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Abstract: Time-series normalized difference vegetation index (NDVI) is commonly used to conduct
vegetation dynamics, which is an important research topic. However, few studies have focused on
the relationship between vegetation type and NDVI changes. We investigated changes in vegetation
in Xinjiang using linear regression of time-series MOD13Q1 NDVI data from 2001 to 2020. MCD12Q1
vegetation type data from 2001 to 2019 were used to analyze transformations among different
vegetation types, and the relationship between the transformation of vegetation type and NDVI was
analyzed. Approximately 63.29% of the vegetation showed no significant changes. In the vegetation-
changed area, approximately 93.88% and 6.12% of the vegetation showed a significant increase and
decrease in NDVI, respectively. Approximately 43,382.82 km? of sparse vegetation and 25,915.44 km?
of grassland were transformed into grassland and cropland, respectively. Moreover, 17.4% of the
area with transformed vegetation showed a significant increase in NDVI, whereas 14.61% showed
a decrease in NDVI. Furthermore, in areas with NDVI increased, the mean NDVI slopes of pixels
in which sparse vegetation transferred to cropland, sparse vegetation transferred to grassland, and
grassland transferred to cropland were 9.8 and 3.2 times that of sparse vegetation, and 1.97 times that
of grassland, respectively. In areas with decreased NDVI, the mean NDVI slopes of pixels in which
cropland transferred to sparse vegetation, grassland transferred to sparse vegetation were 1.75 and
1.36 times that of sparse vegetation, respectively. The combination of vegetation type transformation
NDVI time-series can assist in comprehensively understanding the vegetation change characteristics.

Keywords: vegetation dynamics; vegetation type; Xinjiang; NDVI; transfer matrix

1. Introduction

Vegetation is an important component of terrestrial ecosystems, connecting ecological
elements, such as water, soil, and the atmosphere [1-3]. It plays an important role in
stabilizing ecosystem services and is often regarded as a sensitive indicator of the ecological
environment [4]. Vegetation dynamics is a key issue in ecological research and studying the
laws and characteristics of vegetation dynamics will help understand the trend of regional
environmental changes, provide data support for scientifically formulated development
policies, and serve the sustainable management of the ecological environment in the
region [5,6].

Remote sensing provides long-term, large-scale, and continuous spatiotemporal data
sets, which are the main means to explore changes in vegetation dynamics [7,8]. Normalized
difference vegetation index (NDVI), net primary productivity (NPP), and leaf area index
(LAI) are widely adopted as indicators of vegetation growth status to assess dynamic
changes in vegetation [9-12]. Among them, NDVI is the most widely used because of
its advantages of rich data accumulation, long periods, and easy availability [5]. NDVI
has strong intra- and inter-annual fluctuations [13,14] that reflect the growth of plants in
different phenological stages [15]. The inter-annual changes in NDVI, obtained from the
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peak growth period, can effectively indicate the degradation and restoration of vegetation.
Therefore, when using NDVI to explore the inter-annual variation in vegetation, it is
necessary to adjust for the seasonal variation in NDVI. Generally, the maximum value
composite (MVC) method is used to synthesize the annual maximum NDVI (NDVInax)
and characterize the vegetation growth status throughout the year [16], construct the
NDVInhax time series, and calculate the slope of the time series to study the vegetation
dynamics [10,17].

