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Preface to ”Soil Hydrological Processes in Desert
Regions”

Soil hydrology is an inter-discipline of soil science and hydrology that mainly focuses on

interactive pedologic and hydrologic processes and properties. The Critical Zone is the thin layer

of the Earth’s terrestrial surface and near-surface environment and plays a fundamental role in

sustaining life and humanity. Deserts, a unique ecosystem, becomes a more critical research area

in Earth’s Critical Zone framework but is relatively less managed. There is such vast literature

suggesting that we could tip the climate to a more humid and productive stage if we could

vegetate that desert. The significance of the desert ecosystem management requires supportive and

regulatory ecosystem services, ecosystem sustainability, and a feedback loop between ecological and

hydrological processes. Although the benefits of reversing desertification, preventing erosion, and

providing biomass have been recognized, the effects of anthropogenic revegetation on water and

carbon cycles, the critical process of the terrestrial ecosystem, are still poorly understood.

This reprint highlights the current understanding of the soil hydrological processes in desert

regions, as well as the plant responses to soil water. Likewise, this reprint will not present all the

aspects, such as the challenges of soil hydrological process research and its opportunities in the

desert regions. It only provides notable highlights to help understand the soil hydrological processes

and their application in desertification control, particularly regarding the ecological engineering

approach. In this context, we especially hope this reprint will enrich soil hydrology in the desert

regions for advancing critical zone science in the Anthropocene.

Ying Zhao, Jianguo Zhang, Jianhua Si, Jie Xue, and Zhongju Meng

Editors
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1. Introduction

Soil hydrology is an inter-discipline of soil science and hydrology that mainly focuses
on interactive pedologic and hydrologic processes and properties [1]. The Critical Zone is
the thin layer of the Earth’s terrestrial surface and near-surface environment and plays a
fundamental role in sustaining life and human society [2,3]. Deserts, altogether a unique
ecosystem, have become a more critical research area in the Earth’s Critical Zone framework
but one that is less managed. There is a vast amount of literature suggesting that we could
tip the climate to a more humid and productive stage if we could vegetate these desert
regions [4].

The significance of desert ecosystem management requires supportive and regulatory
ecosystem services, ecosystem sustainability, and a feedback loop between ecological and
hydrological processes [5]. Although the benefits of reversing desertification, preventing
erosion, and providing biomass have been recognized, the effects of anthropogenic reveg-
etation on soil water and carbon cycles, among many other soil hydrological processes,
are still poorly understood. Over recent years, the soil structure, water retention capacity,
fertility including organic carbon, and aggregation after the conversion of native desert
soil into irrigated arable land have significantly changed [6]. Assessments of soil water
dynamics and their driving factors are urgently needed for artificial-vegetation restoration
in desert areas and the sustainability of dryland ecosystems.

This Special Issue aims to provide the highlights of the recent advances in several
aspects related to the soil hydrological processes in desert regions, such as the control of
land degradation and desertification, climatic and soil–water interactions, soil–plant–water–
biota processes, the biogeochemical process for C and nutrient cycling, etc.

2. Summary of the Special Issue

This Special Issue publishes eleven articles, each providing valuable insights into
deeply understanding the soil hydrological processes in desert regions. All the article
contributions to this Special Issue are crucial for desert ecosystem management and dryland
sustainability from plant responses to soil hydrological process, soil–water interaction, and
practice implication perspectives. The studies covered a broad range of topics including
desert-dominant species’ response to soil water dynamics in extremely dry shifting desert
regions; the driving factors of soil moisture in alpine deserts, desert wetlands, and desert
lakes; the biogeochemical process for C and nutrient cycling in extremely dry desert regions;
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the dynamic changes of soil erosion in urban desert areas; and practices for a biological
protection system in shifting-sand deserts.

In the context of dominant natural species’ response to soil water dynamics in extreme
dry shifting desert regions, Qin et al. [7] compared the differences in the water use character-
istics between two dominant species of the Badain Jaran Desert mega-dunes—Zygophyllum
xanthoxylum and Artemisia ordosica—by investigating 2H and 18O in plant xylem and soil
water and 13C in plant leaves. The results confirmed that the differences in water use
between the two studied species were mainly related to their root distribution characteris-
tics. Liu et al. [8], based on the mechanistic understanding of how plant photosynthesis
responds to plant drought resistance in desert regions, analyzed the daily dynamics of gas
exchange parameters and their responses to photosynthetic photon flux density at three
irrigation levels for two main species, Calligonum mongolicum and Haloxylon ammodendron.
The results showed that Haloxylon ammodendron was better adapted to drought stress than
Calligonum mongolicum. Furthermore, in determining the optimal water-saving irrigation
regime, Liu et al. [9] examined the effects of irrigation regimes on the soil water dynamics
and quantified the irrigation intervals and periods based on a field test of precision irri-
gation control in the Taklimakan Desert Highway shelterbelt. The results displayed that
combining 35 mm irrigation with 10 days was beneficial to soil water storage and plant use
for Calligonum, while combining 35 mm irrigation with 40 days was best for Haloxylon. In
addition, Ma et al. [10], based on the issue of the impact of artificial shelterbelt constructions
with saline irrigation on the soil water characteristic curve, conducted three treatments
including one under the shelterbelt, on bare land in the shelterbelt, and in shifting sandy
land in the hinterland of the Taklimakan Desert. The results pointed out that the influence
of organic matter and salinity affected the soil water characteristic curves, which should be
considered in future modeling.

Given the lacking degree of investigation on the driving factors of soil moisture in
alpine deserts, desert wetlands, and desert lakes, Zhang et al. [11] examined the spatial
heterogeneity and driving factors of soil gravimetric water content in the typical alpine
valley desert of the Qinghai–Tibet Plateau using geostatistical analysis and the geographical
detector method. The results indicated that the spatial heterogeneity and its driving factors
of the soil gravimetric water content are ranked as elevation > slope > location > vegetation
> aspect. Wang et al. [12], based on the issue of less attention to soil moisture and salinity in
arid desert wetlands, assessed the soil moisture and salinity in the Ebinur Lake Basin. The
results demonstrated that the spatial distribution of soil moisture had a higher mutation rate
and stronger heterogeneity than that of soil salinity in the Ebinur Lake Basin. Jia et al. [13]
investigated the hydrochemical status and evolution of lakes in the Badain Jaran Desert to
understand why diverse lake water types exist under the same desert climatic conditions.
The results showed that the evaporation–crystallization reactions are the controlling factors
of lakes.

In the studies on the biogeochemical process for C and nutrient cycling in extremely
dry desert regions, Zhang et al. [14], based on the issue of the elusive factor determining
the leaf nutrients of phreatophytes in desert regions, revealed the key factors affecting
the ecological stoichiometry of desert phreatophytes in the shallow groundwater of three
oases in the southern rim of the Taklimakan Desert. The results showed that groundwater
depth played a critical role, which was closely related to the mineralization degree of the
groundwater, the topsoil C and P concentrations, and the topsoil salt content and pH.
Huang et al. [15], on the issue of the little attention paid to the effects of increasing water
availability on N use strategies in desert shrub species (C. caput-medusae), examined the
changes in plant biomass, soil N status, and plant N traits, and addressed the relationships
between them in 4- and 7-month-old saplings and mature shrubs after 28 months. The
results displayed that increasing water availability increased the total N uptake and N
resorption from old branches to satisfy the N requirement.

In an urban desert area, Zhang et al. [16] worked on the issue of the soil erosion
modulus, which is closely associated with desert evolution and desertification controls.
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They analyzed the spatial and temporal dynamics of soil erosion in the North and South
Mountains of Lanzhou City and the soil erosion characteristics under different environ-
mental factors and found that the soil erosion modulus is the greatest in the pedocal of the
North and South Mountains and the least in the alpine soil of the mountains.

Finally, Zhao et al. [17], based on the challenge of building a highway and its biological
protection system in the Taklimakan desert, comprehensively illustrated that local saline
groundwater irrigation offered potential advantages and opportunities for the growth of
halophytes and sandy soil development in hyper-arid desert environments.

3. Conclusions

This Special Issue highlights the current understanding of the soil hydrological pro-
cesses in desert regions, as well as the plant responses to soil water. Likewise, this Special
Issue will not present all the aspects, such as the challenges of soil hydrological process
research and its opportunities in the desert regions. It only provides notable highlights
to help understand the soil hydrological processes and their application in desertifica-
tion control, particularly regarding the ecological engineering approach. In this context,
we especially hope this Special Issue will enrich soil hydrology in the desert regions for
advancing critical zone science in the Anthropocene.
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Water Use Characteristics of Two Dominant Species in the
Mega-Dunes of the Badain Jaran Desert
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* Correspondence: jianhuas@lzb.ac.cn

Abstract: The sparse natural vegetation develops special water use characteristics to adapt to inhos-
pitable desert areas. The water use characteristics of such plants in desert areas are not yet completely
understood. In this study, we compare the differences in water use characteristics between two
dominant species of the Badain Jaran Desert mega-dunes—Zygophyllum xanthoxylum and Artemisia
ordosica—by investigating δ2H and δ18O in plant xylem (the organization that transports water and
inorganic salts in plant stems) and soil water, and δ13C in plant leaves. The results indicate that
Z. xanthoxylum absorbed 86.5% of its water from soil layers below 90 cm during growing seasons,
while A. ordosica derived 79.90% of its water from the 0–120 cm soil layers during growing seasons.
Furthermore, the long-term leaf-level water use efficiency of A. ordosica (123.17± 2.13 µmol/mol) was
higher than that of Z. xanthoxylum (97.36 ± 1.16 µmol/mol). The differences in water use between
the two studied species were mainly found to relate to their root distribution characteristics. A better
understanding of the water use characteristics of plants in desert habitats can provide a theoretical
basis to assist in the selection of species for artificial vegetation restoration in arid areas.

Keywords: water sources; water use efficiency; stable isotopes; Iso-source model

1. Introduction

The Badain Jaran Desert is home to the highest mega-dunes in the world, with sparse
rainfall, an arid climate, barren soil, and strong wind and sand activity. Despite the ex-
tremely arid environmental conditions, plants of the families Chenopodiaceae, Compositae,
and Gramineae can be found widely distributed across the mega-dunes, as well as Artemisia
ordosica, Nitraria tangutorum, Zygophyllum xanthoxylum, Psammochloa villosa, and other
shrubs with tall obvious trunks and “arbor-like” growth. Among these, Z. xanthoxylum and
A. ordosica represent the most dominant species and play an important role in preventing
wind erosion and fixing sand. These plants are distributed 100–250 m above the lake
surface; as such, it is difficult for them to use groundwater directly. Due to the extreme
aridity of the desert—with an average annual rainfall of just 80 mm—the question of how
these plants access and use water to survive in such an extreme environment remains.
Answers to these questions are needed to clarify the water use characteristics of the plants
in the Badain Jaran Desert.

Water—whether groundwater, surface water, or atmospheric precipitation—plays a
highly important role in the desert ecosystem. It represents a dominant restrictive ecological
factor affecting the growth of desert plants, restricting or determining the formation and
development of desert vegetation [1,2]. Moreover, the distribution of desert vegetation
can be analyzed to determine regional hydrological characteristics [3]. The degradation
of desert vegetation is generally thought to be caused by a decline in the groundwater
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level, making it impossible for plants to effectively access water [4]. However, studies show
that not all desert plants use groundwater alone for their maintenance [5]. In addition to
groundwater, many plants use seasonal precipitation, soil water, and condensation water
(such as dew and fog) to maintain their survival [5–7] However, the relative contribution
of various water sources to desert plants remains inconclusive. Many previous studies
used the whole-root excavation method [8], the plant physiological and ecological index
identification method [9], and stable hydrogen and oxygen isotope technology [9–12] to
study differences in the water sources of desert plants between species (life forms) at
different times and with various spatial distributions [2,5,12]. Few studies analyze the
effect of time and spatial differences together on plant water sources, which can help to
better understand plant water use. The effect of such temporal and spatial changes on
plant water sources are known as water use patterns [13]. In the present study, we aimed to
determine the water use patterns that allow desert plants to effectively avoid or overcome
water stress, and thus survive in the extremely arid mega-dune area.

Water use patterns of desert plants determine, to a certain extent, the response of
the ecosystem to changes in environmental water conditions [12]. Cyclical changes in
precipitation and groundwater, climate, and groundwater level in desert systems [10] lead
to temporal and spatial fluctuations in the habitat conditions of desert plants, which require
desert plants to adapt to changing water availability through multiple strategies such
as changing their physiological characteristics and reproduction methods [14], thereby
forming special water use characteristics. Water use efficiency (WUE) is another key
indicator of plant water use [12,15], which can be used to characterize the ability of plants to
fix organic matter under the same water consumption conditions [16]. Current mainstream
research is primarily focused on instantaneous and long-term water use efficiency at the
plant leaf scale [17], the latter of which can reflect the physiological conditions of plants
over long-term timescales such as months and years—typically through the use of carbon
stabilization isotope ratios (δ13C) [18]. Numerous studies show that δ13C is significantly
positively correlated with water use efficiency [18,19]. Therefore, carbon stable isotope
technology is currently the most common method for the analysis of the long-term water
use efficiency of plants.

In this study, we compare the water use characteristics of two dominant species—
Zygophyllum xanthoxylum, a shrub species, and Artemisia ordosica, a semi-shrub species—in
the mega-dunes of the Badain Jaran Desert using stable isotope techniques (δ2H, δ18O and
δ13C). We investigated δ2H and δ18O in plant xylem and soil water from various layers up to
240 cm under the dry sand layer to analyze plant water sources. Additionally, we measured
δ13C in plant leaves to explore the interspecific differences in leaf-level WUE. The soil
water content was also investigated. We hypothesized that the two species had completely
different water use characteristics. The main aims of this study were: (1) to clarify the water
sources of two species and determine the seasonal variation in their characteristics, (2) to
analyze seasonal variations in water use efficiency (WUE) for the two species, and (3) to
compare the differences in water use characteristics between the two plants. This study
comprehensively analyzed the water use characteristics of different life-type plants from
the perspective of time and space, which is conducive to further exploring the survival
mechanism of plants in desert habitats.

2. Materials and Methods
2.1. Study Area

The Badain Jaran Desert (39◦04′15”–42◦12′23” N, 99◦23′18”–104◦34′02” E) is located
in the west of the Alxa Plateau in Inner Mongolia. It is the second largest desert in China,
with a total area of 5.22 × 104 km2, an east-to-west length of 442 km, and a north-to-south
distance of 354 km [20]. The region has an extremely arid temperate continental climate
with sparse precipitation, strong evaporation, and abundant sunshine all year round. It is
very hot in summer and windy in winter and spring. The average annual precipitation is
78.1 mm [21], which is mainly concentrated in the period of June to September, with the
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majority occurring in July and August. The air temperature ranges from a mean of −9.1 ◦C
in winter to a mean of 25.3 ◦C in summer, with a mean annual temperature of 7–8 ◦C. The
vegetation is dominated by xerophyte and super-xerophyte shrubs and semi-shrubs with
low coverage. Representative plants include Nitraria tangutorum, Zygophyllum xanthoxy-
lum, Reaumuria soongorica, Artemisia ordosica, Agriophyllum squarrosum, and Psammochloa
villosa [22]. The landform is dominated by mobile sand dunes. The soil is mostly sandy
soil with weak water storage capacity. The soil texture is mainly fine sand, followed by
medium sand and very fine sand. The soil is alkaline, with high salinity, low organic matter
and nutrient elements (Table 1). There are about 144 lakes in the Badain Jaran Desert. The
depth of the lakes is relatively shallow, and the water level fluctuates less than 0.5 m. The
groundwater level in this area is between 1000–1300 m [23].

Table 1. Basic soil properties of Badain Jaran Desert.

Organic Matter
(g/kg)

Total Nitrogen
(g/kg)

Total Carbon
(g/kg)

Total Phosphorus
(g/kg)

Total Salt
(g/kg) pH Conductivity

(s/m)

3.91 ± 0.46 0.71 ± 0.04 7.83 ± 0.51 0.75 ± 0.03 10.61 ± 1.87 8.15 ± 0.06 0.63 ± 0.12

2.2. Materials

The mega-dunes near Bataan Lake (102◦37′1.74” E, 39◦43′19.31” N) were selected as
the test site. The test was conducted from May to August 2020, and samples were collected
from 6:00 a.m. to 9:00 a.m. on each sampling date (all typical sunny days) in the middle of
each month. Considering the height of the mega-dunes and the distribution of vegetation,
the entire mega-dunes were divided into three regions: the upper part (180–250 m from the
base of the mega-dunes), the middle part (from 90–160 m), and the lower part (from 0–70 m).
Sampling was performed in 3 sampling regions on 5 mega-dunes, for a total of 15 sampling
areas (Figure 1). Zygophyllum xanthoxylum and Artemisia ordosica (Figure 2), as plants typical
of the mega-dune vegetation, were selected as the research objects. Z. xanthoxylum is a sand
shrub growing in a “tree-like” shape, with fleshy leaves and an obvious main stem. The
average plant is about 70 cm tall, with average main root length and diameter of 138 cm
and 2.8 cm, respectively, and average lateral root length and diameter of 136 cm and 0.8 cm,
respectively. A. ordosica is a semi-shrub, with slightly fleshy leaves, inconspicuous main
stems, and many branches. The average plant is about 50 cm tall with an average root
length of approximately 70 cm. In each area, three individual plants were randomly selected
as representative samples for each species, and three parallel samples were collected for
each individual plant. After sample collection was completed in the middle of each month,
the indoor experimental analysis was carried out.
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Figure 1. Location of the study area and sampling points.

Figure 2. Photographs of Zygophyllum xanthoxylum and Artemisia ordosica.

2.3. Sample Collection

Suberized and non-green twigs from different canopy directions were cut into 3–4 cm
segments as samples for each species. The plant phloem tissues were also removed to avoid
contamination of xylem water by isotope-enriched water [24]. Subsequently, these plant
segments were immediately sealed in airtight vials, wrapped with Parafilm, stored in a
portable freezer, and kept frozen at −20 ◦C until water extraction. Simultaneously, plant
leave samples were collected in envelopes.

Soil samples were collected next to the selected plant individuals, from the emergence
of the wet sand layer to 8 maximum depths (0–30, 30–60, 60–90, 90–120, 120–150, 150–180,
180–210, and 210–240 cm) by excavating soil profiles; three replicates per soil layer were
performed for each species at each site. One part of each soil sample was immediately
sealed in airtight vials, wrapped with Parafilm, stored in a portable freezer and kept frozen
at −20 ◦C until water extraction for isotopic analysis. The other part was placed in a tin box
to obtain the soil water content, which was determined by drying the samples at 105 ◦C for
24 h. After samples were collected, the sand was backfilled.
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Groundwater samples were collected from the nearby wells, and lake water samples
were collected from Bataan Lake (including east lake and west lake). These liquid samples
were also immediately sealed in airtight vials, wrapped with Parafilm, and stored under
refrigeration at −2 ◦C

2.4. Measurement of the δ2H and δ18O of Xylem Water and Water Sources

The cryogenic vacuum distillation system [11,25,26] was used to extract water from
xylem and soil samples in the Key Laboratory of Ecohydrology of the Inland River Basin,
Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences. The
whole extraction process lasted 2–3 h, depending on the sample water content [27], with an
efficiency of up to 98% [5]. After extraction, the water samples were filtered with 0.22 µm
pore size filters, transferred into 2 mL crimp cap vials, and stored at 4 ◦C until isotopic
analysis. The δ2H and δ18O of all water samples were measured by an isotope ratio infrared
spectroscopy (IRIS) system, namely, a Liquid Water Isotope Analyzer (LWIA, 912-0008-1001,
Los Gatos Research Inc., Mountain View, CA, USA). The isotopic composition of water
samples was expressed as follows:

δX(‰) =
(

Rsample/Rs tan dard − 1
)
× 1000 (1)

where Rsample and Rstandard are the hydrogen and oxygen isotopic composition (2H/1H,
18O/16O ratios) of the sample and standard water (Vienna Standard Mean Ocean Water,
V-SMOW), respectively.

2.5. Measurement of the δ13C of Plant Leaves

The plant leaves were placed in an oven, deactivated at 105 ◦C for 25 min, dried at
70 ◦C for 48 h to a constant weight, then thoroughly ground and passed through a 100-mesh
sieve to obtain leaf powder. Powders were sealed in containers and stored in a dry place.
The δ13C of plant leaves was determined by an isotope ratio mass spectrometer (IRMS)
(DELTA V Advantage, Thermo Fisher Scientific, Bremen, Germany). The carbon isotopic
compositions of plant leaves were expressed as in formula (1), with Rsample and Rstandard as
the carbon isotopic composition (13C/12C ratios) of the sample and standard (the Vienna
Pee Dee Belemnite, V-PDB), respectively.

2.6. Quantification of Water Sources Used by the Plants

Since the root systems of halophytes and xerophytes undergo hydrogen isotope frac-
tionation during the process of absorbing water [11,28], we chose to use only δ18O values
for the analysis and calculation of water sources. The most probable source of water absorp-
tion was found by comparing the δ18O values of stem water and those of potential sources
such as soil water. The Iso-source model [29] was applied to identify the proportional
contributions of each water source.

2.7. Calculation of Plants Water Use Efficiency

The long-term water use efficiency of the plants was calculated according to the
formulas proposed by Farquhar et al. [30]:

WUE = (Ca − Ci)/1.6∆e (2)

WUE = Ca(1−
δ13Ca − a− δ13Cp

b− a
)/1.6∆e (3)

δ13Ca = −6.429− 0.0060 exp[0.0217(t− 1740)] (4)

δ13Cp = δ13Ca − a− (b− a)Ci/Ca (5)
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where Ca and Ci are the CO2 pressure values in the atmosphere and leaf cells, respectively,
µmol/mol; ∆e is the water vapor pressure difference between the inside and outside of
the leaf, MPa; δ13Ca and δ13Cp are the stable carbon isotope abundance values in the
atmosphere and plant samples, respectively, ‰; a and b are the stable carbon isotope
fractionation values during diffusion and carboxylation, respectively (approximately 4.4 ‰
and 27.0‰); and t is the year in AD, year.

2.8. Data Analysis

A one-way analysis of variance (ANOVA) was applied to detect differences in the
isotopic composition and content of soil water from different soil layers. Differences in
isotopic signatures, soil water content, and δ13C values across different seasons, plant
species, and mega-dune locations were identified using a one-way analysis of variance
(ANOVA) combined with a post-hoc Tukey’s least significant difference (LSD) test. The
significance level of the statistical analyses was set at 0.05. Linear regression analysis was
used to determine the relationship between the isotopic compositions of soil water, lake
water, and groundwater, thereby analyzing the water replenishment relationship between
each element. Data analyses were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA),
and figures were processed using Origin 2017 software (OriginLab Corp., Northampton,
MA, USA).

3. Results
3.1. Temporal and Spatial Variations in Soil Water Content

The soil water content plots varied with soil depth and season (Figure 3). The overall
soil water content in the study area is generally low, ranging from 0.41% to 2.46%, with an
average value of 1.34 ± 0.53%. The soil water plots displayed no significant differences
among depths but demonstrated pronounced differences among months (p < 0.001). Soil
water content revealed a fluctuating upward trend with increase in soil depth (Figure 3).
The soil water content of the 0–90 cm soil layers was highly varied—ranging from 0.50–
2.40%—due to their exposure to environmental factors such as atmospheric precipitation
and temperature. Therefore, the 0–90 cm soil layer can be classified as the water rapid
change layer. This variation in soil water content persisted at depths of 100–180 cm, where
the average water content was 0.47–2.46%. The soil water content in this layer was less
affected by environmental factors but was obviously more affected by plant root water
absorption, hydraulic lifting, and other activities; therefore, it can be classified as the water
active layer. The soil water content of the layer between 180–240 cm had low variation and
high stability, with an average water content of 1.10–2.15%. As such, it can be considered
the water relatively stable layer.
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Figure 3. Vertical distribution of gravimetric soil water content of mega-dunes in the Badain Jaran
Desert. Data are expressed as means ± 1SD. Rows one to three present the soil water content of the
upper, middle, and lower parts of mega-dunes, respectively. Columns one to four present the soil
water content in May, June, July, and August, respectively.

The soil water content changed over the months, revealing a trend of initial increase
from May to July (0.80 ± 0.26%, 1.35 ± 0.41%, and 1.68 ± 1.44% for May, June, and July,
respectively) followed by a decrease in August (1.54 ± 0.50%). Soil water content varied
significantly with position on the mega-dunes (p < 0.05) with the upper parts having the
lowest soil water content (1.13 ± 0.38%), the middle parts having 1.39 ± 0.51% water, and
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the lower parts having the highest soil water content (1.51 ± 0.60%). The soil water content
of the water rapid change, water active, and water relatively stable layers also exhibited a
significant difference (p < 0.05) among the three regions of the mega-dunes studied.

3.2. Isotopic Composition of Xylem Water and Potential Water Sources

The δ18O values of groundwater and lake water varied with time (Figure 4). The δ18O
values of groundwater in the Badain Jaran Desert remained relatively stable across the
months of the study. The δ18O values of groundwater varied from −4.93‰ to −4.09‰,
with an average value of −4.44 ± 0.33‰ (Figure 4). The renewal cycle of groundwater is
long: it takes about 1400 years to complete a renewal of deep groundwater, while shallow
groundwater also takes about 100 years. Therefore, there is little difference in the δ18O
values of groundwater over a short period of time.

Figure 4. Seasonal variations in δ18O values of groundwater and lake water. Data are expressed as
means ± 1SD. Different lowercase letters express significant differences for δ18O values of groundwa-
ter and lake water among months at significance level p < 0.05.

The δ18O values of Bataan Lake water had pronounced differences across the months
(p < 0.001) and was largest in August. The Bataan Lake is divided into east lake and west
lake, and their δ18O values were extremely different (p < 0.001). The δ18O values of east
lake varied from 2.90‰ to 4.86‰, with an average value of 3.93 ± 0.79‰, while the δ18O
values of west lake varied from 8.35‰ to 11.72‰, with an average value of 10.02 ± 1.26‰.
The δ18O value of west lake is much higher than that of east lake (Figure 4), mainly because
east lake is a freshwater lake (total dissolved solid: 1.880 g/L) and west lake is a saltwater
lake (total dissolved solid: 483.150 g/L) [31], resulting in stronger water fractionation
in west lake. In addition, the δD and δ18O of groundwater and lake water presented a
very significant linear relationship (δD = 4.491δ18O-26.462, R2 = 0.994, p < 0.001). The
scattered points of west lake were all located on the upper right side of east lake and
groundwater, while the scattered points of east lake were all located on the upper right side
of groundwater (Figure 4), indicating that west lake water may be recharged by both east
lake water and groundwater while east lake water was recharged by groundwater alone.

The δ18O values of soil water ranged from −7.37‰ to 6.43‰, with an average value
of −2.65‰. Significant differences were detected in the δ18O values of soil water from
different depths (p < 0.001) and seasons (p < 0.001). The δ18O values of soil water gradually
depleted with increase in soil depth, and the isotopic compositions of soil water in the
0–30 cm layers were enriched compared with those of the soil layers below 30 cm (Figure 5).
The δ18O values of soil water gradually increased from −5.02‰ in May to −4.13‰ in
June, −0.93‰ in July, and finally −0.53‰ in August. This change may be due to the
gradual increase in temperature from May to August and the resultant increase in soil
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water evaporation, resulting in the gradual enrichment of soil water δ18O values. The δ18O
values of soil water varied significantly with position on the mega-dunes (p < 0.05), being
lowest in the upper part (−3.24‰), −2.56‰ in the middle parts, and highest in the lower
parts (−2.16‰).

Figure 5. Spatio-temporal variations in δ18O values of plant xylem water and soil water. Rows one to
three present the δ18O values of plant xylem water and soil water from the upper, middle, and lower
parts of mega-dunes, respectively. Columns one to four present the δ18O values of plant xylem water
and soil water in May, June, July, and August, respectively.

The average δ18O values in xylem water of Z. xanthoxylum ranged from −6.40‰ to
−0.48‰, while those of A. ordosica ranged from −3.47‰ to 2.33‰. The δ18O values of
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xylem water from the two species studied revealed pronounced variations between the
different sampling dates (Z. xanthoxylum: p < 0.001; A. ordosica: p < 0.01). There was no
significant difference in the xylem water δ18O values for the two studied species among
their different positions on the mega-dunes. However, the differences between the δ18O
values of xylem water from Z. xanthoxylum and A. ordosica were distinct (p < 0.01). The
isotopic signatures in xylem water were evenly distributed and were within the range
of those seen in soil water; however, they were far from those of lake water (Figure 6),
indicating that plants on mega-dunes mainly absorb and use soil water and that lake water
is not a potential water source. The isotopic signatures of xylem water were located at the
upper right of those of groundwater (Figure 6), indicating that groundwater may contribute
to plant xylem water to a certain extent; however, the plants in this study were far from
groundwater level, indicating that soil water constitutes their main water source, and
groundwater may replenish soil water. The intersection of the δ18O value for xylem water
of Z. xanthoxylum and that of soil water appeared within the 60–240 cm soil layer, and
within the 0–60 cm soil layer for A. ordosica (Figure 5).

Figure 6. The δD-δ18O plots of xylem water and potential water sources for Z. xanthoxylum and
A. ordosica, including soil water from different soil layers, groundwater, and lake water during the
sampling period. SWL is the soil water evaporation line which is fitted based on the isotopic values
of soil water. GLL is fitted based on the isotopic values of groundwater, east lake water, and west
lake water.

3.3. Water Use Patterns across the Growing Season

The Z. xanthoxylum more or less evenly absorbed water at different depths of soil
in May and July. The proportional contribution of soil water from the 180–240 cm soil
layers increased significantly in June and August, reaching 65.30% and 65.33%, respectively.
Z. xanthoxylum absorbed most of its water (86.5%) from soil layers below 90 cm (Figure 7).
The proportion of soil water contributed from the different soil layers was significantly
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different in Z. xanthoxylum (p < 0.001). A. ordosica derived most of its water (79.90%) from
the 0–120 cm soil layers. The 0–30 cm soil layer contributed the largest percentage (64.30%)
in May, and the 30–60 cm soil layer contributed the most (28.90%) in July. The proportional
contributions of soil water from the 60–120 cm soil layer, from May to August, were 9.20%,
20.77%, 11.53%, and 15.17%, respectively (Figure 7). There were significant differences in the
soil water contributions for A. ordosica from the different soil layers (p < 0.001). Differences
in the proportional contributions from the different soil layers between Z. xanthoxylum and
A. ordosica were significant, except for the 60–90 cm soil layers (p < 0.05). There were no
distinct differences in the contribution percentages from the different soil layers for the two
studied species among the different positions on the mega-dunes.

Figure 7. Seasonal variations in water uptake proportions from different soil layers for Z. xanthoxylum
and A. ordosica. The data were obtained via the Iso—source model.

3.4. Temporal and Spatial Variations in Plant Water Use Efficiency

The leaf δ13C values of Z. xanthoxylum ranged from −28.50‰ to −24.96‰, with
an average value of −26.49 ± 0.10‰. Z. xanthoxylum had the largest leaf δ13C value
(−25.40 ± 0.30‰) in August, and the smallest value (−27.18 ± 0.33‰) in July (Figure 8).
The leaf δ13C value of Z. xanthoxylum had distinct differences among months (p < 0.01) and
positions on the mega-dunes (p < 0.001). The leaf δ13C value of A. ordosica ranged from
−25.99‰ to −21.59‰, with an average value of −24.18 ± 0.19‰. The leaf δ13C values of
A. ordosica, from May to August, were −24.94 ± 0.82‰, −24.87 ± 0.73‰, −23.72 ± 0.19‰
and −23.20 ± 0.38‰, respectively, revealing an increasing trend over time (Figure 6).
There were significant differences in the leaf δ13C values of A. ordosica among months
(p < 0.05) and positions on the mega-dunes (p < 0.01). Furthermore, the leaf δ13C values of
Z. xanthoxylum and A. ordosica were significantly different (p < 0.001).
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Figure 8. Spatio-temporal variations in δ13C values from Z. xanthoxylum and A. ordosica. Data are
expressed as means ± 1SD.

With leaf δ13C values of plants, long-term water use efficiency can be obtained through
the use of a formula as the same trend exists for water use efficiency and leaf δ13C values.
The water use efficiency of Z. xanthoxylum had a mean value of 97.36 ± 1.16 µmol/mol,
ranging from 74.76 µmol/mol to 114.45 µmol/mol. The water use efficiency of A. or-
dosica had a mean value of 123.17 ± 2.13 µmol/mol, ranging from 102.96 µmol/mol to
152.07 µmol/mol (Figure 9). There were significant differences in the water use efficiency
of both Z. xanthoxylum and A. ordosica among months (p < 0.05) and positions on the mega-
dunes p < 0.01). The differences in the water use efficiency between Z. xanthoxylum and
A. ordosica are pronounced (p < 0.001).

Figure 9. Spatio-temporal variations in water use efficiency for Z. xanthoxylum and A. ordosica. Data
are expressed as means ± 1SD. Different lowercase letters express significant differences in plant
water use efficiency among months at significance level p < 0.05.

4. Discussion
4.1. Variations in Soil Water Content and Soil Water Isotopic Signatures

The soil water content in this study was generally low, with an average value of less
than 3.0% (Figure 3). This is mainly due to the low precipitation and the strong evaporation
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in this area (the evaporation is 40 to 80 times the precipitation). Otherwise, the water use
patterns of desert plants determine to a certain extent the response of the ecosystem to
changes in soil water conditions [12]. The long-term absorption and utilization of soil water
by plants may also cause the reduction of soil water content. Strong wind-sand activity
is also an important factor. The soil profiles excavated in this study were usually covered
with layer of dry sand about 1 m thick, in which the soil water content was basically 0%,
and water extraction could not be performed. The stability of soil water content between
different soil layers was different, and the temporal change rate of soil water content in
shallow and middle layers was higher than that in deep soil layers. This phenomenon
is consistent with many previous studies [32,33] and is mainly related to the depth of
rainfall infiltration, the intensity of soil evaporation and the depth of water absorption by
plants [34].

The isotopic signatures are also mainly affected by the processes of evaporation
and infiltration, mixing the original soil water and various “initial” water sources [2].
The shallow soil water is more enriched in isotopes and unstable due to more intense
evaporation and unstable precipitation replenishment, while the deep soil water has weaker
evaporation and is recharged by stable phreatic water at the lower interface, which lead
to more negative and stable isotopic signatures. The δD of precipitation near Bataan
Lake ranged from −227‰ to −20‰, while the δ18O ranged from −28.5‰ to −1.3‰ [35].
Compared with the soil water isotope in this study, it was found that precipitation has a
certain degree of replenishment to shallow soil water. According to the analysis in Figure 4,
it was founded that groundwater (phreatic water) may recharge the soil water, indicating
that there was strong water movement in the sand layers of mega-dunes.

4.2. Differences in Water Use Patterns

The distribution characteristics of roots—the water-absorbing end of plants—are
closely related to the sources or the soil layers from which water is absorbed [12,36,37].
Many previous excavation studies on desert plants have demonstrated that the roots of
perennials continuously appear throughout all soil layers that may be recharged once a year,
and a few plants actually penetrate the groundwater table [8,10,38], but the most active
water-absorbing fine roots were mainly found in deep soils [39]. The water absorption
layers of the two studied species typical of the mega-dunes of the Badain Jaran Desert are
also mainly determined by the distribution of their roots. Z. xanthoxylum has a deep root
system that can extend to about 2 m below the dry sand layer so that it can evenly use soil
moisture from depths of 0–240 cm. This finding is different to the results of Zhang et al. [40]
and Chen et al. [41] regarding the water absorption layer (20–60 cm) of Z. xanthoxylum in the
West Ordos Desert, which may be related to the adaption of plant roots to different habitats:
the vertical distribution depth of the root system of Z. xanthoxylum in the mega-dunes of
the Badain Jaran Desert—where the habitat is more arid—is deeper than in the West Ordos
Desert. Therefore, it can be concluded that differences in habitat affect the water sources of
Z. xanthoxylum. Plants can flexibly adjust their root distribution and other morphological
characteristics according to habitat conditions and present the best phenotypes in various
habitats [42]. However, the two abovementioned studies on the water use strategy of
Z. xanthoxylum proposed that it simultaneously uses shallow and deep soil water, which
is basically consistent with the conclusions of our study. The root system of A. ordosica is
mainly distributed around 0–100 cm, so it mainly absorbs and utilizes soil water from the
0–60 cm layer, indicating that it is not the entire root system of plants that absorb water,
but the active root system—distributed in the layer containing effective water—which
can continuously absorb water from soil for plant growth and use [43]. Huang et al. [44]
analyzed the water source of A. ordosica in the Tengger Desert and found that it mainly
utilizes water in the upper layer (10–100 cm) of soil, and mainly uses shallow soil water in
the dry season. Fu et al. [45] studied the water source of A. ordosica in the Mu Us sandy
land and found that—while it can use soil moisture from the 0–140 cm soil layer—the water
uptake proportion of the 0–60 cm soil layer was distinctly higher than that of the 60–140 cm
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layer. The results of these quantitative analyses on the of the water source of A. ordosica
are basically consistent with our study. Therefore, it can be concluded that the root genetic
characteristics of A. ordosica primarily determine its water sources in similar habitats.

Many scholars believe that plants in arid areas can flexibly use various water sources
due to the dimorphism of their roots and the obvious seasonal changes in water sources of
such plants [46–49]. Plants that continue to draw water from shallow soils may struggle
to survive extreme drought conditions [12]. The water sources of the two plants in our
study did not exhibit a uniform pattern of variation across the months they were studied.
However, the two plants preferred to use more soil water from a relatively deep level, in
terms of their own water range, in the middle of the growing season when their water
demand was large, or the water condition was poor: Z. xanthoxylum significantly increased
its use of soil water from the 180–240 cm soil layer, while A. ordosica used more water
from the 30–90 cm soil layer. This may be because the Badain Jaran Desert experienced
long-term drought in the winter and spring of this year, and precipitation occurred in May;
however, these precipitation events were relatively small (less than 3 mm in a single event)
and could not penetrate into the middle or deep soil [50]. Therefore, only the shallow or
superficial moisture of the sand layer was replenished, and the plant roots distributed in
this layer were stimulated to quickly absorb water. The temperature gradually increased in
June and July while the precipitation was less than that of May, which made the shallow
soil moisture evaporate quickly and prevented it from being recharged effectively (the
precipitation reached the sand layer and quickly evaporated within a few hours). The water
demand for plant growth at this time gradually increases, so plants could only switch to
using more of the stable moisture from the middle and deep soil layers. This is a unique
water utilization strategy for xerophyte survival in extreme environments.

Due to the dry climate of the Badain Jaran Desert, condensation, in addition to soil
water, may play an important role in the growth and development of plants. Gong et al. [51]
found that many plant leaves in arid areas can directly absorb condensation water and
increase leaf water potential, thereby reducing the water deficit of plants. Hill et al. [52]
analyzed the water sources of three xerophytes in the Negev Desert in Israel and found
that the condensed water absorbed and used by plants accounted for more than 50% of
their total water. In this study, only a small number of condensed water samples were
collected, which led to the failure to analyze the relationship between condensed water and
plant water. In future studies, the method of collecting condensed water samples should
be optimized, and as many condensed water samples as possible should be collected to
accurately and quantitatively analyze the contribution of condensed water to plant water.

4.3. Differences in Water Use Efficiency

Plant water use efficiency is an important index that couples leaf photosynthesis
and water physiological processes, and can effectively evaluate the suitability of plant
growth [15,16]. The normal physiological activity and growth of plants required high water
use efficiency to be guaranteed in an extremely water-deficient desert ecosystem [12,30].
Previous studies have shown that plants in a water limited environment have higher water
use efficiency that plants in an environment with sufficient water supply [14,53]. The
average δ13C values of Z. xanthoxylum and A. ordosica in our study were larger than those of
global plants (C3 plants), which is consistent with the conclusion that plants have relatively
higher water efficiency in arid regions [53]. The water use efficiency of A. ordosica is higher
than Z. xanthoxylum (Figure 7), which is mainly related to the genetic characteristics of the
plant itself. In addition, the root distribution characteristics of the two plants are different,
and the soil layers that they absorb water are different, resulting in differences in the
degree of difficulty in obtaining water. Plants with higher water use efficiency are more
advantageous in water-deficient habitats. The higher water use efficiency of A. ordosica also
effectively explains its widespread distribution in the Badain Jaran Desert.

Plant water use efficiency is affected by many factors, including plant species, growth
stage, plant internal factors (photosynthetic organ structure, leaf water potential, stomata,
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etc.) and external environmental factors (light, moisture, carbon dioxide concentration,
air temperature, leaf temperature, etc.). In addition to the differences in species and soil
water content, the spatial variations of plant water use efficiency in mega-dunes may
also be related to the soil texture of mega-dunes, which has a strong correlation with the
degree of water availability. In a water-restricted environment, in addition to flexible
use of water sources and higher water use efficiency, plants adjusted their water use
characteristics through morphological adaptation, stomatal regulation mechanism, osmotic
regulation mechanism, antioxidant defense regulation mechanism, and hormone regulation
mechanism.

4.4. Interaction between Different Plants in the Community

Plants that continue to use shallow or deep soil water for a long time may cause soil
desiccation and degradation of ecosystem services [12,54]. Different plants that grow in
the same habitat will usually absorb and utilize soil moisture from different depths [55,56],
which is also reflected in our study. Z. xanthoxylum absorbed most of its water (86.5%) from
below 90 cm soil layers, while A. ordosica derived most of its water (79.90%) from 0~120
soil layers. As a result, the limited soil moisture can be utilized to the maximum to meet
the water demand of the community. In addition, there are perennial herbaceous plants in
this habitat whose water absorption layer is about 0–60 cm, which overlaps with the water
use layer of A. ordosica, indicating that there is a certain water competition relationship
between them. Additionally, although the root system of A. ordosica is relatively shallower
than that of Z. xanthoxylum, the analysis of water sources revealed that A. ordosica also
absorbs a small or very small amount of soil water below 150 cm that its root system cannot
reach. This phenomenon may be related to the water-lifting effect of Z. xanthoxylum’s root
system [57]: the deep soil water absorbed by Z. xanthoxylum’s root system is released in
relatively shallow soil and used by A. ordosica. This indicates that a variety of plants may
have both a competitive and a mutually beneficial symbiotic relationship in extremely
arid habitats.

The plants water use characteristics are an important basis for species selection in
desert vegetation restoration or reconstruction. The amount of water sources should be
considered. If the utilization of soil moisture and groundwater is not enough to maintain
the normal growth of communities in this area, this may lead to a large area of vegetation
degradation [58]. When selecting species, it is necessary to comprehensively consider the
amount of available water resources in the area and the water use characteristics of various
plants to determine the most suitable community type.

5. Conclusions

To better understand the water use characteristics of the two dominate species of the
mega-dunes of the Badain Jaran Desert—Z. xanthoxylum and A. ordosica—we measured
the δ2H and δ18O of plant xylem and soil water from various layers up to 240 cm under
the dry sand layer and, in combination with the Iso-source model, analyzed plant water
sources and the δ13C of plant leaves to explore the interspecific differences in leaf-level
WUE. The Iso-source model predicted that Z. xanthoxylum derived most of its water (86.5%)
from soil layers below 90 cm, while A. ordosica derived most of its water (79.90%) from
the 0–120 cm soil layers during growing seasons. The leaf δ13C implied that the long-
term leaf-level water use efficiency of A. ordosica is higher than that of Z. xanthoxylum
during growing seasons. These results suggest that A. ordosica is more suitable for survival
in this habitat. This indicates that A. ordosica can be selected as a sand-fixing plant for
vegetation restoration and construction in sandy soil habitats with sparse rainfall and deep
groundwater levels. Moreover, there existed both a competitive and a mutually beneficial
symbiotic relationship between a variety of plants from the same arid habitat. This study
reveals the water use mechanism of plants on mega-dunes far from the groundwater level
and provides a theoretical basis to assist in the selection of species for artificial vegetation
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restoration in arid areas. In addition, condensation water plays a potential role in the
growth and development of plants, which will be the subject of research in the future.
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Abstract: The study of plant photosynthesis under different degrees of drought stress can provide a
deeper understanding of the mechanism of plant drought resistance. In the Taklimakan Desert, saline
groundwater is the only local water source with regard to shelterbelt construction and determines
plant growth and photosynthetic changes. In this study, daily dynamics of gas exchange parameters
and their responses to photosynthetic photon flux density at three irrigation levels (W1 = 17.5, W2 = 25,
W3 = 35 mm) were measured for two main species, i.e., Calligonum mongolicum (C) and Haloxylon
ammodendron (H). H was better adapted to drought stress than C. Net photosynthetic rate (PN) was
mainly related to soil water status in the main root system activity layer. In July, the daily variations
of PN and transpiration (Tr) for C were higher than H. C increased water use efficiency (WUE) with
increases in PN, while H decreased Tr to obtain a higher WUE. Either C or H, drought reduced
the low light and metabolic capacity, and thus decreased the light adaptability and photosynthesis
potential. We suggest a prerequisite understanding of physiological mechanisms and possible plant
morphological adjustments required to adapt plant species to desert drought conditions.

