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Soil moisture is a critical factor for vegetation restoration in arid regions. Poorly 
planned artificial sand-fixing vegetation systems often exacerbate soil moisture 
depletion, leading to further degradation. In this study, soil moisture content at 
various depths was continuously monitored from June to October 2023 in four 
key community plots—Corethrodendron scoparium, Calligonum mongolicum, 
and Artemisia ordosica, and bare sand—in a 31-year-old revegetated area located 
on the northeastern edge of the Tengger Desert. We analyzed the distribution and 
dynamic changes of soil moisture across the different and evaluated its temporal 
stability. The representative soil moisture depth was determined by using the 
coefficient of determination (R2) and the Nash-Sutcliffe efficiency (NSE). The 
results showed significant differences in soil moisture among the four plots. The 
bare sand plot had the highest soil water storage in the 0-200 cm layer, at 46.37 
mm. In contrast, the Corethrodendron scoparium, Calligonum mongolicum, 
and Artemisia ordosicaa plots had similar soil water storage values ranging from 
33.50 to 33.67 mm, indicating that vegetation restoration has increased soil 
moisture absorption by an average of 27.4%. Analysis using relative difference and 
Spearman rank correlation methods revealed varying levels of temporal stability 
in soil moisture across different soil depths and plots. The Corethrodendron 
scoparium and bare sand plots showed higher temporal stability compared to 
the Calligonum mongolicum and Artemisia ordosica plots. The representative 
depths of temporal stability for the four plots were determined to be 100 cm, 
150 cm, 20 cm, and 100 cm, respectively.
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1 Introduction

Soil moisture is the primary water source for plants in arid regions (Yao et al., 2023) and 
plays a critical role in the soil-vegetation-atmosphere system, as well as in hydrological, 
ecological, and biological processes (Liang et al., 2022; Luca et al., 1985). It is a key limiting 
factor in sustaining ecosystems in arid and semi-arid regions, directly influencing the carrying 

OPEN ACCESS

EDITED BY

Yang Yu,  
Beijing Forestry University, China

REVIEWED BY

Chenfeng Wang,  
Chinese Academy of Sciences (CAS), China
Shaokun Wang,  
Chinese Academy of Sciences (CAS), China

*CORRESPONDENCE

Xiaolin Jin  
 22010003@mail.imu.edu.cn

RECEIVED 21 June 2024
ACCEPTED 30 September 2024
PUBLISHED 16 October 2024

CITATION

Tang G, Zhao Z, Jin X, Wu H and Li J (2024) 
Soil moisture content and its temporal 
stability in an arid aerial seeding afforestation 
area after 30  years vegetation restoration in 
China.
Front. For. Glob. Change 7:1452760.
doi: 10.3389/ffgc.2024.1452760

COPYRIGHT

© 2024 Tang, Zhao, Jin, Wu and Li. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 16 October 2024
DOI 10.3389/ffgc.2024.1452760

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2024.1452760&domain=pdf&date_stamp=2024-10-16
https://www.frontiersin.org/articles/10.3389/ffgc.2024.1452760/full
https://www.frontiersin.org/articles/10.3389/ffgc.2024.1452760/full
https://www.frontiersin.org/articles/10.3389/ffgc.2024.1452760/full
https://www.frontiersin.org/articles/10.3389/ffgc.2024.1452760/full
https://www.frontiersin.org/articles/10.3389/ffgc.2024.1452760/full
mailto:22010003@mail.imu.edu.cn
https://doi.org/10.3389/ffgc.2024.1452760
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2024.1452760


Tang et al. 10.3389/ffgc.2024.1452760

Frontiers in Forests and Global Change 02 frontiersin.org

capacity of artificial sand-fixing vegetation systems and shaping the 
composition, distribution, and dynamics of regional vegetation. 
However, due to the challenges and costs associated with soil moisture 
sampling, studying spatiotemporal changes in soil moisture—
particularly in natural desert environments—is difficult. Time stability 
analysis (Vachaud et al., 1985) is a statistical method used to describe 
the persistence of spatial patterns and behaviors of soil moisture over 
time. Soil moisture tends to exhibit spatial stability (Zhao et al., 2020), 
meaning certain measurement points can reliably represent the 
average moisture content of a region at any given time. This concept 
allows researchers to assess soil moisture using fewer of observation 
points, reducing the time and labor required compared to random 
sampling across numerous points (Xu et al., 2017). The study of soil 
moisture temporal stability has gained significant attention, with the 
concept being validated across various spatial scales (e.g., slope, 
watershed, field, and landscape) (Edivan et al., 2011; Jia et al., 2013), 
land use types (pasture, grassland, farmland, shrubland, and forest) 
(Wang et  al., 2015; Zucco et  al., 2014), topographic conditions 
(undulating terrain, gentle slopes, and complex landscapes) (Gao 
et al., 2019; Sur et al., 2013; Bai et al., 2021), and climatic zones (semi-
arid, semi-humid, and humid regions) (Wang et al., 2013; Zhang and 
Shao, 2013; Xu et al., 2021).

