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Abstract: Soil moisture is a key factor controlling vegetation construction and ecological restoration
in arid and semiarid areas. Understanding its spatiotemporal patterns and influencing factors is
essential for effective vegetation water management. In this study, we analyzed the spatiotemporal
characteristics of black locust plants using field investigations and statistical analyses and determined
the effects of the rainfall and plant characteristics on the soil moisture content (SMC) in a typical
watershed in the Loess Plateau, China. The results show that the SMC increases with increasing
distance from the tree trunk in the horizontal direction. The vertical profile of the SMC includes layers
characterized by rapid decrease, decreased fluctuation, and slow increase. Temporal SMC changes
exhibit higher variabilities in the surface layer than in deeper soil layers. Rainfall characteristics
notably affect soil moisture. The influence of the rainfall amount is stronger than that of the rainfall
duration and intensity. The diameter at breast height, tree height, and canopy width positively affects
the soil moisture, whereas the leaf area index and canopy openness negatively affect it. The results
of this study provide insights into soil moisture change mechanisms and theoretical references for
sustainable plant water use management in arid and semiarid areas.

Keywords: rainfall; individual plant; spatiotemporal variation; soil moisture; Loess Plateau

1. Introduction

Loess Plateau is a sensitive and fragile ecological zone in which natural vegetation has
been severely damaged, and soil erosion has been rampant due to human activities [1,2]. The
Chinese government initiated the “Grain for Green” program in 1999 to restore the ecological
environment [3]. This program involved massive reforestation efforts, covering an area of
1.6× 104 km2, with an investment of USD 8.7 billion, resulting in a 25% increase in vegetation
coverage over the past decade [4]. These remarkable reforestation efforts have had positive
impacts on the ecological environment, including increased soil carbon sequestration [5],
reduced soil loss [6], controlled land desertification, and increased biodiversity [7,8]. However,
successful reforestation efforts have also led to several unintended issues, such as intensified
soil desiccation and temperature increase in arid and semiarid regions [9,10], which led to a
severe conflict between vegetation growth and water resources [11].

The black locust (Robinia pseudoacacia), a tree with high drought, infertility, and
high/low-temperature tolerance, is considered a major reforestation species in the Loess
Plateau [12]. It has been estimated that more than 70,000 hectares of black locust have
been planted under the “Grain for Green” program in the Loess Plateau [12]. Black locust
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plantations improve the ecological environment in the area by reducing soil erosion, reg-
ulating soil respiration, and improving microbiology [13–15]. However, soil moisture in
black locust plantations is significantly depleted due to higher transpiration [9], resulting in
the formation of a dried soil layer [16], which further aggravates water resource shortages
and affects vegetation growth and agricultural production. Thus, studying soil moisture
during reforestation processes is vital for water resource management in this region.

Soil moisture is a crucial parameter that regulates the exchange of energy and material in
terrestrial ecosystems [17,18]. Spatiotemporal variations of soil moisture affect ecohydrological
processes such as infiltration, evaporation, runoff, and plant function and morphology [19],
and also affect ecosystem restoration [20], agricultural production, and socioeconomic devel-
opment [21], particularly in arid and semiarid areas. Therefore, understanding spatiotemporal
soil moisture variations and influencing factors is essential for vegetation restoration and
improving water resources management in arid and semiarid areas [22].

In recent years, numerous researchers have conducted substantive research on the
spatiotemporal variations of soil moisture at different scales. Investigations of the spatial
variability in soil moisture have focused on regional and small watershed scales. At the
regional level, most regions show significant changes in soil moisture with global temper-
ature rises and changes in rainfall gradients, particularly in the surface soil layer [23,24].
At the watershed scale, the spatial variation of deep soil moisture is affected by the soil
depth [25]. Soil moisture generally increases with the soil depth [18]. Temporal stability is a
crucial feature of soil moisture, primarily reflecting spatial pattern changes of soil moisture
over time [26]. Yang et al. reported that soil moisture is temporally constant at depths
ranging from 0.4 to 2.0 m, particularly in exotic vegetation [27].

Factors affecting the spatiotemporal variations of soil moisture are currently among the
most debated topics in soil moisture research [28]. Although the spatiotemporal variability
of soil moisture depends on many factors, including vegetation, terrain, soil properties,
and meteorological characteristics, the dominant factors generally vary by location and
scale. For instance, at the watershed scale, land use type and slope position have a greater
impact on soil moisture [29]. At the local scale, spatiotemporal variability of soil moisture
is primarily determined by precipitation and potential evapotranspiration [30,31], while at
the slope scale, topography, and soil texture are the primary factors [32]. Soil moisture at
depths ranging from 0 to 10 cm is primarily influenced by the topography factor, whereas
the soil moisture at depths ranging from 80 to 100 cm depends on the vegetation type [17].
However, few studies have explored the detailed spatiotemporal variations of soil moisture
for individual plants [33], which may hinder the development of soil moisture models and
understanding of soil moisture variations during plant growth.

Zhifanggou watershed is a typical region on the Loess Plateau that has experienced a
process of serious damage and rapid recovery [34]. The soil moisture variability of a black
locust forest has been studied in this watershed [35]. However, the spatiotemporal variations
of soil moisture based on individual plants remain lacking, and the effects of rainfall and
vegetation characteristics on soil moisture are still poorly understood in this region. Therefore,
in this study, nine black locust plants in the Zhifanggou watershed of the Loess Plateau
were used to (1) determine the spatiotemporal variation characteristics at the single plant
scale and (2) investigate the effects of individual rainfall and plant characteristics on the soil
moisture. Our results provide valuable information for forest water resource management
and hydrological model modification in arid and semiarid areas.

