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Abstract

Freshwater resources are scarce in desert regions. Highly saline groundwater of different
salinity is being used to drip irrigate the Taklimakan Desert Highway Shelterbelt with a dou-
ble-branch-pipe system controlling the irrigation cycles. In this study, to evaluate the
dynamics of soil moisture and salinity under the current irrigation system, soil samples
were collected to a 2-m depth in the shelterbelt planted for different years and irrigated with
different groundwater salinities, and soil moisture and salinity were analyzed. The results
showed that both depletion of soil moisture and increase of topsoil salinity occurred simulta-
neously during one irrigation cycle. Soil moisture decreased from 27.4% to 2.4% for a 15-
day irrigation cycle and from 26.4% to 2.7% for a 10-day-cycle, respectively. Topsoil electri-
cal conductivity (EC) increased from 0.64 to 3.32 dS/m and 0.70 to 3.99 dS/m for these two
irrigation cycles. With increased shelterbelt age, profiled average soil moisture (0-200 cm)
reduced from 12.8% (1-year) to 7.1% (10-year); however, soil moisture in 0—20-cm
increased, while topsoil salinity decreased. In addition, irrigation salinity mainly affected soil
salinity in the 0—20-cm range. We conclude that water supply with the double-branch-pipe
is a feasible irrigation method for the Taklimakan Desert Highway Shelterbelt, and our find-
ings provide a model for shelterbelt construction and sustainable management when using
highly saline water for irrigation in analogous habitats.

Introduction

Global climate change and population growth increase the need for water to irrigate crops for
food, fiber production, and ecological sustainability [1,2]. As a result, competition for limited
water supplies will increase. In arid and semi-arid regions, desertification control and shifting
dune stabilization are key concerns for many people [3,4]. In addition, water resources, espe-
cially good quality water, are in short supply in most inland regions and many coastal areas
[5,6] because of high evapotranspiration [7,8] and expanding cropping areas [9,10]. Thus, the
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safe use of marginal quality waters, such as saline water, could play a critical role in easing com-
petition for scarce water resources in many arid and semi-arid regions [11-14]. However, poor
irrigation management can lead to soil salinization, especially when using saline water for irri-
gation, and can also cause pollution of surface water bodies and groundwater [15]. A large
number of studies have demonstrated that saline irrigation could significantly influence
dynamics and distribution of soil moisture and salt, inhibit plant growth and reduce crop yield.
If salts added to the soil through irrigation water are not adequately leached, the level of soil
salinity will gradually increase. Thus, sustainable irrigation management strategies are very
important when using saline water to reduce ecological risks.

The Taklimakan Desert is the second largest shifting desert in the world, located in the
heartland of the Eurasian continent. The desert is known as the “Sea of Death” and is an
extremely harsh environment with most areas being covered by shifting sand. Abundant petro-
leum resources were prospected in this region in the 1980s. To improve transportation for the
exploitation of petroleum resources, the Taklimakan Desert Highway was completed in 1995.
The highway runs north to south, has a length of 522 km, and is the longest highway across a
shifting desert in the world. The highway has greatly facilitated the exploration of regional
petroleum resources and the development of the economy of Southern Xinjiang. In 2003, the
Taklimakan Desert Highway Shelterbelt (TDHS), a biological engineering project to protect
the highway from blowing sand, was constructed on both sides along the highway. The shifting
sand dunes on both sides of the highway were successfully stabilized and the regional microcli-
mate and ecological environment were significantly improved [16].

Drip irrigation is one of the most efficient irrigation methods and has been widely used,
especially in arid and semiarid regions where water resources are in shortage. Under saline drip
irrigation, soluble salts along with water can be pushed toward the fringes of wetting area, and
a desalinization zone forms in the center of wetting area near the dripper [17,18]. If reasonably
managed, the soil salinity would not increase with long term saline drip irrigation [18-20].
Thus, saline water is widely used to drip irrigate crops [21]. Xu et al. [22] showed that drip irri-
gation was the optimal method for low-cost and water-saving irrigation for shelterbelt con-
struction in the Taklimakan Desert. All plants of the TDHS are drip-irrigated with high-
salinity (2.82-29.70 g/L, Fig 1) groundwater because of freshwater shortage [13]. Irrigation
water salinity strongly affects the survival and growth of the shelterbelt plants [23]. Soil salinity
also decreases soil organic carbon stocks [24]. Thus, whether long-term drip irrigation with
highly saline groundwater would result in soil salinization, and whether local saline groundwa-
ter can be safely applied for irrigation in this region, are important concerns.

Therefore, to prevent soil salinization and ensure sustainability of the shelterbelt, we exam-
ined the irrigation management practices for a period of more than 10 years along the TDHS
and in the hinterland of the Taklimakan Desert. The objective of this study was to evaluate
dynamics of soil moisture and salt under current irrigation systems, provide theoretical basis
for sustainable management of the shelterbelt, and to provide insights for addressing problems
in analogous habitats elsewhere in the world.

