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Abstract: Based on MODIS NDVI and a meteorological dataset, this study analyzed the spatial
and temporal variation characteristics of vegetation cover in different geomorphic zones of Loess
Plateau (LP) from 2000 to 2020 with trend analysis, partial correlation, residual analysis and the
CA–Markov method and discussed the driving factors. The research results show that: (1) There
are spatial differences in vegetation coverage in different geomorphic regions. The Loess Hills and
Forests zone (LF) exhibits the highest coverage, with a multi-year average of 86.64%, and the Arid
Grassland (AG) has the poorest vegetation with only 8.53%. Overall, there has been significant
improvement in vegetation coverage over the past two decades, although certain geomorphic zones,
particularly the Highland Steppe zone (HS) and Alluvial Plains zone (AP), show signs of degradation.
(2) Relative humidity has the greatest impact on vegetation among the three climate factors, i.e., rela-
tive humidity, precipitation and temperature. Relative humidity predominantly promotes vegetation
in all geomorphic zones. Temperature generally inhibits vegetation growth, except in the Wind Sandy
zone (WA) and AG. The impact of precipitation on vegetation depends on the region. A lag effect
is observed, with temperature and humidity showing a one-month lag and precipitation showing
a two-month lag on vegetation response. (3) Human activities play a crucial role in promoting
vegetation, particularly in the WA zone, in which the percentage of area where human activities
contribute to vegetation has changed from 13.80% to 86.85%, an increase of 73.05%, while the HS
experiences an inhibitory effect due to overgrazing and water resource overutilization. Similarly, the
AP zone’s vegetation growth is hindered by urban development and land use changes. (4) Land use
change significantly impacts vegetation dynamics on the LP. Over the past two decades, the area of
forest lawn increased by 122,800 km2, which is 1.5 times more than the area of reduction. However,
conversion to building land has hindered vegetation growth in certain regions. A comprehensive
strategy is required to conserve land resources and promote healthy vegetation growth on the LP.

Keywords: vegetation; space–time variation; human activities; future changes

1. Introduction

Vegetation that links elements like soil, atmosphere and water is a significant part of
the Earth’s ecosystem, playing an essential function in climate control and maintenance of
biodiversity [1]. Currently, global warming is accelerating, regional climates are changing
and human activities are intensifying [2,3], thus vegetation has changed significantly in
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recent decades. Monitoring vegetation dynamics and exploring vegetation growth have
become hot issues of continuous concern in global change research [4–6]. Vegetation plays
a vital role in soil erosion control and ecosystem restoration in fragile semi-arid and arid
regions, but it is susceptible to climate change and human activities [7,8]. Thus, quantifying
changes in vegetation across vulnerable areas in both space and time is crucial. By assessing
the future evolution of vegetation, potential impacts and implementation of appropriate
measures for sustainable management and conservation can be explored.

LP is the world’s most concerning soil erosion area, and the ecological environment
is quite fragile [9]. With the implementation of ecological construction measures like
returning farmland to forest and grass, vegetation in the area has been obviously enhanced.
Numerous scholars have conducted a lot of research on the spatial and temporal changes
in vegetation on the LP and its influencing factors [10,11]. He et al. [12] analyzed the
characteristics of the spatial and temporal vegetation evolvement and its drivers in the LP
over the last 20 years and found that the main factor of vegetation growth in the LP was
human exposure; Jia et al. [13] quantitatively assessed the topographic as well as climatic
effects on vegetation of arsenic sandstone areas on the LP based on NDVI time series and
found that spatial and temporal variation in precipitation was the main cause of vegetation
variation in arsenic sandstone areas, with the most favorable vegetation at elevations of
1050–1500 m and slopes of 0–21◦. Fan et al. [14] fused GIMMS NDVI with MODIS NDVI to
build an NDVI with high space resolution and found that human activities make a greater
contribution to the NDVI of the Loess Plateau than the climatic factors. Most current studies
on vegetation variations of the LP have focused on spatiotemporal changes in vegetation
across the region or in a single geomorphic area, neglecting the differences in vegetation
variation among different geomorphic types. The influencing climatic factors are often
limited to temperature and precipitation, moreover, the time lag effects of these climatic
factors are not adequately considered. Furthermore, most of the present research on the
vegetation of the LP focuses on past and present changes, while the future evolution of
forest and grass vegetation on the LP is less considered.

The objectives of this study are as follows: (1) To clarify the spatiotemporal variation
trends of vegetation in different geomorphic zones on the LP. (2) To evaluate the impacts of
climate change and human activities on vegetation growth in the region. (3) To discuss the
future evolution scenarios of vegetation on the LP. This study is based on the normalized
difference vegetation index (NDVI) data of the LP from the growing seasons of 2000 to
2020, and NDVI is currently recognized as the best indicator for large-scale monitoring
of terrestrial vegetation change [15,16]. It employs methods such as Mann–Kendall trend
analysis, Sen’s slope estimator, Hurst index, partial correlation and residual analysis to
analyze the spatiotemporal evolution characteristics of vegetation in different geomorphic
zones of the LP and their response to climate change and human activities. The CA–Markov
model is further utilized to discuss the future evolution scenarios of vegetation on the LP.
By addressing these challenges, the study aims to promote a comprehensive understanding
of the dynamic changes in vegetation on the LP and provide insights for sustainable
management and conservation strategies.