The positive, negative, and numeric values of the NDVI slope reflect the direction
and severity of vegetation change, and changes in vegetation type will affect the NDVI
slope value. The relationship between vegetation-type change and NDVI change can be
understood from two perspectives. First, when the vegetation type is stable and the NDVI
changes, a significant change in NDVI directly indicates a change or trend in vegetation. Sec-
ond, the NDVI slope value of the pixels with vegetation-type change increases (decreases)
significantly. In this case, ignoring the description of the vegetation-type change may make
it difficult to fully reflect the actual vegetation change. When studying vegetation dynamics,
incorporating vegetation type transformation with time-series NDVI is helpful for gaining
an in-depth understanding of the vegetation change process and determining the detailed
characteristics of vegetation change. Some studies have focused on the change in different
vegetation types. For example, Guli et al. [9] analyzed the LAI of different vegetation
types and revealed that the magnitude of change of cropland in Xinjiang is the largest, and
grassland is the most sensitive vegetation type prone to change. Du et al. [1] observed
that the adjustment of the planting structure will significantly decrease crop NDVI. Meng
et al. [18] indicated that there are significant differences in NDVI changes among different
vegetation types. Chu et al. [19] revealed that different vegetation types have different
feedback on climate change, resulting in the spatial difference of NDVI change. Liu et al. [4]
reported that NDVI cannot reflect the changes in the vegetation types and the degradation
succession of grassland. In areas with degraded- grassland, NDVI increased and did not
decrease. Currently, most studies use NDVI to explore the spatiotemporal characteristics of
vegetation changes; however, little attention has been given to the changes in vegetation
type and its relationship with the NDVI [1,9]. Moreover, few studies have focused on the
impact of vegetation-type changes on NDVI slope values.

Xinjiang is located in northwest China, far from the sea. Affected by the temperate
continental arid and semi-arid climate, the vegetation distribution is sparse, and the eco-
logical environment is fragile [20]. Xinjiang is located in the core area of the Silk Road
Economic Belt, and urbanization will be further accelerated with the implementation of
the Belt and Road Initiative [21]. Some studies have indicated that under the background
of global climate change, Xinjiang is experiencing a transition from warm dry to warm
wet [22]. Vegetation in arid areas is sensitive to changes in the combination of moisture
and temperature climatic conditions [23,24]. Research on vegetation change in Xinjiang
has become a hot topic in recent years [14,24]. The regional ecological environment is an
important foundation for social and economic development. Exploring vegetation changes
is conducive to the protection of the ecological environment, and it promotes a coordinated
development of the social economy and ecological environment in Xinjiang.

To explore the relationship between vegetation-type changes and the NDVI slope, this
study selected Xinjiang as the study area and used linear regression and coefficients of
variation to analyze the vegetation changes in Xinjiang from 2001 to 2020, based on the
time series MOD13Q1 NDVI data. Subsequently, based on MCD12Q1 vegetation-type data,
changes in the vegetation type and corresponding transfer characteristics were analyzed
by a transfer matrix. Finally, the influence of vegetation type transformation on the NDVI
slope was analyzed.
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2. Materials and Methods
2.1. Study Area

Xinjiang is located in northwestern China, with geographic coordinates of 73°20-96°25 E,
34°15-49°10 N (Figure 1) and an administrative area of approximately 1.66 x 10° km?. It is
far from the ocean and has an annual average precipitation of approximately 145 mm [9],
and is classified as having a temperate continental arid and semi-arid climate. Xinjiang has
various landforms, mainly consisting of three mountains and two basins [25], namely, from
south to north: the Altay Mountains, Junggar Basin, Tianshan Mountains, Tarim Basin, and
the Kunlun Mountains. Xinjiang is generally divided into northern Xinjiang and southern
Xinjiang, with the central Tianshan Mountains as the boundary. Affected by water resource
shortages, desertification, low vegetation cover, and other factors, Xinjiang’s ecosystem is
fragile.
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Figure 1. Main vegetation types in Xinjiang.

2.2. Data
2.2.1. MOD13Q1 NDVI Data

The NDVI data used in this study were derived from the MOD13Q1 dataset, which
is a 16-d NDVI product with a spatial resolution of 250 m synthesized by the maximum
value composite (MVC) method, based on daily NDVI. There were 23 images per year, and
the study site was covered by six tile images. First, on the Google Earth Engine platform,
23 images of each year from 2001 to 2020 were composited to an annual NDVI.x image
using the MVC method. Later, Envi 5.3 software was used to perform the layer stacking
operation that stacked the 20 images of NDVIn,x into a single file. In the layer stacking
step, the map projection was set to Universal Transverse Mercator (UTM), the geographic
datum was set to WGS-1984, the UTM zone was set to 44° N, and the pixel size was set to
250 m.