Keywords: desert plant; photosynthesis; drought stress; drip irrigation

1. Introduction

Desertification is a global concern and vegetation restoration has been regarded as an
effective ecological measure for desertification control. However, water deficiency is one of
the major limitations that affect the physiological processes and ecological adaptability of
plants in arid regions of the world [1,2]. Desert plants grow in a harsh environment with
high temperatures and are normally exposed to drought, which seriously influences the
distribution and growth of plants. However, desert plants habitually reduce water loss
and alleviate high-radiation damage to their photosynthetic apparatus through specific
morphological and physiological features [3]. It is well known that desert plants can
tolerate adversity and adapt at different growth stages. There are also significant differences
between plant species. It is crucial to develop a better understanding of the adaptation
capabilities of plants to their environments and find ways to facilitate those adaptations.

Photosynthesis is sensitive to environmental changes and may be used to estimate
plant adaptation to their habitats. As the basic unit of physiological metabolism and matter
accumulation, photosynthesis is an important link to plant growth and metabolism [4,5].
Photosynthetic tissue adapts to high external radiation by protecting the assimilation pro-
cess through diurnal adjustments in photochemical and non-photochemical processes [6].
Numerous studies have indicated that desert shrubs have evolved unique physiological
and morphological characteristics in adapting to the harsh environment and exhibit a
higher tolerance to water shortage than other plants [7]. However, their metabolic ac-
tivities are still vulnerable to variations in water availability [8–10]. This vulnerability is
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due to the main physiological parameters of desert plants, such as stomatal conductance,
photosynthetic rate and transpiration rate, which are variably inhibited during times of
water shortage [11–15].

The Taklimakan Desert is located in northwest China and is the second-largest shifting
sand desert in the world. It is an extremely harsh environment where most areas are
covered by shifting sand. The Taklimakan Desert Highway Shelterbelt was constructed in
2003 to protect the highway and is irrigated with underground water. Three main plant
species are grown in the shelterbelt, Haloxylon ammodendron (H), Calligonum mongolicum
(C) and Tamarix ramosissima. These plant species are highly salt-tolerant and drought-
resistant with excellent windbreak and sand fixation properties. However, it has long
been speculated that these plant species may suffer from water and salt stresses [16]. The
physiological characteristics of C and H and their photosynthetic organs conform with
Kranz anatomy and are typical C4 plants with carbon isotopic ratios (δ13C) of −15%, CO2
compensation points of less than 5 µmol mol−1, light saturation points (LSP) of higher than
1600 µmol m−2 s−1 and elevated photosynthetic capacities combined with high water use
efficiencies [17]. Current concerns about the relationship between plant-available water
and plants under drought stress focus mainly on the photosynthesis of natural vegetation
in dry climates [17–20]. There is limited research on the photosynthetic characteristics of
artificial forests under saltwater irrigation.

The primary problem encountered when trying to establish and support vegetation
in desert ecosystems is the availability of good quality water. In the Taklimakan Desert,
groundwater is the only local water source with regard to shelterbelt construction. However,
the solutes in groundwater may increase soil salt contents and affect plant growth and
survival in irrigated areas [21]. When exposed to salt stress, plant growth may be influenced
by the osmotic effects on water uptake. The irrigation levels influence physiological activity,
individual morphology and even the long-term adaptive strategies of desert plants. Under
these circumstances, we tested how plants adapt to different soil moisture statuses and the
impacts of different irrigation levels on C and H. We considered that the plant physiological
response to irrigation levels should be closely related to soil moisture contents and that
there may be variation between different species. Our objectives were to investigate: (1) the
effects of irrigation levels on the plants and (2) the photosynthesis adaptations of two plant
species in response to drought stress and, more specifically, the differences between them.
Only when careful choices are made concerning the salinity of available irrigation water
and the salinity tolerance of appropriate plant species can vegetation restoration promise
sustainable development.

2. Materials and Methods
2.1. Environmental Conditions of the Study Area

The study was conducted at the Taklimakan Desert Research Station, Chinese Academy
of Sciences (CAS). The station is located in the middle of the Taklimakan Desert (Tazhong),
China (39◦00′ N and 83◦40′ E) at an altitude of 1099 m (Figure 1). The climate is an
arid desert climate with an average annual precipitation of <50 mm and average annual
evaporation of >3000 mm [22]. According to the Tazhong weather station’s records, the
average temperature is 12.4 ◦C, but the maximum and minimum temperatures may reach
45.6 ◦C and −22.2 ◦C, respectively. The soil is aeolian sand with low nutrient contents,
poor moisture capacity and limited fertilizer retention. The salt content ranges from 1.26
to 1.63 g kg−1, and the pH ranges from 8 to 9 [23]. The Taklimakan Desert Forest is an
artificial plantation where H. ammodendron and C. mongolicum are the main tree species.
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2.2. Difference in Irrigation Management

We selected six rows of H and C in the current study in 2016. All plants were the same
age (8 years old) and were planted in the same field. Each row had one type of plant and
the interval between adjacent rows was greater than 5 m to avoid water exchange between
the different rows. Twenty trees were planted in each row and the distance between each
tree was 1 m. Drip irrigation pipes were laid close to the trunk, the water outlet holes were
spaced with 1 m, and the drip flow rate was 1.5 L/h. The specific field configuration is
shown in Figure 2. All H and C trees were irrigated with saline groundwater with a 10-day
time interval through a drip irrigation system with three irrigation levels of 17.5 mm (W1),
25 mm (W2) and 35 mm (W3), and all other basic agronomical practices were the same.
In September and October, the time interval of irrigation increased so that plants were
irrigated with groundwater every 15 days. Plants were not irrigated from November to
February. The salt concentration of the groundwater was 4.02 g L−1.
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2.3. Soil Physical and Chemical Properties

The soil moisture content was measured using the oven-dry method. Three soil
samples were collected from each plot to determine the soil water content using oven-
drying and weighing methods. Each soil sample was collected at a depth of 0–200 cm
during photosynthesis measurement.

The soil was shifting Aeolian sand with a sandy texture. The salt content was
1.26 g kg−1 and it had a slightly alkaline reaction with a pH value of 7.69, a bulk soil
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density of 1.63 g cm−3, field capacity of 21.27%, a soil organic matter content of 0.94 g kg−1,
a total soil nitrogen content of 0.03 g kg−1, a total soil phosphorus content of 0.40 g kg−1

and a total soil potassium content of 16.62 g kg−1.

2.4. Photosynthesis Measurements

The daily gas exchange dynamics and the responses to photosynthetic photon flux
density (PPFD) were measured on typically sunny days during the same growth stage using
an LI–6400 Portable Photosynthetic System (LI-COR, Lincoln, NE, USA). To investigate the
drought-stress responses of the two shrub species when combined with high temperatures,
we measured the daily gas exchange dynamics each day in July (Beijing time 9:00–20:00),
and took measurements at intervals of two hours in each leaf. Sunnyside and undamaged
assimilating shoots blade at the middle height of trees were chosen to measure. Four
assimilating shoots were selected in each treatment, which were recorded five times for
each assimilating shoot. The measurements were made when the sun was directly overhead
to have a consistent sun angle. To keep the leaf chambers of the assimilating shoots closed
during measurement, we marked the assimilating shoots with colored tape [17]. The same
assimilating shoots were measured all day.

Photosynthetic photon flux density (PPFD) was measured using an LI–6400 Portable
Photosynthetic System (LI–COR, Lincoln, NE, USA) from July to September to compare
seasonal differences in 2016. According to the high temperature and strong radiation in
the desert, we set a constant temperature of 30 ◦C, and the reference CO2 concentration
was equal to the environmental CO2 concentration (380 mmol mol−1). The light source
was provided via an RGB Light, and the intensity ranged from 2200 to 0 mol m−2 s−1 for
which the gradient gradually decreases in 12 grades. The data were recorded with the
instrument’s automatic observation programs, and each measurement was finished once.

After measuring photosynthesis, the leaves were taken off, and we took photos to calcu-
late their areas with Photoshop, and then the photosynthetic parameters were recalculated.

The light compensation point (LCP) and apparent quantum yield (AQE) were obtained by
fitting a linear regression of net photosynthetic rate (PN) against PPFD (≤200 µmol m−2 s−1).
The light saturation point (LSP), dark respiration rate (Rd) and maximum net photosynthetic
rate (Pmax) were obtained by fitting a Farqhuar non-linear hyperbolic model of PN against
PPFD (≥200 µmol m−2 s−1) [3,24].

PN =
Φ ∗Q + Pmax −

√
(Φ ∗Q + Pmax)

2 − 4 ∗Φ ∗Q ∗ k ∗ Pmax

2k
− Rd (1)

where PN is the net photosynthetic rate; Φ is apparent quantum yield; Q is effective
photosynthetic radiation incident to the leaf; Pmax is the maximum net photosynthetic rate;
Rd is dark respiration rate; and k is the curved angle of the light response curve. ϕ

Plant water use efficiency (i.e., instantaneous; CO2 assimilation/transpiration) is
calculated as:

WUE = PN/E (2)

PN is the net photosynthetic rate (µmol CO2), and E is transpiration (mol H2O).

2.5. Statistical Analyses

The statistical analyses were conducted using IBM SPSS Statistics (19.0, Software, USA)
and figures were created using Origin 2016. The results for the parameters are presented as
t-tests arranged according to photosynthetic rates under the different irrigation levels of
the two woody plant species using IBM SPSS Statistics software 19.0. Multiple comparisons
of various levels were performed using Duncan’s New Multiple Range Test.
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3. Results
3.1. Soil Moisture Content

Soil water content varied greatly between months. Overall, the water content of the
shallow soil layer (0–100 cm) in July, August and September was greater than that of
the deep soil layer (100–200 cm). The maximum soil water content was 40–60 cm, the
average soil water content of 0–200 cm in July was the lowest, and that in September was
the highest.

Differences between months of the same treatment were tested by paired-samples T
test, which showed that all treated soil water content was insignificant between August and
September, while differences between July and August and between July and September
reached significant or extremely significant levels (p < 0.01).

In July, August and September, the soil water content of 0–100 cm layer under W2
treatment was less than W3 and W1 for C, and the content under W3 was the largest for H.
The soil water content under W2 treatment was the lowest in July and August, and the soil
water content under W1 treatment was the lowest in September for H and C (Figure 3).
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Figure 3. The soil moisture content in the low (W1), medium (W2) and high (W3) irrigation amounts
during July, August and September of 2016. The C and H present C. mongolicum and H. ammodendron,
respectively, same in the figures blow.

3.2. Daily Changes in the Meteorological Factors for the Different Months

Figure 4 indicated that the photosynthetic photon flux density (PPFD) increased
antemeridian, reaching the highest value at noon, maintaining the maximum value until
15:30, and declining until sunset. The maximum PPFD was recorded in July, where the
whole day maximum was 2112 µmol m−2 s−1 and was 1825 µmol m−2 s−1 in September.
There was a trend of increasing air temperatures (Ta) throughout the experiment. A higher
Ta was recorded in July than in August and September. A Ta greater than 30 ◦C was
recorded after 10:30 and the maximum value was recorded at 17:30 at 40.1 ◦C in July.
The mean Ta values in August and September between 8:30 and 20:00 were 25.58 ◦C and
24.54 ◦C, respectively, and there was no significant difference between the two months
after 11:30.

The relative humidity (RH) declined from 8:30 to 20:00 during the day. The highest
values were recorded in August and the lowest in July, and the mean values for July, August
and September between 8:30 and 20:00 were 12.15%, 49.67% and 27.11%, respectively.
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Figure 4. Diurnal changes in the photon flux density (PPFD) (A), air temperature (Ta) (B) and air
relative humidity (RH) (C) for July, August and September in 2016.

3.3. Diurnal Changes of the Photosynthetic Rate under the Different Irrigation Levels

At the plant growth stage, we measured plant height and crown width under different
treatments, and the analysis showed that there was no significant difference in the increase
of plant height and crown width among all treatments. Different irrigation treatments had
limited effects on plant height and crown width.

The diurnal differences in the net photosynthetic rates (PN) of C and H under different
irrigation levels are shown in Figure 5. The daily variations of PN for C in the W1 treatment
showed a bimodal curve and displayed an obvious “midday depression” phenomenon.
However, only a slight “midday depression” phenomenon was observed in the W2 and
W3 treatments. The depression of PN for C in the W1, W2 and W3 treatments appeared
around 14:00. For the daily mean PN (from 9:00–19:00), the highest value was recorded in
W1 (21.27 µmol (CO2) m−2 s−1), followed by the W3 (14.86 µmol (CO2) m−2 s−1) and W2
(13.80 µmol (CO2) m−2 s−1) treatments.

In contrast, PN was generally lower in H than C. The daily variations of PN for H in
the W1 treatment showed a unimodal pattern with a maximum value around noon. The
PN values in the W2 and W3 treatments displayed a bimodal curve. A depression occurred
around 13:00 h in the W2 treatment and around 15:00 h in the W3 treatment. The daily
mean PN (from 9:00 to 19:00) was highest in the W3 treatment with a maximum value
of 11.61 µmol (CO2) m−2 s−1, followed by the W1 (7.85 µmol (CO2) m−2 s−1) treatment
with a maximum value 10.25 µmol (CO2) m−2 s−1 and the W2 (6.56 µmol (CO2) m−2 s−1)
treatment with maximum value 8.98 µmol (CO2) m−2 s−1. The daily mean PN of C was
significantly higher in the W3 treatment than in the W2 treatment (p < 0.05). There were no
statistically significant differences in the daily mean PN values between the W1 and W2
treatments or between the W1 and W3 treatments (p > 0.05).
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Figure 5. Diurnal changes in the net photosynthetic rate (PN) and transpiration (Tr) of C. mongolicum
(C) and H. ammodendron (H) in the low (W1), medium (W2) and high (W3) irrigation amounts.

Transpiration (Tr) for the different irrigation levels generally exhibited a similar pattern
to net photosynthesis (Figure 3). The diurnal variations of Tr for C were unimodal and
reached a peak at 13:30 h in the W2 and W3 treatments. On the contrary, the Tr values
displayed a bimodal distribution in the W1 treatment and reached peaks at 12:00 and
16:00 h. For daily mean Tr (from 9:00 to 19:00) the highest values were obtained in the
W1 treatment (13.25 mmol (H2O) m−2 s−1 and 16.51 mmol (H2O) m−2 s−1), followed by
the W3 treatment (8.97 mmol (H2O) m−2 s−1 and 11.03 mmol (H2O) m−2 s−1) and the
W2 treatment (7.24 mmol (H2O) m−2 s−1 and 9.34 mmol (H2O) m−2 s−1. The diurnal
variations of Tr for H. ammodendron were unimodal and reached a peak at 15:00 h in the
W1 treatment. The Tr values decreased before 11:30 am and increased to reach a peak at
14:00 until sunset in the W2 and W3 treatments. The daily mean highest Tr was recorded
from 9:00 to 19:00 in the W1 treatment (6.23 mmol (H2O) m−2 s−1), followed by the W3
(5.24 mmol (H2O) m−2 s−1) and W2 (2.93 mmol (H2O) m−2 s−1) treatments.

In all treatments, the diurnal changes of intercellular CO2 concentration (Ci) of
C and H exhibited a W-shaped response curve (Figure 6). The diurnal changes of LS
were opposite to that of Ci.
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Figure 6. Differences in the intercellular CO2 concentrations (Ci) and stomatal limitations (Ls) of
C. mongolicum (C) and H. ammodendron (H) in the low (W1), medium (W2) and high (W3)
irrigation amounts.
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The factors influencing the decline of net photosynthetic rate of plants can be divided
into stomatal limiting factors and non-stomatal limiting factors. Ci decreased and Ls
increased when PN decreased in W1-C treatment from 12:00 to 14:00, W1-H treatment from
14:00 to 18:00 and W3-H treatment from 14:00 to 16:00, indicating controls by stomatal
limiting factors. In contrast, during other periods, PN decreases were controlled by non-
stomatal limiting factors.

3.4. The Response of PN to Photosynthetic Photon Flux Density (PPFD) under Different
Irrigation Levels

The response of PN to photosynthetic photon flux density (PPFD) under different
irrigation levels during July, August and September is presented in Figure 7. The physio-
logical parameters are further calculated according to the response curve of PN to photo-
synthetic photon flux density (PPFD), which reflects the photosynthetic capacities of the
plant (Table 1).
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Figure 7. The photosynthetic light response curves (PN) to photosynthetic photon flux density (PPFD)
of C. mongolicum (C) and H. ammodendron (H) in the low (W1), medium (W2) and high (W3) irrigation
amounts in July (A,B), August (C,D) and September (E,F).

The plant species obviously reacted differently during July, August and September due
to the different responses of PN to photosynthetic photon flux density (PPFD) with three
irrigation levels. The photosynthesis of C irrigated with three irrigation levels was higher
than H in July and September. However, in August, they were approximately equal in C and
H. The light compensation point (LCP) values of C and H for the W2 treatment were lowest
in July and August and highest in September. In comparing the W1 and W2 treatments, the
light saturation point (LSP) of C in the W3 treatment was the highest in July and August.
However, the LSP values of C and H were lowest in the W2 treatment irrigated with three
irrigation levels in September. The light-saturated rate of CO2 assimilation (Pmax) and dark
respiration rate (Rd) of C in the W3 treatment was obviously the highest values for those
parameters during the three months. However, the Pmax and Rd of H in the W3 treatment
were higher than in the W1 and W2 treatments in September. The bivariate correlation test
results compare the environmental variables and plant physiology characteristics in Table 2.
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Plant photosynthesis is mainly related to PPFD and plant auto-regulatory mechanisms, but
not to temperature and relative humidity.

Table 1. The light compensation point (LCP), light saturation point (LSP), the apparent quantum
yield of CO2 assimilation (Φ), dark respiration rate (Rd) and light-saturated rate of CO2 assimilation
(Pmax) of C and H under the low (W1), medium (W2) and high (W3) irrigation amounts.

LCP [µmol m−2 s−1] LSP [µmol m−2 s−1] Φ [mol mol−1] Rd [µmol m−2 s−1] Pmax [µmol(CO2) m−2 s−1]

Month July Aug. Sep. July Aug. Sep. July Aug. Sep. July Aug. Sep. July Aug. Sep.

W1-C 146.87 90.68 108.65 1113.77 1131.84 1497.70 0.040 0.016 0.025 4.714 1.510 2.739 38.78 16.14 35.00
W2-C 49.52 71.01 138.94 1109.12 1195.87 1043.97 0.023 0.018 0.021 1.511 1.344 2.661 23.84 19.91 19.10
W3-C 214.07 128.94 100.56 1482.02 1528.18 1252.68 0.040 0.016 0.042 7.339 2.041 3.583 50.72 22.11 48.50
W1-H 244.13 97.25 95.74 1869.86 1213.77 811.68 0.013 0.016 0.019 6.036 1.574 1.804 21.78 18.31 13.39
W2-H 130.17 97.09 123.69 1096.40 1371.49 618.06 0.025 0.013 0.024 1.744 1.302 2.624 24.35 17.08 11.77
W3-H 169.02 163.86 100.51 1082.83 1281.61 871.18 0.023 0.012 0.036 2.615 2.038 3.570 21.11 13.41 27.67

Table 2. The bivariate correlation test results comparing the environmental variables and plant
physiology characteristics (PN—Net photosynthetic rate; Tr—Transpiration rate; Ci—Intercellular
CO2 concentration; Ls—stomatal limitation; gs—Stomatal conductance; PPFD—Photosynthetic photo
flux density; Ta—Air temperature; RH—Relative humidity; WUE—Water use efficiency; Tl—Leaf
temperature; C—C. mongolicum; H—H. ammodendron) during July 2016.

Plant
Species PN Tr Ci Ls gs PPFD Ta RH WUE Tl

PN
C
H

1.00
1.00

Tr
C
H

0.76 **
0.80 **

1.00
1.00

Ci
C
H

−0.66 **
−0.34

−0.25
−0.45

1.00
1.00

Ls
C
H

0.65 **
0.34

0.24
0.45

−0.99 **
−.99 **

1.00
1.00

gs
C
H

0.69 **
0.76 **

0.72 **
0.80 **

−0.23
−0.44

0.21
0.44

1.00
1.00

PPFD C
H

0.66 **
0.29

0.51*
0.22

−0.69 **
−0.34

0.69 **
0. 34

0.13
−0.04

1.00
1.00

Ta
C
H

0.04
−0.10

0.20
−0.07

−0.05
−0.19

0.08
0.21

−0.44
−0.37

0.42
0.49 **

1.00
1.00

RH C
H

−0.30
−0.01

−0.31
0.06

0.15
0.28

−0.17
−0.29

0.25
0.35

−0.54 *
−0.55 *

−0.91 **
−0.94 **

1.00
1.00

WUE C
H

0.55 *
−0.19

−0.09
−0.69 **

−0.73 **
0.41

0.73 **
−0.42

0.12
−0.51 *

0.41
−0.06

−0.13
0.08

−0.13
−0.01

1.00
1.00

Tl
C
H

0.31
−0.03

0.46
0.13

−0.19
−0.28

0.21
0.30

−0.18
−0.26

0.68
0.59 **

0.89 **
0.86 **

−0.87 **
−0.82 **

−0.09
−0.33

1.00
1.00

* Correlation is significant at the 0.05 level (2-tailed t-tests). ** Correlation is significant at the 0.01 level
(2-tailed t-tests).

4. Discussion
4.1. The Limiting Factors Affecting Photosynthesis

Four major factors affect soil moisture regime in our studied system: precipitation,
irrigation, crop evapotranspiration and soil evaporation. Soil moisture content under the
same irrigation level was different in different seasons. In July, the soil moisture content
within a 60–80 cm soil depth for the W2 treatment was lower than the W1 treatment. Plant
roots are mainly concentrated in the 0–80 cm soil layer [25], and the plant transpiration
in desert soil was below 60 cm, so these conditions may have resulted in the lower soil
moisture contents in the W2 treatment. With the decrease of soil evaporation and plant
transpiration in August and September, the soil water was replenished at the 0–80 cm
depth. The irrigation levels should be adjusted by combining the environmental conditions,
soil moisture content and water requirements of plants in different seasons.

Water is the primary limiting factor for plant growth in arid and semiarid regions.
For desert plants, the compromise occurs in nature between restricting water loss through
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the stomata versus maintaining a high carbon gain, which depends on both stomatal and
non-stomatal regulations [3]. The intercellular CO2 concentration (Ci) should change in the
same direction as the PN if stomatal responses are dominant in response to perturbations
to the assimilation rate. If the changes are opposite, the most crucial difference must have
been in the mesophyll cells [26], caused by non-stomatal factors [7,18].

When plants are exposed to moderate or severe drought stress, the stomatal restriction
is no longer the main reason for the decrease of photosynthesis and the role of non-stomatal
restriction becomes more important [7]. In the present study, the changes in the PN of C
between 11:00 and 15:00 h in the W1 treatment and between 13:00 and 17:00 h in the W3
treatment were in the same direction as the intercellular CO2 concentration (Ci) (Figure 6),
which indicated that stomatal factors controlled the photosynthetic processes at these times.
The Ci changed in the opposite direction as the PN in the W2 treatment throughout the day,
indicating that non-stomatal factors changed the photosynthetic processes. The Ci changed
in the same direction as the PN for H in the W1 treatment between 13:00 and 17:00 h and
the W3 treatment between 11:00 and 13:00 h, which indicated that stomatal factors changed
the photosynthetic processes during this period. The photosynthetic processes of C and H
in the W2 treatments were restricted to non-stomatal factors through the day and changes
in soil moisture between 60–80 cm. These phenomena indicated that PN was mainly related
to the soil water status in the main root system activity layer. The PN values for C and H
were mainly limited by non-stomatal factors under severe water stress [27].

A “midday depression” is one of the ways for plants to adapt to a dry environment
through evolution. C and H are typical desert plants and the diurnal variations of PN and
Tr for C in the W1 treatment presented an obvious “midday depression” phenomenon, but
the W2 and W3 treatments presented a slight “midday depression” phenomenon. This
indicates that C was under serious water stress, resulting in partial stomata closure to
reduce transpiration. In contrast, the diurnal variations of PN for H in the W2 treatment
exhibited an obvious “midday depression” phenomenon because the curves of PN for H in
the W1 and W3 treatments were unimodal and there were no symptoms that H suffered
water stress in the W1 treatment.

In this study, the daily average values of PN and Tr for C were obviously higher than
for H under the same irrigation levels. The C in the W1 treatment suffered from water
stress, and H in the W1 treatment did not demonstrate drought stress, which indicated that
H is more drought-tolerant than C, and a lower Tr benefits water preservers.

Many studies have suggested that desert plants generally have high water use effi-
ciency, especially under water stresses; high water use efficiency is usually an effective
way to resist drought stress [28–30]. The daily water use efficiency (WUE) of C was 1.61,
1.91 and 1.66 µmolCO2 mmolH2O−1 for the W1, W2 and W3 treatments and for H it was
1.25, 2.20 and 1.24 µmolCO2 mmolH2O−1, respectively. For the two plant species, the WUE
was higher in the W2 treatment. This indicated that light water stress could improve the
WUE of C and H, but WUE cannot be improved when plants are water deficient. This
result may occur because water deficiency inhibits the plant’s photosynthetic rate. Many
stressful climate features include high temperature, high radiation and high evaporation
in arid desert regions. The plant must maintain a certain transpiration rate to reduce the
temperature and resist burns on its leaves [31].

Many environmental factors such as high light intensity, temperature and low soil
moisture cause photo inhibition [32–34]. Our results indicated that environmental factors
such as PPFD, Ta and RH changed from morning to night, as indicated by the bivari-
ate correlation test results comparing the environmental variables and plant physiology
characteristics presented in Table 2. gs is a major determinant of the photosynthetic rate
under well-watered conditions and non-stomatal limitations during drought conditions.
PN and Tr for C and H were significantly correlated with gs. This result is consistent with
previous findings [35–37]. The PN of C was significantly correlated with PPFD, Ci, Ls and
gs. However, the PN of H was correlated with gs. The WUE of C was correlated with PN, Ci
and Ls, while the WUE of H was correlated with Tr and gs. All of the results showed that
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the photosynthetic organs of C are more sensitive to the PPFD changes than H. C can adjust
the relationship between respiration and photosynthesis, resulting in increases in PN and
WUE. However, H can adjust the gs to decrease Tr, thus resulting in a higher WUE.

4.2. Plants’ Adaptation Strategy to Drought Stress

The photosynthesis–light response curve helps estimate the adaptation of plants to
their habitats. The light compensation point (LCP), light saturation point (LSP), apparent
quantum yield of CO2 assimilation (Φ), dark respiration rate (Rd) and light saturated rate
of CO2 assimilation (Pmax) of C and H were different for the all of the irrigation treatments
during the July, August and September throughout the experimental period. These physio-
logical parameters reflect the adaptability of plants to environmental changes (Table 1).

The LCP reflects the ability of plants to use weak light, LSP demonstrates the ability of
plants to use strong light and different values between LSP and LCP reproduce the plants’
light adaptation. In the present study, the LCP of C and H in the W2 treatment was lower
than the W1 and W3 treatments from July to August but was higher in September, and
soil evaporation was stronger in July and August. Plants were stressed in two months. In
September, soil moisture was higher, indicating that C and H can decrease LCP to adapt to
drought stress [38]. The phenomenon of photosynthesis domestication appeared. The LSP
of C was greater in the W3 treatment in July and August, but the LSP of H was not regular
for the three irrigation levels. The different LSP and LCP values of C in the W3 treatment
were higher from July to August. The values of C and H in W2 were lower than the W1
and W3 treatments in September, which indicated that C might make better use of strong
light and show better light adaptation under better water conditions. Drought stress might
improve the light adaptation of H and cause H to adapt to drought stresses.

Rd for C and H was higher in the W3 treatment than in the W1 and W2 treatments
during the three months we tested. This indicated that drought stress might slow the plants’
metabolic capacity. This is a protective response of plants to drought stress. A decrease of
PN under drought stress led to a shortage of photosynthetic matter in the body. A decrease
of Rd reduces the consumption of organic matter due to breathing, and it ensures that
plants have a relatively large number of photosynthetic substances to construct competitive
organs, such as the main root, lateral root, etc. Drought stress might relate the activity of
key enzymes associated with changes in respiration concentration [39], and may also be
caused by long-term severe drought stress destruction of plant cell structures related to
respiration.

C in the W3 treatment had a higher Pmax than W1 and W2 treatments. However, H in
the W3 treatment had a lower Pmax than the W1 and W2 treatments. The photosynthesis
potential of C slowed down during drought stress, but drought inspired H photosynthe-
sis potential. Furthermore, studies have shown that the plant shoots can improve their
resistants (such as drought), making their newly developed photosynthesis potential as
an effective means to increase yield [40–42]. The dark respiration rate for shoots of H is
mainly affected by the effective photosynthetic radiation, air temperature, and relative
humidity. However, photosynthesis rate is less affected by the environment, making its
strong resistance [42]. At present, the contribution of shoot photosynthesis to drought
tolerance cannot be ignored, and the response of shoot photosynthesis to drought needs to
be further explored.

Finally, in addition to the two species selected in this study, several other species,
particularly Tamarix ramosissima, are widely distributed in the region. As there are
significant photosynthesis differences among plants and groundwater salinities, species
combinations at different shelterbelt engineering areas differ. It is necessary to research
more species with regard to plant species survival characteristics by using water-controlled
experiments for a complete understanding of physiological mechanisms that is difficult
to obtain in natural conditions due to the lack of a vast water range. More suitable plants
should be selected, and sustainable irrigation technologies should be developed in this area
and beyond.
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5. Conclusions

This study demonstrated that two species (C and H) have salt resistance capabilities
that maintain normal leaf scale photosynthesis during topsoil water stress conditions. Their
adaptive strategies are eco-physiologically different at the species level. The soil water
availability determines the plant response, acclimation and adaptation in this mobile sand
desert. PN was mainly related to soil water status in the main root system activity layer.
The daily variations of PN and Tr for C were higher than that for H in July. Compared
to C, H demonstrated a stronger capability for drought resistance. C is more sensitive to
changes in PPFD than H as C increased WUE through increased PN, but H decreased Tr to
obtain a higher WUE. Drought reduced the use of weak light and metabolic capacity of C
and H, and decreased the light adaptability and photosynthesis potential of C instead of H.
To evaluate the drought hardiness of plant species survival for extreme desert conditions,
which are often difficult to obtain in natural conditions, our water-controlled studies are
beneficial for a complete understanding of physiological mechanisms and possible plant
morphological adjustments.
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Abstract: Freshwater resources are in a shortage in arid regions worldwide, especially in extremely
arid desert areas. To solve this problem, highly saline groundwater is used for drip irrigation of desert
plants. Since more irrigation infiltrating into the deep soil cannot be absorbed and utilized by desert
plants, it is crucial to determine optimal water-saving irrigation regimes. In this study, we examined
the effects of irrigation regimes on the soil water dynamics of two typical woody halophyte species
(Haloxylon and Calligonum), and quantified the irrigation intervals and periods based on a field test of
precision irrigation control in the Taklimakan Desert Highway shelterbelt. Results showed that the
change in soil moisture of two species in the shallow 0–60 cm layer could be divided into a rapid
decline period (1–9 d), a slow decline period (9–19 d), and a relatively stable period (19–39 d) after
irrigation. The decrease rate of soil moisture at the 0–60 cm depth was significantly higher than that at
the 60–200 cm depth. The irrigation regime combining 35 mm irrigation with 10 days was beneficial
to soil water storage and plant use with respect to Calligonum, while the irrigation regime combining
35 mm irrigation with 40 days was best for Haloxylon. Increasing the single irrigation amount and
prolonging the irrigation period can further enable the more effective use of irrigation water. This
study highlights that saline groundwater irrigation provides potential advantages for desert plants’
survival under reasonable irrigation regimes.

Keywords: irrigation amount; irrigation periods; Taklimakan Desert Highway shelterbelt; soil water
storage; woody halophyte; saline-tolerant plant

1. Introduction

Desertification is an environmental issue of global concern, especially in arid and
semiarid regions. Artificial afforestation has been considered an effective ecological means
for combating desertification in many arid desert regions worldwide [1,2]. Great chal-
lenges, however, have appeared when the afforestation is conducted in arid desert regions
due to the lack of freshwater and extreme environmental conditions, including severe
drought [1,3,4]. Due to less rainfall in arid desert regions, water scarcity has become a
worldwide issue of increasing severity [1,5]. The lower-quality saline–alkaline groundwater
is widely applied [6–8]. Unfortunately, saline water irrigation normally leads to greater
salinity hazards to plant growth and survival in groundwater extraction [9,10]. Therefore,

37



Water 2022, 14, 1908

establishing a suitable irrigation regime for artificial vegetation growth and survival is
crucial to saving groundwater utilization and reducing the salinity hazards.

The Taklimakan Desert, called the “Dead Sea”, is the second-largest mobile desert
in the world. To improve transportation for the exploitation of petroleum resources, the
Taklimakan Desert Highway, the longest highway across a shifting desert in the world,
was completed in 1995 [11]. To overcome the frequent sand burial of the highway, the
Taklimakan Desert Highway shelterbelt was constructed through a biological engineering
project in 2003 [12]. The mobile dunes on both sides of the highway were effectively
stabilized by introducing drought- and salt-tolerant plants [13], such as Haloxylon Bunge,
Calligonum Linn, and Tamarix Linn.

Drip irrigation from saline groundwater is one of the most efficient ways to support
artificial shelterbelts [14]. Owing to the differences in the adaptability or adaptive strategies
of drought- and salt-tolerant plants, irregular or insufficient irrigation will lead to different
responses of plants to water stresses [14]. Therefore, it is crucial to determine suitable irriga-
tion regimes to ensure plant survival in the drip irrigation process. Haloxylon ammodendron
and Calligonum mongolicunl are the two main species in the Taklimakan Desert Highway
shelterbelt. It is reported that moderate irrigation intervals are beneficial to the growth of
the two species in the Taklimakan Desert Highway shelterbelt since they can save water
and support the plants’ water demands [14].

In recent years, many researchers have studied the soil water dynamics and irriga-
tion regimes of desert plants. For example, Ding et al. reported that the soil moisture at
0–120 cm depth presents an apparent single-peak curve. The salt accumulation phe-
nomenon is evident at 45–60 cm, and the salt content reaches 10–20 g kg−1 in the Takli-
makan Desert [15]. Li et al. found that saltwater irrigation did not produce salt stress on
the plant roots in the Taklimakan Desert [1]. Haloxylon ammodendron’s roots are mainly
distributed between 20 and 80 cm, while the salt is mainly concentrated in the 0–20 cm
surface layer. On the contrary, saline water irrigation is beneficial for increasing soil nutri-
ents. Fu et al. pointed out that Haloxylon ammodendron mainly utilizes shallow soil moisture
(20–40 cm) and deep soil moisture (100–350 cm) and underground water in May, but deep
soil moisture (160–350 cm) and underground water in August in the southern edge of
Gurbantunggut Desert [16]. Zhang et al. indicated that the structural heterogeneity of the
soil layer has a retarding effect on water content [17]. The soil layers with more clay and silt
particles are more prone to salt accumulation at the southern edge of the Gurbantunggut
Desert [17].

The previous studies focused mainly on saline water irrigation and its influence on
soil properties and plant growth [6,18,19]. However, the effects of saline water irrigation
regimes on the soil water dynamics of desert plants have been ignored. Meanwhile, the
number of irrigation intervals and periods of different desert plants remain unknown. This
study aims to (1) examine the effects of irrigation regimes on the soil water dynamics of
two typical woody halophyte species and (2) quantify the irrigation intervals and periods
of the two species based on a field test of precision irrigation control. This will provide the
theoretical basis for developing water-saving irrigation measures in the shelterbelt.

2. Materials and Methods
2.1. Study Area

This study was carried out in the Taklimakan Desert Highway shelterbelt, which
was built from Xiaotang to Minfeng, being 436 km long and 72–78 m wide (Figure 1a). It
is characterized by an extremely high temperature, less rainfall, and strong evaporation.
According to the Tazhong meteorological station (83◦48′14.169′′ E,38◦54′2.038′′ N), the
average annual temperature in this area is 12.4 ◦C. The extreme minimum temperature
is −22.2 ◦C, and the extreme maximum temperature reaches 45.6 ◦C. The average annual
rainfall is 24.6 mm, while the average annual evaporation is 3639 mm. The average relative
humidity is only 29.4% (Figure 1b). The average annual wind speed is 2.5 m s−1, and the
maximum instantaneous wind speed reaches 20 m s−1 [15]. The soil type is mobile aeolian
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soil, and the soil salt content is 1.26–1.63 g kg−1 [19]. The soil physical properties in this
area have been described by Zhang et al. [2].
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Figure 1. Taklimakan Desert Highway (a), and atmospheric temperature (Ta), air humidity (RH), and
wind speed (WS) at the height of 2 m in the middle of the Taklimakan Desert in 2016 (b).

The vegetation community is very sparse, and most areas have no vegetation [18].
Haloxylon ammodendron, Calligonum mongolicum, and Tamarix L are the main three species in
the Taklimakan Desert Highway shelterbelt (Figure 2). Saline groundwater was used for
drip irrigation. The salinity of irrigation water was 4.03 g L−1; the irrigation period was
one time every 10 days in July and August, and 15 days in other months, while there was
no irrigation in winter (from November to February of the following year). The irrigation
amount was 35 mm each time [11].
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2.2. Experiment Design and Data Processing

This experiment selected six rows of well-growing trees in the Taklimakan Desert
Highway shelterbelt for irrigation treatment, with each row of approximately 100 m.
Haloxylon ammodendron and Calligonum mongolicum were planted 8 years ago. The same
irrigation amount was adopted, and a small switch was installed on the drip irrigation pipe
to control the irrigation period. The distance between two rows of plants was at least 5 m.
Two rows of trees were planted in each row with a 1 m spacing. Drip irrigation pipes were
laid close to the trunk, and the water outlet holes were spaced by 1 m. Three irrigation
levels were set, W1 = 17.5 mm, W2 = 25 mm, and W3 = 35 mm, and the three irrigation
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periods were F1 = 10 d, F2 = 20 d, F3 = 40 d. The samples were taken from different plants
in each treatment plot. Three plants were selected from each treatment plot and one sample
was taken from each plant for a total of three repetitions. Moreover, in the experiment
design, the W1F1, W1F2, W1F3, W3F1, and W3F2 treatments were selected in order to
analyze the effects of different combinations of irrigation amount and irrigation period on
soil moisture under the same total amount of irrigation over 40 days. The total irrigation
amount of the W1F1 and W3F2 treatments in 40 days was 70 mm. The total irrigation
amount of the W1F2 and W3F1 treatments was 35 mm in 40 days, and that of the W1F3
treatment was 17.5 mm in 40 days. The combination of irrigation amount and irrigation
period for W1 and W3 only allowed the same combination of total irrigation amount. In
contrast, the irrigation level of W2 was different from the total irrigation amount of other
treatments within 40 days, so the W2 treatment was not selected in this study. The specific
field configuration is shown in Figure 3.
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Figure 3. Schematic diagram of field experiment design. (C. means Calligonum mongolicum; H. means
Haloxylon ammodendron; hereinafter the same).

Before the test, three water outlet holes were selected under the drip irrigation pipe
in each plot, and a measuring cylinder was placed under each outlet hole to measure
the average water output per unit time of each drip irrigation pipe. From 10 August to
20 September 2015, soil samples drilled at 30 cm from the root in each cell were taken at a
depth of 0–200 cm (0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, 80–100 cm, 100–120
cm, 120–140 cm, 140–160 cm, 160–180 cm, 180–200 cm) on the 1st, 4th, 9th, 14th, 19th, 29th,
and 39th days after irrigation, to evaluate the differences in soil moisture changes under
different irrigation strategies with the same irrigation amount of 40 days.

To analyze the change in soil moisture in the whole plot in different months, a 1-m
long aluminum tube instrument with LNW-50A neutron probes (CAS, Nanjing, Jiangsu,
CHN, 1986) was used for measurement. The neutron tubes were buried in the middle of
each plot in 2016. The horizontal distance between the neutron tube and the dropper was
70 cm, and the buried depth was 320 cm. Before the measurement, the neutron instrument
was calibrated in layers (0–40 cm and 40–300 cm). It was drilled at a horizontal distance
of 30 cm from the dropper to a depth of 200 cm with each 20 cm layer. Each day before
irrigation was selected to measure the soil water moisture by drilling and neutron meter in
May, July, August, and September of 2016.

After the drilling samples were taken, they were packed into a numbered aluminum
box and weighed immediately. Then, the samples were returned to the laboratory and
dried in an oven until the constant weight was determined again. The soil mass moisture
content was calculated by the calibration curve.

Data statistics and analysis were performed with Excel and SPSS, and plotted with
Origin software. Inter-treatment comparisons were compared by one-way ANOVA.

40



Water 2022, 14, 1908

3. Results
3.1. Effect of Irrigation Period on the Spatial Distribution of Soil Water Content

To compare the effects of different irrigation regimes on soil water content, the W1F1,
W1F2, W3F1, W3F1, W3F2, and W3F3 treatments in July 2016 (10 d after irrigation) have been
selected to analyze the spatial distribution characteristics of soil water content (Table 1).

Table 1. Experimental treatments.

Processing
Number

Single Irrigation
Volume (mm)

Irrigation
Period (d)

Total Irrigation Volume
at 40 Days (mm)

W3F1 35 10 140
W3F2 35 20 70
W3F3 35 40 35
W1F1 17.5 10 70
W1F2 17.5 20 35

Under the same irrigation regime, the soil moisture availability shows a clear difference
due to the different root growth distributions of Haloxylon ammodendron and Calligonum
mongolicum (Figure 4). In the vertical depth, the soil water content of Calligonum mongolicum
at 0–100 cm is greater than 100–200 cm in all treatments. The soil water content of Haloxylon
ammodendron at 0–100 cm in the W3F1 and W3F2 treatments is less than 100–200 cm, and
vice versa under other treatments. At the horizontal distance, the soil water content of
Calligonum mongolicum at 30 cm under the W3F1 and W3F2 treatments is less than 70 cm,
and vice versa under other treatments. The soil water content of Haloxylon ammodendron
at 30 cm under the W3F1, W3F2, and W1F1 treatments is less than 70 cm, and vice versa
under other treatments.
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Figure 4. Spatial variation in soil moisture content under different irrigation periods. The soil
moisture content in the low (W1), medium (W2), and high (W3) irrigation amounts. F means
irrigation frequency with F1 = 10 d, F2 = 20 d, F3 = 40 d. C and H represent C. mongolicum and H.
ammodendron, respectively.
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One-way ANOVA is used to compare the differences in soil water content between the
treatments shown in Table 2. The soil samples taken at different soil depths obey normal
distribution according to the Kolmogorov–Smirnov test. In addition, the F-test of equality
of variances with the Least Significance Difference (LSD) test shows the homogeneity of
variance. Therefore, one-way ANOVA is suitable for statistical analysis. One-way ANOVA
displays the differences in soil water content between treatments at the 0.05 significance
level. The mean soil water content of Calligonum mongolicum at 0–200 cm is W3F1 > W1F1
> W3F3 > W1F2 > W3F2, while the mean soil water content of Haloxylon ammodendron
at 0–200 cm is W3F1 > W3F3 > W3F2 > W1F1 > W1F2. Under a 35 mm single irrigation
amount, the soil moisture content varies significantly between F1 and F2, F1 and F3, but not
significantly between F2 and F3 under a 17.5 mm (strain grade) single irrigation amount;
the soil water content is F1 > F2, but this is not significant during the study periods. For
the same total water irrigation amount, the difference in soil water content between W3F2
and W1F1, W3F3 and W1F2 are insignificant in the Calligonum mongolicum, but both are
significant in the Haloxylon ammodendron. Under a 70 mm total water irrigation amount,
the difference in soil water content of Haloxylon ammodendron is mainly focused at the
100–200 cm layer. Under 35 mm water irrigation, the soil moisture of the two species is
significantly different between 0–100 cm and 100–200 cm.

Table 2. Soil moisture content between different treatments (p < 0.05).

Treatment

Soil Water Content %

0–100 cm 100–200 cm 0–200 cm

Average
Value

Standard
Deviation

Average
Value

Standard
Deviation

Average
Value

Standard
Deviation

W3F1-C 5.73 a 1.08 2.93 a 1.29 4.33 a 1.84
W3F2-C 2.72 b 1.10 1.15 b 0.46 1.93 b 1.15
W3F3-C 3.37 b 1.26 1.70 b 0.45 2.53 b 1.26
W1F1-C 3.92 b 1.41 1.93 b 1.01 2.93 b 1.58
W1F2-C 2.95 b 2.45 1.57 b 0.81 2.26 b 1.95

W3F1-H 3.97 ab 1.03 4.90 a 0.70 4.44 a 0.99
W3F2-H 2.69 bc 0.91 3.43 b 1.17 3.06 b 1.11
W3F3-H 4.43 a 1.42 2.43 c 0.34 3.43 b 1.44
W1F1-H 3.09 ab 1.32 0.86 d 0.71 1.97 c 1.54
W1F2-H 1.76 c 1.01 1.20 d 0.59 1.48 c 0.87

Note: A lowercase letter indicates a significant difference (p = 0.05) after irrigation at the different intervals. The
markers (a, b, c) with different letters differ significantly (p < 0.05) according to Least Significance Difference test.