2. Study Area and Data Sources
2.1. Study Area

The LP is geographically situated in the northwestern part of China, exhibiting a
pronounced topographic heterogeneity with high elevations in the northwest and low
elevations in the southeast. The region is characterized by diverse and intricate landforms,
encompassing ravines and fragmented terrains. Climatically, the LP is classified as a
continental monsoon climate, with an average temperature spanning from 9 to 12 ◦C. The
average precipitation displays a distinct northwest-to-southeast gradient, ranging from
100 to 800 mm. Most precipitation occurs from June to September, coinciding with the
summer monsoon season [17]. LP landforms are complex and diverse, including Loess
Hills and Gullies (LH), Loess Plateau and Gullies (LG), Tu Shi Shan (TS), Loess Hills and
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Forests (LF), Highland Steppe (HS), Arid Grassland (AG), Wind Sandy Area (WA), Alluvial
Plains (AP) and Loess Terraces (LT), a total of nine types of area (Figure 1) [18].
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Figure 1. Location and geomorphology zone of the study area.

2.2. Data

NDVI data were selected from MOD13Q1 products for the 2000–2020 growing seasons
(April–October), sourced from NASA (https://ladsweb.modaps.eosdis.nasa.gov/, accessed
on 1 May 2023), temporal resolution 16d, spatial resolution 250 m. In this study, we
performed batch band extraction, format conversion and maximum synthesis to obtain
monthly and annual scale maximum NDVI datasets and resampled the datasets to a 1 km
resolution. Data for precipitation, temperature and relative humidity were sourced from
the National Center for Earth System Science Data (http://www.geodata.cn, accessed on
2 May 2023) at a spatial resolution of 1 km. The dataset underwent rigorous validation
through comparison with data collected from 496 independent meteorological observation
points nationwide, ensuring its reliability. Land use data were collected from the Institute
of Geographic Sciences and Natural Resources, Chinese Academy of Sciences (https://
www.resdc.cn/, accessed on 2 May 2023) at a resolution of 1 km.

3. Research Methods
3.1. Savitzky–Golay Filter

The S-G filter [19] was first introduced by Savitzky and Golay and then widely used
as an algorithm for smoothing time series data. S-G filtering is a polynomial fitting method
based on least squares, where a polynomial weighted fit is made to the data to be processed
through a window of a certain length, followed by a minimum root mean square error,
with the following equation:

NDVI∗i =

j=m
∑

j=−m
CjNDVIj+1

N
(1)

N is the window size, satisfying N = 2m + 1; Cj denotes the coefficient of the S-G
polynomial fit; m is the half-window size and d is the number of polynomial terms fitted.

https://ladsweb.modaps.eosdis.nasa.gov/
http://www.geodata.cn
https://www.resdc.cn/
https://www.resdc.cn/
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The remote sensing data time series will have some noise due to the influence of
clouds, fog and atmospheric conditions. To reduce the noise impact, this study adopts S-G
filtering to filter and denoise the NDVI products of MODIS 2000–2020 of the LP. The best
fitting effect was achieved after 9 iterations in the filtering process, and the polynomial
order of the filtering parameters was set to 3.

3.2. Forest and Grass Vegetation Coverage

In this study, the vegetation cover is estimated using a like-element dichotomous
model, calculated as follows [20]:

FVC =
NDVI − NDVI0

NDVIV − NDVI0
(2)

FVC indicates the vegetation coverage, and this study takes 5% and 95% of NDVI val-
ues as NDVI0 and NDVIv. The vegetation coverage of image elements with NDVI ≤ NDVI0
is 0, and the vegetation coverage of image elements with NDVI ≥ NDVIv is 1. To mitigate
the impact of water bodies and clouds on the values of NDVI0 and NDVIv, among others,
this study incorporates de-clouding and de-watering techniques during the calculations.

3.3. Trend Analysis

The Theil–Sen median method is a robust trend calculation method with nonparamet-
ric statistics [21]. The method is computationally efficient and suitable for trend analysis of
long time series data [22]. Its calculation formula is:

β = Median
(Xj − Xi

j− i

)
∀j > i (3)

where: Median() represents taking the median value, if β > 0, it indicates that FVC has a
growing trend and vice versa is a decreasing trend.

