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Abstract: As a climate-sensitive region of the Tibetan Plateau, the source regions of the Yangtze
and Yellow Rivers (SRYYRs) urgently require an analysis of land cover change (LUCCs) over a long
period, high temporal resolution, and high spatial resolution. This study utilizes nearly 40 years
of land cover, the Normalized Difference Vegetation Index (NDVI), climate, and geomorphological
data, applying methods including a land transfer matrix, slope trend analysis, correlation analysis,
and landscape pattern indices to analyze the spatial and temporal changes, composition, layout,
and quality of the local land cover and the factors. The findings reveal that (1) the land cover area
change rate was 8.96% over the past 40 years, the unutilized land area decreased by 24.49%, and
the grassland area increased by 6.37%. The changes were obvious at the junction of the two source
regions and the southeast side of the source region of the Yellow River. (2) the landscape pattern
was more centralized and diversified. The number of low-cover grassland patches increased by
12.92%. (3) The region is still dominated by medium- and low-cover vegetation, with the mean annual
NDVI increasing at a rate of 0.006/10a, and the rate of change after 2000 is three times higher than
previously. (4) The degree of land cover change is greater in the middle altitudes, semisunny aspects,
steepest slopes, and middle-relief mountains. Additionally, 76.8% of the region’s vegetation growth
is dominated by mean annual temperatures. This study provides fundamental data and theory for
understanding LUCCs and the driving factors in alpine plateau regions.

Keywords: the source regions of the Yangtze and Yellow Rivers; spatial-temporal change in land
cover; Vegetation cover

1. Introduction

Global climate change significantly impacts natural ecosystems, such as vegetation
communities and biodiversity [1]. This is especially evident in the Qinghai-Tibetan
Plateau (TP) region, where the community structure is simple and ecosystems are fragile in
terms of resistance to disturbance and self-repair [2]. The TP has long been considered a
key region in influencing global climate change. With the acceleration of the warming and
humidification process, glaciers on the TP and its surrounding areas have melted by nearly
1232.8 km? within the last 40 years, and climate change is surpassing other regions of the
world [3-8]. Significant vegetation greening has occurred, and serious issues such as alpine
grassland degradation and sandy wind have severely affected the regional ecosystem’s
carbon cycle and storage [9-14]. The source regions of the Yangtze and Yellow Rivers
(SRYYRSs), as the birthplace of these rivers, are crucial for grassland animal husbandry and
alpine biodiversity. The glaciers, snow cover, frozen soil, and alpine grasslands in these
regions provide stable ecological services to surrounding and downstream areas [15,16].
The area of frozen soil in the source regions of the Yellow River is decreasing at a rate of 1.1%
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year by year, and the annual precipitation broke the historical record in 2018 [12,17-19]. The
area of the permafrost region declined from 113,580 km? to 108,940 km? from 1981 to 2015,
and its glacier mass loss was —0.343 + 0.055 Gt yr ! up to 2018, with an increase in the
mean value of the thickness of the active layer [17,20-22]. An increasing amount of data
suggest that the region faces a severe ecological challenge.

The land cover constitution is a visual expression of the dynamics of the terrestrial
surface system, and understanding the long-term changes in the land cover and potential
drivers in SRYYRs has become a pivotal link to promote the recovery of vegetation ecosys-
tems within the regions in the TP, and even globally [23,24]. Under the combined influence
of the Indian summer winds and the midlatitude westerly wind belt, there are regional
differences in the distribution of vegetation and land use values in this region [25-27].

As an important bridge to connect soil, the atmosphere, and water in terrestrial ecosys-
tems, many studies have focused on the coordinated relationship between climatic factors
and vegetation growth, quantitatively describing the vegetation cover, growth conditions,
and influencing factors in the region through trend analysis, correlation analysis, and
geographical detectors [28-33]. Research indicates that in recent years, the strengthen-
ing of ecological protection means has promoted the continuous improvement in land
cover change (LUCCs) in the source regions of the Yangtze and Yellow Rivers [26,32,34].
Over the past 20 years, the area and coverage of vegetation cover in the region have
shown different degrees of increase due to ecological projects, while studies have shown
that vegetation growth in the region is more temperature-dependent than precipitation-
dependent [31,32,35-37].