3.2. Temporal Variation in Soil Moisture Profile during Irrigation Period under Different
Irrigation Regimes

According to the W1F1, W1F2, W3F1, W3F2, and W3F3 treatments, the dynamic
changes in soil water content during the irrigation period are analyzed. The soil surface
water content reaches the maximum on the first day after irrigation. The water moisture
at the 0–60 cm layer gradually decreases with the temporal variation after irrigation.
Subsequently, the variation range of soil moisture decreases with the increase in soil depth.
The soil moisture above 60 cm is greatly affected by meteorological factors, while the soil
moisture below 60 cm is mainly influenced by water redistribution and water absorption
by roots (Figure 5).
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Figure 5. Temporal variation in soil moisture content in different treatments. The soil moisture content
in the low (W1), medium (W2), and high (W3) irrigation amounts. F means irrigation frequency with
F1 = 10 d, F2 = 20 d, F3 = 40 d. C and H represent C. mongolicum and H. ammodendron, respectively.

Therefore, the soil is divided into two layers for analysis: 0–60 cm (shallow layer) and
60–200 cm (deep layer). The soil water content of 0–60 cm is significantly greater than
that of 60–200 cm and decreases rapidly after irrigation, with a decrease rate greater than
the soil water content for 60–200 cm. The F1 and F2 irrigation periods decrease rapidly at
1–9 d after irrigation, and the decline rate of deep soil water content is slow or unchanged
on the ninth day. The water content in the shallow and deep soil is similar. The treated
soil water content under the F2 irrigation period is in a slow decline period at 9–19 d. The
soil moisture in the shallow layers under the F3 treatment decreases rapidly during 1–4 d,
decreases slowly during 4–9 d, and remains relatively stable in both the shallow and deep
layers during 9–39 d (Figure 6).

3.3. Response of Soil Moisture to Irrigation Regime in Different Months

One-way ANOVA is used to compare the soil moisture content at 0–300 cm un-
der different treatments in the same month from the 0–300 cm layer on 22 May, 12 July,
20 August, and 20 September 2016. As shown in Figure 7, the soil water content of Cal-
ligonum mongolicum and Haloxylon ammodendron at 0–300 cm decreases from May to July,
and increases from July to September. The lowest water content is observed in July, while
the highest is in September.
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Table 3 shows the differences in soil water storage between May and September at the
0–300 cm soil layer under each treatment. The water storage of Calligonum mongolicum at
0–100 cm increases, except for the W2F3 treatment. The water storage at 100–200 cm
increases by 2.26 mm only in the W3F3 treatment, while values for other treatments de-
crease. The water storage at 200–300 cm increases slightly under the W3F1 and W3F2
treatments, but decreases under other treatments. The difference in water storage at
0–300 cm is F1 > F3 > F2, which are all positive values. Under W2 treatment, the water stor-
age is F2 > F1 > F3, and the water storage is reduced under the W2F1 and
W2F3 treatments.

Table 3. Differences in soil water storage between May and September at 0–300 cm soil layer under
each treatment (C and H refer to Calligonum mongolicum and Haloxylon ammodendron, respectively).

Treatment
Difference in Soil Water Storage in September and May (mm)

0–100 cm 100–200 cm 200–300 cm 0–300 cm

W1F1-C 51.00 −8.03 −6.62 36.35
W1F2-C 26.71 −3.88 −3.75 19.08
W1F3-C 34.13 −2.22 −5.70 26.21
W2F1-C 7.47 −10.02 −9.44 −11.99
W2F2-C 26.59 −4.44 −13.93 8.22
W2F3-C −10.95 −3.58 −8.28 −22.81
W3F1-C 34.62 −2.94 4.70 36.37
W3F2-C 4.72 −6.12 1.80 0.40
W3F3-C 31.66 2.62 −0.45 33.83

W1F1-H −15.54 0.12 6.70 −8.72
W1F2-H −13.64 23.99 21.04 31.40
W1F3-H −5.12 −16.35 −2.72 −24.19
W2F1-H 32.22 −11.46 −2.56 18.20
W2F2-H −8.66 10.34 −1.18 0.50
W2F3-H 36.16 −8.07 5.96 34.05
W3F1-H 14.64 −12.45 8.41 10.60
W3F2-H 4.10 −8.50 7.00 2.60
W3F3-H 15.81 17.32 17.68 50.81

The water storage of Haloxylon ammodendron at 0–100 cm decreases under the W1F1,
W1F2, W1F3, and W2F2 treatments, while values for the other treatments increase. At
100–200 cm, the water storage volume increases under the W1F1, W1F2, W2F2, and W3F3
treatments. The other treatments’ values are reduced. The water storage from 200 to
300 cm is reduced under the W1F3, W2F1, and W2F2 treatments, while values for all other
treatments increase. The water storage difference of Haloxylon ammodendron at 0–300 cm is
F3 > F1 > F2 under W2 > W3 irrigation amount, which are positive values. Under the W1
irrigation amount, the water storage difference is F2 > F1 > F3, and the treatment for W2F3
has a higher value than that for W2F1.

4. Discussion

In arid and semi-arid regions, the water resources directly affect the distribution and
growth of plants. In the Taklimakan Desert, the climate is extremely dry, and the an-
nual precipitation (36.6 mm) is far from sufficient to meet the evapotranspiration demand
(3638.6 mm). The groundwater depth is more than 10 m, the replenishment effect of ground-
water on soil water is negligible, and the main source of soil water is irrigation water [1].
The plants are facing the danger of long-term water shortage. After the Taklimakan Desert
Highway shelterbelt was built, the tree species in the shelterbelt were mainly salt-tolerant.
The water for plant growth came from underground high-salinity water drip irrigation. At
present, although the current drip irrigation system can basically satisfy the growth of tree
species in the shelterbelt, the utilization efficiency of plants for irrigation water is low [2].
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The study of a reasonable saline irrigation becomes the basis of shelterbelt management
and its sustainable existence.

In this study, the water supply rate is specific, and soil water infiltration is determined
by soil water infiltration capacity, which is associated with soil wetness and porosity [20,21].
The surface soil moisture content is low from June to early August, resulting in slow
transverse water transfer and little change due to intense surface evaporation. The growth
of plant roots increases the non-capillary pores, improves the soil water conductivity, and
lays a foundation for efficient soil water transport and storage [22]. Due to the downward
growth of plant roots and the formation of soil macropores, the irrigation water can quickly
reach the deep soil, causing periodic changes in soil water content. The lower limit of
soil water evaporation is 40–60 cm, and excessive surface water content increases water
evaporation, which is not conducive to water storage. The deeper the soil layer, the lower
the soil moisture. Affected by atmospheric evaporation and water absorption by plant
roots, the soil water storage variation coefficient is smaller. The results are consistent with
the previous studies, such as Li et al. [1] and Zhang et al. [2].

After irrigation, the variation in soil water can be divided into a period of rapid water
decline, slow water decline, and a relatively stable water level. Due to the loose soil in
the sandy land, the shallow soil water can quickly infiltrate after irrigation. Subsequently,
the strong evaporation effect leads to a dry sand layer forming on the soil surface, which
significantly inhibits soil moisture evaporation [23]. The water absorption of plants mainly
causes a decrease in soil moisture. When the soil moisture is relatively stable, soil moisture
at the 0–200 cm layer cannot meet the needs of plant growth, and the water demand of
plants mainly comes from the deep soil water supply, while soil moisture maintains a
relatively stable state [2].

We noted the largest differences in soil water content between the two plant types
in July, followed by August, May, and September. Soil water dissipation mainly includes
soil evaporation and plant transpiration. In July, the temperature is the highest, and the water
requirement for plant transpiration and soil evaporation is the largest, so the difference between
treatments is the largest. In September, the temperature decreases, plant growth slows down,
the water requirement decreases, and the difference between treatments is the least.

Under the irrigation regime with a 35 mm irrigation amount, the plants grow well, and
part of the soil evaporation is reduced by shading. Irrigation can not only meet the needs
of plant growth but also replenish soil water. Under the irrigation regime with a 17.5 mm
irrigation amount, the plant growth is weakened due to drought stress in the early stage,
although the irrigation amount is small. The leaf transpiration and root water absorption
are reduced, and water dissipation is weakened. Moreover, insufficient soil water partially
inhibits soil evaporation [24]. Therefore, this study highlights that an irrigation regime
with a 35 mm irrigation amount is beneficial to soil water storage. More irrigation water
will infiltrate into the deep soil, which will not be absorbed and utilized by plants, resulting
in water waste. Increasing the single irrigation amount and prolonging the irrigation
period can allow the more effective use of irrigation water. This study highlights that saline
groundwater irrigation provides potential advantages for desert plants’ survival under
reasonable irrigation regimes.

The saving of water and improvement of water use efficiency are undoubtedly funda-
mental problems associated with such drought regions to avoid lowering the groundwater
levels and to prevent ecological degradation. Although desert plants have strong resistance
to water and saline stresses and different stress adaptation mechanisms at different growth
stages [25], this study evaluated water dynamics and irrigation regimes only under pre-
set irrigation combinations. Further work should conduct additional studies to examine
whether or not an appropriate smaller amount of repeated irrigation will increase the water
use efficiency of plants and reduce the ineffective evaporation of water. In addition, soil
water infiltration and evaporation lead to salinity storage in the soil. The presence and
accumulation of salinity affect plants’ physiological ecology. The plants’ adaptation to
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saline water irrigation and their responses to the different irrigation regimes should be
considered in a future study.

5. Conclusions

Based on a field test of precision irrigation control in the Taklimakan Desert Highway
shelterbelt, this study examined the effects of irrigation regimes on the soil water dynamics
of two typical woody halophyte species (Haloxylon and Calligonum), and quantified the
irrigation intervals and periods. The effects of saline water irrigation regimes on the soil
water dynamics of two typical woody halophyte species (i.e., Calligonum mongolicum and
Haloxylon ammodendron) show that:

(1) Their soil water content at 100–200 cm is significantly greater under the irrigation
regime with a 17.5 mm irrigation amount than that under a 35 mm irrigation amount.
Increasing the amount of water for single irrigation and prolonging the irrigation
period will lead to more effective irrigation water use. After irrigation, the change in
soil moisture of the two species in the shallow 0–60 cm layer can be divided into a
rapid decline period (1–9 d), a slow decline period (9–19 d), and a relatively stable
period (19–39 d). The decrease rate of soil moisture at 0–60 cm depth is significantly
higher than that at 60–200 cm depth. The soil moisture below 200 cm replenishes the
soil moisture below 60 to 200 cm.

(2) From May to July, the plant growth is vigorous and the temperature gradually in-
creases, and the soil water is in the net consumption stage. The plant growth rate
slows down from July to September, and the temperature decreases. The soil water is
in the net replenishment stage; the difference in soil water content between 0 and 300
cm is the largest in July and August and the smallest in September.

(3) The irrigation regime combining a 35 mm irrigation amount with 10 days benefits
soil water storage and water content with respect to Calligonum, while the irrigation
regime combining a 35 mm irrigation amount with 40 days is best for Haloxylon.

This study highlights that saline groundwater irrigation is advantageous for sup-
porting desert plants’ survival and preventing ecological degradation under reasonable
irrigation regimes. Future work should focus on the plants’ adaptation to saline water
irrigation and their responses to the different irrigation regimes and water-saving irrigation
measures in the desert shelterbelt construction.
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Abstract: To explore the impact of artificial shelterbelt construction with saline irrigation on the
soil water characteristic curve (SWCC) of shifting sandy soil in extreme arid desert areas, three
treatments including under the shelterbelt (US), bare land in the shelterbelt (BL) and shifting sandy
land (CK) in the hinterland of the Taklimakan Desert were selected. The age of the shelterbelt is
16, and the vegetation cover is mainly Calligonum mongolicum. The soils from different depths of
0–30 cm were taken keeping in view the objective of the study. The SWCCs were determined by the
centrifugal method and fitting was performed using various models such as the Gardner (G) model,
Brooks–Corey (BC) model and Van Genuchten (VG) model. Then, the most suitable SWCC model
was selected. The results showed that electrical conductivity (EC) and organic matter content of BL
and US decreased with the increasing soil depth, while the EC and organic matter content of CK
increased with the soil depth. The changes in soil bulk density, EC and organic matter of 0–5 cm
soil were mostly significant (p < 0.05) for different treatments, and the differences in SWCCs were
also significant among different treatments. Moreover, the construction of an artificial shelterbelt
improved soil water-holding capacity and had the most significant impacts on the surface soil. The
increase in soil water-holding capacity decreased with increasing soil depth, and the available soil
water existed in the form of readily available water. The BC model and VG model were found to be
better than the G model in fitting results, and the BC model had the best fitting result on CK, while the
VG Model had the best fitting result on BL with higher organic matter and salt contents. Comparing
the fitting results of the three models, we concluded that although the fitting accuracy of the VG
model tended to decrease with increasing organic matter and salinity, the VG model had the highest
fitting accuracy when comparing with BC and G models for the BL treatment with high organic
matter and salinity. Therefore, the influence of organic matter and salinity should be considered
when establishing soil water transfer function.

Keywords: aeolian sandy soil; physiochemical properties; soil water-holding capacity; model fitting;
Taklimakan Desert

1. Introduction

Soil moisture is an important factor affecting plant growth and is a major driving force
for the sustainability of many terrestrial ecosystems. Moisture changes have significant
impacts on vegetation and soil properties [1–3]. Especially in arid and semi-arid regions,
soil moisture availability is one of main factors limiting the type and quantity of vegetation,
and the water deficiency can lead to severe degradation of vegetation and reduce vegetation
cover [4,5]. Therefore, it is important to understand the soil moisture change pattern for
the maintenance of vegetation in arid desert areas [6].
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The Taklamakan Desert is located in the hinterland of the Eurasian continent in Chinese
southern Xinjiang, and is the largest desert in China and the second largest shifting desert
in the world. Southern Xinjiang is one of the poorest regions with an extreme drought
climate in China. To accelerate the development of regional social economy, the Taklimakan
Desert Highway (TDH) was completed in 1995. TDH is 522 km long running across the
Taklimakan Desert from north to south and is the longest highway crossing a moving desert
in the world. However, serious sand disasters are a great threat to TDH. Thus, in 2003, a
shelter–forest belt (the Taklimakan Desert Highway Shelterbelt (TDHS)) having a length of
436 km was constructed on both sides along the highway, which was dominated by shrubs
to protect the highway from shifting sand [7]. Low-quality saline groundwater is used for
irrigation in order to ensure the survival of shelterbelt plants [8–11]. The regional ecological
environment on both sides of the highway has been greatly improved by the fixation of
the shifting sand dunes with the artificial shelterbelt [12]. However, saline groundwater
irrigation may aggravate soil salinization in future and is harmful for shelterbelt plants [13,14].
Therefore, it is necessary to study the water and salt transport of shelterbelt soils which is
helpful for the sustainable utilization and management of TDHS [15].

SWCC, as a component of the unsaturated soil mechanics framework, provides the
information needed to characterize the properties of unsaturated soils [16], is an interpre-
tation of the basic constitutive relationships of unsaturated soil phenomena [17], and is
an important tool for studying the properties of unsaturated soils [18]. SWCC is one of
basic hydraulic properties that simulate water and solute transport under unsaturated
conditions [19]; is universally used in agriculture [20], soil physics [21], soil chemistry [22],
mineralogy research [23], geotechnical engineering [24]; and is widely used in the soil–
plant–atmosphere continuum (SPC) [18,25] and other fields. Due to its importance in soil
hydrodynamics and solute transport modeling, many SWCC models, both numerical and
theoretical, have been developed [21]. A good SWCC model should have simple and
clear parameters and be easy to use. It can satisfy the three characteristics of accuracy,
universality and simplicity as much as possible at the same time [26]. The VG model [27],
BC model [28] and G model [29] have relatively few parameters, and can accurately de-
scribe the SWCC of various soil textures [30–38]. SWCC is influenced by soil texture,
bulk density, organic matter, salinity, temperature, etc. [19,30–33,39–42]. Therefore, the
fitting results of the models are often different in various study areas. For example, some
scholars [43,44] pointed out that the G model can accurately fit SWCC; however, others [45]
came to the opposite conclusion, pointing out that the G model cannot accurately fit SWCC.
Matlan et al. [26] compared four models and found that the BC model has the most accurate
description of the SWCC of sandy soils. Li et al. [46] also proved this, pointing out that
the BC model is more suitable than the VG model on soils with high sand content and low
clay content. For the SWCC of aeolian sand covered by biocrust, the fitting effect of the VG
model is better than the BC model [47].

The literature on SWCC in arid and semi-arid regions is relatively limited as compared
to farmland and forest ecosystems. The influence of artificial shelterbelts and long-term
saline irrigation on SWCC of sandy soils and the applicability of SWCC models is still
unclear. This hinders our understanding towards the soil water-holding capacity and water
availability of shelter forests. In this study, we firstly assumed that artificial shelterbelts
and long-term saline irrigation have impacts on the water-holding capacity and water
availability of different soil layers. In addition, we assumed that the VG model, BC model,
and G model have different accuracies in fitting SWCC. Therefore, our study collected soils
from 0 to 30 cm layers under the shelterbelt (US), bare land in the shelterbelt (BL) and
shifting sandy land (CK) in the hinterland of the Taklimakan Desert, and their SWCCs were
determined by the centrifugal method. Combined with its bulk density, organic matter,
salinity and other properties, SWCC, pore distribution and soil moisture were analyzed,
and the VG model, BC model and G model were used and compared to fit the SWCCs. We
aim to reveal the impact of artificial shelterbelt construction on SWCC on shifting sandy
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soil in extreme arid deserts under saline drip irrigation, so as to provide a basis for desert
shelterbelt construction and sustainable management.

2. Materials and Methods
2.1. Study Area

The sampling area is located at the Taklamakan Desert Research Station of the Chi-
nese Academy of Sciences in the hinterland of Taklamakan Desert (39◦01′ N, 83◦36′ E,
1100 m.a.s.l.), Xinjiang, China (Figure 1). The study area belongs to a warm temperate
arid climate. The annual average temperature is 12.4 ◦C. December is the coldest month
with an average monthly temperature of −8.1 ◦C and July is the hottest month with an
average monthly temperature of 28.2 ◦C. Annual precipitation is 24.6 mm, average relative
humidity is 29.4% and annual potential evaporation is up to 3638.6 mm. Annual average
wind speed is 2.5 m·s−1, and the maximum instantaneous wind speed is up to 20 m·s−1.
The soil type is Xeric Quartzipsamments [48] (Soil Survey Staff 2014), derived from shifting
eolian sand, and the basic properties are shown in Table 1.

Figure 1. Location of the study area.

Table 1. Basic physiochemical properties of the collected soil samples.

Soil
Depth
(cm)

Location
Bulk

Density
(g/cm3)

EC
(µS/cm) pH

Organic
Carbon
(g/kg)

Soil Mechanical Composition (%)
Soil

TextureSand
(0.05–2 mm)

Silt
(0.002–0.05 mm)

Clay
(0–0.002 mm)

0–5
CK 1.55 a 451 c 9.39 a 0.208 c 89.05 2.83 8.12 Sandy
BL 1.43 b 19,215 a 8.73 a 1.765 b 82.38 9.01 8.61 Loamy sand
US 1.25 c 10,175 b 9.15 a 3.222 a 65.33 25.46 9.21 Sandy loam

5–10
CK 1.49 b 762 c 8.69 a 0.379 a 89.34 2.73 7.93 Sandy
BL 1.53 a 4340 b 8.8 a 1.15 a 86.92 4.81 8.27 Loamy sand
US 1.44 c 6680 a 8.95 a 1.715 a 87.94 4.36 7.7 Loamy sand

10–20
CK 1.47c 2455 a 8.62 b 0.788 a 90.17 1.84 7.99 Sandy
BL 1.51a 854.5 c 8.71 b 1.058 a 86.09 4.63 9.28 Loamy sand
US 1.5b 1157 b 9.6 a 1.182 a 88.48 3.34 8.18 Loamy sand

20–30
CK 1.47 b 3240 a 8.82 c 0.83 ab 87.97 4.87 7.16 Sandy
BL 1.6 a 265 c 9.52 b 0.412 b 87.49 2.7 9.81 Loamy sand
US 1.44 c 951.5 b 10.11 a 0.912 a 88.09 1.31 10.6 Loamy sand

Note: CK: shifting sandy land; BL: bare land without vegetation cover in the shelterbelt; US: under the shelterbelt.
Different lowercase letters represent the significant differences between different treatments (p < 0.05). (Soil texture
was classified according to USDA standards based on actual measured soil mechanical composition).
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2.2. Sample Collection and Determination

In August 2020, undisturbed soil samples were collected with a cutting ring of 100 cm3

from the soil layers of 0–5 cm, 5–10 cm, 10–20 cm and 20–30 cm under US, BL and CK,
and all samples had three replicates (the pictures of the sampling points are shown in
Figure 2). The ring knife (with soil) samples were soaked in deionized water for 24 h
until saturation, weighed, and then the SWCCs were determined using a high-speed
centrifuge (CR 22G III model, Hitachi, Japan). Suction values were determined in lab
using a centrifuge with different speeds and time settings. The selected suction values
were 10.2 cm (310 r/min, 10 min), 30.6 cm (540 r/min, 12 min), 51 cm (690 r/min, 17 min),
71.4 cm (820 r/min, 21 min), 102 cm (980 r/min, 26 min), 204 cm (1200 r/min, 28 min),
612 cm (2190 r/min, 49 min), 1020 cm (3100 r/min, 57 min), 4080 cm (6200 r/min, 77 min)
and 8160 cm (8770 r/min, 87 min), respectively. The weight of the ring knife sample was
weighed after the completion of centrifugation at each suction value. After centrifugation,
the ring knife was dried in an oven (105 ◦C) and then weighed, and the water content at
the corresponding suction value was obtained from the difference in weights. The moisture
under different suction values was plotted according to the SWCC. Meanwhile, soil samples
of corresponding layers were also collected with a soil drill and brought to the laboratory
and air dried. Part of the samples was passed through a 2 mm sieve to determine soil
pH, EC (with an EC500 pH/Conductivity Meter (ExStik, Boston, MA, USA)), and soil
mechanical composition was determined using the hydrometer method and soil texture
was classified according to USDA standards. Soil particles were divided into sand particles
of 2–0.05 mm, silt particles of 0.05–0.002 mm and clay particles of ≤0.002 mm, and the
left soils were used to measure soil organic matter content with potassium dichromate
external heating method after passing through a 0.25 mm sieve. The physical and chemical
properties of the soil samples are shown in Table 1.

Figure 2. Photos of sampling points.

2.3. Calculations of Soil Equivalent Pore Sizes and Moisture Constants

The equivalent pores are divided into six levels based on their diameters, including
narrow micropores (≤0.3 µm), micropores (0.3–5 µm), fine pores (5–30 µm), medium pores
(30–75 µm), macropores (75–100 µm) and interstices (≥100 µm) [47,49].

Based on the measured and fitted SWCC parameters, saturated water θs, field capacity
θf, wilting coefficient θr, available water content θa and readily available water content θra
were obtained. While θs is the soil water content when water suction is zero, θf is the soil
water content of when pF = 1.8 (pF is expressed as the logarithm of the centimeter height of
the water column of the soil water potential), and θr is the soil water content when pF = 4.2,
pF = 3.8 represents temporary wilting coefficient. The water content in the range of pF
1.8–4.2 is θa, and the water content in the range of pF 1.8–3.8 is θra [50].
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2.4. SWCC Modeling

VG model, G model and BC model were used to describe the SWCC.
VG model:

θ(h) = θr +
θs − θr

(1 + |αh|n)m (1)

where θ(h) is the volume water content, cm3 cm−3; θs is the saturated water content,
cm3 cm−3; θr is the residual water content, cm3 cm−3; h is the matric suction, cm; α is a
scale parameter that is related to the inverse of the air entry suction, cm−1; m, n are the
fitting parameters; m = 1 − 1/n (n > 1).

G model:
θ = αh

−b
(2)

where θ is the volume water content, cm3 cm−3; h is the matric suction, cm; a and b are
fitting parameters.

BC model:

Se =
θ − θr

θs − θr
=

{
(αh)−λ αh > 1
1 αh ≤ 1

(3)

where Se is the effective saturation; λ is the curve shape parameter; the physical meanings
of other parameters are the same as above.

2.5. SWCC Model Fitting Accuray Assesments

The coefficient of determination (R2), root mean square error (RSME) and relative error
(RE) were used to quantitatively evaluate the fitting effect of the models. Grey correlation
analysis allows ranking the importance between different influencing factors [51,52]. The
soil physiochemical properties and model parameters were quantitatively analyzed by grey
correlational method, and the correlational degree was sorted. The calculation formulas
are as follows:

R2 =

N
∑

i=1
(θi − θi)

2

N
∑

i=1
(βi − θi)

2
(4)

RMSE =

√
∑N

i=1 (θi − βi)
2

N
(5)

RE =
|θi − βi|

θi
× 100 (6)

γ0i =
1
n

n

∑
k=1

m + ρM
∆i(k) + ρM

(7)

In Equations (4)–(6), N is the total number of samples of matric suction; θi represents
the measured value of soil moisture corresponding to the ith pressure value; θi represents
the average value of measured soil moisture; βi is the fitted value of soil moisture corre-
sponding to the ith pressure value. In Equation (7), γ0i is the correlation degree, ∆i(k) is the
difference sequence, M is the maximum difference sequence, m is the minimum difference
sequence, and ρ is the resolution coefficient, which is generally 0.5 in the models [51,52].

RETC software was used to solve and fit the parameters, Excel2010 and Origin2018
were used for data processing and mapping and SPSS18.0 was used for one-way ANOVA
and multiple comparisons (a = 0.05, LSD).

3. Results
3.1. Effects of Artificial Shelterbelt Construction on Soil Physiochemical Properties

Soil physiochemical properties were improved after artificial shelterbelt construction.
From Table 1, according to USDA system, it is clearly stated that all soil layers of CK are
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sandy soil, all soil layers of BL treatment are loamy sandy soil, 0–5 cm soil of US treatment
was sandy loam soil and 5–30 cm soil was loamy sandy soil. There were significant
differences in bulk density and EC among CK, BL and US in the same soil layer (p < 0.05).
Except for CK, the soil bulk density under BL and US treatments increased with the
increasing soil depth, and the soil bulk density of 0–5 cm under BL and US treatments was
significantly lower than CK; the bulk density of the 5–30 cm soil layer was the highest in
BL, except for 10–20 cm; the bulk density of US treatment was lower than that of CK and
BL. The bulk density of the 0–5 cm soil layer in US treatment was the smallest (1.25 g/cm3),
and the highest bulk density at all was 1.6 g/cm3. With the increase in soil depth, the EC of
CK gradually increased, while EC of BL and US treatments decreased with the increasing
depth. The difference in EC between BL, US and CK in the 0–5 cm soil layer was the largest,
which was 18,764 µS/cm and 9724 µS/cm, respectively. The EC of CK at 10–30 cm was
higher than that of BL and US.

3.2. Screening of Soil Water Characteristic Curve Models

As listed in Table 2, R2 of the fitting values of VG, BC, and G models was ranged
between 0.884 and 0.998, which showed the correlations of three models with the measured
data were high. As shown in Figure 3, the fitted results of the G model were all higher than
the measured points, and the fitted values of the VG model and BC model for BL in the
5–20 cm soil layer were smaller than the measured values.

Figure 3. Fitting curves of soil water characteristics of VG model, BC model and G model. (a–l) is
the serial number of the figure, (a–d) is the model fitting result of CK processing 0–5 cm, 5–10 cm,
10–20 cm, 20–30 cm soil layer; (e–h) is BL processing 0–5 cm, 5–10 cm, 10–20 cm and the model
fitting results of the 20–30 cm soil layer; (i–l) is the model fitting result of the US treatment of 0–5 cm,
5–10 cm, 10–20 cm and 20–30 cm soil layers.
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The fitting effect of the VG model and BC model for different soil layers of various
treatments were always better than that of the G model. The fitting effect of the VG model
and BC model was similar for the 10–30 cm soil layers of each treatment. The fitting effect
of the BC model for the 0–10 cm soil layer of CK was better than the VG model, while
the results of BL were opposite. For US, the BC model had a good fitting effect for the
0–5 cm soil layer, but the fitting effect was contradictory for the 5–10 cm soil layer. For all
treatments, the fitting errors of three models increased with the increasing water potential
and tended to be stable (Figure 4). The relative errors of the VG model and BC model for
different treatments and soil layers were always lower as compared with relative error of
the G model.

Figure 4. Relative errors of SWCC models under CK, BL and US treatments. (The smaller the circle,
the smaller the relative error).

Table 2. R2 and RMSE of different fitting models.

Location
Soil Depth

(cm)

VG Model BC Model G Model

R2 RMSE (%) R2 RMSE (%) R2 RMSE (%)

CK

0–5 0.994 0.0102 0.997 0.0079 0.919 0.0682
5–10 0.996 0.0082 0.998 0.0071 0.906 0.0862
10–20 0.998 0.0150 0.996 0.0090 0.917 0.0710
20–30 0.998 0.0631 0.998 0.0059 0.908 0.0636

BL

0–5 0.987 0.0165 0.977 0.0259 0.944 0.0395
5–10 0.997 0.0067 0.992 0.0117 0.884 0.0787
10–20 0.997 0.0078 0.998 0.0054 0.935 0.0704
20–30 0.995 0.0100 0.997 0.0082 0.948 0.0431

US

0–5 0.996 0.0086 0.998 0.0050 0.934 0.0765
5–10 0.993 0.0089 0.984 0.0147 0.934 0.1133
10–20 0.997 0.0073 0.995 0.0095 0.913 0.0822
20–30 0.997 0.0060 0.998 0.0048 0.908 0.1576

mean 0.9955 0.0140 0.9941 0.0096 0.9206 0.0792

In addition, R2 and RMSE of the VG and BC models showed that the simulating results
of CK were better than those of BL and US (Table 2). The results indicated that the increase
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in salinity and organic matter content may affect the fitness of each model. Table 3 lists
the parameters of the three models in SWCC modeling. From grey correlation calculation
(Table 4), it could be concluded that VG model parameters a and n have a higher degree of
correlation with the soil physiochemical parameters (BC and G models were not included,
because the VG model had the best fitting effect). The grey relational degrees between
pH, EC, organic matter, bulk density, sand content, silt content, clay content and model
parameters (a and n) were all larger than 0.6, and the order of correlation showed as: bulk
density > sand content > pH > clay content > organic matter > silt content > EC.

Table 3. Parameters in the modeling of soil water characteristic curves.

Location
Soil

Depth
(cm)

VG Model BC Model G Model

θr (%) θs (%) a (cm−1) n θr (%) θs (%) a (cm−1) λ a b a × b

CK

0–5 0.048 0.411 0.032 2.841 0.044 0.405 0.044 0.728 0.375 0.728 0.273

5–10 0.044 0.409 0.036 2.805 0.041 0.402 0.047 0.663 0.373 0.663 0.247

10–20 0.041 0.409 0.033 2.428 0.036 0.400 0.053 0.708 0.379 0.708 0.268

20–30 0.042 0.409 0.033 2.690 0.039 0.403 0.046 0.733 0.383 0.733 0.281

BL

0–5 0.063 0.430 0.022 2.670 0.043 0.421 0.040 0.990 0.366 0.990 0.362

5–10 0.047 0.355 0.022 3.291 0.040 0.355 0.037 0.710 0.363 0.710 0.258

10–20 0.041 0.423 0.044 2.302 0.036 0.409 0.062 0.711 0.379 0.711 0.269

20–30 0.047 0.467 0.044 2.257 0.040 0.452 0.062 0.826 0.381 0.826 0.315

US

0–5 0.080 0.461 0.031 2.160 0.073 0.451 0.045 0.774 0.290 0.774 0.224

5–10 0.038 0.347 0.040 2.074 0.016 0.343 0.101 0.616 0.352 0.616 0.217

10–20 0.051 0.411 0.034 2.295 0.046 0.403 0.049 0.711 0.339 0.711 0.241

20–30 0.045 0.333 0.035 2.552 0.043 0.326 0.047 0.521 0.328 0.521 0.171

Note: θs: saturated water content; θr: wilting coefficient; α is a scale parameter that is related to the inverse of the
air entry suction; n is the fitting parameter; λ is the curve shape parameter; a and b are fitting parameters; a × b is
the specific water capacity when the soil water suction is 1 Bar.

Table 4. Correlation degree analysis between VG model parameters and soil basic physiochemical
parameters.

Correlation
Degree pH EC

(µS/cm)

Organic
Carbon
(g/kg)

Bulk
Density
(g/cm3)

Sand
(0.05–2 mm)

Slit
(0.002–0.05 mm)

Clay
(0–0.002 mm)

a 0.925 0.684 0.783 0.930 0.926 0.744 0.917
n 0.939 0.694 0.794 0.952 0.948 0.781 0.922

3.3. Effects of Artificial Shelterbelt Construction on Soil Water Retention Performance

Soil porosity was significantly changed after artificial shelterbelt construction. As
listed in Figure 5, few micropores were found under all treatments. Compared with CK,
the contents of interstices and macropores in the 0–10 cm soil layer under BL and US were
much lower, and the contents of fine pores and micropores were higher. The medium
pores of the BL increased the most, with 0–5 cm increased by 3.74% and 5–10 cm increased
by 4.94%. Fine pores of US increased the most: 0–5 cm increased by 4.54% and 5–10 cm
increased by 2.32%.
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Figure 5. Distribution of soil equivalent pores in different soil layers under different treatments.
(a–d) for 0–5 cm, 5–10 cm, 10–20 cm and 20–30 cm soil layer, respectively. CK: shifting sandy land;
BL: bare land without vegetation cover in the shelterbelt; US: under the shelterbelt.

Soil water parameters of each treatment are shown in Table 5. In the 0–5 cm soil layer,
θs, θf, θr, θa and θra under BL and US were higher than those under CK. Compared with
CK, θs of BL and US increased by 4.42% and 12.67%, θf increased by 68.9% and 70.41%, θr
increased by 32.84% and 69.47%, θa increased by 87.84% and 70.97% and θra increased by
87.73% and 70.43%, respectively. In the 5–10 cm soil layer, θs of CK was the largest, but θf,
θr, θa and θra of US and BL were higher than those of CK. In the 10–20 cm soil layer, higher
θf, θr, θa and θra were observed under US than in BL and CK. In the 20–30 cm soil layer,
higher θs, θf, θr, θa and θra were observed under BL than in US and CK. Meanwhile, the
contents of available water in each treatment were almost equal to that of readily available
water content.

Table 5. Soil water parameters calculated from the VG models.

Depth Location θs (%) θf (%) θr (%) θa (%) θra (%)

0–5
CK 40.92 13.89 4.75 9.13 9.13
BL 42.73 23.46 6.31 17.15 17.14
US 46.11 23.67 8.05 15.61 15.56

5–10
CK 40.67 12.21 4.40 7.80 7.80
BL 35.80 16.46 4.74 11.72 11.72
US 34.32 14.39 3.82 10.56 10.51

10–20
CK 40.36 15.90 4.06 11.84 11.83
BL 41.41 13.65 4.13 9.53 9.51
US 41.20 17.51 5.14 12.38 12.35

20–30
CK 40.57 14.07 4.24 9.83 9.83
BL 45.67 15.84 4.70 11.14 11.12
US 39.59 12.38 4.54 8.59 8.52

Note: θs: saturated water content; θf: field capacity; θr: wilting coefficient; θa: available water content; θra: readily
available water content. (BC and G model were not included because the VG model had the best fitting effect).

As shown in Figure 6, the shapes of SWCC of each soil layer were similar, but the
variations in soil moisture under per unit suction were clearly different. Under 0–10 cm and
1000–10,000 cm suctions, soil water was lost slowly with the increase in suction. However,
under the suction of 10–1000 cm, the curve trended to be steep, and the soil water decreased
rapidly with the increase in suction. Figure 6 clearly showed the differences in the course
of the water retention curves of the three sampled areas. Soil water-holding capacity of
0–5 cm soil layer was highest under US, followed by BL and CK (Figure 6a). The difference
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in water-holding capacity among treatments in the remaining soil layers gradually became
smaller. At the suction value corresponding to the field water-holding capacity (pF = 1.8, i.e.,
63 cm water column), the moisture of the 5–10 cm soil layer was as follows: BL ≥ US≥ CK;
10–20 cm soil layer was as follows: US ≥ CK ≥ BL; and 20–30 cm soil layer was as follows:
BL ≥ CK ≥ US. When reaching the suction value corresponding to the temporary wilting
coefficient (pF = 3.8, i.e., 6309 cm water column), the water content of the 5–10 cm soil layer
behaved as follows: BL ≥ CK ≥ US; the water content of the 10–20 cm soil layer behaved
as follows: US ≥ BL ≥ CK; and the water content of the 20–30 cm soil layer behaved as
follows: BL ≥ CK ≥ US.

Figure 6. Water characteristic curves of each soil layer under different treatments. The fitted values are
based on VG model; (a) 0–5 cm soil layer; (b) 5–10 cm soil layer; (c) 10–20 cm soil layer; (d) 20–30 cm
soil layer.

4. Discussion
4.1. Artificial Shelterbelt Construction Greatly Changed the Soil Physiochemical Properties

SWCC is affected by various soil properties such as texture, bulk density, porosity,
organic matter and salinity [42,53–55]. In our study, compared with shifting sandy land, the
soil properties of BL and US changed obviously (Table 1), which caused the transformation
of SWCC (Figure 6). Soil physiochemical properties of the 0–5 cm soil layer were changed
most significantly. Shelterbelt construction under saline irrigation significantly decreased
the soil bulk density, increased EC and organic matter content, and the soil texture changed
from sandy soil to loamy sand and sandy loam (Table 1). After shelterbelt construction, the
soil bulk density of 0–5 cm decreased significantly as compared with CK, which is primarily
due to the continuous input of plant litters in the surface soil that lead to loosening the soil
particles [56,57]. The bulk density of BL was the highest in the 5–30 cm soil layer, indicating
that long-term saline irrigation would increase the soil bulk density [58,59]. The change
in soil texture was mainly reflected by the increase in silt and clay particles. The main
reason is that the shelterbelts reduced the wind speed, which promotes the precipitation of
sand and the accumulation of dust fall [60,61]. The second reason is the accumulation of
litter and the role of microorganisms. The volume and average radius of soil macropores
increased with the increase in volumetric rock fragment content [62,63]. This directly led
to the reduction in large pores and increase in small pores under BL and US (Figure 5a),
which improved soil water-holding capacity and changed the SWCC. In addition to the
influence of rock fragments, soil macropores are also controlled by biological factors [64].
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Therefore, when the content of rock fragments is similar, the distribution of soil macropores
will also be different (Figure 5b–d).

Under long-term saline irrigation, the salts were added into the soil and resulted in
surface accumulation due to strong evaporation rate [13,65]. Therefore, the soil ECs of BL
and US in the 0–10 cm soil layer were significantly higher than shifting sandy land, and
the EC of BL and US decreased with the increasing soil depth. Vegetation cover resulted
in less evaporation under US than BL, and more intense surface salt accumulation under
BL. Therefore, soil EC of BL was higher than US in the 0–5 cm soil layer, and EC of BL
was lower than US in the 0–10 cm soil layer. Wind erosion has an important impact on the
cycle of soil organic carbon. The fine particles in the sand and dust adsorb soil organic
carbon. Under the action of wind erosion, soil organic carbon is redistributed along with
the movement of sand and dust [65,66]. Therefore, the increase in soil organic matter was
mainly due to the accumulation of litters, and atmospheric dustfall also played a certain
role in promoting it [67].

4.2. Artificial Shelterbelt Construction Increased the Soil Water-Holding Capacity

Soil water moves in pores and its transfer rate is directly determined by the size and
distribution of pores. Soil bulk density is negatively correlated with soil porosity. Changes
in soil primary particles such as sand, silt and clay also affect the distribution of pores.
Organic matter and salinity have a direct impact on soil structure and adsorption. These
soil physical properties may directly or indirectly affect soil water conductivity. Therefore,
SWCC is affected by bulk density, texture, organic matter, porosity, aggregate stability,
salinity and other properties [19,30–33,40–42].

Compared with CK for the 0–5 cm soil layer, vegetation coverage resulted in the
decline in bulk density and increase in the salinity, organic matter and silt content under BL
and US. On the one hand, salt contents in soil will occupy the pore space, and it will cause
some soil particles to flocculate together, increase soil pores and enhance soil water-holding
capacity [68]. Plant litters will reduce soil bulk density and increase soil organic matter
content, soil saturated water content and water conductivity [69,70]. Therefore, the water
contents of BL and US were higher than those of CK under the same suction, and with the
increase in suction, the water contents of BL and US decreased, which means the SWCC
integrally moved upwards and the trend slowed down. The contents of soil interstices and
macropores in the 5–10 cm of CK were more than that in BL and US (Figure 5b). SWCC
reflects the dehumidification process of soils, during which water is stored in pores and
water retained in macropores is preferentially expelled as suction increases. Therefore,
the change in water content per unit suction of CK was higher than that of BL and US.
Therefore, the curve was the maximum under 0–10 cm suction, and then decreased rapidly
to the minimum. The soil physiochemical properties of each treatment in the 10–20 cm soil
layer had little difference, and their water-holding capacities were similar. For the 20–30 cm
soil layer, the bulk density of BL was significantly higher than that of CK and US, and
the water-holding curve was at its peak. Our results are consistent with Lipiec et al. [54].
Comparing the soil water changes over the entire suction range, the water-holding capacity
of the surface 0–5 cm soil increased the most significantly, and the water-holding capacity
of BL and US increased over the entire suction range compared to CK. The increase in
water retention capacity of shelterbelt soils under long-term saline water irrigation is
mainly due to the following reasons. Soil texture controls the physical, hydrological and
chemical properties of the soil and has a strong influence on water flow paths, residence
times and the magnitude and location of salt accumulation. Soil texture governs the water
and solute transport. Under irrigation conditions, finer soils limit water infiltration, and
coarse-grained soils retain significantly less water than fine-grained soils [71,72]. The
accumulation of soil salts is dominated by sodium salts originated from the irrigation water.
Excessive concentration of sodium ions in the soil solution will disperse and swell the
soil structure, leading to the reduction and blockage of connected pores, thus reducing
the permeability and hydraulic conductivity of the soil [73,74]. The salinity of pore water
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also affects the development of the diffusion double layer (DDL) around soil particles,
which controls the microstructural changes in soil particles during hydration. As the salt
content in irrigation water increases, the interlayer space between DDLs expands and soil
aggregates are disrupted by swelling and clay dispersion [41,75]. The more significant
salinity damages the soil structure and the salt stress results in higher absorption of soil
water [76].

4.3. Screening of SWCC Models for Artificial Shelterbelt

The fitting R2 results of VG model and BC model were significantly higher than those
of the G model, and the RE was generally lower than that of G model. Therefore, the fitting
results of the VG and BC models were better for SWCC, while the BC model had better
fitting effect for CK. However, the fitting effects of the VG model were better than the BC
model for bare BL and US, especially for the surface soil. This is because the VG model
considers more influencing factors when predicting. Therefore, it has a higher accuracy
on soils with more complex physiochemical properties. The soil salt content and organic
matter content of BL and US were maximum, so the fitting effect of the VG model is better
than the BC model. Therefore, comparing the fitting results of the three models, the results
concluded that the VG model is the best choice in this regard.

When using RETC software to predict the parameters of the VG model, only the
influence of bulk density and texture can be considered. In our study, it can be found that
the increase in organic matter and salinity reduce the fitting accuracy of the VG model, and
through grey correlation analysis, we found that the soil bulk density, sand content, pH,
clay content, organic matter, silt content, EC and other physiochemical indicators of the
study area had a larger correlation degree with the parameters a and n of the VG model
(Table 4). Meanwhile, the basic parameters such as organic matter, pH and EC were used
as input variables to predict the parameters of the VG model, and our results found that
the fitting effect of the VG model could be improved [77,78]. Therefore, pH, EC, organic
matter and other indicators should also be used as input variables for calculation when
predicting the parameters of the VG model.

