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A B S T R A C T

In recent years, the ability of mixed-species plantations to cope with environmental changes has been a focus of
research. Despite compelling evidence indicating that mixed-species plantations can provide many economic,
environmental and social benefits, whether they can also enhance regional stress responses to drought remains
unclear. Therefore, a meta-analysis was conducted based on 457 field observations to assess the effects of dif-
ferent planting patterns on the soil moisture of 500 cm on the Loess Plateau. The results showed that both
monoculture and mixed-species plantations consumed significant soil moisture content. However, compared
with monoculture plantations, mixed-species plantations were better able to maintain the soil moisture at
0–400 cm. Soil moisture content varied by topography, climate, vegetation species and planting age. We ob-
served that afforestation was a good choice for areas with the high precipitation (> 500 mm), the middle
elevation (1200–1600 m) and slope (20–30°). Furthermore, the arbors mixed with shrubs did not significantly
consume the soil moisture content and was more sensitive to the change in planting ages. In addition, the
response sizes of soil moisture among different vegetation species were negatively correlated with the initial soil
moisture content. We therefor concluded that mixed-species plantations, especially arbors mixed with shrubs
were conducive to enhancing drought resistance in arid and semiarid regions. In considering future afforestation
activities, planners need to be aware that different environments support different vegetation species and pat-
terns. This study provides a reference and guidance for the scientific planning and sustainable development of
forest ecosystem in arid and semiarid regions.

1. Introduction

Soil moisture is a critical variable that affects regional hydrological
processes and plant morphology and function, especially in arid and
semiarid regions (D'Odorico et al., 2010; Legates et al., 2011). Water
stress caused by soil water deficit is a common risk factor and can di-
rectly affect the growth and development of vegetation (Stocker et al.,
2019). Moreover, plants can directly affect the dynamics of soil
moisture in the region by participating in the water cycle, but their
effects are dependent on the type, structure and composition of the
vegetation (Legates et al., 2011; Wang et al., 2019). Therefore, studying
and understanding the impact of different vegetation patterns on re-
gional eco-hydrological processes is essential (Gao et al., 2018). Pre-
vious studies have demonstrated that mixed species can improve the
stability and flexibility of ecosystems through ecological niche

partitioning or resource complementarity (Loreau et al., 2001; Jactel
and Brockerhoff, 2007). However, intense intraspecific and inter-
specific competition can also lead to an uneven distribution of re-
sources, such as light, water and nutrients (Manson et al., 2013;
Forrester, 2015). Currently, whether mixed-species plantations have a
positive impact on water stress is unclear (Vereecken et al., 2014).
Therefore, improving our understanding of how mixed-species planta-
tion affects regional soil moisture content and drought resistance is
crucial to the planning, design and sustainable development of regional
vegetation.

Ecological theories suggest that multigroup composite structures
often show large differences in ecological strategies for coping with
environmental stress (Richards et al., 2010; Forrester and Bauhus,
2016). Some previous studies have reported contradictory findings
about the relationship between water stress and plant diversity.
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Lebourgeois et al. (2013) and Pretzsch et al. (2013) showed that the
mixed-species plantation was divided by hydrological niches, which
reduced the competition for limited water resources and strengthened
regional drought resistance. For example, the differences in the dis-
tribution and structure of plant roots of different species lead to less
overall competition for water (Schwendenmann et al., 2015). In addi-
tion, plants also respond to water stress by changing their physiological
activities, which is known as ecological adaptation; examples of such
behavior include regulating leaf water status, reducing the photo-
synthetic rate and gas exchange, and adjusting fluorescence parameters
(Jiao et al., 2016; Yan et al., 2017). However, if the interacting species
have similar functional characteristics (i.e., functional redundancy),
ecological niche overlap may lead to increased water competition,
which in turn increases the degree of drought. For example, mixed-
species plantations will largely absorb the water from shallow soil
layers and shift to deeper soil layers when precipitation decreases (Tang
et al., 2018). Additionally, due to the interception of the canopy and the
water consumption of roots, herbs are effective competitors for water
(van der Waal et al., 2009; Prevosto et al., 2016). Overall, due to the
multiple interrelated processes and complex feedback mechanisms be-
tween plant diversity and water stress, it is still unknown whether
mixed-species plantations can attenuate regional water stress.