Materials and Methods
The study area

The study was carried out at the Taklimakan Desert Research Station (TDRS) and along the
Taklimakan Desert Highway (TDH) in the Xinjiang Autonomous Region, China. The station
is located in the heartland of the Taklimakan Desert (38°58’ N, 83°39’ E, 1100 m.a.s.1.). Most of
the area along the highway and near the station is covered with shifting sand, and natural vege-
tation is very sparse except for a few drought- and salt-resistant shrubs growing in inter-dune
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Fig 1. Distribution of salinity of groundwater used to irrigate the shelterbelt along the Taklimakan Desert Highway. Red triangles indicate the sites
where soil samples were taken and analyzed for salinity and water content, (a) 25.90 g/L, (b) 18.39 g/l, (c) 10.00 g/L, (d) 4.82 g/L, and (e) 2.82 g/L.

doi:10.1371/journal.pone.0164106.9001

areas (e.g. Tamarix taklamakanensis M.T. Liu and Calligonum taklimakanensis B.R. Pan & G.
M. Shen). The landscapes are mainly high-shifting dunes and large complex dune chains. The
soil is mainly shifting Aeolian Sandy Soil with a very low nutrient content [25], a salt content
of 1.26-1.63 g/kg, and a pH of 8-9 (Table 1). The groundwater salinity used to irrigate the shel-
terbelt near the station is approximately 4.04 g/L. The groundwater levels at the inter-dunes are
relatively shallow, with a depth of 3-5 m. The ions in the groundwater are mainly Cl', SO,

Table 1. Physicochemical properties of shifting Aeolian Sandy Soil at the study area.

pH (1:2.5)

8.3 1.33
doi:10.1371/journal.pone.0164106.t001

Total salt content (g/kg)

lonic composition (g/kg) Particle composition (%)
Cco.> HCOj3;” cr S0.> Ca** Mg?* Na* K* Clay Silt Sand
0.02 0.106 0.703 0.014 0.096 0.01 0.32 0.061 0.27 12.35 87.38
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Table 2. Profiles of irrigation water quality of selected sites.

Serial number | Geographical coordinate

40°46’N, 84°18’'E
40°25’N, 84°19'E
40°29’N, 84°19'E
40°05'N, 84°19'E
39°39’N, 84°05’ E
38°58'N, 83°39'E

- |0 Q|0 T | D

Location along TDH (km) | Salinity (g/L) | pH lonic composition (g/L)
HCO; | CI' | SO, | Ca?* | Mg?* | K* & Na*
125.00 25.90 7.69 @ 0.21 10.57 | 587 | 0.72 | 0.92 7.41
164.80 18.36 8.09 | 0.18 6.54 | 5.07 | 0.40 | 0.61 5.14
155.80 10.00 8.02 | 0.09 4.37 214 | 0.24 | 0.31 2.84
201.10 4.82 7.85 | 0.07 1.80 | 1.07 | 0.10 A 0.25 1.52
255.20 2.82 7.40 | 0.06 1.07 | 0.69 | 0.07 @ 0.09 0.83
TDRS 4.04 7.76 | 0.08 150 | 1.01 | 0.11 | 0.15 1.07

TDRS = the Taklimakan Desert Research Station. 0 km is the northerly starting point of the desert highway.

doi:10.1371/journal.pone.0164106.t002

Na", and K". The water quality profiles of selected experimental sites along the TDH are
shown in Table 2.

The Taklimakan Desert Highway Shelterbelt (TDHS) has a length of 436 km, a width of 72—
78 m, and an area of 3 128 km”. It is oriented in north to south direction across the desert.
Between locations Luntai and Xiaotang is an 86-km section with no artificial shelterbelt because
of relatively good natural vegetation on both sides of the TDH [23,26]. Plants grown in the shel-
terbelt are mainly drought- and salt-tolerant species with excellent windbreak and sand fixation
properties, including Calligonum arborescens Litv., Tamarix ramosissima Ledeb., and Haloxylon
ammodendron (C. A. Mey.) Bunge. The plants were interspersed along rows, with a row spacing
of 2 m and a plant spacing in the same row of 1 m. Plants are drip-irrigated with highly saline
groundwater (salinity: 2.82-29.87 g/L) pumped from local wells [13,22]. On both sides of the
highway the topography is heterogeneous and complex [27]. As a result of this topography, the
types of wind-blown sand events vary significantly along the highway and require the use of dif-
ferent shelterbelt structures to control wind-blown sand [28]. Because there are great differences
among the salt tolerance of plants and groundwater salinities, species combinations at different
sections of the shelterbelt differ. Before the shelterbelt construction, several species with a high
stress-resistance were selected from more than 200 species after more than 10 years’ research on
plant introduction [29]. One prototype section of a shelterbelt covering 7 km was established to
assess the feasibility of shelterbelt construction along the highway. The shelterbelt along the TDH
was constructed in 2003, and the shelterbelts near the TDRS were constructed in stages and vary
in age from 1 to 11 years. The height, crown width and maximum width of basal stem of the
plants increased with the shelterbelt age, and have different morphology [23].

We state that no specific permissions were required for these locations/activities. We con-
form that the field studies did not involve endangered or protected species.

Irrigation systems

The irrigation systems used in the TDHS and the TDRS (Fig 2) are mainly drip irrigation,
which was shown to be the best irrigation method [22]. After groundwater being pumped from
the well (Fig 2B), it is imported to water valves (Fig 2G) through main pipes (Fig 2F) and con-
trol valve wells (Fig 2C). Water valves connect to a double-branch pipe and control the irriga-
tion speed and irrigation time. The double-branch-pipe was designed for effectively supplying
water for different plants and was used for the shelterbelt irrigation. Calligonum arborescens,
Tamarix ramosissima, and Haloxylon ammodendron were interspersed along rows. The root
distribution and water consumption of these plants are different [30,31]. water consumption is
most pronounced for C. arborescens because it has shallower roots than the other two plants
[30,32], and moisture depletion of then shallow soil is faster because of plant uptake and
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Fig 2. Schematic diagram of the drip irrigation system for the Taklimakan Desert Highway Shelterbelt. (a) Desert highway; (b) Well-house; (c)
Control valve well; (d) Connecting well; (€) Water valve; (f) Main pipe; (g) Double-branch pipe; (h) Capillary tube. The spacing between capillary tubesis 2 m
or 1 m. The spacing of the two adjacent emitters along the same capillary tube (black dots shown in the red circle) is 1 m, and all the capillary tubes are the
same size.

