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Nitrogen is the most important driving factor in primary production and
decomposition in arid and semi-arid ecosystems. The effects of shrub
encroachment on nitrogen cycling have been investigated at the site scale
but seldomly conducted at the landscape scale. Here, we selected 43 shrubland
sites distributing across 3000 km? area in temperate desert grassland in eastern
Yanchi County of Ningxia Hui Autonomous. We investigated the spatial
heterogeneity and driving factors of soil total nitrogen (STN) at the
landscape scale by using geostatistical analysis and the geographical
detector method. Our results showed that the average soil total nitrogen
decreased in the order of 0-5cm (0.21gkg™ > 5-15cm (0.19gkg™) >
15-40 cm (0.18 g kg™). Geostatistical analysis showed that soil total nitrogen
exhibited the strong spatial autocorrelation in the 0-5 and 5-15 cm soil layers
and the moderate spatial autocorrelation in the 15-40cm soil layer.
Furthermore, the geographic detector method indicated that soil
physicochemical properties exhibited the stronger effects than these of
topographic and vegetation biomass in determining the spatial distribution
of soil total nitrogen. Specifically, soil water content in the 0-20 cm soil
layer explained 35% of variation in soil total nitrogen spatial pattern in the
0-5 cm soil layer, while soil organic carbon content in the 15-40 cm soil layer
explained 64% and 45% of variation in soil total nitrogen spatial patterns in the
5-15 cmand 15-40 cm soil layers, respectively. It was concluded that soil water
content and organic carbon content primarily drove the formation of soil total
nitrogen spatial heterogeneity in shrubland at the landscape scale, indicating
that anthropogenic shrub encroachment evidently affected soil water content
and redistribution in dryland.
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1 Introduction

Shrub encroachment occurs widely in 10%-20% of arid and
semi-arid grassland ecosystems, which is usually accompanied by
gradual and irreversible changes community
composition (Van Auken, 2009; 2011;
D’Odorico et al., 2012; Nackley et al., 2017; Bestelmeyer et al.,

2018; Travers et al., 2019). This phenomenon can be caused by

in plant

Eldridge et al,

anthropogenic factors (overgrazing of livestock or reduced fire
frequency) and climate change (increased atmospheric carbon
dioxide concentration or change in rainfall patterns) (Archer
et al., 1995; D’Odorico et al., 2012; Devine et al., 2017; Venter
et al, 2018). The microclimate formed in shrubland also
promotes the further establishment and expansion of shrub
2017). shrub
encroachment can be consciously implemented to introduce

(Thompson et al, In some regions,
native shrub species to overgrazed desert grassland for
ecological and vegetation restoration (Zhao et al., 2018; Zhao
et al, 2020; Du et al., 2021). Both natural and anthropogenic
shrub encroachment have important and unpredictable effects
on grassland ecosystem structure, function, and services
(Nackley et al., 2017; Bestelmeyer et al.,, 2018; Travers et al.,
2019; Li et al, 2021; Zhao et al., 2021). For example, the
formation of excessive shrub in the temperate desert steppe
can significantly deplete soil moisture and decrease
herbaceous diversity (Yu et al, 2021; Zhao et al, 2021).
Moreover, growth of woody plants is at the expense of
herbaceous plants, which reduces the productivity of livestock
grazing (cattle, sheep, and horses) (Archer et al., 2017; Pierce
etal, 2019). Changes in plant communities also lead to distinctly
different ecosystem processes at the structural, morphological,
and biological levels and significantly alter nutrient fluxes, spatial
distribution, and biogeochemical cycles in arid and semi-arid
grassland (Throop and Archer, 2008; Ratajczak et al., 2012; Sala
and Maestre, 2014; Bestelmeyer et al., 2018; Stanton et al., 2018;
Zhou et al, 2019). Consequently, shrub encroachment has
become an important social and ecological issue for land
managers (Anadon et al., 2014; Belayneh and Tessema, 2017;
Ayalew and Mulualem, 2018).

