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Abstract: Haloxylon ammodendron is a desert shrub widely used as a windbreak and for sand fixation,
and it has achieved remarkable results in China. However, in desert areas, large-scale afforestation
increases soil water consumption and forms a dried soil layer (DSL), the development of which
seriously threatens the sustainable development of the ecosystem. In this study, soil moisture in
the 0–400 cm soil profile was measured in selected 5-, 11-, 22-, 34-, and 46-year-old plantations of
Haloxylon ammodendron plantations in Alxa Legue, China, and three soil desiccation evaluation indices
were calculated—the soil desiccation index (SDI), DSL thickness (DSLT), and DSL soil water content
(DSL-SWC)—to analyze the change pattern of the soil water content for different stand ages. The
results showed that the shallow water layer (0–200 cm) was depleted sharply in the first five years of
Haloxylon ammodendron plantation growth, but no DSL developed; the inflection point of soil water
content change appeared after 10 years of growth, after which the shallow soil water was depleted
and the drying process of the deep soil water content was significantly faster than that in the early
growth period. The deep soil layer (200–400 cm) was depleted seriously after 22 years of afforestation,
the soil drying phenomenon was obvious, and the DSL developed from the 172 cm soil layer. After
46 years of afforestation, the DSL was fully developed and the DSL-SWC was only 0.034 cm3 cm−3.
Priority should thus be given to the use of less water-consuming shrub species; alternatively, after
5 years of growth of Haloxylon ammodendron plantations, certain water control measures should be
taken to maintain the soil water balance.

Keywords: Haloxylon ammodendron plantations; soil moisture; afforestation age; soil water deficit
degree; dried soil layer

1. Introduction

Afforestation, as an important measure to control sand damage, has a long history
in China and is recognized as one of the most effective approaches to constraining wind-
blown sand disasters [1]. Afforestation is already an important part of the response to
global change. Planting trees can reduce surface runoff [2–4] and improve soil porosity and
water conductivity, thereby changing the infiltration rate [5–7]. For example, [8] reported
that where natural runoff is 30% of precipitation, planting trees can reduce runoff by half
or more. Wu et al. [9] showed that root decay in large-scale afforestation could maintain a
relatively high and stable infiltration rate by reduced root density. In addition, if the water
lost by transpiration from artificial afforestation and soil evaporation exceeds that gained
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by precipitation, the soil moisture content will be reduced, and regional water shortages
will be aggravated [10–12].

It is reported that afforestation can cause soil moisture to decrease [12–14]. Prescribed
reduction in stand density has been proposed as a management tool to improve forest
sustainability in the face of a warmer, drier future. Results of prior researchshowed that after
afforestation, surface soil moisture decreased, and soil moisture relating to different tree
species responded differently to afforestation [15,16]. Some studies attempting to evaluate
western juniper transpiration and soil moisture relationships at different tree growth stages.
They were reported that soil moisture decreases with increasing plantation age, and the soil
dries seriously after 12 years [17–19]. Thus, a balance between soil water supply and root
uptake is critical to the sustainability of ecosystem health [20], especially in dry areas where
water is scarce. This means that understanding the hydrological effects of afforestation on
soil moisture is important not only for water fluxes in the soil–plant–atmosphere continuum,
but also for water cycles and ecohydrological processes in terrestrial ecosystems [11,21].

Alxa Legue is located at the western end of the Inner Mongolia Autonomous Region,
covering an area of 270,000 square kilometers. Haloxylon ammodendron is the most dominant
afforestation plant in the Alxa Legue desert area. However, the natural regeneration and
development of Haloxylon ammodendron plantations in the desert area are very slow and
difficult. A number of key national ecological construction projects and projects have been
launched in northern China, including the Three-North Shelter Forest Program, Natural
Forest Protection Project, and the Returning Farmland to Forest Program. With further
implementation of these projects, afforestation has achieved satisfactory results, and the
ecological environment has undergone great changes [22].

Recent studies have shown that due to the perennial, deep-root-forming, and strong
water-consuming nature of Haloxylon ammodendron, the continuous growth of
Haloxylon ammodendron plantations strongly depletes soil moisture, leading to increased
soil desiccation, deterioration of soil moisture ecology, and gradual degradation of artificial
vegetation in the region. In particular, the planting of large-scale Haloxylon ammodendron
plantation forests has exacerbated the decline of soil moisture in the desert region of
northwest China [23–25]. Therefore, the specific objectives of this study are as follows:
(1) to study large-scale Haloxylon ammodendron plantations with regard to the soil mois-
ture depletion and desiccation process, along with the formation and development of
the DSL, and (2) to determine the changes in the soil moisture content with forest age
after Haloxylon ammodendron plantations. This study has important reference value for
vegetation management and ecological environment reconstruction.

To achieve these objectives, soil water content data in 400 cm soil profiles were collected
under five different forest age gradients in the Alxa Legue desert area through actual field
investigation, long-term observations, and literature records. The soil water content, soil
water vertical profile distribution, dry layer starting depth, dry layer thickness, relative soil
water deficit index, desiccation index, and other characteristics of different forest ages of
Haloxylon ammodendron were then analyzed to explore the relationship between different
forest ages of Haloxylon ammodendron plantations and the desiccation index. The degree
of desiccation of soil under different forest ages was compared and analyzed in order to
provide a reference basis for vegetation restoration and ecological environment construction
in arid areas.

