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Abstract: In the context of global climate change, many studies have focused on the interannual
vegetation variation trends and their response to precipitation and temperature, but ignored the
effects of seasonal variability. This study explored the relationship between normalized difference
vegetation index (NDVI) and seasonal climate elements in the Wuliangsu Lake Basin area from 1990
to 2020, and quantified the impacts of human activities on vegetation dynamics. We used Landsat
series data to analyze the spatial and temporal variation of the NDVI using the trend analysis method,
the Theil-Sen median, the Mann—Kendall test, and the Hurst index. Then, we used meteorological
data and land use data to quantify the effects of human activities using residual analysis, and
correlation methods to determine the driving forces of NDVI variations. The results showed that the
NDVI changes presented obvious regional characteristics, with a decreasing trend from southeast to
northwest in Wuliangsu Lake Basin. Due to global warming, the start of the growing season (SOS)
is 4.3 days (2001 to 2010) and 6.8 days (2011 to 2020) earlier compared with 1990 to 2000. The end
of the season (EOS) is advanced by 3.6 days (2001 to 2010), and delayed by 8.9 days (2011 to 2020).
Seasonal (spring, summer, autumn, and winter) NDVIs with precipitation and temperature show
spatial heterogeneity. Further, changes in grasslands and woodlands were vulnerable to climate
change and human activities. Since the beginning of the 21st century, human activity was the driving
force for vegetation improvement in the Dengkou, west-central, north and southwest regions, where
ecological instability is weak. This finding can provide a theoretical basis for the implementation of
the same type of ecological restoration projects and the construction of ecological civilization, and
contribute to the regional green and sustainable development.

Keywords: climate change; driving forces; human activities; NDVI; seasonal spatiotemporal changes;
Waliangsu Lake Basin

1. Introduction

Vegetation is an important part of arid and semi-arid areas and plays an important
role in preventing desertification and soil and water conservation [1,2]. The regeneration
of vegetation is an effective method to reduce land sanding and improve the ecological
environment. However, there are many factors affecting vegetation regeneration, such as
land cover, climate change, and human activities. Climate change is having a major impact
on vegetation cover in arid and semi-arid regions around the world. Hu et al. confirmed
that the NDVI in the southern Punjab province of Pakistan is influenced by natural fac-
tors (precipitation, temperature, altitude, soil, etc.) [3]. Ghaderpour et al. showed that
precipitation and temperature are important factors affecting the “greening” of vegetation
in Italian regions [4]. Al-Kindi also demonstrated the relationship between climate and
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the NDVI in the Dhofar Southern Oman region [5]. At the same time, the problem of soil
erosion and land degradation caused by the unreasonable use of vegetation by humans
cannot be ignored [6,7]. The combination of climate change and human activities has
caused massive soil erosion and land degradation, resulting in a more fragile ecological
environment [8]. China is among the countries with the widest distribution of ecologically
fragile areas, the largest number of fragile ecological types and the most obvious ecological
vulnerability in the world [9]. Current studies focus on ecological changes in plants in the
environmentally vulnerable Loess Plateau and the Qinghai-Tibet Plateau in China [10-12].
These studies revealed the characteristics of vegetation variation and its drivers at the
regional scale, which are significant for regional ecological conservation. However, the
stability of vegetation ecosystems in northwest China is strongly influenced by climate
change. Ecological problems such as frequent natural disasters, increasing desertification
and soil erosion have severely restricted regional development and agricultural production.
The differentiated characteristics of vegetation sustainability and fluctuating variation pro-
cesses in the northern region of China with underdeveloped economy and more vulnerable
ecology still need further research [13,14].

Climate warming has led to significant changes in vegetation coverage in the middle
and high latitudes of the northern hemisphere, with the phenomenon of early or delayed
vegetation growing seasons [15-17]. Different vegetation types are influenced by seasonal
climatic factors, with variability in phenological changes. Most studies tend to focus on
identifying vegetation changes in response to changes in precipitation and temperature,
while the patterns of vegetation change in response to seasonal climate variations are often
ignored [18-21]. The impact of human activities on vegetation growth cannot be ignored,
and the dynamic changes in vegetation reflect the process of human activities. During the
mid-20th century, with the accelerated industrialization and urbanization, the vegetation
area decreased. A large amount of land cover was converted into agricultural land and
artificial construction land, which resulted in a series of ecological problems [22]. At the
beginning of the 21st century, the implementation of national regional development and
ecological protection projects improved the overall vegetation cover [23,24], but policy
regulation and economic drivers still remain important in influencing changes in vege-
tation dynamics. The impact of human activity patterns on the growth of vegetation is
manifested in the degradation of vegetation caused by urban expansion and industrial
construction [25]. The government-led implementation of ecological protection projects
such as desert management in Alxa has effectively promoted vegetation restoration [26-28].
In response to the above background, a deeper study is needed on seasonal vegetation
dynamics monitoring for long time series and the driving force analysis.

Traditional vegetation dynamics monitoring based on field sampling survey data
has the disadvantages of difficult and complicated data acquisition, which brings certain
challenges to the vegetation changes analysis of long time series [29]. Satellite-borne remote
sensing data has the advantage of being able to record various types of spatiotemporal
data on the land surface at large spatial scales, and it has proven to be effective for rapidly
identifying spatial-temporal changes in regional ecological environments. Long-term
monitoring of the ecological environment changes is helpful for the protection of the
vulnerable ecological environment. However, climate change can have more severe impacts
on already fragile ecosystems, such as droughts. Loukas et al. used the standardized
precipitation index (SPI) to assess the impact of climate change on the Thessaly region
of Greece and showed that climate change is making the drought in the region more
pronounced [30,31]. The research results of Meresa et al. showed that the standardized
precipitation evapotranspiration index (SPEI) better characterizes the degree of drought
than the SPI [32]. Currently, Hafzullah Aksoy et al. developed a critical intensity—duration—
frequency curve based on the SPEI, which enabled more accurate monitoring of the extent
of drought variability [33].