Nitrogen content alters both abiotic (soil nutrients and pH)
and biotic (biomass) composition in soil and significantly
influences ecosystem functioning (Turnbull et al, 2010). In
arid and semi-arid ecosystems, nitrogen is the most important
nutrient influencing soil primary production and decomposition
(Gebauer and Ehleringer, 2000). Soil total nitrogen (STN)
increase, decrease, or no change has been reported along the
transition from grassland to shrubland (Boutton and Liao, 2010;
Lietal., 2019; Turpin-Jelfs et al., 2019; Li et al., 2021). In addition,
STN responded varyingly to vegetation patches in different
geographical regions. In subtropical grassland in New Mexico,
shrub encroachment drove STN to accumulate beneath shrub
patches but not under grass patches, while STN tended to

increase under both grass and shrub patches in shrub
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encroached Tallgrass Prairie and Mediterranean grassland
(Hibbard et al., 2001; Lett et al., 2004; Baez and Collins, 2008;
Maestre et al., 2009). The varying STN accumulation speeds
under shrub and grass patches should also cause varying levels of
STN distribution fragmentation at the regional scale or landscape
scale. However, such information has been largely lacking as the
majority of studies in STN have been conducted at the small scale
or site scale. The enriched knowledge of STN spatial pattern at
the landscape scale is essential for us to understand the regional
flow of STN over large geographical area (Archer et al.,, 2017;
Ward et al., 2018; Connell et al., 2021).

Shrub invasion can affect a broad spectrum of ecological
processes at the landscape scale (Pickett and Cadenasso, 1995;
Baveye and Laba, 2015). In terms of vegetation, Zuo et al. (2021)
found that shrub invasion simplified community composition
and amplified the spatial heterogeneity of vegetation. Regarding
soil, Eldridge et al. (2015) found that shrub encroachment
changed the spatial pattern of soil infiltration, decreased
interstitial infiltration connectivity, and reduced infiltration
under shrub patches compared to grass patches. Meanwhile,
woody plant encroachment can change soil organic carbon, total
nitrogen, total phosphorus, and §"°N within the 1.2 m soil profile
at the landscape scale (Zhou et al., 2017a; Zhou et al., 2018a; Zhou
et al, 2018b; Zhou et al., 2018c¢). In the temperate desert steppe,
the introduced shrubs accelerated water depletion and drought in
soil, resulting in the enhanced spatial heterogeneity and
fragmentation of soil moisture in the 0-200cm soil layer
(Zhao et al, 2018; Zhao et al, 2020). Shrub encroachment
was also observed to aggravate the spatial heterogeneity and
fragmentation of soil organic carbon (SOC) in the soil surface
layer (Zhao et al, 2019). However, few studies have been
conducted to STN
transition, and our understanding of STN spatial pattern in

investigate in  grassland-shrubland
shrub encroached grassland is still largely limited.
Semi-variogram and kriging methods have been frequently
used to study spatial autocorrelation and heterogeneity of soil
properties at the landscape scale (Western et al, 1998;
Maroufpoor et al, 2020). By using these methods, we can
predict that spatial pattern of a soil indictor is affected by
factors of structure, randomness, or both. However, a major
limitation of these two methods is that the interaction between
spatial properties cannot be predicted (Western et al., 1998; Yang
etal,, 2017). To complement this, a new tool, GeoDetector, can be
used to not only measure, mine, and exploit spatial heterogeneity
but also estimate the degree of interpretation of independent
spatial variables and interactions between dependent spatial
variables (Wang et al., 2016; Wang and Xu, 2017). Here, all
these methods were recruited to analyze and predict the spatial
distribution pattern of STN and its corresponding driving factors
in grassland-shrubland transition at the landscape scale in desert
steppe. Specifically, our objectives were to 1) examine how STN
content varied at different soil depths in shrubland; 2) estimate
the spatial heterogeneity of STN at different soil depths in
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FIGURE 1

Location of the study area and the distribution of sample sites. (A): China;

shrubland; and 3) determine how topography, vegetation, and
soil physicochemical properties determine spatial pattern
formation of STN at different soil depths in shrubland.