doi:10.1371/journal.pone.0164106.9002

atmospheric evaporation, and therefore it must be irrigated more frequently than the other two
plants. The irrigation frequency of C. arborescens is set at 10 days, and T. ramosissima and H.
ammodendron are set at 15 days. Fertilizer tanks are connected with irrigation systems for the
application of soluble fertilizers to improve plant growth. Fertilizers are commonly used at the
early stage of the growth season or when the plants grow weak.

Climate data collection

Climate data were collected from the automatic weather station located at the TDRS for more
than 10 years (2003-2014). This weather station is the only one along the desert highway. The
data include atmospheric relative humidity, precipitation, evaporation, temperature, and wind
speed and direction. The data were automatically recorded daily, and average monthly values
for these parameters were calculated.

Soil sampling and analysis

Shelterbelts in the TDRS had been planted for 1, 4, 7, and 10 years and are drip irrigated with a
salinity of 4.04 g/L, because this salinity is most common and is used to irrigate the largest area
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near the TDRS. In July 2014, monitoring took place adjacent to sets of five drip-emitters. Soil
samples 30 cm from the emitters were collected daily before and after irrigation for a 15-day
irrigation period for T. ramosissima and H. ammodendron, and a 10-day irrigation period for
C. arborescens, respectively. All samples were collected to a 200-cm depth at 9:00 am at 20-cm
increments. Soil moisture-salinity dynamics in one irrigation cycle were averaged for four shel-
terbelt ages, and moisture-salinity distribution for each differently aged shelterbelt was aver-
aged from daily data.

In addition, for a shelterbelt planted in 2003, sets of five emitters, each irrigated with
groundwater having salinities of 2.82, 4.82, 10.00, 18.36, and 25.90 g/L (Fig 1), were monitored
to a depth of 200 cm with increments of 20 cm during one irrigation cycle. Sampling plots were
30 cm from the emitters and perpendicular to the plant rows.

All samples were divided into two portions for moisture analysis and electrical conductivity
(EC) measurement. Soil moisture was determined by mass loss after drying at 105°C for 12 h.
The daily soil water storage (W) in one irrigation cycle was calculated by [33]:

W, =V +xH

where W, (mm) is soil moisture storage; V (cm®/cm’) is soil water content; and H (mm) is the
thickness of the soil layer.

Another portion of the samples was air-dried and sieved through a 1-mm sieve. Soluble salt
estimates were then based on extracts of one part soil to five parts water by weight, and the EC
was determined using a conductivity meter. All values were averaged from five duplicates.

Data for the 1, 4, 7, and 10-year shelterbelts irrigated with 4.04 g/L salinity groundwater
were used to analyze the daily dynamics of soil moisture and salinity. Average values for the
shelterbelts planted for different years were used to analyze the effect of shelterbelt age on
soil moisture-salinity distribution. Average values for shelterbelts irrigated with different
salinity were used to analyze the effect of irrigation salinity on soil moisture and salinity
distribution.

Results
Climate

The irrigation schedule is based on the regional climate. The annual mean atmospheric tem-
perature of the study area is 12.4°C, with the coldest month of —8.1°C in December, and the
warmest month of 28.2°C in July. The highest and lowest recorded atmospheric temperatures
are 43.2°C and —19.3°C, respectively. The area is hyper-arid with an average annual precipita-
tion of 24.6 mm (Fig 3). With a mean potential evaporation (E,) of up to 3639 mm through the
year, precipitation can virtually be ignored when compared with Ep. The average relative
humidity (RH) is only 29.4%, and 247 days are of low-humidity (< 30%).

We discovered that wind-blown sand storms are serious and the average wind speed exceeds
2.5 m/s, maximum instantaneous wind speed is up to 20.0 m/s, and the sand-moving winds
occur annually for more than 130 days. From Table 3, it can be seen that winds mainly occur
from April to August, and the direction is mainly ENE, and sand-moving winds (> 6.0 m/s)
blow for 550-800 h/yr. Winter (from November to the following February) has a low evapora-
tion because of the low temperatures, higher RH, fewer hours of wind, and low-speed winds.
Though the temperature is highest in July, potential evaporation is not at its maximum because
of a relatively high RH. The climate of the study area can be summarized as extremely arid with
very limited precipitation and strong evaporation demand, high atmospheric temperature in
summer, and large periods of winds with high speeds.
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Soil moisture and salinity

Soil moisture-salinity dynamics for one irrigation cycle. The moisture dynamics of the
2-m soil profile (Fig 4A and 4C) varied significantly, especially for the depth of 0-80 cm where
the moisture is easily affected by evaporation, infiltration, and root uptake. Water applied to
sandy soil infiltrates fast, so soil moisture at 0-40 cm rises quickly during irrigation. Evapora-
tion and infiltration of soil water occur simultaneously during and after irrigation, and infiltra-
tion eventually ceases by the 2nd day after irrigation. Soil moisture decreased fast at 0-40 cm
after irrigation, decreased slower at 40-80 cm and was relatively stable beneath 80 cm. In addi-
tion to soil moisture, the salinity of the 0-50-cm soil zone (Fig 4B and 4D) varied significantly
for different days after irrigation. Especially for the surface soil, EC increased from 0.7 to 3.6
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Table 3. Monthly number of sand-moving winds with a speed of > 6 m/s (average number for 2003—2014).

