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Abstract. To determine the contribution of overstory and understory flora on soil water content in typical
forest plantations on the Loess Plateau, standard sampling plots were established in five pure Robinia
pseudoacacia L. and five pure Pinus tabulaeformis Carr. plantations, together with five more plots in
mixed forests of both species. The relationships between the overstory structure, herbaceous diversity,
soil water, and nutrients were analyzed using statistical methods including feature, geostatistical, and
Pearson’s correlation analyses. The results indicated that the topsoil moisture content of the pure forests
(12.80% and 11.97%, respectively) was greater than that of the mixed forest (6.75%), but significantly
lower than that of a grassland (26.97%). The canopy leaf area index (LAI), herbaceous Shannon-Wiener
index, Simpson’s index, and total nitrogen (TN) were important factors controlling the distribution of soil
moisture (the absolute values of their correlation coefficients were more than 0.5). The spatial
heterogeneity of topsoil moisture was greatest in the pure Robinia pseudoacacia L. forests. It was found
that appropriately increasing and decreasing the significant controlling factors, including LAI, herb
diversity, and soil TN, could improve the soil moisture content and mitigate its spatial heterogeneity to
improve the growth of vegetation on the Loess Plateau.

Keywords: overstory and understory flora, stand structure, herbaceous diversity, topsoil water
distribution, soil properties

Introduction

Soil water in the ecosystem is the basis of plant survival, and is also an important
factor restricting the growth of trees (Pueyo et al., 2014; Ma et al., 2020). On the Loess
Plateau, afforestation and vegetation restoration have improved the provision of
ecosystem services and the functioning of the region in recent decades (Shen et al.,
2018). However, the large-scale planting of artificial forests has resulted in the
consumption of excessive water and increasingly dry soil layers.

To examine the causes of these problems, most studies have focused on the structure
and function of the Loess Plateau ecosystem and other ecologically sensitive areas. For
example, chronic water stress can reduce forest growth (Brzostek et al., 2014), and soil
water content is also affected by terrain, climate, and plant survival (Liu et al., 2018).
Previous studies have reached similar conclusions regarding forest structure, soil
moisture (Li et al., 2016; Martinez-Murillo et al., 2017), and soil physical and chemical
properties (Shi et al., 2017). Environmental heterogeneity (including the temporal and
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spatial heterogeneity of terrain, climate, soil, or water) is a well-recognized influence on
plant communities because species differ both in their responses to and their effects on
soil characteristics (Smith and Knapp, 2006; Li et al., 2018). The environmental
indicators of different tree species are significantly varied, such as the overstory leaf
area index (LAI) and transpiration rate, and the Shannon-Wiener (H’), Simpson’s (D),
and Pielou (J) indexes of the herbs in the understory. The LAI incorporates many
eco-physiological processes and can be used to scale-up leaf and water processes to
ecosystem and even regional levels (Liu et al., 2018). In contrast, the diversity indexes
reflect the growth of understory herbs (Sanchez-Gonzalez and Lopez-Mata, 2005).

Plant species differ in their responses to the spatial heterogeneity of resources (Grime,
1994; Endara and Jaramillo, 2011), and at the same time they create spatial
heterogeneity in the process of adapting to different environments (Eldridge et al., 2019;
Yu et al., 2019; Ahmad et al., 2020). Previous studies found no significant effect of
plants on the spatial heterogeneity of soil moisture content (Farley and Fitter, 1999;
Ronda et al., 2002). We investigated the effects of both trees and herbs on the spatial
heterogeneity of soil moisture content within a semiarid region, the Western Shanxi
Province, in China. Generally, the between-year variability in rainfall on a slope scale is
significantly greater for grasslands than forests (Smith and Knapp, 2006), indicating that
grasses face a selection pressure in overcoming the spatial heterogeneity in soil moisture
content (Western et al., 1998; Sreelash et al., 2018). Grasses have the ability to amplify
the spatial heterogeneity of soil moisture, and through their water uptake might reduce
soil moisture to a much greater extent than woody plants, which could eventually
remove trees from grasslands (Qi et al., 2004; Wubs and Bezemer, 2018). The large
potential water absorption of grasses may change the spatial variability of soil moisture
content in grasslands and forest-grass mixed areas. To evaluate this, two representative
species, black locust (Robinia pseudoacacia L.) and Chinese red pine (Pinus
tabulaeformis Carr.), growing together with understory herbs were selected to conduct a
field investigation in the region.