2 Materials and methods
2.1 Site description
Fieldwork for this study was conducted in eastern Yanchi

County of Ningxia Hui Autonomous Region in China (Figure 1;
106°30’-107°39'E, 37°5'-38°10" N). Situated on a typical desert
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(B): Ningxia; (C): Northern Yanchi County.

steppe region on Loess Plateau comprising ~3,000 km?, eastern
Yanchi county ranges in elevations of 1,283 to 1,700 m a.s.l. The
mean monthly maximum and minimum temperatures in this
region were —6.9°C in January and 23.1°C in July from 1986 to
2017, respectively, with a mean annual temperature of 8.1°C.
Mean annual precipitation for the same period was 301.2 mm,
with 80% of it being received during from July to September. The
mean annual sunshine duration, mean annual frost-free period,
and mean annual evaporation between 1986 and 2017 were
2,863 h, 160 days, and 2,139 mm, respectively. Soil types in the
study area are identified as the sierozem and aeolian sandy soil,
which is described as having a low level of soil fertility with loose
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FIGURE 2

Soil total nitrogen content in 0-40 cm soil layers at 43 shrublands. SD: standard deviation; CV: coefficient of variation.

structure according to Chinese Soil Taxonomy (Zhao et al,
2018). Vegetation is dominated by several native desert
grassland species, such as Agropyron mongolicum, Lespedeza
potaninii, Artemisia scoparia, Stipa breviflora, Stipa bungeana,
Leymus secalinus, and Pennisetum centrasiaticum. This region
has been characterized by low vegetation coverage, land
desertification, and soil erosion due to overgrazing over the
past decades. As a result, since the 1970s and 1980s, a native
xerophytic shrub (Caragana korshinskii) has been introduced to
this area for vegetation reconstruction (Zhao et al., 2018; Zhao
et al, 2019; Du et al,, 2021). Other species including Artemisia
ordosica and Medicago sativa have been planted in the area but
they occupy very little area. To date, shrub cover in this area has
anthropogenically increased to more than 48.5% of the total land
area over the past 40 years. These shrubs have formed a large
number of grass-shrub mosaics (Zhao et al.,, 2021).

2.2 Field sampling and data collection

From July 18™ to August 17 in 2017, soil was sampled over
the whole region. We selected 43 sites in desert grassland where
C. korshinskii were planted (Figure 1). The planting volume,
age of C.
1,665-3,330 clusters/hm? 2-40 m, and 3-29 years, respectively
(Zhao et al., 2018). Three representative plots (10 x 10 m for each

planting interval, and korshinskii  were

plot) were randomly and homogeneously assigned in each of
43 sites. Six soil columns (3 columns in each of shrub patches and
shrub interspace) with a diameter of 5 cm and a depth of 40 cm

Frontiers in Environmental Science

04

(0-5, 5-15, and 15-40 cm soil layers) without the litter layer were
collected in a homogeneous manner in each plot. These soil
samples (n = 2,322) were then taken to the lab to be
homogenized, air-dried, and sieved through with a 2-mm
litter STN
measurement. STN content was then determined using the

mech to remove gravel and for proper
Kjeldahl digestion procedure (Bremner and Tabatabai, 1972).
The Digital Elevation Model (DEM) data comes from the
Geospatial Data Cloud (http://www.gscloud.cn/)  with a
resolution of 30 m. The elevation, slope, and aspect data of
43 sites were calculated and derived from the DEM data
(Supplementary Table S1). Soil organic carbon content, soil
water content, and aboveground vegetation biomass data were
obtained from Zhao et al. (2018), Zhao et al. (2019), Zhao et al.
(2021). It is worth noting that the soil organic carbon, soil
moisture, and aboveground vegetation biomass previously
examined by Zhao et al. (2018), Zhao et al. (2019), Zhao et al.
(2021) were reused as potential STN influencing factors for a

different purpose in the present study (Supplementary Table S1).

2.3 Research methods

2.3.1 Descriptive statistics

The datasets of STN in the 0-5, 5-15, and 15-40 cm soil
layers were analyzed to determine the classical statistical
parameters, i.e, maximum, minimum, mean, median,
standard deviation, and coefficient of variation (CV = mean/

standard deviation) (Yang et al, 2017). These parameters are
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TABLE 1 Geostatistical model of soil total nitrogen semi-variation and correlation parameters.

el NuggetC, SillCo+C Range/ Structural variance Best Coefficient of Residual sum of
layer (cm) Ao (km) ratio (%) model determination squares

0-5 0.0001 0.0555 4.12 99.8 Gaussian 0.557 0.002

5-15 0.0001 0.1862 ‘ 14.87 99.9 Exponential 0.747 0.011 ‘

15-40 0.0433 0.0876 ‘ 45.16 50.6 Spherical 0.774 0.003 ‘

generally used to indicate the midpoint and spread of data. The
Kolmogorov-Smirnov method, skewness, and kurtosis were used
to evaluate the normality of STN datasets. Log;, transformation
was performed on non-normally distributed data for normality
correction.