Remote sensing data are the key data to quantify land cover and vegetation dynamics,
and the Normalized Difference Vegetation Index, which can reflect the vegetation dynamics
over a long time series, is the primary type of indicator [38,39]. However, different remote
sensing datasets have their drawbacks; for example, the commonly used MODIS data can
only show the vegetation changes in the last 20 years, and the GIMMS NDVI3g data, which
have a longer time series, have a low spatial resolution [40]. The complex topography of the
source region of the Yangtze and Yellow Rivers makes it difficult to characterize the trend
in vegetation microvariation with a large-scale resolution, and it is difficult to measure the
effectiveness of ecological protection means with a shorter temporal resolution.

Based on this, this paper analyzes the changes in land cover types in the SRYYRs.
It discusses the changes in land cover and climatic factors under different topography
and geomorphology factors by using land cover data from 1980 to 2020. Additionally, a
multisource medium-resolution vegetation cover index dataset is constructed to explore the
regions’ vegetation growth quality and to improve the spatial resolution of remote sensing
data for vegetation monitoring. By comparing the Yangtze and Yellow River source regions,
this study intends to reveal the trend in the LUCCs and the climate-influencing factors in
the source regions of the Yangtze and Yellow Rivers to provide references and lessons for
sustainable development and the effectiveness of ecological protection measures.

2. Materials and Methods
2.1. Study Area

The source regions of the Yangtze and Yellow Rivers are situated between 90°55' E~103°41" E
and 32°16’ N~36°12" N, an area of about 26.44 x 10* km? (Figure 1), with an elevation
ranging from 2665 m to 6575 m and dominated by the Qinghai-Nanjiang—Qiangtang
grassland and desert, which is a semihumid-semiarid cold plateau ecosystem. The basic
climate type is cold, alpine, and arid [41]. The source region of the Yangtze River serves as
the most concentrated area for the distribution of the SRYYRs’ glaciers, characterized by its
towering terrain and consistently cold and dry climate throughout the year. The average
altitude of the source regions of the Yellow River is lower than the source region of the
Yangtze River, and the terrain is high in the west to low in the north, separated from the
Jinsha River by the Bayan-Ka-La mountain range in the west and the Animachin Mountains
in the north. The river meanders in the basin. There are diverse land cover types such as
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grasslands, woodlands, and cultivated land, with grasslands being the most significant
natural resource and ecological carrier. The dominant vegetation type is meadows [42].
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Figure 1. The location of hydrological and meteorological stations, river and lake, and altitude in and
around the source regions of the Yangtze and Yellow Rivers. The study area is situated in the source
region of the Yangtze River to its left and the source region of the Yellow River to its right.

2.2. Data Resources and Processing
2.2.1. Vegetation Data and Preprocessing

The Normalized Vegetation Index (NDVI) is the most widely utilized metric for moni-
toring vegetation growth. This study employed two vegetation index products: GIMMS
NDVI3g and MOD13Q1 NDVL The specific sources’ spatial and temporal resolutions of
these products are detailed in Table 1. Monthly values were derived by using the Monthly
Maximum Value Synthesis (MVC) method, with the monthly average serving as the mean
annual NDVI value for the study area. This approach was chosen to minimize the im-
pact of extreme monthly values. Values of 0.1 or above were considered indicative of
vegetation coverage. The mean annual NDVI data with a spatial resolution of 250 m for
1982-2020 were collected.

