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Abstract: Vegetation change and ecological quality of the Loess Plateau (LP) are directly related to
ecological protection and high-quality development of the Yellow River Basin. Based on LP ecological
zoning and multisource remote sensing data, we analyzed vegetation change and its relationship
with climate, terrestrial water storage (TWS), and land use/cover change from 2000 to 2020, using the
normalized difference vegetation index (NDVI), fraction of vegetation cover (FVC), and net primary
productivity (NPP). And ecological environmental quality was evaluated based on the remote sensing
ecological index (RSEI). The results showed that the spatial distribution pattern of NDVI, FVC and
NPP decreased from southeast to northwest in the LP as a whole. Vegetation in the LP recovered
significantly, and NDVI, FVC, and NPP showed significant increases of 35.66%, 34%, and 54.69%,
respectively. The average NDVI and FVC in the earth-rocky mountainous region and river valley
plain region (Area D) were the highest, but the growth rate was the slowest. The average NDVI,
FVC, and growth rates in the loess hilly and gully regions (Area B) were slightly higher than those
in the loess sorghum gully region (Area A). The average NDVI, FVC, and NPP in the sandy land
and agricultural irrigation regions (Area C) were the lowest but showed significant increase. RSEI in
most LP areas changed from poor to medium, increasing by 43.45%. Precipitation is the basic factor
affecting vegetation cover pattern, with the increase (40.79 mm/10a) promoting vegetation restoration
in the LP. Vegetation restoration lost much TWS (—0.6 mm/month), and Area D had the highest
average NDVI, FVC, and NPP but the largest TWS loss. Anthropogenic land use/cover change
(LUCC) (decrease in cultivated land and unused land; increase in forest, grassland, and construction
land) is the primary factor affecting LP vegetation change. This study provides a scientific reference
for further vegetation restoration in the LP.

Keywords: normalized difference vegetation index; net primary productivity; remote sensing ecological
index; terrestrial water storage; land use/cover change; Loess Plateau

1. Introduction

The response of terrestrial ecosystems to global change and research concerning ecolog-
ical environment quality are major scientific issues related to the sustainable development
of human society. Vegetation is an important part of terrestrial ecosystems that connects the
atmosphere, soil, hydrology, and other ecological elements. It is also an important ecologi-
cal environmental indicator, playing an important role in maintaining ecological balance,
regulating climate, conserving water sources, combating desertification, conserving water
and soil, and regulating carbon sources and sinks [1-4]. Since the 1980s, global vegetation
has generally become greener, and photosynthesis and productivity of vegetation have
increased significantly [5,6]. From 2000 to 2017, one-third of the global vegetation area
showed a greening trend (mainly distributed in East and South Asia, southern Europe,
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central North America, central Africa, and southeast South America [7]), whereas 5%
showed a browning trend [8]. From 1982 to 2018, the normalized difference vegetation
index (NDVI) of China gradually increased at a rate of 0.005/10a, becoming a major con-
tributor to global greening [8,9]. Climate change, CO, fertilization, nitrogen deposition,
population growth, agricultural and land-use measures have become important factors
affecting global vegetation change [8,10-13].

The Loess Plateau (LP) is an important birthplace of Chinese civilization, with a total
population of 108 million and a gross national product of 1.85 trillion yuan [14]. It is an
important economic region in China; however, it has a fragile ecological environment.
It was once renowned for extensive and severe soil erosion [15-17]. In recent decades,
the warming range in the plateau has reached 0.29 °C/10a [18], which is significantly
higher than the national (0.23 °C/10a) and global (0.19 °C/10a) averages [19]; as such,
it is also a sensitive area of climate change. To improve the ecological environment of
the LP, since 1999, the Chinese government has implemented a large-scale vegetation
restoration project called Grain for Green. Under the combined influence of climate change
and human activity, what changes have occurred in the vegetation of the LP? What is the
quality of the environment? These problems are directly related to the ecological security
and sustainable social and economic development of the region and even wider regions.
They have attracted the attention of local governments and relevant investigators and have
extremely important scientific research value and practical significance.

At present, in terms of the characteristics and attributes of vegetation change on the
LP, numerous studies have found that NDVI on the LP has shown a gradually increasing
trend since 1980, especially since 1999 [2,20,21]. Kou et al. [22] pointed out that nearly
80% of the land fraction of vegetation cover (FVC) in the LP increased from 1998 to 2018,
especially in the Shaanxi and Gansu provinces, and that climate, irrigation, urban expan-
sion, land-use management, and various protection schemes are the main factors that
lead to vegetation change in the LP. Ni et al. [23] found that the net primary productivity
(NPP) of vegetation in the LP has increased significantly during the past 20 years, and
the contribution rates of human activity and climate change to the increase in NPP were
64.2% and 35.8%, respectively. In terms of the impact of vegetation change, Zhang et al. [24]
found that vegetation restoration significantly enhanced the carbon fixation services of
the LP ecosystem, improved soil conservation services, and stabilized water production
services. Zhang et al. [25] found that the current vegetation coverage (average: 0.48) in
most areas of the LP exceeded the balanced vegetation coverage (average: 0.43) defined by
climate. Overplanting has become the main cause of soil dryness in this region, particu-
larly in the central and eastern regions. In addition, large-scale vegetation restoration has
been found to have had an impact on the climate of the LP, such as cooling, humidifying,
and increasing evapotranspiration [13,26-29]. In terms of eco-environmental quality as-
sessment, Yang et al. [30] analyzed the spatiotemporal pattern and evolutionary trend of
eco-environmental quality in the Yellow River Basin for 1990 to 2019 by constructing the
remote sensing ecological index (RSEI). Based on the conceptual framework of “pattern—
process—service—sustainability”, Fu et al. [16] analyzed the ecological changes and problems
in the LP in recent decades and proposed social-ecological sustainability measures. At
present, most studies have only analyzed vegetation change in the LP based on a single
NDVI, FVC, or NPP index, and there is a lack of comprehensive analysis combining multi-
ple indices, particularly concerning regional differences in vegetation change and ecological
environmental quality evaluation in the LP.