There is much uncertainty about the significance and direction of how differences
between tree species and their understory flora are impacted by differences in terms of
the spatial heterogeneity of soil moisture content, and the causes of the differences are
also not clear. We considered the environmental heterogeneity, including climate
characteristics, forest cover, water, soil type, topography, geomorphology, and
development of the area, comprehensively in this study. It was hypothesized that there
were significant differences in the soil moisture content between areas covered by trees
and herbs, and the canopy interception and plant uptake made different contributions to
soil moisture under the different plant covers. The mechanism and process of the
competition for water use between forests and grassland were quantitatively analyzed,
and the impact factors of the spatial heterogeneity in soil moisture were identified. The
results provide a reference for the comprehensive utilization of soil water and the
optimization of the overstory and understory vegetation on the Loess Plateau.

Materials and methods
Site description

The experimental field site was located in the nested Caijiachuan watershed, which is
a typical gully area of the Loess Plateau in Ji County, Shanxi Province, China. The
longitude and latitude were 35°53°-36°21° N and 110°27°-111°7" E, respectively, and
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the elevation ranged from 904 to 1592 m a.s.l. The annual mean temperature of the area
is 10.2°C, the annual mean precipitation is 571 mm, and the annual mean potential
evapotranspiration (PET) is 1724 mm. The region therefore has the typical features of a
continental climate, with the PET being more than three times the annual rainfall. The
soil is a Haplic Luvisol, according to the soil classification of the Food and Agriculture
Organization of the United Nations (FAO). The vegetation is characterized by artificial
shelterbelts of black locust (Robinia pseudoacacia L.) and Chinese red pine (Pinus
tabulaeformis Carr.), with a forest cover of up to 72% over an area of 38 km?
Additional details of the shrubs present in the area have been published elsewhere (Wei
et al., 2018), with the dominant herbaceous species being Artemisia sacrorum Ledeb.,
Patrinia scabiosifolia, Carex rigescens, Rubia cordifolia L., Metaplexis japonica
(Thunb.) Makino.

Field observations and soil sampling

We examined the spatial variability of the shallow soil moisture content in 15
standard plots (20 x 20 m), including five in pure Robinia pseudoacacia L. and five in
pure Pinus tabulaeformis Carr. Plots, together with five in mixed forests composed of
both species. The plots were scattered along different ravines in the same watershed, to
ensure that precipitation and soils were as similar as possible (Fig. 1). Additionally, we
selected five grassland monocultures as control groups to ensure the reliability of the
experimental design (Fig. 2). The details of the standard sampling plots in the watershed
was shown in Table 1 by surveyed.

Figure 1. Images of selected sampling plots. (A) Robinia pseudoacacia L.; (B) Pinus
tabulaeformis Carr.; (C) Mixed forest

Field surveys and measurements were conducted for all woody plants with diameters
at breast height (DBHs) >5 cm per plot (DBH measured to the nearest 0.1 cm) during
the summer growing season of 2017. The LAI of these plots was collected using a plant
canopy analyzer (LAI-2000, LI-COR Company, Lincoln, NE, USA) in the morning,
with no direct sunlight. Three LAl measurements were taken randomly in each plot, and
their mean values were the representations of the stands. Herb layers under the forests
were investigated by randomly arranging three quadrats of 1 x 1 m for calculating the
indicators of richness (number of species), biodiversity, including the Shannon-Wiener
index (H’ = — X1 Inp;) and Simpson’s index (D = 1— Elepf), and evenness
(Pielou index: J = H’/In S) (Shannon and Wiener, 1949; Simpson, 1949; Pielou, 1966;
Daniel et al., 2019). The transpiration rate was measured by the weighing method
(Takagi et al., 2006). The shallow soil volumetric moisture content at 0-20 cm depth
was measured every 2 m by a soil probe (TDR 300, Spectrum Technologies, Inc.,
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Plainfield, IL, USA), in a rectangular shaped alternating ridge and slope collection
scheme (Fig. 3). All the sampling positions were measured unless there were large
rocks or stout roots belowground, and the number of measurements per plot was >80.
To avoid the influence of rainfall, soil moisture was measured at least three days after
rain. Three replicated samples were established per plot, and soil samples (0—20 cm)
were collected using a soil auger to represent the topsoil of the whole plot. After the
air-dried soil samples were sieved (0.15 mm mesh sieve), the soil organic matter (SOM),
total nitrogen (TN), total phosphorus (TP), ammonia-nitrogen (NH3-N), nitrate-nitrogen
(NOs-N), and available phosphorus (AP) contents were measured in the laboratory (Wei
et al., 2018), using a SmartChem-200 Discrete Wet Chemistry Analyzer (AMS/Alliance
Instruments, Paris, France).
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Figure 2. The distribution of the thirteen sampling plots in the watershed