5. Conclusions

The construction of an artificial shelterbelt with long-term saline water irrigation
increased the water retention capacity and the content of fine pores in the soils, and
reduced the content of macropores. Artificial shelterbelt construction had the greatest
impact on the surface soil, and the impact gradually decreased with the increasing soil
depth. Compared with the shifting sandy land (CK) in the 0–5 cm soil layer, the saturated
water content θs of the soil under BL and US increased by 4.42% and 12.67%, the field
capacity θf increased by 68.9% and 70.41%, and the available water content θa increased by
87.84% and 70.97%. In the 5–10 cm soil layer, the θf, θr, θa and θra of US and BL were higher
than those of CK. In the 10–20 cm soil layer, the soil of US had the best water-holding
performance. In the 20–30 cm soil layer, the soil water-holding performance of BL was the
best. The available water content of each treatment was in the form of readily available
water content. Comparing the coefficient of determination (R2), root mean square error
(RSME) and relative error (RE) of the three models, it was found that the G model always
overestimated the soil water content and had a lower prediction accuracy, while the BC
and VG models had higher prediction accuracies. Although both BC and VG models are
suitable for fitting SWCC of the shelterbelt, the VG model is more effective. The parameters
a and n of the VG model had a higher degree of correlation with the soil EC and organic
matter. In summary, the increase in organic matter and salinity reduced the fitting accuracy
of the model. When predicting the parameters of the VG model and establishing the soil
transfer function, soil EC, organic matter and other indicators should be calculated as
input variables.
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Abstract: Soil moisture is a vital factor affecting the hydrological cycle and the evolution of soil
and geomorphology, determining the formation and development of the vegetation ecosystem. The
previous studies mainly focused on the effects of different land use patterns and vegetation types on
soil hydrological changes worldwide. However, the spatial heterogeneity and driving factors of soil
gravimetric water content in alpine regions are seldom studied. On the basis of soil sample collection,
combined with geostatistical analysis and the geographical detector method, this study examines
the spatial heterogeneity and driving factors of soil gravimetric water content in the typical alpine
valley desert of the Qinghai–Tibet Plateau. Results show that the average value of soil gravimetric
water content at different depths ranges from 3.68% to 7.84%. The optimal theoretical models of
soil gravimetric water content in 0–50 cm layers of the dune are different. The nugget coefficient
shows that the soil gravimetric water content in the dune has a strong spatial correlation at different
depths, and the range of the optimal theoretical model of semi-variance function is 31.23–63.38 m,
which is much larger than the 15 m spacing used for sampling. The ranking of the influence of
each evaluation factor on the alpine dune is elevation > slope > location > vegetation > aspect. The
interaction detection of factors indicates that an interaction exists among evaluation factors, and no
factors are independent of one another. In each soil layer of 0–50 cm, the interaction among evaluation
factors has a two-factor enhancement and a nonlinear enhancement effect on soil gravimetric water
content. This study contributes to the understanding of spatial heterogeneity and driving factors of
soil moisture in alpine deserts, and guidance of artificial vegetation restoration and soil structure
analysis of different desert types in alpine cold desert regions.

Keywords: geographical detector; alpine dunes; spatial heterogeneity; soil moisture; Qinghai—
Tibet Plateau

1. Introduction

Soil moisture is a vital factor affecting the hydrological cycle and the evolution of
soil and geomorphology, determining the formation and development of the vegetation
ecosystem, especially in alpine deserts [1]. The soil moisture distribution directly controls
the carrying capacity of vegetation and the restoration and reconstruction of degraded
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ecosystems. However, the soil moisture distribution has high variability both spatially and
temporally [2]. The spatial heterogeneity limits the understanding of the spatial pattern of
soil moisture in water resource management and ecosystem restoration [3–6]. Therefore,
examining the spatial heterogeneity of soil moisture and its response to environmental
factors is important in ensuring the sustainability of alpine ecosystems.

In recent decades, research on soil moisture has permeated various ecological and
environmental fields throughout the world, especially in the arid and semiarid areas.
It was reported that the change of soil moisture in sandy soils is affected not only by
topography and vegetation but also by the spatiotemporal variation of precipitation with a
strong dependency. Meanwhile, the previous studies have mainly focused on the effects of
different land use patterns, vegetation types, spatiotemporal factors, and soil properties on
soil hydrological changes in sandy soils [7–13].

In addition, the influencing factors of the spatial heterogeneity of soil water in arid
sandy soils have also been examined [14–16]. For example, ref [17] measured the soil
gravimetric water content and analyzed the observation data in the Yarlung Zangbu River.
Ref [18] identified the spatial patterns and temporal stability of topsoil gravimetric water
content in a Mediterranean fallow cereal field. Ref. [19] analyzed the spatial distribution
characteristics of soil gravimetric water content in the southern part of Iran. With respect
to the spatial heterogeneity of soil water, a distributed parameter model has been proposed
to link soil gravimetric water content as the system input to describe the spatiotemporal
variability of soil gravimetric water content in arid regions [20]. Nevertheless, the spatial
heterogeneity and driving factors of soil gravimetric water content in alpine cold deserts is
seldom studied.

The geographical detector is an effective approach to detecting spatial differences and
revealing the driving factors [21]. Many scholars have studied the spatial heterogeneity
of soil gravimetric water content and its influencing factors through correlational analy-
sis, stepwise linear regression, and principal component analysis [1]. However, few of
them have used the superiority of the geographical detector method to explore spatial
heterogeneity and driving factors.

The objective of this study is to elucidate the spatial heterogeneity of soil gravimetric
water content and its driving factors in the alpine valley desert of the Qinghai–Tibet Plateau.
Geostatistical analysis is conducted to detect the spatial heterogeneity of soil moisture. The
Kriging method is used to draw the contour distribution map of soil moisture at different
depths. The influences of different factors on the soil moisture changes in alpine dunes
are quantified using the geographical detector method. The results of this study clarify
the main influencing factors of soil moisture, the understanding of spatial heterogeneity,
and the guidance of artificial vegetation restoration and soil structure analysis of different
desert types in alpine cold desert regions.

2. Materials and Methods
2.1. Study Area and Data Sources

The study area is located in the northern part of the Himalaya mountains, the upper
reaches of the Yiruzangpo River Basin, and Kamba County of Tibet, China. It covers a lati-
tude of 28◦21′25.51′′ N to 28◦24′8.66′′ N and a longitude of 88◦25′9.63′′ E to 88◦28′12.55′′ E
(Figure 1). The elevation is between 4418 and 4692 m. The area is a representative alpine
desert steppe and sandy desertification land, belonging to the semiarid climate of the
plateau sub-cold monsoon [22]. It is characterized by extreme coldness, with an annual
mean temperature of 0.4 ◦C and an accumulated precipitation of 434.3 mm (Figure 1).
The soil is classified as fluvisols, gleysols, and arenosols by the universal soil classifica-
tion system [23]. The soil bulk density is approximately 1.53 g/cm3. Minimal shrubs are
distributed in the wide valley of the study area.
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Figure 1. Overview of the study area. (a) location and distribution of soil sampling points, (b) an-
nual mean temperature and annual precipitation, (c) soil bulk density in the study area. 
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the dune is approximately 500 m from north to south and 117 m from east to west. The 
height is approximately 13.5 m. The west of the dune is a wide valley, and the east adjoins 
the mountain. The soil samples were collected on 23 September 2020, covering the bottom 
of the dune to the leeward slope. The sample plot size is 100 × 100 m. A grid spacing of 
approximately 15 × 15 m was used to lay 60 sampling points. The locations of the sampling 
points were recorded by GPS (Figure 2). The sampling depths are 0–10, 10–20, 20–30, 30–
40, and 40–50 cm. The soil samples of each layer were evenly taken from top to bottom. 
Three time-repetition samples were placed into three aluminum boxes, which were im-
mediately sealed and brought back to the laboratory for soil gravimetric water content. In 
addition, the soil gravimetric water content of 0–50 cm layer, which is the average in 0–
10, 10–20, 20–30, 30–40, and 40–50 cm layers, is used to compare the changes of the overall 
soil gravimetric water content with other different soil layers. 

Since the spatial heterogeneity of soil gravimetric water content in alpine deserts is 
reflected through the soil gravimetric water content change of a 0–50 cm soil layer in a 100 
× 100 m quadrat in the sand dune, the soil gravimetric water content mainly changes in 
different locations of the sand dune. The location, elevation, slope, aspect, and vegetation 
coverage are the main factors controlling the soil water pattern [24]. Therefore, this study 
selected the location of dunes, elevation, slope, aspect, and vegetation coverage as explan-
atory variables to examine the driving factors of soil gravimetric moisture content. In the 
predictor variables, the location of dunes, elevation, and aspect are measured using real-
time kinematic (RTK), while the slope is determined by the gradienter measurement tool. 
The vegetation coverage is measured by normalized difference index (NDI), which is de-
fined as the proportion of the vertical projection of vegetation to the total area. The vege-
tation coverage value of each sampling point is the average of the three repeated quadrats 
from digital photographs [25,26]. 

Figure 1. Overview of the study area. (a) location and distribution of soil sampling points, (b) annual
mean temperature and annual precipitation, (c) soil bulk density in the study area.

A representative sand dune which runs from north to south was chosen as the study
location to examine the spatial change of soil moisture of the alpine desert. The length
of the dune is approximately 500 m from north to south and 117 m from east to west.
The height is approximately 13.5 m. The west of the dune is a wide valley, and the east
adjoins the mountain. The soil samples were collected on 23 September 2020, covering
the bottom of the dune to the leeward slope. The sample plot size is 100 × 100 m. A grid
spacing of approximately 15 × 15 m was used to lay 60 sampling points. The locations
of the sampling points were recorded by GPS (Figure 2). The sampling depths are 0–10,
10–20, 20–30, 30–40, and 40–50 cm. The soil samples of each layer were evenly taken from
top to bottom. Three time-repetition samples were placed into three aluminum boxes,
which were immediately sealed and brought back to the laboratory for soil gravimetric
water content. In addition, the soil gravimetric water content of 0–50 cm layer, which is the
average in 0–10, 10–20, 20–30, 30–40, and 40–50 cm layers, is used to compare the changes
of the overall soil gravimetric water content with other different soil layers.

Since the spatial heterogeneity of soil gravimetric water content in alpine deserts
is reflected through the soil gravimetric water content change of a 0–50 cm soil layer
in a 100 × 100 m quadrat in the sand dune, the soil gravimetric water content mainly
changes in different locations of the sand dune. The location, elevation, slope, aspect, and
vegetation coverage are the main factors controlling the soil water pattern [24]. Therefore,
this study selected the location of dunes, elevation, slope, aspect, and vegetation coverage
as explanatory variables to examine the driving factors of soil gravimetric moisture content.
In the predictor variables, the location of dunes, elevation, and aspect are measured using
real-time kinematic (RTK), while the slope is determined by the gradienter measurement
tool. The vegetation coverage is measured by normalized difference index (NDI), which
is defined as the proportion of the vertical projection of vegetation to the total area. The
vegetation coverage value of each sampling point is the average of the three repeated
quadrats from digital photographs [25,26].
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and lower part of the windward slope, F is the bottom part of the windward slope, and G is the 
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Figure 2. (a) Sketch of the planform of measuring positions on a sand dune (a = 100 m) and
(b) sampling location of the dune: A is the middle part of the leeward slope, B is the top, C is the
middle and upper part of the windward slope, D is the middle part of the windward slope, E is the
middle and lower part of the windward slope, F is the bottom part of the windward slope, and G is
the interdune land.

2.2. Methods
2.2.1. Semi-Variogram Model and Kriging Method

The semi-variogram is a function of the semi-variation value of a data point and
the distance among data points. In this study, the semi-variogram was used to illustrate
the graphical spatial correlation representation of soil gravimetric water content. The
expression is written as [27–29]:

γ(h) =
1

2N(h)

N(h)

∑
i=1

[Z(xi)−Z(xi + h)]2 (1)

where γ(h) is the semi-distributed function, Z(xi) and Z(xi + h) are the measured values
of sampling points (xi) and (xi + h) respectively, h is the interval distance between the
sampling points, and N(h) is the number of interval distances of all observation points in
the study area.

To describe the variation characteristics of soil gravimetric water content, three theoret-
ical models of the variogram were established to select the theoretical and optimal curves:

(a) Spherical model [29,30]:

γ(h) =





C0 + C (h > a)
C0 + C ·

[
3
2

h
a − 1

2 (
h
a )

3]
(0 < h ≤ a)

0 (h = 0)

(2)

(b) Exponential model [29,30]:

γ(h) =
{

C0 + C · (1− e−h/a) (h > 0)
0 (h = 0)

(3)

(c) Gaussian model [29,30]:
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γ(h) =

{
C0 + C · (1− e−h2/a2

) (h > 0)
0 (h = 0)

(4)

where C0 is the nugget value, C is the partial sill value, C0 +C is the sill value, a is the range
value, and C0/(C0 + C) is the nugget coefficient, which describes the strong, medium, and
weak heterogeneity, at <25%, 25–75%, and >75%, respectively.

To draw the contour distribution map of soil moisture at different depths, Kriging
interpolation was used to obtain spatial interpolation of the soil moisture in the study area.
The general formula can be given as [31]:

Ẑ(s0) =
N

∑
i=1

λiZ(si) (5)

where Z(s) is the measured value at the ith location, s is the prediction location, λ is
an unknown weight for the measured value at the ith location, and N is the number of
measured values. The interpolation results are illustrated by the contour map.

2.2.2. Geographical Detector Method

The geographical detector is a statistical approach to assessing the impact of different
environmental factors on a target variable. It is composed of four geographical detectors:
factor, ecological, risk, and interaction detectors [21]. In this study, the spatial heterogeneity
of soil moisture is impacted by many environmental factors. The geographical detector
method is used to explore the potential impact factors versus the spatial distribution of soil
moisture and to identify each explanatory variable’s relative importance [32]. In this study,
the elevation, slope, location, vegetation, and aspect were selected as explanatory variables
for considering being the main driving factors [2,33–35].

If an explanatory factor X drives the spatial distribution of soil moisture at 0–10, 10–20,
20–30, 30–40, 40–50, and 0–50 cm depth, the spatial distribution of soil moisture is similar
to that of X, which can present the pattern of soil moisture completely. The degree of spatial
association between X and stratified heterogeneity of soil moisture can be quantified using
the factor detector. The mathematical expression is shown by the q -statistic:

q = 1−

L
∑

h=1
Nhδ2

h

Nδ2 (6)

where δ2 is the population variance of soil moisture, δ2
h is the variance of stratum h, N is

the number of total samples with L strata, and Nh is the number of sample units in strata h.
The value of the q-statistic is within the range of 0–1. When the q value is 1, the factor X
can completely explain the distribution of soil moisture, and vice versa [21].

The interactive detector can detect the interactions of multiple factors with soil mois-
ture, namely, assess whether the mutual action of factors X1 and X2 could enhance or
weaken the explanatory power to soil moisture, which depends on the relationship be-
tween q(X1 ∩ X2) and q(X1) or q(X2) (Table 1). The ecological detector is applied to
compare whether the influences of two factors X1 and X2 have significant differences on
the spatial distribution of soil moisture with F-statistics.
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Table 1. Types of interaction between two factors [21,32,36].

Interaction Description

Weaken, nonlinear q(X1 ∩ X2) < Min (q(X1) , q(X2))
Weaken, univariate Min (q(X1) , q(X2)) < q(X1 ∩ X2)< Max (q(X1) , q(X2))

Enhance, bivariate q(X1 ∩ X2) > Max (q(X1) , q(X2))
Independent q(X1 ∩ X2) = q(X1)+q(X2)

Enhance, nonlinear q(X1 ∩ X2) > q(X1)+q(X2)

3. Results
3.1. Statistical Characteristics of Soil Moisture in the Alpine Valley Desert

The statistical characteristics of soil gravimetric water content in alpine valley dunes
are shown in Table 2. In accordance with the extreme and average values of soil moisture
content, the soil gravimetric water content of the sampling points first increases and then
decreases with the increase in soil depth. On the contrary, the coefficient of variation of soil
gravimetric water content in the sampling points first decreases and then increases with
the increase in soil depth. The variation coefficients of soil gravimetric water content in
different soil layers are between 130% and 169%, showing strong variability.

Table 2. Descriptive statistics of soil moisture at different layers.

Depth
/cm

Minimum
/%

Maximum
/%

Mean
/%

Standard
Deviation

Variation
/% Kurtosis Skewness

K-S Test

Z Value * p Value * Z Value # p Value #

0–10 0.07 20.93 3.68 6.23 169 2.53 2.02 0.34 0 0.82 0.54
10–20 0.27 38.33 7.06 10.71 152 2.93 2.11 0.35 0 0.83 0.40
20–30 0.51 33.03 7.84 10.28 131 0.77 1.55 0.35 0 0.80 0.24
30–40 0.59 28.85 6.63 8.60 130 0.53 1.49 0.36 0 0.80 0.31
40–50 0.26 21.61 4.36 6.35 146 2.26 1.99 0.37 0 0.79 0.42

Note: Z value represents the Z-statistic of the K-S test, p value is the corresponding probability, and p > 0.05 means a normal distribution.
* and # respectively refer to the statistical results of the original and logarithmic soil gravimetric water contents.

The normality test is a prerequisite for spatial analysis of soil gravimetric water content
by using geostatistical methods. From Table 2, the kurtosis and skewness coefficients of
soil gravimetric water content at different depths show an “increase–decrease–increase”
trend with the increase in soil depths. According to the Kolmogorov–Smirnov test [37], the
soil gravimetric water content at different depths does not obey a normal distribution but
obeys a lognormal distribution.

3.2. Spatial Heterogeneity of Soil Moisture in the Alpine Valley Desert

The structural parameters of three semi-variance function models are shown in Table 3.
The optimal semi-variance function model for soil gravimetric water content in the 0–10 cm
soil layer is determined as the Spherical model, and that for soil gravimetric water content
in the 10–20 and 40–50 cm soil layers is selected as the Exponential model. The optimal
theoretical model for soil gravimetric water content in the 20–30 and 30–40 cm soil layers is
confirmed as the Gaussian model.

The nugget values of the different soil layers are between 0.1 and 0.34, the nugget
value of the 10–20 cm soil layer is the smallest, and that of the 20–30 cm soil layer is the
largest. This finding indicates that the spatial heterogeneity is smallest and largest in the
10–20 and 20–30 cm soil layers, respectively. The sill value of the dune soil first increases
and then decreases with the increase in soil depths. The 0–30 cm layer is greatly affected
by the elevation of the soil, while the 30–50 cm layer is weakened by the elevation. The
different elevations affect the growth and distribution of vegetation in different soil layers
of dunes, thus impacting the spatial distribution of soil moisture.
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Table 3. Theoretical semi-variogram models of soil moisture and its related parameters.

Depth
/cm Theoretical Model Nugget Sill

Nugget
Coefficient

/%

Range
/m

Coefficient of
Determination

Residual
Sum of

Squares (%2)

0–10
Spherical model 6.30 45.99 13.7 37.42 0.991 3.98

Exponential model 2.40 45.8 5.20 44.61 0.98 9.49
Gaussian model 10.73 41.98 25.60 27.31 0.97 9.99

10–20
Spherical model 14.90 111.9 23.30 23.51 0.96 110

Exponential model 0.10 124.1 0.10 31.23 0.98 43.60
Gaussian model 25 108.60 23 17.58 0.96 110

20–30
Spherical model 20.60 169 12.20 61.09 0.96 97.70

Exponential model 17.90 236.70 7.60 142.28 0.95 150
Gaussian model 34 148.90 22.80 41.70 0.99 21.20

30–40
Spherical model 20 101 19.80 45.99 0.92 142

Exponential model 17.60 96.20 18.30 71.01 0.87 180
Gaussian model 28.50 108 26.40 46.19 0.97 50.60

40–50
Spherical model 9.37 40.78 32 23.76 0.983 44.20

Exponential model 7.20 53.64 13.40 63.38 0.99 0.37
Gaussian model 13.45 40.05 33.60 23.48 0.99 5.15

From Table 3, the nugget coefficients are 13.7% in the 0–10 cm, 0.1% in the 10–20 cm,
22.8% in the 20–30 cm, 26.4% in the 30–40 cm, and 13.4% in the 40–50 cm layer. This result
indicates that the soil gravimetric water content in the 30–40 cm soil layer of the dune has a
moderate spatial correlation, whereas the soil gravimetric water content in other soil layers
has a strong spatial correlation. The spatial correlation of the 10–20 cm soil layer is stronger
than those of the other soil layers. The range of soil gravimetric water content varies from
31.23 to 63.38 m, and is greater than the minimum sampling interval of this study (15 m).
This finding suggests that the sample design is sufficient to reflect the entire sample soil
moisture content of the spatial structure characteristics.

To describe the spatial distribution of soil gravimetric water content intuitively, the
optimal semi-variance function model and its characteristic parameters in Table 3 were
selected to draw spatial distribution maps of soil gravimetric water content at different
levels through the Kriging interpolation, as shown in Figure 3. The spatial distribution of
soil gravimetric water content in different soil layers is mostly patched and banded. The
spatial distribution of soil gravimetric water content in the sampling points is higher in the
southwest than in other areas. The dune elevation gradually increases from the southwest
to the northeast parts. Conversely, the soil gravimetric water content declines from the
bottom of the windward slope to the top of the dune. In the 0–10, 10–20, and 20–30 cm soil
layers, the soil gravimetric water content presents a banded and patchy distribution, which
can reflect the soil gravimetric water content heterogeneity of different parts (Figure 3).

Table 4 shows the correlation matrix of soil gravimetric water content at different
layers based on Pearson correlation analysis. There is a high similarity observed among
the layers of soil moisture. The soil gravimetric water content presents an extremely
significant correlation among different depths (p < 0.01). In most cases, the correlation of
soil gravimetric water content gradually decreases with the increase in soil depths.
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layers based on Pearson correlation analysis. There is a high similarity observed among 
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Table 4. Correlation matrix of soil moisture at different layers. 

Soil Depth/cm 0–10 10–20 20–30 30–40 40–50 
0–10 1     
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Figure 3. Spatial distribution of soil moisture in different soil layers. (a) soil gravimetric water content at 0–10 cm layer,
(b) soil gravimetric water content at 10–20 cm layer, (c) soil gravimetric water content at 20–30 cm layer, (d) soil gravimetric
water content at 30–40 cm layer, (e) soil gravimetric water content at 40–50 cm layer.

Table 4. Correlation matrix of soil moisture at different layers.

Soil Depth/cm 0–10 10–20 20–30 30–40 40–50

0–10 1
10–20 0.953 ** 1
20–30 0.890 ** 0.858 ** 1
30–40 0.820 ** 0.796 ** 0.970 ** 1
40–50 0.898 ** 0.926 ** 0.862 ** 0.816 ** 1

Note: ** refers to a significant correlation at the 0.01 level (bilateral).
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3.3. Driving Factors of Soil Moisture in Alpine Valley Dunes
3.3.1. Factor Detector

The geographical detector can explain the influence of each factor on the change in soil
moisture content in the dune. Table 5 shows the q values of evaluation factors. The ranking
of the influence of the evaluation factors on the alpine valley dune is elevation > slope > lo-
cation > vegetation > aspect.

Table 5. q values of evaluation factors.

Soil Depth/cm Natural
Factors Location Elevation Aspect Slope Vegetation

0–10
q 0.620 0.881 0.001 0.620 0.478

p value 0.000 0.430 0.859 0.000 0.000

10–20
q 0.824 0.909 0.035 0.824 0.628

p value 0.000 0.243 0.342 0.000 0.000

20–30
q 0.737 0.928 0.028 0.737 0.682

p value 0.000 0.137 0.222 0.000 0.000

30–40
q 0.785 0.953 0.008 0.785 0.703

p value 0.000 0.021 0.543 0.000 0.000

40–50
q 0.738 0.928 0.000 0.738 0.592

p value 0.000 0.109 0.926 0.000 0.000

0–50
q 0.885 0.981 0.001 0.885 0.776

p value 0.000 0.000 0.879 0.000 0.000

The q values of elevation, slope, and vegetation coverage increase with depth. This
result implies that these factors are the main influencing factors of soil gravimetric water
content variation at different depths of the dune. The q values of the slope aspect do not
exceed 0.05, indicating that the aspect has a minimal influence on the variability in soil
gravimetric water content at different depths of the dune.

3.3.2. Interactive Detector

Table 6 indicates the evaluation factor interaction detection. The evaluation factors
influence the soil gravimetric water content of the dune. An interaction was determined
among the evaluation factors, but no independent factors were found. In the 0–10 cm soil
layer, 60% of the evaluation factor interaction combinations show a two-factor enhancement
relationship, and 40% present a nonlinear enhancement relationship (Appendix A). The
most influential interactions were the dune location and elevation combination (0.8901),
elevation and aspect combination (0.8901), elevation and slope combination (0.8901), and
elevation and vegetation coverage combination (0.8834). The combination of slope aspect
and vegetation coverage was less influential (0.5154).

In the 10–20 cm soil layer, 90% of the evaluation factor interaction combinations show
a two-factor enhancement relationship, and 10% demonstrate a nonlinear enhancement
relationship. The interaction influence is relatively considerable. The greatest combinations
were position and elevation (0.9124), elevation and aspect (0.9124), and elevation and slope
(0.9124). The slope aspect and vegetation combination was minimum (0.6880).

In the 20–30 cm soil layer, the interaction combination of evaluation factors shows a
two-factor enhancement relationship. The influence of interaction is relatively remarkable.
The strongest combinations were position and elevation (0.9288), elevation and aspect
(0.9288), and elevation and slope (0.9288), and the weakest combination was slope aspect
and vegetation (0.6880). In the 30–40 cm soil layer, the interaction combination of slope
aspect and vegetation combination (0.7208) shows a nonlinear enhancement relationship,
whereas the interaction combinations of other evaluation factors indicate a two-factor
enhancement relationship. The influences of interaction were between 0.7891 and 0.9560.
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Table 6. Evaluation factor interaction detection.

Soil Depth
/cm

Index
Location Elevation Aspect Slope Vegetation

X1 X2 X3 X4 X5

0–10

X1 0.6203
X2 0.8901 (Y) 0.8814
X3 0.6267 (Y) 0.8901 (Y) 0.0006
X4 0.6267 (N) 0.8901 (Y) 0.6267 (Y) 0.6203
X5 0.6267 (N) 0.8834 (Y) 0.5154 (Y) 0.6267 (N) 0.4778

10–20

X1 0.8235
X2 0.9124 (Y) 0.9085
X3 0.8265 (Y) 0.9124 (Y) 0.0348
X4 0.8265 (N) 0.9124 (Y) 0.8265 (Y) 0.8235
X5 0.8267 (Y) 0.9100 (Y) 0.7698 (Y) 0.8267 (Y) 0.6275

20–30

X1 0.7371
X2 0.9288 (Y) 0.9275
X3 0.7415 (Y) 0.9288 (Y) 0.0277
X4 0.7415 (N) 0.9288 (Y) 0.7415 (Y) 0.7371
X5 0.7417 (N) 0.9287 (Y) 0.6880 (Y) 0.7417 (N) 0.6821

30–40

X1 0.7855
X2 0.9560 (Y) 0.9535
X3 0.7891 (Y) 0.9560 (Y) 0.0075
X4 0.7891 (N) 0.9560 (Y) 0.7891 (Y) 0.7855
X5 0.7891 (N) 0.9542 (Y) 0.7208 (Y) 0.7891 (N) 0.7026

40–50

X1 0.7380
X2 0.9300 (Y) 0.9281
X3 0.7423 (Y) 0.9300 (Y) 0.0002
X4 0.7423 (N) 0.9300 (Y) 0.7423 (Y) 0.7380
X5 0.7426 (Y) 0.9293 (Y) 0.6210 (Y) 0.7426 (Y) 0.5919

0–50

X1 0.8853
X2 0.9811 (Y) 0.9807
X3 0.8873 (Y) 0.9811 (Y) 0.0006
X4 0.8873 (N) 0.9811 (Y) 0.8873 (Y) 0.8853
X5 0.8873 (Y) 0.9810 (Y) 0.8127 (Y) 0.8873 (Y) 0.7756

Note: Y and N refer to significant differences of detection indicators at the 95% confidence level.

In the 40–50 cm soil layer, 60% of the evaluation factor interaction combinations
show a two-factor enhancement relationship, and the interaction influence was between
0.7423 and 0.9300. Among the evaluation factor interaction combinations, 40% show a
nonlinear enhancement relationship, and the interaction influences were 0.6210–0.9300.
In the 0–50 cm soil layer, 70% of the evaluation factor interaction combinations show a
two-factor enhancement relationship, and 30% show a nonlinear enhancement relationship.
The interaction among evaluation factors has a strong effect of dual factors and a nonlinear
enhancement effect on soil gravimetric water content (Appendix A).

3.3.3. Ecological Detector

Ecological detection can be used to compare whether a significant difference exists
between two factors on the independent variable of soil water change. In Table 6, “Y”
means that a significant difference exists between the row factor and the column factor,
and “N” means that no significant difference exists between them. The factor combinations
in different soil layers have distinct significant effects on soil moisture changes. Among
the factor combinations in the 0–10, 20–30, and 30–40 cm soil layers, 70% have significant
differences in soil moisture changes, but no significant difference exists between position
and slope, position and vegetation, and slope and vegetation combinations. In the 10–20,
40–50, and 0–50 cm soil layers, 90% of factor combinations have significant differences in
soil gravimetric water content changes, but no significant difference exists in the positions
and slope of these three soil layers.
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4. Discussion

The influencing factors of soil gravimetric water content are mainly natural and
human factors, but most of the Qinghai–Tibet Plateau is dominated by natural factors [38].
Among the natural factors, the primary driver of the vegetation coverage factor is soil
gravimetric water content [35]. In a previous study on soil gravimetric water content, the
influence of climate factors on soil moisture is mainly reflected in the difference between
water infiltration and evapotranspiration caused by rainfall and solar radiation [39]. Under
certain conditions, the local climate has an important influence on the spatial-temporal
pattern of soil gravimetric water content, due to the differences in rainfall and temperature
at different elevations, which may be an important factor affecting the soil water pattern [40].
On a small scale, soil types, topographic factors, and vegetation factors are the main
factors affecting the soil water pattern; on a large scale, climatic factors, such as rainfall
and evapotranspiration, are the main factors controlling the soil water pattern [24]. The
impacts of soil types, vegetation factors, and topographic factors on soil water are generally
consistent with depth, such that the variation in deep soil water mainly depends on soil
types, vegetation, and topographic factors [2,35,41–43]. Therefore, the factors adopted in
this study are mainly different dune locations, vegetation, elevation, aspect, and slope.

Many studies have also verified the special effect of vegetation cover on soil properties
in the Tibetan Plateau [42,43]. Some scholars have conducted research to assess the spatial
variability of soil gravimetric water content and the temporal and spatial variations in a
typical alpine meadow in the Qinghai–Tibet Plateau by using a geostatistical approach.
Studies on soil moisture in the Qinghai–Tibet Plateau have mainly focused on the follow-
ing four aspects: (1) inversion of surface soil moisture by using remote sensing images,
(2) spatial-temporal changes of soil temperature and humidity, (3) model simulation of
hydrothermal characteristics, and (4) the impacts of soil moisture and physical properties.
In this study, the ranking of the influence of each evaluation factor on the alpine dune was
elevation > slope > location > vegetation > aspect. This result is different from that in the
Loess Plateau (location on the hill slope, vegetation cover, slope, relative elevation, and sine
of the aspect) [14]. This difference may be caused by harsh climate conditions and diverse
natural landscapes under an average elevation of 4505 m. The results of this study can
be compared with those in other arid regions. The differences in soil moisture in various
regions can be clearly compared, providing research guidance for subsequent studies.

Compared with the previous studies, such as those of [35] and [44], the spatial het-
erogeneity of soil gravimetric water content in an alpine desert is higher than that in
alpine meadows and shrubs. This condition depends mainly on the capability of soil
water conservation and the sensitivity of vegetation cover to precipitation and perched
aquifer. If the sample area is extremely small, it cannot contain all information to reflect the
spatial heterogeneity of the entire community. If the sample plot is exceedingly large, the
difference in variables among sample plots will disappear [38]. Certain scale and zoning
effects occur in the selection of sample plots. This issue was also found in this study. Thus,
selecting the size of sample plots and determining the direction of the plots are important
in the spatial heterogeneity research of soil water.

According to the classification by coefficient of variation, the coefficient of variation
less than 10% is weak variability, and that of 10–100% is moderate variability, while the
coefficient of variation larger than 100% is strong variability [45]. In this study, the variation
coefficients of soil gravimetric water content in different soil layers were between 130% and
169%, showing the strong variability. This may be affected by vegetation and topographic
factors, as well as extreme rainfall, sand movement, strong evaporation, and groundwater
table fluctuation, which is consistent with the conclusion of Li et al. [33]. Moreover, the
uncertainty resulting from the random measured samples may increase such strong soil
moisture variability [13,33,46]. In the geographical detector analysis, the interaction among
evaluation factors had a strong effect of dual factors and a nonlinear enhancement effect
on soil gravimetric water content in the 0–50 cm layer. This implies that there are no
independent factors existing in the impacts of soil gravimetric water content [21].
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In general, this study is of great significance to assess the soil water status in alpine
desert regions. It provides basic research for artificial vegetation restoration and regen-
eration and soil structure analysis of different desert types in alpine cold regions. The
current study applied a geographical detector to examine the influence of different factors
on soil moisture and the interaction factors in a relatively small area. Owing to the harsh
field conditions in the Qinghai–Tibet Plateau area, analysis of soil moisture through point
distribution, drilling, and other methods requires time and effort. In the future study,
remote sensing data are urgently needed to retrieve measurements of soil water, such that
the spatial distribution of soil water in a large area can be verified.

5. Conclusions

Based on soil sample collection, combined with geostatistical analysis and a geograph-
ical detector method, this study detected the spatial heterogeneity and driving factors of
soil gravimetric water content in typical alpine valley dunes of the Qinghai–Tibet Plateau.
The results showed that the average value of soil gravimetric water content at different
depths ranged from 3.68% to 7.84%. The coefficient of variation indicated that the soil
moisture content in different soil layers of the sample plot shows strong variability.

The optimal theoretical models of soil gravimetric water content in 0–50 cm layers of
dunes were different. The nugget coefficient shows that the soil gravimetric water content
in the dune has a strong spatial correlation, and the range of the optimal theoretical model
of semi-variance function was 31.23–63.38 m, which is much larger than the 15 m sampling
distance. The ranking of the influence of each evaluation factor on the alpine dune was
elevation > slope > location > vegetation > aspect.

The correlation analysis of soil gravimetric water content in different soil layers
showed a significant correlation (p < 0.01). The interaction detection of factors indicated
an interaction among evaluation factors, and no factors were independent of one another.
In each soil layer of 0–50 cm, the interaction among evaluation factors had a strong dual
effect and a nonlinear enhancement effect on soil gravimetric water content. The signifi-
cance analysis of ecological detection indicated significant differences among the factor
combinations of different soil layers on soil water change. In general, the analyses of spatial
distribution, heterogeneity, and driving factors of soil gravimetric water content have im-
plications for understanding the spatial heterogeneity and driving factors of soil moisture,
and guiding artificial vegetation restoration and soil structure analysis of different desert
types in alpine cold desert regions. The remote sensing data is urgently recommended to
retrieve measurements of soil gravimetric water content in a large area for the vegetation
restoration of alpine cold regions in further work.
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Appendix A

Table A1. Evaluation Factor Interaction Results.

Soil Depth
/cm Interaction (C) Sum of q

Values Result Influence

0–10

X1 ∩ X2 = 0.8901 1.5017 C > Max(q (X1), q (X2)) Two-factor enhancement
X1 ∩ X3 = 0.6267 0.6209 C > Max(q (X1), q (X2)) Nonlinear enhancement
X1 ∩ X4 = 0.6267 1.2406 C > q (X1) + q (X4) Two-factor enhancement
X1 ∩ X5 = 0.6267 1.0981 C > Max(q (X1), q (X4)) Two-factor enhancement
X2 ∩ X3 = 0.8901 0.8820 C > Max(q (X1), q (X5)) Nonlinear enhancement
X2 ∩ X4 = 0.8901 1.5017 C > q (X2) + q (X4) Two-factor enhancement
X2 ∩ X5 = 0.8834 1.3592 C > Max(q (X2), q (X4)) Two-factor enhancement
X3 ∩ X4 = 0.6267 0.6209 C > Max(q (X2), q (X5)) Nonlinear enhancement
X3 ∩ X5 = 0.5154 0.4784 C > q (X3) + q (X5) Nonlinear enhancement
X4 ∩ X5 = 0.6267 1.0981 C > q (X4) + q (X5) Two-factor enhancement

10–20

X1 ∩ X2 = 0.9124 1.7320 C > Max(q (X4), q (X5)) Two-factor enhancement
X1 ∩ X3 = 0.8265 0.8583 C > Max(q (X1), q (X2)) Two-factor enhancement
X1 ∩ X4 = 0.8265 1.6470 C > Max(q (X1), q (X3)) Two-factor enhancement
X1 ∩ X5 = 0.8267 1.4510 C > Max(q (X1), q (X4)) Two-factor enhancement
X2 ∩ X3 = 0.9124 0.9433 C > Max(q (X1), q (X5)) Two-factor enhancement
X2 ∩ X4 = 0.9124 1.7320 C > Max(q (X2), q (X3)) Two-factor enhancement
X2 ∩ X5 = 0.9100 1.5360 C > Max(q (X2), q (X4)) Two-factor enhancement
X3 ∩ X4 = 0.8265 0.8583 C > Max(q (X2), q (X5)) Two-factor enhancement
X3 ∩ X5 = 0.7698 0.6623 C > Max(q (X3), q (X4)) Nonlinear enhancement
X4 ∩ X5 = 0.8267 1.4510 C > q (X4) + q (X5) Two-factor enhancement

20–30

X1 ∩ X2 = 0.9288 1.6646 C > Max(q (X4), q (X5)) Two-factor enhancement
X1 ∩ X3 = 0.7415 0.7648 C > Max(q (X1), q (X2)) Two-factor enhancement
X1 ∩ X4 = 0.7415 1.4742 C > Max(q (X1), q (X3)) Two-factor enhancement
X1 ∩ X5 = 0.7417 1.4192 C > Max(q (X1), q (X4)) Two-factor enhancement
X2 ∩ X3 = 0.9288 0.9552 C > Max(q (X1), q (X5)) Two-factor enhancement
X2 ∩ X4 = 0.9288 1.6646 C > Max(q (X2), q (X3)) Two-factor enhancement
X2 ∩ X5 = 0.9287 1.6096 C > Max(q (X2), q (X4)) Two-factor enhancement
X3 ∩ X4 = 0.7415 0.7648 C > Max(q (X2), q (X5)) Two-factor enhancement
X3 ∩ X5 = 0.6880 0.7098 C > Max(q (X3), q (X4)) Two-factor enhancement
X4 ∩ X5 = 0.7417 1.4192 C > Max(q (X3), q (X5)) Two-factor enhancement

30–40

X1 ∩ X2 = 0.9560 1.7390 C > Max(q (X4), q (X5)) Two-factor enhancement
X1 ∩ X3 = 0.7891 0.7930 C > Max(q (X1), q (X2)) Two-factor enhancement
X1 ∩ X4 = 0.7891 1.5710 C > Max(q (X1), q (X3)) Two-factor enhancement
X1 ∩ X5 = 0.7891 1.4881 C > Max(q (X1), q (X4)) Two-factor enhancement
X2 ∩ X3 = 0.9560 0.9610 C > Max(q (X1), q (X5)) Two-factor enhancement
X2 ∩ X4 = 0.9560 1.7390 C > Max(q (X2), q (X3)) Two-factor enhancement
X2 ∩ X5 = 0.9542 1.6561 C > Max(q (X2), q (X4)) Two-factor enhancement
X3 ∩ X4 = 0.7891 0.7930 C > Max(q (X2), q (X5)) Two-factor enhancement
X3 ∩ X5 = 0.7208 0.7101 C > Max(q (X3), q (X4)) Nonlinear enhancement
X4 ∩ X5 = 0.7891 1.4881 C > q (X4) + q (X5) Two-factor enhancement

40–50

X1 ∩ X2 = 0.9300 1.6661 C > Max(q (X4), q (X5)) Two-factor enhancement
X1 ∩ X3 = 0.7423 0.7382 C > Max(q (X1), q (X2)) Nonlinear enhancement
X1 ∩ X4 = 0.7423 1.4760 C > q (X1) + q (X4) Two-factor enhancement
X1 ∩ X5 = 0.7426 1.3299 C > Max(q (X1), q (X4)) Two-factor enhancement
X2 ∩ X3 = 0.9300 0.9283 C > Max(q (X1), q (X5)) Nonlinear enhancement
X2 ∩ X4 = 0.9300 1.6661 C > q (X2) + q (X4) Two-factor enhancement
X2 ∩ X5 = 0.9293 1.5200 C > Max(q (X2), q (X4)) Two-factor enhancement
X3 ∩ X4 = 0.7423 0.7382 C > Max(q (X2), q (X5)) Nonlinear enhancement
X3 ∩ X5 = 0.6210 0.5921 C > q (X3) + q (X5) Nonlinear enhancement
X4 ∩ X5 = 0.7426 1.3299 C > q (X4) + q (X5) Two-factor enhancement
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Table A1. Cont.

Soil Depth
/cm Interaction (C) Sum of q

Values Result Influence

0–50

X1 ∩ X2 = 0.9811 1.8660 C > Max(q (X4), q (X5)) Two-factor enhancement
X1 ∩ X3 = 0.8873 0.8859 C > Max(q (X1), q (X2)) Nonlinear enhancement
X1 ∩ X4 = 0.8873 1.7706 C > q (X1) + q (X4) Two-factor enhancement
X1 ∩ X5 = 0.8873 1.6609 C > Max(q (X1), q (X4)) Two-factor enhancement
X2 ∩ X3 = 0.9811 0.9813 C > Max(q (X1), q (X5)) Two-factor enhancement
X2 ∩ X4 = 0.9811 1.8660 C > Max(q (X2), q (X3)) Two-factor enhancement
X2 ∩ X5 = 0.9810 1.7563 C > Max(q (X2), q (X4)) Two-factor enhancement
X3 ∩ X4 = 0.8873 0.8859 C > Max(q (X2), q (X5)) Nonlinear enhancement
X3 ∩ X5 = 0.8127 0.7762 C > q (X3) + q (X5) Nonlinear enhancement
X4 ∩ X5 = 0.8873 1.6609 C > q (X4) + q (X5) Two-factor enhancement
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Abstract: In arid and semi-arid regions, soil moisture and salinity are important elements to control
regional ecology and climate, vegetation growth and land function. Soil moisture and salt content
are more important in arid wetlands. The Ebinur Lake wetland is an important part of the ecological
barrier of Junggar Basin in Xinjiang, China. The Ebinur Lake Basin is a representative area of the
arid climate and ecological degradation in central Asia. It is of great significance to study the spatial
distribution of soil moisture and salinity and its causes for land and wetland ecological restoration
in the Ebinur Lake Basin. Based on the field measurement and Landsat 8 satellite data, a variety
of remote sensing indexes related to soil moisture and salinity were tested and compared, and the
prediction models of soil moisture and salinity were established, and the accuracy of the models
was assessed. Among them, the salinity indexes D1 and D2 were the latest ones that we proposed
according to the research area and data. The distribution maps of soil moisture and salinity in the
Ebinur Lake Basin were retrieved from remote sensing data, and the correlation analysis between soil
moisture and salinity was performed. Among several soil moisture and salinity prediction indexes,
the normalized moisture index NDWI had the highest correlation with soil moisture, and the salinity
index D2 had the highest correlation with soil salinity, reaching 0.600 and 0.637, respectively. The
accuracy of the BP neural network model for estimating soil salinity was higher than the one of
other models; R2 = 0.624, RMSE = 0.083 S/m. The effect of the cubic function prediction model for
estimating soil moisture was also higher than that of the BP neural network, support vector machine
and other models; R2 = 0.538, RMSE = 0.230. The regularity of soil moisture and salinity changes
seemed to be consistent, the correlation degree was 0.817, and the synchronous change degree was
higher. The soil salinity in the Ebinur Lake Basin was generally low in the surrounding area, high in
the middle area, high in the lake area and low in the vegetation coverage area. The soil moisture in
the Ebinur Lake Basin slightly decreased outward with the Ebinur Lake as the center and was higher
in the west and lower in the east. However, the spatial distribution of soil moisture had a higher
mutation rate and stronger heterogeneity than that of soil salinity.

Keywords: soil moisture and salinity; multispectral remote sensing; BP neural network; salina-
alkaline wetland; Ebinur Lake Basin

1. Introduction

Wetlands play an important role in the global ecosystem. Wetlands are easy to degrade,
and their shrinkage is more obvious in arid areas. Wetlands, as an important carrier of water
resources in arid areas, have irreplaceable ecological functions. In an arid area, wetlands
are very sensitive to changes in soil environmental factors. In arid and semi-arid areas,
changes in soil physical and chemical properties may lead to changes in wetland ecology
and climate [1]. Especially in arid and semi-arid areas, the changes in soil physical and
chemical properties may lead to regional ecological and climate change. Comprehensive

81



Water 2021, 13, 2762

stress of soil moisture and salinity is one of the principal factors that restrict wetland
restoration in arid and semi-arid areas [2]. For example, soil salinization exerts a strong
stress on the wetland and its surrounding vegetation, which leads to blocked vegetation
growth and land degradation to a certain extent, and may lead to abnormal succession of
ecological community, ultimately leading to the decline of wetland ecological function and
productivity [3,4]. Soil moisture is used to measure available water in the soil. Soil moisture
stress can result in serious desertification, degradation of vegetation productivity and
change of regional microclimate in waterless areas [5]. Therefore, it is of great significance
to accurately grasp the spatial distribution and formation of soil water and salt in arid and
semi-arid areas for controlling natural disasters, such as land desertification and drought,
as well as for protecting and restoring wetlands in arid and semi-arid areas.