The Tengger Desert, one of China’s main dust storm source areas, 
is characterized by complex and variable natural conditions. The 
region has a dry climate, sparse vegetation, and strong wind and sand 
activity, making it an ecologically fragile region and a priority for wind 
and sand control (Gou et al., 2012). Aerial seeding afforestation, which 
is fast, efficient, low-cost, and covers large areas, is the most direct and 
effective measure for ecological restoration and vegetation 
reconstruction in arid desert areas with sparse populations and 
challenging conditions for manual afforestation (Tian et al., 2010). 
Since the early 1980s, large-scale aerial afforestation has been 
implemented on the northeastern edge of the Tengger Desert to 
effectively curb desert expansion. This effort has significantly 
increased vegetation coverage (Man et al., 2005; Qi et al., 2021). Field 
surveys show that after 31 years of restoration, average vegetation 
coverage in the aerial seeding afforestation area increased from less 
than 5% to over 20%. The area now features a plant community 
dominated by Corethrodendron scoparium, Calligonum mongolicum, 
and Artemisia ordosica shrubs, and the landscape has shifted from 
mobile dunes to fixed or semi-fixed dunes. However, the unnatural 
decline or even death of vegetation in some aerial seeding areas has 
drawn attention (Figure 1). Research indicates that in arid regions 
with annual rainfall between 100 and 250 mm (Tabari et al., 2012; 
Zhang et al., 2015), the eco-hydrological threshold for maintaining 
stable artificial vegetation requires sand-fixing shrub coverage 
between 3 and 31%. In the study area, vegetation coverage has 
exceeded 20%, while the average annual rainfall is only 123.33 mm. 
This suggests that the degradation of some vegetation could be due to 
insufficient soil moisture. Despite these observations, limited research 
has been conducted on the relationship between artificial vegetation 
and soil moisture in this region. Here we aim to address the following 
questions: What are the characteristics of soil moisture under artificial 
vegetation after 30 years of restoration, and how does the temporal 
stability of soil moisture differ between plant species? Addressing 
these questions is crucial for understanding soil moisture dynamics 
and ensuring the success of ecological restoration efforts in 
arid regions.

Through long-term monitoring of soil moisture content and 
meteorological factors within the 0–200 cm soil depth, the dynamic 
patterns of soil moisture in dominant shrubs were studied. This 
research also revealed the temporal stability of soil moisture and 
identified the representative depths at which this stability occurs in 
different plant community plots. These findings offer a comprehensive 
understanding of soil moisture distribution on the northeastern edge 
of the Tengger Desert after 30 years of vegetation restoration. 
Additionally, they provide a theoretical foundation for monitoring 
environmental factors and guiding ecological management of the 
region’s artificial sand-fixing vegetation systems.

2 Materials and methods

2.1 Overview of the study area

This research was conducted from June to October 2023 on the 
northeastern edge of the Tengger Desert, within the Alxa Left Banner. 
The study area, designated as an aerial-seeded shrubland, has been 
part of an afforestation project since 1992 (39°11′–39°18′N, 104°53′–
104°57′E). It covers 4,025.33 hectares and has an average altitude of 
approximately 1,265 meters. The terrain slopes from southeast to 
northwest and is located on the edge of the Helan Mountain alluvial 
fan. The landscape features open terrain with interconnected sand 
dunes, which are subject to strong wind erosion. The predominant 
land types are fixed and semi-fixed sandy areas and the climate is 
typical of a temperate continental zone.

In the aerial-seeded region, the main soil types are gray desert soil 
and wind-blown sandy soil (Tian et al., 2010). As shown in Figure 2, 
the annual precipitation in the area ranged from 100 to 200 mm 
between 1994 and 2023, with an average of 123.33 mm. Rainfall is 
concentrated mainly between June and September, with over 80% of 
the precipitation occurring from June to October. The highest number 
of windy days occurs in spring and winter, with an average wind speed 
of 7.1 m/s and a maximum wind speed of up to 26 m/s (Zhao et al., 
2022). Annual evaporation reaches 2,258.8 mm, and the frost-free 
period lasts 168 days per year. The region receives 3,181 h of sunshine 
annually, solar radiation of 150 KJ/cm2, and has an average annual 
temperature of 7.8°C. The vegetation communities in this area are 
primarily composed of aerially sown shrubs such as C. scoparium and 
C. mongolicum, as well as native A. ordosica communities.

2.2 Research methods

2.2.1 Plot setup and investigation
For localized soil moisture monitoring, four plots were 

established within the study area. In each plot, a representative 
vegetation community located at the windward base of a fixed sand 
dune was selected for this study (Table  1). In June 2023, soil 
moisture monitoring instruments were installed, and plot 
investigations were conducted simultaneously. Within each plot, five 
sublots, each measuring 20 m × 20 m, were designated for 
monitoring (Figure 3).