Data collection

Forest characteristics were calculated, including DBH, tree height, crown area, stand
density, canopy density, overstory LAI, the number of species (N), Shannon-Wiener
index (H'), Simpson’s index (D), and Pielou index (J) for both overstory and understory
flora. Soil moisture and nutrients were measured and calculated (Daniel et al., 2019).
Based on these indicators, a geostatistical analysis of soil moisture was conducted,
using the kriging interpolation approach (Krige, 1966). The relationships between the
spatial heterogeneity of the soil moisture, the overstory woody plants, and the
understory herbaceous plants should be explored to determine the influence of the
recommended soil moisture distribution on the vegetation. Correlations between trees,
herbs, and soils were analyzed using SPSS 19.0 (IBM/International Business Machines
Corporation, Armonk, NY, USA), and a geostatistical analysis of soil moisture was
performed using the software Suffer 11.0 (Golden Software, Inc., Golden CO, USA).
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Table 1. Details of the standard sampling plots in the watershed
Sample number Abbreviation | Elevation(m) Slope Aspect Stand de”S'tYI A[\)/eBrlige Avehr;gitt "~ Averzgree;rown
©) (trees-hectare™) >
(cm) (m) (m?)
No.1 of black locust BL1 1160 39 semi-shady 900 14.64 9.7 8.38
No.2 of black locust BL2 1140 26 shady 1200 9.93 8.7 5.75
No.3 of black locust BL3 1190 22 semi-shady 1675 8.01 4.5 5.81
No.4 of black locust BL4 1120 22 semi-sunny 2075 12.29 9.9 11.82
No.5 of black locust BL5 1120 15 semi-shady 2525 10.11 8.8 6.10
No.1 of Chinese red pine CP1 1150 30 semi-sunny 700 13.47 6.9 9.27
No.2 of Chinese red pine CP2 1130 35 shady 1200 12.82 6.4 12.27
No.3 of Chinese red pine CP3 1150 26 semi-shady 1250 14.11 8.4 8.99
No.4 of Chinese red pine CP4 1140 28 semi-sunny 1275 12.65 6.6 9.17
No.5 of Chinese red pine CP5 1120 23 semi-sunny 1425 8.72 7.9 6.67
No.1 of mixed forest MF1 1060 35 shady 1150 11.98 9.4 7.75
No.2 of mixed forest MF2 1110 18 semi-sunny 1600 10.80 74 6.55
No.3 of mixed forest MF3 1150 33 semi-shady 1625 9.40 8.0 5.37
No.4 of mixed forest MF4 1060 32 shady 2125 9.63 7.8 4
No.5 of mixed forest MF5 1130 27 shady 3075 10.31 8.3 5.89
No.1 of Grassland GL1 950 21 shady - - - -
No.2 of Grassland GL2 960 24 semi-shady - - - -
No.3 of Grassland GL3 1010 40 sunny - - - -
No.4 of Grassland GL4 990 22 semi-shady - - - -
No.5 of Grassland GL5 970 24 semi-sunny - - - -

3DBH, diameter at breast height. ® Mixed forest included a mixture of black locust (Robinia pseudoacacia L.) and Chinese red pine (Pinus tabulaeformis Carr.). The
data of the stand density, average DBH, average tree height, average crown height, and average crown area came from the field surveys and measurements
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Figure 3. Schematic diagram of soil moisture sampling positions. In the diagram, the dots
indicate the sampling points, the triangles indicate large rocks, and the squares indicate stout
roots. Because the TDR probe could not be inserted into the soil at the correct angle, no soil
moisture samples were collected in the positions with obstacles

Results
Comparison of vegetation characteristics

The major biological and soil physicochemical characteristics of the investigated
plots are summarized in Table 2. The leaf area and transpiration of trees in the upper
layer, and herbaceous plant diversity in the understory had different relationships with
soil moisture and nutrients in the four types of stand. The LAI and transpiration rate
trends of monoculture Robinia pseudoacacia L. and Pinus tabulaeformis Carr. followed
the opposite pattern (Fig. 4A). The maximum LAI of pure Robinia pseudoacacia L. was
larger than that of both pure Pinus tabulaeformis Carr. and mixed forests. The
transpiration rate of the mixed forest was generally greater than that of the two pure
species.