In order to obtain detailed information of soil moisture and salinity distribution,
traditional measurements of soil properties require large numbers of experimental samples,
long-term observation of soil characteristics and surrounding vegetation information as
support, which requires a huge amount of manpower, financial resources and time [6] and
is not suitable for long-term monitoring due to the influence of weather. For example, in the
case of bad weather conditions (rainstorm, strong wind, etc.), the field survey work of field
surveyors is greatly hindered. Therefore, remote sensing has become an ideal technology
for identifying, monitoring and successfully retrieving soil moisture and salinity content
with its unique advantages of macroscopic, comprehensive, fast information acquisition,
short cycle and dynamic reflection of the changes on the ground [7]. Soil moisture is
usually retrieved by optical remote sensing or microwave remote sensing. In optical
remote sensing, the common method includes using Landsat, IKONOS or MODIS multi-
spectral data to establish the corresponding water index, drought index or vegetation index
(such as the most commonly used vegetation index—the normalized vegetation index,
NDVI [8,9]) to extract soil moisture [10–12]. It also contains the use of surface temperature
or thermal inertia to realize soil moisture inversion [13]. Sinha et al. studied the emission
characteristics of visible and near infrared spectra of alluvial soil, red loam and black cotton
soil, and found that the three soils under different conditions were negatively correlated
with soil moisture [14]. At the same time, some researchers have carried out studies on
soil moisture and soil multispectral characteristics, indicating that visible, mid-infrared
and near-infrared lights are significantly correlated with soil moisture [15]. Comparatively,
spectral data in the mid-infrared band have the highest correlation with soil moisture,
indicating the best effect. Ghulam et al. proposed the modified vertical drought index
(MPDI) to monitor soil water content by analyzing the spectral characteristic space of soil
water and found that although MPDI had a good monitoring effect, its application scope
was limited [16]. Subsequently, Zhang et al. proposed a new index, RDMI, to monitor
soil moisture based on visible red light and near-infrared spectral information. After
verification, they found that RDMI had a strong negative correlation with soil moisture
and the monitoring effect was better than that of the MPDI index [17]. Microwave remote
sensing inversion of soil moisture has a certain theoretical basis, which is that there is a
definite linear relationship between the backscattering coefficient and soil moisture [18].
Commonly used models are, among others, the Oh model, Dubois model and water cloud
model [19]. For remote sensing inversion of soil moisture, optical sensors have a spatial
resolution superior to microwave sensors and can also provide vegetation information. The
algorithm is mature, but it is restricted to regional studies due to atmospheric influence.
Microwave remote sensing can penetrate clouds and fog and observe all weather events.
It has a complete theory, but it is severely affected by vegetation and has poor spatial
resolution, which is suitable for large-scale research. Wang et al. studied the influence
of different surface roughness on soil water inversion [17]. Bindlish et al. retrieved soil
moisture by constructing microwave soil water scattering model (AIEM model) and found
that the correlation between AIEM model and actual soil moisture was as high as 0.95,
indicating that the microwave remote sensing model could well retrieve soil moisture under
certain conditions [20]. In addition, some new algorithms, such as neural network [21],
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support vector machine [22], have been integrated into soil moisture inversions. There
is a spatial correlation between soil salinity and soil moisture, and the inversion method
is similar to that of soil moisture. Currently, the commonly used method is to extract
salinity indices from multi-spectral data and establish a multivariate model with soil
salinity. In addition, innovative modeling techniques (such as genetic algorithm, etc.) are
also applied [21]. Microwave remote sensing cannot directly measure soil salinity, but its
surface reflectance has a significant correlation with soil conductivity [23]. In addition,
microwave remote sensing needs to remove the influence of vegetation in a vegetation-
covered area. Therefore, it is most suitable for areas with a bare ground surface.

The Ebinur Lake Basin is suffering from consequences of many severe salt dust storms
and the lake is drying up gradually, which is why we chose the Ebinur Lake Basin as the
study area. The purpose of this study was to: (1) find a fast index and method to calculate
the soil moisture and salinity of the Ebinur Lake Basin; (2) obtain the spatial distribution
law of soil moisture and salinity in the Ebinur Lake Basin; (3) explain the reason of the
difference of soil moisture and salinity distribution in the Ebinur Lake Basin. In this paper,
based on the field measured data, the indexes with high correlation with soil salinity and
soil moisture were selected from the common vegetation index, salinity index (including
our newly constructed indexes D1, D2) and water index. Prediction models that included
regression function model, neural network model and support vector machine regress
model were established, from which the models with high fitting accuracy and verification
accuracy were selected for spatial inversion of soil characteristics using Landsat 8. The
distribution rules and causes of soil water and salt in the study region were analyzed to
provide a scientific basis for wetland restoration in arid areas.

2. Materials and Methods
2.1. Study Area

The Ebinur Lake is the largest saltwater lake in Xinjiang, China, situated on the
southwest of the Junggar Basin in central Asia [24]. The Ebinur Lake Basin boundary used
in this study was obtained from DEM hydrological analysis. The Ebinur Lake Basin is
located between 44◦24′ N and 45◦12′ N, and between 81◦56′ E and 83◦51′ E (Figure 1a).
The Ebinur Lake is at the lowest elevation in the basin, about 189 m. The basin belongs to
the temperate continental arid climate, with annual average temperature of 7–8 ◦C, annual
average precipitation of 90.9 mm and evaporation of 1662 mm. The evaporation is much
higher than the precipitation. The Boltala River, Jinghe River, Kuitun River and Akeqisu
River flow into the lake from different directions, becoming the main water source for the
lake area [25], but the incomes are not sufficient, and the lake is shrinking day by day. From
2004 to 2015, the area of the Ebinur Lake in a dry and wet season decreased by 461.98 km2

and 322.04 km2, respectively [26], which greatly accelerated the desertification process in
the surrounding areas of the basin. The speed of desertification has reached 38 square
kilometers per year. The northwest part of the study area is the Alashan Pass, with 164 days
of annual heavy windy days, up to 185 days at most and 55.0 m/s of maximum wind
speed [27]. The Ebinur Lake has a high mineralization degree and a prosperous salt ion
content. The shrinkage of the lake surface results in the exposure of a large range of dry
lake bottom, a large amount of salt dust in the saltwater lake was dried up and exposed to
the ground, which causes serious soil salinization. The unique topography of the Ebinur
Lake Basin includes a variety of landscapes, such as rocky desert, gravel desert, desert,
salt desert, swamp and salty lake. The corresponding typical zonal soil is grey desert soil,
grey brown desert soil and aeolian sandy soil, and the intrazonal soil is salt (salinity) soil,
meadow soil and marsh soil [28] (Figure 1c). Built on keen wind and abundant salt sources,
sandstorms are very common in this area, and salt dust storms frequently erupt [21]. The
Ebinur Lake Basin has been the second largest source of salt and dust storms as well as
sandstorms in the world. The drought is intensifying, and the ecological environment
is deteriorating.
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Figure 1. General map of the study area: (a) location of the study area; (b) land use in the Ebinur Lake Basin; (c) soil type in
the Ebinur Lake Basin; (d) distribution map of soil sampling points.

2.2. Field Soil Sampling Experiment

Field soil experiment was made on 15 April 2017. In order to better map the soil
moisture and salinity situation in the Ebinur Lake Basin, 60 sampling points were randomly
distributed. The distribution of sampling points is shown in Figure 1d. At each sampling
point, Stevens Portable Hydra Data Reader (Hydra-Reader) was used to obtain soil basic
property data directly with Hydra probe, GPS was used to record longitude and latitude.
The probe was cleaned with a polishing cloth before use to avoid increasing the error.
In addition, soil specific calibration was required to ensure accuracy before measuring
soil moisture [29]. At each sample point, the metal probe of the instrument was inserted
vertically clockwise into the soil at a depth of about 5 cm to ensure the full contact of
the soil with the metal probe. The response time was 10–20 s. The data posted by the
instrument were the actual measured values, including soil type, soil temperature, soil
volumetric moisture (m3 m−3), soil electrical conductivity (S/m) and temperature-corrected
conductivity (S/m). Hydra-Reader has a data download service for later analysis. The
electrical conductivity can be regarded as another form of expression of soil salinity. In
this study, soil electrical conductivity was invoked as a measure of soil salinity, and soil
volumetric moisture was used as a measure of soil moisture.

In order to ensure the accuracy of the data at the sampling points, we measured each
sampling point for 6 times and took the average value as the final value. In addition, a
ground object spectrometer was used to measure the reflection spectrum of the sampling
point. In order to facilitate the correspondence with Landsat data, we selected the band
corresponding to the central wavelength of Landsat band range in the reflection spectrum
as the calculation index, so as to reduce the scale problems caused by a direct use of Landsat
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images. For the measured data of 60 sampling points, we randomly select 35 points as
regression fitting data and 25 points as verification analysis data.

2.3. Satellite Image and Data Processing

The Landsat 8 OLI has become the data source of this study because of its convenient
acquisition, moderate spatial resolution and rich band information. Its spatial resolution
is 30 m, and it is free to access, including 9 bands of information, which are coastal, blue,
green, red, near infrared, two short-wave infrared, two thermal infrared, panchromatic
(15 m resolution) and cirrus band [30]. The date of image acquisition was 19 April 2017,
which was close to the field experiment time, reducing the time error and providing more
accurate soil water and salt information. The datum was obtained from the official website
of the U.S. Geological Survey (USGS, https://earthexplorer.usgs.gov/ accessed on 30 July 2019).

Landsat 8 OLI data were pre-processed by the ENVI 5.3 software, including radiation
calibration, atmospheric correction and mask. The ENVI 5.3 FLAASH module was used
for atmospheric correction.

2.3.1. Calculation of Spectral Index

For this study, we selected some spectral indices with a certain universality and
applicability related to water and salt, used by previous research institutes, as shown
in Table 1. The criterion for index selection is to select those indexes that have been
successfully applied in the soil water-salt inversion based on Landsat 8 data, or indexes
whose application regions are in arid and semi-arid areas. SI, SI1, SI2, SI3 (four different
salinity indices), S1, S2, S3, S4, S5, S6 (six different salinity calculation indicators) and
NDSI (normalized salinity index) are salinity indices calculated from remote sensing data,
from which surface salinity information can be obtained [31,32]. OLI_SI (Landsat 8 OLI
salinity index) is a soil salinity index in an irrigation region based on Landsat 8 data.
It has a strong correlation with conductivity EC [33]. SIvir (visible light remote sensing
salinity index) is a newly developed spectral salinity index, which has the potential to
reveal soil salinity in arid climatic conditions. Int1 and Int2 are intensity indices in the
visible light range, BI is a brightness index [34], which can highlight and detect different
soil salinity levels [35]. NDWI (normalized water index) and LSWI (land surface water
index) are water body indices, which can be used to identify land surface water body and
to distinguish moisture in soil. VCI is a vegetation status index, which uses crop growth
changes to reflect the degree of water information threatening crops in the region, so that it
can express the regional soil moisture difference [36]. VSDI (visible and shortwave infrared
drought index) is a surface drought index, which is suitable for different land cover types
and less affected by vegetation. It can reflect the difference of surface soil moisture from
another perspective [37]. ATI is an apparent thermal inertia, which can reflect the thermal
characteristics of soil by the difference of surface temperature. It is closely related to soil
moisture and has a useful application in bare soil or low vegetation coverage area [38]. EVI
(enhanced vegetation index), NDVI (normalized vegetation index), SAVI (soil-adjusted
vegetation index) and OSAVI (optimized soil-adjusted vegetation index) are widely used
vegetation indices, which can reflect the growth status of vegetation and soil characteristics.

D1 and D2 are the spectral indices newly created for the soil salinity inversion in arid
regions based on the Landsat 8 spectral characteristics of the arid region. We analyze the
correlation between various bands of Landsat 8 data and the measured data, select several
bands with high correlation, and combine them together. The difference between D1 and
D2 is that the weight coefficients of each band is different. The weight coefficients are two
sets of data obtained by analyzing the regional environment of the Ebinur Lake Basin.

The above spectral indices were calculated in the Band Math module of ENVI5.3 software.
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Table 1. Spectral indices and their calculation formulas.

Index Formula Reference Index Formula Reference

BI
√

R2
Red + R2

NIR
[31] S6 RNIR × RRed

RGreen
[31]

EVI 2.5× RNIR−RRed
RNIR+6×RRed−7.5×RBlue+1 [34] SI

√
RBlue + RRed [32]

SAVI 1.5× RNIR−RRed
RNIR+RRed+0.5 [39] SI1

√
RGreen × RRed [40]

Int1 (RGreen + RRed)/2 [34] SI2
√

R2
Green + R2

Red + R2
NIR

[40]

Int2 (RGreen + RRed + RNIR)/2 [34] SI3
√

R2
Green + R2

Red
[40]

OLI_SI 50× R2
Coastal − RBlue − RGreen − RRed [33] NDWI RGreen−RNIR

RGreen+RNIR
[11]

OSAVI RNIR−RRed
RNIR+RRed+0.6 [41] LSWI RNIR−RSWIR

RNIR+RSWIR
[42]

S1 RBlue/RRed [31] VCI NDVIi−NDVImin
NDVImax−NDVImin

[43]

S2 RBlue−RRed
RBlue+RRed

[31] VSDI 1− RSWIR−RBlue
RRed−RBlue

[37]

S3 RGreen × RRed
RBlue

[31] ATI 1−α
Td−Tn

[38]

S4
√

RBlue × RRed [31] SIvir 2× RGreen − RRed − RNIR [35]

S5 RBlue × RRed
RGreen

[31]

D1 −8.5× RCoastal + 15× RBlue − 6× RGreen
D2 −7× RCoastal + 12× RBlue − 2.5× RGreen − 1.5× RRed

Note: RCoastal, RGreen, RBlue, RRed, RNIR, RSWIR are the corresponding bands of Landsat 8, NDVImin is NDVI minimum, NDVImax is
NDVI maximum, the pixel-by-pixel value is NDVIi, α is full-band reflectance; Td, Tn are daytime and night temperatures on the same
day, respectively.

2.3.2. Inversion of Surface Temperature

The remote sensing inversion method of land surface temperature adopted in this
study was the radiation transfer equation method. Its basic principle is to divide the
radiation received by the sensor into three parts: surface, up-going and down-going
radiation. If the intensity of atmospheric radiation is estimated, the surface radiation
intensity can be obtained, and using it, the surface temperature can be calculated. The
calculation formula is the Equations (1)–(3) [41].

L = [εB(Ts) + (1− ε)Ldown]τ + Lup (1)

B(Ts) =
[
L− Lup − τ(1− ε)Ldown

]
/τε (2)

Ts = K2/ ln
(

K1

B(Ts)
+ 1
)

(3)

where L is surface specific emissivity; Ts is surface temperature, the unit is K; B(Ts) is black-
body thermal radiation brightness, Lup and Ldown are upward and downward atmospheric
radiations, respectively; T is atmospheric transmittance in the thermal infrared band. For
Landsat 8 TIRS, K1 = 774.89 w/(m2 × µm × sr), K2 = 1321.08 × K1; τ, ε are available on
the NASA website (http://atmcorr.gsfc.nasa.gov/ accessed on 30 July 2019).

2.3.3. Construction of Temperature Vegetation Drought Index (TVDI)

TVDI is based on the simplified NDVI-Ts feature space, which is a parameter to
represent soil surface characteristics. They consider that there is a certain soil moisture
isoline in the characterized space [44]. In NDVI-Ts space, the pixel drought index is 1
on the dry edge, representing complete water shortage; 0 on the wet edge, representing
complete water stress; and 0–1 on the data points between the dry and wet edges. The
greater the TVDI value, the more serious the relative drought. The TVDI calculation is
presented in Equation (4).

TVDI =
TS − TSmin

TSmax − TSmin
(4)
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where Ts is the surface temperature of a pixel; Tsmin is the lowest temperature (wet edge
temperature) at the NDVI value of the pixel; and Tsmax is the highest temperature (dry
edge temperature) at the NDVI value of the pixel.

By calculating the maximum and minimum surface temperature corresponding to
each NDVI range at a certain interval, the equation of dry edge and wet edge can be fitted
(Equations (5) and (6)).

Tsmax = a1 ×NDVI + b1 (5)

Tsmin = a2 ×NDVI + b2 (6)

2.3.4. Spike Cap Transformation

Spike cap transform is an orthogonal transformation of a remote sensing image,
projecting image information into multi-dimensional space to obtain six components
that are important to vegetation, soil and water body, such as greenness, humidity and
brightness, and their shapes are similar in multidimensional space. Its shape in multi-
dimensional space is the same as that of a hat, so it is called spike cap transformation. Spike
cap transformation has been applied to observe the relationship between soil moisture,
vegetation cover and canopy conditions [45]. Humidity band can be used to extract soil
moisture information. For Landsat 8 OLI images, the conversion coefficient of humidity
component is shown in Equation (7).

Wetness = 0.1511B2 + 0.1973B3 + 0.3283B4 + 0.3407B5 − 0.7117B6 − 0.4559B7 (7)

where B2, B3, B4, B5, B6 and B7 are Landsat 8 blue band (Blue), green band (Green), red band
(Red), near infrared band (NIR), short wave infrared 1 (SWIR1) and shortwave infrared 2
(SWIR2), respectively.

2.4. BP Neural Network Model

BP neural network is a multilayer feedforward neural network. Its main characteristics
are forward signal transmission and back error propagation. In forward transmission,
the input signal is processed layer by layer from the input layer to the output layer. The
state of neurons in each layer only affects the state of neurons in the next layer [46]. If
the output layer cannot get the expected output, it will turn to back propagation, adjust
the weights and thresholds of the network according to the prediction error, so that the
predictive output of BP neural network keeps approaching the expected output [47]. Before
BP neural network prediction, the network must be trained to have associative memory and
prediction ability. The main steps are as follows: (1) network initialization; (2) hidden layer
output calculation; (3) output layer output calculation; (4) error calculation; (5) threshold
updating. The commonly used algorithm of BP neural network model is gradient descent,
which adjusts the changes of threshold and weight of neurons along the direction of
negative gradient [48].

It can be seen from the above process that the BP neural network model has strong
nonlinear mapping ability and can establish a multivariate nonlinear relationship between
independent variables and dependent variables, so it is widely used in remote sensing
monitoring. Soil water content is a complex nonlinear coupling system, which is influenced
by topography, artificial irrigation and natural environment. Only by fully considering
the influence of various factors can the inversion accuracy of soil water content and salt
content be improved.

Depending on the characteristics of fitting non-linear function, the BP neural network
constructed in this study determined an input parameter, namely various spectral indices,
an output parameter, namely soil volume moisture or temperature-corrected conductivity.
The BP neural network structure was 1–3–1; that is, there were one node in the input layer,
three nodes in the hidden layer and one node in the output layer. All operations were
conducted in MATLAB R2015.
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2.5. SVR Support Vector Machine Regress Model

Support vector machine (SVM), such as multilayer perceptron network and radial basis
function network, can be employed to pattern classification and nonlinear regression [49].
The core idea of an SVM is to establish a classification hyperplane as a decision surface to
maximize the isolation edge between positive and negative examples. The theoretical basis
of SVR is statistical learning theory, and more precisely, SVR is an approximate realization
of structural risk minimization. SVR follows the principle of structural risk minimization
and shows advantage in solving small sample, non-linear and high-dimensional pattern
recognition problems. Unlike traditional machine learning methods, such as artificial
neural networks, which follow the principle of empirical risk minimization, SVR avoids
over-fitting, poor local optimization ability, difficulty in parameter adjustment and slow
convergence. In support vector machine regression, penalty parameter C and nuclear
parameter γ determine the complexity, accuracy and type of the regression model.

The introduction of kernel function can greatly improve the ability of support vector
machines to deal with nonlinear problems, and at the same time maintain the intrinsic
linearity of support vector machines in high dimensional space. The commonly used kernel
functions mainly include linear kernel function, polynomial kernel function, radial basis
kernel function and sigmoid kernel function. Since different kernel function types and
parameters in SVR have a great influence on the generalization ability of the model, it is
necessary to study and determine the kernel function types and parameters. Gaussian
radial basis kernel function (RBF kernel function) has a good generalization ability and can
support nonlinear regression [50]. In this study, we selected the RBF kernel function.

The grid method is to try the combination of various penalty parameters and RBF
kernel function parameters in a certain range, and then conduct data training for each
parameter combination and select the parameter combination with the best effect as the
optimal parameter [51]. During data training, the k-fold cross-validation method was
adopted. N-1 data were set as training data, and the rest were set as test data. The general-
ization error was determined by the mean value of MSE (root mean square error) after K
times of calculation. The grid method parameter optimization is a violent enumeration
method; if the amount of data is very large, it is a time-consuming approach, but it is also a
very safe approach.

The specific operation was implemented by running the LIBSVM toolkit in the envi-
ronment of MATLAB R2015b.

2.6. Correlation Analysis Model

Correlation analysis is a statistical analysis method that studies the correlation between
two or more random variables with equal statuses. It is a process of describing the closeness
of the relationship between objective things and using appropriate statistical indicators.
The degree of correlation between the two variables is represented by the correlation
coefficient r. The value of the correlation coefficient r is between −1 and 1; it can be any
value within this range. In the case of positive correlation, the r value is between 0 and
1, and the scatter plot is obliquely upward. In this case, one variable increases, and the
other variable increases. When the correlation is negative, the r value is between −1 and 0,
and the scatter plot is diagonally downward, at which point one variable increases and
the other variable decreases. The closer the absolute value of r is to 1, the stronger the
correlation between the two variables, and the closer the absolute value of r is to 0, the
weaker the degree of association between the two variables.

2.7. Statistical Analysis Method

The field observation data were randomly divided into analysis data and verification
data, their ratio being 2:1. The basic statistical analysis of the analysis data included
correlation analysis, regression analysis, linear and non-linear model fitting accuracy
analysis. Among them, Pearson correlation coefficient was used as the correlation index,
and its significance test was conducted. Regression analysis refers to a statistical analysis
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method that determines the quantitative relationship between two or more variables.
Regression analysis was performed using analytical data to establish a regression model.
The model with superior fitting accuracy was validated and analyzed with validation data,
and the index used was root-mean-square error.

3. Results
3.1. Quantitative Analysis Results of Soil Electrical Conductivity and Remote Sensing Index
3.1.1. Correlation between Soil Electrical Conductivity and Remote Sensing Index

The correlation between remote sensing index and soil conductivity is given in Table 2.
From Table 2, it can be deduced that: (1) The correlation between B1, B2, B3, B4 in Landsat
8 satellite data and soil salinity was greater than 0.4, so we chose these three bands to
build the new salinity indices D1 and D2. (2) The salinity index D2 established for this
study had the highest correlation with soil conductivity, followed by OLI_SI. The indexes
with correlation coefficients greater than 0.6 were also D1 and Landsat 8 band 1, and their
significance was less than 0.001. (3) In Landsat 8 OLI bands, bands 1 and 2 had the highest
correlation with soil conductivity, followed by bands 3, 6 and 7, which had almost no
correlation. (4) The correlation between vegetation index and soil conductivity was less
than 0.4, and the correlation was poor. (5) The correlation between intensity indexes Int1,
Int2 and soil conductivity was 0.467 and 0.414, respectively, with good significance, but
the correlation of brightness index was poor. (6) The correlation between salinity index
and soil conductivity was uneven. The correlation between OLI_SI, S4, S5, D1, D2 and soil
conductivity was higher than 0.5, with good significance, while the correlation between S6
was very low and not significant.

Table 2. Correlation coefficients between soil electrical conductivity and remote sensing indexes.

Index R Index R Index R

B1 0.612 ** OSAVI −0.358 ** S5 0.521 **
B2 0.589 ** Int1 0.467 ** S6 0.127
B3 0.507 ** Int2 0.414 ** SI 0.495 **
B4 0.425 ** BI 0.349 ** SI1 0.469 **
B5 0.257 * NDSI 0.361 ** SI2 0.404 **
B6 0.046 OLI_SI 0.637 ** SI3 0.465 **
B7 −0.066 S1 0.303 * SIvir 0.341 **

EVI −0.274 * S2 0.312 * D1 0.630 **
SAVI −0.359 ** S3 0.330 ** D2 0.650 **
NDVI −0.361 ** S4 0.515 ** ASI 0.391 **

Note: B1, B2, B3, B4, B5, B6 and B7 are Landsat 8 coastal band, blue band, green band, red band, near infrared
band, short wave infrared 1 and shortwave infrared 2, respectively; * p < 0.05; ** p < 0.01.

3.1.2. Regression Model of Soil Electrical Conductivity

The salinity index D2 was selected as the remote sensing index with the highest
correlation and significant correlation with soil electrical conductivity. The regression
model with soil conductivity was established. The specific parameters of regression analysis
are shown in Table 3, including model formula, fitting accuracy and verification error.

In Table 3, it can be observed that: (1) The regression model of salinity index D2 and
soil conductivity had good fitting accuracy. Except for the exponential model, the fitting R2

of other models was greater than 0.5, and the validation error RMSE was less than 0.1 S/m.
(2) The BP neural network model had the best fitting accuracy—R2 was 0.624, RMSE was
0.0830 S/m (Figure 2a, verification figure)—followed by cubic function model, where R2

was 0.620, and RMSE was 0.0834 S/m. (3) The fitting accuracy of linear function, quadratic
function and SVR model was also greater than 0.6, and RMSE was less than 0.09. (4) In
addition, it can be found that although the fitting accuracy of the cubic function model and
the quadratic function model was high, the regression coefficients showed the over-fitting
phenomenon, and the significance was not high. Therefore, in the final model selection,
these two models were excluded. We selected the BP neural network model.
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Table 3. Regression model and accuracy of remote sensing index and soil conductivity.

Variable Formula Sig R2 RMSE

D2

y = 0.008e13.388x Sig1 = 0.003, Sig2 = 0.818 0.497 0.1213
y = 1.195x− 0.078 Sig1 = 0.000, Sig2 = 0.035 0.607 0.0855

y = 0.179 ln(x) + 0.456 Sig1 = 0.000, Sig2 = 0.000 0.573 0.0936

y = −0.796x2 + 1.481− 0.100
Sig1 = 0.261, Sig2 = 0.048

Sig3 = 0.260 0.609 0.0862

y = −25.186x3 + 13.449x2 − 0.928x + 0.021
Sig1 = 0.074, Sig2 = 0.074
Sig3 = 0.074, Sig4 = 0.062 0.620 0.0834

y = 3.431x2.077 Sig1 = 0.001, Sig2 = 0.092 0.503 0.0928
BP Sig = 0.000 0.624 0.0830

SVR Sig = 0.001 0.497 0.1213

Note: Sig is the significance of the regression coefficient. If its value is 0.01 < Sig < 0.05, the difference is significant, and if Sig < 0.01, the
difference is extremely significant. Sig1, Sig2, Sig3, Sig4 are the significances of the first, second, third and fourth coefficient, respectively.

Figure 2. (a) Comparison of measured and predicted soil conductivity; (b) comparison of measured and predicted
soil moisture.

3.2. Quantitative Analysis Results of Soil Volumetric Moisture and Remote Sensing Index
3.2.1. Correlation between Soil Volumetric Moisture and Remote Sensing Index

The correlation between remote sensing index and soil volumetric moisture is pre-
sented in Table 4. From Table 4, it can be inferred that: (1) NDWI had the highest and
significant correlation with soil volumetric moisture, with R of 0.600, followed by the
humidity component of the Spike cap transformation, with R of 0.572. (2) The correla-
tion between Landsat 8 band and soil volumetric moisture was on a general level, B1
and B2 had better correlation, bands 10–11 had almost no correlation, B1–4 had positive
correlation, and B5–B7 had negative correlation. (3) Vegetation indices NDVI, EVI, SAVI
and VCI negatively correlated with soil volumetric moisture, with good correlations of
−0.476, −0.442, −0.498 and −0.476, respectively. (4) LSWI had a low correlation with soil
volumetric moisture, while TVDI, VSDI and ATI had poor and insignificant correlation.
LST had almost no correlation with surface temperature.
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Table 4. Coefficient of correlation between soil volumetric moisture and remote sensing indexes.

Index R Index R

B1 0.468 ** EVI −0.442 **
B2 0.435 ** SAVI −0.498 **
B3 0.330 ** NDWI 0.600 **
B4 0.209 LSWI 0.358 **
B5 −0.063 TVDI −0.118
B6 −0.288 * VCI −0.476 **
B7 −0.350 ** VSDI 0.231
B10 −0.011 ATI 0.171
B11 0.027 Wetness 0.572 **

NDVI −0.476 ** LST −0.006

Note: * p < 0.05, ** p < 0.01.

3.2.2. Regression Model of Soil Volumetric Moisture

Among the remote sensing indexes selected by this research institute, NDWI had the
highest correlation with soil volumetric moisture. Therefore, the regression model of soil
volumetric moisture was established using NDWI. The exact parameters and accuracy
of the regression model are shown in Table 5. In Table 5, we can see that: (1) The fitting
accuracy of the cubic function model was the best—R2 was 0.538 and RMSE was 0.230—
followed by the SVR model and the quadratic function model. (2) The SVR model was not
suitable as an inversion model because the fitting R2 was high, but the verification error
RMSE was the largest. (3) The fitting accuracy of exponential function was the lowest, and
the fitting effect of the primary function was not good. (4) The fitting R2 of the quadratic
function was close to that of the cubic function, but the RMSE of the cubic function was
smaller (Figure 2b for verification). The significance of the regression parameters was not
very different. Therefore, the cubic function was chosen as the remote sensing inversion
model of soil volumetric moisture.

Table 5. Regression model and accuracy of remote sensing index and soil volumetric moisture.

Variable Formula Sig R2 RMSE

NDWI

y = 1.105e9.185x Sig1 = 0.028, Sig2 = 0.000 0.323 0.277
y = 4.852x + 1.163 Sig1 = 0.001, Sig2 = 0.000 0.418 0.331

y = 33.002x2 + 14.345x + 1.727
Sig1 = 0.000, Sig2 = 0.000

Sig3 = 0.000 0.531 0.275

y = −105.09x3 − 15.496x2 + 7.906x + 1.501
Sig1 = 0.000, Sig2 = 0.003
Sig3 = 0.021, Sig4 = 0.000 0.538 0.230

BP Sig = 0.001 0.502 0.277
SVR Sig = 0.003 0.534 0.389

3.3. Correlation Analysis of Soil Moisture and Salinity

The correlation analysis between soil electrical conductivity and volumetric moisture
is shown in Figure 3. From Figure 3, it can be learned that the rules of variation of
soil electrical conductivity and soil volumetric moisture tended to be the same, and the
correlation degree was 0.817, which meat the synchronous change degree was higher. In
other words, the correlation degree between them was higher. In addition, the change
rate of soil volumetric moisture at most observation points was higher than that of soil
electrical conductivity. The spatial variation rate of soil volumetric moisture was high, and
its heterogeneity was strong.
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Figure 3. Simultaneous change of soil electrical conductivity and volume of soil water.

4. Discussion
4.1. Different Rules between Remote Sensing Index and Soil Moisture and Salinity

The correlation between soil electrical conductivity and Landsat 8 bands gradually
decreased from B1 to B7, and there was almost no correlation between soil electrical
conductivity and B6 and B7. The spectral reflectance of soil electrical conductivity increased
with the increase in soil salinity. The 325–600 nm reflectance curve rose sharply with a
large amount of information; the 600–1015 nm reflectance curve was flat with no obvious
absorption and less information content [52]. Therefore, the correlation of Landsat 8 B1–B4
was significant, and the correlation of the B1 was the greatest. Vegetation index was
negatively correlated with soil conductivity; that is, vegetation index was negatively
correlated with soil salinity. Vegetation growth is susceptible to soil salinity stress, resulting
in impaired photosynthesis and respiration [53]. There are only few salt-tolerant plants
in the Ebinur Lake Basin, so the vegetation coverage in the areas with high soil salinity is
very low. The purpose of salinity index is to highlight the information of surface salinity, so
there is a high correlation between vegetation index with soil conductivity. The correlation
between OLI_SI, D1, D2 and soil conductivity was greater than that of other salinity indices.
These three indices were proposed for Landsat 8. The expression contained band 1 of
Landsat 8, and the correlation between band 1 and soil conductivity was also higher than
that of the other bands. Therefore, band 1 should be included in the subsequent study of
soil salinity index for Landsat 8.

Soil volumetric moisture was positively correlated with B1–B4 of Landsat 8, and
negatively correlated with B5–B7. The reason is that the reflectance spectrum of soil
moisture rises rapidly at 300–750 nm with a large amount of information and tends to
increase gently at 800–1350 nm with a small amount of information. There are also two
steep upward slopes at 1500–1800 nm and 2100–2400 nm [38]. Water index can highlight
surface moisture, with a reliable indicator effect on soil moisture. It has a significant positive
correlation with soil volume moisture, especially the NDWI and humidity components of
the Spike-cap transformation. In theory, the drought index and surface temperature are
negatively correlated with soil moisture [12,13], but this study found that drought index
and surface temperature were not correlated with soil moisture, so it is not feasible to use
drought index to reflect soil moisture laterally. Drought index and surface temperature may
affect soil moisture in time resolution. Generally, vegetation index is positively correlated
with soil moisture [10], but in this study, vegetation index was negatively correlated with
soil volumetric moisture. The reason is that the Ebinur Lake Basin is a high salinity area,
where the soil contains too much salt, so that it is difficult for the vegetation to absorb
water, and the growth is limited. In addition, the correction analysis of soil water and
salt also validated the analysis. The change of soil water and salt was consistent, and soil
salinity seriously affected the change of soil water.
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4.2. Spatial Distribution of Soil Salt in Ebinur Lake Basin

The spatial distribution map of soil salinity in the Ebinur Lake Basin was obtained by
model inversion, as shown in Figure 4a. From the figure, it can be seen that the soil salinity
in the Ebinur Lake Basin was low around, high in the center, high in the lake area and low in
the vegetation coverage area. The soil salinity in the lake area decreased gradually outward.
In addition, the salt content along the coast of the Ebinur Lake, Boltala River, Jinghe River,
Kuitun River and Akeqisu River is higher than that of other areas. Among them, it was
the most obvious in the case of the Ebinur Lake and the Akezisu River. According to the
correction analysis of soil water and salt in the Ebinur Lake Basin, the change trend of soil
salinity and soil moisture tends to be the same, so in the vicinity of the water area, the
soil moisture content is higher than in other areas. There are two distinct white areas in
the southeastern part of the Ebinur Lake; namely, the soil electrical conductivity there is
greater than 0.4 S/m. These two areas are the Jinghe Salt Field and the Jinghe Old Salt
Field respectively, which further confirms the accuracy of the model inversion. The Ebinur
Lake is a saltwater lake. The area of the lake is decreasing year by year. The water around
the lake is gradually evaporating, and the soil salinity is gradually increasing.

Figure 4. (a) Spatial distribution of soil electrical conductivity (S/m); (b) spatial distribution of soil volumetric moisture (m3 m−3).

From the above analysis, we can see that the soil salt content is negatively correlated
with vegetation coverage. It can be learned that the soil salt content in vegetation coverage
area is lower than that in bare land or wetland. In addition, soil salinity of the northern
mountain forest is lower than that of the southwestern farmland. In addition to the cause
of farmland fertilizer application, the high soil salinity will inhibit the growth of vegetation,
so it is also suitable for planting trees and grasslands under the extremely low salinity soil.
The area with soil electrical conductivity lower than 0.05 S/m in the eastern part of the
country is the Arxi Sea grassland, which further validates the above discussion.

Salinization is part of the main causes of soil degradation in arid and semi-arid regions
of the world. It inhibits plant growth and agricultural production and aggravates soil
erosion. Nearly 20% of land in China is influenced by salinization, which is increasing with
human activities, especially in arid and semi-arid areas [54]. As a typical arid and semi-arid
region and an important geographic unit in central Asia, monitoring and mapping of the
Ebinur Lake Basin soil salinity over a long period of time and wide space are of great
significance for curbing soil degradation and sustainable agricultural production.

4.3. Spatial Distribution of Soil Moisture in Ebinur Lake Basin

The spatial distribution of soil moisture in the Ebinur Lake Basin was retrieved from
the cubic regression model, as shown in Figure 4b. As can be seen on the map, soil moisture
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in the Ebinur Lake Basin gradually decreased outward with the Ebinur Lake as the center
and was higher in the west and lower in the east. There were many white spots (i.e., soil
volumetric moisture > 2 m3 m−3). In the southwest of the basin, the bright spot was the
Panqiao fishpond and in the northwest, paddy fields and reservoirs. This area was the
same as the lake, so the soil moisture in this area was very high. Soil volumetric moisture
along the coast of the Ebinur Lake, recharged by lake water, was 1–2 m3 m−3. The soil
moisture in this kind of area is also higher than that in other areas. Because of poor water
storage capacity of inland saline soil, the soil moisture of inland saline soil is lower than
that of other regions. The soil moisture along the four rivers is 1–2 m3 m−3, which conforms
to the basic natural law.

Soil moisture content of the farmland in the west is low, and the type of soil is inland
saline soil, which is not conducive to the growth of crops, but affected by topography, it
developed into farmland. Under the influence of water stress, the yield of crops is low. Soil
water loss is a major restrictive factor for land degradation in arid and semi-arid areas [55].
Vegetation is very vulnerable to water stress, which has a huge impact on agricultural
production [56]. Therefore, timely and accurate dynamic grasp of soil moisture changes in
arid and semi-arid areas is of great significance for ecological development.

4.4. Relevant Rules of Soil Water and Salt

According to the correlation analysis of soil water and salt in the Ebinur Lake Basin, the
change trend of the two tended to be consistent. Depending on the physical characteristics
of soil, soil water is the carrier of soil salt transport. As can be seen in Figure 4, the soil
salinity was extremely high and the soil moisture was also large around the Ebinur Lake,
and the two changes were related. In the eastern, southern and northwestern parts of the
basin, the conductivity of soil volumetric was less than 0.05 S/m, the salinity was very low,
but the soil moisture content was high. Soil moisture content was high, which has a definite
dilution effect on soil salinity. Soil water and salt are related and interrelated. Especially in
arid and semi-arid areas, the change of soil water and salt is one of the controlling factors
in the formation of saline land [56]. It is of great significance to study the correlation and
linkage effects of soil water and salt for soil restoration and inhibition of land desertification
and degradation in arid areas.

4.5. Data Accuracy Discussion

The field experiment for this study was carried out in the Ebinur Lake in May, and the
measurement were performed for only one year. Although multiple measurements were
taken for each measurement point and their average value was taken into consideration,
the inversion model of this study is not universal due to the lack of long-term continuous
observation data. In arid areas, soil moisture and salt content change with the year and
season. As a result, the spectral characteristics of the ground surface will change, the
inversion index will also change, and the final inversion model and results will also
be different. Therefore, the important direction for the future research is to study the
influence of different measurement periods on the selection of soil water content and
salinity inversion index, and to explore whether there is an inversion model that is more
universal for all time periods.

5. Conclusions

In this study, based on a series of field experiment data of soil salinity, soil moisture
and remote sensing data (from Landsat 8 OLI), the remote sensing index for estimating soil
water and salt content in the Ebinur Lake Basin were tested and compared, and two new
salinity indices for Landsat 8 were developed. Good models for inversion of soil moisture
and salinity in the Ebinur Lake Basin were tested and obtained. The spatial distribution
of soil water and salt in the Ebinur Lake Basin was predicted using the remote sensing
data. The research results of this paper have certain guiding significance for the future
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geophysical process modeling of water and salt transport in arid saline lake basins. The
basic conclusions of this study are as follows:

(1) Among the various indexes for estimating soil salinity in the Ebinur Lake Basin, the
salinity index had a greater advantage than the vegetation index, and the correlation
between the newly established salinity index D2 and soil conductivity was as high
as 0.650. The accuracy of the BP neural network salt prediction model based on this
index was also higher than other models (R2 = 0.624, RMSE = 0.083).

(2) For the soil moisture content in the Ebinur Lake Basin, the correlation of the normal-
ized water index (NDWI) was greater than that of other indices (R = 0.600). The cubic
function prediction model had the best effect, the fitting accuracy was 0.538, and the
verification error was 0.230.

(3) The correlation degree of soil water and salinity was very high, reaching 0.817. The
two trends tended to be the same, but the spatial mutation rate of soil moisture was
high and heterogeneity was strong.

(4) The soil salinity in the Ebinur Lake Basin was low around, high in the center, high
in the lake area and low in the vegetation coverage area, and the soil salinity in the
lake area decreased gradually outward. The soil moisture in the Ebinur Lake Basin
gradually decreased outward with the Ebinur Lake as the center and was higher in
the west and lower in the east, with more small ponds.
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Abstract: Badain Jaran Desert, the coexistence of dunes and lakes, and the presence of the world’s
tallest dunes, has attracted worldwide attention among hydrologists. Freshwater, brackish, and
saline lakes coexistence in the Badain Jaran Desert under extremely arid environmental conditions.
This raises the question of why diverse lake water types exist under the same climatic conditions. An-
swering this question requires the characterization of lake hydrochemistry and the main controlling
factors. The purpose of the presented research was to systematically analyzed samples from 80 lakes
using statistical analysis, correlation analysis and hydrogeochemical methods to investigate the
hydrochemical status and evolution of lakes in the Badain Jaran Desert. The results showed that the
lake water in Badain Jaran Desert is generally alkaline, with the average pH and TDS were 9.31 and
165.12 g L−1, respectively. The main cations to be Na+ and K+, whereas the main anions are Cl− and
SO4

2−. HCO3
− and CO3

2− decreased and SO4
2− and Cl− increased from southeast to northwest,

whereas lake hydrochemistry changed from the SO4
2−-Cl−-HCO3

− type to the SO4
2−-Cl− type and

lakes transitioned from freshwater to saline. The freshwater and slightly brackish lakes are mainly
distributed in the piedmont area at a high altitude near the Yabulai Moutains, whereas saline lakes
are mainly distributed in the desert hinterland at a low altitude, and there is a roughly increasing
trend of ions from the Yabulai Mountains. The evaporation-crystallization reactions are the dominant
in the study region. Moreover, some saline mineral deposits, are extensive in these regions caused by
intense evaporation-crystallization.

Keywords: hydrochemical characteristics; ion exchange; evaporation-crystallization; controlling
factors; Badain Jaran Desert

1. Introduction

The hydrochemistry of lake water determines its suitability for utilization in fisheries,
agricultural irrigation, reed production, and salt manufacture [1]. Arid areas tend to have
fragile ecological environments, characterized by scarce precipitation, intense evaporation,
sparse vegetation, intense desertification, and soil erosion [2,3]. Lakes in arid regions
play an important role in maintaining water resources, biodiversity, and the ecological
environment. However, climate droughts and intense evaporation have resulted in the loss
of water quality and quantity of lake water in desert areas, thereby reducing the potential
for lake development [4].

As one of the integrated geographical units of the earth’s surface, lakes are typical
sites for gathering information about human activities and climate change [5]. Lake
hydrochemical characteristics reflect the natural environment of the lake to some extent.
Therefore, the analysis of the chemical composition of lake water is helpful to reveal water
cycle processe and water-rock interactions of the leaching and evaporation of upstream
rivers [6,7]. The hydrochemical characteristics of a lake can also act as an indicator of
groundwater recharge and the main routes for the transport of solutes. Since the evolution
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of lakes in a region determines the harmony between water resources and the ecological
environment, this topic has received wide attention [8–10].

The typical lakes of the arid area of the Badain Jaran Desert act to facilitate the
exchange of material and energy and form an important component of the hydrological
cycle [11–14]. In this region, the annual average precipitation is less than 100 mm but the
evaporation rate is more than 3000 mm [15]. However, there are still over 100 permanent
lakes in this extremely arid region, which vary considerably in size and hydrochemical
characteristics, forming a unique megadune-lake land-scape [16,17]. In recent years, the
area and quantity of lakes are decreasing. Saline marsh lakes formed by the shrinkage
of lakes through evaporation are distributed in the hinterland and southeast margin of
the desert [18]. These lakes, which range from fresh water to saline water, have a crucial
contribution in mainating the fragile ecological balance in the desert, have become a key
area of Quaternary geology [17,19–22] and lake hydrology research [7–10,23,24].

In the recent decades, the research on Badain Jaran Desert have primarily focused on
the recharge of the lakes [9,11,25,26], but their hydrochemical and hydrological implications
are not fully understood. As contributons from each hydrochemical source vary significantly
in time and space [27], studying hydrochemistry in natural waters can provide important
information about environmental change [22,28]; illustrate the complex interactions between
biological, chemical, and physical subsystems in a limited area [29]; and explain the forma-
tion and evolution of water bodies using qualitative and quantitative methods [30]. Previous
studies have had limited samples because of the harsh conditions, they could not exhaus-
tively reflect the composition and distribution of the hydrochemistry of lakes in the Badain
Jaran Desert. In this study, water samples from 80 lakes with different salinities in the Badain
Jaran Desert were collected to comparatively study the hydrochemical characteristics and
the mechanisms contributing to the hydrochemistry. Compared to the previous sampling,
the present study greatly increased the catchment area and salinity range of the lakes. The
objectives of the present study were to: (1) understand the hydrochemical characteristics
of different types of lakes in the Badain Jaran Desert; (2) clarify the mechanisms driving
evolution of different types of lakes in the Badain Jaran Desert.