2. Materials and Methods
2.1. Study Site

The field experiments were conducted from August 2018 to October 2019 within the
Zhifanggou watershed (109◦13′03”–109◦16′46 E, 36◦46′28”–36◦46′42” N) (Figure 1), which
is a typical loess hilly-gully area in Ansai County, Shaanxi Province. The Zhifanggou
watershed covers an area of ~8.7 km2, encompassing sloping lands and elevations ranging
from 0◦ to 65◦ and 1010 to 1431 m, respectively [36]. The watershed lies in a region with
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a warm, temperate, semiarid climate, with an annual average temperature of 8.8 ◦C and
~2415.6 h of sunshine each year. The annual evaporation ranges from 1010 to 1400 mm [37],
whereas the average annual precipitation is 543 mm and mostly occurs between June and
September (70%) [38]. The dominant soil type in the watershed is Huangmian soil, which
consists of sand (21% ± 6%), silt (63% ± 3%), and clay (16% ± 4%) [39]. Primary land use
categories within the watershed are forestland (21%), shrubland (34%), grassland (18%),
and cropland (13%), with black locusts as the main species in forestland [40].
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Figure 1. (a) The topographical map of Zhifanggou watershed and (b) the field photograph. Note:
The red asterisk represents study site.

2.2. Field Experimental Design

The typical black forest site encompasses an area measuring 20 m × 30 m, with a slope
of 30◦ and northwest exposure, situated at an altitude of 1251 m. Based on the results of
our field investigation, the average tree height is 9.6 m, with a range of 5.0–15.0 m, and
the density of black locust trees in the area is 1600 plants per hectare. The diameters at
the breast height (DBH), canopy diameter, and height of trees vary from 6.0 to 23.0 cm, 2.0
to 5.0 m, and 2.5 to 9.0 m, respectively. To ensure the independent and robust nature of
the trees utilized in this study, we selected nine plants based on their distribution within
the stand area, tree architecture, and canopy structure. These trees are representative of
typical black locust trees within the forest and are not affected by surrounding trees. The
black locust forest exhibited a limited presence of shrubs and herbs on its surface, and the
humus layer was removed prior to the commencement of the experiment. In this study,
nine individual black locust plants from the Zhifanggou watershed were used (Table 1).

In this study, several methods were used to measure the tree age, height, DBH, canopy
diameter, leaf area index (LAI), and canopy openness [41]. The tree age was determined
based on conversations with the forestland owner. The tree height was measured using
a tree height meter that could extend and contract up to a maximum of 20 m. The DBH,
which refers to the diameter of the trunk at 1.3 m above the ground, was measured using a
specialized measuring instrument ending with Zhai [42]. To measure the canopy diameter,
a point on the canopy edge was determined through vertical projection to the ground,
and a similar point was determined through the trunk center directly opposite to it. This
measurement was carried out three times, and the average of the three measurements
was used as the result. An unmanned aerial vehicle was used to take photographs of the
canopy above the studied trees, which were then imported into the Gap Light Analyzer
2.0 software [43]. The Sidelook 1.1 software was also used to determine the threshold
value [44], and this information was then used to calculate LAI in the Gap Light Analyzer
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2.0 software. The canopy openness was analyzed using Gap Light Analyzer 2.0 software,
which captured the image using a fisheye lens.

Table 1. Structural and morphological characteristics of black locust trial trees.

Tree Code Tree Age/a Tree Height/m Diameter at
the Breast/cm

Canopy
Diameter/m

Canopy
Openness/%

Leaf Area
Index

T-1

20

12.1 19.0 4.4 47.2 1.3
T-2 11.5 10.5 4.1 56.6 1.0
T-3 10.7 13.5 3.2 58.8 0.7
T-4 9.8 10.1 3.7 27.0 1.8
T-5 11.2 10.0 3.8 49.8 1.0
T-6 9.1 8.2 2.7 33.7 1.8
T-7 10.3 8.9 3.1 74.9 0.5
T-8 9.5 10.0 3.0 53.1 0.8
T-9 7.9 9.7 2.9 45.3 0.9

2.3. Field Measurements

In black locust experimental stands, soil moisture access tubes were placed at equal
distances in four directions (0◦, 90◦, 180◦, and 270◦), with the trunks of individual plants
serving as the centers. According to the canopy width, the distance between the access
tubes was 0.8 m, and three access tubes were installed in each direction (Figure 2b). In
total, 84 soil moisture access tubes were arranged in accordance with the distribution of
individual plants. To measure the soil moisture content (SMC) of the soil profile (volu-
metric, %), a moisture monitoring tool (TRIME-PICO-BT TDR, IMKO Micromodultechnik
GmbH, Ettlingen, Germany) was used to detect data in the 3 m access tubes of TRIME
(Figure 2c) [45]. The SMC was measured at intervals of 20 cm down to a depth of 3 m
below the surface from August to October 2018, April to October 2019, and in July 2020.
Measurements were taken every 10 days. If precipitation occurred, the SMC was measured
after it stopped. In total, SMC data were collected 31 times at each of the 84 observation
sites during the study period.

Rainfall data were collected using a HoBo-U30-NRC meteorological station (Bourne,
MA, USA), which was installed in an open field ~50 m away from the experiment plot.
The monitoring frequency of rainfall data was 30 min. Data included the rainfall amount,
rainfall duration, and rainfall intensity.