Table 2. The average value of each indicator

Stand and soil characteristics Black locust Ch'g?rsli red Mixed forest Grassland
Canopy density 0.59+0.15% 0.68+0.09 0.71+0.10 -
LAI2 2.32+1.23 1.95+0.22 2.04+0.49 -
Transpiration rate (g'm2h?) 26.02+7.46 27.91+9.88 33.80+17.52 -
Herb-H'® 1.80+0.21 1.84+0.22 1.57+0.49 2.06+0.25
Herb-D ¢ 0.79+0.05 0.79+0.04 0.70+0.11 0.85:+0.04
Herb-J ¢ 0.86+0.03 0.84+0.02 0.83+0.08 0.89+0.03
Soil volumetric moisture content (%)| 12.80+4.58 11.97+1.48 6.75+1.38 26.97+2.59
SOM ¢ (g'kg™?) 11.23+2.68 9.10+1.97 10.22+1.43 14.30+5.07
TN f(gkg™) 0.67+0.20 0.65+0.25 0.38+0.08 0.43+0.13
TP 9 (gkg™) 0.64+0.14 0.64+0.13 0.53+0.06 0.62+0.07
NH3-N " (mg-kg™) 19.87+6.53 22.68+5.92 25.93+3.35 17.43+5.38
NOs-N ' (mg-kg™) 10.65+4.97 6.79+1.48 9.13+2.87 12.49+7.20
AP (mgkg™) 35.52+7.96 38.07+£3.71 45.96+7.88 40.43+12.75

@ LA, leaf area index. ® Herb-H', Shannon-Wiener index value for the herb. ¢ Herb-D, Simpson’s
diversity index value for the herb. 9 Herb-J, Pielou index value for the herb. ¢ SOM, soil organic matter.
fTN, total nitrogen. 9 TP, total phosphorus. "NH3-N, ammonia-nitrogen. 'NOs-N, nitrate-nitrogen. } AP,
available phosphorus. X The data in the table was presented in the forms of ‘mean + variance’
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Figure 4. The vegetation characteristics of the different stands. (A) LAl and transpiration rate.
(B) The herbaceous diversity indexes. Note: LAI, leaf area index; Herb-H', Shannon-Wiener
index of the herb; Herb-D, Simpsons index of the herb; Herb-J, Pielou index of the herb. Note -
BL1, 2, 3, 4, and 5 was abbreviation of No.1, 2, 3, 4, and 5 of black locust sample plots; CP 1, 2,
3, 4, and 5 was abbreviation of No.1, 2, 3, 4, and 5 of Chinese red pine sample plots; MF 1, 2, 3,
4, and 5 was abbreviation of No.1, 2, 3, 4, and 5 of mixed forest sample plots; and GL 1, 2, 3, 4,
and 5 was abbreviation of No.1, 2, 3, 4, and 5 of Grassland sample plots in the figure and
similarly hereinafter. The error bars are representing for standard error plus or minus. Different
lowercase letters, such as a, b, ¢, d, and e, indicated P<0.05 in the same series of variables,
through significance testing

In the understory of the different vegetation plots (Fig. 4B), the herbaceous
Shannon-Wiener index values under Robinia pseudoacacia L. were higher than those
under Pinus tabulaeformis Carr. and mixed forests, but lower than the pure grassland.
The herbaceous Shannon-Wiener index and Simpson’s index of all vegetation types
displayed a similar trend, and were positively related to each other. In terms of the
magnitude of the diversity indexes, the sample plots with trees were significantly lower
than the monoculture grassland. The mixed forest had the lowest range of index values.

