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Abstract: In recent decades, shrubs dominated by the genus Caragana have expanded in a large area in
Xilin Gol grassland, Inner Mongolia, China. This study comprehensively evaluated the performances
of multiple factors for mapping shrub coverage across the Xilin Gol grassland based on the spectral
and temporal signatures of Sentinel-2 imagery, and for the first time produced a large-scale shrub
coverage mapping result in this region. Considering the regional differences and gradients in the
types and sizes of shrub in the study area, the study area was divided into three subregions based on
precipitation data, i.e., west, middle and east regions. The shrub coverage estimation accuracy from
dry- and wet-year data, different types of vegetation indices (VIs) and multiple regression methods
were compared in each subregion, and the key phenological periods were selected. We also compared
the accuracy of four mapping strategies, which were pairwise combinations of zoning (i.e., subregions
divided by precipitation) and non-zoning, and full time series of VIs and key phenological period.
Results show that the mapping accuracy in a dry year (2017) is higher than that in a wet year (2018).
The optimal VIs and key phenological periods show high spatial variability. In terms of mapping
strategies, the accuracy of zoning is higher than that of non-zoning. The root mean square error
(RMSE), overall accuracy (OA) and recall for ‘zoning + full time series (or + key phenological period)’
strategy were 0.052 (0.055), 76.4% (79.7%) and 91.7% (94.6%), respectively, while for ‘non-zoning
+ full time series (or + key phenological period)’ strategy were 0.057 (0.060), 75.5% (74.6%) and 91.7%
(88.6%), respectively. The mapping using VIs in key phenological periods is better than that of using
full time series in the low-value prediction of shrub cover. Based on the strategy of ‘zoning + key
phenological period’, the shrub coverage map of the whole region was generated with a RMSE of
0.055, OA of 80% and recall of 95%. This study not only provides the first large-scale mapping data of
shrub coverage, but also provides reference for shrub dynamic monitoring in this area.

Keywords: shrub coverage; time series of vegetation index; phenology; Sentinel-2; precipitation

1. Introduction

Shrub encroachment, a process in relation to degraded grasslands, refers to an increase
in shrub cover at the expense of herbaceous vegetation in arid and semiarid grasslands [1].
Shrub encroachment has been reported globally, affecting nearly 10-20% of the arid and
semiarid grassland regions [2,3], including western United States [4], southern Africa [5],
Mediterranean coast of Europe [6], Australia [7], as well as Inner Mongolia, China [8]. Inner
Mongolia is an important animal husbandry base and ecological safety barrier for China.
However, shrubs of the genus Caragana, such as C. microphylla Lam., C. korshinskii Kom.,
C. stenophylla Pojark., and C. intermedia Kuang et H. C. Fu., have expanded into grasslands
of Inner Mongolia over recent decades [9]. It was reported that C. microphylla covered
5.07 million hectares of grasslands in the 1980s [10], and the shrub-encroached area in the
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Xilin River Basin increased by 1.24 times from 1983 to 2011 [11], seriously threatening the
economic and ecological stability of this region.

In recent years, there have been a lot of studies on the causes and influences of
shrub encroachment in Inner Mongolia. Shrub encroachment is considered a result of the
resilience of shrub to climate change, overgrazing and reduced fire frequency by a large
number of previous studies, but these studies were mostly based on literature reviews, field
sampling experiments with limited samples [2,12-14] or several high spatial resolution
images [8]. Shrub encroachment has indeed changed the original structure and function of
the grassland ecosystem, such as biological diversity, ecosystem productivity and carbon
cycle [15-17]. However, different studies have given inconsistent results on whether the
impact was positive or negative [14,18]. The uncertainty and inconsistency of these studies’
results are mainly caused by the spatial limitation of research methods. More specifically,
there are no publicly available large-scale shrub distribution data up to now in Inner
Mongolia. Large-scale monitoring of shrub coverage can not only help to comprehensively
analyze and simulate the interaction of various factors to shrub encroachment at a regional
scale, but also has application significance in modeling global vegetation dynamics, soil
erosion, and climate simulation and prediction [19-21]. Therefore, mapping fractional
shrub cover across Inner Mongolia at a regional scale is urgent to fully understand the
mechanism and assess the impacts of shrub encroachment.

However, it is challenging to estimate shrub coverage with remote sensing technologies
at regional scale in arid and semiarid grassland [22], especially for Inner Mongolia, due
to the following reasons. Firstly, the shrub crown is generally smaller than the spatial
resolution of medium-resolution remote sensing data (10-100 m), and its coverage is
usually very low with an average of 10-15% [8,23-25]. As a result, pixels of medium-
resolution are highly heterogeneous and include various cover types, such as grass, soil
and shadow. Secondly, it is hard to separate shrubs from grasses because both of them
show similar spectral reflectance characteristics of healthy vegetation. For arid areas with
obvious dry and rainy seasons, such as the Sahelian savanna, the dry season can serve
as an important phenological window to minimize the impact of grasses, based on the
fact that grasses barely grow in the dry season while shrubs remain green [23]. However,
there is no apparent phenological window in Inner Mongolia, which is characterized by
a temperate continental climate; thus, the impact of grasses cannot be neglected. In the
face of such a complex and challenging problem mentioned above, the current research
for shrub coverage monitoring tends to integrate multi-source information and machine
learning methods (e.g., [24,26]).