2.4. Statistical Analysis

Statistical analysis was carried out using SPSS v. 17.0 (IBM Company), Microsoft Excel
2019 (Microsoft, Redmond, WA, USA), and R software. The spatiotemporal variability of
SWC is represented by the standard deviation (SD) and coefficient of variation (CV) of
SMC over time (SDt and CVt) and space (SDs and CVs), respectively. Correlations among
rainfall, plant characteristics, and SMC were analyzed using Pearson’s correlation.
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3. Results
3.1. Spatiotemporal Variations of the SMC
3.1.1. Spatial Distribution of the SMC

In this study, we analyzed the spatial distribution of trees by utilizing the individual
plant trunk as the center and computing the average across all nine trees. The results
are shown in Figure 3. Generally, the SMC (averaged across all nine trees) increases with
increasing distance from the tree trunk in the horizontal direction (Figure 3a). The average
SMC of the 0–300 cm profile during the study period is 7.13%, 7.30%, and 7.67% at distances
of 0.8, 1.6, and 2.4 m, respectively. In the vertical direction, the variations in the SMC can
be divided into the following three phases (Figure 3b): in the first phase, the SMC rapidly
decreases with increasing soil depth (0–80 cm profile); in the second phase, the fluctuation
of the SMC decreases (80–180 cm profile); in the third phase, the SMC gradually increases
with the soil depth (180–280 cm profile). The vertical distribution of the SMC is consistent
with the overall changes at different distances from the tree trunk, whereas the horizontal
distribution of the SMC differs from the average value, specifically in the 40–60, 60–80,
160–180, 180–200, and 200–220 cm soil layers (Figure 3c).

3.1.2. Temporal Dynamics of the SMC during the Growing Season

During the 2019 growing season, the SMC was measured 20 times at each of the
84 observation sites. The results are shown in Figure 4. The average SMC of the 0–300 cm
profile exhibits an increase in fluctuations throughout the growing season (Figure 4a).
During the growing season, the average SMC of the 0–300 cm profile ranges from 4.05% to
14.53%, with the highest and lowest values occurring on 23 May and 4 August, respectively.
The highest SMC values were observed in September, whereas the lowest values were
observed in May. A slight discrepancy was observed in the variation of the SMC in several
soil layers, mainly in the 20–40, 40–60, 60–80, 140–160, and 260–280 cm layers, during the
growing season (Figure 4b). In August and September, the SMC was significantly higher
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than in other months in different soil layers, indicating that the soil moisture in the deeper
soil layer was replenished during this period.
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3.1.3. Spatiotemporal Variability of the SMC

The coefficient of variation and standard deviation of the same soil layer were analyzed
during the growing season (Figure 5). Generally, the CVt and SDt show the same patterns
of vertical change for different distances from the tree trunk during the growing season.
The CVt exhibits a decrease in the fluctuation with increasing soil depth, with CVt values
ranging from 34% to 57%, all of which belong to the medium variation category. CVt values
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can be divided into three parts; that is, a rapidly decreasing layer at soil depths ranging
from 0 to 120 cm and two relatively stable layers at soil depths ranging from 120 to 180 cm
and 180 to 280 cm. However, SDt values can be divided into the following two parts: a
rapidly decreasing layer at depths ranging from 0 to 100 cm and a relatively stable layer
at soil depths ranging from 100 to 280 cm. The SDt value ranges from 2 to 8 at different
vertical depths for different distances during the growing season.
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The coefficient of variation and standard deviation were analyzed for different soil
depths at the same time, as shown in Figure 6. The CVs values for soil depths ranging from
0 to 300 cm first increase and then decrease during the growing season. The CVs values are
lower in April–June, September, and October, whereas they are higher in July and August.
The CVs values range from 7% to 52%, with weak and moderate variations. The trends
observed for the SDs variations are consistent with those obtained for the CVs, with SDs
values ranging from 0 to 5.

3.2. Analysis of Factors Influencing Soil Moisture
3.2.1. Effects of the Rainfall Characteristics on the SMC

In this study, rainfall and SMC data were collected 25 times. Individual rainfall
amounts range from 0.8 to 49.0 mm, with the rainfall duration and rainfall intensity varying
from 1.0 to 19.00 h and from 0.46 to 6.20 mm/h, respectively (Figure 7). The data show that
there is a similarity between the variations of the SMC (averaged across all 84 observation
sites for all depths) and rainfall amount, indicating that the SMC increases with increasing
rainfall. However, a similar trend among the rainfall duration, intensity, and SMC could
not be observed during the measurement period.
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Based on the results of one-dimensional linear regression analysis (Figure 8), the
average SMC increases with increasing amount, duration, and intensity of rainfall. Further-
more, the effects of the rainfall amount on the SMC are stronger than those of the rainfall
duration and intensity. The coefficient of determination between the average SMC and
rainfall amount is higher (R2 = 0.34) than those between the SMC and rainfall duration
(R2 = 0.13) and intensity (R2 = 0.10). Correlations among the rainfall amount, rainfall
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duration, and SMC are positive in different soil layers, whereas the correlation between the
rainfall intensity and SMC is negative, except for the 0–20 cm and 20–40 cm soil layers. The
0–20 cm soil layer yields the strongest correlation coefficient between the rainfall charac-
teristics and SMC. Furthermore, the correlation coefficients between the rainfall amount,
rainfall duration, and SMC are significant at the 0.05 level in this layer.
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3.2.2. Effects of the Plant Characteristics on the SMC

Correlations between the plant characteristics and average SMC in different soil layers
are shown in Figure 9. The DBH positively correlates with the SMC in all soil layers
except for the 260–280 cm layer; a significant correlation was observed at soil depths
ranging from 60 to 180 cm. Similarly, the correlations between the tree height and SMC,
as well as the canopy width and SMC, are consistent across different soil layers. The SMC
positively correlates with the tree height and canopy width in the soil layer ranging from 0
to 180 cm, whereas a negative correlation was observed in the 180–280 cm layer. However,
the correlations among the LAI, canopy openness, and SMC are weak in all soil layers.

