biochemical, radiation, and evaporation processes 

occur, which may input the nutrient components into soil. The artificial shelterbelts could be beneficial 

for the soil nutrient accumulation due to the vegetative litter decomposition, root growth, 

decomposition, and other biogeochemical cycles [24]. In addition, the shelterbelt growth and 

continuation is beneficial for Aeolian sandy soil development [7]. It is well know that sand content 

reduction corresponding with silt and clay content increase is the key improvements of soil quality. 

Brantley et al. [45] proved that ions tended to be adsorbed on the clayed soil and could not be 

extracted easily by water. Therefore, compared with moisture, salinity was significantly intercepted by 

the more clayed soil. Consequently, as water is absorbed by plants or evaporated, salt remains on the 

topsoil during early irrigation. In general, soil moisture and nutrients have positive effects on the 

growth of the shelterbelt, whereas EC has a negative effect on the growth of the shelterbelt. However, 

with saline drip-irrigation, the soil EC of shelterbelt increased [7], which may be somewhat beneficial to 

soil development, particularly taking soil texture into effect, causing a trade-off effect for promoting 

factors and inhibiting factors of plants growth. Wang et al. [46] indicated that clay content determined 

the moisture and salinity of soil, emphasizing that moisture of the topsoil layer was mainly affected by a 

single surface factor; ions tended to be adsorbed on the clay complexly and could not be extracted easily 

by water [45]. As a result, compared with moisture, salinity was more related to soil clay content. 

Table 4. Correlation coefficients between soil salinity and environmental factors. 

Index 
Moisture 

(%) 

EC 

(ms·cm−1) 

SOC 

(g·kg−1) 

TN 

(g·kg−1) 

TP  

(g·kg−1) 

TK 

(g·kg−1) 
pH 

Sand 

(%) 

Silt  

(%) 

Clay 

(%) 

Terrain 

(m) 

Moisture (%) 1           

EC (mS·cm−1) 0.12 1          

SOC (g·kg−1) 0.11 0.10 1         

TN (g·kg−1) 0.34 ** 0.36 ** 0.10 1        

TP (g·kg−1) −0.06 0.22 * 0.10 0.21 * 1       

TK (g·kg−1) 0.13 −0.09 0.07 0.08 −0.31 ** 1      

pH −0.28 ** −0.19 −0.04 −0.31 ** −0.06 0.25 * 1     

Sand (%) −0.23 * −0.40 ** −0.39 ** −0.40 ** −0.14 −0.15 −0.22 * 1    

Silt (%) 0.23 * 0.41 ** 0.38 ** 0.40 ** 0.15 0.15 0.22* −1.00 ** 1   

Clay (%) −0.11 −0.20 0.19 −0.05 −0.22 * −0.02 0.06 −0.27 ** 0.24 * 1  

Terrain (m) −0.03 −0.05 0.06 −0.04 −0.19 0.12 0.04 0.21 * −0.22 * 0.06 1 

Notes: * Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level. 
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Table 4 indicates that SOC had positive correlation with silt content (R2 = 0.38, p < 0.01), negative 

correlation with sand content (R2 = −0.39, p < 0.01), and no significant correlation with clay content, 

since soil clay component was rare. Present studies suggest that the change of soil texture is firstly 

caused by wind erosion, desertification, and then by changes of soil organic matter and nutrient 

content, which finally results in soil impoverishment [47]. In the process of desertification, soil 

coarsens, and soil organic matter and nutrient content decrease. It is well known that loss of fine soil 

particles could result in loss of soil organic matter since organic matter is often combined with fine soil 

particles. Zhao et al. [48] addressed the idea that content of soil silt, clay, and SOC are the key factors 

for soil texture and fertility. 

4. Conclusions 

To obtain more information for further understanding of soil and plant development along the 

Taklimakan Desert Highway Shelterbelts, a better knowledge of spatial variation of soil moisture and 

salt are essential. The spatial pattern of soil moisture and salt content in the harsh ecosystem displayed 

considerable spatial correlation, largely because of the relative static controls of soil properties in dry 

climates. During the irrigation cycle, soil moisture gradually reduced, which was lower at the 

northwest than at the southeast. In contrast, soil salinity showed a tendency to increase with the local 

plaque distribution. Soil moisture was the highest in spring, and summer and autumn had relatively 

low soil moisture. Salinity was gathered in local area in different seasons. Correlation analysis showed 

that both soil moisture and salinity were significantly positively correlated with silt content and TN, 

and negative correlated with sand content. Soil with high moisture and nutrient content and low salt 

content is more suitable for shelterbelt growth, which pointed out soil moisture and salinity was a 

contradictory relation in this area. For further understanding of soil and plant development along the 

Taklimakan Desert Highway Shelterbelt, secondary salinization and soil properties of shelterbelt 

should be considered. For salt-leaching on top-soil and water supply to the shelterbelt in the northwest 

of the study area, long-term monitoring for the shelterbelt in the local area and high-water discharge 

drip irrigation on a regular basis are necessary. Meanwhile, the effects of stemflow to increase soil 

salinity should not be ignored. 
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