Month

Jan.
Feb.
Mar.
Apr.
May
Jun.
Jul.

Aug.
Sep.
Oct.
Nov.
Dec.
Sum

27

NNE

46

ENE

45
18
13
15
23
10

134

Number of sand-moving winds Sum
E ESE SE SSE S SSW | SW | wsw w WNW NwW NNW
1 — — — — — — — — — — — 1
1 — — — — — — — — — — — 1
— 1 1 — — — 1 1 — — — — 23
19 5 — — — — — — — — — — 84
8 3 — — — 5 5 7 8 3 2 2 67
6 2 — 1 2 4 1 4 8 2 4 4 90
8 4 — 1 3 2 — — — 1 2 1 71
13 3 2 2 1 2 3 9 6 3 — 1 106
12 4 — — — — — — — — — — 30
J— J— J— J— J— J— J— J— J— J— J— J— 2
2 — — — — — 2 — — — — 1 13
— — — — — — — — — — — 2
71 22 3 4 6 13 12 21 22 9 8 9

—: indicates that there was no sand-moving wind.

doi:10.1371/journal.pone.0164106.t003

dS/m for 15-day-cycle and 0.6 to 3.0 dS/m for 10-day-cycle, respectively. But deeper soil shows
effectively no variation with a value lower than 1 dS/m.

Fig 5 showed that soil water storage (W,) at 0-200 cm depth decreased after irrigation. W,
was 125 mm (15-day) and 127 mm (10-day) before irrigation and increased to 204 mm
(15-day) 201 mm (10-day) immediately after irrigation. Thereafter, soil water storage
decreased 79 mm and 74 mm during one irrigation cycle. The relationship between W, and the
days after irrigation showed a clear linear relationship, as shown in Fig 5.

Soil moisture-salinity depth profiles in shelterbelts of different age. Fig 6 shows the var-
iation of moisture and salinity for shelterbelts planted for 1, 4, 7, and 10 years. The moisture
decreased significantly with increasing shelterbelt age (Fig 6-Left). Average moisture was
12.8% for the 1-year-old shelterbelt and decreased to 9.3%, 8.2%, and 7.1% for 4-, 7-, and
10-year-old shelterbelts, respectively.

The soil EC at a depth of 0-20 cm significantly reduced with shelterbelt age (Fig 6-Right).
Topsoil EC under shelterbelts planted for 1, 4, 7, and 10 years were 6.58, 5.45, 3.44, and 2.89
dS/m, respectively. However, soil EC at depths below 20 cm was not affected by irrigation and
showed little variation.

Soil moisture-salinity depth profiles when irrigated with different salinity groundwa-
ter. Fig7 shows how the distribution of soil moisture and salinity varied when drip-irrigated
with different salinity groundwater. With the same irrigation amount and cycle, soil moisture
at different depth and irrigated with different salinity groundwater showed a depth profile (Fig
7-Left). We deduced that water consumption of shelterbelt plants is not affected by salinity.
Irrigation water salinity significantly influenced shallow soil salinity and clearly increased with
water salinity (Fig 7-Right). The highest and lowest salinity of surface 20 cm soil were 6.31 dS/
m and 3.84 dS/m when irrigated with 25.90 g/L (highest) and 2.82 g/L (lowest) salinity water,
respectively. However, this salinity relationship did not occur in soil layers deeper than 20 cm.

Discussion

Because of sparse precipitation and a lack of available freshwater in the Taklimakan Desert,
groundwater is the only irrigation water source for the shelterbelt plants, soil moisture and
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ramosissima and Haloxylon ammodendron; (c,d) Soil moisture and salinity of 10-day-cycle for Calligonum arborescens.

doi:10.1371/journal.pone.0164106.9004
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doi:10.1371/journal.pone.0164106.9005

salinity are two most important factors which control plant growth. The variation of soil mois-
ture can be influenced by the irrigation amount, root distribution, soil physical properties, and
climate [21,33]. Hyper-arid climate inevitably causes high water consumption. According to
water consumption of the shelterbelt plants and soil moisture evaporation in the shelterbelt
around the year related to local climate [31,34], a specially designed irrigation systems using
double-branch-pipe was implemented. The depletion of the soil water content was mainly
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caused by soil surface evaporation and plant transpiration. The deep percolation of soil mois-
ture is negligible because of the limited irrigation amounts. Plant growth will be significantly
reduced and some plants could die if the soil moisture is too low or soil salt content of the root
zone is too high [35, 36]. We examined the daily dynamics of soil moisture and salinity during
one irrigation cycle in June when there is relatively high air temperature, low RH, and high
evaporative demand. The soil moisture-salinity dynamics are similar during other months,
while the evaporative demands may be similar or much lower. Therefore more moisture will be
stored in the soil and less salt will accumulate at the soil surface, thus supporting the normal
growth of shelterbelt plants.