The above indices are mainly calculated based on meteorological data, ignoring impor-
tant indicators that characterize vegetation greening. The normalized difference vegetation
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index (NDVI) has been an important indicator of vegetation growth due to its unique
advantages of simple calculation, rapid acquisition and close correlation with vegetation
growth [34-36]. At present, there have been many achievements in investigating the correla-
tion between vegetation and climate and human activities using NDVI data [37]. Zhao et al.,
based on the AVHRR NDVI, suggested that the vegetation greening rate had increased
in China from 1982 to 1999 [38]. Climatic parameters such as temperature, precipitation,
and soil moisture have a significant impact on vegetation growth and the NDVI. It has
been shown that there is a strong correlation between the NDVI and these parameters, as
they influence the amount of water and nutrients available for plant growth [39,40]. Year
node studies typically focus on changes in vegetation during specific time periods, while
long time series studies examine trends and changes over a much longer time period [41].
One potential advantage of year node studies is that they can provide more detailed in-
formation about changes in vegetation during specific periods of interest. This may be
particularly useful for understanding the impacts of specific events, such as droughts or
land use changes, on vegetation. Long time series studies can provide a broader perspective
on vegetation changes and the factors that influence them. Ghaderpour et al. analyzed
the variation of climate and the NDVI in long time series and short time series using the
least-squares wavelet software. By considering the effects of interannual and seasonal
variability, it was concluded that there are more positive than negative monthly NDVI
values in the Italian regional ecoregion. Monthly precipitation and temperature show a
negligible decreasing trend, while the annual precipitation cycle is earlier than the NDVI,
and the annual temperature is consistent with the NDVI annual cycle [4]. This indicates
that analyzing trends over several decades or more can identify long-term change patterns
and relationships with the factors that may not be apparent in shorter-term studies [42].
Ultimately, the choice between using year nodes or long time series will depend on the
availability of data. Both approaches can provide valuable insights into the relationship be-
tween vegetation and climate, but they may be better suited for different types of questions
and analyses.

Wauliangsu Lake is a river track lake formed by the diversion of the Yellow River and
among the large grassland lakes in the global desert and semi-desert areas. Wuliangsu
Lake Basin is also a biodiversity reserve in Asia and a globally renowned migratory and
breeding site for birds. The Wuliangsu Lake Basin assumes the function of safeguarding the
biodiversity and water ecological security of the Yellow River [43,44]. As a special gateway
of the Sand-prevention belt in the strategic pattern of ecological security in the northern
China, it plays an important role in protecting the Yellow River and the river-loop irrigation
area and maintaining the regional ecological balance. Due to the ecological problems such
as accelerated desertification and soil erosion in the Wuliangsu Lake Basin area in 2008,
the socio-economic development and agricultural production in the area are seriously
restricted. With the vigorous promotion of ecological civilization construction in China,
the ecological environment has received high attention since 2012. At present, balancing
socio-economic development and environmental protection has become a key issue in the
northwest region [45-47]. It is significant to understand the dynamic changes in vegetation
in the Wuliangsu Lake Basin and its influence mechanism, in order to adjust ecological
protection measures and promote the harmonious development of natural ecosystem
and social economy. To better understand seasonal NDVI changes in arid and semi-arid
regions, it is necessary to conduct a long-term analysis of time series data and explore their
relationship with seasonal climate parameters and human activities in the Wuliangsu Lake
Basin area.

Therefore, this study analyzes the spatially varying characteristics of spatiotemporal
processes of the seasonal NDVI in the Wuliangsu Lake Basin area from 1990 to 2020 at a
regional scale. The main contributions of this study are to:

(1) Describe the spatial and temporal trends of the NDVI in the Wuliangsu Lake Basin area.
(2) Show the characteristics of the NDVI phenological variation and sustainability changes.
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(3) Identify the influence of climatic factors (seasonal precipitation and temperature) and
human activities on the seasonal NDVL

It aims to reveal the relationships between the seasonal NDVI and seasonal climate
elements (precipitation and temperature) as well as human activity factors, and to identify
the impacts of climate change and human activities on the changes in the seasonal NDVL
The goal is to provide a theoretical basis for future ecological restoration projects and the
construction of ecological civilization.

2. Materials and Methods
2.1. Study Area

Wuliangsu Lake Basin (106°30-109°30'E, 40°10'—41°20'N) is located in the Bayannur
City, northwest of Inner Mongolia, China (Figure 1). The study area has an average
elevation of 1643 m, and the terrain dips slightly from southwest to northeast. The region
is generally flat and open, with some localized hills and depressions. It has a semi-arid and
humid climate with long winters and short summers, and there are often large temperature
differences between day and night. Severe weather conditions are frequent in the region,
which has exacerbated the ecological fragility of the Wuliangsu Lake Basin. The main
land covers include cropland, forest, grassland, shrubbery, wetland and building. As the
third batch of ecological restoration areas in China, the local government implemented key
projects on forestry, desert, mining, and soil and water conservation from 2018 to 2020, and
the total investment in the Wuliangsu Lake Basin area reached USD 755 million.
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Figure 1. The location of the Wuliangsu Lake Basin area. (a) Geographical location of China. (b) Study area.

2.2. Materials
2.2.1. Remote Sensing Data

Google Earth Engine (GEE) is a cloud-based platform for analyzing and visualiz-
ing geospatial data, including Landsat data. GEE provides access to Landsat 5, Land-
sat 7, and Landsat 8 data, which are available through the USGS Earth Explorer website
(https:/ /earthengine.google.com/, accessed on 18 May 2022). The spatial and temporal
resolution of dataset are 30 m and 16 d, respectively. The data for 1990 to 2012 was from
Landsat 5 which was retired on 5 June 2013. To ensure data integrity and continuity, the
remote sensing data were replaced by Landsat 7 in 2013 and by Landsat 8 from 2014
to 2020. We eliminate the interference of cloudiness to remote sensing data by cloud
preprocessing (Table 1).


https://earthengine.google.com/

Remote Sens. 2023, 15, 2965

5o0f 24

Table 1. The basic information of remote sensing data.

Sensors Spatial Resolutions  Years Number Missing Data Data Sources

Decmber 2005
November 2007
December 2007

Landsat 5 TM 16 days, 30 m 19902012 2550 January 2008 https://earthengine google.com/,

December 2008 accessed on 18 May 2022

November 2012
December 2012

Landsat 7 ETM+ 16 days, 30 m 2013 224 No

https:/ /earthengine.google.com/,

Landsat 8 OLI 16 days, 30 m 2014-2020 1023 No accessed on 18 May 2022

We can see from Table 1 that some of the Landsat 5 data are missing. We provide a
detailed description of the missing data in Section 2.3.1.