Due to steep topography, frequent heavy rainfall in summer months
and improper land use, the Loess Plateau of China has become one of
the regions with the most severe soil erosion in the world (Zhao et al.,
2013; Gao et al., 2016). To repair the fragility of the natural environ-
ment in the area, a series of large-scale ecological restoration projects
focusing on soil and water conservation have been implemented since
the 1980s, including returning farmland to forests (Cao et al., 2009).
Over the past two decades, the vegetation coverage of the Loess Plateau
increased from 31.6% in 1999 to 59.6% in 2013, and the amount of
sediment entering the sea from the Loess Plateau in 2015 was only 8.9%
of that in the 1950s (Chen et al., 2015; Li et al., 2019). However, in arid
and semiarid regions where water resources are limited, the expansion
of the planted area directly affects the balance between regional water
supply and demand, causes severe soil drying and limits the normal
growth and morphology of plants (An et al., 2017). According to the
related researches, vegetation restoration on the Loess Plateau is
nearing the threshold of regional water limits, and regional runoff has
been significantly reduced by more than 50% (Sun et al., 2006; Feng
et al., 2016). Mixed-species plantations are also widely used in the in-
itial planting stage due to their high soil retention and carbon seques-
tration capabilities compared to monoculture plantations (Montagnini
et al., 2003; Carnol et al., 2014). However, the impact of mixed-species
plantations on the soil moisture of the Loess Plateau is still con-
troversial. Recent studies have shown that mixed-species plantations
can improve regional drought tolerance and vegetation survival. For
example, Chen et al. (2018) suggested that Robinia pseudoacacia would
stimulate Platycladus orientalis growth by increasing the availability of
soil moisture and suppressing the development of arbuscular mycor-
rhizal symbiosis. Zhang et al. (2019) confirmed that mixed-species
plantation soil had a greater capacity to intercept and store rainwater
than monoculture plantation soil. However, other studies have shown
that mixed-species plantations have significantly lower soil moisture
content than monoculture plantations. For example, Gao et al. (2018)
showed that mixed-species plantation of Robinia pseudoacacia and
Hippophae rhamnoides had high carbon sequestration but exhibited
significant deep soil moisture consumption. Tang et al. (2018) showed
that mixed plantations of Pinus tabuliformis and Hippophae rhamnoides
would largely consume shallow soil moisture and shift to deep soil
moisture when precipitation decreased. To date, previous studies have
focused on a few scattered locations or specific vegetation types,
leading to a lack of comparability among the results. In addition, few
studies have comprehensively explored how soil moisture content in
mixed-species plantations are affected by factors such as climate, stand
characteristics and topography.

To address this information gap, we extracted 457 samples from the
Loess Plateau for a meta-analysis to quantify the effects of mixed-spe-
cies plantations and monoculture plantations on soil moisture content
on the Loess Plateau. The objectives of this study are to (a) quantify the
effects of mixed-species plantations and monoculture plantations on soil
moisture content in five soil layers of 0–500 cm; (b) compare soil
moisture changes in different types of mixed-species plantations and
monoculture plantations; (c) analyze the main factors affecting soil
moisture content; and (d) study the relationship between soil moisture
and initial soil moisture content under different types of vegetation.
This study will provide a reference for the sustainable use of water
resources and guidance for the selection and rational allocation of ve-
getation species on the Loess Plateau.