The purpose of this study is to map the shrub coverage of a large-area grassland in
Inner Mongolia using medium spatial resolution remote sensing data. There are a few rele-
vant studies with methods including early multi-angle geometric optical model and spectral
mixture analysis [27-29] and recent object-oriented classification based on unmanned aerial
vehicle (UAV) data [8,30]. Unfortunately, however, due to the abovementioned influence of
the shrub-grass-soil mixture, the performance of the multi-angle geometric optical model
and spectral mixture analysis in shrub coverage estimation is poor [19,28,31,32], and it
is not feasible to use UAV data to estimate shrub coverage over a large area. Therefore,
it is a new exploration to use medium-resolution remote sensing data to monitor shrub
coverage in Inner Mongolia grassland, which requires full consideration of various factors,
selection of effective features, and a comprehensive evaluation of methods and features.
First, the diversity of shrub types in Inner Mongolia needs to be considered, which is
usually neglected in previous studies. According to the investigation, there are 16 species
of Caragana genus shrubs in Inner Mongolia. Instead of growing together, they alternate
from west to east, which is the result of their long-term adaptation to drought [33]. These
species of Caragana have some differences in ecological and physiological characteristics
and have unique responses to climate conditions. Therefore, it is reasonable to divide the
research area into several subregions according to climatic characteristics.
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Second, features should be selected that minimize grass disturbance and are closely
related to shrub coverage. The phenological difference between shrubs and grasses is a
crucial feature [28]. A field investigation in the experimental station of Taipusi Banner, Inner
Mongolia observed that with the increase of shrub coverage, the spring phenology of shrubs
was gradually advanced, and the end time of the growing season was gradually delayed [2].
The seasonal differences between shrubs and grasses in Inner Mongolia might be used to
eliminate the effects of grasses and distinguish different shrub coverage. However, since
the size, temporal distribution and spatial heterogeneity of seasonal differences in this
region are not clear, it is possible to use the complete time series of a year to find the optimal
observation time. On the other hand, the phenological differences between shrubs and
grasses are mainly due to their differences in water competition [34]. Therefore, analyzing
the model performance under different precipitation conditions would provide a reference
for future research.

Another important feature closely related to shrub coverage is spectral reflectance. A
spectral measurement in Inner Mongolia found that, with the increase of C. microphylia
community coverage, the absorption in red band and reflection in near-infrared (NIR)
increase, while reflection in short wave infrared (SWIR) band (1600 nm) decreases [28].
The relationship between shrub coverage and spectral signals varies with wavelength
depending on the different biochemical and biophysical aspects of shrubs, for example,
pigment concentration, water content and lignin cellulose content. In addition, the strength
of the relationship between shrub coverage and spectral signals varies with season [35],
implying the importance to make full use of the available spectral signals of all wavelengths
and all time to discuss their performances on the estimation of shrub coverage. When
using surface reflectance and vegetation indices from Landsat data and other predictors,
combined with a random forest algorithm to estimate tundra coverage in Arctic Alaska, the
most important predictors were the vegetation indices rather than surface reflectance [24],
because the value of surface reflectance is small and vulnerable to cloud pollution, while
vegetation index is the enhanced signal of vegetation.

According to the above considerations, the objective of this research is to map the
Caragana fractional cover in arid and semiarid grassland of Xilin Gol, Inner Mongolia, by
using various machine learning algorithms with different types of vegetation index (VI)
time series derived from Sentinel-2 data under different precipitation conditions. After
collecting a batch of sample sets that cover the whole study area through Google Earth
images and UAYV, the study area was divided into several subregions by precipitation data,
and several key issues were analyzed by subregion: (1) What is the optimal precipitation
condition, VIs combination, machine learning algorithm and key phenological period for
shrub coverage estimation in each subregion? (2) Among the four mapping strategies
based on the pairwise combination of zoning and non-zoning, complete time series, and
key phenological periods, which one has the highest accuracy for shrub coverage mapping
for the whole study area? This research will not only produce the first Caragana coverage
distribution map of a large area with higher spatial resolution of this study area, but also
provide some references for future related studies.

2. Study Area and Materials
2.1. Study Area

The study area is located in the central part of Xilin Gol League, Inner Mongolia, China
(Figure 1a) with an area of about 59,000 km?. Xilin Gol League is an important part of the
interlaced area of agriculture and animal husbandry in northern China. It belongs to the
mid-temperate continental semiarid climate, showing characteristics of drought, windy
and cold. The annual average temperature is 0—4 °C, and the annual average precipitation
is about 300 mm. The precipitation mainly occurs from July to September with a large
annual difference, but it maintains the rule of decreasing from east to west in space. In
recent years, influenced by climate change, overgrazing and other factors, shrubs have
expanded to degraded sandy grassland areas. Caragana is the main shrub genus, of which



Remote Sens. 2022, 14, 3266

4 0f 23

C. microphylla is one of the most widely distributed species. Part of the Otindag Sandy Land
at the south of Abaga Banner is excluded. The study area is mainly typical steppe, while
the southern part of Sonid Left Banner is desert steppe.
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Figure 1. The location of the study area covered by six Sentinel scene footprints (red dotted boxes)
in Xilin Gol League (a) and sampling sites from the Google Earth platform (GE) and aerial photos
(AE) (b). Annual cumulative precipitation of meteorological stations from 2010 to 2019 (c), monthly
accumulated precipitation at Abaga (d) and Xilinhot (e) stations.

The daily precipitation data of Abaga and Xilinhot meteorological stations from 2010 to
2019 was provided by China meteorological data sharing service system (Figure 1c—e). The
average annual cumulative precipitation at Abaga from 2010 to 2019 is 244 mm, less than
301 mm at Xilinhot, which is consistent with the characteristics of higher precipitation in the
east and lower precipitation in the west of Xilin Gol League. According to the multi-year
precipitation situation of these two stations (Figure 1c) and the availability of Sentinel-2
data, 2017 and 2018 were selected as a dry year and wet year, respectively, to evaluate
the impact of different precipitation conditions on shrub coverage estimation. Figure 1d,e
shows the monthly cumulative precipitation of 2017, 2018, and ten-year average at Abaga
and Xilinhot station, respectively. In 2017, the drought in Abaga occurred in summer
(May-June) and autumn (September—October), while the drought in Xilinhot lasted for
a long time from May to July, with less precipitation in September—October. In 2018, the
precipitation in Abaga and Xilinhot in July and September was significantly higher than
the 10-year average.

2.2. Data Collection and Preprocessing

The remote sensing data used in this study include Sentinel-2 L1C products, precipi-
tation grid data and land cover data. We collected all Sentinel-2 L1C top of atmosphere
reflectance (TOA) data for the vegetation growing season (April to October) with less than
70% cloud cover in 2017 and 2018, with a total of 566 images (187 in 2017 and 379 in 2018).
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L2A surface reflectance data were preprocessed from L1C products by batch atmospheric
correction using Sen2Cor professional plug-in and were masked according to the Sentinel-2
QA band. In this study, 10 m and 20 m resolution bands were resampled to 20 m. Then, the
VI time series with the 7 day temporal resolution was generated by the maximum value
composite (MVC) method. The Savitzky-Golay filter [36] was then used to smooth the raw
VI time series to further reduce the residual noise.