Figure 10 presents the correlation coefficient and principal component analysis (PCA)
of the effects of different plant characteristics on the soil moisture. The five characteristics
were combined into two principal components, which cumulatively accounted for 88.0% of
the variance. Specifically, PCI and PCII accounted for 49.5% and 38.5%, respectively. PCI
was predominantly influenced by the tree height, canopy width, and DBH, whereas PCII
showed a stronger correlation with the canopy openness and LAI. Note that the correlation
coefficient between the DBH and SMC (R = 0.78) was the highest and that the correlations
between the DBH and canopy width and tree height are better. This suggests that the DBH
is a key factor in explaining the PCI variation. Furthermore, the strongest correlation was
observed between canopy openness and LAI (R = 0.92), indicating that either variable
could explain the PCII variation. Taken together, variations in the SMC are most closely
related to the DBH, LAI, and canopy openness.
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4. Discussion

In this study, we analyzed the spatial characteristics of the SMC in the 0–300 cm
vertical profile at varying horizontal distances from the tree trunk. Our results show
that the SMC exhibits the following three distinct phases across the soil profile: a rapid
decrease with increasing soil depth in the 0–80 cm profile, decreased fluctuation in the
80–180 cm profile, and a gradual increase in the 180–280 cm profile (Figure 3b). This
differs from the results of the study by Cheng et al., who reported that the SMC first
increases and then gradually decreases and stabilizes in the 0–300 cm profile of black locust
forest [46]. This difference may be attributed to rainfall and the plant characteristics. Relate
studies indicated that rainfall is a major factor affecting soil moisture in arid and semiarid
areas [47]. In our study, the SMC was measured during the rainy season, specifically from
April to October. Therefore, the soil moisture could be replenished by rainfall inputs in
the soil profile, especially in the surface soil layer. Plant characteristics influence the soil
moisture by changing the hydrological processes of rainfall in the soil [48]. Specifically,
rainfall intercepted by plant canopies becomes throughfall and stemflow that replenishes
the soil moisture; the throughfall distribution can be determined based on the canopy
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characteristics [49,50]. In our previous study, the throughfall accounted for 77.71% of the
total rainfall, and the horizontal distribution increased with increasing distance from the
trunk [41]. This characteristic is consistent with the horizontal distribution of the SMC
observed in this study; that is that the SMC increases with increasing distance from the tree
trunk (Figure 3a).

During the growing season, the soil moisture in the topsoil layer significantly varies,
whereas it remains relatively stable in deeper soil layers (Figure 4). The results of this study
show that soil moisture replenishment by rainfall is effective at depths ranging from 0 to
40 cm, with the exception of August and September. During these months, soil moisture is
replenished in deeper layers; that is, at depths ranging from 0 to 300 cm. Rainfall, which is
concentrated in August and September, can explain this. Wang et al. reported that the rainfall
amount predominantly affects SMC variations in arid and semiarid regions [24]. The results
of a study on black locust plantations also showed that the SMC consistently increases with
increasing rainfall [51], which agrees with our own findings. Furthermore, the fluctuation
of the SMC is influenced by both the soil texture and root biomass [52]. Specifically, the
soil texture controls the size and arrangement of the soil particles, which in turn affects soil
infiltration and evaporation, leading to differences in temporal soil moisture variations [53].
Roots affect the soil moisture in three different ways. Firstly, they affect soil moisture by
extracting water from the soil [54]. Secondly, the distribution of roots within the soil profile
affects the soil moisture dynamics [55]. Finally, root morphology has an effect on the soil
structure, which can impact the soil moisture availability for plant growth [56].

In this study, the focus was placed on the effects of individual rainfall and plant
characteristics on soil moisture. Among the various rainfall characteristics, the rainfall
amount was determined to be the primary factor affecting soil moisture (Figures 7 and 8),
which is consistent with the results reported by Su et al. [57]. Wu et al. stated that rainfall
frequencies are more reliable indices of SMC during summer than the rainfall amount, but
only non-forest ecosystems yield a better performance [58]. Furthermore, rainfall duration
and intensity can affect soil moisture. In general, high-intensity rainfall causes surface
runoff and erosion, reducing the amount of water that infiltrates into the soil. However, low-
intensity rainfall is more likely to be absorbed by the soil and replenish soil moisture [59].
Short-duration rainfall may not provide enough time for water to infiltrate into deeper soil
layers, resulting in limited replenishment of the soil moisture. In contrast, long-duration
rainfall can saturate soils and lead to waterlogging [60].

Plant characteristics dramatically affect soil moisture variations by regulating rain-
fall characteristics [61]. The effects of plant characteristics on the SMC are stronger in
the medium soil layer (60–180 cm) than in the surface/subsurface layer (0–60 cm) and
deeper layer (180–280 cm; Figure 9). The main reasons are that the soil moisture in the
surface/subsurface layers is mainly affected by the rainfall characteristics and that black
locust roots are concentrated in the medium soil layer [17,62]. The effects of plant character-
istics on soil moisture vary in different regions [63]. The results of our study show that the
DBH, tree height, and canopy width have a positive effect on soil moisture. The DBH better
reflects soil moisture variation. In contrast, the LAI and canopy openness have a negative
effect on soil moisture; both are good indicators for soil moisture variation (Figure 10).