2. Materials and Methods
2.1. Study Area

The Badain Jaran Desert (39.07–42.21◦ N, 99.39–104.57◦ E) is in the western part of the
Inner Mongolia Autonomous Region of China, covering an area of 5.2 × 104 km2. More
specifically, the desert is east of Gurinai, south of Guaizi Lake, west of the Zongnai and
Yabulai mountains, and north of Beida Mountain (Figure 1) [31]. The terrain of the desert
is generally high in the south and east and low in the north and west. More specifically,
elevation is higher in the Zongnai and Yabulai mountains in the east (1300–2200 m above
sea level) and the Beida Mountain in the south (1800–2300 m above sea level), but gradually
declines to the west and north, respectively, dropping to 970–1200 m at Guaizi Lake and
east Gobi [32]. In terms of geological structure, the desert falls in the depression basin of
the Alxa block. The crust has descended since the Pleistocene, thick layered Quaternary
sediments have accumulated, and the surrounding mountains have strongly denuded to
form a quasi-plain landform.
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Figure 1. Map showing location of the study site and lake water samples, black line showing the
terrain direction, and red lines showing the boundry of Badain Jaran Desert.The other portion
indicates the sampling sites of the 80 sampled lakes in the desert with their locations highlighted as
saline lake, slightly brackish lake and freshwater lake. The remote-sensing images were taken from
Loca Space Viewer.

The study area belongs to the temperate continental desert steppe climate zone. The
average annual rainfall decreases from 120 mm in the southeast to < 40 mm in the northwest
and over half of annual rainfall falls between July and August. The potential evaporation
of the lake surface can reach 1200–1550 mm [33]. There are neither rivers discharging into
the lakes nor out lets draining them. The groundwater in the lake distribution area in the
desert hinterland mainly occurs in the Pleistocene lacustrine sand bed. The water-resisting
floor and roof comprise Tertiary argillaceous clastic rock and lacustrine sub-sandy soil
and sub-clay, respectively, forming an artesian basin with a multi-layer structure. The
burial depth of the water-resisting roof can be between 5–20 m and the thickness of the
aquifer exceeds 30 m. The water-resisting layer in the lake area on the southern margin of
the desert was formed by Cretaceous clastic rock. The aquifer is composed of Holocene
lacustrine sand, sub-sand, and aeolian sand. The buried depth of the groundwater level is
1–2 m [11,34].

2.2. Study Design

In June 2019, water was sampled randomly from 80 lakes in the Badain Jaran Desert.
White, high-density polyethylene (HDPE) samples bottles of volume 250 mL were ster-
ilished in the laboratory. In the field, a multi-parameter water quality analyzer (U-53,
HORIBA, JP) was used to measure water temperature, pH, total dissolved solids (TDS),
salinity, conductivity (EC), redox potential (ORP), dissolved oxygen (DO), and specific
gravity of seawater. A handheld global positioning system (GPSMAP 669s, GRMN, Taiwan,
CHN) was used to record longitude, latitude, and elevation of sampling sites. The HDPE
bottles were preinsed with the water samples three times prior to sampling. Then, each
sample was collected from 0.3 to 0.5 m depth below the lake surface, filtered immediately
through a 0.45 µm nylon filter, and finally stored in the precleaned HDPE bottles. The
collected water samples were refrigerated at approximately 4 ◦C and later transported to
the Laboratory of Soil and Water Chemistry, Key Laboratory of Ecohydrology of Inland
River Basins, Chinese Academy of Sciences for analysis. Ca2+ and Mg2+ were determined
by ethylenediaminetetraacetic acid (EDTA) titration. Na+ and K+ were determined by
flame atomic absorption spectrophotometry. CO3

2− and HCO3
− were neutralized by

double indicator titration. Cl− and SO4
2− were determined by mercury nitrate titration

and EDTA indirect complexation titration, respectively. The limit of detection for each ion
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index was 0.05 mg L−1. The reliability of all water sample data were tested by cation and
anion balance test, The error in the balance between cations and anions in water can be
calculated with the following formula:

E =
∑ Nc−∑ Na
∑ Nc + ∑ Na

× 100%, (1)

where E represents relative error (%) and Nc and Na represent the mg equivalent (meq)
concentrations of cations and anions, respectively (meq L−1). The absolute value of the
error in the balance between anions and cations is less than 5% for reliable data. The
assessment using Equation (1) indicated that E ranged between −4.05–4.76%, indicating
that data of all lake water samples were reliable.

2.3. Data Processing Method

The spatial location and topography of the water sample points were performed using
ArcGIS 10.2. Statistical analysis and correlation analysis of lake hydrochemical parameters
were performed using SPSS 16.0, including maximum value, minimum value, average
value, standard deviation, coefficient of variation, kurtosis and skewness. A Piper plot was
produced using Aqua TEChem 2014.2 to analyze the hydrochemical types of lake water.
The ions interrelationships and the Gibbs diagram used to analyze the hydrochemical
changes in lake were plotted using SigmaPlot 12.5 software. Visual Minteq 3.0 is used to
calculate the saturation index (SI) of the main minerals in the study area.

The salinity status of lake water can be categorized according to TDS: (1) freshwater
lake (TDS < 1 g L−1); (2) slightly brackish lake (TDS between 1–24 g L−1); (3) brackish lake
(TDS between 24–35 g L−1) and; (4) saline lake (TDS > 35 g L−1) [35]. Figure 1 shows the
distribution of sampling points from 80 lakes in the study area.

3. Results
3.1. Hydrochemical Characteristics of Lakes in the Badain Jaran Desert

The results according to TDS of water samples indicated that freshwater, slightly
brackish, brackish, and saline water lakes accounted for 1.25% (one lake), 25% (20 lakes),
0.0% (zero lakes), and 73.75% (59 lakes), respectively. The pH of water samples from
80 lakes varies between 7.54 and 10.52, the average of freshwater, brackish, and saline
lakes was 7.93, 8.47 ± 0.75, 9.60 ± 0.58, respectively, indicating that the lakes were overall
alkaline. The TDS of freshwater, brackish, and saline lakes is 0.88 g L−1, 6.76 ± 7.57 g
L−1, 221.54 ± 137.96 g L−1, respectively. All the lakes also contained high concentrations
of Na+ (0.09–295.48 g L−1) and K+ (0.01–73.97 g L−1), but the concentrations of Ca2+

(0.01–1.21 g L−1) and Mg2+ (0.02–7.13 g L−1) were very low. The main anions in the lake
water were Cl− (0.15–169.83 g L−1) and SO4

2− (0.31–110.05 g L−1) and in most samples,
the concentration of Cl− was higher than that of SO4

2−. Carbonate (0.02–31.37 g L−1) and
bicarbonate (0.15–60.33 g L−1) were relatively low in the lakes.

The rankings of cations and anions ions according to average concentration were
Na+ > K+ > Mg2+ > Ca2+ and Cl− > SO4

2− > HCO3
− > CO3

2−, respectively. The anion and
cation found in the highest concentrations in the freshwater lakes were Na+ and SO4

2−,
respectively. The cations and anions found in the highest concentrations in the slightly
brackish and saline lakes were Na+ and Cl−, respectively. High standard deviation (SD)
values and differences between maximum and minimum values with regard to cations and
anions indicate that the hydrochemical compositions of the lakes included in this study
vary significantly. Except pH the other lake variables exhibited high variabilities in both
slightly brackish and saline lakes. Kurtosis values in slightly brackish lakes are all less than
zero except Mg2+, while skewness values are all greater than zero except Ca2+. Kurtosis
values in saline lake were all greater than zero except HCO3

−, and skewness values were
all greater than zero except PH (Table 1).
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Table 1. Descriptive statistics of lakes physico-chemical properties in the Badain Jaran Desert.

Freshwater
Lake Slightly Brackish Lake Saline Lakes

Sample 1 20 59

Value Min Max Mean SD CV Kurtosis Skewness Min Max Mean SD CV Kurtosis Skewness

g L−1 g L−1 g L−1 g L−1 g L−1 g L−1

PH 7.93 7.65 10.1 8.47 0.75 0.09 −0.76 0.54 7.54 10.52 9.60 0.58 0.06 2.63 −1.21
TDS 0.88 1.13 20.21 6.76 7.57 1.12 −0.91 0.98 39.44 619.74 221.54 137.96 0.62 1.68 1.52
Na+ 0.09 0.30 6.53 2.08 2.45 1.17 −0.59 1.10 12.79 295.48 93.01 70.24 0.76 2.19 1.79
K+ 0.02 0.01 0.31 0.10 0.11 1.18 −0.09 1.29 0.25 73.97 8.75 14.04 1.61 9.26 2.95

Mg2+ 0.05 0.02 0.75 0.22 0.25 1.15 0.08 1.24 0.05 7.13 0.81 1.22 1.51 14.77 3.57
Ca2+ 0.07 0.01 0.07 0.04 0.02 0.47 −1.18 −0.04 0.02 1.21 0.30 0.23 0.78 3.75 1.68
Cl− 0.15 0.22 6.94 2.10 2.55 1.21 −0.90 0.99 6.07 169.83 62.58 40.16 0.64 0.47 0.96

SO4
2− 0.33 0.31 5.21 1.67 1.84 1.10 −0.25 1.17 1.33 110.05 32.52 23.67 0.73 2.29 1.46

HCO3
− 0.25 0.15 1.86 0.66 0.56 0.85 −0.21 1.10 1.97 60.33 27.69 15.69 0.57 −0.72 0.19

CO3
2− 0.06 0.02 0.67 0.23 0.23 0.99 −1.14 0.67 0.21 31.37 10.82 6.64 0.61 0.81 0.87

Min: minimum value; Max: maximum value; Mean: mean value; SD: standard deviation; CV: coefficient of variation.

The absolute content of each ion increases from freshwater lakes to saline lakes in the
Badanjaran Desert. However, the relative content of ions in different lake types is varied.
The meq of Na+ and Cl− in saline lakes were higher than that in brackish lake, and lowest
in freshwater lake. Na+ increased significantly with the transition from freshwater to saline
lakes, accounting for 14%, 38%, and 52% of total ions in freshwater, slightly brackish, and
saline lakes, respectively. The meq of SO4

2−, HCO3
−, Ca2+, and Mg2+ showed decreasing

trends as transition from freshwater lakes to saline lakes. The relative contents of Ca2+ and
Mg2+ were higher in freshwater lakes and slightly brackish lakes, but lower in saline lakes.
The meq of Ca2+ decreased from 12% in freshwater lakes to 3% in slightly brackish lakes
and to only 0.22% in saline lakes. The meq of Mg2+ decreased from 13% in freshwater lakes
to 9% in slightly brackish lakes and only 0.97% in saline lakes (Figure 2).

Figure 2. Ion concentrations (in meq) in individual types of lakes.

3.2. Hydrochemical Compositions and Types in the Badain Jaran Desert Lakes

The geochemistry of the water samples from the studied lakes was analyzed by
plotting the concentrations of major cations and anions in the Piper-trilinear diagram
(Figure 3), In the 80 studied desert lakes, except freshwater lake, the concentrations of
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Na+ and K+ were higher than those of Ca2+ and Mg2+ except freshwater lake, hence all
the points were plotted in the lower right part of the diamond. The concentration of
Cl− + SO4

2− in saline lake was higher than CO3
2− + HCO3

−, but not significant in brackish
lakes. The only one sample of the freshwater lake was classified as one group, located at
the middle of the diamond in the piper diagram.

Figure 3. The Piper diagram of lake water in the Badain Jaran Desert.

The hydrochemical type in slightly brackish lake changed from Na-SO4-Cl-HCO3
to Na-Cl-SO4. The hydrochemical types in saline lakes changed from the Na-Cl-HCO3
and Na-Cl-SO4 types to the Na-Cl type. In general, water sample contents of HCO3

− and
CO3

2− decreased and SO4
2− and Cl− increased from southeast to northwest of the Badain

Jaran Desert. The hydrochemistry transitioned from the SO4-Cl-HCO3 type to the SO4-Cl
type. As freshwater lakes transition to saline lakes, the hydrochemistry type transition
from a carbonate type to the sulfate type to the chloride type.

3.3. Mechanisms Controlling Hydrochemical Component
3.3.1. Rock Weathering, Evaporation, and Soil-Leaching

The dominant geochemical processes of the lakes water were evaporation-crystallization,
precipition dominance, and rock dominance processes in the Badain Jaran Desert (Figure 4).
As shown in the Gibbs diagram that the water samples taken from freshwater and slightly
brackish lakes were characterized by moderate to high ratios of
Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−), indicating that evaporation-crystallization
processes and rock weathering control the hydrochemical components in these regions.
However, water samples from saline lakes are characterized by high concentrations of TDS
and high ratios of Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−), which indicate that the
water is generally dominated by products of evaporation-crystallization processes. The
lake water in saline lakes evaporated more intensively than in the other lakes. The ratios
of Na+/(Na+ + Ca2+) in the slightly brackish lakes were more than 0.8, and that in saline
lakes were close to 1.0. The ratios of Cl−/(Cl− + HCO3

−) in the slightly brackish lakes
ranged between 0.5–0.9, and that in saline lakes ranged between 0.5–1.0.
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Figure 4. Gibbs diagram of the water samples in the Badain Jaran Desert.

3.3.2. Ion Exchange

Cation exchange is an important hydrogeochemical process as it modified the hy-
drochemical composition of groundwater and surface water. As shown in Figure 5a, the
concentrations of Na+ in most water samples from the slightly brackish lakes and saline
lakes are scattered above the 1:1 line, indicating that the concentration of Na+ in water
samples exceeded that of Cl−. SI for halite (−11.36–3.22) indicates an intensive dissolution
or precipitation of secondary halite, which appears to be the cause of the high Na+ con-
tent. Cl− is a conserved element and is independent of other ions, Cl− does not readily
reach saturation and is relatively stable. Therefore, evaporative concentration results in
Cl− enrichment of desert lake water. The rate of Na+ enrichment exceeded that of Cl−,
indicating strong evaporation concentration and cation exchange. Na+ is derived not only
from the multiple interactions of water in the recharge aquifer and water karst leaching, but
also from cation exchange with silicate mineral Ca2+ (Mg2+). We also compared the relation-
ship between (Ca2+ + Mg2+)− (HCO3

− + SO4
2−) and Na+ + K+ −Cl− (mmol L−1) and found

(Ca2+ + Mg2+)− (HCO3
− + SO4

2−) are negatively correlated with Na+ + K+−Cl− (Figure 5b).
We found different correlations when the content of Na+ in saline lakes was particularely
high, so we separated seven samples from the group of hypersaline lakes and analysised
them separately. The cation exchange processes are reversible, and the direction depends on
the paticipating cations present in the waters and their concentrations. Therefore, we infer
that the waters from the lakes have been undergoing netagive cation exchange (Na+→ Ca2+,
Mg2+) caused by the higher concentration of Na+. Compared with saline lake, hypersaline
lake has a higher degree of nagative correlation, and silghtly brackish lake has a lower degree.
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Figure 5. The relationships between (a) Na+ and Cl− and (b) (Ca2+ + Mg2+) − (HCO3
− + SO4

2−) and Na+ + K+ − Cl−.

3.3.3. Precipitation and Dissolution

The saturation index (SI) is an important index used to assess the degree of saturation
of minerals. SI > 0 indicates deposition crystallization, whereas SI < 0 indicates mineral
dissolution. Most of the SI values for anhydrite, gypsum, halite, epsomite, mirabilite,
and thenardite are less than zero (Table 2), which indicates that these minerals remain
undersaturated and have been dissolving. The dissolution of anhydrite, gypsum, halite,
epsomite, mirabilite, and thenardite will increase the concentrations of Na+ and SO4

2− as
time goes on. The dissolution of these mineral in the study area according to the following
chemical reactions:

Table 2. Statistics of saturation index of main minerals in lakes water.

Anhydrite Aragonite Calcite Dolomite Epsomite Gypsum Magnesite Mirabilite Thenardite Halite

Mean
value −0.76 2.65 2.80 5.86 −2.92 −0.72 3.03 −1.35 −1.41 −2.53

Minimum
value −2.68 −0.35 −0.20 −0.38 −9.18 −2.48 −0.37 −6.61 −7.50 −11.36

Maximum
value 2.36 6.52 6.67 13.53 −1.03 1.55 6.86 0.93 5.30 3.22

Na2CO3 + H2O → NaOH + NaHCO3 (2)

Na2CO3 + CaSO4 → Na2SO4 + CaCO3(s) (3)

However, most SI values for calcite, dolomite, magnesite, and aragonite are more than
zero, which indicates that these minerals are supersaturated and have been precipitation.
The precipitation of dolomite, calcite, and aragonite can decrease the concentrations of
Ca2+, Mg2+, and HCO3

−. The dissolution of these mineral in the study area according to
the following chemical reactions:

Ca2+ + CO2−
3 → CaCO3(s) (4)

Mg2+ + HCO−3 + CaCO3 → CaMg(CO3)(s) + CO2(g) + H2O (5)

There was a strong linear relationship between the concentrations of Na+ + Cl− ions
and the saturation index of halite in all lakes, even more significant in hypersaline lake,
indicating that the irons in water remains in an unsaturated state and that the dissolution
of halite is a continuous process (Figure 6a). The relationship between Gypsum Saturation
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Index and Ca2+ + SO4
2− is not obvious in slightly brackish lake, but linear in Saline Lake,

and more obvious in hypersaline Lake (Figure 6b).

Figure 6. The relationships between (a) Halite Saturation Index and Na+ + Cl−/g L−1 and (b) Gypsum Saturation Index
and Ca2+ + SO4

2−/g L−1.

4. Discussion
4.1. Variation in Hydrochemical Composition between Lakes of Different Types

The results of the present study characterized lake water of the Badain Jaran Desert
as alkaline with a high TDS. This can be mainly attributed to the closed nature of lakes in
the desert, with no inflowing or outflowing surface runoff and the only lake inputs being
groundwater and precipitation recharge. The process of groundwater replenishment of
lake water contributes to the input of not only salt, but also leaching and cation exchange
with the existing environment. The process of evaporative concentration continuously
enriches the salt content of the lakes, resulting in a gradual increase in TDS content and the
transition of lakes to alkaline salt lakes.

In this study, we found that different types of lakes have different chemical compo-
sitions. There is little differences among the ion components in the freshwater lake. The
content of cation Na+, Ca2+, Mg2+ were high and K+ was low, while the content of anions
shows the chararteristics of high SO4

2− and low CO3
2−. The only freshwater lake in the

survey, Dundejilin, had a TDS of 0.88 g/L−1, lower than that measured by Shao [36] of
3.28 g/L−1. The lower current TDS content of freshwater lake indicates that the lake have
received large volumes of freshwater and have experienced a rapid discharge rate over
an extended period of time. In addition, the lakes have been only weakly affected by
rock dominance, evaporation, and crystallization.In slightly brackish lake, Na+, Cl− and
SO4

2− were hige, but K+, Ca2+ and CO3
2− were low. It is noteworthy that the coefficients

of variation (CV) value for Na+, K+, Cl−, and SO4
2− are very high, suggesting a large

varibility of the concentration. The CV values in sligtly brackish lake were higher than that
of in saline lake, indicating that hydrochemical ions are more sensitive to hydrogeological
conditions, topography, hydrometeorology, and other external environmental factors in
slightly brackish lake. Large coefficients of variation were noted for K+ and Mg2+ in saline
lakes, reflecting the strong effects of dissolution of minerals, the reaction between water
and gypsum minerals, and cation exchange. The study area is characterized by low precipi-
tation and high evaporation [37], precipitation has been considered a minor hydrochemical
source compared to soil wearthing [38,39]. The ion concentrations, especially Na+ are
significantly higher than Cl−, in saline lakes are more pronounced than in slightly brackish
lakes. We therefore in fer that contributions from precipitation to lake hydrochemical
compositions are lower in the saline lakes than in other lakes. As for chloride, it is more
likely to dissolve from evaporates and be influenced by evaporation processes [40] because
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it only comes from precipitation. It is often used as a consercative reference element to
study water- rock interactions because it undergoes few chemical and biological reactons
in the natural environment [41]. A ratio of Na/Cl greater than 1 indicates that in addition
of evaporation, minerral dissolution and cation exchange are taking place in the region.

The Badain Jaran Desert shows complex lake hydrochemical types. Most of the lakes
show different hydrochemical types, even under similar hydroclimatic conditions. This
phenomenon indicates a diversification of lake water sources. HCO3

− and CO3
2− in lake

water decrease from southeast to northwest, whereas SO4
2− and Cl− increase, and the lake

water hydrochemical type transitions from SO4-Cl-HCO3 to SO4-Cl. As lakes transition
from freshwater to saline lakes, their hydrochemical types transition from the carbonate
type to the sulfate type to the chloride type. Water samples of different types of lakes are
affected by evaporative-crystallization, and the continuous accumulation of irons results in
Ca2+ and HCO3

− forming insoluble irons which precipitates as well as the accumulation of
soluble ions such as Na+, K+, and Cl−. However, different recharge sources and recharge
rates among different lakes lead to different types and rates of ion enrichment. A rapid
renewal rate results in low absolute contents of Na+ and Cl− and a high content of Ca2+,
indicating an absence of sedimentation. Rapid enrichment of Na+ and Cl− in slightly
brackish and saline lakes was noted. In addition, there was a low relative content of Ca2+,
indicating the occurrence of sedimentation.

4.2. Evolution of the Spatial Distribution of Hydrochemical Parameters among Different Types
of Lakes

Topographic factors clearly control the distribution of slightly brackish and saline
lakes, resulting in these lakes showing zonal distributions (Figure 7). Saline lakes tend to be
found in relatively low-lying areas, whereas slightly brackish lakes are found in relatively
high-lying areas. The larger lakes in the northern part of the desert and the lakes in the
southeastern part of the desert are separated by a topographic fold and uplift, forming
different groundwater recharge systems [42]. Therefore, there are significant differences in
the hydrochemical types of the lakes in the region, despite their proximity. For example,
the distance between Badain East Lake and Badain West Lake in the southeastern edge of
the desert is less than 200 m, with the TDS of the latter lake exceeding that of the former
by a factor of 100. This difference can be attributed to the higher water level of East Lake,
resulting in the release of salt, whereas salt accumulates in the West Lake [43].

In our investigation, we found that the lakes on the southeast side of the desert were
small and shallow, while the lakes on the north side were large and deep. The freshwater
and slightly brackish lakes were mainly distributed in the piedmont area at a high altitude
(1200–1300 m), whereas saline lakes were mainly distributed in the desert hinterland at a
low altitude (1100–1200 m). As Figure 5 shows, Saline lakes are widely distributed in the
region, while slightly brackish lakes are concentrated, mainly in the southeast of Yabuli
Mountain. Among the 80 lake water samples, 21 located at the southern edge of the Badain
Jaran Desert are freshwater and slightly brackish, with TDS ranging from 0.88 g L−1 to
20.21 g L−1. 35 hyposaline lakes located in the southern-central research area show TDS
values from 39.44 g L−1 to 199.26 g L−1. Four mesosaline located in the west research area
show TDS value from 279.48 g L−1 to 452.73 g L−1. The other 10 investigated lakes are all
hypersaline, located in the northwest with TDS values varying between 467.01 g L−1 and
619.74 g L−1.Besides for Ca2+, Mg2+ and PH, the change trend of other anions and cations
is consistent with TDS. There is a roughly increasing trend of ions from the southeast to
northwest, and the West Nuoertu Lake located on the northwest edge had the highest
salinity while the Dundejilin Lake located on the southern edge had the lowest salinity.
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Figure 7. The spatial distribution of ion contents in the lakes of the Badain Jaran Desert.

Freshwater and slightly brackish lakes were concentrated within 30–45 km from the
Yabulai Mountain. Saline lakes were widely distributed over a range of between 20–135 km.
This lake distribution shown a close relationship between lake water and precipitation in
Yabuli Mountain [44,45]. Due to the concentrated distribution of slightly brackish water
lake, the variation trend of hydrochemical from Yabulai Mountain is not significant, we
focus on the analysis of the relationship between the hydrochemical changes of saline lake
and the distance from Yabulai Mountain (Figure 8). Significant changes in Cl−, SO4

2−,
and Na+ occurred. Cl− increased from 6.07 g·L−1 to 169.83 g·L−1, SO4

2− increased from
1.33 g·L−1 to 110.05 g·L−1, whereas Na+ increased from 12.79 g·L−1 to 295.48 g·L−1. The
values of TDS, Cl−, SO4

2−, HCO3
−, CO3

2− and Na+ in most saline lakes increase with the
distance from the Yabulai Mountains. Nine lakes, about 100 km from the Yabulai Mountain,
have exceptionally high sodium and potassium levels. Along the terrain from the southeast
to the northwest, the farther away from the Yabulai Mountains, the higher the ion content.
The freshwater lakes and slightly brackish lakes in the Badain Jaran Desert are recharged by
mountain precipitation and lateral runoff. The rapid rate of lake water renewal leads to a
relatively low lake water TDS. The saline lakes are positioned far away from the mountain
area and receive groundwater recharge. The long recharge path and complex geological
conditions result in a slow lake water regeneration rate and intense evaporation, leading
to relatively high TDS. This conclusion is consistent with that of Yang [46]. It is believed
that the shallow groundwater is recharged by recent local precipitation infiltration near
Yabulai Mountain in the southeastern margin of the desert, whereas deep groundwater
is recharged by precipitation during humid periods. This assertion is consistent with the
analyses by Hofmann [47] which showed the presence of two discontinuous hydraulic
flow systems in this area. One is located north of the geological anticline, ~40 km from
the southern edge of the desert. This flow system is recharged by precipitation. The other
is located south of the geological anticline and is recharged by water from outside the
dune area.
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Figure 8. The variability of lake ions distance from the Yabulai Mountains.

4.3. Analysis of Mechanisms Contributing to the Hydrochemistry of Different Types of Lakes

In general, the major sources of dissolved ions in lakes include input from precipi-
tation, weathering rocks, regional geologic, and anthropogenic input [48]. Evidenced by
Gibbs diagram in Figure 4, indicated that the evaporation-crystallization reactions are the
dominant in the study region. Moreover, some saline mineral deposits, including gypsum,
hailte, anhydrite, epsomite, mirabilite, and thenardite, are extensive in these regions caused
by intense evaporation-crystallization. Intense evaporation is a vital driving force in the
formation of lakes and also affects their hydrochemical components and water balance.
The higher HCO3

−, SO4
2−, Ca2+, and Mg2+ concentration in lakes from the freshwater-

lake demonstrate that those regions are enriched in minerals like anhydrite, aragonite,
calcite, dolomite and gupsum. In comparison to this lake, the slightly brackish and saline
lakes have lower Ca2+. Calcium consumption led to the progressive enrichment of Na+,
SO4

2−, and Cl− in the lake brines where halite, thenardite, epsomiteand, and Mirabilite
precipitated. The samples from lake were far below saturation with chloride minerals
such as halite, showed by the negative SI values ranging between −11.36 and 3.22, which
confirms that the soluble component Na+ and Cl− concentration was not limited by min-
eral equilibrium in the sediments of the study area. Table 2 showed the saturation index
of main minerals in lakes water, which were used to understand the hydrogeochemical
evolution processes during flow paths of the groundwater from the recharge zone to the
discharge zone. Based on mineral SI result, Ca2+/Na+ ratio and the geological condition
of the study area, the hydrogeochemical processes mainly included the dissolution of
anhydrite, gypsum, halite, epsomite, mirabilite, and thenardite, and the precipitation of
calcite, dolomite, magnesite, and aragonite from the recharge zone to the discharge zone.
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5. Conclusions

The Badan Jaran desert is a vast arid region endowed with perennial lakes with
varying salinities (0.88–619.74 g L−1) and high pH values (7.54–10.52) due to the abundance
of Na+, K+, Cl− and SO4

2−. The results according to TDS of the water samples from 80 lakes
indicated that freshwater, slightly brackish, brackish, and saline water lakes accounted for
1.25%, 25%, 0.0%, and 73.75%, respectively. The Piper termary diagram indicate that the
lake hydrochemistry changed from the SO4

2−-Cl−-HCO3
− type to the SO4

2−-Cl− type
and lakes transitioned from freshwater to saline. Enrichment of Na+ in the lake water of
the Badain Jaran Desert exceeds that of Cl−, suggesting strong evaporative concentration
and cation exchange. The spatial distribution of ion contents in the lakes indicated that
freshwater and slightly brackish lakes were mainly distributed in the piedmont area at
a high altitude (1200–1300 m) and were concentrated within 30–45 km from the Yabulai
Mountain, whereas saline lakes were mainly distributed in the desert hinterland at a low
altitude (1100–1200 m) and were widely distributed over a range of between 20–135 km,
there is a roughly increasing trend of ions from the Yabulai Mountains. Evidenced by
Gibbs diagram indicated that the evaporation-crystallization reactions are the dominant
in the study region. Moreover, some saline mineral deposits, including gypsum, hailte,
anhydrite, epsomite, mirabilite, and thenardite, are extensive in these regions caused by
intense evaporation-crystallization.
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Abstract: Phreatophytes are deep-rooted plants that reach groundwater and are widely distributed
in arid and semiarid areas around the world. Multiple environmental factors affect the growth
of phreatophytes in desert ecosystems. However, the key factor determining the leaf nutrients of
phreatophytes in arid regions remains elusive. This study aimed to reveal the key factors affecting
the ecological stoichiometry of desert phreatophytes in the shallow groundwater of three oases at the
southern rim of the Taklimakan Desert in Central Asia. Groundwater depth; groundwater pH and the
degree of mineralization of groundwater; topsoil pH and salt concentration; topsoil and leaf carbon,
nitrogen, and phosphorus concentrations of phreatophytic Alhagi sparsifolia grown at groundwater
depths of 1.3–2.2 m in the saturated aquifer zone in a desert–oasis ecotone in northwestern China were
investigated. Groundwater depth was closely related to the mineralization degree of groundwater,
topsoil C and P concentrations, and topsoil salt content and pH. The ecological stoichiometry of
A. sparsifolia was influenced by depth, pH and the degree of mineralization of groundwater, soil
nutrients and salt concentration. However, the effects of soil C and P concentrations on the leaf C
and N concentrations of A. sparsifolia were higher than those of groundwater depth and pH and soil
salt concentration. Moreover, A. sparsifolia absorbed more N in the soil than in the groundwater and
atmosphere. This quantitative study provides new insights into the nutrient utilization of a desert
phreatophyte grown at shallow groundwater depths in extremely arid desert ecosystems.

Keywords: ecological stoichiometry; Alhagi sparsifolia; groundwater table; soil salt; extremely arid
region; ecological protection

1. Introduction

Carbon, nitrogen, and phosphorus are vital microelements in most terrestrial plants. C,
which comes from CO2 in the air by plant photosynthesis, is the foundation for synthesizing
nearly all organic compounds. Nitrogen is a critical component of proteins, nucleic acids,
nucleotides, and enzymes as well as amino acid synthesis. Phosphorus is a vital element of
phospholipids, water-soluble P esters, phosphoproteins, DNA, and RNA [1,2]. C, N, and P
concentrations in plants are strongly related to plant growth status [1], and the N:P ratio in
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plants is widely used to indicate nutrient limitation in various ecosystems [3,4]. In addition,
plant elemental content and ratio variations are closely related to ecosystem processes such
as productivity, energy flow, plant growth strategy, and decomposition [5,6]. Therefore,
plant elemental content and their ratio variations are useful tools for understanding the
mechanisms of plant growth status and ecosystem functions in different ecosystems.

Plant roots that access groundwater to obtain water can be considered phreatophytes.
Phreatophytes are a hydroecological plant type that is widely distributed in arid and
semiarid areas in grasslands and deserts around the world, except Antarctica [7]. Through
their deep roots, phreatophytes have remarkable advantages in regions with insufficient
precipitation. Therefore, phreatophytes can adapt better to arid environments than other
plants [5,8,9]. Alhagi sparsifolia Shap., a dominant perennial phreatophyte grown at the
southern rim of the Taklimakan Desert, has an important influence on wind prevention
and sand fixation in the local ecosystem. A. sparsifolia is a leguminous plant and is an
economically important species for local livestock because of its high protein concentra-
tion [5,8,10,11]. The deep roots of A. sparsifolia usually reach 20 m to meet groundwater,
which is the main source of water and nutrients [12,13].

Numerous studies have identified several factors affecting plant growth and nutri-
ent concentrations in A. sparsifolia [5,8,10,14–21]. First, previous studies have shown that
groundwater is a major source of nutrients and water for A. sparsifolia. The xylem sap
concentrations of NO3 and PO3 in A. sparsifolia indicate a sufficient nutrient supply via
groundwater [7,12,13]. Therefore, the variation in groundwater depth has a significant
effect on the biomass, cover, growth rate, leaf P concentration, and nutrient resorption of
A. sparsifolia [5,9,15,16]. Second, high groundwater salinity remarkable alters biomass and
species diversity [19,22,23]. The biomass of A. sparsifolia declines with increasing ground-
water salinity on shallow groundwater [23], and low groundwater salinity is closely related
to high plant diversity [19]. Third, soil nutrients influence plant growth and leaf nutrients
of A. sparsifolia in different natural habitats [5,8,10,17]. The leaf N and P concentrations of
A. sparsifolia are positively related to soil N and P concentrations [5,9,10,17]. Soil nutrients
are the main driving factors affecting the bacteria and fungus communities of A. sparsifolia
in arid desert ecosystems [20]. Finally, soil salinity notably affects the population density
and nitrate assimilation of A. sparsifolia. The population density of A. sparsifolia is approxi-
mately 20% at a slight soil salinity and drops to less than 15% under severe soil salinity [14].
The mineral nitrogen assimilation of A. sparsifolia is more sensitive to soil salinity than
biological N fixation [21]. A. sparsifolia rehabilitates saline soil environments because of its
high ion selectivity, which excludes Na+ and accumulates Ca2+ in its leaves [18]. However,
the key factor that affects leaf C, N, and P concentrations in A. sparsifolia is still unknown.

The Taklimakan Desert, which covers 37,000 square kilometers, is the world’s second-
largest shifting sand desert and China’s largest desert. Previous reports have shown that
phreatophytic desert plants always reach the groundwater to obtain water and nutrient
resources and make them dependent on water and nutrients from soil in the Taklimakan
Desert [7,12,13,21]; however, studies revealing the most important factor that determines
the leaf nutrients of phreatophytes are relatively few. In this study, we chose five study sites
in three desert–oasis ecotones at the southern rim of the Taklimakan Desert to determine the
environmental factors, such as groundwater depth and salinity, soil nutrients, and salinity,
that play a crucial role in influencing the leaf C, N, and P concentrations of A. sparsifolia in
an arid ecosystem. Our hypothesis was that groundwater depth has the most important
effect on the variation of nutrients in A. sparsifolia in various shallow groundwater habitats.

2. Materials and Methods
2.1. Study Area

The study sites were located in Cele, Moyu, and Hetian counties in the Hetian Pre-
fecture (79◦28′ E–81◦04′ E, 36◦54′ N–37◦14′ N), which belong to the southern rim of the
Taklimakan Desert of the Xinjiang Uyghur Autonomous Region, China (Figure S1). The
Taklimakan Desert is located in the Tarim Basin in western China and in the central part of
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Asia within the rain shadows of the surrounding Tian Shan and Kunlun mountain ranges.
Consequently, the climate is extremely arid in this area. The mean annual precipitation
ranges from 20 to 70 mm, and the annual potential evapotranspiration is approximately
2600 mm. The highest and the lowest temperatures are 41.9 ◦C in July and −23.9 ◦C in
January, respectively [9]. Vegetation, including the herbaceous legume Alhagi sparsifolia
Shap. (Fabaceae), herbaceous perennial Karelinia caspia (Pall.) Less. (Asteraceae), salt
cedar Tamarix ramosissima Ledeb. (Tamaricaceae), Phragmites australis (Cav.) Trin. ex Steu.
(Poaceae), and poplar tree Populus euphratica Oliv. (Salicaceae), is sparse in the five research
sites. The groundwater depth ranges from 1.3 to 2.2 m in the saturated aquifer zone. The
soils are aeolian sandy soil in these five research sites. The soil is Aridisol in the USDA ST
system and contains 90% sand, 4% clay, and 6% silt at a 0–20 cm soil depth [24].

2.2. Methods

Each site had four quadrats that covered 10 × 10 m. During the experimental period
from May to August 2016, four samples of soil (20 cm depth), groundwater, and plant
samples were collected monthly. The samples were dried to a constant weight and main-
tained at 70 ◦C. After natural air drying, soil samples were treated using the quartering
method and a 2 mm soil sieve. Soil water content was determined using a drying method.
Soil salinity was measured using the residue-drying method. Air-dried soil samples were
passed through a 2 mm sieve, and a 10.0 g soil sample was added to 50 mL ultrapure
water (soil: water ratio = 1:5). The mixture was shaken for 3 min. Then, 20 mL of the
supernatant was placed in a weighed beaker and dried [25]. Soil pH was assayed using
the Mettler Toledo S20K pH meter (Mettler Toledo Instruments, Greisensee, Switzerland).
Soil organic carbon was determined using the K2Cr2O7 digestion method. Total N and
P contents were determined using the Kjeldahl and digestion methods, respectively [8].
Groundwater pH was assayed using a Mettler Toledo S20K pH meter (Mettler Toledo
Instruments, Greisensee, Switzerland). The degree of mineralization of the groundwater
was determined using a drying method. Groundwater (100 mL) was placed in a small
beaker and dried in a steam bath. If a colored steaming residue was observed, the sample
was added with a few drops of (1 + 1) hydrogen peroxide solution, dried in a steam bath
until the color of the residue did not change, baked at 105 ◦C for 2 h, and weighed [26].
The leaf organic content was determined using a total organic carbon analyzer (Aurora
1030; College Station, TX, USA). Leaf N and P contents were determined using the Kjeldahl
and digestion methods, respectively [8].

2.3. Data Analysis

One-way ANOVA with Tukey’s test was carried out for the multiple comparisons of
groundwater depth, groundwater pH, and the degree of mineralization of groundwater;
soil salt, soil pH, and C, N, and P concentrations of soil and A. sparsifolia at different research
sites to test statistical significance (p < 0.05). Linear relationships among variables (i.e.,
soil, plant, and groundwater) were analyzed using the “corrplot” package in R software
(version 4.0.3). The statistical significance values of each explanatory variable, including
groundwater and soil variables, were tested using the “rdacca.hp” package in the R
software [27]. The structural equation model (SEM) was used to tease apart statistically
and quantify the direct and indirect effects of groundwater and soil variables on the leaf
nutrient concentration using the R software with the package “piecewiseSEM” [9,28]. The
D-separation test of piecewise SEM was used to test whether the causal model missed
important links, and a p > 0.05 indicated that the model was acceptable [29].

3. Results
3.1. Groundwater and Soil Characteristics

The mean and standard deviation for depth, pH, and the degree of mineralization
of groundwater as well as soil pH, salt, C, N, and P for the different sites are shown in
Figure 1. Significant variations in groundwater and soil characteristics were observed at
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different study sites (Figure 1). The depth and pH of groundwater ranged from 1.30 to
2.20 m (Figure 1A) and 7.03 to 8.84 (Figure 1B), respectively. Groundwater depth was the
highest in Hetian county (HT) and the lowest in northern Cele County (CN) among all
study sites. The degree of mineralization of groundwater was the highest in CN and the
lowest in the west of Cele County (CW) and HT among the five study sites. No significant
differences were observed in the pH of the groundwater in this study. In addition, the
soil pH was highest in HT and lowest in CW, Moyu County (MY), and CN among the
five study sites. The soil salt concentration in CN was higher than that in the other study
sites. Soil C concentrations were the highest in CN and the east of Cele County (CE) and
the lowest in CW and HT, soil N concentrations were the highest in CN and the lowest in
HT, and soil P concentrations were the highest in HT and the lowest in CW.
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3.2. Variations in Leaf Ecological Stoichiometry

The mean and standard deviation for leaf C, N, P, and the N:P ratio of A. sparsifolia
for the different sites are shown in Figure 2. Significant differences in the leaf ecological
stoichiometry of A. sparsifolia were observed at the study sites (Figure 2). In all study
sites, leaf C concentrations were the highest in CE and the lowest in CW and HT; leaf
N concentrations were the highest in CW and the lowest in HT; leaf N:P ratios were the
highest in CW and the lowest in HT, CN, and CE. No significant differences were observed
in the leaf P concentrations.
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3.3. Relationships among Groundwater, Soil, and Leaf Ecological Stoichiometry

Significant relationships (p < 0.05) were observed among groundwater depth, ground-
water salinity, soil nutrient concentration, and soil salt concentration as well as leaf eco-
logical stoichiometry of A. sparsifolia (Figure 3). Groundwater depth was significantly
related with leaf P concentration and leaf N:P ratio. In addition, groundwater depth was
significantly related to the degree of mineralization of groundwater, soil pH, soil salt, and
soil C and N concentrations. A significant positive correlation was observed between the
groundwater pH and leaf P concentration. Soil C concentration was strongly correlated to
leaf P concentration and leaf N:P ratio. The soil N concentration was closely linked to leaf
N:P ratio. The soil P concentration was negatively related to leaf N concentration. Soil salt
concentration had a significant impact on leaf N:P ratio.

3.4. Relative Influences of Environmental Factors on Variation in Leaf Ecological Stoichiometry

The leaf C concentration of A. sparsifolia was largely determined by groundwater
pH and soil P concentration (Figure 4A). Groundwater pH accounted for 39.9% of the
variation in leaf C concentration followed by 18.9% variation in soil P concentration. The
leaf P concentration was significantly influenced by groundwater table depth and soil
C concentration, which explained 40.3% and 35.0% of variations in leaf P concentration,
respectively (Figure 4C). The leaf ecological stoichiometry was strongly influenced by
groundwater pH and soil P concentration, which contributed to 38.9% and 18.8% of
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the variations, respectively, of leaf ecological stoichiometry (Figure 4D). No significant
environmental factors affected leaf N concentrations (Figure 4B).
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concentration; PC, plant C concentration; PN, plant N concentration; PP, plant P concentration; PNP,
plant N:P ratio. * Indicates significant correlation at p < 0.05.

3.5. Environmental Factors Affecting Variations in Leaf Ecological Stoichiometry

The key factors affecting the variations in leaf C, N, and P concentrations of A. sparsifolia
were explored using SEM (Figure 5). The model explained 29%, 52%, and 15% of the vari-
ance in leaf C, N, and P concentrations, respectively. Groundwater depth had a direct
effect (0.20) on leaf N concentration. Groundwater pH had direct effects (0.34) on the
leaf C concentration and indirect effects (0.07) on the leaf N concentration. The soil C
concentration had direct effects (0.45) on leaf C concentration and indirect effects (0.01) on
leaf N concentration. In addition, the soil P concentration had a direct effect (0.21) on leaf
N concentration. Therefore, the effects of soil nutrients (0.67) on variations in leaf C and N
concentrations were higher than those of groundwater characteristics (0.61).
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Figure 4. Relative influences of environmental factors on variations in leaf C, N, and P concentrations
as well as ecological stoichiometry of A. sparsifolia in the study sites. GD, groundwater depth; WPH,
groundwater pH; WM, the degree of mineralization of groundwater; SS, soil salt; SPH, soil pH; SC,
soil C concentration; SN, soil N concentration; SP, soil P concentration; PC, plant C concentration;
PN, plant N concentration; PP, plant P concentration; PNP, plant N:P ratio. * Indicates significant
correlation at p < 0.05. (A–D) represent relative influences of environmental factors on variations in
leaf C. N, P, and ecological stoichiometry of A. sparsifolia.
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Figure 5. Controlling factors analysis of variations in leaf C, N, and P concentrations of A. sparsifolia
in the study sites using the structural equation model. Significant regressions and nonsignificant
regressions are shown by solid (p < 0.05) and dashed lines, respectively. The thickness of significant
paths was scaled on the basis of magnitude of the standardized regression coefficient. Blue and
red arrows denote positive and negative relationships, respectively. GD, groundwater depth; WPH,
groundwater pH; WM, degree of mineralization of groundwater; SS, soil salt; SPH, soil pH; SC, soil
C concentration; SN, soil N concentration; SP, soil P concentration; PC, plant C concentration; PN,
plant N concentration; PP, plant P concentration; PNP, plant N:P ratio.