Before sampling, a preliminary investigation was conducted to 
gather basic information for each survey unit. This included assessing 
the vegetation characteristics of the aerial-seeded forestland where the 

https://doi.org/10.3389/ffgc.2024.1452760
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Tang et al. 10.3389/ffgc.2024.1452760

Frontiers in Forests and Global Change 03 frontiersin.org

survey units were located. Key factors examined were root depth, 
number of roots, basal diameter, biomass, and root length density, as 
well as shrub height, crown width, basal diameter, density, and the 
cover of both shrubs and grasses. Additionally, the investigation 
recorded the location of each experimental plot and the composition 
of the plant communities. The basic information for each experimental 
plot is provided in detailed in Tables 1, 2.

2.2.2 Sample collection and index determination
Previous studies have shown that the root systems of sand-fixing 

shrubs in the study area are primarily distributed within the 
40–200 cm soil layer, which is the main zone for soil moisture 
utilization (Yang et al., 2018). Based on this, in each shrub plot, one 

standard shrub was selected, and a 200 cm soil profile was manually 
excavated beneath it. Soil moisture sensors were installed at depths of 
10, 20, 30, 60, 100, 150, and 200 cm on the same side of the profile to 
monitor soil moisture content in real time. After installation, the pit 
was backfilled, ensuring that the surface layer closely matched the 
surrounding ground surface. Watchdog (Spectrum, United States) 
data loggers were used for soil moisture measurements, with readings 
taken every 30 s and data recorded at 15-min intervals.

Meteorological data, including precipitation, temperature, 
and wind speed, were automatically recorded during the study 
period using a small automatic weather station. The 
meteorological data for the study period are provided in  
Table 3.

FIGURE 1

Vegetation degradation in aerial seeding area.

FIGURE 2

Annual average precipitation in the Alxa Left Banner from 1994 to 2023.
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FIGURE 3

Geographical location of the study area and layout of survey plots.

TABLE 2 Root distribution characteristics of the three plants species.

Plant Depth (cm) Number of 
plant roots

Base diameter 
(cm)

Root length 
density (m/

m3)

Root biomass 
(g/m3)

Depth of vertical 
distribution (cm)

C. scoparium 235 ± 88.46 44.33 ± 15.7 17 ± 4.58 3.32 ± 2.43 2736.21 ± 1505.54 0–200

C. mongolicum 186.67 ± 40.41 113 ± 100.46 14.33 ± 4.04 5.92 ± 7.47 3544.61 ± 2980.66 0–200

A. ordosica 54.67 ± 5.03 10.33 ± 6.66 4 ± 1 58.07 ± 96.4 27.45 ± 13.72 0–100

2.3 Data processing

2.3.1 Calculation of the soil water storage
Soil water storage refers to the amount of moisture held in a 

specific volume of soil. In this study, we estimated the soil water 
storage within a depth range of 0–200 cm. The calculations were 
based on observations from this soil depth range. The formulas 
used for these calculations are as follows (1) and (2):

TABLE 1 Basic information of the experimental plots.

Plot Species 
composition

Geographic 
position

Shrub 
number 

ratio

Plant 
height/cm

Tree 
crown/cm

Basal 
diameter/cm

Herbaceous 
plant 

composition

I C. scoparium
104.93536°E

39.21363°N

C. scoparium 

80%
164 ± 12 174 ± 10 1.6 ± 0.2

Grubovia dasyphylla, 

Stipa capillata, 

Agriophyllum 

squarrosum

II C. mongolicum
104.92601°E

39.24924°N

C. mongolicum 

80%
79 ± 24 93 ± 7 1.2 ± 0.4

Allium mongolicum 

Regel

III A. ordosica
104.90633°E

39.23273°N
A. ordosica 70% 15.33 ± 20.07 14.22 ± 20.55 0.67 ± 1

Agriophyllum 

squarrosum

IV Bare sand
104.9254°E

39.27276°N
Non-vegetation / / / /
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In the formula, SWSi represents the water storage of the i-th soil 
layer; SVWCi denotes the soil volumetric water content, expressed in 
m3/m3; di is the depth of the soil layer, measured in mm; 7 is the total 
number of soil layers observed in this study; and jSWC  is the average 
soil water content at time j, given in m3/m3.

2.3.2 Coefficient of variation
The coefficient of variation is used to analyze the spatial variation in 

soil moisture for different vegetation types. This involves the vertical 
coefficient of variation. In the formula, δ represents the standard deviation, 
and μ represents the mean. The calculation formula is as follows (3):

 
100%CV δ

µ
= ×

 
(3)

A coefficient of variation (CV) of less than 10% indicates weak 
variability, a CV between 10 and 100% suggests moderate variability, 
and a CV greater than or equal to 100% indicates strong  
variability.

2.3.3 Relative difference and temporal stability 
index

According to Vachaud et al., the average relative difference (RD) and 
standard deviation (SD) of each observation point can describe the 
temporal stability of soil moisture. The relative difference (RD) and 
standard deviation (SD) of the soil water storage (SWSij) at any observation 
point i at time j can be calculated using Formulas (4) and (5):
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In the formulas, SVWCij represents the soil volumetric water 
content (SVWC) at time j at observation point i, expressed in m3/m3; 
SVWCj is the average SVWC at time j; and m is the number 
of measurements.