5. Conclusions

In this study, the spatiotemporal variation in soil moisture and its determinants were
analyzed for black locust plants. The SMC increases with increasing distance from the tree
trunk in the horizontal direction. In contrast, changes in the SMC in the vertical direction
(0–300 cm) can be divided into the following three processes: rapid decrease (0–80 cm),
decreased fluctuation (80–180 cm), and slow increase (180–280 cm). During the growing
season, the average SMC of the 0–300 cm profile exhibits increasing fluctuation, whereas
slight discrepancies were observed in several soil layers. The temporal variation is higher
in surface layers than that in deeper soil layers. The spatial variation is weak to moderate.
The ranges first increase and then decrease during the growing season. The SMC is affected
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by rainfall and the plant characteristics. The effect of the rainfall amount on the SMC
is larger than that of the rainfall duration and intensity. SMC variations are primarily
similar to changes in the rainfall amount during the growing season. Plant characteristics
mainly affect the soil moisture in the 60–200 cm soil layer. The DBH, tree height, and
canopy width positively affect the soil moisture, whereas the LAI and canopy openness
negatively affect it. Among these factors, the DBH, LAI, or canopy openness better reflects
soil moisture variation. These findings have important implications for the management
and conservation of soil moisture in forest ecosystems in arid and semiarid areas.

Author Contributions: Conceptualization, W.D. and F.W.; methodology, W.D.; software, W.D.; valida-
tion, W.D. and K.J.; formal analysis, W.D.; investigation, W.D.; data curation, W.D.;
writing—original draft preparation, W.D.; writing—review and editing, W.D. and K.J.; visualization,
W.D.; supervision, F.W.; funding acquisition, W.D. and F.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 42177344, the Gansu Province Science foundation for Youths, grant number 22JR5RA160, and
the program to enhance the research capabilities for young teachers of Northwest Normal University,
grant number NWNU-LKQN2022-19.

Data Availability Statement: Not applicable.

Acknowledgments: Ansai soil and water conservation experimental station is gratefully acknowl-
edged for providing experimental site.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gao, G.; Ma, Y.; Fu, B. Multi-temporal scale changes of streamflow and sediment load in a loess hilly watershed of China. Hydrol.

Process. 2016, 30, 365–382. [CrossRef]
2. Zhao, G.; Mu, X.; Wen, Z.; Wang, F.; Gao, P. Soil Erosion, Conservation, and Eco-Environment Changes in the Loess Plateau of

China. Land Degrad. Dev. 2013, 24, 499–510. [CrossRef]
3. Liu, J.; Li, S.; Ouyang, Z.; Tam, C.; Chen, X. Ecological and socioeconomic effects of China’s policies for ecosystem services. Proc.

Natl. Acad. Sci. USA 2008, 105, 9477–9482. [CrossRef]
4. Feng, X.; Cheng, W.; Fu, B.; Lü, Y. The role of climatic and anthropogenic stresses on long-term runoff reduction from the Loess

Plateau, China. Sci. Total Environ. 2016, 571, 688–698. [CrossRef]
5. Deng, L.; Yan, W.; Zhang, Y.; Shangguan, Z. Severe depletion of soil moisture following land-use changes for ecological restoration:

Evidence from northern China. For. Ecol. Manag. 2016, 366, 1–10. [CrossRef]
6. Feng, X.; Fu, B.; Piao, S.; Wang, S.; Ciais, P.; Zeng, Z.; Lü, Y.; Zeng, Y.; Li, Y.; Jiang, X.; et al. Revegetation in China’s Loess Plateau

is approaching sustainable water resource limits. Nat. Clim. Change 2016, 6, 1019–1022. [CrossRef]
7. Brown, A.; Podger, G.; Davidson, A.; Dowling, T.; Zhang, L. Predicting the impact of plantation forestry on water users at local

and regional scales an example for the Murrumbidgee River Basin, Australia. For. Ecol. Manag. 2007, 251, 82–93. [CrossRef]
8. Porto, P.; Walling, D.; Callegari, G. Investigating the effects of afforestation on soil erosion and sediment mobilisation in two small

catchments in Southern Italy. Catena 2009, 79, 181–188. [CrossRef]
9. Jia, X.; Shao, M.; Zhu, Y.; Luo, Y. Soil moisture decline due to afforestation across the Loess Plateau, China. J. Hydrol. 2017,

546, 113–122. [CrossRef]
10. Jin, K.; Wang, F.; Zong, Q.; Qin, P.; Liu, C. Impact of variations in vegetation on surface air temperature change over the Chinese

Loess Plateau. Sci. Total Environ. 2020, 716, 136967. [CrossRef]
11. Zhang, Q.; Jia, X.; Shao, M.; Zhang, C.; Li, X.; Ma, C. Sap flow of black locust in response to short-term drought in southern Loess

Plateau of China. Sci. Rep. 2018, 8, 6222. [CrossRef] [PubMed]
12. Guo, X.; Zhu, J.; Yu, X.; Luo, J. Ways to Improve Low-Benefit Black Locust Forests in Loess Plateau. For. Stud. China 2005, 2, 57–62.

[CrossRef]
13. Wang, B.; Liu, G.; Xue, S. Effect of black locust (Robinia pseudoacacia) on soil chemical and microbiological properties in the

eroded hilly area of China’s Loess Plateau. Environ. Earth Sci. 2011, 65, 597–607. [CrossRef]
14. Wang, Y.; Liu, G.; Kume, T.; Otsuki, K.; Yamanaka, N.; Du, S. Estimating water use of a black locust plantation by the thermal

dissipation probe method in the semiarid region of Loess Plateau, China. J. For. Res. 2010, 15, 241–251. [CrossRef]
15. Zhou, J.; Zhao, Z.; Zhao, J.; Zhao, Q.; Wang, H. A comparison of three methods for estimating the LAI of black locust Robinia

pseudoacacia L. plantations on the Loess Plateau, China. Int. J. Remote Sens. 2014, 35, 171–188. [CrossRef]
16. Wang, L.; Wang, Q.; Wei, S.; Shao, M.; Li, Y. Soil desiccation for Loess soils on natural and regrown areas. For. Ecol. Manag. 2008,