2.2.2. Meteorological Data

Precipitation is derived from datasets published by the Copernicus Climate Change
Service (C3S), operated by the European Centre for Medium-Range Weather Forecasts
(ECMWE) (https:/ /cds.climate.copernicus.eu/cdsapp#! /search/, accessed on 14 May 2022).
Precipitation is the reanalysis dataset produced by the ECMWEF ERAS reanalysis model with
a spatial resolution of 0.1°. The temperature data are from monthly average temperature
datasets generated by interpolating the meteorological station data using the Gaussian
Process Regression (GPR) method [48]. The dataset was obtained from the Data Sharing
Platform (https://zenodo.org/, accessed on 10 May 2022) with a spatial resolution of
1 km. The precipitation dataset (mm) and the temperature dataset are from January 1990 to
December 2020 in the Geo TIFF format and the WGS84 coordinate system.

We resampled the climate datasets with ArcGIS 10.5 software to maintain the spatial
consistency between meteorological data and remote sensing data.

2.2.3. Additional Data

Land use data were obtained from ESA Climate Network (http://maps.elie.ucl.ac.be/
CClI/viewer/index/, accessed on 25 May 2022) with a spatial resolution of 300 m (Figure 1),
which was used to represent the land use type changes in the Wuliangsu Lake Basin.

2.3. Mathods

Figure 2 shows the general technical flow chart of this study. The three main com-
ponents were: (1) data collection and pre-processing, (2) spatial variation and correlation
analysis, and (3) analysis of spatial variation of the NDVI and drivers.

2.3.1. Calculation and Processing of the NDVI

The NDVI is an important indicator to directly characterize the vegetation change,
which is calculated by Equation (1).

NDV] = Pnir —Pr 1)
Onir + Or

where p,;, and p, is the surface reflectance in the near-infrared and red spectral range, respectively.

Because the missing Landsat 5 data (Table 1) resulted in missing monthly NDVI values,
we used the MOD13A3 NDVI dataset instead. The MOD13A3 NDVI dataset is derived
from the NASA EOS DATA Gateway (https:/ /wist.echo.nasa.gov/, accessed on 18 May
2022) with a spatial resolution of 250 m, the GEO TIFF format and WGS84 coordinate
system. We used ArcGIS 10.5 software to resample this dataset to 30 m in order to avoid
the problem of inconsistent spatial resolution of the data.
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Figure 2. The technical flow chart of this study.

We obtained the complete NDVI dataset for January to December from 1990 to 2020
by the maximum value composite method. Dividing the year into seasons is a common
practice in climate and ecological studies to better understand the temporal patterns and
changes in various environmental variables. In the case of the NDVI, which is a widely
used index to quantify the greenness or vegetation density of an area, seasonal analysis
can provide valuable insights into the vegetation dynamics in a particular region. The
Wauliangsu Lake Basin can be divided into four seasons as follows:

Spring (March to May): During this season, the snow starts to melt, and the weather
gradually becomes warmer. The vegetation starts to wake up from its dormant state and
begins to grow, resulting in an increase in NDVI values.

Summer (June to August): This is the peak growing season when the weather is warm,
and there is plenty of sunlight and water available for plants. As a result, NDVI values
tend to be highest during this season.

Autumn (September to November): During this season, the temperature starts to drop,
and the amount of sunlight decreases. The vegetation begins to slow down its growth and
prepare for the winter, resulting in a decrease in NDVI values.

Winter (December to February of the following year): This is the coldest season when
the temperature drops below freezing, and the ground is covered in snow. Most of the
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vegetation becomes dormant during this season, resulting in the lowest NDVI values of
the year.

2.3.2. Time Series Selection and Filtering

We unified the time interval of the NDVI in the Wuliangsu Lake Basin area from
1990 to 2020 and weakened the atmospheric influence. Further, we used the maximum
synthesis method to construct an 8 d time series. Then, the NDVI time series curves were
smoothed using S-G filtering to eliminate the outliers in the curves [49]. We complete
the filtering process by setting two parameters, the window length and the polynomial
fitting order. To achieve the optimal smoothing effect, the parameters of S-G filtering need
to be searched for the best results. We evaluated the filtering effect by both fidelity and
noise reduction capability. The fidelity is assessed using the root mean square error, which
indicates the degree of difference between the time series before and after smoothing, the
smaller the difference, the better the fidelity. The noise reduction capability is evaluated by
the most-valued statistics, and if the maximum and minimum values are removed after
filtering, the purpose of noise removal is achieved.

2.3.3. Phenology Information Extraction

We selected the two most important periods of the start of the growing season (SOS)
and the end of the season (EOS) for quantifying the phenological characters. We determined
the seasonality using the monthly mean NDVI change ratio. The calculation formula is
shown in (2)—(4).

NDVI41 — NDVI

NDVIratio = NDVI; (2)
SOS = (NDV Liatio) max 3)
EOS = (NDVIratio)min (4)

The t represents the month of the year. We obtained NDVI time series curves for
1990 to 2020 followed by fitting them using Gaussian functions. We determined the SOS
and EOS of these three periods by collating NDVI thresholds and fitted NDVI curves and
analyzed the differences in phenology between these three periods.

2.3.4. The Trend Analysis Method

The slope of the linear change in the annual trend of the NDVI in the Wuliangsu Lake
Basin area was calculated by an image-by-image time series for the four periods 1990-2000,
2001-2010, 2011-2020, and 1990-2020, respectively. The calculation formula is shown in (5).

n n n
ny i-NDVI,— Y. i- Y. NDVI
SZOPE _ i=1 i=1 i=1

©)

n n 2
ny 2= (X1
i=1 i=1
where NDV I; represents the mean NDVI in year i; n is the total number of years.

2.3.5. The Theil-Sen Median

We analyzed the spatial and temporal trends of the NDVI in the Wuliangsu Lake Basin
area from 1990 to 2020 using the Theil-Sen median method. The Theil-Sen median slope
is a trend analysis method based on non-parametric statistics. The calculation formula is
shown in (6) and (7).