The average relative difference (MRDi) and its corresponding 
standard deviation (SDRDi) are calculated as follows (6) and (7):
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According to Zhao et  al. (2010), the temporal stability index 
(ITSDi) is used to assess the temporal stability of soil moisture across 
different soil depths for various aerial-seeded vegetation types. The 
observation point with the highest temporal stability is identified as 
representing the average soil moisture condition. The calculation of 
ITSDi is expressed in Formula (8):

 
2 2ITSD MRD SDRDi i i= +  (8)

2.3.4 Spearman rank correlation coefficient
The Spearman rank correlation coefficient (rs) is used to analyze 

the stability of ranks over time at different observation points during 
the 2023 growing season. It is calculated using Formula (9):
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In the equation, Rij represents the rank of the soil water 
content at observation point i during observation time j, Ril is the 
rank of observation point i at time l, and n is the total number of 
observation points. A Spearman rank correlation coefficient (rs) 
closer to 1 indicates a more stable spatial pattern of soil water 
content over time.

2.3.5 Coefficient of determination and 
Nash-Sutcliffe efficiency coefficient

Linear regression was performed between the soil volumetric 
water content (SVWC) at a specific measurement point i and the 
average SVWC at different soil depths throughout the entire 
measurement period. The coefficient of determination (R2) was used 
to quantify the degree of difference between the two. Generally, a 
smaller (R2) indicates a closer relationship between the SVWC at 
measurement point i and the average SVWC in the study area, 
reflecting a smaller difference. Additionally, this study utilized the 
Nash-Sutcliffe efficiency coefficient (NSE) to evaluate whether the soil 
depth accurately represents the soil moisture of the stand. The formula 
is as follows:

TABLE 3 Meteorological data recorded from June to October 2023.

Month
Precipitation 

(mm)

Average 
temperature 

(°C)

Average 
wind 
speed 
(m/s)

June 4.8 23.8 3.72

July 18.5 25.3 3.81

August 7.6 24.8 3.14

September 4 19 3.36

October 1.9 10.1 2.64
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FIGURE 4

Variations in soil water storage across four plots from June to October 2023.
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In the formula, SVWCij refers to the soil volumetric water content 
at the time of i soil layer j (in m3/m3), SVWCR represents the soil 
volumetric water content representing the soil depth, and SVWCi 
represents the total average of the observed values. An NSE value 
closer to 1 indicates better representativeness and higher credibility of 
the results. When NSE is close to 0, the results from the representative 
points are similar to the average of the observed values, suggesting 
overall credibility but with larger errors. However, if NSE is  less than 
0, the results are considered unreliable.

3 Results and analysis

3.1 Changes in soil water storage 
characteristics

Figure  4 illustrates the variation in total soil water storage at 
depths of 0–200 cm during the 2023 growing season (June to October). 
The total soil water storage ranged from 27.81 to 47.00 mm across 
different plots. Specifically, the total soil water storage for was 
33.64 mm for the C. scoparium plot, 33.50 mm for the C. mongolicum 
plot, and 33.67 mm for the A. ordosica plot, while the bare sand plot 
had the highest total soil water storage of 46.37 mm. During the 
growing season, the maximum soil water storage for the C. scoparium 
plot occurred in September at 37.22 mm, for the C. mongolicum plot 
in September at 35.76 mm, and for the A. ordosica plot in August at 
35.50 mm. The bare sand plot consistently recorded higher total soil 
water storage compared to the other plots, reaching its maximum 
value in August at 49.44 mm. The soil water storage in the plots 
generally increased and then decreased as the months progressed. The 
variation in soil water storage differed among plots, as shown in the 

boxplots in Figure 4. The C. scoparium plot exhibited greater variation 
compared to the other plots, indicating moderate variability. The other 
plots showed weaker variation, with the A. ordosica plot having the 
lowest variation, though it was similar to that of the C. mongolicum 
plot. The variation in soil water storage was ranked as follows: 
C. scoparium plot > bare sand plot > C. mongolicum plot > 
A. ordosica plot.

Precipitation in the aerial-seeded area varied significantly from 
June to October 2023, as shown in Figure 4. The total rainfall during 
this period was 36.8 mm. The highest rainfall occurred in July at 
18.5 mm, accounting for 50.27% of the total, while the lowest rainfall 
was in October at 1.9 mm, making up 5.16%. Rainfall in June, August, 
and September was 4.8 mm, 7.6 mm, and 4 mm, accounting for 13.04, 
20.65, and 10.86%, respectively. July experienced the most rainfall. The 
variation in precipitation influenced the changes in soil water storage, 
with the soil water storage for the four plots showing an increasing and 
then decreasing trend in response to the fluctuating rainfall.