2. Materials and Methods
2.1. Study Area Description

The study area is located in Alxa Legue, Inner Mongolia Autonomous Region
(97◦10′ E–106◦52′ E, 37◦21′ N–42◦47′ N) (Figure 1); it has a temperate continental cli-
mate with average annual sunshine of 3000–3400 h, an average annual temperature of
7–8 ◦C, average annual precipitation of 76.9 mm mainly concentrated in June–September,
annual evaporation of about 4000 mm, and an average annual frost-free period of 155 d.
The groundwater level in the study area is 80–120 m, and there are no rivers in the region.
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The vegetation cover is low, consisting of drought-resistant shrubs and semi-shrubs [22].
Among them, Haloxylon ammodendron plantations are the most important artificial sand-
fixing vegetation species in the desert area of Alxa Legue, and since the mid-1970s, large
areas of Haloxylon ammodendron plantations have been cultivated, playing a vital role in
protecting the local ecological environment. After more than 40 years of cultivation,
Haloxylon ammodendron plantations have become the largest desert vegetation type cover-
ing the local area; wind and sand invasion have been significantly reduced, and the mobile
dunes have been controlled and gradually transformed into fixed dunes.
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Figure 1. Location of the study area in the Alxa Legue desert, China.

2.2. Experimental Design and Sampling

The study was performed on the basis of survey and actual investigation, using
the method of spatial distribution instead of time series, soil sampling was conducted
on 28 May 2021 for each forest-age Haloxylon ammodendron; 0–400 cm soil samples were
collected at the intersection of the diagonal lines of the sample plot. Three soil samples were
collected at each site and three duplicate samples were collected every 20 cm; that is, 180 soil
samples were collected at each site, and a total of 1080 soil samples were collected. Two
hundred thirty trees per hectare is the most widely used planting density in this study area.
In order to ensure that this study was not affected by planting density, 230 trees per hectare
was selected. The earliest afforestation in the Alxa Legue desert started in 1975, so for this
experiment we took 46-year-old Haloxylon ammodendron plantation forest as representing the
longest afforestation period; then, 5-, 11-, 22-, 34- and 46-year-old Haloxylon ammodendron
plantation forests and comparison wasteland in an age gradient of about 10 years were
selected as the study objects (Table 1). In order to eliminate the interference caused by
different soil properties and meteorological conditions, Haloxylon ammodendron forests of
different ages were selected for sampling in the same plot at the same time in this study. A
standard sampling plot of 50 × 50 m was established. At the same time, 3 undisturbed soil
samples were taken near the sampling point using a ring knife, and the soil samples were
put into an aluminum box and brought back to the laboratory. The study area is located at
the edge of the Badain Jaran Desert, with a groundwater level of 80–120 m and no river
influence.
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Table 1. Basic information of Haloxylon ammodendron plantation lands at different planting ages.

Planting Age
(a) Longitude Latitude Altitude (m) Clay Volume

Fraction (%)
Silt Volume
Fraction (%)

Sand Volume
Fraction (%)

5
102◦47′38” E 39◦23′23” N 1204.86 11.07 13.57 75.36
102◦47′36” E 39◦23′21” N 1204.12 10.32 13.9 75.78
102◦47′37” E 39◦23′19” N 1203.67 10.25 15.08 74.67

11
102◦47′07” E 39◦23′44” N 1204.95 11.61 15.95 72.44
102◦47′09” E 39◦23′41” N 1204.38 10.29 14.62 75.09
102◦47′14” E 39◦23′45” N 1204.57 10.67 14.38 74.95

22
102◦47′42” E 39◦23′04” N 1203.69 11.73 14.26 74.01
102◦47′44” E 39◦23′06” N 1203.84 11.54 15.99 72.47
102◦47′44” E 39◦22′98” N 1204.35 10.55 12.92 76.53

34
102◦47′81” E 39◦23′67” N 1203.66 11.16 13.19 75.65
102◦47′76” E 39◦23′63” N 1204.34 11.05 12.71 76.24
102◦47′75” E 39◦23′66” N 1204.81 10.76 16.4 72.84

46
102◦47′21” E 39◦23′78” N 1204.37 10.97 12.8 76.23
102◦47′24” E 39◦23′76” N 1204.39 10.43 15.89 73.68
102◦47′19” E 39◦23′73” N 1204.41 11.12 16.39 72.49

Wasteland 102◦47′51” E 39◦23′27” N 1203.97 10.31 15.18 74.51

The soil moisture content of the 0–400 cm soil layer was measured by the drying
method, and the field moisture capacity and wilting moisture were fitted by the van
Genuchten model; the field moisture capacity and wilting moisture were 10.4% and 1.8%,
respectively. In this study, a 60% field moisture capacity was used as the stable soil water
content to determine the distribution of the soil water content. At the same time, the
latitude, longitude, elevation, and slope direction of the sampling point were recorded
using a handheld GPS. The soil particle size distribution of the collected samples was
determined by laser diffraction using a Mastersizer 2000 (Malvern Instruments, Malvern,
UK).

Prior research concluded that the upper boundary layer of the DSL should be defined
as 1.0 m, because the soil moisture of the 0–1.0 m layer can be replenished in time by the
precipitation of that year [12]; thus, this soil layer does not belong to the category of the
DSL. In this study, we mainly studied the genesis and development of a DSL with strong
stability. Therefore, we set the initial depth of the DSL at 1.0 m. Based on the basic physical
properties of soil in the Alxa Legue desert area, the soil moisture content is considered to
be equivalent to about 60% field capacity, and a dry layer is formed when the soil moisture
content is lower than the stable soil moisture content [26]. In this study, the value of stable
soil water content was determined as 60% of the field water-holding capacity, which was
then used as the upper limit of the DSL and as a criterion to judge the appearance of the
dry layer.