(6)

. NDVI;— NDVI;
,BNDVI = Median

j—i
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1990 < i < j < 2020 @)

where the NDVI; and NDVI; are the mean NDVI of the jth and ith year of each image
element. When the Bnpy; > 0, this indicates that the NDVI shows an improving trend, and
on the contrary, a degrading trend.

2.3.6. Mann—Kendall Abrupt Change Detection

We used the Mann-Kendall non-parametric measurement method to detect the spatial
and temporal significant changes in the NDVI from 1990 to 2020. The Mann-Kendall
non-parametric assay is characterized by a wide range of detection and a high degree of
quantification and is suitable for the examination of long time series changes. We used a
confidence interval at the 0.05 level and divided the results into non-significant change
(—=1.96 < Z < 1.96) and significant change (Z > 1.96 or Z < —1.96). The formula is as
follows (8)—(11):

n=1 n
S=) ) f(NDVI;—NDVI) ®8)
i=1 j=i+1

1, NDVI; — NDVI; > 0,
f(NDVI;~ NDVI;) ={ 0, NDVI;— NDVI, =0, )
~1, NDVI; — NDVI; < 0

V(S)=n(n—-1)2n+5)/18 (10)
5—1
7Ok S>0,
Z = 0, S=0, (11)
S+1 S<0
v(s)’

where the NDV[; and NDVI; are the mean NDVI of the jth and ith year of each image
element. n represents the length of time to detect vegetation change, f is the function
symbol. The range of values of the statistic Z is (—oo, +00). At the significant level «, when
|Z| > uy_4/2, it represents a significant trend. We used the « = 0.05, Z;_ 4/, = 1.96 to
determine the significance of the trend.

2.3.7. The Hurst Index

The Hurst index can quantitatively describe the persistence of variables over time [50-52].
This method is now used in the fields of hydrology, climatology and ecology, mainly
to monitor the persistence of long-term trends. We used MATLAB R2017b software to
calculate the Hurst index of the NDVI from 1990 to 2020. We divided the long-time sequence
{NDVI(t)}(t =1,2,...,n) into T subsequences X(f),t =1,2,3...,7. The formula is as
follows (12)—(17):

R 1L

NDVIy) = ;; NDVIpyT=12,...,n (12)
t [—
Xtr) = t; (NDVI;) = NDVI)) 1<t <t (13)
R(T) = 1?%)(7)(“”) — 11’21;1’[}(0,.() T= 1, 2, oo n (14)
1z 1/2

S(z) = ;t; (NDVI;) — NDVI(ZT)) T=12,...,n (15)

R
© _ et (16)

5()
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In(R/S), =a+H-In(n) (17)

where T represents the long-time series NDVI data from 1990 to 2020. c is the relationship
constant, H is the Hurst index, and « is the intercept moment.

The sustainability of NDVI change was determined by the spatially overlaying the
NDVI change trend, the Theil-Sen median, the Mann-Kendall test, and the Hurst index, as
shown in Table 2.

Table 2. Definition of sustainability of the NDVI change trend.

Slope z Hurst Index Change Types

>0.0001 >1.96 >0.5 Significant improvement (SI)
>0.0001 —1.96~1.96 >0.5 Insignificant improvement (IN)
—0.0001 - <0.5 Stable (ST)

—0.0001~0.0001 —1.96~1.96 >0.5 Insignificant degradation (ID)
<—0.0001 <-1.96 >0.5 Significant degradation (SD)

2.3.8. Residual Analysis

The residual analysis method, as proposed by Evans and Geerken [53], enables ex-
ploration of climate change and human activities effects on NDVI changes. We use the
regression model between the NDVI and climate factors to calculate the element residu-
als, and the NDVI predicted by climate factors can be obtained by the regression model
calculation [54]. The formula is as follows (18) and (19):

NDVI, = By + By - Pre + o - Tem + ¢ (18)

NDVI, = NDVI— NDVI, (19)

where the NDVI,, NDVI, and NDVI represent the NDVI predictions, residuals and the
NDVI true values, respectively. We obtained the residual by subtracting the NDVI simu-
lated by meteorological factors from the real value of NDVI. This residual represents the
anthropogenic influence factor. Pre and Tem represent precipitation(mm) and temperature
(°C), respectively. The precipitation and temperature data were normalized to 0 to 1 to
eliminate the effect of the dimension. 1, B2 is the coefficient of the partial regression
analysis in the model, and the B is regression intercept. ¢ is the random error. The drivers
of vegetation change were distinguished according to the significance of the change in
residuals, and when the change in NDVI residuals was significant, it indicated that the
vegetation change was caused by human activities. Conversely, it indicates that vegetation
changes are driven by climatic factors.

2.3.9. Correlation Analysis

We conducted a correlation analysis using MATLAB R2017b software to explore the
driving factors that influence seasonal NDVI changes in the Wuliangsu Lake Basin area.
Specifically, we analyzed the correlation between seasonal meteorological factors (i.e.,
precipitation and temperature), human activities, and the NDVI from 1990 to 2020. The
formula is as follows (20).

(NDVI;— NDVI)(yi —9)
r= ’ (20)

(NDVIL; = NDVI)*\ | ¥ (y; — 9)?
i=1

where r is the correlation coefficient, when r > 0 represents the positive correlation, when
r < 0 represents negative correlation. The range of its value is [-1,1]. Where y is the climatic

It

1

It
M=
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factor (precipitation and temperature) and human activity, ¥ and NDVI; are the means of
the variables during the research period, NDV; is the variables of i the month of the year.

3. Results
3.1. Analysis of NDVI Dynamic Change Characteristics

Figure 3 shows the characteristics of NDVI changes in the Wuliangsu Lake Basin from
1990 to 2020, with an overall trend of increasing and then decreasing. From January to
March, the monthly NDVI values are above 0.03, peaking in July and August and gradually
decreasing from September to December. From 1990 to 2010, the overall monthly NDVI
values are slowly increasing, with monthly maximum values varying in the range of 0.35 to
0.40. Compared with 1990 to 2010, the monthly NDVI increases at a larger rate from 2011 to
2020, with the highest monthly value reaching 0.5, which to a certain extent also indicates
that the vegetation is in the process of slow recovery and the ecological environment has
been improved.
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Figure 3. Time series plot of the monthly NDVI from 1990 to 2020 in the Wuliangsu Lake Basin region.