The Mann–Kendall (MK) test is a nonparametric time series trend test for long-term
series data with a significant trend. The test statistic S is calculated as:

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
Xj − Xi

)
(4)

where: sgn() is the symbolic function with the following formula:

sgn
(
Xj − Xi

)
=


1 Xj − Xi > 0
0 Xj − Xi = 0
−1 Xj − Xi < 0

(5)

The trend test is performed using the test statistic Z. The formula for the value of Z is
as follows:

Z =


S√

Var(S)
S > 0

0 S = 0
S+1√
Var(S)

S < 0
(6)

where the equation for Var is:

Var(S) =
n(n− 1)(2n + 5)

18
(7)

where: n is the number of data in the sequence;
A bilateral trend test was used, and given a significance level α = 0.05 in this manuscript,

the critical value Z1-α/2 = ±1.96. When the absolute value of Z is greater than 1.96, it
means that the trend passed the significance test with a confidence level of 95%. The
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method of determining the significance of the trend is shown in Table 1. In this manuscript,
the change trends are classified into four types of changes: Slight degradation, severe
degradation, slight improvement and significant improvement [23].

Table 1. Trend test categories.

β Z Trend Characteristics

β > 0 1.96 < Z Significant improvement
1.96 > Z Slight improvement

β < 0 1.96 > Z Slight degradation
1.96 < Z Severe degradation

The Hurst index [24] (H) is widely used to quantitatively describe the time series
change persistence, and the index reflects the interrelationship between the vegetation
before and after changes, in which the past vegetation state will affect the present and the
present vegetation state will affect the future [25]. The main formula is as follows:

R(τ)
S(τ)

= (aτ)H (8)

H < 0.5 indicates that the FVC has the opposite trend from the current one. H = 0.5
indicates that the FVC series is an unsustainable random series. H > 0.5 indicates that the
future trend of the FVC series is the same as the current one [26].

3.4. Partial Correlation Analysis

Since there are many factors affecting vegetation, biased correlation analysis was
employed to more accurately measure the association among several factors; the partial
correlation coefficient R can be calculated by the simple correlation coefficient [27]:

Rxy =

n
∑

i=1
[(xi − x)(yi − y)]√

n
∑

i=1
(xi − x)2 n

∑
i=1

(yi − y)2

(9)

Rxy denotes the single correlation coefficient; xi in this study denotes the FVC value in
the growing season; yi denotes the cumulative precipitation or average annual temperature

or relative humidity in the corresponding time period;
−
x denotes the average FVC value

from 2000 to 2020;
−
y indicates the accumulated precipitation, the average temperature or

relative humidity for the respective time period.

Rxy,z =
Rxy − RxzRyz√

(1− Rxz2)
(
1− Ryz2

) (10)

Rxy,zw =
Rxy,z − Rxw,zRyw,z√

(1− Rxw,z2)
(
1− Ryw,z2

) (11)

Rxy,zw are the coefficients of partial correlation R required in this study.

3.5. Residual Analysis

The effect of human intervention on vegetation change was assessed using the residual
method in this study [28,29]. The observed values were first calculated using the relation-
ship between FVC and climate, the actual values were subtracted from the observed values
and the result was the effect of human activities on FVC [30]. Given the delayed effect
of vegetation response to climate, correlation analysis was used to derive the correlation
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coefficients among FVC and climate factors of the same period and the previous 1–3 months,
and the climate factor of the period with the strongest correlation with FVC was selected to
participate in the calculation.

FVCcc = a + b ∗ P + c ∗ T + d ∗ RH + e (12)

FVCHA = FVCobs − FVCcc (13)

a, b, c, d and e are parameters; P is accumulated precipitation (mm); T is average
temperature (◦C); RH is relative humidity (%).

3.6. CA–Markov Model

The CA model [31] is a grid statistical dynamical model based on transformation
rules to simulate the spatiotemporal evolution process of compound phenomena, which
has strong spatial calculation ability but is only able to deal with the interaction between
metacells; the Markov model [32] can predict quantitative changes in land use types over
a period of time but is unable to handle changes in spatial patterns. The CA–Markov
method incorporates the characteristics of both models, combining CA’s ability to deal with
complex systems varying in space and Markov’s characteristics in predicting land quantity,
to achieve the prediction of the future dynamic evolution of each category on the LP in
both space and time [33].

4. Results
4.1. Analysis of Vegetation Stage Changes

Research shows that FVC will stabilize for regional runoff and erosion when greater
than 60%, while erosion will increase sharply when FVC is less than 30% [34]. In this study,
FVC is classified into three levels: Low vegetation cover (FVC < 30%), medium vegetation
cover (30% ≤ FVC < 60%) and high vegetation cover (FVC ≥ 60%).