2.2.2. MCD12Q1 Vegetation-Type Data

The MCD12Q1 product was created using a supervised classification of MODIS re-
flectance data [26,27]. The original MCD12Q1 dataset included six classification schemes
with a 500 m spatial resolution. The International Geosphere-Biosphere Programme clas-
sification data that were selected for analysis in this study included 17 vegetation types
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(Table 1). To facilitate the subsequent analysis, we reclassified the 17 vegetation types into
forests, shrubs, grasslands, crops, sparse vegetation, and non-vegetation land types, and
resampled their spatial resolution to 250 m. Subsequently, the vegetation-type transfer
matrix was created using two vegetation-type images from 2001 to 2019.

Table 1. Classification of vegetation types.

Vegetation Type (IGBP) Reclassified Vegetation Type

Evergreen Needleleaf Forest

Evergreen Broadleaf Forest

Deciduous Needleleaf Forest Forests
Deciduous Broadleaf Forest
Mixed Forest
Closed Shrubland Shrub
Open Shrubland rubs
Woody Savanna
Savanna Grass
Grassland
Cropland Crops
Permanent Wetland
Urban and Built-up Land
Cropland /Natural Vegetation Mosaics Other land types
Permanent Snow and Ice
Water Bodies
Barren NDVI > 0.1 and FVC < 0.1 Sparse vegetation
Barren NDVI < 0.1 No vegetation

Note: FVC, fractional vegetation cover.

We calculated the mean of the time-series NDVIny. from 2001 to 2020, and by referring
to previous studies [28], we used 0.1 as the threshold value for differentiating vegetation
and non-vegetation areas. In the MCD12Q)1 vegetation-type data, the vegetation areas with
low coverage (FVC < 0.1) were classified as bare land. To ensure consistency between the
vegetation range of MCD12Q1 data and that of MOD13Q1 data, the areas with FVC less
than 0.1 and NDVI greater than 0.1 were classified as sparse vegetation.

2.3. Methods
2.3.1. Linear Regression Analysis

The relationship between NDVI and time was analyzed by linear regression, and the
slope of the regression was calculated using the least-squares method [3,12]. A positive
slope indicates that NDVI increases, while a negative slope indicates that NDVI decreases,
and the greater the absolute value of the slope, the more severe the change [29].

nx Yt i x NDVI; — (33t 1) (L, NDVL)
nx E?:l iz - (2?:1 i)z

where slope represents the slope of the linear regression equation, n represents the study
period (year), and NDVI; represents the NDVI observation value in year i.

@

Slope =

2.3.2. F-Test

F-test determines the level of statistical confidence for the slope of the calculated
time-series NDVI [30]. It is usually used to determine the level of significance of NDVI
changes [29].

F was calculated as: U
F= —— 2
Qn—2) @
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where U represents the sum of squared error, Q represents the regression of square sum, §;
represents the fitting value of pixel NDVI in year i, s represents the mean of NDVI time
series of pixels, and S; represents the observed value of NDVI in year i.

2.3.3. Coefficient of Variation of NDVI

The coefficient of variation (CV) is defined as the ratio of the standard deviation of
samples to the mean of samples and is also known as the dispersion coefficient. It is one
of the commonly used methods in statistics to judge the degree of dispersion of sample
values [4,31]. Therefore, the inter-annual fluctuation of vegetation change can be analyzed

by observing the CV of NDVL
o

CV=— ()
n
where o represents the standard deviation of the sample, and p represents the mean of the

samples.