Figure 4 shows the statistical plots of the minimum, mean and standard deviation
values of the NDVI in the Wuliangsu Lake basin area from 1990 to 2020. The mean NDVI
variation ranges from 0.301 to 0.546. The stdDev values of NDVI ranges from 0.172 to 0.346.
However, the NDVI minimum does not follow a clear variation pattern although both the
total NDVI mean and stdDev values show an increasing variation trend.
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Figure 4. The mean, minimum and stdDev values of the NDVI in the Wuliangsu Lake Basin area
from 1990 to 2020.

The trend changes from 1990 to 2000, 2001 to 2010, 2011 to 2020, and 1990 to 2020
are shown in Figure 5. The trend rate for the Wuliangsu Lake Basin area from 1990 to
2020 was 0.0089 yr~!, indicating an improvement in vegetation over the past 30 years.
The trend rates for the periods 1990-2000, 2001-2010, and 2011-2020 were 0.0035 yr_l,
0.0037 yr’l, and 0.0102 yr’l, respectively, with a gradual increase observed over the three
stages. Notably, the trend rate in the period 2011-2020 showed a sharp increase compared
to the previous two periods (1990-2000 and 2001-2010).
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0.55 e 2001-2010
A 2011-2020
1990-2020
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Figure 5. Time series plot of NDVI trends in the Wuliangsu Lake Basin region for the four periods
(1990-2000, 2001-2010, 2011-2020, and 1990-2020).

We used the MATLAB R2017b software to calculate the spatial trend of the NDVI in
the Wuliangsu Lake Basin area from 1990 to 2020, and the results are shown in Figure 6.
The result shows that the spatial distribution of the NDVI in the Wuliangsu Lake Basin area
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has exhibited an increasing trend from 1990 to 2020. NDVI trends in the Wuliangsu Lake
Basin region showed spatial significance. The annual rate of change in the NDVI in the
Wauliangsu Lake Basin is 0.0029 yr~!. Spatially, it exhibited a trend of high in the middle
and low in the east and west, mainly in the Dengkou region and the mining region of Urad
Qiangi. The areas showing a decrease are mainly distributed around the cities of Linhe
and Wuyuan.

s : Pe Yo fh.a 5.
A P : } Wuyuan™" ERAG T —
Linhe - Wulianigsu'Lake,
e . e R e e G =7 R A
“Hanggin-" RS I T S NGNS (Pt s
e S5 e " A Urad Qiangt
1.‘ Z SRS '— g-f . s -.\ 4
LI R )r’ NDVI changes VST,
< Dengkodl g
S AR TR - -_1 0 20 40 80
2 -0.031 0 0.038/(a” ') e —— kM
i

Figure 6. Spatial distribution of NDVI changes in the Wuliangsu Lake Basin area from 1990 to 2020.

3.2. Characteristics of NDVI Phenological Variation

We used Matlab2017b software to construct and filter NDVI data from 1990 to 2000,
2001 to 2010 and 2011 to 2020 in the Wuliangsu Lake Basin area. Then, we calculated the
information of physical changes in these three time periods in the Wuliangsu Lake Basin
area according to Equations (2)-(4), and the results are shown in Figure 7.

—— y=0.13+0.20xexp(-2x(t-6.87)/6.38))
——— y=0.12+1.45xexp(-2%(t-6.80)/6.32)?)
—— y=0.16+1.27xexp(-2x(t-6.97)/5.53)?)
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Figure 7. Curves of SOS and EOS in the Wuliangsu Lake Basin area from 1990 to 2000, 2001 to 2010,
and 2011 to 2020.

There are differences in the SOS and EOS changes between the three time periods
1990-2000, 2001-2010, and 2011-2020. We set the SOS threshold at 0.3176, and compared to
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the period 1990-2000, the SOS values in 2001 to 2010 and 2011 to 2020 advanced by 4.3 days
and 6.8 days, respectively. Then, we set the EOS threshold at 0.3103, and compared to the
period 1990-2000, the EOS values in 2001 to 2011 advanced by 3.6 days, while in 2011 to
2020 they were delayed by 8.9 days. Finally, we observed the peak NDVI values during
these three periods, and compared to the period 1990-2000, the peak values in 2001 to 2010
and 2011 to 2020 were delayed by 2.9 days and 3.9 days, respectively.

3.3. Spatial Distribution Characteristics of the NDVI

We calculated the spatial trend changes in the NDVI in the Wuliangsu Lake Basin
area from 1990 to 2020 by the Theil-Sen median, the Mann-Kendall Z value method, and
finally passed the significance test of o« = 0.05, and the results are shown in Figure 8a—c. The
NDVI in Hanggin, Linhe, and the northwest of Dengkou showed a significant increasing
trend, accounting for 50.97% of the Wuliangsu Lake Basin area. Additionally, the NDVI
in the eastern part of Urad Qiangi and the southwest of Dengkou showed a significant
decreasing trend, accounting for 36.90% of the Wuliangsu Lake Basin area. The NDVI
changes in the southern part of Linhe and a small part of the northern region are not
significant, accounting for 12.12% of the Wuliangsu Lake Basin area.

o “'

Eiobg Wuyuan Wulia Lake A inhe Puyusne= skye itk
‘Hanggin "+ "+ o R r I e e OSSO PR e S b
v 3 Urad Qiangi SN “ .7 UradQiangi - o~
A - o~ S il
O L 38n: Sen's slope s Mann-kendall z score ~¢~<7 00
Horik ’ o &
b/ TEEE (a) ; 1 || (b)
- -03 -02 -01 0 01 02 03 o -7.0-5.0-3.0-10 0 1.0 3.0 5.0 7.0 8.0
Sen's sl \
a en's siope
Li Wuyuan Wuliafigsu Lake (@) P
i e (b) Mann-kendall z score
Hanggin Urad Qiangi
Significance (c) Significance
Dengkou Nonsignificant
Decreased significantly (c) 0 50 100 200
Increased significantly | — KM

Figure 8. The spatial distribution of Sen’s slope (a), the spatial distribution of the Mann-Kendall
Z score (b), and the significance of NDVI changes through = 0.05 (c) for the Wuliangsu Lake Basin
area from 1990 to 2020. (Non-significant 12.12%, decreased significantly 36.90%, and increased
significantly 50.97%).