2.3.2 Geostatistical statistics

Based on geostatistical analysis and theory of regionalized
variables, we used a semi-variogram with a best-fit model for
STN to quantify spatial structure to provide parameters for
kriging optimal spatial interpolation (Matheron, 1963;
Western et al., 2004; Webster et al., 2007; Maroufpoor et al.,
2020). Semi-variograms describe the ratio change in STN
between sampling sites using the following equation:

1 N(h)
NGt 2 EGE) -2+ b

i=1

y(h) =

where for each site i, Z (x;) and Z (x; + h) are values of Z at
locations x; and x; + h, respectively; h is the lag and y h) is the
number of pairs of sample points separated by h. The measured
data were used to calculate the experimental semi-variogram and
were then fitted by authorized theoretical models, i.e., linear,
Gaussian, spherical, and exponential models (Goovaerts, 1999).
The best-fitted model was considered to be the one with the
smallest residual sum of squares (RSS) and the largest coefficient
of determination (R?) (Maroufpoor et al., 2020). Four major
parameters could be derived from the fitted model, ie., the
nugget (Cp), the structural C), the sill (C + Cp), and the
spatial autocorrelation range (A,), which could identify the
spatial structure of variables at the given scale. The total
variance (Sill, C + C,) is expressed as the sum of structural
and nugget variances. To determine the magnitude of spatial
dependence, the percentage of the total variance (sill) explained
by structural variance C) was calculated using a structural
variance ratio [C/(C + Cp)] (Eldridge et al, 2015). A variable
is considered to have weak, moderate, or strong spatial
dependence if the structural variance ratio is equal to or lower
than 25%, between 25% and 75%, or greater than 75%,
(Cambardella et 1994). The spatial
autocorrelation range (Ao) represents the maximum distance

respectively al,,

within which variables show spatial dependence (Cambardella
et al., 1994).
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The parameters of the best-fitted model based on semi-
variance analysis were used in the ordinary kriging method,
and the interpolation map was used to test the predicted
distribution of STN (Yang et al., 2017). In addition to testing
R? and RSS of the best-fitted model, another way of testing the
accuracy of kriging interpolation maps is to calculate the
of the approach.
Generally, three statistics: the mean error (ME), the mean

diagnostic  statistics cross-validation

square deviation (MSE), and the root-mean-squared error
(RMSE) were considered as follows (Webster et al., 2007):

1 n
ME=;Z(Pi—M,~)

i=1

1&/P;-M;
MSEz;Z( 5, )

i=1

ln
RMSE = =) (P; - M)
S \}n;( )

where n is the number of the locations; P; and M; are the

predicted and measured values at location i, respectively, and
d; is the kriging standard error at location i. The model was
optimal if these statistics met the following criteria: ME and MSE
were close to 0 and RMSE was close to 1 (Webster et al., 2007).

2.3.3 Geographical detector method

The geographical detector method (GDM) is a new statistical
method to detect spatial stratified heterogeneity and reveal the
corresponding driving factors (Wang et al., 2010). GDM has no
linear hypothesis, while its idea assumes that if an independent
variable X) has an essential impact on a dependent variable Y),
the spatial distribution of that independent variable X) and that
dependent variable Y) should be similar (Wang et al., 2010; Wang
et al,, 2016). Different from traditional methods, GDM can detect
the influencing factors (numerical variables or categorical
variables) accounting for STN distribution and determine how
any of two factors interactively determine STN distribution
(Wang and Xu, 2017). GDM consists of four parts: factor
detector, ecological detector, risk detector, and interaction
detector (Wang and Xu, 2017). As the core part of the GDM,
the g-value is used to check the influencing factors and compare
the dispersion variance between the observed values of the whole
study area along with the strata variables (Wang et al., 2016;
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FIGURE 3

y(h)~h fitting diagram of soil total nitrogen semi-variation function at 0-40 cm soil layer. (A): 0-5 cm; (B): 5-15 cm; (C): 15-40 cm.

TABLE 2 Evaluation criteria of soil total nitrogen content prediction in 0-40 cm soil layers.