There may be uncertainty in analyzing vegetation change and eco-environmental
quality only by a single remote sensing index [7], so it is necessary to comprehensive
analyze multiple indicators. By comparing the related indexes, it is found that NDVI, FVC
and NPP are the most commonly used vegetation indices and are more suitable for the
LP [2,22,31,32]. Among them, NDVI reflects the change in vegetation growth state [33].
FVC focuses on vegetation coverage, and NPP lay emphasis on biomass, that is, vegetation
growth and quality [22,34]. The three indexes prove each other and can fully reflect the
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evolution of vegetation activity in the LP. The new RSEI was coupled with four important
evaluation indicators of the natural ecological environment: greenness (NDVI), humidity
(WET), heat (LST), and dryness (NDSI). This method can reflect the regional ecological
environment quality comprehensively, quickly, and objectively [35]. It has been widely
used to evaluate the quality of regional ecosystems [36-38]. In view of this, based on
the ecological zoning and multisource remote sensing data of the LP, this study selected
multiple indices including NDVI, FVC, and NPP to conduct the interannual and zonal
research on vegetation changes in the LD, and analyzed the main reasons for the changes
from the aspects of climate change, terrestrial water storage (TWS) and land use/cover
change (LUCC). At the same time, RSEI was constructed to evaluate the eco-environmental
quality of the LP, in order to provide a scientific reference for the formulation of the
Grain for Green national policy, the construction of ecological civilization and sustainable
development on the LP, and the national strategy of ecological protection and high-quality
development of the Yellow River Basin.

2. Data and Methods
2.1. Study Area

The LP is one of the four plateaus in China and the largest loess distribution area in
the world [18]. It is located in the middle and upper reaches of the Yellow River in northern
China (100°54’-114°33'E, 33°43'-41°16'N) (Figure 1). It starts from Taihang Mountain in
the east, reaches Riyue Mountain in Qinghai in the west, borders the Qinling Mountains in
the south, and reaches Yin Mountain in the north. The total area of the LP is approximately
64 x 10* km?, including 341 counties (cities) in 7 provinces (autonomous regions) [39].
This area has a continental monsoon climate, with semihumid, semiarid, and arid regions
from southeast to northwest. The average annual temperature is 3.6-14.3 °C, and the
precipitation is 150-750 mm [40]. Typical landform types are loess Yuan, Liang, and Mao,
along with various valleys containing different degrees of erosion [18]. Because loess
is loose, porous, homogeneous, and easy to cultivate, LP has become an important dry-
farming area in China [41]. The natural annual runoff of the Yellow River, which irrigates
the Hetao Plain and other areas, is 58 billion m3. Other rivers with annual runoff exceeding
3 billion m? in this area include the Weihe, Taohe, Huangshui, and Yiluo Rivers. The LP
is an important water-producing area of the Yellow River and is the source area of most
sediment. It is one of the most concentrated areas in terms of population, resources, and
environmental conflicts in China. It is also a key area for soil and water conservation and
ecological construction in China [42]. Based on regional characteristics and differences, the
LP is divided into four ecological zones: (A) loess sorghum gully region (218,000 km?),
(B) loess hilly and gully region (129,000 km?), (C) sandy land and agricultural irrigation
region (135,000 km?), and (D) earth-rocky mountainous and river valley plain region
(179,000 km?) [43].

2.2. Materials

In this study, ecological zoning data of the LP and vegetation zoning data were
obtained from the National Earth System Science Data Center, and the remote sensing data
comprised the MODIS series product dataset from 2000 to 2020. Among them, NDVI uses
MOD13Q1/MOD13A1 V6 product data. The algorithm selects the best available pixel value
from all the collected data during a 16-day period, using the criteria of low cloud, low-view
angle, and the highest NDVI value. NPP was calculated using the Carnegie-Ames-Stanford
approach (CASA) model based on MCD15A3H, MOD15A2H, MCD12Q)1, Terraclimate,
Gladas/T3H, and the NOAA Climate Data Record of AVHRR and NDVI data. MOD09A1,
MOD11A2, and MOD13A1 data were also used to calculate the RSEI. These data were
downloaded, processed, and calculated using the Google Earth Engine (GEE) platform.
To ensure the accuracy of geometric matching between different data sources, this study
adopted data format conversion, projection coordinate conversion, data resampling, spatial
registration, and other technical means to collate the data at the same scale. The final data
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were projected using the GCS_WGS_1984 geographic coordinate system with a spatial
resolution of 500 m. Temperature and precipitation observations were obtained from the
China Meteorological Science Data Sharing Service Network. TWS data were obtained by
inverting the GRACE Level-2 RL06 gravity field model, provided by the Space Research
Center of Texas State University. The highest order is 60, and the spatial resolution was
0.25° x 0.25°. The study period was from January 2003 to December 2020. The missing
data during this period were replaced by the accumulated average of the missing months
or average of the adjacent months. Land-use data with a resolution of 300 m were obtained
from the European Space Agency for the period 2000 to 2020. In this study, land-use types
were verified by field investigation, comprising six first-class categories: farmland, forest,
grassland, built-up areas, water bodies, and unused land. The data used in this study and
their sources are presented in Table 1.
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Figure 1. Schematic diagram of the LP: (a) ecological zoning of the LP: (A) loess sorghum gully
region; (B) loess hilly and gully region; (C) sandy land and agricultural irrigation region; (D) earth—
rocky mountainous and river valley plain region. (b) spatial distribution of average temperature
on the LP from 2000 to 2020. (c) Spatial distribution of mean precipitation on LP from 2000 to 2020.
(d) vegetation zoning in the LP: I, sub-belt of deciduous oak forest in southern warm temperate
zone; II, subzone of deciduous oak forest in northern warm temperate zone; III, temperate forest
grassland sub zone; IV, temperate typical grassland sub-zone; V, temperate desert grassland sub-belt;
VI, temperate steppe desert sub-belt.