According to the existing literature, integrating GIMMS and MODIS data has been
demonstrated to be effective in analyzing vegetation dynamics in the northern hemi-
sphere [31,43]. The present study used the Temporal Adaptive Reflectance Fusion Model
(ESTARFM) algorithm to calculate the mean annual NDVI data at a 250 m resolution from
1982 to 1999. This algorithm utilizes transformation coefficients to transform mixed pixel
reflectance from coarse resolution to its constituent fine-resolution pixels. This approach
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ensures precise reflectance estimations for small and linear features while maintaining
spatial intricacies. The calculation formula is as follows:

F(xw/Z/]/w/Zz tp/ B) = F(xw/Z/yw/Zl tO/B) +Zfil Wi X ‘/l X (C(xi/yi/ tp/ B) - C(xiryi/ tO/B)> (1)
B 1/’ ;0:1 qu:] C(xi/ y]/ tk/ B) - 270:1 Z;w:] C(xi/ y]/ tp/ B) ‘
Zk:m,n (1/ ‘2;0:1 Z?’zl C(xi,yj, trs B) - ;U:1 Z?):l C(xi,yj, tp, B) D

where F and C denote the fine-resolution reflectance and coarse-resolution reflectance,
respectively. (x;,y;) is the position of the i-th similar pixels; w is the size of the sliding
window; W; is the weight value of similar pixels to the central pixels, whereby the value
range is 0-1; (xy /2, Yy /2) is the center position of the pixels to be measured; (x;,y;) is the
position of the i-th similar pixels; ¢, t, t are the image-acquisition times; B is the image
band; N is the number of similar pixels; V; is conversion factor; and Ty is the reflectance of
the central pixel:

T k= (mmn) (2)

W; = (1/D;) /Y ,(1/D;) 3)
D;=(1-R;) xd; 4)
d =1+ (twj2 = %12+ (Yus2 — i) /(w/2) 5)

where w is the width of the searching window that is used to normalize the distance,
ensuring that the distance range for similar pixels in different search windows extends
from 1 to 1 +2%5. d; is the geographic distance between the i-th similar pixel and central
pixel; D; is the product of the spectral similarity and spatial distance calculation of the
central pixels and similar pixels; and R; is the spectral similarity weight value, whereby the
value range is —1-1.

Table 1. Sources of the fundamental data used.

Dataset Data Sources Time and Spatial Scale
https:/ /www.nasa.gov/
GIMMS NDVI3g (accessed on 1 January 2023) 15d 8 km 1982-2015
MODI3Q1NDVI ~ [P://edfti0l.crusgs.gov 16 d 250 m 2000-2020

(accessed on 1 January 2023)

By selecting two pairs of base data from corresponding time periods, the fine-resolution
reflectance at ¢, can be predicted based on the fine-resolution reflectance at the base date
and the resampled coarse-resolution reflectance observed at t,. Then, the final predicted
fine-resolution reflectance at the prediction time ¢, is calculated as [44]

F(xw/Zryw/Z/ tp/ B) = T X Fy (xw/Zlyw/Zr tpr B) + T, x Fy (xw/2r]/w/2/ tpr B) (6)

2.2.2. Meteorological Data and Preprocessing

The daily mean temperature and daily precipitation of 28 meteorological stations
located within and around the source regions of the Yangtze and Yellow Rivers were ob-
tained from the China Meteorological Data Network (https://data.cma.cn/, accessed on
1 January 2023). First, the mean annual temperature and annual precipitation were com-
puted site by site for each year from 1982 to 2020. Then, these two climatic factors were
spatialized with a spatial resolution of 250 m by using the PER-Kriging interpolation
method. Moreover, the PER-Kriging interpolation method not only considers the influence
of the direction and distance of the observation point but also has the response mechanism
of the elevation—precipitation correlation, with a good experimental correlation in the
Lancang River Basin [45] (the distribution of the stations is shown in Figure 1):

Z; =Y Mi(G(Ho = hy) + Zi) + G(H;j — Ho) @
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where H) is the reference plane elevation, 7 is the number of observation points engaged in
the interpolation computation, H; is the elevation of the interpolation point j, h; represents
the elevation of the i-th observation point, Z; refers to the observations from the i-th
observation point, G represents the gradient of the precipitation variation with elevation,
and A; is the weight of the i-th observation point.