Topsoil moisture heterogeneity

The correlations between average topsoil moisture and slope were not very strong,
with the curves of their variation in the sample plots being irregular (Fig. 5). The results
showed large differences in soil moisture, with the average soil moisture in the sample
plots for the three types of overstory trees being lower than that of pure grassland.
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The moisture data basically followed a normal distribution, and the spatial
heterogeneity of the topsoil moisture was demonstrated through a kriging interpolation
(Krige, 1966). The nugget effects were residual in all the ordinary kriging cases, the
values of which showed moderate variations, with coefficients of variation (CVs) of
11.78%, 10.36%, 9.82%, and 5.44% for the data in Figures 6 to 9, respectively. The
random variances (Co) accounted for nearly 8% of the total variances (Co+C) in the
topsoil moisture values of the different vegetation types, indicating that there were
strong spatial autocorrelations of soil moisture values within 15 m, and the values of R?
ranged from 0.752 to 0.793. The values of these parameters demonstrated that the
variances were minimal, and the number of samples was sufficient to assess the spatial
variability of topsoil moisture. Additionally, the y coordinate values were small, which
meant that the topsoil moisture content of the soil samples was small below the slope
and large on the slope.

The range of the topsoil moisture values for all species was from 0 to 47.9%. In the
figures (Figs. from 6 to 9), a bluish color indicates a high moisture content and a
greenish color indicates a low moisture content. The topsoil moisture distributions of
pure Robinia pseudoacacia L. are shown in Fig. 6, with a value ranging from 5.1% to
26.6%. In addition to terrain and vegetation factors, the distribution of soil moisture was
dependent on the canopy LAI and understory diversity. In the plots with high LAl
values and strong herbaceous diversity, the soil volumetric moisture content in the
surface layer was large. The soil moisture content in the pure Pinus tabulaeformis Carr.
plots ranged from 6.2% to 20.3% (Fig. 7). According to the topographical and forest
plantation characteristics in the sample plots, some of the coniferous forest plots (e.g.,
CP1) were located in semi-sunny areas, in which the LAI values and herbaceous
diversity were higher than in the shady region. The distribution of topsoil moisture was
positively correlated with plant factors. A high LAI value indicated that there was a
large amount of soil water in the corresponding plot. The topsoil moisture distribution
of the mixed forests was slightly unusual (Fig. 8). It had smallest range of the four
vegetation types, with values between 2.6% and 12.7%. The aspects of the three plots
were semi-sunny, semi-shady, and shady, respectively, and were not significantly
correlated with the soil water content. The soil moisture content had negative
relationships with the slope, LAI, Shannon-Wiener index, and Simpson’s index.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(1):795-815.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1901_795815
© 2021, ALOKI Kft., Budapest, Hungary



Liang - Wei: Spatial heterogeneity of topsoil moisture and impact of vegetation factors on its distribution under pure and mixed black locust (Robinia pseudoacacia L.) and Chinese red pine (Pinus
tabulaeformis Carr.) forests on the Loess Plateau in China
- 803 -

iz
i
i
i
il
e
Ll %%%{%%W
gl i
g
Quy
ity
Gy
Jil
it

1l te, Viny %
il il
o i
i it

i Vit
77

iz

i
ity

i
TN
/

/ /g Oy

% N

. o it S
Qs

v
o

oy

i
i
ol

8
6
4
2
0

Figure 6. The topsoil volumetric moisture content distribution in Robinia pseudoacacia L. plots. (A) BL1; (B) BL2; (C) BL3; (D) BL4; (E) BL5
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Figure 8. The topsoil volumetric moisture content distribution in mixed forest plots. (A) MF1; (B) MF2; (C) MF3; (D) MF4; (E) MF5
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Compared to the grassland (Fig. 9), the topsoil moisture content of both pure and
mixed forests were significantly smaller under the canopies than in those areas with
only a low herb coverage, most values of which were more than 15%, with a maximum
of 47.9%. The values for the mixed forests had the smallest range of all the stands.
From the three-dimensional models of the top soil water distribution (Figs. from 6 to 9),
there was a large spatial heterogeneity of surface soil moisture in all four types of stand
and the amplitude of the variations was different.

Changes of soil properties

The soil properties are presented in Fig. 10, including soil SOM, TN, TP, NHs-N,
NOs-N, and AP. The soil properties from the field sites were in correspondence with the
plant and water conditions. The grassland plots had more SOM and less NH3-N than the
other stands, and the pure Robinia pseudoacacia L. stands had more TN.
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Figure 10. The topsoil properties of the different sampling plots. (A) Soil organic matter (SOM).
(B) Total nitrogen (TN). (C) Total phosphorus (TP). (D) Ammonia-nitrogen (NHs-N). (E)
Available phosphorus (AP). (F) Nitrate-nitrogen (NO3z-N). Note: The error bars were
representing for standard error plus or minus. Different lowercase letters, such as a, b, ¢, and d
indicated P<0.05 in the same series of variables, through significance testing
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Relationships of topsoil moisture spatial heterogeneity with plant and soil properties

After feature and geostatistical analyses, some of the important factors that impacted
on the spatial heterogeneity of topsoil moisture were determined, including canopy
density, LAI, three herbaceous diversity indexes, transpiration rate, and TN. Correlation
coefficients were calculated to identify the associations among all the variables through
a Pearson’s correlation analysis, and the results for the three plantations are shown in

Table 3.