Soil moisture at 0-40 cm decreased after irrigation, which is mainly due to the effects of
high atmospheric evaporation caused by the hyper-arid climate [33]. Soil moisture at 40-80
cm is mainly affected by the root water uptake because it is the main distribution layer of the
shelterbelt plant root [32], and because the atmospheric conditions have a lesser affect on this
layer. Soil moisture beneath 80 cm was relatively stable because little plant roots reached that
depth. Soluble salt moves upwards with moisture evaporation and causes the EC of shallow soil
to increase after irrigation. Because salt resides mainly in shallow soil layers where there is little
rooting, plants will not suffer salt-injury and can grow well [32].
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Moisture in the 0-40-cm layer increased with shelterbelt age because of an increase in
organic matter and dust accumulation [21]. The addition of organic matter and dust would
therefore improve soil moisture holding capacity. Moreover, the crown width of shelterbelt
plants increased substantially annually after planting and consequently reduced soil evapora-
tion, thus increasing the shallow soil moisture in the shelterbelt [23, 37]. The results indicated
that the depth of soil moisture consumption increased with the shelterbelt age because of
increasing depth and amount of plant root distribution, especially moisture below 40 cm
decreased [30, 32]. Soil moisture at a depth of 20-80 cm is mainly used by plants because this
layer contains the majority of roots of shelterbelt plants [30, 32]. Zhang et al. found that most
soluble salts accumulated at the soil surface when high-salinity irrigation water was used [38].
The results from our experiments confirm this.

Salt accumulation and leaching occur alternately at the study area under irrigation condi-
tions. Salt accumulates in the topsoil when moisture evaporates and is affected by surface cover
[39]. Salt accumulation is less as moisture evaporation is reduced with increasing shade as a
result of shelterbelt plant growth [37]. Salt leaching occurs during precipitation and irrigation
[38], but if there is less than 50 mm precipitation at the study area, the leaching can be ignored.
One large amount of irrigation (twice normal irrigation) is essential every October to ensure
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salt leaching before irrigation is stopped from November to the following February. Irrigation
is the main agent for salt leaching, and it appears that a larger quantity of salts is removed from
the soil solution than is accumulated [40]. In addition, an irrigation tube buried by accumu-
lated shifting sand in the shelterbelt may reduce moisture evaporation and inhibit salt accumu-
lation [41, 42]. There is a concern that long-term saline irrigation may result in secondary soil
salinization in such extreme environments [16]. However, our results indicate that several fac-
tors lead to a salt content decrease with shelterbelt age, thus making conditions more favorable
for plant growth.

Water supply with a single-branch-pipe is very common for irrigation systems of crops or
homogeneous plantations because of their similar demands for water consumption and rela-
tively healthy environments for plant growth. However, in the study area, the shallow root dis-
tribution of C. arborescens combined with high evaporative demand and poor soil water
retention makes it difficult for the normal growth under the 15-day irrigation cycle [30, 32], so
it is irrigated with a 10-day cycle. The study results of Xu et al. [17] showed that the optimal
irrigation amount for the study area was 30 L per plant per irrigation event. This irrigation
amount is typically applied along the TDHS. All shelterbelt plants grow well under such irriga-
tion systems.

In practice, the same irrigation amounts and frequencies are applied to all shelterbelts, but
the variation in water consumption with shelterbelt age is not considered. Larger plants will
consume more water by transpiration and cause a decrease in soil moisture. Thus, experiments
on the responses of shelterbelt plants of different age (or size) to irrigation intervals and irriga-
tion amounts should be conducted for appropriately adjusting the irrigation schedule to
improve water use efficiency. Long-term field monitoring systems for soil moisture and salinity
under drip irrigation with different groundwater salinities have been established along the
TDHS. Based on the results of this monitoring, a prediction model for soil moisture and salin-
ity will be developed for taking further measures to reduce, or even avoid, the risk of soil salini-
zation. This concern could be addressed by adjusting the irrigation cycle and irrigation
amounts for different shelterbelt age on the basis of experiments. For example, it is possible
that irrigation amounts could be reduced for a 1-year-old shelterbelt, and increased for shelter-
belt older than 10 years, leading to improved plant growth and improved water use efficiency.

The results of this study raise questions about the utility of saline groundwater drip irriga-
tion for the TDHS with an Aeolian Sandy Soil context in the Tarim Basin of northwestern
China. Irrigating with groundwater in this extreme environment may lower the groundwater
level and lead to ecological degradation of the area. Fan et al. reported that the groundwater
table was essentially stable during a 4-year period because irrigation accounted for less than 3%
of groundwater recharge in the Tarim Basin [43].

An interesting issue is how to transfer the application of this model to analogous habitats
elsewhere. This question will be answered in three steps. First, available local water resources,
plant species, soil and water properties, and climatic characteristics should be generally investi-
gated for planning purposes. Second, preliminary experiments of plant growth under saline
irrigation should be conducted to evaluate plant growth and choose the most suitable plant
species. Obviously, the plant root distribution and water consumption characteristics should
be understood. Finally, the feasibility of large-scale implementation must be fully proven. This
includes the ecological benefits and risks, social benefits, and economic costs and benefits.

Conclusion

The study area is characterized as hyper-arid, with a very low precipitation, very low relative
humidity, high potential evaporation, and frequent wind-blown sand storms. Our results
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showed that high-saline groundwater is a feasible source to use for irrigating artificial shelter-
belts in such extremely arid desert regions. Soil moisture depletion and shallow soil salinity
accumulation occurred simultaneously during one irrigation cycle. The moisture increased and
salinity decreased significantly at 0-20-cm depth, but moisture below a depth of 20 cm signifi-
cantly decreased with the increasing shelterbelt age, and salinity below a depth of 20 cm
showed marginal variation. In addition, irrigation salinity only affected soil salinity at 0-20 cm,
but had almost no effect on soil moisture and salinity deeper than 20 cm.