The mean elevation of the study area was selected as the reference plane. The prepro-
cessing of the observation point data was performed by using Excel 2016, while the Kriging
interpolation and postprocessing were carried out in ArcMap 10.3.

2.2.3. Land Cover Data

Land cover data were obtained from the Resource and Environment Science and Data
Center (https://www.resdc.cn/, accessed on 1 January 2023). The spatial resolution of
the data is 30 m x 30 m. Considering the construction of ecological protection projects in
the study region and the introduction of policies to protect the area, we has collected data
every five years since 2000 to determine the land cover at interval times [46].

2.2.4. Topographic and Geomorphological Data

For this study, we utilized the Digital Elevation Model (DEM) obtained from NASA
(https:/ /www.earthdata.nasa.gov/, accessed on 1 January 2023). The spatial resolution is
30 m, the data type is GEOTIFF, and the coverage is global. The topographic relief, slope,
and slope aspect are calculated based on the DEM; the altitude is categorized into middle
altitude (1000-3500 m), high altitude (3500-5000 m), and highest altitude (>5000 m); the
topographic relief is categorized into a plain (<30 m), platform hill (<200 m), low-relief
mountain (200-500 m), middle-relief mountain (500-1000 m), and high-relief mountain
(1000-2500 m) [47]; the aspect is classified as plain (0°), a shady aspect (0°—45° /315°-360°),
a semishady aspect (45°-135°), a sunny aspect (135°-225°), and a semisunny aspect
(225°-315°); and regarding the slope, 0°-5°, 5°-8°, 8°-15°, 15°-25°, 25°-35°, and >35° is
classified as a gentle slope, more moderate slope, moderate slope, steep slope, steeper slope,
and steepest slope [48].

2.3. Methodology

Figure 2 shows the research flowchart of this study. Initially, this study analyzes land
transfer matrix changes from 1980 to 2020 in the source regions of the Yangtze and Yellow
Rivers. Then, it discusses regional landscape pattern trends by using landscape indices.
Furthermore, spatiotemporal vegetation cover evolution, represented by the NDVI, is
examined over 40 years. Finally, statistical analysis determines land cover trends across to-
pographic factors, and a correlation analysis quantifies the vegetation—climate relationship.

2.3.1. Land Transfer Matrix

The land transfer matrix can demonstrate the evolutionary trend in the land cover
type of a specified region, and by establishing the matrix relationship between the initial
and final type of various land cover types in the region, it can show the direction of the
evolution of various land cover types and the area of change:

Su Sz Su
Sn S» Son

Sij = : : : ®)
Snl Sn2 e Snn

where S;; indicates the area of the land-type change; 1 represents the number of land cover
types; and i and j represent the LUCC types at the beginning and end of the study period,
respectively [49].
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Figure 2. The research flowchart of this study.

2.3.2. Slope Trend Analysis

In order to show the spatial dynamic changes in the NDV], a slope trend analysis
was used to illustrate the pixel-wise spatial distribution of the annual NDVI variations
in the study area. After calculating the NDVI values on a pixel-by-pixel basis, when
slope > 0, the NDVI shows an increasing trend, and when slope < 0, the NDVI shows a
decreasing trend [48]. The significance of the changes was determined by using an F-test to
calculate the corresponding p-value [50,51]. Pixels were grouped into six categories based
on the significance level exhibited by the trend: an extremely significant decline (p < 0.01),
significant decrease (0.01 < p < 0.05), nonsignificant decrease (p > 0.05), nonsignificant
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increase (p > 0.05), significant increase (0.01 < p < 0.05), and extremely significantly increase
(p <0.01).