2. Materials and methods

2.1. Data sources

Literature searches were performed using the Web of Science
(United States) and CNKI (China Knowledge Resource Integrated
Database, China; 2000–2018) with the search terms “soil water” or “soil
moisture” and “Loess Plateau” and “mixed plantation” or “mixed spe-
cies” or “mixed forest” or “plant diversity”. To avoid publication bias,
the following criteria were chosen to select relevant research:

(a) include at least one type of associated mixed-species plantation
(i.e., arbors mixed with shrubs and mixed arbors) and a control
(farmland or grassland);

(b) measure the experimental and control soil moisture content within
the 0–500 cm layer (0–100 cm, 100–200 cm, 200–300 cm,
300–400 cm and 400–500 cm); and

(c) include only the data from field monitoring and analysis to exclude
the data from laboratory control experiments.

In addition, all available data were extracted from the publication,
including location, latitude (N), longitude (E), mean annual tempera-
ture (MAT), mean annual precipitation (MAP), slope angle, slope as-
pect, slope position, elevation, tree age, sample size and initial soil
moisture content.

According to the topics and the screening criteria of this study, 169
related papers were reviewed, and 457 samples from 30 studies were
selected for the meta-analysis (Fig. 1 and Appendix Dataset A). All the
raw data were extracted from the text, tables, charts and appendices in
the publication. When the data were presented graphically, the nu-
merical data were obtained using the Get Data Graph Digitizer ver. 2.24
(Russian Federation). ArcGIS ver. 10.4.1 (ESRI, California, USA) was
used to illustrate the location of the research area. To clearly depict the
vertical distribution of soil moisture content, the collected data were
divided into five depths: surface layer (0–100 cm), sub-surface layer
(100–200 cm), middle layer (200–300 cm), sub-deep layer
(300–400 cm) and deep layer (400–500 cm).

2.2. Meta-analysis

The response ratio is defined as the ratio of the amount measured
for the experimental group and the control group, and it is usually used
as a measure of the experimental effect, which can quantify the pro-
portional change produced by the experimental operation (Hedges
et al., 1999). In our study, the response ratio (r) was defined as the ratio
of the soil moisture content under the current land use (Xe) to the soil
moisture content in the associated control plots (Xc), as follows:

=r X
X

e

c (1)

Most of the studies only reported mean values without standard
deviations or standard errors. To analyze the trends and characteristics
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of the data more effectively, we used an unweighted meta-analysis as
described in earlier studies (Powers et al., 2011; Deng et al., 2016; Su
and Shangguan, 2019). A negative (or positive) change in the mean
response size (R) indicated a decrease (or increase) in the value under
the current land use (Xe) relative to control plots (Xc), as follows:

= −R r 1 (2)

The 95% confidence intervals (CIs) of the means for soil moisture
content were calculated based on previous studies (Luo et al., 2006), as
shown in Eqs. (3) and (4):

=SE V
NR

R

(3)

= ×CI SE95% 1.96 R (4)

where SER is the standard error of the response size of soil moisture, VR

is the variance in the response size, and N is the observed number. If the
95% CI overlaps with zero, no significant response was detected.

2.3. Data analysis

The mean value (Mean) and standard deviation (SD) of the response
size were calculated. To compare the magnitude of the response size of
soil moisture more effectively, we also calculated the coefficient of
variation (CV), which is defined as the SD divided by Mean. The vari-
ables related to soil moisture changes were assessed by an analysis of
variance (ANOVA), and multiple comparisons were performed using
the least significant difference (LSD) method. The relationship between
the response size of soil moisture and initial soil moisture content was
examined by a general linear model (GLM). All the statistical analyses
were performed using the SPSS statistical package version 24.0 (SPSS
Inc., Chicago, Illinois, USA), and the related figures were drawn using
Origin 9.0 (Originlab Corporation, Hampton, USA).

3. Results

For both monoculture plantations and mixed-species plantations,

the response sizes of soil moisture in the 0–500 cm layer were negative
(Fig. 2 and Appendix Dataset A). Afforestation severely consumed soil
moisture content, and the overall response size of soil moisture was
−0.18 (Fig. 2a and Table 1), with mixed-species plantations and
monoculture plantations was−0.17 and−0.20, respectively (Fig. 2b, c
and Table 1). In addition, as the depth of the soil increased, the re-
sponse size of soil moisture gradually decreased, with the response size
of soil moisture in the deep soil layer (400–500 cm, −0.28) showing
significantly lower than that in the upper three layers (−0.12 at
0–100 cm, −0.17 at 100–200 cm, −0.21 at 200–300 cm) (Fig. 2a and
Table 1).