4. Discussion
4.1. Topsoil Nutrients Affected Variations in Leaf Ecological Stoichiometry

In contrast to our hypothesis, our results showed that soil P concentration had a direct
negative effect on leaf N concentration in A. sparsifolia (Figures 3 and 5). In addition, the soil
C concentration had a direct positive effect on the leaf C concentration of A. sparsifolia at a
1.3–2.2 m groundwater depth in the saturated aquifer zone (Figures 3 and 5). These results
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agreed with previous experiments that showed that the soil P concentration was the vital
factor influencing the growth and plant N and P concentrations of A. sparsifolia at different
groundwater depths in a large area [5,8]. However, our results were not in agreement
with the findings of Zhang et al. [5], who reported that soil P concentration was positively
correlated to the leaf N concentration of A. sparsifolia and that the soil C concentration was
not associated with the leaf C concentration of A. sparsifolia at a 2.5–11.0 m groundwater
depth. One possible explanation for the different relationships was that topsoil nutrients
had a greater effect on the leaf C and N concentrations of A. sparsifolia than groundwater in
shallow groundwater depth environments. A previous study showed that soil mineralizes
N leached into groundwater, which is the key source of nutrients for A. sparsifolia [13].
In the present study, A. sparsifolia was sampled at a 1.3–2.2 m groundwater depth in the
saturated aquifer zone, which was shallower than that studied by Zhang et al. [5], i.e.,
a 2.5–11.0 m groundwater depth. In shallow groundwater environments, A. sparsifolia
might absorb mineralized N in topsoil but not in groundwater due to the different nutrient
uptake strategies in the saturated aquifer zone. This finding was consistent with the
observation that plants uptake water and nutrients via the root system. The horizontal
roots of A. sparsifolia quickly expand and tiller in shallow groundwater tables [30], and the
vertical root depth of A. sparsifolia increases with increasing groundwater depth [30,31]. In
addition, Gui et al. [15] reported that the soil water content in a shallow groundwater table
(2.5 m) was higher than that in deep groundwater (4.5 and 11.0 m). In addition, our research
team found that A. sparsifolia develops different efficient root architectures that absorb soil
nutrients and water in response to nutrient and water availability, respectively [32]. Hence,
A. sparsifolia has different nutrient uptake strategies to adapt to different groundwater
depths and soil conditions in a desert ecosystem.

4.2. Groundwater Depth Influenced Variations in Leaf Ecological Stoichiometry

Previous studies showed that groundwater depth significantly influenced the leaf P
concentration of A. sparsifolia but did not affect the leaf N concentration at 2.5–11.0 m [5].
Herein, we report that the leaf N concentration in A. sparsifolia was positively influenced
by groundwater depth and that the leaf P concentration was not altered by groundwater
depth in shallow groundwater habitats (1.3–2.2 m) (Figure 5). This finding was because
A. sparsifolia absorbed more soil N in shallow groundwater environments than in deep
groundwater. In a previous study, biological N2 fixation accounts for more than 80% of the
leaf N concentration in A. sparsifolia [12]. However, biological N2 fixation requires more
energy than nitrate uptake in natural ecosystems [33]. Hence, we believe that A. sparsifolia
prefers to absorb N directly in soil for N fixation by the atmosphere in shallow groundwater
environments. This finding was consistent with the observation that the topsoil around
A. sparsifolia had a higher soil N concentration in the shallow groundwater table (2.5 m)
than in deep groundwater (4.5 and 11.0 m) [34]. Moreover, the hydrochemical process
of groundwater is significantly affected by topsoil nitrate and DOC concentrations [35].
Therefore, groundwater depth had different effects on the leaf N and P concentrations
of A. sparsifolia in various habitats (shallow groundwater table or deep groundwater).
These results also explained why topsoil nutrients were important for leaf carbon and
nitrogen concentrations of A. sparsifolia in shallow groundwater depth environments. This
adaptive mechanism could help phreatophytes to adapt to different hostile environments
and explain their wide distribution in the extremely arid Taklimakan Desert.

4.3. Groundwater pH Affected Variations in Leaf Ecological Stoichiometry

In the Taklimakan Desert, surficial waters always have a high pH and are rich
in sodium chloride and sulfate concentrations [36]. Thus, although plant roots have
access to groundwater, the salinity of water affects plant growth [37]. In the present
study, groundwater pH was positively related to the leaf C concentration of A. sparsifolia
(Figures 3 and 5) and was significantly associated with the degree of mineralization of
groundwater (Figure 3). This finding confirmed that the degree of mineralization of
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groundwater is a vital factor that alters the growth of A. sparsifolia at shallow ground-
water depths (1.3–2.2 m) in the Taklimakan Desert [38]. Herein, we found that groundwater
characteristics affected the leaf nutrients of A. sparsifolia, but these effects were lower than
those of soil nutrients. Further research is needed to elucidate the different nutrient uptake
mechanisms of phreatophytes at various groundwater depths in arid desert ecosystems.

5. Conclusions

Topsoil nutrients drive leaf carbon and nitrogen concentrations in A. sparsifolia with
shallow groundwater. In the saturated aquifer zone, topsoil nutrients have more influence
on leaf nutrients of A. sparsifolia than groundwater depth, salinity, and soil salt concentra-
tions. Groundwater depth and pH also affected the leaf carbon and nitrogen concentrations
in A. sparsifolia. However, topsoil nutrients play a crucial role in influencing leaf nutrients in
A. sparsifolia in shallow groundwater habitats. Phreatophytic A. sparsifolia preferred soil N
absorption in shallow groundwater environments to groundwater and biological nitrogen
fixation in deep groundwater. To our knowledge, our results provide a new adaptive
strategy for nutrient utilization of a desert phreatophyte grown at shallow groundwater
depths in the saturated aquifer zone in a desert–oasis ecotone. This study may contribute
to the protection and restoration of phreatophytes in hyperarid desert ecosystems.
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Abstract: Irrigation is the main strategy deployed to improve vegetation establishment, but the
effects of increasing water availability on N use strategies in desert shrub species have received
little attention. Pot experiments with drought-tolerant shrub Calligonum caput-medusae supplied
with water at five field capacities in the range of 30–85% were conducted using local soil at the
southern margin of the Taklimakan Desert. We examined the changes in plant biomass, soil N status,
and plant N traits, and addressed the relationships between them in four- and seven-month-old
saplings and mature shrubs after 28 months. Results showed that the growth of C. caput-medusae
was highly responsive to increased soil moisture supply, and strongly depleted the soil available
inorganic N pools from 16.7 mg kg−1 to an average of 1.9 mg kg−1, although the total soil N pool
increased in all treatments. Enhancement of biomass production by increasing water supply was
closely linked to increasing total plant N pool, N use efficiency (NUE), N resorption efficiency (NRE),
and proficiency (NRP) in four-month saplings, but that to total plant N pool, NRE, and NRP after
28 months. The well-watered plants had lower N concentrations in senesced branches compared to
their counterparts experiencing the two lowest water inputs. The mature shrubs had higher NRE
and NRP than saplings and the world mean levels, suggesting a higher N conservation. Structural
equation models showed that NRE was largely controlled by senesced branch N concentrations,
and indirectly affected by water supply, whereas NRP was mainly determined by water supply.
Our results indicated that increasing water availability increased the total N uptake and N resorption
from old branches to satisfy the N requirement of C. caput-medusae. The findings lay important
groundwork for vegetation establishment in desert ecosystems.

Keywords: Calligonum caput-medusae; N resorption; water addition; soil inorganic N; biomass

1. Introduction

Approximately 10% of drylands undergoes desertification, whereas occurring areas
occupy approximately 20% of the dryland population [1]. Establishing vegetation is an im-
portant tool for controlling desertification and reducing erosion in desert ecosystems [2–4].
Irrigation is the primary intervention to improve the success of vegetation establishment in
desert ecosystems with low precipitation and high evapotranspiration rates [5,6]. For exam-
ple, shrub planting has been a crucial strategy in the Taklimakan desert highway shelterbelt
project, which crosses the largest mobile desert in China and uses drip irrigation to support
vegetation to reduce wind-blown sand that blocks the road [7]. In addition to water scarcity,
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nitrogen (N) limitation is another primary factor controlling plant growth in desert ecosys-
tems [8], and they generally interact and affect plant growth. Therefore, understanding the
N use strategies of artificial vegetation is crucial for the success of vegetation establishment
and continuous irrigation programs in extremely arid land.

Soil moisture plays an important role in regulating N mineralization and soil N avail-
ability. Reports showed that increasing water availability increased N mineralization rate
and N uptake and subsequently promoted plant growth, but reduced moisture and specific
soil properties (such as high soil alkalinity), thereby limiting soil N availability [9–11].
Some studies have reported that low N deposition (<6 g Nm−2·year−1) improved the
plant productivity under drought stress, but high N deposition did not [12,13]. Moreover,
increases in soil N availability after N supplementation could improve plant growth and
alleviate the negative effects of drought stress in arid land [14]. However, plants became
mildly N constrained under sufficient moisture in the desert [15]. The latest research
has shown that the annual N deposition was 0.4 g Nm−2·year−1 in desert ecosystems of
northwest China [16]. However, whether N deposition is a potential approach to mitigate
N limitation for the irrigated plants in the desert is uncertain. A number of studies have re-
ported that nutrient resorption, which is the nutrient movement from senescing tissues back
to surviving tissues [17], is important especially for plants growing in infertile soils [18–20].
Generally, two approaches can be used to assess nutrient resorption, namely, resorption ef-
ficiency and proficiency. Nutrient resorption efficiency quantifies the percent of conserved
nutrients in young foliage or other live parts that are translocated from senesced tissues,
and resorption proficiency measures the extent to which a nutrient is withdrawn from
senescing tissues [19]. Through this nutrient resorption, plants are less dependent on soil
nutrient pools to maintain or increase biomass and photosynthesis [20,21]. For example,
N resorption in annual plants can provide approximately 31% of N demand [22]. In forests,
45–68% of growth may depend upon resorption [23]. Furthermore, N resorption impacts
litter decomposition, nutrient cycling, and resource use efficiency [24–26], thereby affect-
ing plant productivity and nutrient cycling processes. Therefore, clarifying the potential
function of NR in artificial vegetation can evaluate their potential fitness and suitability for
establishment in infertile and harsh environments such as in the margins of deserts.

The relationship between N resorption and soil fertility is complex given that negative,
and positive correlations with soil nutrient availability have been reported [27,28]. The role
of water availability on N resorption is also under debate because some studies found that
N resorption efficiency (NRE) decreases with increasing soil water availability due to the
enhancement of soil nutrient release [29,30]. However, drought can cause early onset of
senescence [31], potentially increasing the importance of nutrient resorption [32]. However,
nutrient resorption may be sensitive to drought limitation [33,34] due to the reduced
nutrient retranslocation in the phloem and water recycling in the xylem [35]. Therefore,
whether N resorption in shrubs in arid environments depends on water availability and
whether growth stimulation by watering increases N resorption to satisfy increased plant
N demand remains unclear.

Seedling establishment of woody species in harsh and extreme environmental con-
ditions is the most vulnerable stage in vegetation establishment [36,37]. Several studies
have reported that N limitation at the seedling stage restricted vegetative growth [38],
and subsequent vigorous seedling establishment [39]. Moreover, mature trees tend to
be more efficient in N-recycling than younger ones [23]. Therefore, N resorption, as an
important N recycling strategy, is reported to change over time [40], and its resorption
efficiency is likely to increase when plant-available N is limited [21]. Thus, we hypothesize
that the seedlings of woody species would have a lower N resorption than adults in a
nutrient-poor environment.

We investigated N uptake and utilization including resorption in the drought-tolerant
shrub Calligonum caput-medusae under different irrigation conditions during seedling estab-
lishment in the southern margin of the Taklimakan Desert, Xinjiang, China. Soils in this area
are highly weathered and strongly leached, leading to very low nutrient concentrations [41].
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C. caput-medusae is a perennial C4 plant belonging to Polygonaceae. Its foliage is reduced,
making the assimilating green branches the primary photosynthetic organs. It continues to
produce new green branches and shed old branches throughout the entire growing season.
In addition, the older parts of the green branches of its seedlings become lignified, but more
biomasses are allocated to the stem wood as the plant grows. We analyze how seedlings
and 28-month-old well-established C. caput-medusae plants satisfy their N demand under
different water regimes. We compare the effects of water addition on plant growth and
N use characteristics to determine the relationships between water availability and N
absorption as well as the utilization in seedling and established plants with senescent and
green branches of the woody leafless shrub.

2. Materials and Methods
2.1. Study Area

The study was carried out in Cele Oasis which is located at the southern margin of
the Taklimakan Desert in southern Xinjiang, China (Figure 1). The oasis has a typical arid
continental climate with an annual mean temperature of 11.9 ◦C, mean annual precipitation
of less than 40 mm (mainly occurring in May and July), and evaporation of approximately
2600 mm. Temperature ranges from 42 ◦C in summer to −24 ◦C in winter. The average
annual wind speed is 1.9 m·s−1, and the maximum speeds in excess of 20.0 m·s−1 occur
on more than 40 days per year. The frost-free period lasts 209 days per year. The soil
is classified as aeolian sandy soil and irrigated desert soil according to the Chinese Soil
Taxonomy; they are equivalent to Entisols and Inceptisols in the U.S. Soil Taxonomy,
respectively. The Cele Oasis is surrounded by a 5 to 10 km belt of sparse vegetation (5–20%
coverage) dominated by Alhagi sparsifolia, Karelinia caspica and Tamarix ramosissima.
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diameter at the top edge, and 60 cm tall), to a bulk density of 1.4 g·cm−3. The soil field 
capacity (FC) in the pots was 18%. Seven uniform holes had been drilled in the bottom of 
each pot and two layers of nylon mesh (0.25 mm) were placed over the holes to prevent 
root growth out of the pot, but aeration and drainage were. The pots were set in soil to 
provide thermal buffering with the top edge of each pot extending 3 cm above the 
ground. A plastic plate was placed on the bottom of each pot to eliminate water transfer 
into the surrounding soil. Healthy seeds of C. caput-medusae with similar sizes were 
collected in the autumn of 2010, and eight seeds were sown into each pot, and each seed 
was placed in 2 cm deep holes 5 cm apart on 5 April 2011. For the initial seedling 
establishment, all pots were well watered (soil moisture was approximately 80% FC) to 
ensure seed germination. When the one-month seedlings were thinned to one plant per 
pot, and different water treatments were then initiated. The shoots and roots of the 20 
thinned seedlings were harvested and oven-dried at 75 °C, and then weighed to obtain 
the total biomass of the one-month-old seedlings with 2.4 g plant−1 on average.  

Figure 1. Study site at the southern margin of the Taklimakan Desert in southern Xinjiang, China.

2.2. Experimental Design

The pot experiment was initiated in April 2011 in an isolated and enclosed natural
site to avoid disturbance. The experimental soil (0–40 cm) was collected from an oasis-
desert ecotone, was air-dried, and passed through a 2 mm sieve. The characteristics of
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the experimental soil are shown in Table 1. A total of 85 kg soil was placed in each of the
150 plastic pots (40 cm inner diameter at the bottom, 50 cm inner diameter at the top edge,
and 60 cm tall), to a bulk density of 1.4 g·cm−3. The soil field capacity (FC) in the pots was
18%. Seven uniform holes had been drilled in the bottom of each pot and two layers of
nylon mesh (0.25 mm) were placed over the holes to prevent root growth out of the pot,
but aeration and drainage were. The pots were set in soil to provide thermal buffering
with the top edge of each pot extending 3 cm above the ground. A plastic plate was placed
on the bottom of each pot to eliminate water transfer into the surrounding soil. Healthy
seeds of C. caput-medusae with similar sizes were collected in the autumn of 2010, and eight
seeds were sown into each pot, and each seed was placed in 2 cm deep holes 5 cm apart
on 5 April 2011. For the initial seedling establishment, all pots were well watered (soil
moisture was approximately 80% FC) to ensure seed germination. When the one-month
seedlings were thinned to one plant per pot, and different water treatments were then
initiated. The shoots and roots of the 20 thinned seedlings were harvested and oven-dried
at 75 ◦C, and then weighed to obtain the total biomass of the one-month-old seedlings with
2.4 g plant−1 on average.

Table 1. Basic soil characteristics before the start of the experiment.

pH
Organic
Matter

(g kg−1)

Total N
(g kg−1)

Total P
(g kg−1)

Total K
(g kg−1)

Inorganic N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

8.04 2.18 0.17 0.49 14.6 16.71 1.7 145.7

The pots were completely randomized and allocated to five water treatments (Figure 2),
namely, water-stressed (30% and 40% FC), moderately-watered (50% and 60% FC), and well-
watered (85% FC) with 30 replicates for each water level (10 per harvest). During the
experimental period, volumetric soil water contents in four randomly selected replicate
pots of each water level were measured using a moisture meter type TDR 300 (soil moisture
equipment, Santa Barbara, CA, USA) every other day at 20:00. The amount of water to
add to each pot was calculated according to the average of four measured pots under each
water treatment and enabled the soil volumetric water content to be maintained at 5.4%,
7.2%, 9.0%, 10.8%, and 15.3%, and under 30%, 40%, 50%, 60%, and 85% FC water supply
regimes, respectively. The water added to the plants was obtained from the local well
without purification. We ignored the N effect from the well water because it contained little
nitrate-N (2.92 mg·L−1) and no ammonium-N. The water treatments were stopped at the
end of the growing season (mid-November) and were re-started at the beginning of the
next growing season (mid-April). The experiment was conducted for three years.
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2.3. Sample Collection

Plants were harvested three times from seedling to mature stages (Table 2). At each
harvest time, four individual plants of each water treatment were randomly selected and
separated to stem, branches, and roots. For each individual plant, all senesced but still
attached branches were collected from each individual and combined into one sample per
pot. All plant samples were oven-dried at 75 ◦C for 48 h and then weighed. Soil samples
from 0–15, 15–30, and 30–45 cm depths in each pot were collected after the plant sampling.
In each pot, three 2 cm-diameter soil cores were sampled by hand-auger and combined as
a single composite sample. All fresh soil samples were sieved through a 2 mm mesh sieve
to remove roots and stones and then divided into two subsamples.

Table 2. The sampling arrangement and parameters of analysis.

Sampling Time Age Samples Parameters

Mid-August 2011 4 months Green and senesced branches, stems,
and roots; soil in each sampling pot

Biomass, total N concentration in each organ, soil total N,
nitrate-N (NO3

−), ammonium-N (NH4
+) concentrations

Late October 2011 7 months
Mid-August 2013 28 months

2.4. Laboratory Analysis

All plant samples were ground with a ball mill and then analyzed for the total N
concentration by the Kjeldahl acid-digestion method [42] with an Alpkem auto analyzer
(Kjeltec System 8400 distilling unit, Foss, Copenhagen, Denmark). The N concentrations
were expressed on a mass basis. One soil subsample (10 g) was freshly extracted with
50 mL of 0.01 M CaCl and analyzed for NO3

− and NH4
+ with a continuous flow analysis

system (SEAL Analytical, Norderstedt, Germany). The other soil subsample was air-dried,
passed through a 0.25 mm mesh, and then analyzed for soil characteristics. Soil total
N concentration was determined by the semimicro Kjeldahl method [43]. Soil pH was
determined with a 1:5 soil/water suspension; soil bulk density was measured by the soil
core method; soil organic matter was determined by wet oxidation; the total phosphorus (P)
was determined after digestion with spectrophotometer detection; soil-available P was
extracted with 0.5 M NaHCO3 solution and measured by colorimetric detection; soil total
potassium (K) and available K were determined using a flame photometer [44].

2.5. Calculation

Individual plant biomass was calculated as the sum of the biomass for each organ
(stem, branches, and roots). The total N uptake of each pot was calculated as the sum of
individual organ N pools, where individual organ N pool was calculated by multiplying
biomass (g·plant−1) and its N concentration (mg·g−1). The N use efficiency (NUE) was
calculated as the ratio of total biomass to total N mass in the whole plant [45]. Nitrogen
resorption efficiency (NRE) was calculated as NRE = (1 − Nsenesced/Ngreen) × 100%, where
Nsenesced and Ngreen are the N concentrations in senesced and green branches, respec-
tively [19]. We used the reciprocal of Nsenesced to calculate N resorption proficiency (NRP),
where a lower N concentration in senesced tissue corresponds to a higher proficiency [19].

Relative growth rate (RGR) was calculated as the increase in biomass over time:
RGR = (log10Mf − log10Mi)/(tf − ti), where Mi and Mf are the total individual biomass at
the end of the fourth month and the first month, the seventh month and the fourth month,
and the twenty-eighth month and the seventh month.

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) was used to assess the effects of different
water treatments on plant biomass, RGR, total N pool, NRE, NUE, NRP, N concentration,
and soil N. Means were compared by Duncan’s tests where ANOVA showed a significant
difference. Two-way ANOVA was used to test the effects of plant age and water addition
on soil N and plant N parameters. Regression analyses were used to determine the
relationships among plant biomass, soil inorganic N, and plant N traits within each growth
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age. All the analyses were carried out with SPSS 16.0 (SPSS Inc., Chicago, IL, USA). We used
the package “piecewise structural equation modeling” (piecewise SEM) to analyze the
direct and indirect influences of water and plantation age on N concentrations in green and
senesced branches, soil inorganic N, and plant biomass with R software (version 4.0.3) [46].
D-separation test of piecewise SEM was used to verify whether the causal model has
important links, and p > 0.05 indicates the fitness of the model [47].

3. Results and Discussion
3.1. Soil N status

Average soil inorganic N concentration decreased from 16.71 mg·kg−1 to 3.43, 2.55 and
1.9 mg·kg−1 after water treatment for four months, seven months, and twenty-eight months,
respectively (Figure 3a). Soil inorganic N concentrations under four- and seven-month treat-
ments decreased with increasing water addition and reached the low values at 28 months.
However, no relationship was found between water addition rate and soil inorganic N
concentration (Table 3). This finding is consistent with several previous findings that soil
N availability decreased as juvenile stands begin to mature [23,48]. However, soil total N
concentration increased with plantation age from 0.09 g·kg−1 (initial value) to an average
of 0.15 g·kg−1 (28 months) (Figure 3b). Water addition significantly increased soil total N
concentration under 50% FC and 60% FC water treatments at 28 months, but no effects
were found in four- and seven-month treatments. Therefore, some studies reported that
the decline in soil inorganic N may be related to the slow release of available N through
litter decomposition, N mineralization, and nitrification [49,50].
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Table 3. Pearson’s correlation coefficients between water addition rate and measured plant trait and
soil N parameters for plants at 4-, 7-, and 28-month age.

Parameters
Water Addition Rate

4-Month 7-Month 28-Month

Soil inorganic N −0.940 ** −0.735 ** −0.113
Soil total N −0.136 −0.168 0.216

Individual biomass 0.947 ** 0.984 ** 0.995 **
Relative growth rate 0.964 ** 0.890 ** 0.597 **

Total N uptake 0.736 ** 0.956 ** 0.997 **
Green branch N concentration −0.721 ** −0.638 ** 0.362

Senesced branch N
concentration −0.939 ** −0.515 * −0.685 **

N resorption efficiency 0.766 ** 0.053 0.665 **
N use efficiency 0.491 * 0.514 * −0.879 **

Notes: * p < 0.05; ** p < 0.01.
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3.2. Plant Biomass and Relative Growth Rate

Individual plant biomass and RGR were significantly affected by plant age, water treat-
ments, and their interaction (Table 4). The biomass increased significantly with ages and
increasing water supply markedly enhanced this trend at three growth stages (Figure 4a),
suggesting that C. caput-medusae showed strong adaptability to the decline in soil available
N. This finding was consistent with the results in arid and semi-arid areas, indicating that
water availability was positively correlated with productivity [30,51]. Increased water
availability could directly stimulate plant physiological processes, and consequently in-
crease net carbon uptake [51,52], resulting in high biomass accumulation. Nonetheless,
the RGR decreased with plant age, at 0.35, 0.22, and 0.05 for four-, seven-, and 28-month-old
saplings, respectively (Figure 4b). The RGR was also improved with an increasing water
supply at three growth stages. However, the fourth- and seven-month-old plants grew
much faster than the 28-month-old plants.

Table 4. Results (F value) of two-way ANOVA on the effects of water supply (W), plantation ages (A) and their interactions
on soil N, plant biomass and plant N traits.

Treatments Ninorganic Ntotal Biomass RGR N pool Ngreen Nsenesced NRE NUE

Water (W) 289.7 *** 7.11 *** 1721 *** 96 *** 3570 *** 32.1 *** 43.2 *** 22.1 *** 38 ***
Age (A) 211.2 *** 233.3 *** 12,700 *** 3492 *** 17,740 *** 54.9 *** 168.6 *** 60 *** 1161 ***
W × A 117.3 *** 1.4 1427 *** 19 *** 2963 *** 34.5 *** 15.1 *** 10.5 *** 115.3 ***

Notes: Ninorganic and Ntotal correspond to soil inorganic and total N concentrations; RGR and N pool correspond to relative growth rate and
whole plant N pool; Ngreen and Nsenesced correspond to N concentrations in green and senesced branches; NRE, and NUE correspond to N
resorption efficiency and N use efficiency; *** p < 0.001.
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Figure 4. Changes in individual plant biomass (a) and relative growth rate (b) of Calligonum caput-medusae under different
water treatments at three growth stages (4 months, 7 months, and 28 months). Values are shown as the means ± se (n = 4).
Bars with different lowercase letters indicate significant differences among treatments at the same growth stage at p < 0.05.

3.3. Plant N Status

Water addition, plant age, and their interactions had significant effects on N concen-
trations in green and senesced branches (Table 4, Figure 5b,c). Plant age was the dominant
factor in determining N concentrations. Average green branch N concentration among
different water treatments decreased from 14.7 mg·g−1 at 4 months old to 11.5 mg·g−1 at
28 months old; these findings are lower than the average N concentration of terrestrial
plant species (18.6 g·kg−1) based on a global study [53]. Senesced branch N concentrations
also decreased with plant age, with mean values of 5.3, 4.9, and 2.6 mg·g−1 at four-, seven-
and 28-month-old, respectively. These results were lower than the critical value (7 mg·g−1)
reported by Killingbeck [19], implying that the senesced branch N was resorbed almost
completely which leads to low litterfall N return to the soil. N was the limiting nutrient for
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the growth of C. caput-medusae, and the limitation even became severe for mature plants,
considering our results.
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Figure 5. Nitrogen pools of total plant (a), N concentration in green (b) and senesced (c) branches, and N resorption
efficiency (d) and N use efficiency (e) of Calligonum caput-medusae in response to different water treatments at three growth
stages (4-month-old, 7-month-old, and 28-month-old). Values are shown as the means ± se (n = 4). Bars with different
lowercase letters indicate significant differences among treatments at the same growth stage at p < 0.05.

Effects of water addition on green branch N concentration varied with plant ages.
Increasing water addition significantly reduced green branch N concentrations of four-
and seven-month-old plants but increased that of the 28-month-old plants. This finding is
different from the observation in the shallow-rooted annuals and deep-rooted shrubs in
the Gurbantunggut Desert, where water addition showed no effects on their green leaf N
concentration [15]. Our study further found that plant N pool increased greatly with water
addition rates (Figure 5a), suggesting that enhanced water supply significantly increased
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plant N uptake from soil [30]. According to these findings, we speculate that the increase
in plant biomass may be higher than that of plant N pool with increasing water addition.
This finding leads to the dilution effect of biomass on N content in green branches at the
seedling stage, but it was inverse at the mature growth stage. This result was evidenced by
the plant N pool at 28-month-age that responded more strongly to water addition than at
four- and seven-month-age, showing an increase of 30.6 times at 85% FC water treatment
relative to that at 30% FC water treatment. Different from green branches, N concentration
in senesced branches was significantly and negatively correlated with water addition rates
at all three plant growth ages. On the contrary, the NRP (the reciprocal of senesced branch
N concentration) increased with increasing water addition. The decline in senesced branch
N concentrations may lead to a decrease in N return to the soil.

3.4. N Resorption and Utilization

Non-parasitic plants have mainly two pathways for non-parasitic plants to acquire
nutrients for new tissue production, as follows: root uptake from the soil, and mobilizing
and withdrawing from old organs. The maintenance of N requirements for C. caput-medusae
seedlings may be achieved through the pathways at the same time, as evidenced by the
sharp decline of soil inorganic N and high NRE. The NRE of four- and seven-month-old
plants was lower than that of 28-month-old plants, with mean values of 64.4%, 58.1%,
and 75.5% (Figure 5d). The NRE of mature plants was higher than the global mean value
(62%) [54]. Sun et al. [23] and Han et al. [55] suggested that plants mainly depended on N
resorption with increasing limitation of soil available N. Thus, the mature C. caput-medusae
may have changed its N acquisition process and depended less on root N uptake.

A significant positive relationship was found between NRE and water addition rates
for four- and 28-month-old plants, but not for seven-month-old plants (Table 3), resulting
in a significant interaction. In addition, the response of NRP to water addition was more
significant than that of NRE, further confirming NRP. Thus, N levels in senesced branches
were more sensitive for testing plant internal N cycling [27,56]. This finding suggested that
enhanced soil water availability could improve plant’s dependence on resorption-derived
N due to the increasing limitation of soil available N. N use efficiency was also affected by
water addition, plant age, and their interaction (Table 4). The NUE increased with plant age,
with mean values of 120.5, 189.0, and 318.2 g·g−1 for four-, seven-, and 28-month-old plants,
respectively (Figure 5e). Reports showed that plants could use limit N more efficiently
with increasing water availability [57,58]. However, our results showed that water addition
increased NUE of the four- and seven-month-old plants but decreased that of 28-month-old
plants. This finding may be due to the mature plants that changed their N use strategies.

3.5. Controlling Factors of Plant Growth and N Utilization as Well as Corelationships between Them

Soil inorganic N concentration was positively correlated with green branch N concen-
trations at all three plant growth ages, but only related to senesced branch N concentrations
at four months (Figure 6). Correspondingly, soil inorganic N was negatively correlated
with NRE for four-month-old plants, but this finding was not found at other stages. This re-
sult may be related to the calculation of NRE based on the percent changes in green and
senesced branch N concentrations. Our SEM result showed that green branch N concentra-
tions were mainly determined by soil inorganic N concentration with indirect regulation
by plant age and water addition (Figure 7), whereas soil inorganic N concentration and
senesced branch N concentrations were mainly determined by water addition. The NRE
was largely determined by senesced branch N concentrations, descendingly by green
branch N and soil inorganic N concentrations. This finding suggested that the green branch
N concentration could directly reflect the response of soil N availability to water addition
during the establishment of C. caput-medusae. The plant NRE was not always closely related
to the changes in green branch N concentrations and soil N availability. The indirect impact
of water addition (via changes in senesced branch N concentrations) is an important driver
that changes the N resorption of C. caput-medusae.
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Figure 6. Relationships between N concentrations in green and senesced branches, N resorption efficiency, N use efficiency,
individual plant biomass, and soil inorganic N. There was no correlation between soil inorganic N and individual plant
biomass at 28 months old (R2 = 0.01), and thus not displayed in the plots. Note: * p < 0.05; ** p < 0.01; *** p < 0.001;
ns indicates no significant.
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Figure 7. Controlling factor analysis of N resorption efficiency and individual plant biomass using the structural equation
model. Solid and dashed lines indicate significant (p < 0.05) and non-significant (p > 0.05) regressions. Blue and red arrows
represent positive and negative relationships, respectively. W, water; B, individual plant biomass; SIN, soil inorganic N
concentration; Ng, N concentrations in green branches; Ns, N concentrations in senesced branches; NRE, N resorption
efficiency. (a) controlling factor analysis of individual plant biomass; (b) controlling factor analysis of N resorption efficiency.
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Individual plant biomass was significantly and negatively correlated with soil inor-
ganic N and green branch N concentrations for the four- and seven-month-old plants, but it
was not found for 28-month-old plants (Figure 8). Senesced branch N concentration was
strongly and negatively related with individual plant biomass at all three measured times.
Therefore, the plant biomass was directly affected by senesced branch N and soil inorganic
N concentrations (Figure 7). Our SEM result also showed that water addition played an
important direct role in driving plant biomass during the period of seedling establishment
of C. caput-medusae. The water supply could—both directly and indirectly—regulate plant
growth at the same time.
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Accordingly, we found that plant biomass was positively related to NUE for young
plants, but negatively related between them for mature plants (Figure 8). However, plant
biomass was positively correlated with NRE at four and 28 months but positively related
to NRP at three growth stages. This result indicated that plant biomass and N acquisition
were maintained by increasing NUE and N resorption at the seedling stage. Water addition
also showed positive effects on these processes. Thus, this result also provided evidence
for our finding that plant N acquirement depended on soil N and resorbed N for the
saplings. The increasing biomass production of mature plants may be closely related to
the high N resorption ability, which may explain the decrease in NUE with water supply.
This finding was supported by previous studies, where plants with high productivity had
high N resorption [23,59]; thus, their dependence on soil-available N supply was reduced.
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4. Conclusions

Our results showed that the limitation of soil available N became increasingly se-
rious with plant growth and was exacerbated by water addition. It appears to be an N
depletion process for the seedling establishment of C. caput-medusae. However, the plants
showed strong adaptability to N limitation and satisfied their N requirement by increasing
plant N pool, NUE, and N resorption at the seedling stage, but mainly depended on N
resorption at the mature stage. Our SEM showed that the individual plant biomass was
largely determined by plant age and water addition, and subsequently by soil inorganic
N and senesced branch N concentrations which were regulated by plant age and wa-
ter addition. Enhanced water supply significantly improved plant N uptake from soil
and negatively affected soil available N. Water addition mainly promoted NRE by reduc-
ing senesced branch N concentrations to maintain plant productivity over the period of
seedling establishment of C. caput-medusae. Our findings provide a better insight to under-
stand the N adaptive responses to irrigation and lay the groundwork for the vegetation
establishment in the hyper-arid ecosystem. Future research is required to explore whether
the resorption-derived process can satisfy plant N requirement for a longer time in the
study area.
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Abstract: The North and South Mountains of Lanzhou City are the ecological protection barriers and
an important part of the ecological system of Lanzhou City. This study takes the North and South
Mountains as the study area, calculates the soil erosion modulus of the North and South Mountains
of Lanzhou City based on the five major soil erosion factors in the RUSLE model, and analyses the
spatial and temporal dynamics of soil erosion in the North and South Mountains of Lanzhou City
and the soil erosion characteristics under different environmental factors. The results of the study
show that: The intensity of soil erosion is dominated by slight erosion, which was distributed in
the northwestern and southeastern parts of the North and South Mountains in 1995, 2000, 2005,
2010, 2015 and 2018. Under different environmental factors, the soil erosion modulus increased
with elevation and then decreased; the soil erosion modulus increased with a slope; the average soil
erosion modulus of grassland was the largest, followed by forest land, cultivated land, unused land,
construction land, and it was the smallest for water; except for bare land, the average soil erosion
modulus decreases with the increase of vegetation cover; Soil erosion modulus was the greatest in
the pedocal of the North and South Mountains, and the least in the alpine soil.

Keywords: soil erosion; RUSLE model; erosion intensity; land desertification; North and South
Mountains of Lanzhou

1. Introduction

Soil erosion is the destruction and loss of soil and water resources and land productiv-
ity due to natural forces and human activities, mainly including land surface erosion and
water loss, which is the most dominant form of soil degradation [1–3]. Soil erosion will
destroy the surface structure, reduce land fertility, raise the riverbed, destroy water conser-
vancy facilities, aggravate flood and drought, and pose a significant threat to agricultural
production, river water quality, and the environment. Soil erosion has become one of the
world’s most extensive and complicated ecological problems. It has become the concern of
many disciplines [4], such as soil science, agronomy, hydrology, environmental science, and
so on [5–8]. China is one of the countries with the most severe soil erosion [9,10]. In 2018,
the soil erosion area in China reached 2.73 × 106 km2, accounting for about 28.80% of the
total area in China except Taiwan Province, a large area and a wide distribution [11]. The
area of soil erosion in Northwest China is 1.26 × 106 km2, accounting for 40.95% of the total
area of Northwest China, and this presents a fundamental environmental problem [12].
In Gansu Province, for instance, the soil erosion area reached 1.86 × 105 km2, accounting
for about 40.66% of the total area, which exerted significant pressure on soil and water
conservation and the construction of ecological civilization.

Lanzhou City, the capital of Gansu Province, is located in the upper basin of the Yellow
River and consists of a pearl-shaped basin formed by the alluvial deposits of the Yellow
River. To the north and south of Lanzhou City are the North and South Mountains, a
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mountain range covered with loess formed by the terraces of the Yellow River. To the
north of Lanzhou City is the Tengger Desert; to the west is the Badanjilin Desert, a region
with 2.78 × 10 km2 of severely desertified land [13], resulting in frequent sandstorms,
serious surface exposure and fragile ecosystems [14–16]. The natural vegetation in the
North and South Mountains of Lanzhou is mainly desert vegetation, at present, the area of
the environmental greening project in the North and South Mountains of Lanzhou City
has reached 413 km2, with 1.6 × 108 trees of various types being established, forming a
complete artificial ecosystem and making the North and South Mountains an important
ecological barrier [17,18]. Therefore, it is of great significance for soil and water conservation
and ecological civilization construction in Lanzhou to reveal the temporal and spatial
characteristics of soil erosion and analyze the dynamic changes of soil erosion in Lanzhou.

Soil erosion models are a common method for quantitative soil erosion estimation.
USDA and university cooperations saw the establishment of the Revised Universal Soil Loss
Equation (RUSLE), based on the Universal Soil Loss Equation (USLE) in 1986 [19], which
has become a widely used model for quantitative soil erosion estimation worldwide due to
its simplicity, few parameter requirements, and high estimation accuracy compared to other
soil erosion models [20–23]. Therefore, this study takes the South and North Mountains
of Lanzhou City as the research area, takes soil erosion as the research content, and uses
the RULSE model to calculate the soil erosion modulus of the South and North Mountains
of Lanzhou City based on soil field sampling data, land use, and precipitation data. The
objectives of this study are (1) to reveal the spatial and temporal variation characteristics of
soil erosion in the South and North Mountains of Lanzhou City, and (2) to provide scientific
reference for the construction of water and soil conservation and ecological civilization.

2. Materials and Methods
2.1. General Situations of the Study Area

The North and South Mountains of Lanzhou span Anning District, Qilihe District,
Chengguan District, Xigu District, Gaolan County, and Yuzhong County within the jurisdic-
tion of Lanzhou City, with geographical coordinates of 35◦44′–36◦19′ N, 103◦21′–103◦59′ E.
The total area is about 1940.08 km2 (Figure 1). Among them, the green part accounts for
846.66 km2, and the non-green region accounts for 1147.42 km2. The geological conditions
of this area are involved. The topography is fragmented, and natural disasters are to occur
easily. The climate type belongs to the temperate semi-arid continental monsoon climate,
with an annual average temperature of 9.1 ◦C and a yearly average rainfall of 327.7 mm,
mostly concentrated from July to September, and the average annual potential evaporation
is 1468 mm, which is 4.4 times of the precipitation. The vegetation type belongs to the
transition type of typical steppe to desert steppe. Currently, most of the existing forests in
Lanzhou’s North and South Mountains are artificial forests, mostly young and middle-aged.
Artificial afforestation is mainly coniferous and broad-leaved mixed forest, arbor shrub
mixed forest, and shrub forest. The soil types in this area are primarily grey calcareous soil,
mostly dark grey calcareous soil and typically grey calcareous soil in the South Mountains,
and light grey calcareous soil and red sandy soil in the northern mountain, with a loose
texture and weak anti-erosion ability.
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2.2. Data Source
2.2.1. Soil Texture and Organic Carbon Data

(1) Soil sample sampling

Using the 1:1 million soil map of the North and South Mountains of Lanzhou City as
the base map, about 120 soil sampling points were designed in July–August 2019 according
to a uniform distribution method of 4 km × 4 km, The sampling was carried out according
to the plan, combining the actual situation with randomly selected 10 m × 10 m sample
plots. A total of 130 soil samples were collected. The field sampling operation was carried
out using a soil auger to collect soil samples from 0–20 cm of the surface layer at the center
of the sample plots and four right-angle points, mixed evenly and placed in self-sealing
bags for the determination of soil texture and soil organic carbon. 0–20 cm soil samples
of the surface layer at the center and four right corners were collected with a ring knife,
put into an aluminum box, and weighed fresh at the sampling site, which was used to
determine the soil bulk density. Using GPS positioning, the elevation, longitude, and
latitude of the sampling points in the center were recorded and numbered sequentially.

(2) Determination of soil samples

The determination of soil texture was carried out by the Mastersizer 2000 laser particle
size analyzer (model: MS2000, Zhenxiang Technology Co., Ltd., Changsha, China). The
soil organic carbon content was determined by the Qiulin method, the soil salinity was
determined by the “residue drying-mass method”, and the pH value was determined by
the “potential method”.

2.2.2. Other Data

(1) The meteorological data was based on the monthly precipitation data set of
0.5◦ × 0.5◦ in China from 1995 to 2018 (V2.0), which came from the China Meteorological
data sharing Network (http://data.cma.cn/), (accessed on 25 March 2019). (2) The GDEM-
DEM 30 m spatial resolution digital elevation was derived from the geospatial data cloud
(http://www.gscloud.cn/), (accessed on 25 March 2019). (3) The Landsat TM/OLI image
from 1995 to 2018 was selected as the source of the Google Earth Engine cloud platform, to
calculate the Normalized Difference Vegetation Index (NDVI) for the study area (Google
Earth Engine, GEE) (https://earthengine.google.com/), (accessed on 25 March 2019). The
image was programmed in the platform to preprocess the image. (4) The land use with
a spatial resolution of 30 m in 1990, 2000, 2005, 2010, 2015, and 2018 was selected from
the Resource and Environmental Science Data Center of the Chinese Academy of Sciences
(http://www.resdc.cn/), (accessed on 25 March 2019). (5) National Cryosphere Desert Data
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Center provided the desertification distribution data (http://www.ncdc.ac.cn), (accessed
on 25 March 2019).

2.3. Research Methods
2.3.1. Soil Erosion Model

The study used the RUSLE model to estimate soil erosion in Lanzhou [24–26]. The
formula is as follows:

A = R · K · LS · C · P (1)

Among them, A is the average soil erosion amount per unit area last year, the unit is
[t/(km2·a)],and R is the precipitation erosivity factor, the unit is [MJ mm/(km2·h·a)], K is
the soil erodibility factor, in units [t·km2·h/(km2·MJ·mm)], LS is the slope length factor
(dimensionless); C is the vegetation cover and management factor, (dimensionless); P is the
soil and water conservation and measure factor (dimensionless).

2.3.2. Determination of Factors in the RUSLE Model

(1) Determination of R-value of precipitation erosivity factor

Precipitation is one of the important exogenous forces causing soil erosion, reflecting
the potential impact of annual average or maximum precipitation on soil erosion. This
study adopted the method of estimating rainfall erosivity by using yearly and monthly
precipitation data proposed by Wischmeier [27]. The formula is as follows:

R =
12

∑
i=1

[
1.735× 10(1.5×log Pi

2

P −0.8188)
]

(2)

In the formula, Pi is monthly precipitation (mm); P is annual precipitation (mm). This
method has been applied in the western region, and good results have been obtained
km [28].

(2) K value of soil erodibility factor

The soil erodibility factor refers to the soil loss rate under a given unit of precipitation
erosivity measured in a standard plot [29,30]. In this study, Williams’ calculation method
of soil erodibility factor K in the EPIC model was adopted [31]. The formula is as follows:

K = 0.1317× {0.2 + 0.3 exp
[
−0.0256 sand

(
1− slit

100

)]}
×
[

silt
clay+silt

]0.3

×
[
1− 0.25C

C+exp(3.72−2.95C)

]
×
[
1− 0.7sn1

sn1+exp(−5.51+22.9 sn1)

] (3)

Among them, Sand, Silt, and Clay represent the percentage of sand, silt, and clay
content in soil, respectively (%); C is the percentage of soil organic carbon content (%);
Sn1 = 1 − Sand/100. Generally, a higher value of the soil erodibility factor K indicates that
the soil is poorly resistant to erosion and susceptible to erosion; conversely, the soil is not
susceptible to erosion [32–34].

(3) km LS value of slope length factor

The slope length factor, i.e., the topographic factor, determines the state and direction
of movement of surface runoff [35]. The greater the slope and the longer the slope length,
the greater the potential energy that surface runoff will acquire, and the more intense the
erosive effect on soil. In this study, the slope and slope length factors were extracted by the
formulas studied by McCool et al. [36] and Liu et al. [37]. The calculation formulae of slope
factors are as follows:

S =





10.8 · sin θ + 0.03 θ < 6
16.8 · sin θ − 0.50 5 ≤ θ < 14
21.91 · sin θ − 0.90 θ < 14

(4)
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where S is the slope factor (dimensionless), and θ is the slope value (◦), which can be
extracted from the DEM data.

The formula for calculating the slope length factor is as follows:

L= (λ/22.13)α (5)

λ = f lowacc× cellsize (6)

α = β/(1 + β) (7)

β = (sin θ/0.089)/[3.0× (sin θ)0.8 + 0.56] (8)

Among them, L is the slope length factor, and its value is the amount of soil erosion
produced on the standard slope of 22.13 m. The λ is the slope length, where flowacc is the
catchment accumulation, cellsize is the size of the DEM data grid pixel, and α is the slope
length, θ is the slope value, in units of (◦); β is the parameter that determines α.