Table 3. The results of a Pearson s correlation analysis for the three plantations

Stand type  Index name 332;@/ LAI Herb-H’ Herb-D Herb-J r;:?gsf;;e VCM TN

Canopy density| 1.000 0411 -0.385 -0.275 -0.167 0047  0.689 -0.576

LAI® 1.000 0581 0.687 0765 0105 0584 -0.980"

Herb-H 1.000 0991 0.644 0308 0287 -0.465

Robinia Herb-De 1.000 0704 0257 0354 058

pseudoacacia  pgrp.jf 1.000 0496 -0.050 -0.629

Tra”igga“o” 1000 0626 0.028

VCM® 1.000 -0.703

TN® 1.000

Canopy density| 1.000 0667 -0.395 -0.465 0324 -0.602  0.893 0.127

LAI 1.000 0270 -0.060 -0388 0147 0504 —0.062

Herb-H’ 1.000 0.896 -0430 0898 -0.690 -0.751

Pinus Herb-D 1.000 -0.026 0986 0812 -0.922

tabulaeformis oy 5 1000 -0122 0179 -0.271
Carr. Transpiration

e 1.000  -0.893 -0.845

VCM 1.000  0.560

™ 1.000

Canopy density| 1.000 -0.869 -0.999° —0.998" 0.994 0982  0.936 -0.709

LAI 1.000 0854 0875 -0810 -0947 -0987 0.965

Mixed Herb-H’ 1.000 0999 -0.997° 0975 0925 0.687

pseiggg](::cia Herb-D 1.000 -0.993 -0.984 -0.941 0.717

L. and Pinus  Herb-J 1000 0955  0.893 -0.628

o torests | 1000 0986 -08%0

VCM 1.000 -0.911

™ 1.000

a* the correlation was significant at the 0.05 level (bilateral). ® **, the correlation was significant at the
0.01 level (bilateral). ¢ LAI, leaf area index. ¢ Herb-H', Shannon-Wiener index value for the herb. ©
Herb-D, Simpson’s index value for the herb. T Herb-J, Pielou index value for the herb. ¢ VCM, Soil
volumetric moisture content. " TN, total nitrogen

The LAI of Robinia pseudoacacia L. was negatively correlated with TN at the 0.05
level and the Shannon-Wiener index was positively correlated with the Simpson’s index
at the 0.01 level, with correlation coefficients of —0.980 and 0.991, respectively. The
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Simpson’s index of Pinus tabulaeformis Carr. was positively correlated with the
transpiration rate at the 0.05 level, with a correlation coefficient of 0.986. In the mixed
forests, the canopy density had significantly negative correlations with the
Shannon-Wiener index and Simpson’s index, with correlation coefficients of —0.999
(significant at the 0.05 level) and —0.998 (significant at the 0.01 level), respectively. The
Shannon-Wiener index was negatively correlated with the Pielou index, which had a
correlation coefficient of —0.997 (significant at the 0.05 level). The relationships
between the above indicators demonstrated that the influences of the overstory and
understory flora on soil moisture were significant.

The connections among plantations, topsoil water, and soil properties were
calculated quantitatively using their correlation coefficients. Most coefficients were
greater than 0.5, indicating that the overstory and understory properties were closely
correlated to the topsoil moisture and then influenced its spatial heterogeneity. In
particular, canopy density, LAI, transpiration rate, and TN affected the soil water
significantly in all three kinds of forest stand. When the different tree species were
compared, the impacts of these factors in the mixed forests presented stronger
correlations, with all correlation coefficients greater than 0.89. Although the
significance of the correlation analysis results was not very strong, which reduced their
credibility, the quantitative relationships between plant factors, topsoil moisture, and
nutrients were still of interest and provided some evidence for the complex relationships
between the upper forest canopy, herbs under the forests, topsoil moisture, and soil
nutrients.