For mixed-species plantations, the decrease in the response size of
soil moisture in the upper four layers (−0.10 at 0–100 cm, −0.17 at
100–200 cm, −0.19 at 200–300 cm, −0.20 at 300–400 cm) was not
significant, while the response size of soil moisture in the deep layer
(400–500 cm, −0.28) was significantly lower than that in the surface
layer (0–100 cm, −0.10) and the sub-surface layer (100–200 cm,
−0.17) (Fig. 2b and Table 1). For monoculture plantations, significant
differences were not observed in the response size of soil moisture be-
tween the surface layer (0–100 cm, −0.14) and the sub-surface layer
(100–200 cm, −0.17). Additionally, the response sizes of soil moisture
in 200–500 cm (−0.22 at 200–300 cm, −0.27 at 300–400 cm, −0.28
at 400–500 cm) were significantly lower than that in the surface layer
(0–100 cm, −0.14) (Fig. 2c and Table 1). In addition, the response size
of soil moisture in the surface layer (0–100 cm) showed higher varia-
bility (CV) than that of the other soil layers (Appendix Table B).

The extent of soil moisture reduction was also significantly affected
by species (Table 1). The change of the response size of soil moisture for
vegetation species was not significant, except mixed arbors and pure
arbors (Table 1). Specifically, the response size of soil moisture in the
deep layer (400–500 cm) of the mixed arbors and pure arbors was
significantly lower than that of the surface layer (0–100 cm) and the
sub-surface layer (100–200 cm) (Table 1). In addition, the response size
of soil moisture at 0–500 cm of the arbors mixed with shrubs (−0.16)
was slightly higher than that of the mixed arbors (−0.18), and the
response size of soil moisture of the pure arbors (−0.19) was slightly

Fig. 1. Distribution of the sampling sites on the Loess Plateau.
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higher than that of the pure shrubs (−0.20). However, the differences
in the response size of soil moisture at 0–500 cm between different
species were not significant (Table 1).

For different precipitation zones, the response size of soil moisture
for different vegetation species was the lowest in the zone with the
lowest precipitation (< 400 mm), followed by the 400–500 mm zone,
and that of the> 500 mm zone was the highest (Fig. 3a). For different
vegetation species, the pure shrubs in the<400 mm (−0.32) and the
400–500 mm zone (−0.33) had the lowest response sizes of soil
moisture. However, the pure shrubs in the>500 mm zone (−0.07)
had the highest response size of soil moisture, which was significantly
higher than that of the pure arbors (−0.14) and the arbors mixed with
shrubs (−0.16) (Fig. 3a).

For different temperature zones, the response size of soil moisture
was the lowest in the zone with the highest temperature (> 9 °C),
followed by that in the<7 °C zone and the 7–9 °C zone (Fig. 3b).
Significant differences in the response size of soil moisture for differ-
ence species were not observed in the< 7 °C and>9 °C zones. The
response size of soil moisture of the pure shrubs in the 7–9 °C zone
(−0.21) was significantly lower than that of the arbors mixed with
shrubs (−0.03) and the pure arbors (−0.02) (Fig. 3b).

Topographic factors (slope angle, slope aspect, slope position, and
elevation) had different effects on the response size of soil moisture for
different vegetation species (Fig. 4). For the mixed-species plantation
and monoculture plantation, the response size of soil moisture on shady
slopes was higher than that on sunny slopes, although the difference
was not significant for different vegetation species (Fig. 4a). The re-
sponse size of soil moisture for the vegetation species on the upper slope
position was higher than that on the middle slope position, but there
was no significant difference found for different vegetation species on
the upper slope position (Fig. 4b). For different slope angles, the re-
sponse size of soil moisture for vegetation species on the middle slope
(20-30°) was the highest (Fig. 4 c). The response size of soil moisture at
middle-elevation area (1200–1600 m) was the highest (Fig. 4d). In
addition, significant differences were not observed in soil moisture re-
duction among the vegetation species at middle-elevation area
(1200–1600 m).