(4) C value of vegetation cover and management factor

Vegetation can protect the surface soil and slow down the rate of soil erosion [38].
NDVI is the most common data to calculate the C value of vegetation cover and manage-
ment factor [39]. The NDVI number 9 used in this study is derived from the Google Earth
Engine cloud platform, and the formula proposed by VanderKnijff et al. [40] is used to
calculate the C value of vegetation cover and management factor. The formula is as follows:

C = exp
[
−a× NDVI

b− NDVI

]
(9)

Among them, C is the vegetation cover and management factor (dimensionless); a and
b are the parameters that determine the NDVI-C relationship curve. Through VanderKnijff
experiments, it is found that the most appropriate values are a = 2 and b = 1. This method
has been studied in China and has achieved good results. According to the Formula (9),
if the C value is negative, the assignment is 0 for all negative values; if the C value is
greater than 1, the assignment is 1 for all values greater than 1. The higher the C value,
the worse the vegetation growth; on the contrast, the lower the C value, the better the
vegetation growth.

(5) p-value of soil and water conservation measures

The factor of soil and water conservation and measures generally refers to the ratio of
the amount of soil loss when certain engineering measures are taken in a certain area to
the amount of soil loss without engineering measures under the same conditions. Its value
ranges from 0 to 1; 0 means that soil erosion will not occur in this area, and 1 means no soil
and water conservation measures have been taken [38,41–43].

3. Results
3.1. Calculation of Each Factor in the RUSLE Model

(1) R-value of precipitation erosivity factor

This method has been applied in the western region, and good results have been
obtained [28]. The average precipitation erosivity factors in 1995, 2000, 2005, 2010, 2015,
and 2018 in Lanzhou were 110.06, 83.20, 71.09, 46.68, 56.97 and 198.61 [MJ·mm/(km2·h·a)]
respectively. Spatially, the precipitation erosivity factors of the North and South Mountains
decreased from southeast to northwest in 1995, 2000, 2005, and 2010. The precipitation
erosivity factors of the North and South Mountains decreased from the west to the east
in 2015 and 2018. The precipitation erosivity factor of the west was greater than that of
the east. The erosivity factor of precipitation in 2018 was significantly higher than in other
years, mainly because 2018 was an abnormally rainy year. The precipitation was higher
than that in previous years (Figure 2).
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(2) K value of soil erodibility factor

According to the data of soil texture and soil organic carbon content of the sampling
points, the K value was calculated, and ordinary kriging interpolation was performed
in ArcGIS 10.4 software. The spatial distribution of soil erodibility factors in the north-
ern and southern mountains of Lanzhou City was calculated according to Formula (3)
(Figure 3). The areas with a soil erodibility factor of 0.054–0.061 t·km2·h/(km2·MJ·mm)
were mainly distributed in the central and eastern regions, and the areas with ? soil
erodibility factor of 0.045–0.053 t·km2·h/(km2·MJ·mm) were mainly distributed in the
western, northwest and southern regions. The areas with a soil erodibility factor of
0.037–0.044 t·km2·h/(km2·MJ·mm) were mainly distributed in parts of the North Mountain.
The areas with a soil erodibility factor of 0.018–0.036 t·km2·h/(km2·MJ·mm) were mainly
distributed in the western part of the North Mountain.
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of Lanzhou.

(3) LS value of slope length factor

The spatial distribution of the slope factor of the North and South Mountains in
Lanzhou (Figure 4) showed that the minimum value of the slope factor was 0, the maximum
value was 58.98, the average value was 15.52, the minimum value of the slope factor was
0, the maximum value was 9.99, the average value was 4.76, the minimum value of the
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slope length factor was 0, the maximum value was 5.92, and the average value was 2.22.
The minimum value of the slope length factor was 0, the maximum value was 59.19, and
the average value was 12.20. The overall upper slope, slope factor, slope length factor,
and slope length factor were zonal distributions, and the slope length factor of the South
Mountain was larger than that of the North Mountain.
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(4) C value of vegetation cover and management factor

The average values of vegetation cover and management factors in the North and
South Mountains of Lanzhou in 1995, 2000, 2005, 2010, 2015, and 2018 were 0.34, 0.43, 0.56,
0.50, 0.40 and 0.57, respectively. Overall, the vegetation cover and management factors
were the lowest in 1995 and the highest in 2018. The C value of the North Mountain was
higher than that of the South Mountain, indicating that the vegetation coverage of the
North Mountain was lower than that of the South Mountain (Figure 5).
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(5) p-value of soil and water conservation measures

In this study, according to Table 1, the land use data of 1995, 2000, 2005, 2010, 2015,
and 2018 were assigned, and the spatial distribution of the p-value of soil and water
conservation measure factors with 30 m resolution was obtained (Figure 6). As the land-use
change in Lanzhou’s North and South Mountains was not obvious, the spatial distribution
of soil and water conservation measures in the North and South Mountains was consistent,
and the change was not obvious.

Table 1. p values of different land-use types in the South and North Mountains of Lanzhou.

Land-Use Type Cultivated Land Forest Land Grassland Water Area Construction Land Unused Land

p 0.35 1.0 1.0 0.0 0.0 1.0
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3.2. Spatio-Temporal Variation Characteristics of Soil Erosion

According to the soil erosion modulus in different years, the average soil erosion
modulus in the North and South Mountains of Lanzhou City generally showed a first
fluctuating downward trend and started to increase after 2016, and in 2018 there was
an abrupt change and a sudden increase to 25.83 t/(km2·a). The annual average soil
erosion amount was 330.74 × 104 t (1995), 323.80 × 104 t (2000), 342.09 × 104 t (2005),
200.20 × 104 t (2010), 314.41 × 104 t (2015), and 515.14 × 104 t (2018) (Figure 7).

According to the Ministry of Water Resources (SL190-2007) Soil Erosion Classification
and Grading Standard [44], the study area is divided into six soil erosion intensity classes
according to the soil erosion modulus, namely, slight erosion [5–25 t/(km2·a)], light erosion
[5–25 t/(km2·a)], moderate erosion [25–50 t/(km2·a)], strong erosion [50–80 t/(km2·a)],
extremely strong erosion [80–150 t/(km2·a)] and severe erosion [150 t/(km2·a)]. The spatial
distribution of soil erosion intensity classes for 1995, 2000, 2005, 2010, 2015 and 2018 was
obtained for the North and South Mountains of Lanzhou (Figure 8). Soil erosion intensity
in the North and South Mountains of Lanzhou in 1995, 2000, 2005, 2010, 2015, and 2018 was
mainly slight erosion. The amount of soil erosion in 2018 was significantly higher than that
in other years, mainly because 2018 was an unusually wet year, and the precipitation was
higher than in previous years. It was mainly distributed in the northwest and southeast
of the North and South Mountains. The strong, extremely strong, and severe soil erosion
was mainly distributed in the middle of the South Mountain and the middle of the North
Mountain (Figure 8).
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3.3. Area Transfer Characteristics of Soil Erosion Intensity

Based on the statistical analysis of the data of different erosion intensity areas, the
transfer chord diagram of soil erosion intensity was obtained. From 1995 to 2018, the area
of soil slight erosion was the largest, which was 735.92 km2, followed by mild, moderate,
strong, extremely strong, and the area of severe erosion remained the smallest. Among
them, slight soil erosion mainly shifted to mild soil erosion. The mild soil erosion transferred
to slight soil erosion, and the area was 215.14 km2; moderate soil erosion mainly shifted
to slight and mild soil erosion; strong soil erosion mainly shifted to mild and moderate
soil erosion; moderate and strong soil erosion transferred to extremely strong soil erosion;
severe soil erosion shifted to strong and extremely strong soil erosion. From 1995 to 2018,
the stability rates of slight, mild, moderate, strong, extremely strong and severe soil erosion
were 36.91%, 4.64%, 2.74%, 0.79%, 0.77% and 0.08%, respectively (Figure 9).
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Figure 9. Chordal graph of soil erosion intensity in South and North Mountains of Lanzhou from 1995
to 2018 (Note: A: slight erosion; B: mild erosion; C: moderate erosion; D: strong erosion; E: extremely
strong erosion; F: severe erosion).

3.4. Characteristics of Soil Erosion under Different Environmental Factors
3.4.1. Characteristics of Soil Erosion at Different Elevations

The soil erosion modulus in 1995, 2000, 2005, 2010, 2015, and 2018 was superimposed
and analyzed according to different elevations, and the average soil erosion modulus at
different elevations was obtained (Table 2). It can be seen from the table that the soil erosion
modulus first increased and then decreased with the increase in altitude; at the height of
1494–1800 m, the slope length factor is lower, so the soil erosion modulus is lower. At the
height of 1800–2100 m, there are more gullies, the slope length factor is high, andcoupled
with human interference, so the soil erosion modulus is the largest. With the increase in
altitude, the growth of vegetation is better, the vegetation cover and management factors are
lower, and coupled with the reduction of human activities, the degree of soil intervention
is low. Accordingly, the average soil erosion modulus decreased with altitude.

Table 2. Modulus of soil erosion in different years at different altitudes in the South and North
Mountains of Lanzhou (unit: t/(km2·a)).

Elevation (m) 1995 2000 2005 2010 2015 2018 Average Value

1494–1800 15.05 15.40 15.35 9.92 15.11 31.86 17.11
1800–2100 20.82 19.73 20.44 12.00 19.03 41.21 22.21
2100–2400 18.21 16.58 17.95 9.48 15.07 40.28 19.59
2400–2700 10.36 11.25 14.51 6.98 11.13 32.45 14.45
2700–3000 6.81 7.66 11.03 4.88 8.41 24.02 10.47
3000–3300 2.92 3.95 8.20 3.07 6.52 19.35 7.33
3300–3625 1.26 1.83 3.46 1.56 2.60 6.73 2.91

3.4.2. Characteristics of Soil Erosion under Different Slopes

The soil erosion modulus in 1995, 2000, 2005, 2010, 2015, and 2018 was analyzed
according to different slope grades, and the average soil erosion modulus under different
slopes was obtained (Table 3). On the whole, the average soil erosion modulus was the
highest on the slope of >35◦and the lowest on the slope of 0–5◦. The 17 modulus of soil
erosion increased with the increase in slope. This is mainly because the higher the slope,
the greater the slope factor, and the rapid erosion of the runoff velocity caused by surface
water is serious.
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Table 3. Modulus of soil erosion in different years under different slopes in the South and North
Mountains of Lanzhou (unit: t/(km2·a)).

Slope 1995 2000 2005 2010 2015 2018 Average Value

0–5◦ 4.19 3.85 3.82 2.20 3.47 8.08 4.27
5–8◦ 7.09 6.65 6.62 3.82 5.98 13.74 7.32
8–15◦ 13.55 13.07 13.28 7.66 11.94 27.10 14.43

15–25◦ 21.40 21.13 22.32 13.08 20.45 46.46 24.14
25–35◦ 27.44 27.31 30.17 17.95 28.58 65.04 32.75
35–60◦ 31.46 31.07 35.47 20.90 33.40 76.90 38.20

3.4.3. Characteristics of Soil Erosion under Different Land-Use Types

The average soil erosion modulus under different land-use types was obtained based
on the regional statistical analysis of land use classification and soil erosion modulus in
1995, 2000, 2005, 2010, 2015, and 2018 (Table 4). Overall, the average soil erosion modulus
of grassland and woodland was larger, which is 24.76 t/(km2·a) and 23.43 t/(km2·a),
respectively. The average soil erosion modulus of cultivated land was 7.48 t/(km2·a), and
the average soil erosion modulus of water area was 0.27 t/(km2·a), which is the smallest.
Although grassland and woodland are covered by vegetation, grassland and woodland
are relatively high above sea level, generally distributed in areas with high mountains and
steep slopes, and soil erosion is more serious due to water runoff and gravity.

Table 4. Modulus of soil erosion in different years under different land-use types in the South and
North Mountains of Lanzhou (unit: t/(km2·a)).

Land-Use Type 1995 2000 2005 2010 2015 2018 Average Value

Cultivated land 7.51 6.87 6.83 3.71 5.71 14.26 7.48
Grassland 21.12 22.37 22.42 13.30 21.09 48.25 24.76
Woodland 19.31 20.87 20.97 11.52 19.38 48.53 23.43
Water area 0.32 0.24 0.13 0.11 0.23 0.57 0.27

Construction land 0.47 0.37 0.32 0.19 0.22 0.60 0.36
Unused land 1.18 1.20 1.32 0.58 0.48 2.68 1.24

3.4.4. Characteristics of Soil Erosion under Different Vegetation Coverage

Based on the regional statistical analysis of soil erosion modulus in 1995, 2000, 2005,
2010, 2015, and 2018 according to the different vegetation coverage, the average soil erosion
modulus under different land-use types was obtained (Table 5). On the whole, the soil
erosion modulus was the largest under low mulch. Except for bare land, the average
soil erosion modulus decreased with the increase in vegetation coverage. The rise of
vegetation coverage reduced rain water’s splashing and running water scouring. The roots
of vegetation maintained the soil and played a role in slowing down soil erosion. The
average soil erosion modulus of bare land ranked third, mainly because according to the
vegetation coverage of less than 10%, and the land use types are construction land and
unused land., construction land was generally cement-hardened and difficult to erode;
unused land generally had poor soil texture and relatively weak erosion.

151



Water 2022, 14, 2388

Table 5. Modulus of soil erosion in different years under different vegetation coverage in the South
and North Mountains of Lanzhou (unit: t/(km2·a)).

Vegetation Coverage 1995 2000 2005 2010 2015 2018 Average Value

Bare land 21.67 17.29 16.52 11.31 19.66 21.05 15.50
Low vegetation cover 21.21 19.70 21.90 12.92 18.78 43.90 20.06

Medium and low
vegetation cover 19.03 19.71 20.82 11.12 15.48 44.21 19.05

Medium vegetation cover 14.42 12.68 16.60 7.58 11.19 38.34 14.97
Medium and high
vegetation cover 9.19 7.88 12.35 5.51 9.55 31.47 11.56

High vegetation cover 3.36 3.16 5.16 2.73 7.18 21.64 7.03

3.4.5. Soil Erosion Characteristics under Different Soil Types

In ArcGIS 10.4, the South and North Mountains of Lanzhou City were classified into
semi-luvisols, primarosol, pedocal, xerosol, alpine soil and anthrosol according to the
definition criteria of the Chinese soil outline [45]. The soil erosion moduli in 1995, 2000,
2005, 2010, 2015 and 2018 were superimposed and analysed according to different soil
types to obtain the average soil erosion moduli under different soil types. The average soil
erosion modulus was highest for pedocal and lowest for alpine soil (Table 6).

Table 6. Modulus of soil erosion in different years at different soil type in the South and North
Mountains of Lanzhou City (unit: t/(km2·a)).

Soil Type 1995 2000 2005 2010 2015 2018 Average

semi-luvisols 8.47 9.33 12.77 5.79 9.89 29.00 12.54
primarosol 17.94 17.93 18.43 11.38 17.50 38.31 20.25

pedocal 21.63 17.60 21.50 10.75 15.86 41.18 21.42
xerosol 14.10 15.68 14.60 8.76 15.31 31.77 16.70

alpine soil 4.40 6.43 10.12 4.59 6.58 17.83 8.32
anthrosol 15.21 12.35 11.18 8.46 12.67 27.56 14.57

3.4.6. Comparison of Soil Erosion Inside and Outside the Environmental Greening Project

According to the statistics of soil erosion modulus in 1995, 2000, 2005, 2010, 2015 and
2018, the average soil erosion modulus were inside and outside the environmental greening
project (Table 7). The average soil erosion modulus inside and outside the environmental
greening project was 21.27 t/(km2 a) and 23.56 t/(km2 a), respectively, and the average soil
erosion modulus outside the environmental greening project was larger than that inside
the environmental greening project. The area of slight soil erosion inside and outside the
greening area was the largest, and the area of severe soil erosion was the smallest, which
was 7.72 km2 and 4.11 km2, respectively, accounting for 0.39% and 0.21% of the total area.
Within and outside the greening range, the area occupied by soil erosion intensity from
large to small was slight, mild, moderate, strong, extremely strong and severe, respectively
(Figure 10).

Table 7. Modulus of soil erosion in different years inside and outside the environmental greening
project in the South and North Mountains of Lanzhou City (unit: t/(km2·a)).

1995 2000 2005 2010 2015 2018

inside 18.81 18.55 19.74 11.98 18.36 40.19 21.27
outside 22.28 21.79 22.19 15.29 20.57 39.23 23.56
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4. Discussion

From 1995 to 2018, the average soil erosion modulus in the North and South Mountains
of Lanzhou showed a fluctuating downward trend. There was an abnormality in 2018,
mainly due to precipitation. The natural precipitation in the North and South Mountains
of Lanzhou was less and the seasonal distribution is uneven. The precipitation was mostly
concentrated in July, August, and September, and its rainfall accounts for 60–70% of the
annual rainfall. However, 2018 was a year of abnormal increase in precipitation. Although
the average precipitation was 441.6 mm, which is less than that in other areas, the rainfall
erosivity was the highest due to the low vegetation coverage and the collapsibility of loess.
Torrential rain caused flash floods, landslides, and mudslides, resulting in the largest in
soil erosion modulus in 2018.

Due to climate, natural disasters, and man-made deforestation, soil erosion and de-
sertification in the study area are becoming more and more serious. Lanzhou’s urban
construction is closely related to the ecological construction of the North and South Moun-
tains. In order to improve its ecological environment, Lanzhou started planting plantation
greening projects in 1999. Therefore, most of the existing forests in Lanzhou are planta-
tions, and a preliminary plantation ecosystem has been formed. At present, the method
of increasing vegetation coverage and reducing the bare area of the ground has achieved
initial results, and the soil erosion modulus within the greening project is lower than that
outside the greening project.

Soil erosion moduli can be determined in a variety of ways, such as using measured
runoff sediment information, simulated rainfall, field surveys, radioisotopes, and mathe-
matical models. In this paper, the soil erosion modulus was calculated using the Revised
Universal Soil Loss Equation (RUSLE). Although the limitations of the application of RUSLE
in the North and South Mountions of Lanzhou City were corrected to the greatest extent
possible, the RUSLE can only calculate the hydraulic erosion modulus, and parts of the
North and South Mountains are in a wind erosion zone with a large area of desertification
and dust storms occurring every spring [46]. As there is still a lack of effective calculation
models for wind and water erosion composite soil erosion modulus, the changes in wind
erosion modulus are not considered in this paper, resulting in a small calculation of soil
erosion modulus in windy and sandy areas. Soil erosion is closely related to land desertifi-
cation, and effective management of soil erosion can help to slow down the development
of land desertification in the study area [47,48].

Countermeasures to prevent soil erosion in the North and South Mountains are
the following:

(1) Reasonably control the development of land resources in the North and South Moun-
tains and improve the compensation mechanism for land resource protection.

(2) Strengthen the construction of scientific field observation and research stations for the
ecological environment in the North and South Mountains of Lanzhou.
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(3) Increase investment in environmental greening project in the North and South Moun-
tains and consolidate the role of the ecological security barrier in the North and
South Mountains.

5. Conclusions

(1) The average precipitation erosivity factors of the North and South Mountains of
Lanzhou in 1995, 2000, 2005, 2010, 2015, and 2018 were 110.06, 83.20, 71.09, 46.68,
56.97, and 198.61 MJ·mm/(km2·h), respectively. Spatially, precipitation erosivity of
the North and South Mountains decreased from southeast to northwest in 1995, 2000,
2005, and 2010, and decreased from west to east in 2015 and 2018.

(2) The average soil erosion modulus of the North and South Mountains of Lanzhou
fluctuated and decreased from 1995 to 2018. The intensity of soil erosion in 1995,
2000, 2005, 2010, 2015, and 2018 was mainly slight erosion, distributed primarily in
the northwest and southeast of the North and South Mountains. Strong, extremely
strong, and severe soil erosion was distributed primarily in the middle of the South
Mountain, and a small amount in the middle of the North Mountain.

(3) The soil erosion modulus of the North and South Mountains of Lanzhou increased
at first and then decreased with the increase in height, increased with the increase in
slope, and decreased with the increase in vegetation coverage. Among the land use
types, the average soil erosion modulus of grassland and woodland was larger, and
that of the water area was the lowest. The soil erosion moduli were greatest in the pe-
docal of the North and South Mountains, and the least in the alpine soil. The greening
project effectively prevented soil erosion and initially formed an artificial ecosystem.
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Abstract: Building highway and its biological protection system in a drought-affected shifting-sand
desert is a great challenge. This challenge was completed by the construction of the Taklimakan
Desert Highway Shelterbelt (TDHS)—the longest of its kind in the world (436 km). The TDHS
can serve as a model for highway construction and desertification control using eco-friendly and
cost-effective approaches in other desert regions. Notably, we proved that local saline groundwater
irrigation offers potential advantages and opportunities for the growth of halophytes and sandy
soil development in hyper-arid desert environments. Here, we systematically (1) summarize the
project, its results, and vital technical issues of saline water irrigation; (2) address soil hydrological
processes that play a crucial role in maintaining those systems; and (3) highlight useful insights
for soil development, plant survival, and soil–plant–water–biota synergy mechanisms. Indeed, the
TDHS project has provided a proof of concept for restoration and desert greening initiatives.

Keywords: soil hydrological processes; saline water irrigation; desertification control; shelterbelt

1. Introduction

Over the last 20 years, a great “green wall” of 436 km has been gradually erected in
the center of the Taklimakan Desert, and has helped transform the desert into an oasis [1].
People could not travel very far into the desert in previous decades and centuries because
of its hyper-arid environment, known as the “sea of death” in China. It seems that human
ingenuity and science can overcome tremendous environmental barriers of fiercely dry and
hot conditions to develop new, green ecosystems that provide adaptation services such
as protection of infrastructure. The possibility of vegetating large sand-dune deserts as a
way to transform their climate to more habitable states—providing global benefits such as
carbon sequestration—is increasingly discussed and explored through paleo-evidence and
modeling [2]. Here, we report this singular eco-engineering experience (the Taklimakan
Desert Highway Shelterbelt (TDHS)), offering proof of how human-aided vegetation estab-
lishment on hyper-arid mobile dunes can start and persist at massive scales.

In some contexts, this project may be a successful artifact of humanity’s adaption
to nature. In China, it has been well known for a thousand years that the Dujiangyan
Irrigation System represents a remarkable milestone in human design, adapting to nature.
The Chinese government has occasionally examined seawater transport from the eastern
coast for use in the Taklimakan Desert. While long-distance water transport might seem
impractical, the South-to-North Water Diversion Project to transport water from southern
to northern China has caused renewed consideration of such an engineering feat. In Jordan,
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there is currently an ambitious project to pipe saltwater from the Red Sea to the arid coastal
city of Aqaba. The goal is to turn the region into an oasis using seawater that has been
desalinated by combining seawater greenhouses and concentrated solar power [3].

In contrast, the Taklimakan “experiment” shows concrete and large-scale evidence that
the seed of such transformation is technically feasible by employing local saline ground-
water. The portfolio-wide planning of the TDHS may directly feed into the realization of
the United Nations’ 2030 Agenda for Sustainable Development, due to its potential for
carbon sequestration and eco-restoration [4]. These steps would enable the evaluation
of outcomes in different social–ecological systems (SESs), e.g., the conditions of ecosys-
tem services, choices of livelihood strategies, and cultural values [5]. Modern culture has
developed the techniques to meet the challenges of coordinating or overcoming extreme
natural conditions.

The desert is a unique ecosystem. Even though we have modern technology to avail-
able re-cultivate our planet, the question remains as to whether this is a wise choice, and
why we would celebrate transforming this—one of the last wild places on Earth—into a
more artificial territory. The practicality of creating oases as geographic features within
desert areas differs from technically feasible. The significance of ecosystem rehabilitation
and management requires supportive and regulatory ecosystem services, ecosystem sus-
tainability, and land–atmosphere feedbacks. Most eco-restoration efforts are in temperate
regions where the water demands of planted forests can be of concern because the planted
trees can exhibit higher evapotranspiration rates than pre-afforestation farmland and grass-
land [6]. Historically, the unreasonable anthropogenic activity associated with natural shifts
has significantly impacted our habitat environment, and has even led to the fall of more
than one civilization. For instance, limited understanding of land and water relations left
the Tigris and Euphrates valleys saline and barren. Nevertheless, there is no doubt that
the existence of vegetation in sandy deserts is influential. Understanding the two-way
coupling between vegetation dynamics and the water cycle is critical for the sustainable
management of water-limited landscapes [2].

Our study shows the importance of controlling and reclaiming areas overtaken by
desert. The most successful context-specific technologies for desert highway and protection
systems illustrate how China has tackled those challenges, and provide invaluable guidance
for other nations embarking on a similar journey. Given the TDHS having attracted
widespread attention concerning saline water utilization and the use of breakthrough
technological applications within areas in which standard ecological engineering practices
may not apply, this perspective systematically reviews the effects of the TDHS on local
saline groundwater utilization, and how it has evolved over time, highlighting valuable
insights for fundamental soil hydrological processes associated with soil development and
plant survival. We also propose some core principles for successfully implementing such
large-scale nature-based solutions with consideration of technology transfer.

2. Overview of TDHS

The TDHS was constructed in 2003, as the initial mechanical checkerboard failed to
prevent shifting sands from blocking the highway built in 1997 to access the oil fields [7,8]
(Figure 1). However, before the construction of the TDHS, there was no extensive ecological
engineering on projects in shifting desert areas. It is essential to select and cultivate
appropriate plant species that are drought- and salt-tolerant for wind erosion prevention,
and to develop an integrated, innovative irrigation system for afforestation. In 1999, a pilot
test was started to assess the feasibility of highway shelterbelt construction. A botanical
garden was built within the center of the oasis for trait-based plant species selection and
public viewing of the pilot test (Figure 1). By introducing plants that have been pilot-tested
in the central oasis, the mobile dunes along the TDHS have been successfully stabilized
over the years (Figure 1). At present, a 72–78-meter-wide tree belt has been built along the
436 km of the highway, with a green area of 3128 ha. Despite groundwater with a high
saline content, the greenbelt has been most successful, with a 90% plant survival rate [1].
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Furthermore, its establishment has improved the biological diversity and soil fauna activity,
e.g., 13 herb species have been found since the construction of the TDHS [9].
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Figure 1. The Taklimakan Desert Highway Shelterbelt across a shifting-sand desert: The highway
links Luntai and Minfeng on the northern and southern edges of the Tarim Basin (562 km). The
greenbelts on both sides of the highway represent the artificial vegetation establishment (a), the
oil field area—more than 98% of areas were covered with shifting dunes before the shelterbelt’s
construction along the Taklimakan Desert Highway (b), and the greenbelt today (c).

The TDHS’s success relied on modern engineering, irrigation, and soil management
technologies. First, and most importantly, local saline groundwater irrigation offers advan-
tages and opportunities for plant growth and soil evolution in the mobile sand environment.
Large-scale afforestation was possible using specially designed double-branch-pipe drip-
irrigation systems to overcome the limitation of regional water scarcity, triggering a rapid
evolution of sandy soils that favored further long-term vegetation rehabilitation. We
consider saline irrigation to be a feasible way to initialize the sustainability of artificial
shelterbelts in similar habitats. What was originally a tree-planting initiative for road
construction has evolved into China’s response to climate change and a broader develop-
ment programming tool. Since it was created in a dry desert and nourished with local
groundwater, the TDHS project has been highly appraised by many national and interna-
tional environmental protection organizations—for instance, receiving the highest award
of the Chinese Environmentally Friendly Project in 2008. Its success was attributed to
modern technologies in engineering design, irrigation utilization, and unique/localized
management practices.
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3. Soil Hydrological Processes under Irrigation in the Desert
3.1. Saline Water Irrigation for Shelterbelt Engineering in Desert

The near-impossible challenge that this project overcame was the issue of ensuring
water sources. The TDHS is irrigated by local groundwater resources, although the water
in question is saline. Our observation showed that irrigation with saline groundwater
with a salinity concentration of <15.5 g L−1 has allowed the plants to thrive with the trend
of soil salinity [10]. Due to salt accumulation outside of the root zone, saline groundwa-
ter irrigation has not harmed the selected plants’ healthy growth. Moreover, the saline
water irrigation seems to have provided nutrients to the soil and, thus, stimulated soil
development [8]. Consequently, the ecological restoration has increased the silt and clay
content, thereby enhancing the water-holding capacity, which is one of the vital prerequi-
sites for long-lasting plant colonization within desert ecosystems [11]. These synergistic
mechanisms might be particularly crucial with respect to the initial sandy soil’s evolution
and the survival of sand-binding vegetation.

Drought, drifting sand blockages, and salt accumulation are three factors that may
threaten the sustainability of the artificial desert oasis. In general, precipitated water will
all evaporate in the desert air, and the water sufficiency of oasis plants is questionable.
Although a water-saving drip-irrigation system was used for our oasis, the soil water
content was usually less than 5%, due to the low water-holding capacity of the sandy soil
and high evaporative demands. More frequent irrigation schedules (once per 1.5 weeks)
have proven better for dealing with drought [12] (Figure 2). Our studies have demonstrated
that saline irrigation could significantly influence the dynamics and distribution of soil
moisture and salt [13]. Given the buildup of soil salinity through irrigation with saline
water, sustainable irrigation strategies are critical to reducing ecological risks [14]. In our
case, where an aquifer might not have enough pressure to break through to the surface, a
well was bored for pumping water to the surface to irrigate the newly planted trees. This
kind of action can ensure the survival of an oasis, and can help jumpstart (i.e., catastrophic
shifts) a natural spring that continues to feed an oasis long into the future.
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Figure 2. The drip-irrigation system for the Taklimakan Desert Highway Shelterbelt (A), which is
powered by solar panels in some sections (B). (a) Desert highway; (b) well-house; (c) control valve
well; (d) connecting well; (e) water valve; (f) main pipe; (g) double-branch pipe; (h) capillary tube.
Figure 2 is sourced and updated from [13].

Moreover, a complicated but plausible explanation may be that the decreased Na+

content was replaced by Ca2+ within the root-zone soil, as follows (Figure 3): (i) halophyte
root respiration and decomposition of organic matter produced a high partial pressure of
O2 and CO2 [15]; (ii) the reaction of CO2 with H2O (irrigation water and soil moisture)
produced H2CO3 [16]; (iii) the dissociation of H2CO3 and/or N2-fixing of halophyte
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roots released H+; (iv) the reaction of H+ with CaCO3 resulted in the Ca2+; and (v) the
Ca2+ facilitated the removal of Na+. Consequently, the Na+ may eventually be removed
through uptake by halophytes and/or leaching with irrigation water. Although this
somewhat complicated process needs additional study, such a process would help explain
the decreased soil salinity.
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Figure 3. Concept of a suitable mechanism of halophytes’ rhizospheres on salt-affected sandy soil
under saline water irrigation (an evacuated soil profile of Tamarix taklamakanensis is in the background).
The figure is referenced and updated from [16].

3.2. Dominant Soil Hydrological Processes under Irrigation Conditions

The local saline groundwater with a salt content of 5–30 g L−1 was used to irrigate
the TDHS. During drip-irrigation, the salts were transported upward with water for evap-
oration, and with three dimensions for equilibration of soil water potential differences.
The upward movement may lead to salt accumulation at the topsoil. However, this sur-
face salt-accumulation process would weaken, because salty surface crusts may block
evaporation [13]. Thus, surface salinization may eventually stop at some point. With a
periodically large amount of drip-irrigation, downward water flow would make salts
move deeper and prevent their accumulation at a certain depth. Eventually, the salt and
water would reach a relatively shallow groundwater level (e.g., 3–5 m) and finish the local
water cycle [8]. Recent research also suggests that combining the natural freshwater and
desalinated seawater is an excellent strategy to respond to the high water demands for
crops [17], along with water pretreatment to reduce salinity as the magnetized, oxygenized,
or electrical water approaches.
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It should be noted that long-term saline water irrigation frequently results in soil salt
accumulation that is detrimental to plant growth. However, our field observations tell a
different story. Sandy soil has a low absorption rate, and the saline solutes travel far below
the tree roots. The soil EC increased by about 8 mS cm−1 within the 0–10 cm soil layer,
where no lateral or feeder roots existed, and was less than 1.0 mS cm−1 within the 40–60 cm
soil layer, where plant roots proliferated. Due to those differences between the salty soil
layer and the root zone, our monitoring results showed that saline water irrigation did not
harm the plants that had adapted to the local environment.

4. Implications of the TDHS Project
4.1. Underlying Mechanisms to Maintain an Artificial Ecosystem in the Desert

It should be mentioned that the soil ecology has shifted from barren land to vegetated
area, which is a significant contributor to sustainability. For >10 years since the TDHS
began construction, we have found that the soil structure has progressively improved,
as indicated by increased soil aggregate stability and the increased fractal dimensions
associated with the increased total N and organic matter contents [18]. The soil is a living
miniature ecosystem, exhibiting structured soil processes and functions based on more than
sandy particle or soil grain characterization [19]. Yi et al. [20] reported that a rheological
state—the so-called omnidirectional integrative constraint “field”—may have formed after
adding soil amendment to the sand, providing a prerequisite for soil to become a habitat
for plants. However, it has not been determined whether this attribute of binding force
exists as a real, measurable variable. Our research found that these amendments improved
the shear strength of aeolian soil by enhancing soil cohesion and stabilizing the aeolian
soil [21]. Nevertheless, the sand fixation strategy is vital to assist in the governance of loose
sand. Additional amendments include reintroducing regulatory species, stimulating soil
development with fungi and microorganisms, and re-establishing mutual relationships
between species (e.g., vaccination with mycorrhiza) [22].

It could be fascinating for a newly reclaimed ecosystem to apply a structural equation
model to understand the relationships between structure, process, and outcome, and to
examine the ecosystem services. This is necessary to understand salt-retention mechanisms
and soil–plant–water–biota processes further. However, the manifestation of this vast
artificial ecosystem remains vague with regard to resource availability and utilization, and
to the appropriate management practices for such an enormous heterogeneous area. As
a result, the implications of China’s integrated land system sustainability remain under-
recognized. To identify catastrophic regime shift behavior that results from changes in
dryland SESs’ structure, functions, and their interactions—and, hence, to determine the
tipping point for maintaining ecological sustainability—it is urgently required to unravel
the underlying mechanisms and stability from holistic and context-specific perspectives [5].

In this regard, we propose a comprehensive conceptual model of how saline ground-
water irrigation can conserve the artificial shelterbelt in the TDHS (Figure 4) [10]. Firstly,
saline irrigation satisfies the plants’ water needs despite salt accumulation at the soil sur-
face, which minimally affects plants. To some extent, the planted trees can compensate
for salt stress through adjustments in root morphology, such as the absence of feeder root
growth within the salt accumulation layers. This adaption is one essential process for
successful ecological engineering within arid environments. Secondly, the saline water
irrigation may input nutrient components into the shelterbelt’s soil, further synergizing
with vegetative litter decomposition, root growth, and other biogeochemical cycles [23].
Like many other nutrient-constrained environments, litter decomposition within the TDHS
is a critical biogeochemical process for C and nutrient cycling that has been primarily
affected by the initial contents of C and K, lignin, and cellulose [24]. The accumulation
of soil C and nutrients has generally increased throughout the sand-binding vegetation.
Thirdly, because of the litter decomposition, microbial activity, and root exudates, the soil
nutrient contents of C, N, and P have been significantly improved [25], all of which have
contributed to soil development. Consequently, our artificial oasis may have developed
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into a more self-regulatory construct [16], characterized by the structured clay–organic-rich
topsoil, restricted evaporation, and strengthened soil moisture regulation function. While
water is the foundation of the oasis’ survival, the soil is part of the synergy function for
maintaining moisture. It has been shown that soil moisture and texture can affect weather,
surface evaporation, and temperature extremes [26]. Furthermore, plant roots may develop
tolerance to the local conditions, and can even reach the fringe of the groundwater. As
evidenced, naturally distributed Tamarix cones, reliant on the relatively stable water sources,
reflect adaptations to the different habitats [27]. Therefore, we suggest that shelterbelts
and the aeolian sandy soil have developed synergistically over time, with more mature
shelterbelts and biodiversity, better soil fertility, and reduced salinity. All of these factors,
when considered collectively, have created a benign cycle.
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4.2. Implications from China’s “Green Wall”

Our studies have shown the importance of controlling and reclaiming areas overtaken
by desert. Drylands have the lowest biological productivity, and are home to a significant
fraction of global poverty [28]. Over 27% of China now suffers from desertification, making
desertification a significant national threat [29]. The Three-North Shelter Forest Program is
the most extensive afforestation program globally. It is a 2800-mile network of forest belts
covering all of the major deserts and sandy lands within Northwest China. The project is
designed to serve as a windbreak to stop sandstorms, halt the expansion of desertification,
and restore the land to a productive and sustainable state. The local government has been
mobilizing the masses to grow trees from the very beginning and, subsequently, more
people have joined the campaign, digging holes for trees and fertilizing the land. As such,
there needs to be greater engagement with the land users themselves, who can implement
practices that abate land degradation and desertification [30]. Engagement means both
education and outreach, highlighting the links between agriculture and ecology, and using

163



Water 2022, 14, 2237

innovative strategies to involve stakeholders in gathering and using their local knowledge,
thus establishing a new paradigm for water- and climate-smart land management.

Identifying pathways to break the vicious cycle between land degradation and poverty
in dryland SESs requires an in-depth understanding of the relationship between the degra-
dation of ecosystem services and the deprivation of humans [5]. Programs must be evidence-
based, prioritize cost-effective interventions, and adapt their priorities and approaches
over time. Since its establishment, the TDHS has accomplished a series of research and
development achievements through long-term monitoring, research, experiments, and
demonstrations, and has focused on the key scientific and technological issues urgently
needed for management of the fragile regional ecological environment. This study offers a
unique laboratory to understand saline and dry environments, showing that they are more
sensitive to our interventions than previously thought [29].

5. Sustainable Evaluation of the TDHS

Our project—an ecological engineering feat rivaling the construction of China’s Great
Wall—may be a successful artifact of human adaption to nature. Beset by water scarcity
and growing deserts, China has been actively researching afforestation to create a robust
ecosystem-based adaptation for decades. Various pilot projects have tried to mitigate deser-
tification and even desalinate seawater. While long-distance water transport might seem
impractical, the Taklimakan “experiment” shows concrete and large-scale evidence that the
seed of that transformation is technically feasible by employing local saline groundwater.
However, it is expected that the large-scale afforestation may have significantly impacted
water resources, e.g., causing increased evapotranspiration and decreased runoff [30]. In
concert with China’s unprecedented economic growth, ecological restoration within China
reduces soil water storage at one of the world’s highest rates [31]. Field studies have
reported that afforestation has lowered local groundwater levels by between 0.5 and 3.0 m,
which may have reduced the survival rates of afforestation to 7–34%, limiting its effective-
ness in desertification control [32]. When the results are considered at large scales, the
water impacts may be significant, e.g., the large-scale mismatch of plant species’ water
requirements. For example, afforestation in the Chinese Loess Plateau is approaching
sustainable water-resource-use limits and threatening local water and food security [31].
Consequently, China should take bold steps to implement sustainable development for
large-scale green engineering.

Can we seek inspiration from ancient water engineering projects that did not use me-
chanical systems, such as the legendary Hanging Gardens of Babylon or the historic Roman
water designs? Indigenous and local knowledge is slowly changing societal water-use
perceptions. Close to the TDHS, Xinjiang Karez—an irrigation system of wells connected by
an underground channel—is still used today, having been constructed back during the Han
Dynasty about two thousand years ago [33]. The synergy of those ancient water delivery
systems was planned and constructed without computer-aided design or mechanical sys-
tems, but these projects rival and perhaps even exceed the success of many similar designs
based on 21st-century innovations [34]. We hope that the intelligent passive systems of the
past can be resurrected.

Importantly, no significant long-term impacts of irrigation were found concerning the
groundwater level and its salinity [35]. Within the TDHS, the local saline groundwater
has been used with our specially designed double-branch-pipe drip-irrigation system,
which ensures effective and efficient groundwater use [13] (Figure 2). The borehole wells
have been placed at a distance of every 4 km for use on a 2-week irrigation schedule with
20–30 mm of groundwater. Hence, the maintenance cost is mainly used to irrigate and
maintain the shelterbelt, at a cost of around USD 0.1 million km−1 a−1 (Table 1). Although
the cost of maintenance is much more than the funding available based on a vehicle tax,
this cost has been quickly reduced to >50% of the expense before the TDHS, mainly used
to clean the shifting sand and construct the straw checkerboard barriers [36]. The TDHS
is of the highest priority for oil/gas exploration and local community development, with
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a significant eco-environmental value that has not been well evaluated. It is expected
to further decrease the cost with the progress of ecosystem services. At present, stable
investment mechanisms for combating desertification need to be established, along with
financial support policies for guiding the country in its fight against desertification [33].
It is important not to lose sight of these critical issues for regional development in the
post-COVID-19 world, as resources and priorities may be shifted away from these crucial
development arenas in desert regions.

Table 1. Sand fixation efficiency and cost of the three sand-fixing measures [36].

Control Measures Effects of Sand Prevention Input (USD km−1 a−1) Ecological Benefits

Mechanical measures More than 70% of the control
measures were ineffective ~0.1 million No

Biological measures More than 90% of the artificial
shelterbelts were effective ~0.2 million Improve the eco-environment

and increase biodiversity

Chemical measures Ineffective ~0.15 million
Bring chemical materials to the

desert and damage
the eco-environment

Nonetheless, dryland sustainability programs need to ensure that the water require-
ments of species used in the large-scale restoration are compatible with local environmental
water availability and quality [5]. If incorrectly managed in desert areas, the increasing
aridity, enhanced warming, and rapidly growing population may exacerbate the risk of
desertification [37]. Although our practices demonstrate that drip-irrigation is the optimal
method for low-cost and highly efficient water usage, our approach needs a long-term
assessment, considering that plant salt sensitivity is different for different species. For
instance, Calligonum is not a halophyte genus, but a xeromorphic genus more susceptible to
salt damage. The introduction of an alternative plant may be necessary, and reasonable irri-
gation methods associated with the growth of halophytes are suggested [38–40]. Only when
careful choices are made concerning the irrigation water salinity and the plant species’ tol-
erance for salinity can artificial shelterbelt construction promise sustainable development.

6. Technology Transfer

The TDHS represents a remarkable achievement of land-system sustainability with
respect to scientific evidence, governance, and human endeavors [29]. Different regions/countries
can learn from the TDHS project and, possibly, adopt similar methodologies to construct
sustainable transportation routes or barriers against shifting dunes. With the launching
of “the Belt and Road” program, the relevant techniques of our model have been the basis
of technical training for transfer to similar habitats that have sustainable development
needs for the economy, environment, and ecosystem health. We have currently shared our
knowledge on desertification control with some African and Asian countries, e.g., Maurita-
nia, Ethiopia, and Kenya, among others. For example, we proposed an optimization plan
named “integrated construction system of 2 zones with 3 protective belts” in Mauritania’s
capital city Nouakchott. Moreover, international platforms, such as the “China–Africa
Cooperation Forum”, have established a cooperative mechanism for regularly exchanging
experiences, techniques, and investments in desertification control. Some of these forums
have been well recognized in a UN resolution as an essential platform for realizing the
strategic objectives of the Convention on Combating Desertification.

Current large-scale evidence suggests that, despite enormous investments, China’s
integrated portfolio of sustainability programs has achieved overall success. Nations need
to be prepared to take urgent, decisive, and robust action to ensure environmental sustain-
ability. Before decisions on extensive water resource projects are made, it is necessary to
summarize the local ecological, economical, and indigenous knowledge on nature’s contri-
butions to people, along with an appropriate decision-making framework of the dryland
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development paradigm for ecosystem services [41]. Moreover, research on the structure
and function of dryland SESs requires sufficient attention. Delgado-Baquerizo et al. [42]
found that, regardless of soil age, global climatic and land-use changes will have substan-
tial long-term impacts on the structure and function of terrestrial ecosystems. In terms of
both past and present perspectives, as exemplified by the TDHS program’s effects across
multiple sustainability indicators, our research may provide some keys to success from
China’s experience, discuss potential risks to large-scale sustainability interventions, and
suggest future research priorities.

7. Concluding Remarks

The TDHS project offers the first proof of how human-aided establishment of veg-
etation on hyper-arid mobile dunes, supported solely by local saline groundwater, can
be achieved. Some key points of complex adaptive systems are as follows: (1) Practically,
local saline water irrigation within the TDHS shelterbelt has proven helpful for the healthy
growth of adaptive plants, and also for the evolution of sandy soil. (2) Our conceptual
model provides intrinsic driving mechanisms and structure–function interactions for a
catastrophic regime shift of bare sand into vegetated soil. (3) If adequately managed, the
TDHS will sustainably represent a successful model utilizing ecological engineering in a
harsh environment, given the necessity of plant survival and a self-regulatory adaptation
function. As a research agency, we continue to identify research areas needing critical eval-
uation, assess and verify program effectiveness, and provide scientific and technological
support to implementation agencies for quality assurance of sustainability interventions
against accepted standards. This program will be revisited and updated regularly to reflect
research priorities and new requirements in drylands. We hope that the TDHS will be
remembered not only as an engineering accomplishment, but also as a unique system of
ecological achievements and a successful example of a large-scale green desert that other
arid desert regions can follow.
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