Four sets of precipitation reanalysis data were used for climatic zoning of the study
area (Table 1). TerraClimate is a global monthly climate and climate water balance dataset
based on the world climate dataset [37]. Both GPM_IMERG and GPM_GSMap are from
Global Precipitation Measurement (GPM), an international satellite mission jointly built by
NASA, JAXA and other international organizations, which is aimed to provide global rain
and snow observation every three hours. ERAS5 is the fifth-generation European Centre
for Medium-Range Weather Forecasts (ECMWF) global climate reanalysis data. It is a data
set that combines model data with observation data from all over the world. The above
four sets of monthly precipitation data with a period of 2001-2019 were obtained from the
Google Earth Engine (GEE) platform and were resampled to 5 km.

Table 1. Attributes of precipitation reanalysis data.

Name Temporal Resolution Spatial Resolution Cover Time
TerraClimate monthly ~5 km 1958-2019
GPM_IMERG 3h ~10 km 2000-now
GPM_GSMap hourly ~10 km 2000-now

ERA5 hourly ~25 km 1979-now

Land cover product FROM-GLC10 was used to mask non-shrub type. FROM-GLC10
is produced through a random forest classifier based on the existing 30 m global land
cover data and Sentinel-2 data in 2017 on the GEE cloud platform [38]. FROM-GLC10 was
resampled to 20 m, and pure pixels of cropland, forest, wetland, water and impervious
surface were masked.

2.3. Sample Data Collection and Classification

Sample data with high spatial resolution used in this study include Google Earth
images (GE) and aerial photos (AE). The GE samples were collected from May to September
between 2015 and 2019 with a spatial resolution about 0.5 m. The total number of GE
samples is 20, and the total area is about 0.6 km?. As can be seen from Figure 1b, the
distribution of GE samples in the study area is uneven. Therefore, in August 2020, we
conducted a one-week UAV flight experiment in the study area and obtained 47 scenes
of true-color AE images with a spatial resolution of about 0.05 m, covering a total area of
about 7 km?. Orthophotos were then generated from AE images using Agisoft PhotoScan
software (version 1.4.4, Agisoft LLC, St. Petersburg, Russia).

The shrubs were extracted from GE and AE images by the object-oriented classification
method. Firstly, the image was segmented into objects using a multiresolution segmentation
algorithm [39]. The algorithm depends on three parameters: scale, shape and compactness.
The shape and compactness parameters were set to 0.1 and 0.5, respectively, through
visual judgment, and the scale parameter was set from 50 to 80, according to the shrub
canopy size. Secondly, the segmented objects were classified into shrub and non-shrub
by the features of brightness/spectral value (brightness and mean bands values), spectral
difference value (mean difference to brighter neighbors) and geometric shape (roundness
and density). Finally, the shrub classification results were aggregated to 20 m to obtain the
shrub coverage sample data (Figure 2).
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High: 0.28
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Figure 2. Examples of the original AE and GE image (left), the object-oriented classification results
(middle) and the shrub coverage with a resolution of 20 m (right). (a,b) are AE samples, and (c) is
GE sample.

3. Methodology
3.1. Study Area Zoning

Arid and semi-arid ecosystems are highly dependent on precipitation patterns. Monthly
accumulated precipitation data of TerraClimate, GPM_IMERG, GPM_GSMap and ERA5
with 5 km spatial resolution were used to characterize the gradient in the whole region.
The precipitation data from 2001 to 2019 were averaged over the years to determine the
12 month monthly accumulated precipitation data. Then, the K-means clustering method
was adopted to divide the precipitation data into several clusters. To determine the cluster-
ing number, the elbow method was used to calculate the clustering error SSE (Sum of the
Squared Errors):

k 2
SSE=) erci |x — 7] 1

where k is the number of clusters and C; is the ith cluster, x is the sample point in C; and
m; is the mean value of all samples in C;. As the number of k increases, the degree of
aggregation of each cluster will increase, that is, SSE will decrease. The core idea of the
elbow method is to select the corresponding k value as the final cluster number when SSE
tends to decline slowly.

3.2. Vegetation Indices

We selected nine VIs and divided them into four categories according to greenness,
yellowness, moisture and background adjustment to evaluate the influence of different
types of VIs on shrub coverage estimation (Table 2). The first category is the greenness
index, which directly reflects the greenness of live vegetation, including the Normalized
Difference Vegetation Index (NDVI) [40] and Green NDVI (GNDVI) [41]. The value of
NDVl s easy to saturate in areas with high vegetation coverage. Studies have shown that
the correlation between the green band and chlorophyll concentration is stronger than that
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of the red band. Therefore, GNDVI was proposed by replacing the red band with the green
band in the NDVI formula [41].

Table 2. Selected vegetation indices for shrub coverage mapping.

Type Vegetation Index Formula Reference
NDVI e o
Greenness Index GNDVI ONIR —Dareen [41]
PNIR T Pgreen
NDTI PswiIr1 —PSWIR2 42
Yellowness Index Pswir1 +OsWIR2 [42]
NDSVI PSWIR1 —Pred [43]
PswiIR1 tPred
P —Pre
EVI2 2.5 x G [44]
MSAVI 2x PN1R+1—\/<2>< onir+1)* 8% (OniR—Pred) [45]
Background-adjusted Index NDPI orir— (07801 L0 osmiz) [16]
Pnir+(0.78 %0104 +0.22X Pgyyir1 )
NDGI (0'62><Pgw'1+0'38>< pNIR)_pred [47]
(0-62 X Pgreen+0.38X PR ) t0red
1 PNIR —PSWIR1
Moisture Index NDMI e [48]

The second category is the yellowness index, which reflects the senescence of vege-
tation, including the Normalized Difference Tillage Index (NDTI) [42] and Normalized
Difference Senescent Vegetation Index (NDSVI) [43]. NDTI is based on the unique absorp-
tion characteristics of cellulose and lignin in dry vegetation biomass at around 2100 nm.
NDSVI is based on the absorption characteristics of moisture content of vegetation in the
SWIR band.