3. Results
3.1. Spatio-Temporal NDVI Changes

The results (Figure 2) showed that approximately 63.29% of vegetation pixels did
not pass the significance test, indicating that the vegetation did not change significantly
and was in a stable state. About 36.71% of the vegetation pixels passed the significance
test, indicating that the vegetation had changed significantly. In the vegetation areas with
significant changes, approximately 93.88% of the vegetation increased significantly and was
in a state of restoration, while approximately 6.12% of the vegetation decreased significantly
and was in a state of degradation.
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Figure 2. Trends in vegetation in Xinjiang from 2001 to 2020 as indicated by the NDVI slope.

The variation in NDVI exhibited typical spatial heterogeneity (Figure 3). Increases
in the NDVI were more intense in the plain region, while decreases were more intense in
the mountain region. Regarding geomorphic units, 29.37% of the pixels with a decrease in
the NDVI in Xinjiang were distributed in the northern and middle Tianshan Mountains,
and 7% were distributed in the western Junggar Mountains. The NDVI of 48.46% pixels in
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northern and middle Tianshan, 32.99% of pixels in the western Junggar Mountains, and
9.49% of pixels in the Tarim River plain were decreasing.
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Figure 3. NDVI slope in different geomorphic units.

The slope of NDVI was graded with reference to previous studies [10], and the pro-
portions of pixels at different grades of the slope were counted (Table 2). The results
showed that the proportion of vegetation increasing at high slopes was approximately
26.23%, the proportion that increased at medium slopes was approximately 51.32%, and
the proportion that increased at low slopes was only 16.33%. The proportion that decreased
at low, medium, and high slopes was 0.56%, 4.11%, and 1.44%, respectively. Overall, the
increase in NDVI mainly occurred at a medium slope, and the decrease in NDVI occurred
mainly at a low slope. This indicated that the slope of greening vegetation was higher than
that of degrading vegetation.

Table 2. Proportions of vegetation pixels in each category of the slope of NDVL

Slope Significance Speed Percentage
>001 High speed increase 20.23%
0.008-0.01 6.00%
0.006-0.008 Slope > 0 9.56%
0.004-0.006 p<0.05 Medium speed increase 16.08%
0.002-0.004 25.68%
0-0.002 Low speed increase 16.33%
—0.002-0 Low speed decrease 0.56%
—0.004-—0.002 1.77%
—0.006-—0.004 Slope <0 Medium speed decrease 1.49%
—0.008-—0.006 p <0.05 0.85%
—0.01-—0.008 . 0.47%
<001 High speed decrease 0.97%

The mean CV in the area with reduced NDVI was 0.16, while that in the area with
increased NDVI was 0.23, indicating that the variability in the area with reduced NDVI
was significantly lower than that in the area with increased NDVI, and the vegetation in
Xinjiang was in a state of low variability (Figure 4).
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Figure 4. Spatial distribution of the CV and changes of vegetation. (a) Mean CV of the NDVI-
increasing region. (b) Mean CV of the NDVI-decreasing region.

3.2. Changes in Vegetation-Types

The area of crops increased linearly, the areas of grassland and shrubs increased
intermittently, and the area of forests decreased (Figure 5). The area of crops increased the
most from 2001 to 2019, followed by grassland and shrubs, with shrubs and crops having
the greatest magnitudes of change (Table 3). The area of sparse vegetation was greatly
reduced, and the area of forests reduced slightly. Considering the forest subclass, the
area of broadleaf forests and mixed forests decreased, while the area of needle-leaf forests
increased. Specifically, the area of crops increased by 24,558.02 km? (an increase of 53.1%),
the area of grassland increased by 15,186.62 km? (an increase of 4%), shrubs increased by
415.41 km? (an increase of 92.23%), forests decreased by 274.51 km? (a decrease of 12.9%),
and sparse vegetation decreased by 40,169.94 km? (a decrease of 9.93%).
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Figure 5. Interannual variation in the area of the main vegetation types.

Table 3. Changes in areas of main vegetation types in Xinjiang from 2001 to 2019 (km?).