The calculation formula was as follows:
nxyil,(ixNDVI;)-Yi! iy; i NDVI;
nx Yy 2 = (D)
where slope is the linear regressing line slope, 7 is the number of years, and NDV I; represents

the NDVI time series.

slope =

©)

2.3.3. Correlation Analysis

The Pearson correlation coefficient (Pearson’s correlation) should be used to measure
the degree of linear association between two sets of continuous variables [28]:

rxy _ 2121 (xi - f) S/z - yz = (10)
VI (5 — %P — 7)

where ry;, is the Pearson correlation coefficient of the variables x and y; 1 is the number of
observations; x;, y; are the variables x and y of the year i, respectively; and X and ¥ are
mean x and y values, respectively. In general, 7y, > 0 indicates that the two variables are
positively correlated; the opposite indicates that the two variables are negatively correlated.
After rxy takes absolute values, 0-0.09 shows that there is no correlation, 0.1-0.3 shows
a weak correlation, 0.3-0.5 shows a moderate correlation, and 0.5-1.0 shows a strong
correlation [52,53].

2.3.4. Landscape Pattern Index

Land cover change is the primary determinant and direct driving force of landscape
spatial patterns, and the landscape pattern index can explain the spatial structural character-
istics and spatial dynamic changes in the ecological environment in the study area [54,55].
In this paper, we selected eight indicators to analyze the impact of land cover change on
landscape patterns in the study area (Table 2), which was implemented by Fragstats 4.2 [56].

Table 2. Calculation method of landscape pattern index.

Index (Units) Meaning Calculation Method
Number of patches (NP) Characterization of the landscape types in the NP = N;
Landscape Division Index study area and the interannual changes in the Max (a;)
(LPI, %) composition of different land cover types LPI = —-12(100)
) . Characterization of the association between D [(Pi( % ))] . [m (P;) (%)]
Contagion Index (CONTAG, %) dominant landscape types CONTAG = |1+ = 2In(m) = (100)

Edge density (ED, m/ha)

Mean patch size (AREA_MN, ha)

Aggregation Index (Al, %)

ED = £(10,000)

Characterization of landscape

=4
fragmentation degree AREAMN = &

Al = (--8i_)(100)

max.g;;

Shannon’s Evenness Index
(SHETI)

Shannon'’s Diversity
Index (SHDI)

m
SHDI = — Y. (P;-InP)
Characterization of landscape diversity in i=1

the region in different periods -
SHEI = *):i:ll (PiInP;)

n m

Note: 4;; is area (m?) of patch ij; i = 1...m patch types (classes); j = 1...n patches; k = 1...k patches;
a;j= area (m?) of patch ij; P;j is perimeter (m) of patch ij; g is number of adjacencies (joins) between pixels of
patch types (classes) i and k (or i) based on the double-count method; m is number of patch types (classes) present
in the landscape, including the landscape border if present; E is total length (m) of edge in landscape; A is total
landscape area (m?); and P; is proportion of the landscape occupied by patch type (class) i.
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3. Results
3.1. Temporal-Spatial Evolution Characteristics of Scale

Over the past 40 years, 8.96% of the total area of the SRYYRs has undergone LUCCs (Figure 3a).
The water, grassland, and forest areas increased by 5.92%, 6.37%, and 3.95%, respectively.
The plowland, industrial, and mining land increased by 42.75%, and unutilized land, such
as sand, decreased by 24.49% (Figure 3b-d). This indicates that vegetation cover trends are
increasing, areas of human activities and areas of water area coverage are extending, and
land sanding is reducing. Changes are undeniable at the junction of two subsource regions
and the southeast side of the source region of the Yellow River (Figure 4).
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Figure 3. Interannual LUCCs in the SRYYRs from 1980 to 2020. (a) Land cover type trends in the
SRYYRs. The left Y-axis indicates the area of the water body, plowland, woodland, towns, villages,
and industrial and mining land. The right Y-axis indicates the area of grassland and unutilized land.
(b) Grassland cover degree trends. (c) Trends in the area of plowland, towns, villages, and industrial
and mining land. (d) Trends in different unutilized land types. The Y-axis in figure (b—d) is the
corresponding meaning of the line.