2.3. Methods
2.3.1. Calculation of FVC

FVC refers to the percentage of the vertical projection area of vegetation (including
leaves, stems, and branches) on the ground relative to total area of interest. It is an important
indicator of surface vegetation coverage and has a strong positive correlation with NDVL
Based on the pixel dichotomy model, the FVC of the LP was calculated using an inversion
model based on the NDVI data. The calculation formula is [22,24]:

FVC = (NDVIi — NDVI;)/ (NDVIpax — NDVIi,), 1)
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where FVC is the vegetation coverage (%), NDVI; is the NDVI value of a pixel in this period,
and NDVIyax and NDVIi, are the maximum and minimum NDVI values of all pixels in
the study area, respectively.

Table 1. Data types and sources used in this article.

Spatial

Product Variable Resolution Time Resolution Data Sources
Ecological zoning of the Loess Plateau http:// wwwl%e&daaytazggg accessed on
MODI13A1/Q1 NDVI 500/250 m 16 days hitps://modis gsfcnasa gov | accessed
MOD09A1 reflectivity 500 m 8 days https:// r;;)ilésiézis.elziaefggz/laccessed
oD T sdays /Mol g accesed
MODI5A3H reaf(fjleica?i‘(gi 500 m 8 days https:/ /modis.gsfc.nasa.gov/ accessed
absorption ratio on 10 November 2021
NOAA/CDR/AVHRR/NDVI/V5 NDVI 0.05° 1 day hitps://wwwncelnoda gov/ accessed
MCD120Q1 land-cover type 500 m 96 days h’rtps://r;;)ilésiézis.erziae?%'z/laccessed
Terraclmate PR tham moon P vember 2001
Terraclimate precipitation 4 km moon https:// Vi(;\ K\Ir(.)evc;?ln;gnztozclcessed on
T3H(GLDAS) air temperature 0.25° 3h htp:/ ldasl'gslff(;‘;‘;iifeivz/();fcessed on
http:/ /www2.csr.utexas.edu/grace/
GRACE-CSR GRACE 0.25° moon RLO6_mascons.html/ accessed on
10 November 2021
Meteorological station ?;gg;?;gf)en/ year http:// C?g%‘:}ggﬁg é&clc essed on
LUCC Data 300 m year https:// vv\/\lzgxl\ejlsaaylgg é Zaccessed on

According to the field situation, the vegetation in the LP is divided into areas char-
acterized by high vegetation coverage (FVC > 80%), medium-high vegetation coverage
(60% < FVC < 80%), medium vegetation coverage (40% < FVC < 60%), medium-low
vegetation coverage (20% < FVC < 40%), and low vegetation coverage (20% < FVC).

2.3.2. Estimation of NPP

The NPP of vegetation refers to the amount of organic matter accumulated by veg-
etation through photosynthesis per unit time and unit area. It is an important factor in
determining the carbon source/sink of ecosystems [32]. In this study, based on the im-
proved light-energy utilization model, the CASA model, the vegetation NPP of the LP was
calculated using the GEE. The CASA model is a classic model for estimating the NPP of
terrestrial ecosystem vegetation that has been widely applied to the estimation of vegetation
NPP for large-scale areas and is currently one of the models with the highest estimation
accuracy. Its basic formula is the product of the photosynthetic active radiation absorbed
by vegetation (APAR) and the light-energy utilization ratio ¢. The calculation formula is as

follows [24,32,34]:
NPP(x,t) = APAR(x,t) x e(x,t), )
APAR(x,t) = SOL(x,t) x FPAR(x,t) x 0.5, 3)
e(x,t) = Tel(x,t) x Te2(x,t) x We(x,t) X emax, 4)

where NPP is the net primary productivity of vegetation (g C/m?); APAR is the pho-
tosynthetic active radiation (M]/ m?); SOL is the total solar radiation (MJ/m?); FPAR is
the ratio of the absorption of vegetation to APAR; the constant 0.5 represents the ratio of
the effective solar radiation (wavelength of 0.4-0.7 pm) available to vegetation from the
total solar radiation; ¢ is the efficiency for plants to convert absorbed APAR into organic
carbon (gC/M]J); Tel is the degree to which plants weaken photosynthesis under high
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and low temperatures owing to their own physiological effects; Te2 is the trend in which
the utilization rate of light energy gradually decreases when the optimum temperature
for plant growth changes to high and low temperatures; We is the limit degree of water
condition to light-energy utilization efficiency; and emax is the maximum light-energy
utilization efficiency under ideal conditions (gC/M]).

2.3.3. Construction of RSEI

RSEI is a quantitative evaluation method for regional ecological quality based on
remote sensing information and natural factors. It is coupled with four evaluation indexes,
including vegetation index, humidity component, surface temperature, and soil index,
representing four ecological factors: greenness, humidity, heat, and dryness. It has the
advantages of easy index acquisition, no artificial weights, and visualization of results [35].
At present, it has been widely used in the evaluation of regional ecological environment
quality at the municipal [44,45], provincial [36] and watershed levels [30], and achieved
good results. RSEI ranges between 0 and 1, in which a larger value indicates a better
ecological environment. The calculation formula is as follows [35]:

RSEI, = 1 — PC1[f(NDVI,WET,LST,NDSI)], (5)

RSEI = (RSEIy — RSEIymin)/ (RSEIymax — RSEIymin), (6)

where RSE]j is the initial value of the remote sensing ecological index, PC1 is the first
principal component value obtained after PCA, NDVI is the greenness index, WET is the
humidity index, LST is the heat index, NDSI is the dryness index, RSEI is the remote sensing
ecological index, and RSElgyin and RSEIppax are the minimum and maximum values of
RSEly, respectively.

RSEI was divided into five ecological classes: poor [0, 0.2], relatively poor [0.2, 0.4),
medium [0.4, 0.6), good [0.6, 0.8) and excellent [0.8, 1).