Soil layer (cm) Mean error (ME)

Mean standard error (MSE)

Root-mean squared-error (RMSE)

0-5 0.0001 0.021 0.938
5-15 0.0020 0.043 ‘ 0.783
15-40 0.0001 0.004 ‘ 0.990
STN(gkg™") STN(g.kg™) STN(gkg™")
o3 S o o2
o051 038

0 10 0 — 0 10 “ ‘
. km A . km (b)5-15 cm A . km (¢)15-40 cm A
FIGURE 4

Kriging interpolation of soil total nitrogen (STN) in 0-40 cm soil layers (g-kg™). (A): 0-5 cm; (B): 5-15 cm; (C): 15-40 cm.

Wang and Xu, 2017). The power of influencing factors on STN
distribution can be calculated as follows (Wang and Xu, 2017):

_ YnaNuo} _ . Ssw

=1 27
1 No? SST

Where h =1, ..., L is the number of stratums affecting STN (Y)
and its influencing factors(X); Nj, and N are the number of units
in strata i and all samples in the study area; o7 and o are the
variance of strata h and Y value of the whole region; SSW is the
within the sum of squares and SST is the total sum of squares. The
g-value indicates that the independent variable X explains 100 x g
% of the dependent variable in the range of [0,1] (O if there is no
stratification heterogeneity and 1 if the overall stratification is
entirely) (Wang and Xu, 2017). If the value of the g tends toward
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1, the better the explanatory power of the variable in explaining
the distribution of STN.

Interaction detection was used to test the effect of interaction
between different influencing factors (X). In other words, this
method was used to evaluate if the interaction of two factors
(independent variables X1 and X2) will enhance or weaken the
explanatory power of the dependent variable Y), or if the factor is
simply independent of Y (Wang and Xu, 2017). Specifically, we
utilized the analysis method described by Wang and Xu (2017),
which begins by calculating the g-values of two factors X1 and
X2 to generate q (X1) and q (X2) representing that how much
variation that X1 and X2 can explain Y. Moreover, the interaction
of the two factors yields the g-value: g (X1NX2). Finally, the
values of g (X1), g (X2) and g (XINX2) are compared. Using this
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FIGURE 5

The g-value of nine potential driving factors impacting on soil total nitrogen content. (A): 0-5 cm; (B): 5-15 cm; (C): 15-40 cm. SWCq_,0: soil
water contentin 0-20 cm; SWC,q.40: soil water content in 20-40 cm; SOCq_s: soil organic carbon contentin 0-5 cm; SOCs_;5: soil organic carbon
content in 5-15 cm; SOCys5_40: soil organic carbon content in 15-40 cm; AGB: aboveground vegetation biomass.

method, the results of the interaction between the two factors can
be divided into five possible relationships (Wang and Xu, 2017).

2.4 Statistical analysis

One-way analysis of variance (ANOVA) and Duncan’s
comparisons test (p < 0.05) were used to determine whether the
mean of STN significantly differed among different soil layers. We
tested the normal distribution of STN in different soil layers using
the Kolmogorov-Smirnov test at p = 0.05 significance level. Non-
normally distributed STN was log;, transformed to normal
distribution in SPSS 21.0 software. Spatial heterogeneity of STN
content at different soil depths was then determined by geostatistical
methods. The spatial distribution map of STN content in the
0-40 cm soil layer at the landscape scale was determined using
the ordinary kriging tool from ArcGIS 10.2 software. To determine
the driving factors of the spatial distribution of STN in the 0-40 cm
soil layer, the factor detector and interaction detector were used
through a geographic detector method (GDM) within Excel-
GeoDetector (http://www.geodetector.org) (Wang and Xu, 2017).
Since this method requires the independent variables to be
numerical variables and the dependent variables to be categorical
variables, potential influencing factors (ie., soil organic carbon
content, soil water content, elevation, slope, and vegetation
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aboveground biomass) were divided into categorical variables by
a classification algorithm. In ArcGIS, those potential influencing
factors are then subjected to ordinary kriging interpolation and
divided by the natural break classification method. Thereafter, the
corresponding coordinate information can be obtained by
overlapping analysis using the geographic coordinates of
43 sample sites. Finally, STN content in the 0-40 cm soil layer
was imported into the GDM (Wang and Xu, 2017) to show the
influences of a single factor and interaction of any of two factors on
STN distribution.