Vegetation-Type 2001 2019 Change Magnitude
Crops 46,248.14 70,806.16 53.10%
Grass 379,303.97 394,490.60 4.00%
Shrubs 450.42 865.83 92.23%
Forests 2127.61 1853.10 —12.90%

Sparse vegetation 404,602.14 364,432.19 —9.93%
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The transfer characteristics among vegetation types were analyzed based on the trans-
fer matrix of vegetation types (Table 4). From 2001 to 2019, the transfer of sparse vegetation
to grassland amounted to 43,382.82 km?, accounting for 90% of the land area transferred to
grassland; the area of grassland transferred to crops amounted to 25,915.44 km?, accounting
for 90.82% of the land area transferred to crops. The area of sparse vegetation transferred
to shrubs amounted to 499.16 km?, accounting for 78.14% of the land area transferred into
shrubs, and the area of forests transferred to grasslands amounted to 559.66 km?, account-
ing for 93.43% of the total area transferred out of forests. Thus, the increase in grassland
area was mainly due to the transfer-in of sparse vegetation, the increase in cropland was
mainly due to the transfer-in of grassland, and the increase in shrub area was mainly due
to the transfer-in of sparse vegetation. Further, local forests degenerated into grassland.

Table 4. Transfer matrix of vegetation types (km?).

2019
2001
Crops Spars'e Grass Shrubs Forests Other
Vegetation
Crops 42,268.26 14.84 3790.84 1.01 0.00 171.52
Sparse 256697  357,582.82  43,382.82 499.16 0.00 555.79
vegetation
Grass 25,915.44 6452.10 345,606.44 134.30 299.80 714.57
Shrubs 6.98 37.86 108.30 216.55 1.01 56.82
Forests 0.00 0.00 559.66 241 1527.23 36.97
Other 44.39 331.44 358.84 1.90 24.98 20,132.31

In general, the changes in vegetation types were concentrated in sparse vegetation,
grassland, and crops; that is, the transformation of sparse vegetation to grassland and
grassland to crop were the main patterns of vegetation changes in Xinjiang. In terms of
area, the most drastic changes were the transfer of sparse vegetation to grassland, followed
by the transfer of grassland to crops and the transfer of grassland to sparse vegetation.

3.3. Relationship between Vegetation Type and NDVI Change
3.3.1. NDVI Changes in Different Vegetation Types

The NDVI of forest pixels had good stability, with no NDVI change observed in 81.09%
of the forest pixels, followed by grassland (74.32%) and shrubs (68.9%); further, the NDVI of
crop and sparse vegetation pixels were most prone to change (Figure 6). Sparse vegetation
accounted for the highest proportion of pixels in which the NDVI increased, followed by
grass. Grass accounted for the highest proportion of pixels in which the NDVI decreased,
followed by sparse vegetation (Figure 7).

B Increasing B Decreasing No change
Crops 49.12
Sparse vegetation 60.27
Grass 74.32
Shrubs 68.9
Forests 81.09

Figure 6. Change in the NDVI of pixels in the area with no vegetation type change.

B Crops Bl Sparse vegetation Forests Grass
Increasing 7 33.38
Decreasing 81 60.65

Figure 7. Vegetation type structure in the area with NDVI change.
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3.3.2. Share of Vegetation-Type Changes

A significant increase in NDVIindicated that the vegetation was in a state of restoration
(slope > 0, p < 0.05), and a significant decrease in NDVI indicated that the vegetation was
in a state of deterioration. Changes in vegetation as measured by the NDVI can be divided
into two categories. First, when the growth status of vegetation changes but the vegetation
type remains unchanged. The other is an increase or decrease in NDVI caused by the
transformation of vegetation type. To explore the relationship between the change in
NDVI and the change in vegetation-type, the data for NDVI slope and vegetation-type
transfer were combined; subsequently, the amount of vegetation-type transferred was
summed when the NDVI slope was greater than 0, and when the NDVI slope was less than
0 (Figure 8).
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B cop - u i Changes in vegetation-type
B Grass b A arse vegetation-Cro A
| Shrub = \ rass-Cro| >
B Forest { : 2
h A 5 - A
I Other <R 2 S )
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Figure 8. Spatial distribution of changes in vegetation type and NDVI. (a) Unchanged vegetation
type and increased NDVI. (b) Changed vegetation type and increased NDVI. (¢) Change of vegetation
type in the region where NDVI increased.