In order to quantitatively describe the degree of soil desiccation under different land
use types, [27] defined the soil desiccation index (SDI) as the percentage of the actual
effective water content of a soil layer relative to the stable effective water content of that
soil layer:

SDI =
SM−WM

SSM−WM
× 100% (1)

where SDI is the soil desiccation index, SM is the soil water content, WM is the wilting
moisture, and SSM is the soil moisture at field capacity.

3. Results
3.1. Soil Moisture Analysis of Haloxylon ammodendron Plantations at Different Forest Ages

For the 5-, 11-, 22-, 34-, and 46-year-old Haloxylon ammodendron plantations, at 0–400 cm,
the soil moisture contents were 6.4–8.3%, 5.9–8.8%, 5.8–9.0%, 4.2–7.9%, and 2.5–8.4%, respec-
tively; the average moisture contents were 8.3%, 7.3%, 7.0%, 5.8%, and 4.1%, respectively
(Table 2).
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Table 2. Statistical analysis of soil moisture and related parameters at 0–400 cm depth at different
planting ages.

Planting
Age Min (cm3 cm−3) Max (cm3 cm−3) Mean (cm3 cm−3) SD Skewness Kurtosis CV (%)

46 0.025 0.084 0.041 0.018 1.429 0.728 44.73
34 0.042 0.079 0.058 0.011 0.362 −1.115 19.60
22 0.058 0.090 0.070 0.010 0.545 −0.192 13.83
11 0.059 0.088 0.073 0.009 −0.150 −1.227 12.41
5 0.064 0.095 0.083 0.010 −0.744 −0.896 11.74

Field 0.080 0.092 0.084 0.003 1.128 0.740 4.11

Overall, the soil moisture content became lower with increasing stand age. The average
soil moisture of 5-, 11-, 22-, 34-, and 46-year-old Haloxylon ammodendron plantation stands
decreased by 10%, 11%, 14%, 26%, and 43%, respectively, compared to that in the wasteland
area. The water consumption of 5–22-year-old Haloxylon ammodendron plantations was
strong in the 0–200 cm soil layer, and the mean water content of that section showed a rapid
decline trend as the years of vegetation growth passed. After that, the soil water content
of 0–200 cm soil around 22–46-year-old Haloxylon ammodendron plantations changed little,
but the soil water content at 200–400 cm depth decreased sharply (Figure 2). In general,
with vegetation growth, a great amount of soil water is consumed. The results showed
that forest age was the main factor affecting the change in soil moisture content in the
Haloxylon ammodendron plantation forests.

Plants 2022, 11, x FOR PEER REVIEW  5  of  13 
 

 

3. Results 

3.1. Soil Moisture Analysis of Haloxylon ammodendron Plantations at Different Forest Ages 

For the 5‐, 11‐, 22‐, 34‐, and 46‐year‐old Haloxylon ammodendron plantations, at 0–400 

cm, the soil moisture contents were 6.4–8.3%, 5.9–8.8%, 5.8–9.0%, 4.2–7.9%, and 2.5–8.4%, 

respectively; the average moisture contents were 8.3%, 7.3%, 7.0%, 5.8%, and 4.1%, respec‐

tively (Table 2). 

Table 2. Statistical analysis of soil moisture and related parameters at 0–400 cm depth at different 

planting ages. 

Planting 

Age 

Min（cm3 

cm−3） 

Max（cm3 

cm−3） 

Mean（cm3 

cm−3） 
SD  Skewness  Kurtosis  CV (%) 

46  0.025    0.084    0.041    0.018    1.429    0.728    44.73   

34  0.042    0.079    0.058    0.011    0.362    −1.115    19.60   

22  0.058    0.090    0.070    0.010    0.545    −0.192    13.83   

11  0.059    0.088    0.073    0.009    −0.150    −1.227    12.41   

5  0.064    0.095    0.083    0.010    −0.744    −0.896    11.74   

Field  0.080    0.092    0.084    0.003    1.128    0.740    4.11   

Overall, the soil moisture content became lower with increasing stand age. The aver‐

age soil moisture of 5‐, 11‐, 22‐, 34‐, and 46‐year‐old Haloxylon ammodendron plantation 

stands decreased by 10%, 11%, 14%, 26%, and 43%, respectively, compared to that in the 

wasteland area. The water consumption of 5–22‐year‐old Haloxylon ammodendron planta‐

tions was strong in the 0–200 cm soil layer, and the mean water content of that section 

showed a rapid decline trend as the years of vegetation growth passed. After that, the soil 

water content of 0–200 cm soil around 22–46‐year‐old Haloxylon ammodendron plantations 

changed little, but the soil water content at 200–400 cm depth decreased sharply (Figure 

2). In general, with vegetation growth, a great amount of soil water is consumed. The re‐

sults showed that forest age was the main factor affecting the change in soil moisture con‐

tent in the Haloxylon ammodendron plantation forests. 

 

Figure 2. A violin plot of the mean soil moisture at 0–400 cm depths under Haloxylon ammodendron 

plantations at different ages. 

Figure 2. A violin plot of the mean soil moisture at 0–400 cm depths under Haloxylon ammodendron
plantations at different ages.