3 Results
3.1 Descriptive statistics

Descriptive statistics, including overall variability and
distribution of STN in the 0-5, 5-15, and 15-40 cm soil layers
are presented in Figure 2. The average STN decreased in the order
of 0-5c¢m (0.21gkg™) > 5-15cm (0.19gkg™) > 15-40 cm
(0.18 gkg™) soil layers, though no statistically significant
difference was found for STN among these soil layers (p >
0.05). Figure 2 showed that STN had the moderate level of
variability in all soil layers, with variation values varying from
24.46% to 46.98%.
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TABLE 3 The g-value of interactions between factors affecting soil total nitrogen distribution.

Xs Elevation Slope Aspect SO0Co.5 SOCs.15 SOC;5.40 AGB
STNy.5 Elevation 0.06 0.10 0.10 0.32 0.27 0.27 0.35 0.17 0.1
Slope 0.46 - »
Aspect 0.76 » » 0.52 - »
SOCos | 0.67 - . 0.56 , - 0.88 - -
SOCs.5 | 0.57 ., 054 0.66 - 0.75
SOCisq0 | 0.62 . . 0.46 . 0.84 . 0.59; 0.67 - -
SWCoa0 | 0.66 - - 0.62 0.68 . » 0.76 . » 059 0.76 ,
SWCiouo | 0.70 - 049 . . 0.62 - - 0.67 - » 0.50 - - 0.67 - - 0.57 .
AGB 0.56 - » 033, 071 . » 057 1 » 056 - 0.68 - 077 » 055
STNs ;5 Elevation 0.12
Slope 0.58 » » 0.19
Aspect 0.80 - - 093 . . 0.08
SOCos | 0.67% 0.76* 0.96* - » 0.56
SOCs.1s | 0.69 . 047, 0.75 . 0.83% 031
SOCis9 | 0.77% 0.78% 0.99% , 0.88; 0.83%; 0.64
SWCoo | 079, 0.60 - 0.80 - 0.91% . . 0.44; 0.95% . . 0.27
SWCi4o | 0.56 . » 053 1 0.59 . 0.73% 0.66 - - 0.88%; 073 . 0.24
AGB 0.69 - » 0.52 , 0.81 . 0.85% . . 0.52; 0.95% . . 0.58 . 0.69 - - 0.23
STN5.40 Elevation 0.08
Slope 0.53 , » 0.20
Aspect 0.78 » » 0.69 - 0.11
SOCy.5 0.73* - 0.661 0.86* » 0.43
SOCs.is | 056, . 0.55; 0.73 . 0.69; 0.33
SOCis40 | 0.68* - 0.66, 0.85* - » 075 0.70; 045
SWCos | 0.68 . 0.69 - - 0.85 . 0.77; 0.641 0.82; 0.37
SWCaoao | 0.71 - 054, 0.65 » » 0.70 » » 072 5 073 » 0.58, 021
AGB 0.54 . 043 . 0.75 . 0.66% . 0.53 . 0.71* . . 0.75 . 0.65 - - 0.13

The symbol “*” means significant interactions (p < 0.05). “T” denotes that double factor enhancement; .7 #” denotes non-linear enhancement. STN_s: soil total nitrogen content in
0-5 cm; STNs ;5: soil total nitrogen content in 5-15 cm; STN;5_49: soil total nitrogen content in 15-40 cm; SWCy_,: soil water content in 0-20 cm; SWCy_49: soil water content in
20-40 cm; SOC, s: soil organic carbon content in 0-5 cm; SOCs_;5: soil organic carbon content in 5-15 cm; SOC,5_49: soil organic carbon content in 15-40 cm; AGB: aboveground
biomass.