The third category is the background-adjusted index, including the two-band En-
hanced Vegetation Index (EVI2) [44], Modified Soil Adjusted Vegetation Index (MSAVI) [45]
and Normalized Difference Phenology Index (NDPI) [46] and Normalized Difference Green-
ness Index (NDGI) [47]. EVI2 maintains the low sensitivity to the atmosphere and soil
background as EVI through the relationship between blue and red reflectance. MSAVI
replaces the constant soil adjustment factor (L) with a self-adjusting L function, which
increases the dynamic range of the vegetation signal and further reduces the influence of
soil background. NDPI uses linear weighting of three bands to minimize snow and soil
background values. The design of NDGI follows NDPI, but replaces NDPI's SWIR with the
green band, thus further reducing the impact of dry vegetation such as hay.

The fourth category is moisture index which reflects the moisture content of vegetation.
Normalized Difference Moisture Index (NDMI) [48], similar to NDSVI, also uses the
absorption of vegetation moisture content in the SWIR band.

3.3. Regression Methods and Parameterization

Four machine learning regression methods including random forest regression (RFR),
support vector regression (SVR), partial least squares regression (PLSR) and gaussian
process regression (GPR) were used in this study. RFR is an ensemble learning algorithm
constructed by multiple independent decision trees, which has the advantages of high
accuracy and good robustness [49]. RFR has two important parameters, one is n_estimators,
the number of decision trees, and the other is max_features, the number of randomly selected
features on each node [49]. In this study, n_estimators was set to 300, and max_features was
adjusted before model training. SVR uses a kernel function to convert the nonlinear
problem into a linear problem through mapping input data to high-dimensional feature
space [50]. In this study, the kernel function was fixed to the commonly used Gaussian
kernel, and parameters C and gamma were adjusted. PLSR transforms the original data into
a small number of potential components based on the covariance of collinearity between
independent variables and dependent variables [50]. The adjustable parameter of PLSR
is n_components, the number of potential components. GPR is an algorithm based on
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Bayesian probability theory. It is a generalization of Gaussian distribution, in which the
output variables of training samples and test sample points are regarded as samples of
joint multivariate normal distribution, so the goal of GPR is to fit the distribution of mean
function and covariance function of joint multivariate normal distribution [51]. The main
parameter of GPR is the covariance kernel function K(x1, x2), which defines the distance
between a pair of data points (x1, x2). In this study, we used the common anisotropic square
exponential kernel function [51]:

B (xb - xl.’)z
k ! ] 2
(xi,xj) = Oexp(— ;,X; BTy ) + 03163 )
| b

where ¢ is the scaling factor, B is the feature number, 0y, is the length scale of feature b,
which defines the similarity between samples, 0, is Gaussian noise, J;; is the Kronecker
symbol. The hyperparameters of kernel function were automatically optimized in the
training process.

We defined the value range of the parameters to be adjusted for the above four
algorithms (Table 3) and applied the grid search method to determine the optimal values of
these parameters [52].

Table 3. The adjustment range of regression methods’ parameters.

Regression Methods Parameter Adjustment Range
RFR max_features 1,2,3,4,5,6
C 0.1,05,1
SVR qamma 0.001, 0.01, 0.05, 0.1
PLSR n_components 1,2,3,4,5,6,7,8,9,10,11, 12
Kernel’s hyperparameters
GPR K(xq, x2) were automatically optimized

in model fitting

3.4. Model Training for Shrub Coverage Estimation
3.4.1. General Training and Validation Strategies

After zoning the study area into several subregions using the precipitation grid data,
the samples were divided into training samples and test samples in each subregion. The
training samples were used for model training and validation accuracy calculation, while
the test samples were independent of model training and were used to calculate test ac-
curacy. In the process of the model construction, a five-fold cross-validation strategy was
adopted and repeated 20 times. The accuracy evaluation indicators consist of regression
accuracy and classification accuracy. The shrub classification result was acquired by classi-
fying the pixels into shrub pixels and non-shrub pixels with a shrub coverage threshold
of 0.05. We calculated the root mean square error (RMSE) for regression accuracy, and the
overall accuracy (OA), precision and recall for classification accuracy.

3.4.2. Key Phenological Period Evaluation

Both RFR and GPR can output the evaluation results of feature importance. The
feature importance derived from RFR is measured by the degree of reduction of mean
square error after the introduction of feature variables. The feature importance of GPR
is calculated by the inverse of 0;,. The greater the inverse of 0}, the greater the relative
importance of feature b.

To evaluate the key phenological period, this study integrated the results of feature
importance evaluation returned by RFR and GPR. For each VI time series, 100 RFR and
100 GPR models were established, respectively. The final feature importance of RFR is the
average value of the feature importance scores from the 100 models, and the final feature
importance of GPR is the frequency of the top five reverse of ¢;,. Finally, the integrated
ranking of feature importance is the average of the importance score ranking of RFR and
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the importance frequency ranking of GPR. A larger ranking value means higher feature
importance, indicating that the corresponding phenological period is more critical for shrub
coverage estimation.

3.4.3. Mapping Strategies for the Whole Study Area

The experiment design of shrub coverage estimation for the study area using Sentinel-
2 time series data includes the following steps. Firstly, in each subregion, a single VI time
series and a single regression method were used to build models. Then, the accuracy
of these models and the importance of all features were compared to find the optimal
VIs, machine learning algorithm and key phenological period for each subregion. Finally,
four shrub coverage mapping strategies were constructed and compared, and the optimal
mapping strategy was selected to plot the shrub coverage distribution map in the whole
study area. The four mapping strategies are as follows.

e  Strategyl (Stgy.1): zoning + full time series of VIs, that is, the full time series of optimal
VIs are used to construct the model in each subregion, and then the partition results
are combined into the whole region results.

e  Strategy?2 (Stgy.2): zoning + key phenological period, that is, the top five key pheno-
logical periods of optimal VIs are selected to construct the model in each subregion.

e  Strategy3 (Stgy.3): non-zoning + full time series, that is, all the optimal VIs time series
in the subregions are put together to construct the model with all the training samples.

e  Strategy4 (Stgy.4): non-zoning + key phenological period, that is, the top five key
phenological periods of all optimal VIs selected in each subregion are put together to
construct the model.