In summary, long-term high-salinity drip irrigation with sensible management practices
will not negatively impact plant growth in the Taklimakan Desert. Our findings are helpful for
ensuring the sustainability of the TDHS, and provide a model for shelterbelt construction
using high-salinity water for irrigation in arid and semi-arid deserts.

Supporting Information

S$1 File. Supporting information about data.
(XLSX)

S2 File. Supporting information about Fig 2.
(DOC)

Acknowledgments

The authors thank the financial support by the National Natural Science Foundation of China
(41471222, 41301038) and the Thousand Youth Talents Plan Project (Y472241001). We thank
Prof. Markus Flury from Washington State University for revising the manuscript. We also
thank the anonymous reviewers and editor for their great help in improving the quality of the
manuscript.

Author Contributions
Conceptualization: XX SL.

Data curation: JZ.

Formal analysis: JZ R].

Funding acquisition: JZ SL YZ.
Investigation: JZ TZ.
Methodology:JZ YZ.

Project administration: JZ SL YZ.
Resources: XX SL.

Software: JZ YZ.

Supervision: YZ SL.

Validation: AZ TZ.
Visualization: TZ R].

Writing - original draft: JZ SL.
Writing - review & editing: XX YZ.

PLOS ONE | DOI:10.1371/journal.pone.0164106 October 6, 2016 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164106.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164106.s002

@° PLOS | ONE

Saline Drip Irrigation for Desert Highway Shelterbelt

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Qadir M, Oster JD. Crop and irrigation management strategies for saline-sodic soils and waters aimed
at environmentally sustainable agriculture. Sci Total Environ. 2004; 323: 1-19. doi: 10.1016/j.
scitotenv.2003.10.012 PMID: 15081713

Riediger J, Breckling B, Nuske RS, Schréder W. Will climate change increase irrigation requirements
in agriculture of central Europe? A simulation study for northern Germany. Environ Sci Eur. 2014; 26,
18. doi: 10.1186/s12302-014-0018-1

Middleton N, Thomas D, Middleton N, editors. World Atlas of Desertification. 2nd ed. London: Arnold
Publishers; 1997.

D’Odorico P, Bhattachan A, Davis KF, Ravi S, Runyan CW. Global desertification: Drivers and feed-
backs. Adv Water Resour. 2013; 51: 326—-344. doi: 10.1016/j.advwatres.2012.01.013

Brown LR, Halweil B. China’s water shortage could shake world food security. World Watch. 1998; 11
(4): 10-21. PMID: 12348868

Seckler D, Barker R, Amarasinghe U. Water scarcity in the twenty-first century. Int J Water Resour
Dev. 1999; 15:29-42. doi: 10.1080/07900629948916

Liu XY, Mao JT, Zhang F, Cui CX, Liu D, Li J, et al. The analysis of water vapor distribution over Takli-
makan Desert. Sci China Earth Sci. 2012; 55: 446-455. doi: 10.1007/s11430-011-4251-9

Cheng D, Li Y, Chen X, Wang W, Hou G, Wang C. Estimation of groundwater evapotranspiration using
diurnal water table fluctuations in the Mu Us Desert, northern China. J Hydrol. 2013; 490: 106—113.
doi: 10.1016/j.jhydrol.2013.03.027

Malash N, Flowers TJ, Ragab R. Effect of irrigation systems and water management practices using
saline and non-saline water on tomato production. Agri Water Manage. 2005; 78: 25-38. doi: 10.1016/
j.agwat.2005.04.016

Mamitimin Y, Feike T, Seifert |, Doluschitz R. Irrigation in the Tarim Basin, China: Farmers’ response
to changes in water pricing practices. Environ Earth Sci. 2015; 73: 559-569. doi: 10.1007/s12665-
014-3245-2

Murtaza G, Ghafoor A, Qadir M. Irrigation and soil management strategies for using saline-sodic water
in a cotton—wheat rotation. Agr Water Manage. 2006; 81: 98—114. doi: 10.1016/j.agwat.2005.03.003

ChenM, Kang Y, Wan S, Liu S. Drip irrigation with saline water for oleic sunflower (Helianthus annuus
L.). Agr Water Manage. 2009; 96: 1766—1772. doi: 10.1016/j.agwat.2009.07.007

Han W, Cao L, Yimit H, Xu XW, Zhang JG. Optimization of the saline groundwater irrigation system
along the Tarim Desert highway ecological shelterbelt project in China, Ecol Eng. 2012; 40: 108-112.
doi: 10.1016/j.ecoleng.2011.12.009

Skaggs TH, Anderson RG, Corwin DL, Suarez DL. Analytical steady-state solutions for water-limited
cropping systems using saline irrigation water. Water Resour Res. 2014; 50: 9656—-9674. doi: 10.
1002/2014wr016058

Beltran JM. Irrigation with saline water: benefits and environmental impact. Agr Water Manage. 1999;
40: 183—-194. doi: 10.1016/s0378-3774(98)00120-6

LeiJQ, Li SY, Jin ZZ, Fan JL, Wang HF, Fan DD, et al. Comprehensive eco-environmental effects of
the shelter-forest ecological engineering along the Tarim Desert Highway. Chinese Sci Bull. 2008; 53
(S2): 190—202. doi: 10.1007/s11434-008-6022-3

Kang YH. Microirrigation for the development of sustainable agriculture. T CSAE. 1998; 14(Suppl.):
251-255. (in Chinese)