255, 2467–2477. [CrossRef]

https://doi.org/10.1002/hyp.10585
https://doi.org/10.1002/ldr.2246
https://doi.org/10.1073/pnas.0706436105
https://doi.org/10.1016/j.scitotenv.2016.07.038
https://doi.org/10.1016/j.foreco.2016.01.026
https://doi.org/10.1038/nclimate3092
https://doi.org/10.1016/j.foreco.2007.06.011
https://doi.org/10.1016/j.catena.2009.01.007
https://doi.org/10.1016/j.jhydrol.2017.01.011
https://doi.org/10.1016/j.scitotenv.2020.136967
https://doi.org/10.1038/s41598-018-24669-5
https://www.ncbi.nlm.nih.gov/pubmed/29670221
https://doi.org/10.1007/s11632-005-0023-y
https://doi.org/10.1007/s12665-011-1107-8
https://doi.org/10.1007/s10310-010-0184-y
https://doi.org/10.1080/01431161.2013.866289
https://doi.org/10.1016/j.foreco.2008.01.006


Water 2023, 15, 1870 13 of 14

17. Yu, B.; Liu, G.; Liu, Q.; Wang, X.; Feng, J.; Huang, C. Soil moisture variations at different topographic domains and land use types
in the semi-arid Loess Plateau, China. Catena 2018, 165, 125–132. [CrossRef]

18. Zhang, K.; Wang, Q.; Chao, L.; Ye, J.; Li, Z.; Yu, Z.; Yang, T.; Ju, Q. Ground observation-based analysis of soil moisture
spatiotemporal variability across a humid to semi-humid transitional zone in China. J. Hydrol. 2019, 574, 903–914. [CrossRef]

19. Wang, C.; Fu, B.; Zhang, L.; Xu, Z. Soil moisture–plant interactions: An ecohydrological review. J. Soils Sediments 2018, 19, 1–9.
[CrossRef]

20. Ngugi, M.; Neldner, V.; Doley, D.; Kusy, B.; Moore, D.; Richter, C. Soil moisture dynamics and restoration of self-sustaining native
vegetation ecosystem on an open-cut coal mine. Restor. Ecol. 2015, 5, 615–624. [CrossRef]

21. Luong, N.; Hiep, N.; Bui, T. Investigating the Spatio-Temporal Variation of Soil Moisture and Agricultural Drought towards
Supporting Water Resources Management in the Red River Basin of Vietnam. Sustainability 2021, 9, 4926. [CrossRef]

22. Xu, G.; Huang, M.; Li, P.; Li, Z.; Wang, Y. Effects of land use on spatial and temporal distribution of soil moisture within profiles.
Environ. Earth Sci. 2021, 80, 128–140. [CrossRef]

23. Fan, K.; Zhang, Q.; Li, J.; Chen, D.; Xu, C. Future surface soil moisture trends in China under global warming. Environ. Res. Lett.
2021, 16, 34061. [CrossRef]

24. Wang, C.; Wang, S.; Fu, B.; Yang, L.; Li, Z. Soil Moisture Variations with Land Use along the Precipitation Gradient in the
North-South Transect of the Loess Plateau. Land Degrad. Dev. 2017, 28, 926–935. [CrossRef]

25. Fang, X.; Zhao, W.; Wang, L.; Feng, Q.; Ding, J.; Liu, Y.; Zhang, X. Spatial variations of deep soil moisture and the influencing
factors in the Loess Plateau, China. Hydrol. Earth Syst. Sci. Discuss. 2016, 2016, 1–42.

26. Gao, X.; Zhao, X.; Cheng, S.; Brocca, L.; Hu, W.; Wu, P. Catchment-scale variability of absolute versus temporal anomaly soil
moisture: Time-invariant part not always plays the leading role. J. Hydrol. 2015, 529, 1669–1678. [CrossRef]

27. Yang, L.; Wei, W.; Chen, L.; Chen, W.; Wang, J. Response of temporal variation of soil moisture to vegetation restoration in
semi-arid Loess Plateau, China. Catena 2014, 115, 123–133. [CrossRef]

28. Schwingshackl, C.; Hirschi, M.; Seneviratne, S. Quantifying Spatiotemporal Variations of Soil Moisture Control on Surface Energy
Balance and Near-Surface Air Temperature. J. Clim. 2017, 18, 7105–7124. [CrossRef]

29. Feng, Q.; Zhao, W.; Qiu, Y.; Zhao, M.; Zhong, L. Spatial Heterogeneity of Soil Moisture and the Scale Variability of Its Influencing
Factors: A Case Study in the Loess Plateau of China. Water 2013, 5, 1226–1242. [CrossRef]

30. Cho, E.; Choi, M. Regional scale spatio-temporal variability of soil moisture and its relationship with meteorological factors over
the Korean peninsula. J. Hydrol. 2014, 516, 317–329. [CrossRef]

31. Meng, F.; Luo, M.; Sa, C.; Wang, M.; Bao, Y. Quantitative assessment of the effects of climate, vegetation, soil and groundwater on
soil moisture spatiotemporal variability in the Mongolian Plateau. Sci. Total Environ. 2022, 809, 152198. [CrossRef]

32. Martínez-Fernández, J.; González-Zamora, A.; Almendra-Martín, L. Soil moisture memory and soil properties: An analysis with
the stored precipitation fraction. J. Hydrol. 2021, 593, 125622. [CrossRef]

33. Song, X.; Gao, X.; Dyck, M.; Zhang, W.; Wu, P. Soil water and root distribution of apple tree (Malus pumila Mill) stands in relation
to stand age and rainwater collection and infiltration system (RWCI) in a hilly region of the Loess Plateau, China. Catena 2018,
170, 324–334. [CrossRef]