3.2 Spatiotemporal characteristics of soil 
moisture

Figure  5 displays the spatiotemporal characteristics of soil 
moisture across four plots. The soil water content in the 0–200 cm 
depth layer varied distinctly across different months and plots. The 
bare sand plot consistently had the highest average soil water content, 
reaching 2.13%, whereas the C. scoparium plot had the lowest average 
soil water content at 1.42%. The C. mongolicum plot had an average 
soil water content of 1.50%, and the A. ordosica plot had an average 
soil water content of 1.72%. Across all plots, the average soil water 
content increased and then decreased as the months progressed. June 
recorded the lowest average soil water content for all plots, with the 
C. scoparium plot showing the lowest value of 1.11%. The highest 
average soil water content of 1.66% occurred in August for the bare 
sand plot. During the wetter months of July and August, average soil 
water content increased across all plots, with the bare sand plot 
reaching a peak of 2.37% in August.
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The spatiotemporal patterns of soil moisture are also evident in 
Figure  5. In the 0–60 cm soil layer, soil water content fluctuated 
significantly. For the C. scoparium, C. mongolicum, and bare sand 
plots, there was a noticeable increasing trend, while the A. ordosica 
plot showed an increasing followed by a decrease. As the depth 
increased to 60–200 cm, all plots exhibited increased soil water 
content, with notable fluctuations in the C. scoparium and 
C. mongolicum plots. The bare sand plot had the highest average soil 
water content in this depth range.

Soil moisture distribution varied at different depths across the 
plots. At shallower depths (10 and 20 cm), A. ordosica typically had the 
highest moisture content, followed by bare sand, C. scoparium, and 
C. mongolicum. As depth increased to 30 cm and 60 cm, bare sand 
consistently exhibited the highest moisture content, with 
C. mongolicum and A. ordosica showing varying levels, and 
C. scoparium generally having the lowest. At deeper levels (100, 150, 
and 200 cm), moisture content patterns became more variable, with 
C. mongolicum and bare sand showing higher moisture content 

compared to the other plots. The C. scoparium plot had higher soil 
water content at 150 and 200 cm depths, while the C. mongolicum and 
A. ordosica plots showed higher soil water content at depths of 60 and 
100 cm. The bare sand plot had greater soil water content at 60 and 
200 cm depths. This analysis highlights that while trends in soil 
moisture changes were relatively consistent within the same soil layer, 
significant differences existed in moisture content and variation 
amplitude across different soil layers and plots.

Each graph represents the following sample plots for: (a) 
C. scoparium; (b) C. mongolicum; (c) A. ordosica; and (d) bare sand.

3.3 Soil moisture variability distribution 
characteristics

According to the monitoring data, the coefficients of variation 
(CVs) for temporal changes in soil moisture at different depths 
across the four sites were calculated (Table  4). The CV values 

FIGURE 5

Spatial and temporal distributions of soil water content across the four plots. Each graph represents the following sample plots for: (a) C. scoparium; 
(b) C. mongolicum; (c) A. ordosica; and (d) bare sand.
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TABLE 4 Coefficient of variation for soil moisture content in different soil layers.

Plot Depth June July August September October

C. scoparium

10 cm 33.90 62.53 52.71 28.97 19.55

20 cm 6.29 24.30 12.43 5.51 4.44

30 cm 7.62 17.40 15.39 4.96 5.03

60 cm 4.85 16.91 2.88 4.83 5.16

100 cm 7.95 17.05 8.08 5.22 3.03

150 cm 4.03 17.24 6.98 3.95 1.77

200 cm 4.74 19.15 2.96 2.34 0.23

C. mongolicum

10 cm 36.76 68.37 40.97 50.23 22.50

20 cm 15.53 35.62 14.94 28.35 19.48

30 cm 2.93 9.79 5.15 2.97 0.66

60 cm 0.91 3.05 1.58 1.00 2.32

100 cm 2.18 2.00 1.11 2.00 2.05

150 cm 3.13 3.17 3.02 2.75 1.68

200 cm 0.34 4.52 0.66 3.27 2.84

A. ordosica

10 cm 9.08 33.09 21.10 26.29 10.61

20 cm 4.02 10.46 6.62 3.13 2.88

30 cm 2.91 3.51 5.74 4.31 3.81

60 cm 3.78 2.18 2.83 3.41 4.43

100 cm 2.66 1.92 58.13 2.11 2.52

150 cm 5.60 4.64 1.29 1.22 2.48

200 cm 3.61 3.48 0.16 1.86 1.38

Bare sand

10 cm 13.27 41.50 17.47 23.77 7.44

20 cm 28.70 33.64 8.24 7.83 4.92

30 cm 5.12 25.31 8.07 1.97 2.34

60 cm 6.25 6.53 1.54 2.58 1.85

100 cm 4.53 5.54 2.30 1.88 2.35

150 cm 1.66 1.75 2.24 1.64 2.58

200 cm 2.33 0.05 1.11 2.24 0.01

varied with soil depth and followed a pattern similar to changes 
in soil moisture content. At all four sites, the variability decreased 
with increasing soil depth. In the 100–200 cm soil layer, the 
variation was minimal C. scoparium site, while at the 
C. mongolicum site, it was low in the 30–200 cm soil layer. The 
A. ordosica site exhibited low variability in the 20–200 cm layer, 
and the bare sand site showed low variability in the 30–200 cm 
layer. The variability coefficients for soil moisture at all four sites 
were highest in the 0–30 cm layer. As the months progressed, the 
variability coefficients initially increased before showing a 
subsequent decrease in the 0–30 cm layer. However, the variability 
coefficients for soil moisture in the 0–30 cm layer were greater 
than those in the 30–200 cm layer, indicating that soil moisture 
variability decreased with increasing soil depth.