We used the formula of the Hurst index to obtain the spatial distribution map of
sustainable changes in the Wuliangsu Lake Basin area from 1990 to 2020, and the results are
shown in Figure 9. The annual Hurst index over the entire Wuliangsu Lake Basin increased
at a rate of 0.432 yr~!. Spatially, it exhibited a trend of low in the middle and high in the
east and west, especially high values mainly in the Dengkou region and the mining region
of Urad Qiangi.

Figure 9. The spatial distribution of the Hurst index in the Wuliangsu Lake Basin area from 1990
to 2020.
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3.4. Spatial Distribution Characteristics of Sustainability of NDVI Changes

The sustainability of NDVI change in the Wuliangsu Lake Basin area was obtained by
the spatial overlay of the NDVI change trend, the Theil-Sen median, the Mann—Kendall test,
and the Hurst index, as shown in Figure 10, Table 3. The results show that the Wuliangsu
Lake basin area is in a state of significant improvement, accounting for 49.10% of the total
area. The area of vegetation maintaining a stable state accounts for 40.25%, and the area of
continuous improvement is distributed throughout the region, while the area of continuous
vegetation degradation is mainly distributed in the northwest and southwest regions. The
percentage of regions with other types of changes is less than 5.00%.

N
A ! Wuyuan
Linhe Wauli Lake
Hanggin .
o Urad Qiangi
Dengkou

Bl N[ ISTLC D MlSD e km

Figure 10. Sustainability of NDVI trends in the Wuliangsu Lake Basin area from 1990 to 2020. Notes:
Significant improvement (SI), insignificant improvement (IN), stable (ST), insignificant degradation
(ID) and significant degradation (SD).

Table 3. Proportions of sustainable area for interannual trends in vegetation from 1990 to 2020.

Slope z Hurst Index Change Types Proportion of Area (%)
>0.0001 >1.96 >0.5 Significant improvement (SI) 49.10

>0.0001 —1.96~1.96 >0.5 Insignificant improvement (IN) 6.02

—0.0001 - <0.5 Stable (ST) 40.25

—0.0001~0.0001 —1.96~1.96 >0.5 Insignificant degradation (ID) 1.20

<—0.0001 <-1.96 >0.5 Significant degradation (SD) 3.45

3.5. Correlation Analysis of the NDVI and Climate Change

We used MATLAB R2017 software to generate spatial distribution maps of precipi-
tation and temperature data for the four seasons (spring, summer, autumn, and winter)
from January to December 1990 to 2020 in the Wuliangsu Lake Basin area. The maximum
synthesis method was used, and the resulting maps are presented in Figures 11 and 12.
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Figure 11. The spatial distributions of precipitation in the Wuliangsu Lake Basin area from 1990
to 2020.
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Figure 12. The spatial distributions of temperature in the Wuliangsu Lake Basin area from 1990
to 2020.

The seasonal climate in the Wuliangsu Lake basin exhibited a high-to-low gradient
from west to east (Figure 11). In the Urad Qiangi region, precipitation in spring showed an
increase in the southwestern area. In summer, both the eastern and western parts of the
Wauliangsu Lake Basin area exhibited a decreasing trend in precipitation, with variations
ranging from 73 to 246 mm. Most regions experienced a decrease in precipitation during
autumn, with a consistent trend observed in winter.

The seasonal temperature in most parts of the Wuliangsu Lake Basin area showed an
increasing trend from 1990 to 2020 (Figure 12). On a seasonal scale, the overall trend is
similar in spring and summer, with annual rates of change of 10.15 °C and 22.98 °C, respec-
tively, with a decrease in the eastern mining region. The rates of change in temperature in
autumn and winter were 8.07 °C and —7.69 °C, respectively, with a significant downward
trend in temperature in the western region.

We calculated the correlation between the seasonal NDVI and climate factors in the
Wauliangsu Lake Basin area from 1990 to 2020, respectively.

Figure 13 shows the correlation between the seasonal NDVI and seasonal precipitation
in the Wuliangsu Lake Basin varied significantly between 1990 and 2020. On the seasonal
scale, the vegetation and precipitation in the northern part of Wuyuan and Urad Qiangi
showed positive correlation in spring, and the positive correlation coefficient between
vegetation and precipitation near the Wuliangsu Lake Basin was as high as 0.56. signif-
icantly higher than the rest of the season. In Dengkou, Hanggin and the eastern part of
Urad Qiangi, spring vegetation had a significant negative correlation with precipitation
(oc = 0.05). The summer was similar to the spring, but the positive correlation increased to
0.57 in the area east of the basin (x = 0.05). Vegetation and precipitation in autumn showed
a positive correlation throughout the region that was different from that of other seasons.
The Wuliangsu Lake Basin area has low precipitation and low temperature in winter, and
most of the vegetation is positively correlated with precipitation (« = 0.05).

Figure 14 shows the correlation between the seasonal NDVI and seasonal temperature
in the Wuliangsu Lake Basin changed significantly from 1990 to 2020. The Wuliangsu
Lake Basin generally showed a significant negative correlation. On the seasonal scale,
there is some variability between spring and summer, but in areas such as Dengkou, the
correlation in spring shows a significant negative correlation different from the other
seasons. The autumn and winter seasons show significantly opposite correlations in the
east, a significant negative correlation in the fall in the east, and a significant positive
correlation in the winter. In areas such as the eastern part of the former Urad Qiangi, where
agricultural activities are frequent, there is a more obvious positive correlation between
vegetation and summer and winter temperatures. Within the same physiographic region,
the relationship between NDVI change, and climate change is significantly different in
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areas with developed urbanization compared to localized areas. Therefore, activities such
as human agricultural settlement and urban construction affect the response of vegetation
to climate change.
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Figure 13. The correlation coefficients between the seasonal NDVI and precipitation in the Wuliangsu
Lake Basin area from 1990 to 2020.
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Figure 14. The correlation coefficients between the seasonal NDVI and temperature in the Wuliangsu
Lake Basin area from 1990 to 2020.

We calculated the correlation between the seasonal NDVI and seasonal precipitation
and temperature in order to analyze the differences in spatially significant distributions in
different regions, and the results also passed the significance test of o = 0.05.