Chen M, Kang Y, Wan S, Liu S. Drip irrigation with saline water for oleic sunflower (Helianthus annuus
L.) Agr Water Manage. 2009; 96: 1766—1772. doi: 10.1016/j.agwat.2009.07.007

Li X, Kang Y, Wan S, Chen X, Chu L. Reclamation of very heavy coastal saline soil using drip-irrigation
with saline water on salt-sensitive plants. Soil Till Res; 2015; 146: 159-173. doi: 10.1016/j.still.2014.
10.005

Zhang J, Xu X, LeiJ, Jin Z, Li S, Gu F, et al. Effect of drip-irrigation with salinity water on soil environ-
ment of the Tarim Desert Highway Shelterbelt. T CSAE. 2008; 24(10): 34-39. (in Chinese)

Malash N, Flowers TJ, Ragab R. Effect of irrigation system and water management practices using
saline and non-saline water on tomato production. Agr Water Manage. 2005; 78: 25-38. doi: 10.1016/
j.agwat.2005.04.016

Xu X, Li B, Wang X. Progress in study on irrigation practice with saline groundwater on sandlands of
Taklimakan Desert hinterland. Chinese Sci Bull. 2006; 51(S1): 161-166. doi: 10.1007/s11434-006-
8221-0

PLOS ONE | DOI:10.1371/journal.pone.0164106 October 6, 2016 15/16


http://dx.doi.org/10.1016/j.scitotenv.2003.10.012
http://dx.doi.org/10.1016/j.scitotenv.2003.10.012
http://www.ncbi.nlm.nih.gov/pubmed/15081713
http://dx.doi.org/10.1186/s12302-014-0018-1
http://dx.doi.org/10.1016/j.advwatres.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/12348868
http://dx.doi.org/10.1080/07900629948916
http://dx.doi.org/10.1007/s11430-011-4251-9
http://dx.doi.org/10.1016/j.jhydrol.2013.03.027
http://dx.doi.org/10.1016/j.agwat.2005.04.016
http://dx.doi.org/10.1016/j.agwat.2005.04.016
http://dx.doi.org/10.1007/s12665-014-3245-2
http://dx.doi.org/10.1007/s12665-014-3245-2
http://dx.doi.org/10.1016/j.agwat.2005.03.003
http://dx.doi.org/10.1016/j.agwat.2009.07.007
http://dx.doi.org/10.1016/j.ecoleng.2011.12.009
http://dx.doi.org/10.1002/2014wr016058
http://dx.doi.org/10.1002/2014wr016058
http://dx.doi.org/10.1016/s0378-3774(98)00120-6
http://dx.doi.org/10.1007/s11434-008-6022-3
http://dx.doi.org/10.1016/j.agwat.2009.07.007
http://dx.doi.org/10.1016/j.still.2014.10.005
http://dx.doi.org/10.1016/j.still.2014.10.005
http://dx.doi.org/10.1016/j.agwat.2005.04.016
http://dx.doi.org/10.1016/j.agwat.2005.04.016
http://dx.doi.org/10.1007/s11434-006-8221-0
http://dx.doi.org/10.1007/s11434-006-8221-0

@° PLOS | ONE

Saline Drip Irrigation for Desert Highway Shelterbelt

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Zhang JG, Lei JQ, Wang YD, Zhao Y, Xu XW. Survival and growth of three afforestation species under
high saline drip irrigation in the Taklimakan Desert, China. Ecosphere. 2016; 7(5): €01285. doi: 10.
1002/ecs2.1285

Setia R, Gottschalk P, Smith P, Marschner P, Baldock J, Setia D, et al. Soil salinity decreases global
soil organic carbon stocks. Sci Total Environ. 2013; 465: 267—272. doi: 10.1016/j.scitotenv.2012.08.
028 PMID: 22959898

JinZZ, Lei JQ, Xu XW, Li SY, Zhao SF, Qiu YZ, et al. Evaluation of soil fertility of the shelter-forest land
along the Tarim Desert Highway. Chinese Sci Bull. 2008; 53(S2): 125-136. doi: 10.1007/s11434-008-
6015-2

Zhang JG, Xu XW, Lei JQ, Li SY, Hill RL, Zhao Y. The effects of soil salt crusts on soil evaporation and
chemical changes in different ages of Taklimakan Desert Shelterbelts. J Soil Sci Plant Nutr. 2013; 13
(4): 1019-1028.

Li BW, Xu XW, Lei JQ, Qiu YZ, Xu B, Zhou HW, et al. Site type classification for the shelter-forest eco-
logical project along the Tarim Desert Highway. Chinese Sci Bull. 2008; 53(S2): 31—-40. doi: 10.1007/
$11434-008-6003-6

Lei JQ, Li SY, Fan DD, Zhou HW, Gu F, Qiu YZ, et al. Classification and regionalization of the forming
environment of windblown sand disasters along the Tarim Desert Highway. Chinese Sci Bull. 2008; 53
(S2): 1-7. doi: 10.1007/s11434-008-6023-2

Zhang J, Xu X, Lei J, Li S. Research on construction and application of adaptability evaluation indicator
system of introduced plants in the hinterland of Taklimakan Desert. J Nat Resour. 2009; 24: 849-858.
(in Chinese)

Wang XJ, Xu XW, Lei JQ, Li SY, Wang YD. The vertical distribution of the root system of the desert
highway shelterbelt in the hinterland of the Taklimakan Desert. Chinese Sci Bull. 2008; 53(S2): 79-83.
doi: 10.1007/s11434-008-6008-1