4. Results
4.1. Zoning Result of the Study Area

K-means clustering number selection and final clustering results of four sets of precip-
itation data are shown in Figure 3. From the scatter plot of SSE and cluster number k, it can
be seen that as k increases, the SSEs of the four sets of precipitation data gradually decrease,
indicating that there is a spatial gradient distribution pattern for precipitation. Specifically,
when k increases from 1 to 3, SSE shows a large decrease. Then, when k increases from
3, the decline of SSE obviously tends to be slow, so the final cluster number k is set to 3,
that is, the study area is divided into three subregions. Although the clustering results of
the four sets of precipitation data are slightly different, they all show an obvious gradient
increasing from west to east (Figure 3b). The multi-year averaged monthly precipitation
curves show that the precipitation differences in the three subregions mainly occur from
May to September, and the differences reach the maximum in July (Figure 3c).

To improve the reliability of the regional zoning results, the voting method was used
to integrate the clustering results of four sets of precipitation data. The final classification
category of a pixel is determined by the category with the largest proportion. Finally, the
whole study area was divided into three subregions from west to east, namely West, Middle
and East, respectively (Figure 4a). The distribution of training samples and test samples in
each subregion is also shown in Figure 4a. Considering that there are fewer samples in the
East, no test samples are set in this subregion. Figure 4b shows the histogram distribution
of shrub coverage of all sample pixels in the three subregions. It can be seen that the
average shrub coverage of the samples in each subregion gradually increases from west to
east, with an average shrub coverage of 0.076 in the West, 0.087 in the Middle and 0.157 in
the East.
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Figure 3. Scatter plot of SSE and cluster numbers (k) of four sets of precipitation data (a), the spatial
distribution of clustering results (b), and the multi-year averaged monthly precipitation of each
subregion (c).
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Figure 4. The zoning results of the study area (a) and the violin histogram of shrub coverage for
sample pixels in each subregion (b). The locations of training samples (green dots) and test samples
(red dots) in each subregion are shown in (a). The number on (b) represents the total number of pixels
in each subregion.

4.2. The Optimal Factors in Each Subregion

In each subregion, the shrub coverage regression model was established by using the
time series of each VI combined with each regression method under different precipitation
conditions, and then the performances of different factors were compared with validation
accuracy and test accuracy. These factors include precipitation conditions, VIs and regres-
sion methods. Results are shown in Figure 5 for the West subregion, Figure 6 for the Middle
subregion and Figure 7 for the East subregion.
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Figure 5. Validation accuracy and test accuracy of RFR (a), SVR (b), PLSR (c), and GPR (d) methods
in the West subregion. Diamonds are outliers beyond the upper and lower quartiles by 1.5 times the
interquartile range.
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Figure 7. Validation accuracy of RFR (a), SVR (b), PLSR (c), and GPR (d) methods in the East subre-
gion. Diamonds are outliers beyond the upper and lower quartiles by 1.5 times the interquartile range.

In the West subregion (Figure 5), the validation and test accuracies are consistent for
the dry year (2017) and wet year (2018), and the accuracies of VIs in the dry year are higher
than those in the wet year. The differences in validation accuracies of the nine VIs are very
small, but the test accuracies of NDTI and NDGI in the dry year are significantly higher
than those of the other VIs. SVR and RFR outperform PLSR and GPR in shrub coverage
estimation. The test accuracy of SVR (RMSE = 0.052) is slightly higher than that of RFR
(RMSE = 0.057), while the validation accuracy of RFR (RMSE = 0.051) is significantly higher
than that of SVR (RMSE = 0.071). This result suggests that the method of RFR is more
suitable for shrub coverage estimation in the Western subregion.

In the Middle subregion (Figure 6), the role of dry and wet years was analyzed by
the test accuracy considering the significant differences in test accuracies. Results show
that the accuracies of VIs except for NDTI in the dry year are higher than those in the wet
year. For the accuracy comparison of VIs, NDMI, NDPI, EVI2 and MSAVI in the dry year
and NDTI in the wet year show higher validation and test accuracies. For comparison of
accuracies of the regression methods, RFR has the highest validation accuracy, while SVR
has the highest test accuracy. However, SVR and RFR have little difference in accuracy for
dry year.

In the East subregion (Figure 7), some VIs show slightly higher validation accuracies
for RFR and GPR methods in wet years than in dry years, while SVR and PLSR have
significantly higher accuracies in the dry year than in the wet year. Generally, the accuracy
of dry year is higher than that of wet year in the East subregion. NDMI, NDPI, EVI2 and
MSAVTI in the dry year and NDTT in the wet year have higher validation accuracy, which is
similar to the Middle subregion. For comparison of the regression methods, RER achieves
the highest accuracy in this subregion.

We summarized the optimal factors for the three subregions. Firstly, the accuracies of
VIs in the dry year are higher than those in the wet year except for NDTL Secondly, the
results of the three subregions show that the accuracy of RFR is relatively higher than the
other three regression methods. Lastly, the optimal VIs for the West subregion are NDTI
and NDGI in the dry year, and the optimal VIs for the Middle and East subregions are
NDMI, NDPI, EVI2 and MSAVI in the dry year and NDTI in the wet year. Considering
that NDPI, EVI2 and MSAVI are background adjustment indices with similar effects, we
selected MSAVI for shrub coverage mapping because the vegetation is sparse in arid and
semiarid areas and soil background has a greater impact on Vls.
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4.3. The Key Phenological Periods in Each Subregion

Figure 8 shows the ranking results of the feature importance of time series in each
subregion obtained from RFR and GPR. Based on the ranking values, we selected the key
phenological periods in dry and wet years for each subregion. In the West subregion, early
April in both dry and wet years is one of the key phenological period, and the other key
phenological periods are in summer, including mid-July in the dry year and late June in
the wet year. In Middle subregion, early July and late October are the key phenological
periods of dry and wet years. In the East subregion, late September is a key phenological
period, and another key phenological period is advanced from mid-June in the dry year to
late May in the wet year. The key phenological period in early summer of the wet year has
a potential tendency to be ahead of that in the dry year.

(a) 2017 West (b) 2017 Middle (c) 2017 East

NDVI
GNDVI -
NDTI

NDVI
GNDVI
NDTT

NDSVI NDSVI-
EVI2 EVI2
MSAVT MSAVT -
NDPI NDPI -
NDGI NDGI
NDMI NDMI - .
Apr. May Jun.  Jul Aug.  Sep. Oct. Apr. May Jun. Jul Aug. Sep. Oct. A]‘)Iﬂ May Jun, Jul. Aug. Sep. Oct.