Figure 15 showed that all passed the significance test, with higher values indicating
greater significance. Significance tests were significantly higher in spring and summer than
in autumn and winter. It is mainly distributed in the northeast of Urad Qiangi in spring
and in the central region in summer. The significant areas in spring and winter are mainly
distributed in the Dengkou region.



Remote Sens. 2023, 15, 2965 17 of 24

. Pt X

: S ’ o :
Hanggin siie sichy WUIQ}"L?‘k xS ~ Linhe s u'a}‘ gkg i a
Urad Qiangi < # Hanggin 2 ‘iénqi s
3 * ‘e gy
i (a)Spring Dengkou (b)Summer

N Significance between seasonal NDVI and seasonal precipitation

B | B
A 00 01 0.2 0.3 04 05 06 07 08 09 1.0

Tt Wuyuan Wu?u_ Lake Linhe Wuyuan Wuliang8y Lake
inhe o, 3
Hanggin s Gana. Hanggin

3 m%‘ rad Qianqi
e (c)Autumn , Pangkau (d)Winter
; A - km

0 30 60

Figure 15. The significance test between the seasonal NDVI and precipitation in the Wuliangsu Lake
Basin area from 1990 to 2020.

Figure 16 showed that all passed the significance test, with higher values indicating
greater significance. Significance tests were significantly higher in summer and autumn
than in spring and winter. It is distributed in the northeast and scattered in the central part
of Urad Qiangi in spring, and in the central part in summer and autumn. The significant
areas in autumn and winter are mainly distributed in the Dengkou region.
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Figure 16. The significance test between the seasonal NDVI and temperature in the Wuliangsu Lake
Basin area from 1990 to 2020.

3.6. Correlation Analysis of the NDVI and Human Activities

Firstly, we used a regression model based on climate factors (i.e., precipitation and
temperature) to obtain predicted values of meteorological factors characterizing the Wu-
liangsu Lake Basin area from 1990 to 2020. Then, by subtracting the 1990 to 2020 predicted
values of meteorological factors from the 1990 to 2020 time series of the NDVI obtained
from remote sensing, we obtained a dataset representing human activity impact factors
in the Wuliangsu Lake Basin area from 1990 to 2020 (Figure 17). The Dengkou and Urad
Qiangi region experienced a significant increase in vegetation growth between 1990 and
2020, with a change rate of 0.028/a. However, the central region showed a decreasing
trend in vegetation growth, with NDVI residuals declining by as much as —0.025/a. These



Remote Sens. 2023, 15, 2965

18 of 24

N

A

Ay

-~ Dengkoil

N e

~ Linhe

Hanggin®> . & gL 590> SN

findings suggest that there is spatial variability in the trends of NDVI residuals across the
study area.
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Figure 17. Trends of NDVI residuals change in the Wuliangsu Lake Basin area from 1990 to 2020.

We obtained the spatial distribution data characterizing the changes in human ac-
tivities from 1990 to 2020. Then, the correlation between the NDVI and human activities
for 1990 to 2020 was calculated using the correlation analysis and eventually passed the
significance test (Figure 18). Based on Figure 18a, there appears to be a strong correlation
between the annual NDVI and human activities across most of the Wuliangsu Lake Basin
area, with only a small part of Dengkou showing a weak correlation. After the signifi-
cance test according to Figure 18b, the annual NDVI of the Wuliangsu Lake Basin area is
significantly significant with human activities.
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Figure 18. Correlation (a) and significance (b) of the annual NDVI with human activities in the
Wauliangsu Lake Basin area from 1990 to 2020.

3.7. Influence of Human Activities and Climate Factors

The statistics based on the significant change in NDVI residuals (p value) and the
overlay of the average NDVI trend are shown in Figure 19. The results show that the areas
affected by human activities are mainly located in the west and east. The areas showing
degradation are located in the central part, which are Linhe and Wuyuan areas, respectively.
The area of with positive contribution of human activities to NDVI changes in forest and
grasslands accounted for 6.89% and 2.14%, respectively. Among the vegetation changes
in the Wuliangsu Lake Basin, the proportion of the area affected by climate change and
human activities in forest land accounted for 12.42% and 10.78%, respectively, indicating
that forest land was affected by climate change more extensively (Table 4). In the Dengkou
area, climate change is the main factor influencing vegetation degradation, while in the
Urad Qiangqi area, vegetation improves and vegetation degradation is mainly affected by
human activities.
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Figure 19. Significant trend of NDVI residual changes in the Wuliangsu Lake Basin area from 1990
to 2020.

Table 4. Effects of climate change and human activities on NDVI change in the Wuliangsu Lake Basin
area from 1990 to 2020 (%).

Decreasing Trend Increasing Trend

Class Maintain Stability
Human Activities  Climate Changes = Human Activities = Climate Changes
Cropland 2.37 20.12 20.37 10.21 1.13
Forestry 3.89 6.21 6.89 6.21 212
Grassland 8.54 3.97 2.14 2.58 3.25
Total 14.80 30.30 29.40 19.00 6.50

4. Discussion
4.1. Response Relationship between NDVI Changes and Phenology

The results of the study on the phenological period of the Wuliangsu Lake Basin
area showed that the SOS of the area was advanced, while the EOS was relatively lagged.
Many studies have shown that SOS is advanced, or EOS is delayed when the weather gets
warmer [55], and the SOS advance or EOS delay was faster in 2002 to 2012 than in 1982,
which is consistent with our study [56]. Due to the low annual average temperature and
prevalence of cold-resistant vegetation in the Wuliangsu Lake Basin area, it is necessary to
take into account the varying effects of climatic factors on different vegetation types. As
previously mentioned, there is a notable correlation between temperature and phenological
changes during both spring and autumn [57,58]. The EOS delay in the Wuliangsu Lake
Basin area from 2011 to 2020 has ended [59,60]. Other scholars’ research results have
shown that the EOS is controlled by temperature, especially in late summer and autumn.
The differences in crop rotation, sowing, harvesting, and other agricultural timings in the
Wauliangsu Lake Basin area can also affect the phenological changes in some vegetation in
different years. Since these agricultural timings can be controlled through human manage-
ment, they should also be considered as a factor influencing the phenological changes in
the Wuliangsu Lake Basin area. Other findings reveal that differences in phenology across
study areas can be influenced by satellite records, data processing procedures, phenology
extraction methods, or other aspects [61]. We also need to consider factors such as soil
temperature and short-wave radiation in the future studies.