3.2. Vertical Distribution Characteristics of Soil Moisture around Haloxylon ammodendron
Plantations of Different Forest Ages and Contrasting Wasteland

The decrease rate of soil moisture in 0–100 soil layer increased with the increase of
forest age. In the 100–200 cm soil layer, the soil moisture content decreased with increasing
soil depth, except for the 46-year forest age. The 0–100 cm soil layer is easily affected by
rainfall, evaporation, and human activities, and it is an active layer of soil moisture, so
only the 100–400 cm soil layer was considered in the study of the dry layer. As can be
seen from Figure 3, the soil moisture contents of 5- and 11-year-old Haloxylon ammodendron
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plantation stands and contrasting wasteland at 100–400 cm were higher than the stable
soil moisture content, so no DSL phenomenon occurred. The soil moisture contents for
22-, 34-, and 46-year-old stands were lower than the stable soil moisture content, so the
DSL phenomenon occurred. The initial depths of the DSL were 88, 158, and 172 cm, and
the thicknesses of the dry layer were 115, 242, and 312 cm, respectively (Figure 3). In
conclusion, the initial depth of the DSL in Haloxylon ammodendron plantation forest tended
to develop toward the surface with increasing forest age, while the thickness of the DSL
tended to increase with increasing forest age.
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Figure 3. Vertical distribution of soil moisture in Haloxylon ammodendron plantation forested land at
different ages: (A) 46, (B) 34, (C) 22, (D) 11, (E) 5 years, and (F) wasteland.

3.3. Evaluation of Relative Water Deficit in the Soil Profile of Haloxylon ammodendron Plantations
at Different Ages

The relative moisture deficit index values at 0–400 cm in Haloxylon ammodendron
plantation stands of different ages are plotted in Figure 4, which show that the relative
moisture deficit index of 5-year-old Haloxylon ammodendron plantations at 0–200 cm was
less than 0, showing no water deficit, while the SDI in the 0–200 cm soil layer for other
stand ages was greater than 0 and showed water deficits. The distribution pattern of the
relative moisture deficit index in the vertical soil profile was basically the same; generally,
in the 100–300 cm soil layer, the relative moisture deficit index tended to increase gradually
with increasing soil depth, while in the 300–400 cm soil layer, the relative moisture deficit
index tended to decrease gradually with increasing soil depth. In general, except for the
5-year-old trees, the soil moisture deficit index of all the Haloxylon ammodendron plantation
profiles showed an increasing trend with increasing forest age and a decreasing trend with
increasing soil depth.
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Figure 4. A boxplot of relative moisture deficit index values at depths of 0–4.0 m around Haloxylon
ammodendron plantations at different ages.

From Table 3, the average relative water deficit index values of the 0–400 cm soil layer
in 5-, 11-, 22-, 34-, and 46-year-old Haloxylon ammodendron plantation stands were 0.011,
0.161, 0.220, 0.391, and 0.668, respectively. The soil water deficit degree from high to low
was 46 > 34 > 22 > 11 > 5.

Table 3. Change in the mean SDI in the soil profile of Haloxylon ammodendron plantations at
different ages.

Planting Age
(a)

Soil Depth (cm)
0–100 100–200 200–300 300–400 0–400

5 0.040 0.213 −0.044 −0.163 0.011
11 0.106 0.294 0.227 0.016 0.161
22 0.098 0.290 0.332 0.161 0.220
34 0.204 0.376 0.537 0.446 0.391
46 0.287 0.750 0.807 0.830 0.668

Table 3 shows that the mean soil water deficit index value in the 100–400 cm soil layer
increased with increasing forest age; that is, the soil water deficit in the vertical section
became more serious with increasing forest age. The relative soil water deficit index of
5-year-old Haloxylon ammodendron plantation stands was less than 0 in all layers except
the 100–200 cm soil layer; that is, there was slight soil water deficit in the 100–200 cm
soil layer, but the soil water status of other layers was good. The SDI of 11-year-old
Haloxylon ammodendron plantation land increased with increasing soil depth from 100 to
200 cm. The maximum soil water relative deficit index value appeared around 200 cm,
and the index value decreased with increasing soil depth between 200 and 400 cm. The
change in the soil water deficit index for the 22-, 34-, and 46-year-old Haloxylon ammodendron
plantation stands was the same as that for the 11-year-old Haloxylon ammodendron plantation
stands.
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3.4. Evaluation of Soil Desiccation of Haloxylon ammodendron Plantations at Different Ages

The average SDI values of 5-, 11-, 22-, 34-, and 46-year-old Haloxylon ammodendron
plantation stands were 77.21%, 65.79%, 61.35%, 48.14%, and 26.85%, respectively (Table 4).

Table 4. Comparison of the soil desiccation intensity and dry layer thickness in Haloxylon ammodendron
plantations at different ages.

Planting
Age (a)

Average Soil
Desiccation Index (%)

Soil
Desiccation Intensity

Thickness of the Desiccated Soil Layer (cm) Water Moisture in the
Dry Layer (cm3 cm−3)Extreme Strong Serious Medium Slight

5 77.21 Slight 0 0 0 140 260 0
11 65.79 Medium 0 0 0 260 140 0
22 61.35 Medium 0 0 120 240 40 0.058
34 48.14 Serious 0 0 220 180 0 0.052
46 26.85 Serious 0 280 40 60 20 0.034

The 5-year-old Haloxylon ammodendron plantation forest showed moderate desiccation
in the 100–200 cm soil layer, and the other soil layers showed slight desiccation. The
11-year-old Haloxylon ammodendron plantation forest land presented medium drying inten-
sity, in which the thickness of the medium drying layer was 260 cm, and the other layers
were slightly dry. The 22-year-old Haloxylon ammodendron plantation forest land presented
medium drying intensity; the medium and serious drying layers were the main ones, and
the DSL-SWC was 0.058 cm3 cm−3. The 34-year-old Haloxylon ammodendron plantation
forest land presented serious drying intensity; the serious drying layer was 220 cm in
thickness, and the DSL-SWC was 0.052 cm3 cm−3. The 46-year-old Haloxylon ammodendron
plantation forest land presented serious desiccation intensity; its strong, serious, medium,
and slight desiccation layers were 280, 40, 60, and 20 cm in thickness, respectively, and
the DSL-SWC was 0.034 cm3 cm−3. The soils of Haloxylon ammodendron plantation stands
of different forest ages in the Alxa Legue desert area present a moderate desiccation de-
gree, and the soil desiccation degree of Haloxylon ammodendron plantations increases with
increasing forest age (Figure 5).
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4. Discussion
4.1. Response of SWS Dynamics to Afforestation