The spatial distribution of the LP multi-year average FVC is significantly different,
with an overall increasing process from north to south. The area of low FVC area is
254,600 km2, accounts for 41.73% of the total area of LP. The medium vegetation cover area
is 195,100 km2, accounting for 31.98%, mainly distributed in the south of the LP and gullies
and the west of HS. The area covered by high vegetation is 160,400 km2 or 26.29%, mainly
in the southern part of LF, part of LG and the northwestern part of HS (Figure 2).
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The overall vegetation in the LP exhibited an upward trend from 2000 to 2020, the
average FVC of the LP increased from 36.27% to 45.17% from 2016–2020 compared with
2000–2005 (Figure 3). The area with medium to high vegetation cover witnessed a no-
table increase from 49.49% to 66.90%, due to a range of ecological restoration programs
implemented by the Chinese government since 1999 (Figure 3). FVC varies greatly in
different geomorphic subdivisions, with the largest FVC in the LF, with a multi-year av-
erage of 86.64%, and the AG has the poorest vegetation with only 8.53%. Despite overall
improvement in vegetation across the LP, there are specific areas that have experienced
vegetation degradation. For instance, the average FVC in the HS decreased from 65.94% in
the 2000–2005 period to 64.43% from 2016–2020. Similarly, the AP witnessed a decline in
average FVC from 31.96% to 30.77% (Figure 4).
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4.2. Changes in Vegetation Trends and Zoning Differences

Vegetation enhancement on the LP from 2000 to 2020 is 406,300 km2, accounting for
62.40%, among which the significant improvement area is 273,800 km2, accounting for
42.05%. Vegetation trends vary across geomorphic subdivisions, among which most of the
geomorphic subdivisions are dominated by vegetation improvement but some subdivisions
are dominated by degradation trends. The most significant vegetation improvement was
observed in LH, LG and WA, with three geomorphic divisions showing more than 60%
significant improvement in vegetation. HS shows degradation trends accounting for 61.21%
of the total area of the subdivision, and 11.49% of the area shows serious degradation
trends. The AG vegetation degradation area accounts for 60.06% of the total area of the
subdivision. LF vegetation cover is high, but 54.01% of the area showed a degradation
trend (Figure 5, Table 2). The Hurst index for FVC in the LP between 2000 and 2020 varies
between 0.08 and 0.94, with a value of 0.44 on average, with surfaces with a Hurst value
less than 0.5 accounting for 73.50%, which indicated that the vegetation of the LP might
show the opposite situation of the current change trend in the future (Figure 6).
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Figure 5. Vegetation change trend.

Table 2. Vegetation change trend statistics of different geomorphic subdivisions from 2000 to 2020/%.

Region
Change Type

Severe Degeneration Slight Degradation Slight Improvement Significant Improvement

LH 1.31 14.79 19.98 63.91
LG 2.12 10.23 16.63 71.01
TS 4.21 35.05 16.82 43.92
LF 2.90 51.11 14.85 31.14
HS 11.49 49.72 32.35 6.44
AG 0.92 59.14 19.76 20.18
WA 0.70 17.69 21.55 60.06
AP 9.41 45.03 24.48 21.09
LT 5.45 23.06 31.57 39.92

4.3. Analysis of Vegetation Response to Climatic Factors

From 2000 to 2020, precipitation, temperature and relative humidity on the LP have
increasing trends, with the average change rates of 2.960 mm/a, 0.012 ◦C/a and 0.262%/a
(Figure 7). On the LP, the average cumulative precipitation during the growing season is
421.10 mm, with an average temperature of 15.58 ◦C and relative humidity of 53.33%. These
climatic conditions play a crucial role in shaping the growing environment and influencing
vegetation dynamics in the region. The spatial distribution of all three climate factors is
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“low in the north and high in the south” (Figure 8). The variability of climatic factors in
different geomorphic divisions is large, with the lowest average multi-year precipitation
of 266.91 mm in the AG and the most precipitation in LT with an average multi-year
precipitation of 554.51 mm; the lowest average growing season temperature is 5.72 ◦C in
the HS, and the highest temperature is 20.13 ◦C in the LT. The division with the highest
relative humidity is the LF with 67.82%, and the AG has the lowest relative humidity, with a
multi-year average of only 37.56%. Among the geomorphic subdivisions, the average FVC
is greater than 60% and high vegetation cover is achieved in the LF and HS, respectively,
which have a precipitation of 521.40 mm and 551.16 mm, a temperature of 16.03 ◦C and
5.72 ◦C and a relative humidity of 67.82% and 65.89%, respectively, for the same period. An
FVC less than 30% and low vegetation cover are found in AG, WA and AP and, compared
with the high vegetation cover zone, the climate factors of these three zones show less
precipitation, higher temperature, lower relative humidity and a larger difference (Table 3).
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Table 3. Multi-year average values of climatic factors for each geomorphological division of the LP.