In the region where NDVI increased, the pixels of unchanged vegetation-type ac-
counted for 82.6% of the total pixels with increased NDVI, while the pixels that resulted
from the transformation of vegetation type accounted for approximately 17.4% (Figure 8).
Specifically, among the pixels with no change in vegetation type, the pixels with sparse
vegetation accounted for 58.09%, the proportion of grass was 33.18%, and the proportion
of cropland was 8.04%. In the pixels with a change in vegetation type, the proportion of
sparse vegetation transferred to grassland was approximately 50.19% and the proportion
of grassland transferred to crops was approximately 39.91%. In summary, changes in
vegetation type were important contributors to increases in NDVL

In the region where NDVI decreased, the pixels with no change in vegetation type
accounted for approximately 85.39% of the total pixels with decreased NDVI, while the
pixels that resulted from the transformation of vegetation type accounted for 14.61%
(Figure 9). Specifically, among the pixels with no change in vegetation type, the pixels of
grassland accounted for 58.69%, the proportion of sparse vegetation was 22.6%, and the
proportion of cropland was 14.67%. Among the pixels with a change in vegetation type, the
proportion of crops transferred to grassland was 38.85% and the proportion of grassland
transferred to sparse vegetation was 31.74%. This indicated that the decrease in NDVI was
mainly due to the changes in grassland, followed by the changes in crop NDVI. In addition,
changes in vegetation type were important contributors to decreases in NDVL

When the CV was greater than 0.5, the vegetation type was extracted (Figure 10). The
results showed that where high fluctuation of NDVI occurred (CV > 0.5), the proportion of
pixels with unchanged vegetation-type was approximately 58%, of which sparse vegetation
accounted for 40% and grassland accounted for 18%. The proportion of pixels with changed
vegetation type was 42%, of which the transfer of sparse vegetation to grassland accounted
for 28%, the transfer of sparse vegetation to crop accounted for 8%, and the transfer of
grassland to crops accounted for 6%.
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Figure 9. Change of vegetation type in the region where NDVI decreased.
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distribution of vegetation types with a high CV. (b) Pie chart of vegetation types and vegetation type

change.

3.3.3. Variation in the NDVI Slope

In the area where the NDVI increased, the mean NDVI slopes of sparse vegetation,
grass, and crop pixels were 3.67 %o, 8.9%0, and 9.06 %o, respectively (Figure 11). The mean
NDVI slope of the pixels with sparse vegetation transferred to crops was 35.98 %0, which
was 9.8 times that of sparse vegetation pixels. The mean NDVI slope of the pixels of sparse
vegetation transferred to grass was 11.8%., which was 3.2 times that of sparse vegetation
pixels, whereas the mean NDVI slope of the pixels of grass to crops was 17.57 %0, which
was 1.97 times that of grass pixels.
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Figure 11. Changes in the NDVI slope in the area with increased NDVI.
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Pixels

In the area where the NDVI decreased, the mean NDVI slopes of sparse vegetation,
grass, and crop pixels were —6.12%o, —4.42%o, and—6.92%., respectively (Figure 12). The
mean NDVI slope of the pixels in which cropland transferred to sparse vegetation was
—12.09%o, which was 1.75 times that of cropland pixels. The mean NDVI slope of the pixels
in which grassland transferred to sparse vegetation was —8.32%., which was 1.36 times
that of grassland pixels.
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Figure 12. Changes in the NDVI slope in the area with decreased NDVI.