(d) 2018 West (e) 2018 Middle (f) 2018 East
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Figure 8. Integrated ranking results of feature importance of RFR and GPR in 2017 (a—c) and 2018
(d—f). From blue to red, the climbing ranking values indicate the increase in feature importance.

We compared the key phenological periods of the three subregions. The key pheno-
logical periods in the summer of the dry year show an obvious trend of advance from west
to east, which are mid-late July in the West subregion, early July in the Middle subregion
and mid-late June in the East subregion, respectively. However, there is no such spatial
trend in the wet year.

4.4. Comparison of Shrub Coverage Mapping Strategies

In this section, we compared the accuracy of the four mapping strategies and selected
the best one for shrub coverage mapping in the entire region. Table 4 lists the average of
validation accuracy and test accuracy of four mapping strategies. It can be observed from
Table 4 that the validation accuracy of the four mapping strategies are similar, indicating
that zoning and non-zoning, full time series and key phenological periods have little impact
on model training. Among the validation accuracy of the four strategies, RMSE is 0.050,
OA is around 83%, about 96% of the shrub pixels are correctly classified and the probability
of being correctly classified as shrub pixels is about 80%. However, the test accuracy of
the four mapping strategies varies greatly. As can be observed from Table 4, the RMSE
of zoning mapping is lower than that of non-zoning mapping, and OA, precision and
recall of zoning are also significantly higher than those of non-zoning, so the accuracy
of zoning mapping is higher than that of non-zoning mapping. However, the accuracy
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of the full time series and key phenology depends on zoning or not. Among the four
strategies, Stgy.1 holds the smallest RMSE (0.052) and Stgy.4 has the largest RMSE (0.060),
while Stgy.2 presents the highest classification accuracy and Stgy.4 has a relatively low
classification accuracy.

Table 4. The average of validation accuracy and test accuracy of four mapping strategies.

Validation Test

Accuracy
Stgy.1 Stgy.2 Stgy.3 Stgy.4 Stgy.1 Stgy.2 Stgy.3 Stgy.4
RMSE 0.050 0.050 0.050 0.050 0.052 0.055 0.057 0.060
OA 0.830 0.824 0.831 0.830 0.764 0.797 0.755 0.746
Precision 0.797 0.793 0.795 0.795 0.800 0.815 0.792 0.801
Recall 0.964 0.960 0.973 0.970 0917 0.946 0.917 0.886
Mean0 0.024 0.023 0.026 0.025 0.056 0.045 0.058 0.050

Note: Stgy.1 is zoning + full time series, Stgy.2 is zoning + key phenological period, Stgy.3 is non-zoning + full
time series and Stgy.4 is non-zoning + key phenological period. The highest precision indicators for test accuracy
are shown in bold.

The predicted shrub coverage based on the four mapping strategies and the true
coverage of the validation samples are all distributed near the 1:1 line (Figure 9a-d),
showing the high prediction accuracy. However, the scatter plots of the test samples show
a tendency of overestimation in the low-value areas and underestimation in the high-value
areas (Figure 9e-h), and this trend is more obvious in the non-zoning mapping strategy. To
compare the ability of the four mapping strategies to distinguish shrubs from grasses, the
average predicted coverage of non-shrub pixels was counted as the Mean0 index (Table 4).
Results show that the Mean0 of the validation samples predicted by the four strategies are
close (0.023-0.026), while the Mean0 of test samples predicted by full time series strategy is
higher than that predicted by the key phenological period strategy, indicating that the full
time series strategy tends to overestimate non-shrub pixels. Stgy.2 has the smallest Mean0
value (0.045) and Stgy.3 has the largest one (0.058).
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Figure 9. The scatter plots of the true and predicted shrub coverage of the validation samples (a—d)
and test samples (e-h) based on Stgy.1-4.

From the regression accuracy and classification accuracy results of the test samples,
it can be concluded that the accuracy of the zoning mapping strategy is higher than that
of the non-zoning, and the VIs in the key phenological periods strategy is better than
the full VI time series in terms of low value prediction performance. Among the four
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mapping strategies, Stgy.2 (zoning + key phenological period) shows the highest test
accuracy, Therefore, Stgy.2 was selected to produce the shrub coverage map of the whole
study area at a spatial resolution of 20 m (Figure 10, upper).

520
]5-10 M 20-45
10-15 N km
10 20

LR

Figure 10. The shrub coverage mapping result at 20 m resolution (upper), and the comparison of
high spatial resolution images at locations A-E (middle row) and the predicted shrub coverage of
the test samples at above locations (bottom row).

From the mapping result, the maximum shrub coverage is less than 0.45, 87% of the
areas have shrub coverage less than 0.1 and only 2.5% of the areas have shrub coverage
greater than 0.15. The areas with shrub coverage greater than 0.15 are mainly distributed
at the edge of the Otindag Sandy Land in the east of Sonid Left Banner, the Xilin River
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basin in Xilinhot, and the hills and mountains in the southeast of the study area. In terms
of spatial distribution, the distribution of shrub coverage follows the precipitation gradient,
showing an increasing trend from west to east. From the comparison between the high
spatial resolution images and predicted shrub coverage of test samples (Figure 10 bottom,
locations A-E), it can be found that the mapping result can accurately extract the spatial
distribution of shrubs; however, it is easy to identify the vegetation and mountain forest
around the water as shrubs.

5. Discussion
5.1. Reliability of Shrub Coverage Mapping Result

Based on spectral information and phenological information, this study used the latest
Sentinel-2 data and machine learning algorithms to estimate the coverage of Caragana in
the Xilin Gol grassland of Inner Mongolia. The RMSE of the validation samples and the
test samples were 5% and 5.5%, respectively, indicating the reliability of the shrub coverage
mapping results. The results of this study were not compared with other global tree cover
products such as MOD44B, because most of these products are designed for forest areas
rather than grasslands, which only provide information on the cover of tall trees in arid
and semiarid areas, and ignore dwarf shrubs [23]. Moreover, the spatial resolution of global
tree productions is too rough, and the error is large in arid and semiarid areas with sparse
vegetation. The spatial resolution of the distribution of shrub coverage in this study is 20 m,
which can provide more accurate and detailed information.