During the planting of artificial forests and grasses in the Alxa Legue desert area
during the past 50 years, a large number of Haloxylon ammodendron plantation trees were
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introduced artificially. Planted vegetation consumes a great amount of water, breaking
the dynamic equilibrium between precipitation and native vegetation; thus, new eco-
environmental problems, represented by the dry soil layer, have generally emerged [28]. In
recent years, many studies have found that artificial vegetation leads to the formation of dry
soil layers due to the consumption of soil water. The effect of afforestation on the soil water
storage level mainly depends on the water consumption characteristics of plants, and there
are different degrees of DSL in each vegetation type [29]. In this study, SWS decreased with
increasing forest age and soil depth. Early studies have shown that the effects of plantations
on topsoil (0–50 cm) can be positive [30], negative [31], or negligible [32]. We found that
the soil moisture under Haloxylon ammodendron plantations was slightly depleted within
the 0–50 cm soil layer at different stand ages, but had not yet reached the level of a dry
soil layer, which is consistent with the findings of [31]; this may be due to the fact that soil
moisture and artificial irrigation at the beginning of silviculture can maintain the growth of
Haloxylon ammodendron plantations well, and rainfall can also replenish the shallow soil
moisture.

Deep soil moisture continues to be consumed with increasing forest age due to in-
creased transpiration as the plants grow, but these plants tend to degrade when the initial
water supply is depleted [33,34]. The results showed that the soil moisture at 200–400 cm
decreased continuously after 11 years of growth, and it was difficult to maintain the rapid
growth of Haloxylon ammodendron plantations with the shallow water added by precipi-
tation after maturity. Haloxylon ammodendron plantations gradually entered deeper soil
layers to obtain water resources. The absorbed water was then released into the shallow
soil layer [31], and the water consumption of the vegetation was obviously greater than
that of the deep soil, so the soil moisture decreased gradually with afforestation age.

Many studies have shown that soil moisture is the result of the combined effects of
natural and human activities, such as topography, climate, plant growth years, and land
use patterns [35–37]. In this study, Haloxylon ammodendron plantation stands of different
ages under a single land use pattern were used as the research objects, and the soil moisture
content, initial depth of the dry layer, thickness of the dry layer, relative deficit index, and
drying index of soil moisture in the 0–400 cm soil layer were analyzed. The high rate of
water consumption of the Haloxylon ammodendron plantation forest resulted in a significant
decrease in the soil moisture content and the formation of a DSL 11 years after planting.
There was an “inflection point” in the change rate of soil moisture content 10 years after
planting; before this, the soil water content decreased greatly at the depth of 100–200 cm,
and the change in soil water content was small at the depth of 200–400 cm. Ten years after
planting, the soil moisture in the shallow layer was exhausted, the soil moisture was in
a relatively stable state, and the soil moisture in the deep layer was greatly reduced as
Haloxylon ammodendron plantations developed deeper roots to absorb water from deeper
soil layers.

4.2. Soil Water Storage Deficit Variations with Afforestation Age

Because of the strong ability of leaves to intercept precipitation, massive root uptake,
and large evapotranspiration loss [38], afforestation can reduce the soil moisture content
when compared to the levels before afforestation, especially if the previous land use was
as uncultivated land. When uncultivated land was changed to Haloxylon ammodendron
plantation forest, a great amount of water was lost through plant transpiration. The results
show that the soil moisture was less than 20% after converting croplands to forests in
northern China. Because of the deep groundwater level in Alxa Legue, the groundwater
is usually 20–100 m below the surface, and limited precipitation is the only source of
supplementary water for the plantation [19]. In our study, the Haloxylon ammodendron
plantation soil water deficit layer and strong dry layer increased with increasing forest age
because of its strong water consumption ability. For Haloxylon ammodendron plantations
more than 11 years old, the initial water supply and rainfall in the surface soil were
insufficient to meet the needs of growth. Our results show that there was no water deficit
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in the wasteland in the soil profile of 0–400 cm. Although afforestation increased water
infiltration, reduced surface runoff, and improved soil water holding capacity, the added
water distribution was uneven, discontinuous, and irregular, having a great impact on the
sustainable growth of plants. Although these waters play a vital role in maintaining soil
moisture, they are not sufficient to compensate for the serious soil water loss caused by
long-term plant transpiration. This difference leads to an imbalance in soil water availability
and utilization by the plantation. This imbalance eventually leads to water deficit and soil
drying as the number of years of afforestation increases. In turn, the lack of water affects
plant growth, leading to vegetation degradation. The whole process forms a vicious cycle,
of which the “small old trees” caused by soil desiccation on the Loess Plateau provides a
good example [39].