4. Discussion
4.1. Vegetation Change Trend

NDVI s one of the most widely used indicators for monitoring vegetation changes [32],
and the slope of the NDVI can effectively indicate the direction and intensity of vegetation
changes. Therefore, the slope of time-series NDVI data is typically used to reveal vegetation
changes. Changes in the vegetation type will greatly affect the value of the NDVI slope,
thereby affecting the evaluation of vegetation changes. However, the influence of vegetation
type change on the NDVI slope value could easily be ignored. When the number of pixels of
vegetation type changes accounted for a small proportion, its impact on the NDVI slope was
relatively limited. However, when the pixels with changes in the vegetation type accounted
for a large proportion of the study area, the understanding of the vegetation change may
be affected. Here, we focused on the issue of how vegetation type changes affected the
NDVI slope. We considered Xinjiang as an example to analyze the spatiotemporal variation
characteristics of NDVI and vegetation type change, and then analyzed the impact of
vegetation type change on the NDVI slope value distribution.

Overall, vegetation in the Xinjiang region showed a trend towards greening, which
was consistent with previous studies [14]. The results of this study differed slightly from
those of previous studies regarding the magnitude of variation and area of vegetation. For
example, previous studies in Xinjiang demonstrated that the NDVI significantly increased
for approximately 91% of vegetation and decreased by 9%. This difference may be related
to the different start and end times of the studies and different types of data used [1].
Overall, the main vegetation types that changed were sparse vegetation, grassland, and
crops. The NDVI of sparse vegetation, grassland, and crops increased significantly when
the vegetation type remained unchanged. Transfer among sparse vegetation, grassland,
and crops were also important reasons for the increase in NDVI.

There were four main geomorphic features in Xinjiang: mountains, intermontane
basins, plains, and deserts (Figure 13). The amount of vegetation-type change varied
greatly between different geomorphic units. The transformation of sparse vegetation to
crops mainly occurred in plain areas (84.91%), while the transformation of grassland to
crops mainly occurred in plain areas (72%) and intermontane basin areas (17.15%). The
transformation of sparse vegetation to grassland mainly occurred in plain (43.1%) and
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mountain areas (34.27%). Excluding desert areas, the number of pixels in which NDVI
increased did not greatly differ from that in which NDVI decreased in other geomorphic
units.

10 0.7
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= Sparse vegetation-Crops o5 = D
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Figure 13. Vegetation changes in different geomorphic areas. (a) Geomorphological type of Xinjiang,
(b) changes of vegetation types in different geomorphic areas, and (c) variation of NDVI in different
geomorphic areas.

Crops were the main type of vegetation that changed in Xinjiang. Affected by human
activities, large areas of sparse vegetation and grassland were transferred to cropland. In
arid and semi-arid areas, 90% of the population is concentrated in oases in Xinjiang [33],
and most human activities are concentrated in plain oases [1,34]. In the middle- and low-
altitude regions, the NDVI values of oasis vegetation, such as natural forests, grasslands,
and crops, were strongly affected by human activities [35,36]. However, agricultural
activities and urban expansion often occupied and transformed the vegetation in the oasis
desert ecotone [14,20], driving vegetation type transformations among sparse vegetation,
grassland, and cropland [37]. The transfer of sparse vegetation and grassland to crops
significantly improved the NDVI [1,38], while immoderate pastoral activities led to a
decline in grassland [39].

4.2. Influence of Vegetation-Type Change on NDVI Slope

Some previous studies have combined single-period vegetation-type data with NDVI
slopes to analyze the NDVI slope of different vegetation types, but few have focused on the
quantitative relationship between vegetation type transformation and the NDVI slope. We
analyzed the proportion of vegetation types in pixels with NDVI changes and the influence
of vegetation type change on NDVI slope value. The results showed that in the pixels with
NDVI change, the proportion of the pixels with vegetation-type change was 17.23%. The
change in NDVI in a considerable part of the region was due to a change in vegetation type.
This accounted for 17.4% of the area of increasing NDVI and 14.61% of the area of reducing
NDVL

Furthermore, the change of vegetation type had a strong effect on the increase (de-
crease) in the NDVI slope. In the area where NDVI increased, the mean slope of pixels
that transformed from sparse vegetation to crops was 9.8 times higher than that of sparse
vegetation. Therefore, if there is no description of the vegetation-type change, this change
can be easily understood as a rapid increase in the coverage of sparse vegetation. Similarly,
among the pixels with reduced NDVI, the mean NDVI slope of the pixels converted from
cropland to grassland was 1.75 times that of cropland.