2.3.4. Change Trend and Inspection

In this study, the univariate linear regression method was used to analyze the in-
terannual variation trends of the variables. The Mann-Kendall trend test was used to
test the trends of the research variables. Pearson’s correlation analysis method is used to
analyze the correlations between the variables. The Hurst index (H) method was used to
predict future change trends in the vegetation NPP. The judgment criteria were as follows:
0.5 < H < 1 indicates that the future trend is consistent with the past trend, and the closer H
is to 1, the stronger the persistence; H = 0.5 indicates that the future change is random and
has no relation with the past trend; 0 < H < 0.5 means that the future trend is opposite that
of the past, and H to 0 represents stronger antipersistence [39,46].

3. Results and Analysis
3.1. Vegetation Changes in the LP
3.1.1. Changes in the NDVI

From the perspective of spatial distribution characteristics, the NDVI of the LP gener-
ally showed a spatial pattern of decrease from southeast to northwest (Figure 2a—c). Taking
2020 as an example, the NDVI of most areas in Area D was higher, mostly above 0.6. The
NDVI of Ziwu Mountain, Huanglong Mountain in the east, Liupan Mountain in the middle,
and mountainous areas west of Area A were higher, reaching greater than 0.8; however, it
was lower in the northern area, mostly 0.2-0.4. The NDVI of Liiliang Mountain in the east
and mountainous areas south of Area B was relatively high and gradually decreased to the
west and north, mostly 0.4-0.6 in the west. Area C had a low NDVI of 0.2-0.4 in most areas
because it is close to the inland and far from the water vapor source, containing the areas of
Mu Us Sandy Land and Kubugqi Desert. Only the irrigated areas along the Yellow River
(Hetao Plain) had a higher NDVI, mostly 0.6-0.8. From 2000 to 2020, the average NDVI
values in districts A, B, C, and D were 0.55, 0.56, 0.35, and 0.68, respectively, indicating that



Remote Sens. 2023, 15, 424

7 of 20

the vegetation coverage in Area D was the largest. In terms of dynamic changes, NDVI has
increased in most areas of the LP during the past 21 years, especially in Area B (Figure 2d).
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Figure 2. Characteristics of NDVI in the LP from 2000 to 2020: (a) spatial distribution of NDVI in
2000; (b) spatial distribution of NDVI in 2010; (c) spatial distribution of NDVI in 2020; (d) spatial
variation trend of NDVI; (e) interannual variation in NDVT; (f) NDVI change value and rate.

From the perspective of variation through time, the NDVI of the LP showed a fluctuat-
ing upward trend from 2000 to 2020, ranging from 0.45 to 0.62, rising by 0.007/a (p < 0.01)
with a multiyear average of 0.55. In 21 years, the NDVI increased by 35.66% (Figure 2e).
From the perspective of each partition, the NDVI of partitions A, B, C, and D showed a
significant increase from 2000 to 2020, at 0.008/a, 0.01/a, 0.006/a, and 0.005/a, respectively,
rising by 41.57% (0.188), 51.29% (0.222), 50.2% (0.138), and 17.89% (0.111) during 21 years
(Figure 2e,f). This shows that the vegetation in Area B increased the fastest, whereas that in
Area D exhibited the smallest rate of increase.

Further comparing NDVI from different periods, we found that the average NDVI of
the LP from 2000 to 2010 was 0.51, an increase of 18.28% (0.08). Districts A, B, C, and D rose
by 23.47% (0.106), 27.77% (0.120), 23.43% (0.065), and 7.3% (0.045), respectively. The average
NDVI of the LP from 2010 to 2020 was 0.58, an increase of 14.69% (0.08), with districts A, B,
C, and D rising by 14.66% (0.08), 18.41% (0.1), 21.69% (0.07), and 9.87% (0.066), respectively.
Although the NDVI of the LP in 2010-2020 was 0.07 higher than that in 2000-2010, the
increase was significantly reduced, and the vegetation restoration rate in the LP was slightly
slowed during the last 10 years.
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3.1.2. Changes in FVC

From 2000 to 2020, the average FVC of the LP was 58.73%, showing a decrease from
southeast to northwest and a spatial distribution pattern similar to that of the NDVI
(Figure 3a—c). In terms of each subarea, the annual FVC in Areas A, B, C, and D was 59.37%,
60.1%, 40.77%, and 70.64%, respectively, indicating that Area D had the highest vegetation
coverage, followed by Areas B, A, and C. The FVC in the northern part of Area A and
western part of Area B were also relatively low. In the past 21 years, FVC in most areas
of the LP has increased, especially in Areas A and B, as well as the irrigated areas along
the Yellow River in Area C. Meanwhile, the regions with a significant reduction in FVC
were mainly distributed in areas with strong human activity, such as the urbanization in
the Guanzhong Plain, Taiyuan City, and Yinchuan City (Figure 3d).

Change rate
FVC(%) ©40-60 --37--02
m-0-20 =60-80 =-02-0 =05-1
m=20-40 ==80-100 , £0-05 =m]-4 /48
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Figure 3. Characteristics of FVC in the LP from 2000 to 2020: (a) spatial distribution of FVC in 2000;
(b) spatial distribution of FVC in 2010; (c) spatial distribution of FVC in 2020; (d) FVC spatial variation
trend; (e) interannual variation in FVC; (f) FVC change rate and change value.

Through time, the FVC of the LP increased significantly at a rate of 0.723%/a (p < 0.01)
from 2000 to 2020 and expanded by 34.44% in 21 years (Figure 3e). A, B, C, and D all
showed significant expansion (p < 0.01), with rising rates of 0.8%/a, 1.017%/a, 0.63%/a, and
0.492%/ a, respectively, adding values of 19.24%, 22.36%, 15.82%, and 11.41%, respectively,
and change rates of 39.36%, 47.62%, 49.35%, and 17.6%, respectively (Figure 3e,f). This
shows that the increase rate and value of FVC in Area B are the largest, and the increase
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rate, added value, and change rate in Area A are slightly lower than those in Area B. The
change rate in Area C is the largest, whereas the increase rate, added value, and change
rate in Area D are the smallest.