In general, all vegetation species consumed soil moisture content at
different age stages (Fig. 5). For the mixed arbors, the response size of
soil moisture decreased to some extent with time, but there was no
significant difference in the response size of soil moisture between these
two stages (Fig. 5a). For the arbors mixed with shrubs, the response size
of soil moisture was significantly decreased with increasing planting
age (Fig. 5b). For the pure arbors, the response size of soil moisture
during the growth phase (20-30a, −0.44) was significantly lower than
that during the young (< 20 a, −0.14) and mature phases (> 30 a,
−0.18) (Fig. 5c). In the case of shrubs, the response size of soil moisture
initially increased and then decreased with planting age, and the re-
sponse size of soil moisture at the mature stage (> 20 a) was the lowest
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Fig. 2. The response size of soil moisture in different vegetation patterns and
soil depths. Note: a, all plantations (All); b, mixed-species plantations (MSP);
and c, monoculture plantations (MCP). Dots with error bars denote the overall
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differences among different vegetation types (P < 0.05), and different lower-
case letters indicate significant differences among different soil layers
(P < 0.05). The total includes data from five soil layers. The dashed line in-
dicates x = 0.

Table 1
The response size of soil moisture in different vegetation species.

Land use types Species Soil layer (cm) Total

0–100 100–200 200–300 300–400 400–500

Mixed-species plantations MA −0.09 ± 0.06Aa
(n = 34)

−0.15 ± 0.08Aab
(n = 19)

−0.25 ± 0.09Abc
(n = 12)

−0.27 ± 0.08Abc
(n = 12)

−0.30 ± 0.07Ac
(n = 12)

−0.18 ± 0.04A
(n = 89)

AS −0.11 ± 0.06Aa
(n = 24)

−0.19 ± 0.07Aa
(n = 20)

−0.13 ± 0.12Aa
(n = 19)

−0.13 ± 0.15Aa
(n = 19)

−0.25 ± 0.12Aa
(n = 15)

−0.16 ± 0.05A
(n = 97)

Monoculture plantations PA −0.12 ± 0.05Aa
(n = 68)

−0.17 ± 0.07Aab
(n = 32)

−0.23 ± 0.13Aabc
(n = 21)

−0.26 ± 0.11Abc
(n = 21)

−0.30 ± 0.07Ac
(n = 20)

−0.19 ± 0.04A
(n = 162)

PS −0.15 ± 0.09Aa
(n = 30)

−0.16 ± 0.09Aa
(n = 21)

−0.21 ± 0.12Aa
(n = 20)

−0.27 ± 0.11Aa
(n = 20)

−0.25 ± 0.11Aa
(n = 18)

−0.20 ± 0.05A
(n = 109)

Note: MA: mixed arbors; AS: arbors mixed with shrubs; PA: pure arbors; and PS: pure shrubs. The values representing the response size are the mean ± 95% CIs, and
the numbers of observations are displayed in parentheses. Different upper-case letters indicate significant differences among different vegetation species (P < 0.05),
and different lower-case letters indicate significant differences among different soil layers (P < 0.05).
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(−0.33) and significantly lower than that at the middle stage (10–20 a,
−0.08). However, the difference was not significant compared with the
young stage (< 10 a, −0.24) (Fig. 5 d).

Overall, the response size of soil moisture was negatively correlated
with the initial soil moisture content (Fig. 6). For different vegetation
species, the response size of soil moisture was significantly and nega-
tively correlated with the initial soil moisture content in the case of the
arbors mixed with shrubs and the pure shrubs (Fig. 6b, d). However, the
interaction was nonsignificant in the case of the mixed arbors and the

pure arbors (Fig. 6a, c).