3.2 Geostatistical analysis

The STN content in the 0-5, 5-15, and 15-40 cm soil layers
conformed Gaussian, exponential, and spherical models as best-
fitted models, respectively (see Table 1 and Figure 3). Each best-fitted
model has a large coefficient of determination (R?) of
0.557-0.774 and a small residual sum of squares (RSS) of
0.002-0.011 (Table 1). The results of the cross-validation analysis
showed that the mean error and mean standard error were close to 0,
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while the root-mean squared-error was close to 1 (Table 2). These
results indicated that these models fitted well (Table 2). In addition,
the structural variance ratios [ C/(Cy+C)] in the 0-5 and 5-15 c¢m soil
layers were greater than 99.8%, demonstrating the strong spatial
autocorrelation. Moreover, the structure variance ratio in the
15-40 cm soil layer was 50.6%, which belonged to the moderate
spatial autocorrelation (Table 1). Furthermore, the spatial
autocorrelation range (4,) showed an increasing trend as the soil
layer became deeper (Table 1).
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The spatial distribution pattern of STN content was higher in
the north than in the south after shrub encroachment in the
desert steppe of eastern Ningxia (Figure 4). In the 0-5 cm soil
layer, STN distribution was highly fragmented, reflecting in
complex spatial distribution exhibiting dense and irregular
patches of different sizes. In the 5-15cm soil layer, STN
distribution was also patchy but showed an evident trend that
was high in the north and low in the south. In contrast, STN in
the 15-40 cm soil layer was mainly distributed in a strip-shaped
pattern, as the contour lines here were sparser and smoother than
those in other soil layers. The distribution of STN in this soil layer
tended to be higher in the north than in the south, confirming the
continuity of STN distribution across different soil layers.

3.3 Geographical detector method

Nine potential driving factors of STN were analyzed by GDM
(Figure 5). The g-value of all driving factors in the 0-5, 5-15, and
15-40 cm soil layers ranged from 0.06 to 0.35, 0.08 to 0.64, and
0.08 to 0.45, respectively. SWCq 0 (g = 0.35), SOC;y5_49 (¢ = 0.64),
and SOC;5.49 (9 = 0.45) had the highest g-value than other
factors, meaning that they were the major contributors to spatial
heterogeneity of STN in the 0-5, 5-15, and 15-40 cm soil layers.
The top potential drivers that influenced the spatial distribution
of STN in the 0-40 cm soil layer were soil water content (g =
0.35-0.37) and soil organic carbon (g = 0.27-0.64). The g-value
of AGB, elevation, aspect, and slope were below 0.23, so these
factors had less impact on STN distribution in the shrub-
introduced temperate desert steppe.

The non-linear and double factor enhancements caused by two-
way interaction of factors on STN distribution were shown in
Table 3. For example, the g-value of elevation in the 0-5 cm soil
layer as a single factor was 0.06, but g-value could be larger than
0.46 when elevation interacted with one of other factors. Among all
potential factors, the interaction of any two factors displayed the
higher g-values than those calculated from a single factor, indicating
that spatial distribution of STN in the 0-40 cm soil layer was
primarily determined by multiple factors other than any single
factor. Not surprisingly, the interaction between aspect and soil
organic carbon or soil moisture explained major (q = 0.52-0.99)
effect on STN distribution, while aspect itself only explained minor
effect (¢ = 0.08-0.11) on STN distribution. In most cases, aspect
showed the higher interpretation rates when it interacted with other
factors, indicating that aspect was an important topographic factor
that should not be ignored.

4 Discussion

Aboveground vegetation can affect spatial heterogeneity of
soil properties (Schlesinger et al., 1995; D’Odorico et al., 2010;
Pellegrini et al., 2021; Zhou et al.,, 2021). In grassland-shrubland
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transition, the aboveground vegetation is swiftly switching from
grass to shrub. The current study investigated how invasion of
woody vegetation affected spatial heterogeneity of STN in
different soil depths in grassland, aiming to enrich our
understanding of STN dynamics during such an ecological
transition and provide land restoration guidance for land
managers.