Discussion
Biotic factors

Although the spatial heterogeneity of topsoil moisture is sensitive to biotic factors,
such as the canopy density, LAI, herbaceous diversity, or transpiration rate (Paluch and
Gruba, 2012; Von Arx et al., 2013; Gebrekiros and Tessema, 2018), no clear
conclusions have emerged from studies of different vegetation stands in the Loess
Plateau (Hu et al., 2019). This is most likely because the factors controlling the spatial
heterogeneity of soil water change with species composition or forest structure
(Barksdale and Anderson, 2015). In the present study, the LAI, Shannon-Wiener index,
and transpiration rate significantly affected the values and distributions of topsoil
moisture. Similar results have been reported elsewhere. For example, transpiration can
became limited by the available soil moisture in the surface and middle-layer soils
(Meerveld and Mcdonnell, 2006), and canopy characteristics and plant diversity have
been shown to be significantly and positively correlated with moisture in the topsoil
(Deng et al., 2016). These findings suggest that the LAI and herbaceous diversity were
likely related to the spatial heterogeneity of topsoil water more closely than the other
factors (Manea and Leishman, 2014; Singh et al., 2017).

The results suggested a positive correlation between the LAI and transpiration in
Robinia pseudoacacia L., as a representative broad-leaved tree species, and an
insignificant negative correlation in Pinus tabulaeformis Carr., which is a typical
coniferous species in the region. When the two species formed mixed forests, the
negative correlations of the LAI and transpiration were significantly enhanced and the
gradient of the plotted relationship between these variables also increased slightly. The
stands with lower LAI values and herbaceous diversity had a lower topsoil moisture
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content and less spatial heterogeneity. In the Pinus tabulaeformis Carr. and mixed forest
plots there was a low moisture content in uphill locations and a high moisture content in
downhill locations. The LAI was therefore an important variable that significantly
affected the spatial heterogeneity of topsoil water. In addition, the topsoil volumetric
moisture content had a close relationship with the understory vegetation (Nijland et al.,
2010; Ozkan and Gokbulak, 2017). The larger the LA, the smaller the variation of the
soil water distribution, except in the pure Pinus tabulaeformis Carr. forest. Topsoil
moisture was not only affected by the herbs or lower growing vegetation but also
significantly affected by the tall trees.

There are three processes that could potentially explain this. First, canopy
interception and plant water uptake made different contributions to soil water
conservation. In our study, trees with understory herbs absorbed more topsoil water than
the monoculture grassland, indicating that canopy interception was less than the water
consumption of trees. In the tree plots, a larger canopy LAI in the pure plantations often
indicated a high soil moisture content, while in contrast, in the mixed forests it indicated
that soil moisture was low. Different tree species and their configurations in the same
stand determined the LAI and plant growth, which could then increase or decrease the
topsoil moisture content and its distribution. Second, the overstory and understory
vegetation competed for water use. The understory diversity significantly influenced the
soil water content in the surface layer. A large diversity led to significantly less topsoil
water and a very even distribution in the pure coniferous and mixed forests, while in the
pure broad-leaved Robinia pseudoacacia L. forests it led to enhanced topsoil moisture
that was less evenly distributed. Third, LAI and herbaceous diversity impacted
differently on the soil moisture, with positive benefits in the broad-leaved forests and a
negative impact in the other forest types. Hence, these two dominant biotic factors
promoted each other synergistically in the typical broad-leaved forests, but their effects
were limited in the coniferous and mixed forests in the area. Mixed forests had the
lowest soil moisture content among the four types of plots, possibly because the higher
stand densities had negative effects on the undergrowth herbs.

Abiotic factors

Many previous studies have reported that abiotic factors affect the soil water content
and its spatial distribution (Gebrekiros and Tessema, 2018), and some have focused on
the spatial heterogeneity of soil moisture (Ronda et al., 2002; Liu et al., 2018). Soil
moisture is also closely related to slope and some other topographic variables (Frindte et
al., 2019), but few studies have investigated the relative and interactional contributions
of biotic and abiotic factors in the overstory and understory flora to the spatial variation
of soil moisture. Here, topography and topsoil moisture were among the abiotic factors
considered, together with the corresponding soil properties (e.g., SOM, TN, and TP),
which were commonly used indicators in previous studies (Jose and Romero Diaz,
2010). Topographic and plant factors jointly determined the distribution of soil water
and nutrients. Topography typically affects the distribution of many soil properties
(Endara and Jaramillo, 2011). In this study, we used a feature and correlational analysis
method to screen out the classes of abiotic factors.