4. Discussion

Frequent and intense droughts will greatly affect the regional water
cycle and increase regional water stress (Breshears et al., 2005). Water
stress is considered to be highly correlated with forest ecosystem dy-
namics (Rennenberg et al., 2006). However, the ecological strategies
that vegetation species use to deal with water stress vary widely
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(Forrester and Bauhus, 2016). In addition, due to differences in re-
search areas and subjects, available research results are inconsistent
and may even have opposite conclusions (Lebourgeois et al., 2013;
Grossiord et al., 2014). Therefore, there is an urgent need to raise
awareness of the characteristics of soil moisture changes in different
planting patterns in arid environments to propose sustainable man-
agement options. Our results showed that mixed-species plantations,
especially arbor mixed with shrubs, are more conducive to maintaining
the soil moisture content. However, this effect also varies by topo-
graphy, climate and planting age. This study determined the general
rules and influencing factors of soil moisture change in mixed-species
and monoculture plantations, and provided suggestions for the scien-
tific planning and sustainable development of forest in the future.

4.1. Effects of different vegetation patterns and types on soil moisture

Our study found that the response size of soil moisture of the soil
profile (0–500 cm) decreased significantly in both monoculture plan-
tations and mixed-species plantations (Fig. 2 and Table 1). Although
previous studies have yielded similar results (Shangguan, 2007; Yang
et al., 2012; Duan et al., 2017), these studies were based on different
land use types and ignored the variation characteristics of soil moisture
content in different planting patterns (mixed-species plantations and
monoculture plantations). By comparing the changes in soil moisture
content between monoculture plantations and mixed-species planta-
tions, we found that the response size of soil moisture in the surface
layer (0–100 cm) was the highest (Fig. 2b, c), probably as a result of
rainfall recharge (Chen et al., 2008; Tan et al., 2016). However, both
planting patterns consumed substantial deep water (400–500 cm)
(Fig. 2b, c), this phenomenon was probably due to the water stress and
the subsequent transport of deeper soil moisture content to shallower
soil layers by roots to meet the needs of vegetation growth (Lee et al.,
2005; Wang et al., 2011b). We also found that mixed-species planta-
tions did not show significant the response size of soil moisture re-
ductions in the 0–400 cm layer (Fig. 2b), which may be attributed to the
stand structural heterogeneity of the mixed-species plantation (Zeller
et al., 2017). The structure could adjust the evapotranspiration of ve-
getation and the redistribution of rainfall to improve the microclimate
and light transmittance between forests (Barbier et al., 2008;
Cavanaugh et al., 2011; Edwards et al., 2014). In addition, mixed-
species plantations can increase the hydraulic conductivity of the sur-
face soil layer by increasing the buffering and interception capacity of
the leaves and the litter layer to increase the soil moisture content
(Robichaud, 2000; Jin et al., 2011).

Interestingly, we found no significant difference in the response size
of soil moisture at the same soil layer between monoculture plantations
and mixed-species plantations (Fig. 2b, c and Table 1). Similarly, Su and
Shangguan (2019) showed that there was no significant difference in
the response size of soil moisture among different vegetation species on
the Loess Plateau. This phenomenon was attributable to the sampling
season, especially in the surface soil layer (0–100 cm); the soil moisture
content at the surface layer may temporarily increase due to pre-
cipitation. Moreover, the soil layers were divided by 100 cm in this
study and ignored some details of the changes in soil moisture content.
In addition, many of the integrated studies lacked long-term observa-
tions, which may have increased the uncertainty of this study (Ap-
pendix Dataset A).