As far as we know, the result of this study is the first large-scale and high spatial
resolution data on the distribution and coverage of Caragana in Inner Mongolia. Since
there is no other reference data, we can only verify our results from the text descriptions in
previous studies. Results show that the coverage of Caragana increases from west to east in
Xilin Gol grassland, which is consistent with the local precipitation gradient, and the areas
with higher coverage (>15%) are mainly distributed in the Xilin River Basin and the edge of
Otindag Sandy Land. In the investigation of C. microphylla, C. intermedia and C. korshinskii
communities, it was found that the abundance of C. microphylla gradually increased from
the east of Xilinhot to the west, reached the maximum in Xilinhot, and then began to
decline [53], which confirmed the reliability of the spatial distribution result of this study.
In general, the model of this study shows good accuracy and provides a reliable estimation
of Caragana shrub coverage for the Xilin Gol grassland in Inner Mongolia. Moreover, a
large-scale UAV field experiment has accumulated a number of reliable field measured
data for this region, which can provide important reference information for future study of
grassland ecosystem and shrub expansion in this region.

5.2. Significance of Zoning and Feature Selection

In this study, precipitation grid data were used to divide the study area into three
subregions, and then the accuracy of the two mapping strategies of zoning mapping and
non-zoning mapping were compared. We found that the accuracy of zoning mapping
was higher than that of non-zoning mapping, presenting that the slope of the referenced
coverage and the predicted coverage of test samples for zoning mapping strategy was
closer to 1, while non-zoning mapping tended to predict the mean value for all test samples
(Figure 9). In the shrub component mapping research in North America, the importance
of zoning was also considered by using climate data to divide the study area into three
subregions [25]; however, the mapping results of zoning and non-zoning were not com-
pared. Arid and semiarid grasslands are highly dependent on climatic conditions and
have distinct vegetation heterogeneity. We have verified through experiments that a single
model cannot well reflect the spatial distribution characteristics of shrubs in this region,
and it is easy to cause the prediction result to be smoothed around the mean value. Only
the models established under different climatic conditions can accurately reflect the unique
response of different types of shrubs to the climatic conditions.
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The optimal VI combination of each subregion is different. For the driest West subre-
gion, the optimal VIs are NDTI and NDGI, while for the wetter Middle and East subregions,
the optimal VIs are NDMI, NDTI and background adjustment index. The difference in
the optimal VI combination of the three subregions indicates that there may be differences
in the mixed components of shrub and grass between these subregions. In the field UAV
sampling experiment, we also found the different Caragana growth statuses in the West and
Middle subregions (Figure 11). Caragana stenophylla is the dominant species in the West
subregion, where the herbaceous coverage is low. C. microphylla, with a larger canopy size,
is mainly distributed in the Middle subregion, where herbaceous plants grow well and
are highly mixed with C. microphylla. The spatial pattern of Caragana species substitution
from east to west is closely related to their relationship with water supply [33]. Therefore,
it is necessary to zone the study area when monitoring the shrub coverage of the Xilin Gol
grassland at a large scale.

Figure 11. The different growth status of Caragana shrubs in the West ((a), 43°50’N, 114°47'E)
and Middle ((b), 44°31’'N,116°34'E) subregions. Pictures were taken from the field UAV sampling
experiment in August 2020.

This study also found that the accuracy of selecting important features for shrub
coverage estimating is slightly higher than the accuracy of using all features, especially
for zoning mapping strategies (Table 4). The advantage of important features over all
features is mainly reflected in the prediction of low value areas. It can be seen from Table 4
that the average coverage of non-shrub pixels predicted by important features is lower
than that predicted by all features, which indicates that using all features is more likely
to cause overestimation of low value areas and detect more false-positive shrubs. That
is because inputting more unimportant variables will introduce more noise and cause a
high correlation between variables, which may reduce the stability and interpretability
of the model [54]. Therefore, it is important to filter features before the shrub coverage
model training and find a simplified feature subset that can balance accuracy and model
interpretability. On the other hand, from the perspective of computing efficiency, although
the accuracy after feature selection is not significantly improved, a smaller feature subset
can reduce the computing time, which is very efficient for large sample learning.

5.3. Spatial Variability of Optimal VIs and Key Phenological Period

Interestingly, this study found spatial variability of optimal VIs in three subregions.
In the humid Middle and East subregions, the VIs that perform well are mainly the
background-adjusted index and the moisture index. This may be because of the larger inter-
ference of background factors like grasses in humid areas. In the arid West subregion, the
vegetation index that performs better is the NDGI, excluding other background-adjusted
indices. It may be because the introduction of the green band improves the sensitivity
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to low chlorophyll concentration. In addition, the three band combination eliminates the
influence of background, so it outperforms GNDVI, which also introduces green band.
This study also discovered the potential of an uncommon VI in shrub coverage monitoring;:
NDTI. This index is selected as the optimal VI by the three subregions. NDTI combines
SWIR1 (1610.4 nm) and SWIR2 (2185.7 nm) and was originally designed to monitor the
residue coverage after farming and harvesting. We further found that NDTI in early April
showed a significant negative correlation with shrub coverage. A previous study used
MODIS reflectance data and a multiple regression model to estimate woody plant coverage
of the central Texas savanna and found that woody plant coverage had a strong negative
linear relationship with the annual minimum reflectance of MODIS band 6 (1628-1652 nm)
and band 7 (2105-2155 nm), and the absolute value of regression coefficient of band 6 was
greater than that of band 7 [55], indicating that NDTI’s negative correlation relationship
to shrub coverage in this study may be due to the difference of radiation absorption of
woody plants in these two SWIR bands. The reflectance characteristics of the SWIR band
are closely related to the moisture, cell structure, lignin and cellulose content of vegetation,
and the potential of the SWIR band in wood vegetation coverage prediction has also been
discovered in other studies [56]. In the future, we can use hyperspectral technology to
conduct ground spectral measurement experiments to explore the radiation characteristics
of woody plants in the SWIR band.