From the spatial distribution in 2020 and the proportional area of each land cover type,
it is evident that the cultivated land, towns and villages, and industrial and mining land
are primarily concentrated in the source region of the Yellow River. Notably, this region
exhibits a substantial moderate and high cover of grassland, constituting approximately
51.06% of the total area, while the woodland accounts for 7.36%. Conversely, the source
region of the Yangtze River has lower grassland coverage, with low-coverage grassland
occupying 50.27% of the area. Furthermore, the proportion of Gobi, bare rocky land,
and other unutilized land in the source region of the Yangtze River is notably higher
than the source region of the Yellow River, indicating a relatively severe degree of land
desertification (Figure 5).
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Figure 4. Map of changes in cover by land cover type from 1980 to 2020. (a) Spatial distribution of
the location of changes in grasslands over the last 40 years. (b) Spatial distribution of the location of
changes in unutilized land over the last 40 years. (c) Spatial distribution of the location of changes in
water bodies, woodland, plowland, towns, villages, and industrial and mining land over the past
40 years.

The concurrent increase in vegetation cover area and degradation is observed in the
source regions of both the Yangtze and Yellow Rivers, with the area of increase exceeding
that of the degraded area, as depicted in Figure 4a. Specifically, the grassland area expansion
is concentrated in the source region of the Yangtze River, exhibiting a growth rate 2.82%
higher than that in the source region of the Yellow River. Conversely, 79.36% of grassland
degradation takes place in the source region of the Yangtze River, which primarily affects
high-cover grassland, particularly in the northwest vicinity of Zaling Lake, Qumalai County,
and the southeast area of Zoige County (Figures 4a,b and 5). Additionally, the reduction in
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the woodland area is primarily centered in the SRYYRs, with a 1.68% decrease compared to
1980. This reduction is attributed to the conversion of bush forest land and sparse forest
land into medium-cover and low-cover grassland. Conversely, in the Yellow River source
region, this transformation increased the woodland area. Furthermore, the degradation of
permanent glacial snow is predominantly observed in the Yellow River source region, with
a notable decrease of 21.39% compared to 1980, as illustrated in Figure 4c.

The Source Region of the Yellow River The Source Region of the Yangtze River

[,

f\k J
\k

Medium-cover
Grassland(20.19%)

Plowland Bare Land Gobi Bare Rocky Texture High-cover Grassland
Water Body Low-cover Grassland Medium-cover Grassland Towns, Villages, Industrial and Mining
Other Unutilized Land Saline Soil Sand Swamps Woodland

Figure 5. Land transfer matrix for the SRYYRs (pre: 1980; end: 2020). The outer circle represents the
proportional area of different land cover types in 2020. The inner arrow indicates the direction of the
transition of land cover type; percentage of conversion corresponds to the labeled percentage.

The crucial type of LUCC is the mutual transformation between unutilized land and
grassland in the SRYYRs (Figure 5), and the transformation of grasslands into swamps
is the primary type of grassland degradation in the SRYYRs. In nearly 40 years, 70.70%
of the unutilized land in the study regions was transformed into grassland, and 1.28%
of the grassland showed an increase in coverage (Figure 4a), particularly in the Qumalai,
Chengduo, and Maduo counties at the border of the SRYYRs. All the grassland coverage
in the source region of the Yangtze River showed an increasing trend. At the same time,
16.50% of the grassland was transformed into unutilized land, and 2.5%, 3.24%, and 1.09%
of the high-cover, medium-cover, and low-cover grassland was transformed into swamps,
respectively, where the Yellow River source region saw an increase of 15.63% in swamps.
The Yangtze River source region decreased by 1.34% (Figure 5).