Our study also found that various combinations of different vege-
tation species have large variations in their ecological strategies for
dealing with water stress. In this study, we found that significant dif-
ferences were not observed in the response size of soil moisture at
0–500 cm in the case of the pure shrubs and the arbors mixed with
shrubs (Table 1), this may be due to shrubs (such as Caragana kor-
shinskii) need more water to maintain their rapid growth; when water
supply in the shallow layer (0–100 cm) is in short, the plantations will
use the deep-water resources and then release the absorbed water into
the shallow layer (Prieto and Ryel, 2014; Deng et al., 2016). The re-
sponse sizes of soil moisture among the mixed arbors and the pure ar-
bors at the deep layer (400–500 cm) were significantly lower than that
at the surface layer (0–100 cm) (Table 1), probably because Robinia
pseudoacacia and Pinus tabulaeformis were widely planted on the Loess
Plateau (Appendix Dataset A), both of which had two types of roots:
lateral roots that absorb surface water mainly during the wet season
and main roots that absorb the deep water during the dry season
(Dawson and Pate, 1996; Zhang et al., 2014). This structure led to
substantial water consumption in the deep soil layer.

4.2. Analysis of factors affecting soil moisture

In addition to the influence of vegetation species and planting
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patterns, the soil moisture content was affected by various factors such
as climate, topography and planting age. Among them, temperature and
rainfall could directly affect soil moisture content through evapo-
transpiration and recharge in the affected area. This meta-analysis
showed that areas with abundant rainfall and low evapotranspiration
were more suitable for afforestation (Fig. 3a, b). Previous researches
had also proven this point (Jian et al., 2015; Yan et al., 2017; Ren et al.,
2018). For topographic factors, previous studies generally thought that
the soil moisture content on shady slopes was generally better than that
on sunny slopes on the Loess Plateau (Wang et al., 2011a). However, in
our study, we found that the slope aspect did not significantly affect the
response size of soil moisture (Fig. 4a), indicating that the slope aspect
was not the main factor affecting the soil moisture content on the Loess
Plateau (Yu and Jiao, 2018). Additionally, we found that the response
size of soil moisture on the upper slope position was higher than that on
the middle slope position (Fig. 4b). Although some studies have shown
that the soil moisture moved laterally from top to bottom due to to-
pography/gravity and eventually accumulated in the lower region
(Newman et al., 1998), there were also studies suggesting that vege-
tation species could play a greater role in the movement of soil
moisture, because plantations could drive soil moisture accumulation
by affecting the initial soil moisture content, soil infiltration patterns
and rain interception on slopes (Wilcox, 2002; Zhao et al., 2017). In
addition, we found that the steep slope and the high elevation were not
conducive to soil moisture retention (Fig. 4c, d). Previous studies have
also demonstrated this. For example, Feng et al. (2013) and Yang et al.
(2017) indicated that soil moisture content was inversely correlated
with elevation and slope angle. Li et al. (2008) showed that when the
slope angle was>25°, the soil moisture content dropped sharply.

Similarly, because the water use efficiency of vegetation differs at
different growth stages, the difference in soil moisture content between
different plantations was obvious. The pure arbors significantly con-
sumed the response size of soil moisture at 20–30 a (Fig. 5c), this may
be due to the increased transpiration and large water demand in this
stage (Chen et al., 2007). However, the water consumption of the pure
arbors decreased after 30 years, which may be attributed to the ma-
turity of the arbors after 30 years, and the gradual cessation of vege-
tation growth, which reduced the consumption of soil moisture (Jia
et al., 2017; Yu and Jiao, 2018). For the pure shrubs, the response size
of soil moisture in the moderate age (10–20a) stage was significantly
higher than that at the young stage (< 10a) and the mature stage
(> 20a) (Fig. 5d), which was probably due to the “transpiration pull” of
the shrub root system and the “funnel effect” of the shrubs (Jian et al.,
2014; Prieto and Ryel, 2014). In addition, shrubs were more morpho-
logically conducive to the penetration of rainwater into the substrate
than arbors (Yang et al., 2019). Our study also pointed out that with
increasing planting age, the response size of soil moisture for the mixed-
species plantations gradually decreased (Fig. 5a, b). However, the soil
moisture content change of the arbors mixed with shrubs was more
obvious (Fig. 5b), probably because the inconsistent use of soil moisture
by arbors and shrubs at different life stages (Fig. 5c, d).