Region
Climate Factors

Pre/mm Temp/◦C RH/%

LH 444.27 15.05 54.42
LG 532.72 17.71 59.52
TS 444.01 14.81 56.66
LF 521.40 16.03 67.82
HS 551.16 5.72 65.89
AG 266.91 16.73 37.56
WA 374.40 17.36 41.81
AP 350.07 18.75 51.71
LT 554.51 20.13 59.75

The partial correlation coefficients (R) between vegetation and contemporaneous
precipitation, temperature and relative humidity in the growing season of the LP were
calculated to quantify interrelationships among vegetation cover dynamics and climato-
logical factors. On the LP, the regions that showed significant correlation between relative
humidity and vegetation accounted for 54.65% of the total area. Among these significantly
correlated areas, approximately 79.69% of the area shows a significant promotion effect
of relative humidity on vegetation. This indicates the important role played by relative
humidity in promoting vegetation growth on the Loess Plateau (Figure 9C). The portion of
the LP where vegetation exhibits a significant correlation with precipitation covers only
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8.41% of the total area, and the areas showing significant positive and negative correlation
accounted for 4.20% and 4.21% of the significantly correlated area, respectively. The pro-
motion and suppression effects of precipitation on vegetation were basically equal. The
portion of the total area showing a significant correlation between vegetation and temper-
ature amounted to 8.27%. Among these significantly correlated areas, 3.01% exhibited a
positive significant correlation between temperature and vegetation, while 5.26% exhibited
a negative significant correlation between the two variables (Figure 9B).
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To further identify the impact of climatic factors on vegetation in various geomorphic
zones of the LP, the relative rates of promotion and inhibition of the climate factors in
each geomorphic zone are calculated. Zonal statistics show that precipitation dominates
the promotion of vegetation growth in the LF, the HS, the AG and the WA, among which
precipitation has the most significant effect on the promotion of vegetation in AG and WA
and the percentage of the area of promotion is over 90% (Table 4).

Table 4. Vegetation reaction to climatological factors in different landform zones /%.

Region
Precipitation Temperature Relative Humidity

Promotion Inhibition Promotion Inhibition Promotion Inhibition

LH 40.41 59.59 24.97 75.03 99.76 0.24
LG 24.15 75.85 11.88 88.12 99.31 0.69
TS 37.70 62.30 30.76 69.24 98.67 1.33
LF 62.07 37.93 1.17 98.83 95.41 4.59
HS 65.61 34.39 21.00 79.00 94.00 6.00
AG 78.78 21.22 67.30 32.70 98.92 1.08
WA 79.88 20.12 84.10 15.90 99.03 0.97
AP 45.12 54.8 41.03 58.97 93.69 6.31
LT 33.75 66.25 12.05 87.95 99.01 0.99

Note: The values are all percentages of regions that passed the significance test.

The correlations among growing season vegetation cover (FVC) and climate factors
in the same period (April–October) and the previous 1–3 months (i.e., March–September,
February–August, January–July) were analyzed and their significance was taken into
account to obtain the maximum correlation coefficients among vegetation and climate
factors in the Loess Plateau. The maximum response of FVC with temperature and relative
humidity for 2000–2020 on the Loess Plateau was a 1-month lag with Rfvc-Tem1 = 0.52
and Rfvc-RH1 = 0.93, and the maximum response with precipitation was a 2-month lag with
Rfvc-Pre2 = 0.63 (Table 5).

Table 5. Time-lag association among vegetation cover and climatic factors in LP from 2000 to 2020.

Precipitation Temperature Relative Humidity

Pre0 0.54 * Tem0 -- RH0 0.86 ***
Pre1 0.57 ** Tem1 0.52 * RH1 0.93 ***
Pre2 0.63 ** Tem2 -- RH2 0.91 ***
Pre3 0.52 * Tem3 -- RH3 0.88 ***

In the table, 0, 1, 2 and 3 represent the same period, the previous month, two months and three months,
respectively; “*”, “**” and “***” represent passing the 95%, 99% and 99.9% significance test, “--” means not passing
the significance test. Pre, Tem and RH stand for precipitation, temperature and relative humidity, respectively.
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4.4. Analysis of Vegetation Response to Human Activities

The changes in vegetation of the LP resulted from the interaction of climate change
and human activities. The regions that have significant importance regarding FVC are key
areas for initiatives such as returning farmland to forest and grass, as well as sand control.
To strip the influence of climatological factors on vegetation, a residual analysis of FVC
and the most relevant time-lagged climatic factors was performed in this study. The aim of
approach is to identify and quantify the specific effects of human activities on vegetation.