Drawing from Figure 6, 2005 is the key year of the ecological environment transfor-
mation in the source region of the Yangtze and Yellow Rivers. Notably, there exist distinct
disparities in land cover types and rates of change between the two distinct eras. From
1980 to 2005, the region underwent significant anthropogenic influence, manifesting in
the expansion of plowland, towns, villages, and industrial and mining land. Concur-
rently, there was a substantial reduction in the coverage of grasslands, water bodies, and
swamps—critical ecosystems that regulate the climate. This decline exacerbated land de-
sertification. From 2005 to 2020, the pace of anthropogenic activities escalated while the
vegetation cover and water resources notably expanded. Furthermore, after 2010, the land
cover types, excluding urban land, exhibited a tendency toward stabilization.
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Figure 6. Interannual changes in land cover types in the SRYYRs.

3.2. Temporal-Spatial Evolution Characteristics of Pattern

In general, the LPI of the SRYYRs decreased by —6.45%, the SHEI had a relative
rate of change of —6.15%, and the Al increased by 0.18% (Table 2). These observations
suggest a trend toward a more homogenous landscape, with a decrease in diversity and a
corresponding reduction in fragmentation. Additionally, there is enhanced connectivity
between patches. The number of high-cover, middle-cover, and low-cover grassland
patches showed various degrees of increase during the recent 40 years, with the most
obvious being the low-cover grassland, which increased by 12.92% in 2020 compared
with 1980. The degree of fragmentation of the medium-cover grassland is higher than
that of the high-cover grassland and low-cover grassland. The land types with a lower
degree of fragmentation in the SRYYRs are sand, other unutilized land, and high-cover
grassland (Figure 7).

The long-term trends of the LPI and ED indices in the SRYYRs exhibited a pattern of
“increase-decrease-increase”, and the CONTAG and AREA_MN show a trend of “decrease-
increase-decrease” in the long time series. Notably, the landscape indices of the SRYYRs
underwent significant changes between 2000 and 2010. From 2000 to 2005, the SRYYRs
showed different changes in the degree of fragmentation, landscape connectivity, and
degree of clustering with that of the period. However, after 2010, the region tended toward
stability in terms of landscape diversity and clustering (Table 3).
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Figure 7. Interannual variations in the number of patches and edge density in SRYYRs.

Table 3. Landscape pattern index for the source region of the Yangtze and Yellow Rivers.

Year LPI (%) ED (m/ha) AREA_MN (ha) CONTAG (%) SHDI SHEI AI (%)
1980 8.23 21.88 430.05 61.19 1.95 0.62 90.14
1990 8.23 21.91 429.69 61.15 1.95 0.62 90.13
2000 8.28 21.90 437.13 61.15 1.95 0.62 90.13
2005 8.27 22.02 435.83 60.98 1.96 0.63 90.08
2010 5.57 21.46 431.76 63.51 1.83 0.58 90.33
2015 8.23 21.35 436.29 63.53 1.83 0.58 90.38
2020 5.42 21.51 426.51 63.42 1.83 0.58 90.31

Note: Landscape Division Index (LPI,%); edge density (ED, m/ha); Contagion Index (CONTAG, %); mean
patch size (AREA_MN, ha); Aggregation Index (Al, %); Shannon’s Evenness Index (SHEI); Shannon’s Diversity
Index (SHDI).

The ecological emphasis on the source regions of the Yangtze and Yellow Rivers is
different, with significant differences in the landscape types between the two source areas.
However, the overall trend in the changes is synchronous. In terms of the landscape
diversity and uniformity, the landscape types in the source region of the Yellow River are
slightly more than the source region of the Yangtze River by 0.1; the landscape uniformity
is similar, so we can see that the source region of the Yellow River is enriched in terms
of the land cover types, and the dominant landscapes have a high degree of connectivity.
The dominant landscape types in the source region of the Yellow River are low-cover,
medium-cover, and high-cover grassland, and the dominant landscape types in the source
region of the Yangtze River are low-cover and medium-cover grassland and sand; it shows
that the sand in the source region of the Yangtze River is more significant than that in the
source region of the Yellow River. The diversity and evenness indices of both source areas
have consistently changing trends. The landscape fragmentation of the source region of the
Yangtze River is lower than the Yellow River source region, and the degree of clustering
is higher.