According to the changes in FVC of various grades (Table 2), the average FVC value at
all grades in the LP from 2000 to 2020 showed a significant increase (p < 0.01), except for
low-grade FVC. Among them, medium-low FVC had the fastest rate of increase (0.107%/a)
and largest added value (2.53%). This was followed by high FVC, with an increase rate
of 0.077%/a and added value of 1.43%. Low FVC increased at the lowest rate of 0.02%/a.
This shows that all grades of FVC are improving, and vegetation in the LP is gradually
recovering. Besides Area B, in which the average growth rate of medium FVC was the
fastest (0.236%/a), all districts had medium-low FVC as having the fastest average growth
rate. It is worth noting that low FVC in Areas A and B and high FVC in Area C showed a
downward trend.

Table 2. FVC of different grades on the LP from 2000 to 2020.

Basin Variables High FVC Medium-High FVC Medium FVC  Medium-Low FVC Low FVC
Average (%) 85.50 70.13 50.40 31.79 17.55
Slope 0.077 0.038 0.051 0.107 0.02
LP Z-value 4.86 (**) 3.35 (**) 2.87 (**) 3.17 () 0.63
Change (%) 1.43 1.20 0.94 2.53 1.14
Average (%) 85.98 69.87 50.30 32.34 16.69
A Slope 0.04 0.01 0.078 0.102 —0.078
Z-value 2.39 (%) 0 2.99 (**) 1.66 —1.78
Change (%) 0.26 0.87 1.72 3.02 —2.01
Average (%) 86.02 68.56 51.32 33.58 16.12
Slope 0.046 0.056 0.236 0.142 —0.233
B Z-value 0.82 1.24 4.86 (**) 3.17 (**) —3.17 (**)
Change (%) 2.21 —0.32 4.82 2.35 —2.21
Average (%) 85.21 69.82 48.05 30.62 17.02
Slope —0.016 0.05 0.013 0.127 0.057
¢ Z-value 0.75 2.20 (*) 0.88 3.77 (**) 2.14 (%)
Change (%) -1.13 1.82 —0.79 3.36 1.36
Average (%) 85.60 71.11 51.78 34.30 13.55
Slope 0.06 0.085 0.057 0.085 0.008
b Z-value 3.47 (**) 2.99 (**) 2.02 (*) 1.84 0.33
Change (%) 0.36 224 0.76 1.53 —1.83

Symbols: * significance: p < 0.05; ** significance p < 0.01.

3.1.3. Changes in the NPP

The NPP of vegetation in the LP was high in the southeast (especially in the Qinling
Mountains, Liupan Mountains, and Ziwu Mountains) and low in the northwest (especially
in the Kubugqi Desert) (Figure 4a—c). The annual average NPP values of districts A, B, C,
and D were 332.58, 282.73, 143.85, and 381.92 g C/ m?2, respectively, indicating that the
NPP of vegetation in Area D was the highest, followed by that in Area A (especially in the
southeast), and the lowest was in Area C. From the perspective of dynamic changes, the
NPP of vegetation in most areas of the LP increased from 2000 to 2020, especially in the
center and eastern region of Area A and the southern and eastern regions of Area B. The
area where NPP decreased was mainly distributed in the northwestern region of Area C
(Kubugi Desert) (Figure 4d).

Regarding interannual change, the vegetation NPP of the LP showed significant
increase from 2000 to 2020, rising by 5.9 g C/m?/a (p < 0.1). The NPP increased from
227.04 g C/ m? in 2000 to 351.22 gC/ m?2 in 2020, with an increase of 54.69% (Figure 4f).
Districts A, B, C, and D all showed a significant upward trend (p < 0.1), increasing by
78¢g C/m?2/a, 9 g C/m?%/a, 3.3 g C/m?%/a, and 6.9 g C/m?2/a, respectively. During the
past 21 years, the NPP in the four districts increased by 77.31% (171.21 g C/m?2), 89.05%
(162.87 g C/m?), 56.27% (56.87 g C/m?), and 48.33% (147.7 g C/m?), respectively, indicating
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that the carbon sequestration capacity of vegetation in the LP gradually increased during
this time period.
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Figure 4. NPP changes in the LP from 2000 to 2020: (a) spatial distribution of NPP in 2000; (b) spatial
distribution of NPP in 2010; (c) spatial distribution of NPP in 2020; (d) spatial trend of NPP; (e) Hurst
exponential spatial distribution of NPP; (f) interannual variation in NPP.

The Hurst index of the vegetation NPP in the LP varied from 0.15 to 0.96, with a
mean value of 0.42 (Figure 4e). This shows that although the NPP of vegetation in the LP
has increased in the past 21 years, it is likely not to be sustainable in the future; that is,
the carbon fixation capacity of vegetation will decrease. Specifically, the Hurst index of
Area A was 0.46, and the vegetation NPP may decrease in most regions in this area in the
future; the regions of increase were mainly distributed in the southwest, Liupan Mountain,
Ziwu Mountain, and other sparse areas. The Hurst index of Area B was 0.42. In the future,
the NPP of vegetation in the southwestern region of Area B may increase; however, the
vegetation NPP in most other regions will decrease. The Hurst index in Area C was 0.404;
the vegetation NPP there may decrease in the future, especially in Mu Us Sandy Land. The
Hurst index in Area D was only 0.397, indicating that the NPP of vegetation will decrease
significantly in the future.
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3.2. Ecological Environment Quality Evaluation of the LP

The changes in the RSEI on the LP from 2000 to 2020 are shown in Figure 5, from which
it can be seen that the ecological environment of the LP has gradually improved during
the past 21 years, with the RSEI increasing from 0.32 in 2000 to 0.46 in 2020, an increase
of 43.45%. At present, the eco-environmental quality of the LP is generally at a medium
level. In detail, the RSEI in most areas of the LP was at a poor level in 2000; however, in
2020, most regions had evolved to a moderate level, whereby the regions of poor levels
in Area D were significantly reduced. In particular, the vast majority of areas in northern
Inner Mongolia had reached a good level. On the whole, from 2000 to 2020, the RSEI in
Areas A, B, C, and D increased from 0.344, 0.336, 0.27, and 0.32 to 0.469, 0.47, 0.495, and
0.41, respectively, with increases of 36.49%, 40.46%, 82.78%, and 29.84, respectively. From
2000 to 2010, the RSEI in the LP and Areas A, B, C, and D were 0.03 (9.23%), 0.03 (9.96%),
0.08 (22.5%), 0.1 (35.69%), and 0.02 (7.33%), respectively. From 2010 to 2020, RSEI in the LP
and Areas A, B, C, and D were 0.11 (31.33%), 0.16 (51.59%), 0.06 (14.66%), 0.13 (34.7%), and
0.07 (20.97%), respectively. The eco-environmental quality of the LP has improved rapidly
during the last 10 years.