Topographic variables including slope, aspect, and elevation were not significantly
related to the spatial distribution of soil water in the different stands (Fig. 5). Among the
six variables related to soil properties, only TN significantly and negatively impacted on
the spatial distribution of topsoil moisture, especially in the pure Robinia
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pseudoacacia L. and mixed forest plots, with a similar result reported by (Wang et al.,
2015). According to the three-dimensional models of the topsoil water distribution, a
smaller TN resulted in a larger variation of the water content. Based on this, we inferred
that some abiotic factors represented by a TN enrichment in the topsoil might reduce the
retention of topsoil water. At the same time, the correlations with biotic factors, such as
the canopy LAI and Shannon-Wiener index for example, could be considered to
improve the topsoil moisture content. Thus, the distribution of topsoil moisture was
likely to be correlated to TN, which influenced the soil moisture content and the growth
of overstory and understory flora. The variations of the spatial heterogeneity in the
stands with an overstory canopy were significantly greater than those with only low
growing herbs. The soil properties and water content of the vegetation displayed
significant variations, so that the effect of topsoil moisture on spatial heterogeneity was
limited.

Implications of the topsoil moisture spatial heterogeneity

Spatial heterogeneity in topsoil moisture is very helpful for determining the optimal
sample-plot size to accurately estimate the soil moisture content (Martinez-Murillo et al.,
2017). Compared with a single point sampling method, an understanding of the soil
water distribution and its spatial heterogeneity in a standard sampling plot of 20 x20 m
would enhance the reliability of the relationships between soil moisture and other
factors (Evans and Love, 1957). The observed autocorrelation in topsoil moisture
content values over a short range (15 m) suggested that the scale of a standard sample
was appropriate to avoid the influence of autocorrelation. On the other hand, the spatial
heterogeneity was correlated with not only the scale but also the direction (Rossi et al.,
1992), including slope position (Figs. 6, 7, and 8), which probably had an influence on
the soil water. Generally, there was a low moisture content in uphill locations and a high
moisture content in downhill locations. Because the different biotic and abiotic factors
had a combined impact on the moisture content, both scale and direction should be
studied when exploring the spatial distributions of these or other factors in the future.

The spatial heterogeneity of topsoil moisture is helpful for understanding underlying
ecological processes, such as the competition for water between trees and herbs,
mechanisms of species coexistence and the response of plants to environmental
heterogeneity (Keitt et al., 2002). For example, the stands containing trees and
understory herbs consumed more soil water than the grassland monoculture, and
therefore canopy interception was less than the water consumption of trees. The
overstory and understory vegetation competed for water, and the soil properties and
water content of the vegetation displayed significant variations, which affected the
spatial heterogeneity of topsoil moisture. Significantly, the spatial patterns of soil
moisture in different plantations were mainly determined by the stand structure in the
overstory and understory flora. Therefore, understanding the principles that control the
spatial distribution of topsoil moisture and the effects of site conditions on the
distribution of water might provide a valuable reference for forest management (Montes
et al., 2008; Liu et al., 2018).

Conclusions

The main factors controlling the spatial patterns of soil moisture were the canopy
LAI, the herbaceous Shannon-Wiener and Simpson’s indexes for plants growing under
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the forest canopy, and TN. Additionally, the dependency of the soil water content on the
tree species and the forest composition cannot be ignored. The lowest moisture content
was found in uphill locations and the highest moisture content was found in downhill
locations. The larger canopy LAI of the pure plantations often indicated a high soil
moisture content, with the opposite situation apparent in the mixed forest. Combined
with the herbaceous diversity, the overstory and understory factors impacted on the soil
moisture positively in the pure Robinia pseudoacacia L. plots and negatively in the pure
Pinus tabulaeformis Carr. and mixed forest plots. This study revealed the spatial
heterogeneity and interactions between the overstory and understory factors of various
typical vegetation types in the semiarid Loess Plateau. Moreover, the next experimental
design should take more sample plots and a long-term observation to verify the results
in the future. Exploring these relationships and understanding the factors controlling the
spatial variation of topsoil moisture will promote the comprehensive utilization of soil
water, the optimization of overstory and understory vegetation, and improve the growth
of vegetation in the Loess Plateau.
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