FVC residuals showed an upward tendency in most areas of the LP, and the upward
tendency is more obvious in the LG, LT, WA and TS, with a maximum rate of change in
regional residuals of 0.054/a−1, and a decreasing trend in the residual values of some
geomorphic zones, where the weakening is more obvious in the AP in the north and the
HS in the southwest, with a minimum rate of change of −0.096/a−1 (Figure 10a), Since
1999, the LP has implemented a range of ecological restoration measures such as returning
farmland to forest and grass, and a large amount of arable land and other land types have
been rapidly converted to forest and grass, which has had a great impact on the FVC of the
LP. Between 2000 and 2010, human activities played a significant role in contributing to
vegetation cover on the LP, resulting in an area of 257,700 km2 being positively influenced.
This area represents approximately 40.27% of the total land area (Figure 10b). Furthermore,
from 2011 to 2020, the impact of human activities on vegetation expanded, covering an area
of 358,900 km2, which accounted for approximately 58.73% of the total area of the LP. These
findings underscore the substantial influence of human actions on vegetation dynamics in
the region over the specified time periods (Figure 10c).
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The comparison between the two time periods reveals that human activities have a
dual impact on vegetation growth on the LP. Notably, promotion of vegetation by human
activities has significantly increased in recent years. This observation suggests that human
interventions, such as afforestation and ecological restoration efforts, have yielded positive
results in enhancing vegetation cover and promoting ecological recovery on the LP. In
the time period of 2000–2011, the vegetation of most subdivisions of the LP was mainly
suppressed by human activities, except for the HS, and the percentage of areas where
human activities suppressed the vegetation of other subdivisions was greater than 50%.
In the 2011–2020 time period, the impact of human activities on the vegetation of the
LP has undergone a great transformation. As of 2020, except for the HS, the area where
human activities promote the vegetation of all geomorphic divisions of the LP has shown
an increasing trend, and the area where human activities inhibit the vegetation has been
decreasing accordingly. The area where human activities promote vegetation in the LG,
LT and WA increased by more than 30%, especially in WA, in which the area where
human activities promote vegetation changed from 13.80% to 86.85%, an increase of 73.05%
(Table 6). This suggests that the rapid growth of FVC on the LP in the last 20 years
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is due to a series of human activities such as large-scale implementation of ecological
restoration measures.

Table 6. Response of vegetation to human activities in different geomorphic subdivisions/%.

Region
2000–2010 2011–2020

Promotion Inhibition Promotion Inhibition

LH 28.92 71.08 71.79 28.21
LG 35.98 64.02 64.54 35.46
TS 44.88 55.12 53.74 46.26
LF 46.06 53.94 53.29 46.08
HS 70.88 29.12 29.29 70.71
AG 40.42 59.58 54.11 45.89
WA 13.80 86.20 86.85 13.15
AP 47.95 52.05 51.33 48.67
LT 33.64 66.36 67.53 32.47

5. Discussion
5.1. Analysis of Vegetation Degradation Control Factors

In the past, the LP suffered from severe soil erosion due to factors such as undulating
terrain, loose soil texture and human activities. However, large-scale projects such as
returning farmland to forests and grasslands, as well as soil and water conservation
initiatives, contributed to increased vegetation coverage, improved soil structure and
reduced risks of soil and water loss in recent years [35]. This positive change reflects the
success of these ecological restoration efforts in enhancing vegetation on the LP. The above
research indicates that the overall FVC of the LP showed an increasing trend from 2000 to
2020, which is consistent with the research conclusions of Sun Rui [36], but the vegetation
in HS and AP is declining, their area being 166,200 km2, accounting for 25.52% of the
total area of the Loess Plateau. The vegetation changes in these two geomorphic zones
directly affect the vegetation development of Loess Plateau, and it is necessary to discuss
the degradation of vegetation in these two subregions in depth. This section will discuss
the causes of vegetation degradation in HS and AP from the aspects of climate change and
human activities, respectively.

The research findings presented in Section 4.3 highlight the influential role of pre-
cipitation and relative humidity in promoting vegetation growth within the HS, while
temperature emerges as the primary climate factor impeding vegetation development. The
average temperature of the growing season in HS is only 5.72 ◦C, which is the coldest
terrain area on the LP. While climate warming has extended the vegetation’s growth pe-
riod in recent years [37,38], it has also triggered the degradation of permafrost, leading
to detrimental consequences such as freeze–thaw erosion and hydraulic erosion, further
exacerbating soil erosion and ultimately diminishing the quality of the grassland [39,40].
Additionally, the degradation of permafrost caused by climate change has contributed to
reduced water volume in the upper reaches of the Yellow River, resulting in water scarcity
and subsequent degradation of regional vegetation [41].

The HS is situated within the headwater region of the Yellow River basin, characterized
by a relatively uncomplicated land composition. The overall land division reveals that
the grassland possesses a clear absolute advantage, with unused land and forest land
constituting the primary land types, along with a smaller proportion of farmland [42]. The
highland grassland area boasts abundant resources, particularly in terms of grasslands,
which offer optimal conditions for grazing activities. These favorable conditions contribute
to the sustainability of livestock production and facilitate ecological balance within the
area. However, due to population growth and economic development pressures in the
past decade, the region has faced issues of overgrazing, leading to excessive utilization of
grasslands. Livestock farming has also increased the demand for water resources, putting
pressure on sustainable water resource management [43]. Unreasonable use of water
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resources has also resulted in grassland degradation. These factors have contributed to the
suppressing effect of human activities on vegetation in HS in the past decade.