3.3. Analysis on the Causes of Vegetation Change
3.3.1. Climatic Factors

Climate is a basic factor affecting vegetation change. From 2000 to 2020, the average
temperature and precipitation on the LP were 9.8 °C and 446.87 mm, respectively. The
overall warming rate was 0.26 °C/10a, and the precipitation increased significantly at a rate
of 40.79 mm/10a (p < 0.01) (Figure 6a). During this period, 85.07% of the stations showed a
warming trend and 89.33% of the stations showed increasing precipitation (Figure 6b,c).
Pearson’s correlation analysis showed that precipitation in the LP was positively corre-
lated with NDVI and FVC, with correlation coefficients of 0.577 and 0.553, respectively
(p < 0.01). There was significant positive correlation with NPP, with a correlation coefficient
of 0.506 (p < 0.05). There were no significant positive correlations between temperature and
NDVI, FVC, or NPP, with correlation coefficients of 0.32, 0.317, and 0.34, respectively. The
results show that the increase in NDVI, FVC, and NPP is closely related to the increase in
precipitation in the LP from 2000 to 2020, whereas the effect of the temperature increase
is weak.

3.3.2. TWS Factor

In arid and semiarid areas, water resources are key natural factors that restrict con-
struction in the ecological environment. It can be seen from the spatial change in TWS in
the LP from 2003 to 2020 (Figure 7a) that the TWS east of the LP, especially in the central
and eastern region of Area D, has the most serious deficit, and the rate of deficit gradually
decreases toward the west. Only the southwest portion of the entire area shows a slight
increase through time, but the absolute value of the increase rate (0-2.92 mm/a) is far lower
than the absolute value of the loss rate (—34.22 to 0 mm/a) in other regions. Specifically,
the annual average TWS changes in the LP and Areas A, B, C, and D are —38.70, —9.54,
—51.70, —28.59, and —72.66 mm/a, respectively, indicating that Area D has the largest
TWS loss, followed by Areas B, C, and A. From the perspective of interannual change, the
rates of change in TWS in the LP and Areas A, B, C, and D from 2003 to 2020 were —0.60,
—0.12, —0.86, —0.44, and —1.13 mm/month (p < 0.1), respectively (Figure 7b), which also
indicates that the loss rate of TWS in Area D of the LP was the largest. From 2003 to 2020,
the TWS of the LP and Areas A, B, C, and D changed by —121.91, —0.93, —212.49, —103.39,
and —218.06 mm, respectively, indicating that Area D has the largest TWS deficit. Through
Pearson’s correlation analysis (Table 3), the TWS of the LP and its subregions was found to
be negatively correlated with all vegetation indicators, with all reaching a very significant
level, except Area A. This shows that large-scale vegetation restoration in the LP is likely at
the cost of serious loss of TWS.
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Figure 5. Variation characteristics of RSEI on the LP from 2000 to 2020: (a) spatial distribution of RSEI
in 2000; (b) spatial distribution of RSEI in 2010; (c) spatial distribution of RSEI in 2020; (d) spatial
variation in RSEIL (e) interannual variation in RSEIL (f) RSEI change value and change rate.

Table 3. Pearson correlation coefficient of TWS and vegetation indexes in the LP.

Variable LP A B C D
NDVI —0.806 ** —0.258 —0.803 ** —0.718 ** —0.673 **
FVC —0.784 ** —0.285 —0.797 ** —0.743 ** —0.644 **
NPP —0.791 ** —0.387 —0.778 ** —0.631 ** —0.679 **

** The correlation was significant (p < 0.01 level (double tail)).
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Figure 7. Changes in TWS in the LP from 2003 to 2020: (a) spatial changes in TWS in the LP during
2003-2020; (b) change rate of TWS in the LP and its subregions; (c-g) monthly variation in TWS in
the LP and its subregions.
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3.3.3. LUCC Factors

By comparing the land use/cover maps of the LP for 2000 and 2020 (Figure 8, Table 4),
it was found that in Area A, except for the decrease in the area of farmland (—5298.76 km?),
the area of all types of land use increased, for instance, the area of grassland increased
by 3288.89 km?, and the area of forest increased by 382.56 km?2. The farmland, forest,
and unused land in Area C decreased, shrinking by 372.37, 1020.38, and 3934.8 km?,
respectively; the grassland and built-up areas increased by 2976.93 and 2277.08 km?,
respectively. The areas of farmland and grassland in Area D decreased by 5955.09 and
1524.23 km?, respectively. The areas of forest, built-up areas, and water bodies increased
by 1692.21, 6016.67, and 87.12 km?, respectively. Overall, the LUCC of the LP from 2000
to 2020 was mainly characterized by a decrease in farmland and unused land area and
an increase in forest, grassland, and built-up areas. Specifically, the area of farmland and
unused land decreased by 14,693 and 4284.49 km?, respectively, and the area of forest,
grassland, built-up areas, and water bodies increased by 1584.65, 6059.2, 11,140.51, and
193.05 km?, respectively. The significant decrease in farmland area and increase in forest
and grassland area in the LP during the 21 years indicates that ecological protection projects
such as Grain for Green and Three-North Shelterbelt have promoted vegetation restoration
in the LP, and LUCC has played an important role in driving vegetation change in the LP.
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Figure 8. LUCC of the LP for 2000 and 2020: (a) land use/cover in the loess plateau in 2000; (b) land
use/cover in the loess plateau in 2020.