The monthly mean coefficients of variation for soil moisture 
at different depths (0–200 cm) across the four sites were all below 
100%, indicating moderate variability (10% < CV < 100%). This 
suggests that no strong variability in soil moisture was present. 
Weak variability (CV < 10%) was primarily observed in the 

30–200 cm soil layer. The temporal and spatial patterns of soil 
moisture variability were fairly consistent among the four sites. 
In general, the soil moisture variability was weak below 60 cm, 
while moderate variability (10% < CV < 100%) occurred in the 
10 cm and 20 cm layers. The coefficients of variation were highest 
in July and August across all four sites, with the maximum values 
in July, as follows: C. mongolicum (68.37%), C. scoparium 
(62.53%), Bare sand (41.50%), and A. ordosica (33.09%). The 
variability coefficients in July for the 0–200 cm soil layer was 
higher than in other months for all four sites. The lowest 
variability values for soil moisture at all four sites were less than 
1%. For C. scoparium and bare sand, the lowest values occurred 
at a depth of 200 cm, with values of 0.23 and 0.01%, respectively. 
For C. mongolicum, the lowest value occurred in June at a depth 
of 200 cm (0.34%), and for A. ordosica, it occurred in August at a 
depth of 200 cm (0.16%). Overall, the 100–200 cm layer 
demonstrated greater stability compared to other soil layers. The 
spatiotemporal distribution of soil moisture variability further 
highlighted that stability increased with greater soil depth.
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3.4 Temporal stability analysis and 
representative depth

In this study, two methods—the relative difference (RD) and 
Spearman rank correlation coefficient—were used to analyze the 
temporal stability of soil moisture. By calculating the mean relative 
difference (MRD) at different soil depths and the temporal stability 
index (ITSDi) for each depth, the soil layer with the lowest ITSDi was 
identified as the most temporally stable layer (Figure  6). Distinct 
characteristics of temporal stability were observed at each site. The 
MRD values for different soil depths ranged from −13% to −63, −3% 
to −69, −43 to 20%, and − 8 to 28%, respectively, across the four sites. 
Meanwhile, the temporal stability index values varied from 20 to 
113%, 6 to 81%, 12 to 78%, and 12 to 44%, respectively.

Among the four sites, the variations in the mean relative difference 
(MRD) for soil moisture were smaller at the C. scoparium and bare 
sand sites compared to the C. mongolicum and A. ordosica sites, 
indicating greater temporal stability at the former locations. Based on 
the principle that the average relative difference is close to 0 and the 
standard deviation is small, the representative soil depths for average 
soil moisture content were determined to be 100, 150, 20, and 100 cm 
for the C. scoparium, bare sand, C. mongolicum, and A. ordosica sites, 
respectively. The C. mongolicum site had the greatest representative 
depth, reaching up to 150 cm.

Additionally, following the principle that a relative difference with 
a standard deviation less than 5% indicates strong spatiotemporal 
stability, the soil layers with this high level of stability were primarily 
concentrated in the 100–200 cm range across all sites. This finding 
suggests that most soil layers exhibited weak temporal stability for soil 
moisture across different depths. Overall, the results indicated that the 

deeper soil moisture (100–200 cm) generally exhibited greater 
temporal stability than the shallower layers (0–60 cm). These temporal 
stability characteristics of soil moisture were strongly dependent on 
soil depth.

The figure depicts the variations in MRD and the corresponding 
temporal stability index at different soil depths for the four study sites 
including: (a) C. scoparium; (b) C. mongolicum; (c) A. ordosica; and 
(d) Bare sand. The vertical error bars represent the standard deviation 
of the relative differences at each soil depth.