4.3. Implications for Future Afforestation Activities

It is important to note that the limitations of this study are mainly due to the lack of
long-term continuous soil moisture data and the difficulty in quantifying potential soil
moisture recovery. However, when compared with wasteland, soil moisture depletion
can be clearly observed in large-area cultivated Haloxylon ammodendron plantation forest.
With increasing number of years since planting of Haloxylon ammodendron plantations,
the soil moisture loss in this area was further aggravated; a good example of this is on
the Loess Plateau, China, where unreasonable plantations have created a dry layer of
soil [11,40,41]. This adversely affects afforestation, which, in turn, threatens the health of
the ecosystem in terms of carbon sequestration, soil, and water conservation [42,43]. The
Chinese government plans to increase the area of afforestation to 22,000 km2 by 2030. For
the sustainability of ecological construction, it is necessary to optimize the use of vegetation
and choose suitable vegetation types instead of overemphasizing large-scale afforestation.
In this study, Haloxylon ammodendron plantation biomass increased over the initial 1–5 years.
In the Haloxylon ammodendron plantation growth period, the demand for soil moisture
increased, resulting in rapid reduction of soil moisture. The water deficit in the 100–150 cm
soil layer under 5-year-old Haloxylon ammodendron plantations was serious, and the water
supply was limited. Therefore, in the process of Haloxylon ammodendron plantation growth,
the process of shallow soil desiccation was faster in the first 1–5-year growth period than in
the later growth period. With increasing forest age, the depth of water consumption and
the thickness of the dry layer increased year by year, the desiccation process of the deep
soil (250–400 cm) was faster than that of the earlier growth stage, and a DSL developed.
Therefore, it is suggested that water control measures should be taken after the 11th year of
Haloxylon ammodendron plantation growth to maintain the soil water balance and prevent
the formation of a deep soil desiccation layer.

5. Conclusions

The planting of trees (e.g., Haloxylon ammodendron) forms an important windbreak
and sand-fixation measure in northern China; however, the average soil water content
of the 4 m soil layer under Haloxylon ammodendron plantation forests shows an obvious
decreasing trend with the age of the forest. This decreasing soil water content leads to
soil drying, which, in turn, limits tree growth and even leads to vegetation degradation.
Although the shallow soil gradually reached a stable state 11 years after planting, the deep
soil layer was seriously depleted. Therefore, future afforestation efforts should consider
certain water regulation measures to maintain the soil water balance in the late stages of
Haloxylon ammodendron plantation growth, and future water resource research should study
runoff, canopy interception, and evapotranspiration fluxes to further elucidate the process
of soil water decline due to afforestation.



Plants 2022, 11, 235 11 of 12

Author Contributions: Conceptualization, D.Z. and J.S.; methodology, D.Z. and J.S.; software, X.H.
and B.J.; validation, X.H., C.Z. and C.W.; formal analysis, J.Q. and X.Z.; investigation, C.W., J.Q.
and X.Z.; resources, J.S.; data curation, D.Z.; writing—original draft preparation, D.Z.; writing—
review and editing, D.Z.; visualization, X.H.; supervision, J.S.; project administration, J.S.; funding
acquisition, J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Major Science and Technology Project in Inner Mongolia
Autonomous region of China (No. Zdzx2018057); the Innovation Cross Team Project of Chinese
Academy of Sciences, CAS (No. JCTD-2019-19); Transformation Projects of Scientific and Technologi-
cal Achievements in Inner Mongolia Autonomous region of China (No. 2021CG0046); Science and
Technology Research Project of Colleges and Universities in Inner Mongolia Autonomous Region
(NJZY21034); and the National Natural Science Foundation of China (No. 42001038).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author on reasonal request.

Acknowledgments: We greatly appreciate suggestions from anonymous referees for the improve-
ment of our paper. Thanks also to the editorial staff.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Houerou, H.L. Restoration and Rehabilitation of Arid and Semiarid Mediterranean Ecosystems in North Africa and West Asia: A

Review. Arid. Soil Res. Rehabil. 2000, 14, 3–14. [CrossRef]
2. Jin, Z.; Guo, L.; Yu, Y.; Luo, D.; Fan, B.; Chu, G. Storm runoff generation in headwater catchments on the Chinese Loess Plateau

after long-term vegetation rehabilitation. Sci. Total Environ. 2020, 748, 141375. [CrossRef] [PubMed]
3. Huang, M.; Zhang, L.; Gallichand, J. Runoff responses to afforestation in a watershed of the Loess Plateau, China. Hydrol. Process.

2003, 17, 2599–2609. [CrossRef]
4. Li, Z.; Zhou, P.; Shi, X.; Li, Y. Forest effects on runoff under climate change in the Upper Dongjiang River Basin: Insights from

annual to intra-annual scales. Environ. Res. Lett. 2020, 16, 014032. [CrossRef]
5. Hrabovský, A.; Dlapa, P.; Cerdà, A.; Kollár, J. The Impacts of Vineyard Afforestation on Soil Properties, Water Repellency and

Near-Saturated Infiltration in the Little Carpathians Mountains. Water 2020, 12, 2550. [CrossRef]
6. Agnihotri, R.C.; Yadav, R.C. Effects of Different Land uses on infiltration in unstifluvent soil susceptible to gully erosion. Hydrol.

Sci. J. 1995, 40, 395–406. [CrossRef]
7. Mapa, R.B. Effect of reforestation using tectona-grandis on infiltration and soil-water retention. For. Ecol. Manag. 1995, 77, 119–125.

[CrossRef]
8. Farley, K.A.; Jobbagy, E.G.; Jackson, R.B. Effects of afforestation on water yield: A global synthesis with implications for policy.

Glob. Chang. Biol. 2005, 11, 1565–1576. [CrossRef]
9. Wu, G.-L.; Cui, Z.; Huang, Z. Contribution of root decay process on soil infiltration capacity and soil water replenishment of

planted forestland in semi-arid regions. Geoderma 2021, 404, 115289. [CrossRef]
10. Chen, H.; Shao, M.; Li, Y. Soil desiccation in the Loess Plateau of China. Geoderma 2008, 143, 91–100. [CrossRef]
11. Gao, L.; Shao, M. Temporal stability of shallow soil water content for three adjacent transects on a hillslope. Agric. Water Manag.