4.2. Spatial Variation of the NDVI and Seasonal Climate Response Patterns

In the context of global warming, the Wuliangsu Lake Basin region exhibits obvi-
ous spatial heterogeneity in NDVI change, which is primarily determined by large-scale
hydrothermal conditions. The increase in temperature generally has a positive effect on
vegetation growth in the Wuliangsu Lake Basin area, moisture can promote vegetation
growth in arid areas [62,63]. Climate change is the primary factor affecting vegetation
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activity in the eastern regions. Conversely, in the western and central regions, scarce sum-
mer rainfall exacerbates land desertification to some extent. Here, a positive correlation
coefficient of 0.57 exists between NDVI and precipitation, while the correlation with tem-
perature is negative and as high as —0.49. Temperature is the main driver of vegetation
improvement in eastern Urad Qaingi. These areas have sufficient precipitation and show a
significant positive correlation between temperature and seasonal NDVI. The vegetation
type in the central areas such as Wuyuan and Linhe and around the watershed is grassland,
which is relatively sensitive to climate change [64]. The summer temperature increased
in the western region, and the correlation coefficient with the NDVI reached 0.52, and
the temperature was the main driver to promote the vegetation growth in this region. In
addition, extreme weather can inhibit vegetation growth.

4.3. Patterns of Anthropogenic Effects on NDVI Changes

Human activities are among the main drivers of vegetation change in the Wuliangsu
Lake basin area. During 1990 to 2020, the vegetation in most areas of Dengkou improved
and only a few areas were degraded, and the vegetation changes in these areas were
mainly influenced by human activities, including the project of returning farmland to
forest, Alashan desert management, and the ecological restoration project. Forest area
in the Wuliangsu Lake basin is growing slowly, desertification is increasing and then
decreasing, and the rate of grassland degradation is decreasing [65]. In the mining areas of
the ecological restoration projects led by the government, artificial planting, reforestation,
natural protection and erosion control, and other ecological protection projects are the
main drivers of the increase in vegetation cover. Since the 1990s, a multi-phase ecological
restoration project (plantation) has been implemented in the Dengkou area, which has
contributed to the restoration of the cave ecosystem [22,23]. In fact, the construction of
ecological engineering is a long-term process that still requires long-term practice, and
the government should consider the prospect of sustainable development of nature and
economy and society when planning strategies.

The results of the study indicate that the NDVI in the Wuliangsu Lake basin area has
obvious regional characteristics and is vulnerable to both climate and human activities
due to the instability of the ecosystem. This is generally consistent with existing studies at
the large scale, but there are some differences at the regional scale. From 1990 to 2020, the
vegetation in the Wuliangsu Lake basin area has been effectively managed and restored,
and the temperature has increased in favor of photosynthesis of mine vegetation, thus
increasing net productivity [47-50]. In addition, human activities such as enclosure of
nature reserves and implementation of ecological construction projects can contribute to
the recovery of vegetation in local areas [63]. However, in the northern fragile zone areas,
the greater temperature increase exacerbates water scarcity and reduces the efficiency of
nutrient transport, which has a negative impact on vegetation growth. The inhibitory effects
of human activities such as urban expansion and agricultural settlement on vegetation
growth are obvious in large urban agglomerations [66], and the results of the above studies
are generally consistent with the results of this paper.

In this paper, two climate factors, precipitation and temperature, were selected for
multivariate residual analysis. In fact, vegetation change is a complex process. In ad-
dition to climate change, the NDVI is also influenced by topography, location, soil, and
elevation [4,67,68]. The hysteresis effect of vegetation and climate change is still not studied
in the paper. Additionally, there are differences in the response mechanisms and thresholds
of vegetation growth to drivers in different regions, which still need to be further addressed.
We will focus on probing the delayed response of vegetation to climate and identifying the
significant human activity factors to provide an important theoretical basis for ecological
restoration efforts.
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5. Conclusions

This paper examines the spatial and temporal variations in the NDVI in the Wuliangsu
Lake Basin area between 1990 to 2020. It distinguishes the relative impacts of climate factors
and human activities on the seasonal NDVI changes and identifies areas where human
activities have led to vegetation degradation. (1) The vegetation change in the Wuliangsu
Lake basin area has obvious regional characteristics spatially. The overall vegetation
greenness is an increasing trend, with an average change rate of 0.038/a, spatially showing
an increasing trend from east to west. Due to global warming, the start of the growing
season (SOS) is 4.3 days (2001 to 2010) and 6.8 days (2011 to 2020) earlier compared with
1990 to 2000. The end of the season (EOS) is advanced by 3.6 days (2001 to 2010), and
delayed by 8.9 days (2011 to 2020). (2) The NDVI in most areas of the Wuliangsu Lake
basin is in a state of continuous and steady rise. Continuous improvement of vegetation
in the eastern region, while there is continuous vegetation degradation in the central
region. Grassland and woodland tend in the Wuliangsu Lake Basin area are unstable and
vulnerable to natural climate change and human activities, both of which have positive and
negative effects. (3) Seasonal changes in the Wuliangsu Lake basin show variability, with
the seasonal (spring, summer, autumn, and winter) NDVI showing different correlations
for precipitation and temperature. (4) The gradual intensification of human activities since
the 21st century has improved vegetation growth overall. Anthropogenic impacts include
vegetation improvement in Dengkou, west central and northern Hangjin, and most of the
southwest, and vegetation degradation in cultivated areas in the northeast. These human
activities include soil and water conservation and reforestation projects, Alashan desert
management, construction of urban clusters and industrial bases. This study can provide a
reference for developing regional climatic, anthropogenic vegetation resource management
and management programs in arid and semi-arid lake basin areas.

The variation of the NDVI in the Wuliangsu Lake Basin area is influenced by seasonal-
ity. With the intervention of human activities, it is likely that the ecological improvement
will continue until the middle of this century. However, the lag and consistency of climate
(seasonal) effects on the NDVI needs in-depth studies. Exploring deeper evolutionary
patterns and mechanisms is still the focal point of future research.
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