Xu H, Zhang XM, Yan HL, Liang SM, Shan LS. Plants water status of the shelterbelt along the Tarim
Desert Highway. Chinese Sci Bull. 2008; 53(S2): 146—155. doi: 10.1007/s11434-008-6017-0

LiC, LeiJ, Zhao Y, Xu X, Li S. Effect of saline water irrigation on soil development and plant growth in
the Taklimakan Desert Highway shelterbelt. Soil Till Res. 2015; 146: 99—107. doi: 10.1016/j.still.2014.
03.013

Wang YD, Xu XW, Lei JQ, Li SY, Zhou ZB, Chang Q, et al. The dynamics variation of soil moisture of
shelterbelts along the Tarim Desert Highway. Chinese Sci Bull. 2008; 53(S2): 102—-108. doi: 10.1007/
s11434-008-6011-6

Zhang J, Sun S, Xu X, Lei J, Li S. Characterizing and estimation soil evaporation in Taklimakan Desert
Highway Shelterbelt. Bull Soil Water Conserv. 2011; 31(1): 145-148. (in Chinese)

Sperling O, Lazarovitch N, Schwartz A, Shapira O. Effects of high salinity irrigation on growth, gas-
exchange, and photoprotection in date palms (Phoenix dactylifera L., cv. Medjool). Environ Exp Bot.
2014; 99: 100-109. doi: 10.1016/j.envexpbot.2013.10.014

Valdez-Aguilar LA, Grieve CM, Poss JA. Response of lisianthus to irrigation with saline water: plant
growth. J Plant Nutr. 2013; 36: 1605—1614. doi: 10.1080/01904167.2013.799188

Raz-Yaseef N, Rotenberg E, Yakir D. Effects of spatial variations in soil evaporation caused by tree
shading on water flux partitioning in a semi-arid pine forest. Agr Forest Meteorol. 2010; 150: 454—462.
doi: 10.1016/j.agrformet.2010.01.010

Zhang JG, Xu XW, Lei JQ, Sun SG, Fan JL, Li SY, et al. The salt accumulation at the shifting aeolian
sandy soil surface with high salinity groundwater drip irrigation in the hinterland of the Taklimakan Des-
ert. Chinese Sci Bull. 2008; 53(S2): 63—70. doi: 10.1007/s11434-008-6006-3

Zhou HW, Li SY, Sun SG, Xu XW, Lei JQ, Liu S, et al. Effects of natural covers on soil evaporation of
the shelterbelt along the Tarim Desert Highway. Chinese Sci Bull. 2008; 53(S2): 137-145. doi: 10.
1007/s11434-008-6016-1

Zhang J, Xu X, Lei J, Li S. Leaching effect of drip irrigation with saline water on soil salt. J Irrig Drain.
2013; 32(5): 55-58. (in Chinese)

Modaihsh AS, Horton R, Kirkham D. Soil water evaporation suppression by sand mulches. Soil Sci.
1985; 139: 357-361. doi: 10.1097/00010694-198504000-00010

Zhang J, Zhao Y, Xu X, Lei J, Li S, Wang Y. Effect of shifting sand burial on evaporation reduction and
salt restraint under saline water irrigation in extremely arid region. Chinese J Appl Ecol. 2014; 25:
1415-1421. (in Chinese) PMID: 25129944

Fan JL, Xu XW, Lei JQ, Zhao JF, Li SY, Wang HF, et al. The temporal and spatial fluctuation of the
ground-water level along the Tarim Desert Highway. Chinese Sci Bull. 2008; 53(S2): 53—62. doi: 10.
1007/s11434-008-6005-4

PLOS ONE | DOI:10.1371/journal.pone.0164106 October 6, 2016 16/16


http://dx.doi.org/10.1002/ecs2.1285
http://dx.doi.org/10.1002/ecs2.1285
http://dx.doi.org/10.1016/j.scitotenv.2012.08.028
http://dx.doi.org/10.1016/j.scitotenv.2012.08.028
http://www.ncbi.nlm.nih.gov/pubmed/22959898
http://dx.doi.org/10.1007/s11434-008-6015-2
http://dx.doi.org/10.1007/s11434-008-6015-2
http://dx.doi.org/10.1007/s11434-008-6003-6
http://dx.doi.org/10.1007/s11434-008-6003-6
http://dx.doi.org/10.1007/s11434-008-6023-2
http://dx.doi.org/10.1007/s11434-008-6008-1
http://dx.doi.org/10.1007/s11434-008-6017-0
http://dx.doi.org/10.1016/j.still.2014.03.013
http://dx.doi.org/10.1016/j.still.2014.03.013
http://dx.doi.org/10.1007/s11434-008-6011-6
http://dx.doi.org/10.1007/s11434-008-6011-6
http://dx.doi.org/10.1016/j.envexpbot.2013.10.014
http://dx.doi.org/10.1080/01904167.2013.799188
http://dx.doi.org/10.1016/j.agrformet.2010.01.010
http://dx.doi.org/10.1007/s11434-008-6006-3
http://dx.doi.org/10.1007/s11434-008-6016-1
http://dx.doi.org/10.1007/s11434-008-6016-1
http://dx.doi.org/10.1097/00010694-198504000-00010
http://www.ncbi.nlm.nih.gov/pubmed/25129944
http://dx.doi.org/10.1007/s11434-008-6005-4
http://dx.doi.org/10.1007/s11434-008-6005-4