In terms of climate factors, the AP experiences a growing season with precipitation,
temperature and relative humidity of 350.07 mm, 18.75 ◦C and 51.71% respectively. Both
precipitation and relative humidity are lower than the average levels on the Loess Plateau,
indicating relatively arid climate conditions with insufficient and unevenly distributed
precipitation. Climate change has resulted in changes in precipitation patterns, such as
a decrease in precipitation amount and an increase in precipitation intensity, making it
challenging for vegetation to adapt to drought and extreme weather conditions, leading to
a reduction in vegetation. These factors have caused vegetation degradation in both the
HS and AP of the LP. In addition, compared to other regions, human activities have only
shown a weak promoting effect on overall vegetation in AP, and in some areas of the AP,
they have even had a suppressing effect. This is due to the AP being densely populated
and experiencing concentrated agricultural development [44]. Over the long term, it has
faced significant pressures from large-scale urban development and land use, particularly
in the past decade with the rapid development of cities such as Yinchuan and Xi’an in
AP. Excessive development and other human activities have led to slow or even declining
vegetation growth in these areas [14].

5.2. Relationship between Land Use and FVC

It is evident that human activities have exerted extensive and profound impacts on
vegetation dynamics in the LP [45]. A comprehensive examination of the influence of
human activities on vegetation is a crucial aspect when investigating the dynamic changes
in vegetation. Numerous studies have consistently demonstrated that human activities
alter the trajectory of vegetation development by modifying land use patterns, establish-
ing an inseparable relationship between land use types and vegetation coverage. For
instance, Senay et al. [46] observed that alterations in land use structure and function in
Oklahoma resulted in shifts in vegetation cover types and their spatial patterns. Similarly,
Li Zhengguo et al. [47] found that land use patterns determine the characteristics of vege-
tation cover changes in LP, operating within specific natural ecological contexts. Hence, an
in-depth analysis and discussion of land use transformation represent an effective approach
to explore the impact of human activities on vegetation change.

Forest lawn dominates the LP, with forest lawn and cultivated land exhibiting com-
pletely opposite trends. The increase in forest lawn area often coincides with a decrease
in cultivated land area. The area of forest lawn on the LP shows a fluctuating upward
trend, while the construction land on the LP has been continuously expanding over the past
20 years, driven by the expansion of central cities such as Xi’an, Yinchuan and Lanzhou.
Consequently, the amount of unused land has been decreasing steadily (Figure 11a). The
FVC of the LP also shows a fluctuating upward trend in the past 20 years (Figure 11b).
By comparison, it can be seen that the FVC of the LP and the area of forest lawn have
the same change trend, which indicates that the development of vegetation of the LP
mainly depends on the change in the area of forest lawn; the most direct reflection of the
increasing area of forest lawn is the increase in FVC [48]. In the past 20 years, a series of
ecological restoration projects, such as Grain for Green and grassland, have profoundly
changed the composition of land use types on the LP [49]. From 2000 to 2020, the area of
farmland on the LP transformed into other land types was 119,600 km2, of which 84.82%
was transformed into forest lawn, and the area of forest lawn reduced and transformed
into other land types was 84,000 km2, while the area converted from other land types to
forest lawn is 122,800 km2, which is 1.5 times the increased area compared to the area of
reduction (Table 7). The continuous increase in forest lawn area in the region reflects human
activities to improve vegetation by changing land use types, thereby achieving the effect of
improving the regional ecological environment [48].
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Figure 11. Land use and FVC changes in LP ((a) shows the area changes in each category in four
periods in LP; (b) shows the interannual changes in FVC in LP).

Table 7. Land Transfer Matrix for LP, 2000–2020 (km2).

Land Type Farmland Forest Lawn Water Construction Unused Total Area in 2000

Farmland 110,209 101,474 2740 13,123 2303 229,849
Forest lawn 60,137 252,527 2782 6029 15,074 336,549

Water 2295 2630 3024 503 766 9218
Construction 7119 2715 262 3960 243 14,299

Unused 2473 15,961 795 1013 29,803 50,045
Total area in 2020 182,233 375,307 9603 24,628 48,189 639,960

In order to gain further insights into the future vegetation changes on the LP, this study
utilizes the CA–Markov model and considers land use driving factors such as elevation
and slope. The land use of LP in 2030 is predicted with the year 2020 as the base period.

This study predicted land use scenarios for 2020 by utilizing land use data and impact
factor data from 2000 and 2010. The simulation outcomes were evaluated for accuracy
by comparing them to actual land use data in 2020. The results demonstrated that the
kappa value exceeded 0.75, indicating a satisfactory simulation effect. Building upon
these findings, the study proceeded to predict the land use changes on the LP for 2030.
Additionally, the change situation of forest and grass vegetation at the regional level was
calculated as part of the analysis.