Table 5 presents the Spearman rank correlation coefficients of soil 
moisture at different soil depths at the four study sites. Overall, there 
were no significant differences in the Spearman rank correlation 
coefficients between the different soil depths across the sites. At the 
C. scoparium site, significant correlations were observed at soil depths 
between 100 and 200 cm (with rs values ranging from 0.189–0.824), 
while weaker correlations were noted in the 60–150 cm (with rs values 
between 0.128–0.156). At the C. mongolicum site, strong correlations 
were detected at soil depths of 0–60 cm (with rs values ranging from 
0.383–0.811), as well as in the lower layers (100–200 cm), where 
correlations ranged from 0.385 to 0.838. However, weaker correlations 
were found between the upper and lower soil layers (0.068–0.128). For 
the A. ordosica site, significant correlations were present through the 
0–200 cm depth (with rs values from 0.234 to 0.811). The bare sand site 
exhibited highly significant correlations in the upper layers (0–100 cm) 
with rs values ranging from 0.533 to 0.911, and in the lower layers 
(150–200 cm), where rs values ranged from 0.412–0.788. However, 
weak or negative correlations were observed between the upper and 
lower layers (with rs values ranging from −0.122 to 0.13). Although 
the range of Spearman rank correlation coefficients fluctuated across 
monitoring periods, there were highly significant correlations 

FIGURE 6

Temporal stability of soil moisture in the four plots. Each graph represents the following sample plots for: (a) C. scoparium; (b) C. mongolicum; (c) A. 
ordosica; and (d) bare sand.
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TABLE 5 Pearman rank correlation coefficient matrix for soil moisture at different soil depths across the four study sites.

Plot Depth 10  cm 20  cm 30  cm 60  cm 100  cm 150  cm 200  cm

C. scoparium

10 cm 1 0.415** −0.578** −0.337** 0.477** 0.475** 0.746**

20 cm 1 0.197* 0.156 0.235** 0.241** 0.348**

30 cm 1 0.622** −0.381** −0.488** −0.732**

60 cm 1 0.189* 0.128 −0.393**

100 cm 1 0.824** 0.698**

150 cm 1 0.732**

200 cm 1

C. mongolicum

10 cm 1 0.763** 0.594** 0.417** 0.457** 0.599** 0.646**

20 cm 1 0.383** 0.068 0.128 0.385** 0.477**

30 cm 1 0.806** 0.781** 0.838** 0.695**

60 cm 1 0.845** 0.684** 0.492**

100 cm 1 0.712** 0.551**

150 cm 1 0.838**

200 cm 1

A. ordosica

10 cm 1 0.345** −0.510** −0.233** 0.122 0.349** 0.575**

20 cm 1 0.190* 0.357** 0.565** 0.614** 0.479**

30 cm 1 0.784** 0.429** −0.187* −0.540**

60 cm 1 0.811** 0.234** −0.143

100 cm 1 0.636** 0.375**

150 cm 1 0.744**

200 cm 1

Bare sand

10 cm 1 0.870** 0.651** 0.533** 0.376** −0.112 0.412**

20 cm 1 0.857** 0.745** 0.510** −0.028 0.383**

30 cm 1 0.911** 0.750** 0.095 0.521**

60 cm 1 0.813** −0.017 0.612**

100 cm 1 0.13 0.788**

150 cm 1 −0.209*

200 cm 1

*At level 0.05 (double tailed), there is a significant correlation; **At level 0.01 (double tailed), there is a significant correlation.

(p < 0.01) between different soil layers overall. This further suggests 
that the temporal stability of soil moisture differs between the upper 
and lower soil layers.

3.5 Evaluation of the representative depth 
results of soil moisture

The temporal stability analysis identified representative soil depths 
for each site, and the results were evaluated using the coefficient of 
determination (R2) and Nash-Sutcliffe efficiency (NSE) (Figure 7). The 
figure illustrates the linear relationship between soil moisture content 
at representative soil depths and the average soil moisture content 
across the sites. The C. scoparium site had the highest R2 values at 0.56, 
indicating a moderate linear correlation. In contrast, the R2 values for 
the other three sites were below 0.5, ranging from 0.05 to 0.48. By 
calculating the NSE between the soil moisture at representative soil 
depths and the monthly average soil moisture at each site, the results 

showed NSE values ranging from −0.38 to 0.005 (Figure  6). The 
C. mongolicum site had the highest NSE value at 0.005, indicating that 
its representative result was the most reliable. The other three sites 
showed NSE values close to the overall average suggesting that while 
the results are credible, they contain some error. These variations in 
representative results between the sites indicate differences in their 
temporal stability. Nonetheless, the linear regression coefficients and 
NSE values suggest that the representative results for all four sites 
are acceptable.

4 Discussion

4.1 Spatiotemporal dynamics of soil 
moisture at the four sites

Precipitation is a critical source of water for soil moisture in the 
study area. In semiarid regions, the shallow soil layer serves as a key 
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interface for moisture exchange with the atmosphere, experiencing 
significant fluctuations due to the alternating effects of irregular 
precipitation and soil evaporation (Feng et  al., 2014). Seasonal 
variation in soil moisture is closely linked to precipitation, as it is the 
primary influencer for soil moisture replenishment. In this study, soil 
moisture trends at the different sites were generally consistent with the 
changes in precipitation, exhibiting an initial increase followed by a 
decrease during the growing season.