Table 4. LUCC in the LP from 2000 to 2020.

Regional = Area Change  Farmland Forest Grassland Built-Up Areas Water Bodies Unused Land

km? —14693 1584.65 6059.2 11,140.51 193.05 —4284.49

LP % —5.10% 2.04% 2.20% 488.95% 11.32% —25.97%
km? —5298.76 382.56 3288.89 1608.72 18.21 0.39

A % —5.65% 1.40% 3.432% 479.73% 5.90% 0.06%
km? —3066.74 530.25 1317.67 1238.04 14.2 —33.41

B % —4.52% 5.10% 2.63% 688.91% 6.75% —8.73%
km? —372.37 —1020.38 2976.93 2277.08 73.54 —3934.8

¢ % —1.30% —27.78% 3.425% 702.80% 10.20% —26.81%
km? —5955.09 1692.21 —1524.23 6016.67 87.12 —316.67

D % —6.10% 4.67% —3.59% 417.99% 18.70% —39.01%

With the restoration of vegetation, the eco-environmental quality of the LP has also
changed accordingly. Pearson correlation analysis shows that there is a positive correlation
between RSEI and NDVI, FVC and NPP changes in the LP and its subregions, especially in
the LP and Areas B, C, and D. Additionally, RSEI have reached a significant or extremely
significant level with NDVI and FVC (Table 5). It shows that vegetation is an important
factor affecting the ecological environment quality of the LP, and vegetation restoration has
greatly promoted the improvement of the ecological environment quality of the LP.
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Table 5. Pearson correlation coefficient between RSEI and vegetation index for the Loess Plateau.

Variable LP A B C D
NDVI 0.941 * 0.704 0.988 ** 0.907 * 0.939 *
FvC 0.900 * 0.67 0.971 ** 0.889 * 0.879 *
NPP 0.868 0.565 0.938 * 0.813 0.856

Symbols: * significance: p < 0.05; ** significance p < 0.01.

4. Discussion

Most areas of the LP have arid and semiarid climates, and vegetation is sensitive
to changes in precipitation [28,33,47,48]. On the one hand, with the gradual decrease in
precipitation from southeast to northwest, the vegetation presents a regular distribution
pattern of forest, forest grassland, typical grassland, desert grassland, and grassland desert
(Figure 1c) [49]. According to meteorological observation data, the average annual pre-
cipitation in Area D is 527.11 mm, and that in Area C is 239.75 mm. This explains the
fundamental reason why the average NDVI, FVC, and NPP in Area D were the highest
and the average NDVI, FVC, and NPP in Area C were the lowest. Chen et al. [50] also
found that the average annual rainfall had a strong interpretation of the spatial distribution
of NDVI and was the main restriction factor for vegetation growth in 85.2% of the LP
region. On the other hand, increased precipitation directly strengthens the physiological
and biochemical activities of plants, supplementing soil moisture and promoting plant
growth. Temperature has both positive and negative effects on plant growth. A positive
effect is that the growing season is prolonged, the photosynthetic and water-use efficiency
of plants is improved, and plant growth is promoted. For example, the annual average
temperature in Area D is 11.64 °C, and that in Area C is 9.15 °C, which is one of the main
reasons that Area D has the highest NPP and Area C has the lowest NPP. A negative
effect is that an increase in temperature accelerates the transpiration of vegetation, reduces
soil moisture, and leads to an increase in evapotranspiration, which is not conducive to
the growth of vegetation [33,48]. Some researchers have also pointed out that in the LP,
vegetation growth in arid areas is mainly affected by rainfall, vegetation in semihumid
areas is more closely related to temperature, and vegetation growth in semiarid areas is
affected by both temperature and rainfall [51]. In addition, some studies have found that
the potential evapotranspiration of the LP has increased at a rate of 13.5 mm/10a during
the last 40 years [52], especially in the east, which may also cause to some extent the slow
growth rate of average NDVI and FVC in Area D. From an interannual point of view,
the increase in precipitation has been the main meteorological factor for the increase in
NDVI FVC, and NPP in the LP since 2000, whereas the influence of the temperature rise is
weak [20,53,54]. However, in the long run, the negative effects of the rise in temperature
should not be underestimated.

In this study, it is believed that vegetation restoration on the LP has lost a large amount
of TWS, and the variation of TWS is not only related to the vegetation restoration rate,
but also related to the vegetation covering the basement, regional water use (such as
agriculture) and other factors (Figure 7a,b). Han et al. [55] also found that the groundwater
water consumption caused by vegetation dynamic significant area in the LP was higher
than that in non-significant area. Li et al. [56] found that the significant increase of leaf
area index in forest and farmland areas of the LP was the largest contributing factor for
the increase of ET and the decrease of TWS in the Yellow River Basin. According to
Feng et al. [14], vegetation restoration in the LP during 2000-2010 resulted in an annual
loss of 2.4 &= 0.9 mm of soil moisture and 0.5 & 0.3 mm of runoff. Guo et al. divided TWS
in the LP into shallow- and deep-water storage. Shallow-water storage represents 0-2 m
of soil water storage, and deep-water storage includes soil water reserves below 2 m and
groundwater storage. Deep soil water has been found to be an extremely important source
of water for vegetation in the LD, especially in the Grain for Green project. A large number
of newly added plantations belong to deep-rooted vegetation, which can absorb deep soil
water below 10 m, the main factor leading to the serious decline in TWS in the LP [56-58].
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Fu et al. [18] have also suggested that the guidance of ecohydrological theory has been
neglected in the construction of the Three-North Shelterbelt Forest Program. On the one
hand, the vegetation has used soil moisture excessively, resulting in a dry soil layer; on
the other hand, the growth of vegetation has also been restricted, resulting in “the little
old man trees”. In arid and semiarid areas, soil water availability controls the degree of
vegetation restoration [39]. Currently, the scale of vegetation restoration in the LP is close
to the threshold of the sustainable carrying capacity of regional water resources, and the
blind afforestation will inevitably affect the human water demand [14]. Therefore, further
vegetation restoration must be based on the carrying capacity of water resources, especially
the maintenance of ecosystem stability and improvement of ecosystem quality should be
considered in Areas D and B.