2012, 110, 41–54. [CrossRef]
12. Jia, X.; Shao, M.; Zhang, C.; Zhao, C. Regional temporal persistence of dried soil layer along south–north transect of the Loess

Plateau, China. J. Hydrol. 2015, 528, 152–160. [CrossRef]
13. Fu, X.; Shao, M.; Wei, X.; Horton, R. Effects of two perennials, fallow and millet on distribution of phosphorous in soil and

biomass on sloping loess land, China. Catena 2009, 77, 200–206. [CrossRef]
14. Shi, H.; Shao, M. Soil and water loss from the Loess Plateau in China. J. Arid Environ. 2000, 45, 9–20. [CrossRef]
15. Tsamir, M.; Gottlieb, S.; Preisler, Y.; Rotenberg, E.; Tatarinov, F.; Yakir, D.; Tague, C.; Klein, T. Stand density effects on carbon and

water fluxes in a semi-arid forest, from leaf to stand-scale. For. Ecol. Manag. 2019, 453, 117573. [CrossRef]
16. Yao, Y.; Wang, X.; Zeng, Z.; Liu, Y.; Peng, S.; Zhu, Z.; Piao, S. The Effect of Afforestation on Soil Moisture Content in North-eastern

China. PLoS ONE 2016, 11, 8. [CrossRef]
17. Abdallah, M.A.B.; Durfee, N.; Mata-Gonzalez, R.; Ochoa, C.G.; Noller, J.S. Water Use and Soil Moisture Relationships on Western

Juniper Trees at Different Growth Stages. Water 2020, 12, 1596. [CrossRef]
18. Mata-González, R.; Abdallah, M.A.; Ochoa, C.G. Water use by mature and sapling western juniper (Juniperus occidentalis) Trees.

Rangel. Ecol. Manag. 2021, 74, 110–113. [CrossRef]

http://doi.org/10.1080/089030600263139
http://doi.org/10.1016/j.scitotenv.2020.141375
http://www.ncbi.nlm.nih.gov/pubmed/33113681
http://doi.org/10.1002/hyp.1281
http://doi.org/10.1088/1748-9326/abd066
http://doi.org/10.3390/w12092550
http://doi.org/10.1080/02626669509491423
http://doi.org/10.1016/0378-1127(95)03573-S
http://doi.org/10.1111/j.1365-2486.2005.01011.x
http://doi.org/10.1016/j.geoderma.2021.115289
http://doi.org/10.1016/j.geoderma.2007.10.013
http://doi.org/10.1016/j.agwat.2012.03.012
http://doi.org/10.1016/j.jhydrol.2015.06.025
http://doi.org/10.1016/j.catena.2008.12.017
http://doi.org/10.1006/jare.1999.0618
http://doi.org/10.1016/j.foreco.2019.117573
http://doi.org/10.1371/journal.pone.0160776
http://doi.org/10.3390/w12061596
http://doi.org/10.1016/j.rama.2020.08.008


Plants 2022, 11, 235 12 of 12

19. Liu, Y.; Miao, H.-T.; Huang, Z.; Cui, Z.; He, H.; Zheng, J.; Han, F.; Chang, X.; Wu, G.-L. Soil water depletion patterns of artificial
forest species and ages on the Loess Plateau (China). For. Ecol. Manag. 2018, 417, 137–143. [CrossRef]

20. Wang, Y.; Shao, M.; Zhu, Y.; Liu, Z. Impacts of land use and plant characteristics on dried soil layers in different climatic regions
on the Loess Plateau of China. Agric. For. Meteorol. 2011, 151, 437–448. [CrossRef]

21. Liu, B.; Shao, M. Estimation of soil water storage using temporal stability in four land uses over 10 years on the Loess Plateau,
China. J. Hydrol. 2014, 517, 974–984. [CrossRef]

22. Wang, Z.; Peng, D.; Xu, D.; Zhang, X.; Zhang, Y. Assessing the water footprint of afforestation in Inner Mongolia, China. J. Arid.
Environ. 2020, 182, 104257. [CrossRef]

23. Zhou, H.; Zhao, W.; Zhang, G. Varying water utilization of Haloxylon ammodendron plantations in a desert-oasis ecotone. Hydrol.
Process. 2017, 31, 825–835. [CrossRef]

24. Hu, D.; Lv, G.; Qie, Y.; Wang, H.; Yang, F.; Jiang, L. Response of Morphological Characters and Photosynthetic Characteristics of
Haloxylon ammodendron to Water and Salt Stress. Sustainabillity 2021, 13, 388. [CrossRef]

25. Jin, Z.Z.; Rahmutulla, Z.; Lei, J.Q.; Yakubov, M.A. Variation characteristics of water content in two typical eremophytes under
drought stress in the drift desert hinterland. Appl. Mech. Mater. 2013, 316–317, 316. [CrossRef]

26. Li, F.-M.; Liu, X.-L.; Li, S.-Q. Effects of early soil water distribution on the dry matter partition between roots and shoots of winter
wheat. Agric. Water Manag. 2001, 49, 163–171. [CrossRef]

27. Kobayashi, T.; He, W.J.; Nagai, H. Mechanisms of evaporation from soil with a dry surface. Hydrol. Process. 1998, 12, 2185–2191.
[CrossRef]

28. Sheng, J.; Qiao, Y.; Liu, H.; Zhai, Z.; Guo, Y. A Study on the root System of Haloxylon ammodendron (C.A. Mey) Bunge. Acta Agrestia
Sin. 2004, 12, 91–94.

29. Huang, M.; Yang, X.; Li, Y. Hydro-ecological effect of the soil dry layer as affected by biota use in the Loess Plateau. Chin. J.
Eco-Agric. 2003, 11, 113–116.

30. Joffre, R.; Rambal, S. Soil-water improvement by trees in the rangelands of southern spain. Acta Oecologica-Oecologia Plant. 1988, 9,
405–422.