The STN contents of 43 sites in shrubland in temperate
desert steppe decreased along with the increased soil depth after
anthropogenic shrub encroachment. This finding is consistent
with our expectation that large amount of shrub litter is
decomposed in the top soil layer under shrub patches (Van
Auken, 2009; Archer et al., 2017; Zhou et al., 2019). Moreover,
STN in the 0-5 and 5-15cm soil layers exhibited the strong
spatial autocorrelation (Table 1), which was controlled by
structural factors (i.e., meteorology, topography, soil texture)
(Zhou et al., 2017b). The surface soil (0-15 cm) is vulnerable to
human and animal activities, but this is not the case in the study
region after 2003 when this region has been fully enclosed to
prohibit human and animal entering (Li et al., 2021). In this area,
rainfall is the only water source for soil water supply. In this
regard, rainfall became a potential major driver to influence STN
(Zhao et al, 2020). The STN in the 15-40 cm layer had the
moderate spatial autocorrelation (Table 1), which would be
affected by structural and random factors (i.e., microhabitat,
soil parent material, texture, or mineralogy, and land
management) (Cambardella and Karlen, 1999; D’Odorico
et al, 2010; Wang et al, 2009; Liu et al, 2013). Consistent
with our findings, other studies have also reported the
moderate to strong spatial autocorrelation of STN in the
0-40 cm soil layer (Wang et al., 2009, 2017; Liu et al., 2013).
Land use/cover change may be a potential major factor affecting
spatial variation of STN, reflecting as transition from desert
grassland to shrubland in the present study (Li et al, 2017;
Zhao et al, 2017). Our results found that the spatial
autocorrelation range of STN increased from 4.12 km in the
0-5 cm soi layer to 45.16 km in the 15-40 c¢m soi layer, which was
evidently smaller than the spatial autocorrelation range of
374-461km in 382 sampling sites across the Loess Plateau
(620,000 km®) (Liu et al, 2013). This is likely due to
differences in rainfall, elevation, and slope among different
regions, which significantly affect the spatial variation of STN
(Liu et al, 2013). A study case in subalpine forest reported a
spatial autocorrelation range of 1.08 km in an area of 5.64 km?,
with topographic factors and normalized difference vegetation
index (NDVI) being the major factors explaining more than 40%
of STN variation (Wang et al, 2017). These varying results
suggest that the spatial heterogeneity of STN is highly
dependent on geographic location, land use type, and study scale.

Soil moisture is an important limiting factor, especially in
semi-arid desert steppe ecosystems, as it affects vegetation
development, carbon and nitrogen cycling, and microbial
processes (Li et al, 2021; Yu et al, 2021; Zhao et al, 2021).
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Shrub encroachment has negative effects on soil moisture,
leading to soil desiccation, herbaceous species reduction, and
possible further changes of soil nutrient cycling or availability
(Eldridge et al., 2011; Archer et al., 2017; Zhou et al., 2019; Zhao
et al.,, 2020). Soil water and soil organic carbon were found to be
the main influencing factors controlling the spatial variability of
STN after shrub planting, as suggested by the factor detector in
GDM (Figure 5). The strong coupling relationship or interaction
between soil organic carbon and soil total nitrogen means that a
stable stoichiometric equilibrium exists within the carbon-
nitrogen cycle (Wang et al,, 2017; Zhou et al., 2018a; Chai
et al, 2019). Previous studies have shown that topography,
vegetation, and NDVI are the main factors determining the
spatial heterogeneity of soil properties (Xin et al, 2016). In
our study, topographic factors (elevation, slope, and aspect)
and aboveground vegetation biomass were not dominant
factors for spatial differentiation of STN in the topsoil (all g
were less than 0.20) (Figure 5). Effects of two-way interaction of
any two of nine factors were greater than these calculated from
any single factor (Table 3). These findings indicated that the
spatial pattern of STN after shrub introduction in temperate
desert steppe was caused by the combination of multiple factors
(Wang et al, 2016; Wang and Xu, 2017). Among them, the
interaction between aspect and soil moisture or soil organic
carbon greatly enhanced the explanatory power of STN spatial
distribution (g > 0.76) (Table 3). This result implied that aspect
was an essential factor that should not be ignored when it comes
to investigate the effects of spatial drivers on spatial distribution
of soil properties at the landscape scale.

5 Conclusion

In this research, data collected in desert steppe ecosystems
encroached by shrubs were analyzed to characterize the spatial
heterogeneity of STN and determine its driving mechanisms at
the landscape scale by using classical statistics, geostatistical
analysis, and the geographical detector method. The findings
of the study were as follows:

1) The average STN in the 0-5, 5-15, 15-40 cm soil layers
ranged from 0.18-0.21 gkg™'. The coefficient of variation
indicated that STN showed the moderate variability in all
soil layers.

2) The best theoretical models of STN in the 0-5, 5-15, and
15-40 cm soil layers were different. The semi-variance
function showed that STN had strong the spatial
autocorrelation and small ranges (4.12km and 14.87 km)
in the 0-5 and 5-15cm soil layers, while this in the
15-40cm  soil layer showed the moderate spatial
autocorrelation and a large range (45.16 km).

3) The influence of soil organic carbon and water content on the
spatial distribution of STN in different soil layers was greater
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than that of elevation, slope, aspect, and aboveground
vegetation biomass.
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