Our study also showed that the response size of soil moisture for
different vegetation species was negatively correlated with the initial
water content (Fig. 6), which was consistent with the results of Su and
Shangguan. (2019). The response sizes of soil moisture for the arbors
mixed with shrubs and pure shrubs were significantly negatively cor-
related with the initial soil moisture content (Fig. 6 b, d), indicating
that these two vegetation species were more conducive to maintaining
the soil moisture content. However, farmland ecosystems were rela-
tively unstable due to human interventions, such as long-term irrigation
and fertilization (Wang et al., 2009). Therefore, the selection of re-
stored and control sites with similar site conditions made the results
easier to compare (Chen et al., 2017). At the same time, before planting
vegetation, the range of initial soil moisture content in the area should
be completely understood to improve the effectiveness of ecological
restoration measures.

In addition to the above factors, planting density was also a key
factor that affects soil moisture content. In our research, there was no
in-depth discussion of planting density due to the lack of data.
However, previous studies have pointed out that the introduction of
vegetation with high planting density will disturb the balance between
soil moisture content and vegetation, thus consuming more soil
moisture (Tan et al., 2011; del Campo et al., 2019). Additionally, due to
the characteristics of loess, soil texture must be considered when as-
sessing soil moisture conditions. Some studies have shown that the soil
moisture content was positively correlated with the clay and the silt
content and negatively correlated with the sand content (Fu et al.,
2018; Li et al., 2018), which meant that the soil texture was also an
important factor affecting the soil moisture content.

4.3. Implications for management

Afforestation usually required more water than native vegetation,
and the annual rainfall in arid and semiarid regions generally did not
meet these needs (Wang et al., 2010). Considerable evidence showed
that the positive aspects of mixed-species plantations were highly in-
fluenced by the specific composition of the mixture, and further as-
sessments of which species or combination of functions need to be
promoted should be conducted to address regional water stress (Metz
et al., 2016). Afforestation was not a useful choice for areas where the
MAP was close to or below the potential evapotranspiration on the
Loess Plateau (Deng et al., 2016). In addition to considering the influ-
ence of climatic factors, afforestation should also be adapted to local
conditions. Areas with excessive slope and high elevation were not
suitable for planting, and the initial soil moisture content was key for
the normal growth and development of vegetation. In addition, in-
appropriate tree species and planting densities are often used, and the
forest soil usually lacks moisture; thus, human intervention is needed
(Jactel and Brockerhoff, 2007; Shi et al., 2016; Darmawan et al., 2017).
Combined with relevant research, we suggested that the future ecolo-
gical restoration of the Loess Plateau should be transformed from
simple species-based measures to the best combination of high-yield
vegetation with shallow root plants (Fan et al., 2016; Jiang et al.,
2019).

In arid and semiarid regions, water limitation had become a key
factor in the growth of regional mixed forests (Molnar, 2001). Although
our study showed that mixed-species plantations did not significantly
consume soil moisture at 0–400 cm soil depth, it was still debatable
whether mixed-species plantations were conducive to alleviating re-
gional soil moisture stress. Although our research could provide a re-
ference for relevant research around the world, still requires additional
supplemental evidence.

5. Conclusions

Returning farmland to forests has caused the depletion of soil
moisture content on the Loess Plateau, especially in deep soil layers.
Better stand structure and community characteristics of mixed-species
plantations leads to maintenance of soil moisture content at 0–400 cm
compared with that of monoculture plantations. In addition to con-
sidering the effects of vegetation species and climate, afforestation
measures should also account for the effects of topography, planting age
and initial soil moisture content. Specifically, afforestation is an in-
appropriate choice in areas with low MAP, steep slope and high ele-
vation. These results also provide a reference for global vegetation re-
storation. In the context of global warming and frequent drought,
mixed-species plantations are more conducive to alleviating water
stress than monoculture plantations. For arid and semiarid regions, the
stability of forest ecosystems should be optimized by increasing the
species richness of trees and selecting the best combination of species.
In addition, planners must realize that different environments support
different vegetation species and patterns.
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