The LP holds significant importance as a key area for soil and water conservation in
China. Looking ahead, activities in the next ten years will continue to prioritize ecological
treatment and restoration efforts, rather than large-scale development, in the region. This
forecast takes the ecological protection red line of the LP as the main reference basis, strictly
protects forest lawn and water areas and restricts their area and rate of conversion to other
land types for ecological restoration purposes. According to the forecast results (Table 8),
the LP in 2030 does not undergo a major transformation in land use, farmland and forest
lawn show slight changes compared with 2020, the area of unused land decreases by 7.07%
compared with 2020, the land for construction in 2030 is 27,700 km2, an increase of 12.38%
compared with 2020, and the increase in land for construction mainly comes from unused
land and a small portion of forest lawn, mainly concentrated in urban areas such as Xi’an,
Lanzhou and Yinchuan. It is found that land use is more stable in the LP in the future, and
the probability of land use shift is low, which is consistent with the results of Gao et al. [50].
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Table 8. Land use change and area proportion of LP from 2020 to 2030.

Land Use Type
2030 2020–2030 Changes

Area/Million km2 Proportion/% Area/Million km2 Proportion/%

Farmland 18.68 28.48 0.46 2.51
Forest lawn 37.11 58.65 −0.42 −1.12

Water 0.96 1.50 0 0
Construction 2.77 3.85 0.30 12.38

Unused 4.48 7.53 −0.34 −7.07

During the past 20 years, vegetation development of the LP has mainly been concen-
trated on the expansion of forest lawn areas. With the gradual stabilization of a range
of ecological construction projects, the area of forest lawn on the LP will remain stable
in the future. Therefore, in the future, while protecting the area of forest and grassland
from invasion, we should be more committed to the improvement of vegetation cover of
forest lawn and farmland. In order to effectively enhance the texture of vegetation and
ensure an adequate quantity of plant life, it is essential to implement zoning treatments
based on diverse landforms and tailored to local conditions. Additionally, a strategic
focus on promoting advantageous species is crucial. By undertaking these actions, we can
make valuable contributions to both environmental preservation and enhancement, while
simultaneously promoting the sustainable development of an ecological economy.

6. Conclusions

(1) The vegetation coverage on the LP is predominantly at a medium to low level,
with significant differences in vegetation coverage among different geomorphic zones. The
LF exhibits the highest coverage, with a multi-year average of 86.64%, and the AG has
the poorest vegetation with only 8.53%. Overall, the vegetation coverage on the LP has
improved significantly over the past twenty years, with a considerable proportion of the
total area experiencing improvement. However, there are noticeable signs of vegetation
degradation in certain geomorphic zones, particularly in the HS and AG. This indicates
that the vegetation condition on the LP is influenced by both landform characteristics and
human activities, necessitating further ecological conservation and restoration measures.

(2) The vegetation on the LP exhibits significant spatial heterogeneity under the
influence of climatic factors, with varying degrees of impact in different geomorphic zones.
Relative humidity has the greatest impact on vegetation among the three climate factors,
i.e., relative humidity, precipitation and temperature. Relative humidity predominantly
promotes vegetation growth in all geomorphic zones, with promotion areas exceeding
90% in coverage. The effects of precipitation on vegetation vary in different geomorphic
zones. Precipitation has a significant promoting effect on the vegetation in the AG and WA.
Overall, the promotion and inhibition effects of precipitation on vegetation are roughly
equal. Temperature has an inhibitory effect on vegetation growth in most geomorphic
zones, except for the WA and AG. Particularly, the LF experiences the largest inhibitory
effect from temperature. Furthermore, there is a lag effect between vegetation and climatic
factors, with a one-month lag in response to temperature and relative humidity and a
two-month lag in response to precipitation.

(3) Human activities have shown an increasing trend in promoting vegetation across
most of the geomorphic zones, particularly in WA, where the promoting effect has in-
creased by 73.05%. However, in the HS, human activities exhibit an inhibitory effect on
vegetation. This region is mainly composed of herbaceous plants, and overgrazing has led
to overutilization of grasslands and increased demand for water resources. Unreasonable
water resource utilization has also contributed to vegetation degradation. Furthermore, in
AP, excessive urban development and land use have resulted in slow or even declining
vegetation growth. This has weakened the overall promoting effect of human activities on
vegetation in AP and even demonstrated inhibitory effects in certain areas.
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(4) Land use change has a significant impact on vegetation dynamics in the LP. From
2000 to 2020, the area of forests and grasslands in the LP increased by 122,800 km2, which
is 1.5 times the area that was lost. Among these changes, the conversion of forest lawn
to construction land has been relatively frequent, and the rapid development of cities has
inhibited vegetation growth in certain areas. In the future, land use in the LP is expected to
stabilize, with fewer large-scale conversions between different land types. To protect the
area of forest lawn from erosion, efforts should be made to enhance vegetation coverage
in these areas, as well as in croplands, in order to promote ecological restoration and
sustainable development. This requires a comprehensive approach that considers land
use planning, ecological conservation and agricultural management, ensuring the healthy
growth of vegetation and the sustainable utilization of land resources.
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