In order to improve the fragile ecological environment of the LP, the Chinese govern-
ment has successively implemented ecological environment protection projects such as
building terraces, constructing silt dams, planting trees, restoring natural vegetation, re-
turning farmland to forests, controlling gullies, and reclaiming land since 1949. Numerous
studies have shown that the LUCC resulting from climate change, especially human activity
such as the Grain for Green Project, the construction of the Three-North Shelterbelt Forest
Project, natural forest protection projects, socioeconomic development, and urbanization, is
the main factor affecting vegetation change in the LP [16,29,59-61]. Zheng et al. [13] also
found that a series of land-use management measures (ecological restoration projects) were
the dominant factors in vegetation greening in China. In the LD, it is noteworthy that the
decrease in forest area in Area C may be related to factors such as the increase in other
types of land use/cover (e.g., increase of 2277.08 km? in built-up areas and 2976.93 km?
in grassland) or government policy adjustments (arid and semiarid water-scarce areas are
not considered suitable for extensive afforestation [17,27]). Areas B and A are the zones
with the largest rates of increase in forest and grassland areas, respectively, in the four
zones. Overall, the sum of the increase rates of forest and grassland in Area B (7.73%) was
the largest, followed by Area A (4.83%), which explains why the average growth rates of
NDVI, FVC, and NPP in Area B were the fastest, followed by Area A. Relevant research also
found that Yan’an City and Yulin City in Shaanxi Province experienced the most significant
afforestation in the LP, followed by the eastern part of Gansu Province [15,22].

With the restoration of vegetation in the LP and the implementation of a series of other
eco-environmental protection measures, soil erosion in the LP has been weakened [62,63],
and sediment input to the Yellow River has been reduced [18], soil erosion has been
effectively curbed, and ecosystem services and carrying capacity have been gradually
enhanced [24,64]. For example, the monitoring data from the Tongguan hydrological
station show that the average annual sand transport of the Yellow River has decreased from
790 million tons in the 1990s to less than 200 million tons in the 2010s [65]. Therefore, in
general, from 2000 to 2020, the eco-environmental quality of the LP gradually improved,
and the RSEI in the LP also showed a gradual increase.

Based on multisource remote sensing data, this study analyzed the changes in NDVI,
FVC, NPP, and RSEI in the LP. It should be pointed out that although high-quality remote
sensing data and classical analysis models are used in this study, there may be errors in the
research results due to the displacement of remote sensing sensors, complex meteorology,
topography, and model selection [31,66], but it still has important reference significance
for revealing the vegetation and ecological environment quality of the LP. In the research
that will follow, the region can be further refined and appropriate analysis indexes can
be selected, and adopting the latest remote sensing data, research methods, and analysis
models that are gradually improved to further improve the accuracy. At the same time,
this study found that there are temporal and spatial differences between NPP, NDVI,
and FVC changes in the LP, which may be related to different vegetation characteristics
reflected by different indices, natural disturbance, influence of climate change and human
activities, vegetation types, data quality, research methods, and other factors. Ding et al. [7]
also found that 45.6% of the world’s vegetation area experienced inconsistent trends in
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vegetation greenness, coverage, and productivity. Its specific mechanism needs further
study. Furthermore, it also shows that it is uncertain to only rely on a single index to
analyze vegetation changes, and it is necessary to comprehensively analyze vegetation
dynamic changes from various indexes reflecting biophysical characteristics. This study
holds that in the future climate change scenario, vegetation restoration in the LP must
be based on local natural conditions and social and economic development; consider the
risks brought by climate change; coordinate ecological water use with human water use;
adopt reasonable restoration methods; select suitable vegetation types, scales, and densities;
predict vegetation restoration effects; and coordinate water resources security, food security,
and ecological security with the national “carbon neutral” strategy, so as to achieve regional
sustainable development.

5. Conclusions

Based on the ecological zoning of the LP and multisource remote sensing data, this
study focused on analyzed the interannual and zoning changes in NDVI, FVC, and NPP in
the LP from 2000 to 2020 and dissected the main reasons for these changes. Additionally,
the changes in eco-environmental quality in the LP were evaluated based on RSEI, which
provides a scientific reference for ecological civilization construction and sustainable devel-
opment in the LP, ecological protection, and high-quality development of the Yellow River
Basin. The results show that the NDVI, FVC, and NPP in the LP all generally decrease from
southeast to northwest in the LP. During the study period, NDVI, FVC, and NPP showed
a significant upward trend in the LP, rising by 0.007/a, 0.722%/a, and 5.9 g C/m?/a, re-
spectively. In Area D, the average NDVI and FVC were the highest, but the growth rate
was the lowest at 0.005/a and 0.492%/ a, respectively. The average NDVI and FVC in Area
B and their growth rates (0.01/a, 1.017%/a) were slightly higher than those in Area A
(0.008/a, 0.8%/a). The average NDVI, FVC, and NPP in Area C were the lowest but also
showed a significant increase through time, with growth rates of 0.006/a, 0.63%/a, and
3.3 g C/m?/a, respectively. With the restoration of vegetation, the RSEI of the LP increased
by 43.45% during the past 21 years, and the ecological environmental quality has gradually
improved and is generally at a medium level. The rate of increase in RSEI in Area C was
the largest (82.78%), Area D had the smallest (29.84%), and Area B had a slightly higher
RSEI rate of increase (40.46%) than Area A (36.49%). Climate affects the basic distribution
of the vegetation coverage patterns, and the increase in precipitation (40.79 mm/10a) is
the main meteorological factor for vegetation restoration in the LP. Vegetation restoration
most likely comes at the cost of serious TWS loss (—0.6 mm/month). The average NDVI,
FVC, and NPP in Area D were the highest, and the TWS loss was also the largest. LUCC
caused by human activity (mainly characterized by a decrease in farmland and increase
in forest, grassland, and built-up areas) is the main factor for spatiotemporal changes and
differences in vegetation in the LP.
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