34. Xu, Z.; Wei, H.; Fan, W.; Wang, X.; Huang, B.; Lu, N.; Ren, J.; Dong, X. Energy modeling simulation of changes in ecosystem
services before and after the implementation of a Grain-for-Green program on the Loess Plateau—A case study of the Zhifanggou
valley in Ansai County, Shaanxi Province, China. Ecosyst. Serv. 2018, 31, 32–43. [CrossRef]

35. Qiu, D.; Gao, P.; Mu, X.; Zhao, B. Vertical variations and transport mechanism of soil moisture in response to vegetation restoration
on the Loess Plateau of China. Hydrol. Process. 2021, 35, e14397. [CrossRef]

36. Zhao, W.; Zhang, R.; Huang, C.; Wang, B.; Cao, H.; Koopal, L.; Tan, W. Effect of different vegetation cover on the vertical
distribution of soil organic and inorganic carbon in the Zhifanggou Watershed on the loess plateau. Catena 2016, 139, 191–198.
[CrossRef]

37. Zhao, C.; Jia, X.; Zhu, Y.; Shao, M. Long-term temporal variations of soil water content under different vegetation types in the
Loess Plateau, China. Catena 2017, 158, 55–62. [CrossRef]

38. Luo, Y.; Lü, Y.; Fu, B.; Zhang, Q.; Li, T.; Hu, W.; Comber, A. Half century change of interactions among ecosystem services driven
by ecological restoration: Quantification and policy implications at a watershed scale in the Chinese Loess Plateau. Sci. Total
Environ. 2019, 651, 2546–2557. [CrossRef] [PubMed]

39. Ye, L.; Tan, W.; Fang, L.; Ji, L.; Deng, H. Spatial analysis of soil aggregate stability in a small catchment of the Loess Plateau, China:
I. Spatial variability. Soil Tillage Res. 2018, 179, 71–81. [CrossRef]

40. Xiao, L.; Xue, S.; Liu, G.; Zhang, C. Soil moisture variability under different land uses in the Zhifanggou catchment of the Loess
Plateau, China. Arid Land Res. Manag. 2014, 28, 274–290. [CrossRef]

41. Ding, W.; Wang, F.; Han, J.; Ge, W.; Cong, C.; Deng, L. Throughfall and its spatial heterogeneity in a black locust (Robinia
pseudoacacia) plantation in the semi-arid loess region, China. J. Hydrol. 2021, 602, 126751. [CrossRef]

42. Zhai, J.; Li, Y.; Han, Z.; Li, Z. Morphological, structural and physiological differences in heteromorphic leaves of Euphrates poplar
during development stages and at crown scales. Plant Biol. 2020, 22, 366–375. [CrossRef] [PubMed]

43. Ou, Z.; Cao, J.; Shen, W.; Tan, Y.; He, Q.; Peng, Y. Understory Flora in Relation to Canopy Structure, Soil Nutrients, and Gap Light
Regime: A Case Study in Southern China. Pol. J. Environ. Stud. 2015, 24, 2559–2568. [CrossRef] [PubMed]

https://doi.org/10.1016/j.catena.2018.01.020
https://doi.org/10.1016/j.jhydrol.2019.04.087
https://doi.org/10.1007/s11368-018-2167-0
https://doi.org/10.1111/rec.12221
https://doi.org/10.3390/su13094926
https://doi.org/10.1007/s12665-021-09464-2
https://doi.org/10.1088/1748-9326/abde5e
https://doi.org/10.1002/ldr.2604
https://doi.org/10.1016/j.jhydrol.2015.08.020
https://doi.org/10.1016/j.catena.2013.12.005
https://doi.org/10.1175/JCLI-D-16-0727.1
https://doi.org/10.3390/w5031226
https://doi.org/10.1016/j.jhydrol.2013.12.053
https://doi.org/10.1016/j.scitotenv.2021.152198
https://doi.org/10.1016/j.jhydrol.2020.125622
https://doi.org/10.1016/j.catena.2018.06.026
https://doi.org/10.1016/j.ecoser.2018.03.013
https://doi.org/10.1002/hyp.14397
https://doi.org/10.1016/j.catena.2016.01.003
https://doi.org/10.1016/j.catena.2017.06.006
https://doi.org/10.1016/j.scitotenv.2018.10.116
https://www.ncbi.nlm.nih.gov/pubmed/30340190
https://doi.org/10.1016/j.still.2018.01.012
https://doi.org/10.1080/15324982.2013.860500
https://doi.org/10.1016/j.jhydrol.2021.126751
https://doi.org/10.1111/plb.13078
https://www.ncbi.nlm.nih.gov/pubmed/31793152
https://doi.org/10.15244/pjoes/59238
https://www.ncbi.nlm.nih.gov/pubmed/27739310


Water 2023, 15, 1870 14 of 14

44. Nobis, M.; Hunziker, U. Automatic thresholding for hemispherical canopy-photographs based on edge detection. Agric. For.
Meteorol. 2005, 128, 243–250. [CrossRef]

45. Preko, K.; Wilhelm, H. Detection of water content inhomogeneities in a dike model using invasive GPR guided wave sounding
and TRIME-TDR (R) technique. J. Geophys. Eng. 2012, 9, 312–326. [CrossRef]

46. Cheng, R.; Chen, Q.; Zhang, J.; Shi, W.; Li, G.; Du, S. Soil moisture variations in response to precipitation in different vegetation
types: A multi-year study in the loess hilly region in China. Ecohydrology 2020, 13, e2196. [CrossRef]

47. Longobardi, A. Observing soil moisture temporal variability under fluctuating climatic conditions. Hydrol. Earth Syst. Sci. Discuss.
2008, 5, 935–969.