31. Deng, L.; Yan, W.; Zhang, Y.; Shangguan, Z. Severe depletion of soil moisture following land-use changes for ecological
res-toration: Evidence from northern China. Forest Ecol. Manag. 2016, 366, 1–10. [CrossRef]

32. Maestre, F.T.; Bautista, S.; Cortina, J.; Bellot, J. Potential for using facilitation by grasses to establish shrubs on a semiarid de-graded
steppe. Ecol. Appl. 2001, 11, 1641–1655. [CrossRef]

33. Steggles, E.K.; Holland, K.L.; Chittleborough, D.J.; Doudle, S.L.; Clarke, L.J.; Watling, J.R.; Facelli, J.M. The potential for deep
groundwater use by Acacia papyrocarpa (Western myall) in a water-limited environment. Ecohydrology 2017, 10, 10. [CrossRef]

34. Li, H.; Si, B.; Ma, X.; Wu, P. Deep soil water extraction by apple sequesters organic carbon via root biomass rather than altering
soil organic carbon content. Sci. Total Environ. 2019, 670, 662–671. [CrossRef] [PubMed]

35. Han, X.; Jing, Y.; Li, G. Relationships between soil moisture variability and meteorological factors on low hill red soil slope: A
redundancy analysis. Chin. J. Ecol. 2013, 32, 2368–2374.

36. Bao, W.; Bai, Y.; Wang, Y.; Xia, Z.; Gao, X.; Ruan, X. Distribution and Desiccation Characteristics of Dried Soil Layer in Different
Forest Lands in the Mountain Area of Southern Ningxia. Acta Bot. Boreali-Occident. Sin. 2020, 40, 150–159.

37. Zhang, C.; Shao, M.; Jia, X. Spatial continuity and local conditions determine spatial pattern of dried soil layers on the Chinese
Loess Plateau. J. Soils Sediments 2017, 17, 2030–2039. [CrossRef]

38. Eastham, J.; Rose, C.W.; Cameron, D.M.; Rance, S.J.; Talsma, T.; Charlesedwards, D.A. Tree pasture interactions at a range of
tree densities in an agroforestry experiment.2. Water-uptake in relation to rooting patterns. Aust. J. Agric. Res. 1990, 41, 697–707.
[CrossRef]

39. Wang, R.; Liu, W.; Li, L. Effect of land use types on the deep soil moisture of the loess tableland—A case of Changwu. J. Arid.
Land Resour. Environ. 2014, 28, 127–132.

40. Huo, Z.; Shao, M.-A.; Horton, R. Impact of Gully on Soil Moisture of Shrubland in Wind-Water Erosion Crisscross Region of the
Loess Plateau. Pedosphere 2008, 18, 674–680. [CrossRef]

41. Zhang, S.; Shao, M.; Li, D. Prediction of soil moisture scarcity using sequential Gaussian simulation in an arid region of China.
Geoderma 2017, 295, 119–128. [CrossRef]

42. Ma, C.; Li, X.; Luo, Y.; Shao, M.; Jia, X. The modelling of rainfall interception in growing and dormant seasons for a pine plantation
and a black locust plantation in semi-arid Northwest China. J. Hydrol. 2019, 577, 123849. [CrossRef]

43. Song, Y.; Yao, Y.; Qin, X.; Wei, X.; Jia, X.; Shao, M. Response of carbon and nitrogen to afforestation from 0 to 5 m depth on two
semiarid cropland soils with contrasting inorganic carbon concentrations. Geoderma 2020, 357, 113940. [CrossRef]

http://doi.org/10.1016/j.foreco.2018.03.005
http://doi.org/10.1016/j.agrformet.2010.11.016
http://doi.org/10.1016/j.jhydrol.2014.06.003
http://doi.org/10.1016/j.jaridenv.2020.104257
http://doi.org/10.1002/hyp.11060
http://doi.org/10.3390/su13010388
http://doi.org/10.4028/www.scientific.net/AMM.316-317.316
http://doi.org/10.1016/S0378-3774(01)00088-9
http://doi.org/10.1002/(SICI)1099-1085(19981030)12:13/14&lt;2185::AID-HYP728&gt;3.0.CO;2-N
http://doi.org/10.1016/j.foreco.2016.01.026
http://doi.org/10.1890/1051-0761(2001)011[1641:PFUFBG]2.0.CO;2
http://doi.org/10.1002/eco.1791
http://doi.org/10.1016/j.scitotenv.2019.03.267
http://www.ncbi.nlm.nih.gov/pubmed/30909044
http://doi.org/10.1007/s11368-017-1656-x
http://doi.org/10.1071/AR9900697
http://doi.org/10.1016/S1002-0160(08)60062-4
http://doi.org/10.1016/j.geoderma.2017.02.003
http://doi.org/10.1016/j.jhydrol.2019.06.021
http://doi.org/10.1016/j.geoderma.2019.113940

	Introduction 
	Materials and Methods 
	Study Area Description 
	Experimental Design and Sampling 

	Results 
	Soil Moisture Analysis of Haloxylon ammodendron Plantations at Different Forest Ages 
	Vertical Distribution Characteristics of Soil Moisture around Haloxylon ammodendron Plantations of Different Forest Ages and Contrasting Wasteland 
	Evaluation of Relative Water Deficit in the Soil Profile of Haloxylon ammodendron Plantations at Different Ages 
	Evaluation of Soil Desiccation of Haloxylon ammodendron Plantations at Different Ages 

	Discussion 
	Response of SWS Dynamics to Afforestation 
	Soil Water Storage Deficit Variations with Afforestation Age 
	Implications for Future Afforestation Activities 

	Conclusions 
	References