The CV was an effective indicator for characterizing the variability of the NDVI.
Vegetation-type transformation often led to strong variability in the NDVI [40,41]; therefore,
the CV reflected changes in vegetation types, to an extent. The results of combining
the CV of the NDVI with the vegetation-type transfer matrix showed that the area of
transferred vegetation type accounted for 42% of the vegetation area with a high CV
(CV > 0.5) (Figure 10), and the greatest variability of NDVI was attributed to vegetation-
type transfers.
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4.3. Strengths and Limitations

On a large spatial scale, under the condition that vegetation types remain unchanged,
an increase in NDVI is often regarded as an indicator of vegetation greening and restoration.
However, in local areas, changes in the vegetation type will have a great impact on the NDVI
slope value, which will lead to misunderstanding of vegetation changes. Using single-
period vegetation-type data to explore the characteristics of changes in the NDVI of different
vegetation types assumes that the vegetation type is stable, to an extent, and ignores the
influence of vegetation type on the NDVI slope [38]. We compared the differences between
the NDVI slope of the pixels with and without a change in the vegetation type to reveal
the impact of the change of vegetation type on the NDVI slope value, which was the main
focus of this study. Our research provides a new understanding for exploring vegetation
change, that is, vegetation-type change has a strong increasing (decreasing) effect on the
NDVI slope value. Considering that NDVI changes driven by vegetation type change
account for a considerable proportion of the area, NDVI slope changes driven by vegetation
type changes should not be ignored. The limitation of this study is that it did not analyze
the drivers of vegetation type change. Therefore, vegetation-type transfer data should be
effectively combined with climatic, human activity, and other data to explore the factors
influencing vegetation-type change.

5. Conclusions

This study explored the changes in NDVI in Xinjiang from 2001 to 2020 using linear
regression, F-tests, and CV to analyze the continuous time-series MOD13Q1 NDVI data. A
transfer matrix was created using the MCD12Q1 vegetation-type data and the characteristics
of vegetation-type transitions from 2001 to 2019 were analyzed. Finally, the relationship
between the changes in vegetation type and NDVI was analyzed.

First, most vegetation in Xinjiang was in a stable state (63.29%) from 2001 to 2020,
without significant changes, while a small part of the vegetation had significantly changed
(36.71%). The main feature of the change was a significant increase in the NDVL In the
significantly-changed-vegetation area, approximately 93.88% of the NDVI increased signifi-
cantly, while approximately 6.12% decreased significantly. Second, considering the change
in vegetation type from 2001 to 2019, the area of sparse vegetation decreased significantly,
while the areas of grassland and crops increased significantly, and the three vegetation
types of sparse vegetation, grassland, and crops were frequently transferred. Third, in
areas with significant changes in NDVI, the area with vegetation types that changed oc-
cupied a non-negligible proportion (17.23%). The change of vegetation type has a strong
increasing (decreasing) effect on the numerical value of the NDVI slope. In the area where
NDVI increased, the mean NDVI slopes of pixels in which sparse vegetation transferred to
cropland, sparse vegetation transferred to grassland, and grassland transferred to cropland
were 9.8 times that of sparse vegetation, 3.2 times that of sparse vegetation, and 1.97 times
that of grassland, respectively.

Considering the above, we believe that research on vegetation dynamics based on
NDVI slope should pay special attention to changes in vegetation-type, and in the case of
changes in vegetation types in local areas, vegetation changes are mainly determined by
the transfer of specific vegetation types; as such, considering only the NDVI slope may not
fully indicate vegetation changes.
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