Soil moisture in the 0–60 cm layer at the C. scoparium, 
C. mongolicum, and A. ordosica sites was greater than at the other 
sites and exhibited more pronounced fluctuations. In the 
100–200 cm layer, soil moisture gradually decreased, likely due to 
the densely distributed upper roots inhibiting moisture infiltration, 
as well as water uptake by shrub roots in this zone. Zhang et al. 
(2012) observed similar patterns in shrublands within the erosion–
wind erosion transitional zone, where lower soil layers (below 
100 cm) receive limited long-term precipitation replenishment. 
Prolonged root water absorption in these deeper layers further 
reduces soil moisture content. Additionally, the poor development 
of capillary pores and the weak water-holding capacity of sandy soil 
contribute to the formation of dry soil layers, mirroring the lower 
moisture content observed in the 100–200 cm layer across all sites 
in this study.

Precipitation during the monitoring period was primarily 
concentrated between July and September, with its uneven distribution 
causing significant temporal fluctuations in soil moisture. An analysis 
of the coefficient of variation for soil moisture across different 
vegetation types revealed greater variability in the 0–60 cm soil layer, 
while the 150–200 cm soil layer showed less variability. This 
discrepancy likely stems from the shallow soil layer’s greater exposure 
to moisture dynamics, being closer to the atmospheric–soil interface. 
In contrast, deeper soil layers are more insulated from external 
influences due to the protective overlying soil. Moreover, precipitation 
in the study area often occurs in a pulse-like manner, with random 
intensity and duration, leading to discontinuous fluctuations in 
shallow soil moisture. Therefore, the unpredictable nature of 
precipitation is the primary factor behind the intense variations in 
shallow soil moisture.

4.2 Temporal stability in soil moisture at the 
four sites

Previous studies have demonstrated that the temporal stability of 
soil moisture is influenced by multiple factors, including topography 
(Percy et al., 2020; Biswas and Si, 2011), soil texture (Gao and Shao, 
2012), climate conditions (Penna et al., 2013), and vegetation growth 
(Zhang et al., 2016). Vegetation succession significantly alters soil 
properties, such as soil microbes and nutrients, which in turn impacts 
the relationship between vegetation and soil moisture (Jia et al., 2005). 
Temporal stability of soil moisture is primarily reflected through 
Spearman’s rank correlation coefficient and relative soil 
moisture differences.

The results of this study indicate that the relative soil moisture 
differences decrease with increasing soil depth, suggesting an increase 
in the temporal stability with soil depth. This finding is consistent with 
previous research (Xiang, 2019; Han et al., 2017; Jia, 2015). The greater 
temporal stability of deep soil moisture can be  attributed to the 
reduced influence of external factors like climate, soil evaporation, 
vegetation, local site conditions, and human activities such as crop 
grading and grazing (Han et al., 2017; Liang et al., 2019), compared to 
shallow soil layers. On the Loess Plateau, the infiltration of 
precipitation is primarily concentrated in the upper soil layers 
(100–200 cm) leading to less variability in deeper soil moisture over 
time (Liu and Shao, 2014). This further highlights the increased 
stability of deep soil compared to shallow layers (Liu and Shao, 2014; 
Yang et al., 2015).

By definition, the temporal stability of soil moisture means that 
moisture at a given location tends to remain consistent over time, 
which allows for the prediction of field-average soil moisture through 
representative locations (Xiang, 2019; Liang et al., 2019). The analysis 
of temporal stability also helps determine the representative soil depth 
for sampling, which can optimize field sampling efforts and reduce 
labor. However, due to variability in soil texture and sampling periods, 
future studies should incorporate more extensive experimental data 
to further validate these findings.

5 Conclusion

In this study, long-term sequential observations were conducted 
in afforested areas on the northeast edge of the Tengger Desert to 
analyze the spatiotemporal dynamics and stability of soil moisture at 
four sample sites. The findings revealed significant differences in soil 
moisture among the four sites, with the total soil water storage ranked 
as follows: bare sand site (46.37 mm) > A. ordosica site 
(33.67 mm) > C. scoparium site (33.64 mm) > C. mongolicum site 
(33.50 mm). Soil moisture variability decreased with increasing depth, 
primarily influenced by precipitation and vegetation demand, while 
soil moisture stability increased with depth. Analysis using the relative 
difference and Spearman rank correlation coefficient methods 
indicated variations in temporal stability of soil moisture across 
different plots and soil depths. The mean relative difference (MRD) 
for C. scoparium and bare sand plots showed minimal variation, with 
short vertical error bars, suggesting higher temporal stability 
compared to the C. mongolicum and A. ordosica plots. The temporal 
stability of soil moisture was evaluated, and the representative depth 
was determined using both the coefficient of determination (R2) and 

FIGURE 7

Comparison of soil depth, soil water content, average soil water 
content, and Nash coefficient (NSE) among the four plots.
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the Nash-Sutcliffe efficiency coefficient (NSE). The representative 
depths for each plot were established as follows: 100 cm for 
C. scoparium, 150 cm for bare sand, 20 cm for A. ordosica, and 100 cm 
C. mongolicum. The results indicated that the C. scoparium site had the 
most reliable representative depth based on the determination 
coefficients (R2) and Nash-Sutcliffe efficiency (NSE).
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