48. Wang, S.; Fu, B.; Gao, G.; Liu, Y.; Zhou, J. Responses of soil moisture in different land cover types to rainfall events in a
re-vegetation catchment area of the Loess Plateau, China. Catena 2013, 101, 122–128. [CrossRef]

49. Durocher, M.G. Monitoring spatial variability of forest interception. Hydrol. Process. 1990, 4, 215–229. [CrossRef]
50. Levia, D.; Hudson, S.; Llorens, P.; Nanko, K. Throughfall drop size distributions: A review and prospectus for future research.

WIREs Water 2017, 4, e1225. [CrossRef]
51. Liang, H.; Xue, Y.; Li, Z.; Wang, S.; Wu, X.; Gao, G.; Liu, G.; Fu, B. Soil moisture decline following the plantation of Robinia

pseudoacacia forests: Evidence from the Loess Plateau. For. Ecol. Manag. 2018, 412, 62–69. [CrossRef]
52. Tong, Y.; Wang, Y.; Song, Y.; Sun, H.; Xu, Y. Spatiotemporal variations in deep soil moisture and its response to land-use shifts in

the Wind–Water Erosion Crisscross Region in the Critical Zone of the Loess Plateau (2011–2015), China. Catena 2020, 193, 104643.
[CrossRef]

53. Ge, N.; Wei, X.; Wang, X.; Liu, X.; Shao, M.; Jia, X.; Li, X.; Zhang, Q. Soil texture determines the distribution of aggregate-
associated carbon, nitrogen and phosphorous under two contrasting land use types in the Loess Plateau. Catena 2019,
172, 148–157. [CrossRef]

54. Steudle, E. Water uptake by roots: Effects of water deficit. J. Exp. Bot. 2000, 51, 1531–1542. [CrossRef] [PubMed]
55. Liu, S.; Li, J.; Ji, X.; Fang, Y. Influence of root distribution patterns on soil dynamic characteristics. Sci. Rep. 2022, 12, 13448.

[CrossRef]
56. Wang, P.; Su, X.; Zhou, Z.; Wang, N.; Liu, J.; Zhu, B. Differential effects of soil texture and root traits on the spatial variability of

soil infiltrability under natural revegetation in the Loess Plateau of China. Catena 2023, 220, 106693. [CrossRef]
57. Su, B.; Su, Z.; Shangguan, Z. Trade-off analyses of plant biomass and soil moisture relations on the Loess Plateau. Catena 2021,

197, 104946. [CrossRef]
58. Wu, C.; Chen, J.; Pumpanen, J.; Cescatti, A.; Marcolla, B.; Blanken, P.D.; Ardö, J.; Tang, Y.; Magliulo, V.; Georgiadis, T.; et al. An

underestimated role of precipitation frequency in regulating summer soil moisture. Environ. Res. Lett. 2012, 7, 24011. [CrossRef]
59. Singh, N.; Emanuel, R.; McGlynn, B.; Miniat, C. Soil Moisture Responses to Rainfall: Implications for Runoff Generation. Water

Resour. Res. 2021, 57, e2020WR028827. [CrossRef]
60. Xu, Q.; Liu, S.; Wan, X.; Jiang, C.; Song, X.; Wang, J. Effects of rainfall on soil moisture and water movement in a subalpine dark

coniferous forest in southwestern China. Hydrol. Process. 2012, 26, 3800–3809. [CrossRef]
61. Liu, Y.; Zhao, L. Effect of Plant Morphological Traits on Throughfall, Soil Moisture, and Runoff. Water 2020, 12, 1731. [CrossRef]
62. Chang, R.; Fu, B.; Liu, G.; Yao, X.; Wang, S. Effects of soil physicochemical properties and stand age on fine root biomass and

vertical distribution of plantation forests in the Loess Plateau of China. Ecol. Res. 2012, 27, 827–836. [CrossRef]
63. Gwak, Y.; Kim, S. Factors affecting soil moisture spatial variability for a humid forest hillslope. Hydrol. Process. 2017, 31, 431–445.

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.agrformet.2004.10.002
https://doi.org/10.1088/1742-2132/9/3/312
https://doi.org/10.1002/eco.2196
https://doi.org/10.1016/j.catena.2012.10.006
https://doi.org/10.1002/hyp.3360040303
https://doi.org/10.1002/wat2.1225
https://doi.org/10.1016/j.foreco.2018.01.041
https://doi.org/10.1016/j.catena.2020.104643
https://doi.org/10.1016/j.catena.2018.08.021
https://doi.org/10.1093/jexbot/51.350.1531
https://www.ncbi.nlm.nih.gov/pubmed/11006304
https://doi.org/10.1038/s41598-022-17828-2
https://doi.org/10.1016/j.catena.2022.106693
https://doi.org/10.1016/j.catena.2020.104946
https://doi.org/10.1088/1748-9326/7/2/024011
https://doi.org/10.1029/2020WR028827
https://doi.org/10.1002/hyp.8400
https://doi.org/10.3390/w12061731
https://doi.org/10.1007/s11284-012-0958-0
https://doi.org/10.1002/hyp.11039

	Introduction 
	Materials and Methods 
	Study Site 
	Field Experimental Design 
	Field Measurements 
	Statistical Analysis 

	Results 
	Spatiotemporal Variations of the SMC 
	Spatial Distribution of the SMC 
	Temporal Dynamics of the SMC during the Growing Season 
	Spatiotemporal Variability of the SMC 

	Analysis of Factors Influencing Soil Moisture 
	Effects of the Rainfall Characteristics on the SMC 
	Effects of the Plant Characteristics on the SMC 


	Discussion 
	Conclusions 
	References