The time acquisition of features is very crucial for model learning because the introduc-
tion of key phenology can exclude the interference of the background signal and improve
the differentiation of target and background. In this study, we separately modeled the data
for the dry year and wet year and found that the accuracy of the dry year is higher than
that of the wet year, thanks to the stronger drought resistance of shrubs than grasses [12].
This finding has also been concluded in other studies [55,57]. The results of the feature
importance evaluation showed that June to July and September were two key phenological
windows for shrub monitoring in Xilin Gol grassland. However, it should be noted that the
phenological window presented a gradient trend in space. Specifically, the key summer
phenological windows of the three subregions advanced from west to east, from late July to
early July, and then to late June. The gradient difference was about half a month. Therefore,
when monitoring shrub coverage in large areas in the future, we should fully consider the
geographical gradient of phenology and set up multiple important phenological windows
or use complete time series.

To further analyze the sensitivity of shrub monitoring accuracy to the time resolution
of the VI time series, we averaged the VI time series with 7 day (7 d) resolution to generate
new time series with the different temporal resolutions and then used the Stgy.1 to predict
shrub coverage. The final result is shown in Figure 12. There is no significant difference in
the accuracy of time series with resolutions of 7 d and 14 d. When the temporal resolution
increases from 14 d, the mean value and standard deviation value of RMSE increase, which
indicates that the accuracy and stability of the model decrease. The turning point of 14 d
resolution is consistent with the phenological gradient of the three sub-regions mentioned
above. Therefore, it is recommended to use a time series with a half-month resolution for
shrub coverage monitoring in this region.
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Figure 12. The sensitivity of shrub monitoring accuracy to the temporal resolution of vegetation index
time series. Dots and bars represent the mean and standard deviation of repeated cross-validation
accuracy, respectively.

5.4. Uncertainties and Deficiencies

Both quantitative evaluation (Figure 9, Table 4) and visual evaluation (Figure 10)
indicated that the random forest model trained by the VI time series could quantitatively
describe the spatial distribution of Caragana coverage in Xilin Gol grassland. Nevertheless,
some uncertainties and deficiencies of this study need to be mentioned. The first is the
uncertainty of the results. The RMSE of the final model is between 5% and 5.5%, while the
coverage mapping results show that the area below 5% coverage accounts for half, indicat-
ing that half of the study area has uncertainty. The scatter plot of the test samples shows
that the shrub coverage tends to be overestimated at low values and underestimated at
high values (Figure 9), which is very similar to other studies using regression modeling for
shrub coverage mapping [24,25,55,57]. The overestimation of the low value area is mainly
due to the method of sample data collection. The shrub canopy is radially distributed,
and other vegetation generally grows under the canopy. However, we define the shrub
coverage as the proportion of the vertical projection area of the shrub canopy, ignoring
other vegetation below the canopy. The underestimation of the high-value area is mainly
caused by the random sampling strategy. Due to the scattered distribution of shrubs in the
Xilin Gol grassland, the coverage itself is not high. There are fewer pixels of high coverage
in the training sample, and the coverage distribution is uneven. A possible way to solve
this problem is to balance the coverage distribution of samples, but it needs to have a
certain prior knowledge of the target distribution in the study area, which is difficult to
obtain in large-area studies. Other uncertain results appear in river vegetation mixed with
water bodies, agricultural land and mining areas, and in forest land in mountainous areas.

There are three main deficiencies in this study. First, this study simply uses the precip-
itation grid data with a coarse spatial resolution to divide the study area into subregions.
In the future, soil texture, soil moisture and other data can be used to divide the study
area under the premise of data availability. Second, this study did not fully utilize Sentinel
series data, such as exploring the capability of the red edge band of Sentinel-2 data in shrub
coverage monitoring and combining the multi-source information provided by Sentinel-
1 SAR data. However, the Sentinel-1 C band is very sensitive to the impact of surface
roughness, especially in areas with sparse vegetation [56]. Therefore, how to effectively
combine the radar information of Sentinel-1 with the spectral information of Sentinel-2 for
shrub coverage monitoring in arid and semiarid regions is a challenging task for the future.
Third, the spatial distribution of samples is uneven, and there are fewer samples in the East
subregion, which leads to the uncertainty of the results in the east. In the future, we can
collect more samples from the eastern region to improve the reliability of the results.
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6. Conclusions

A high spatial resolution shrub coverage map (20 m) in the Xilin Gol grassland was
generated based on Sentinel-2 spectral and temporal signatures. This study is the first
attempt to use high spatial and temporal resolution satellite images to estimate shrub
coverage on a large scale. We proposed the following approach to identify and estimate
the coverage of shrubs of the genus Caragana considering the interactive spatial, temporal
and spectral features. Firstly, the precipitation data were used to divide the study area
into similar climate zones, which was helpful to distinguish the characteristics of shrub
species and structure. Through the time series data of the adjacent dry and wet years, the
key phenological periods of each zone were selected to highlight the growth differences
between shrubs and grass. In terms of spectral features, machine learning algorithms
were used to select the VIs, which could reflect the spectral difference among shrubs,
grass and soil. The performance of different precipitation conditions, different types of
VIs and different regression methods in shrub coverage monitoring was fully compared
region by region. Moreover, the feature importance evaluation was used to find that
the key phenological periods presented an advanced trend from west to east. Different
from previous studies, this study also compared the differences between zoning mapping
and non-zoning mapping, mapping using all features and mapping using important
features, and found that the accuracy of zoning mapping is significantly higher than that
of non-zoning mapping. The RMSE, OA, precision and recall for the ‘zoning + full time
series (or + key phenological period)” strategy were 0.052 (0.055), 76.4% (79.7%), 80.0%
(81.5%) and 91.7% (94.6%), respectively, while for the ‘non-zoning + full time series (or +
key phenological period)” strategy were 0.057 (0.060), 75.5% (74.6%), 79.2% (80.1%) and
91.7% (88.6%), respectively. The important feature mapping performs better in low value
prediction than all feature mapping. However, due to the influence of vegetation beneath
the shrub canopy in arid and semiarid areas, the overall woody cover is overestimated in
low value and is underestimated in high value. In spite of this uncertainty, the mapping
result based on Sentinel-2 imagery provides more accurate information on shrub coverage.
The shrub coverage map and UAV samples data provided by this research can serve as a
baseline map to not only explore the historical distribution and future changes of shrub
coverage, but also analyze the impact of shrub expansion on the ecosystem, environment
and economy.
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