3.3. Temporal-Spatial Evolution Characteristics of Vegetation Condition

Over the past 40 years, the vegetation cover in the source regions of the Yangtze
and Yellow Rivers has primarily consisted of low-cover and medium-cover vegetation,
exhibiting spatial heterogeneity. There is a positive trend toward improvement in the
vegetation cover condition. Examining the NDVI values from 1982 to 2020, the index for
the source regions of both rivers ranges between 0.1 and 0.79, with a multiyear average
value maintained between 0.26 and 0.30. This indicates that the study area is mainly
characterized by medium-to-low vegetation coverage. Upon analyzing the interannual
changes in the mean annual NDVI, it is evident that the overall vegetation cover has
exhibited a gradual upward trend (Figure 8). Observing the trend over 10 years (10a), this
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upward trend is gradual, with a rate of change of 0.006/10a. The NDVI value displayed a
“double peak” pattern, reaching its lowest point in 2008 and subsequently attaining the
first peak in the NDVI in 2010, which represents the highest value recorded in the past
40 years. Then, it reached the peak for the second time in 2020. The rate of change in the
source region of the Yellow River is 0.01/10a, and the rate of change in the source region of
the Yangtze River is 0.003/10a (Figure 8).

Overall change Source region of Yangtze River Source region of the Yellow River
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Figure 8. Interannual variation in NDVL

Using the establishment of the Three-River Natural Reserve as a benchmark (delin-
eating 1982-2000 as period I and 2001-2020 as period II; Figure 8), it is evident that the
changes in the SRYYRs were more gradual during period I compared to the subsequent
phase. Notably, the fluctuations in the mean annual NDVI values of the SRYYRs intensified
from 2000 onwards, particularly between 2008 and 2010. From examining the subsource
regions, it was observed that the mean annual NDVI changes in both subregions exhibited
overall consistency. In the source region of the Yellow River, the mean annual NDVI change
rate in period II was 2.17 times higher than that in the previous stage. This indicates a more
rapid improvement in the vegetation quality in this region over this period. On the other
hand, in the source region of the Yangtze River, the upward trend in the vegetation quality
became evident from 2000 onwards, its mean annual NDVI remained unchanged during
period I, and the growth rate during period II was lower than the rate of the Yellow River
source area during the same period. This suggests that while both river source regions
experienced improvement in the vegetation quality, the rate and magnitude of change
differed between the two regions.

From the spatial distribution of the multiyear mean NDVI in the SRYYRs (Figure 9a),
it is evident that a gradual decrease in the mean annual NDVI of vegetation occurs from
the southeast towards the northwest. Specifically, the low values are mainly located in the
source region of the Yangtze River and the northwest of the source region of the Yellow
River. Conversely, higher NDVI values are predominantly observed in the eastern section
of the Yellow River source region. When comparing the mean annual NDVI averages
between the two river source regions, it is noteworthy that the Yellow River source region
exhibits a mean annual NDVI of approximately 0.12 units higher than that of the Yangtze
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River source region. This substantial difference indicates a significantly better vegetation
cover in the Yellow River source region. Regarding the interannual trend of vegetation
change, the overall quality of the SRYYRs develops a positive trend, and the quality of
the vegetation in the southeast of the source region of the Yangtze decreases significantly.
However, it is noteworthy that the vegetation quality in the southeastern portion of the
Yangtze River source region experiences a significant decline (Figure 9b). Furthermore, the
interannual trend of the NDVI change in both regions follows a similar pattern. However,
the fluctuation in the vegetation cover in the source region of the Yellow River is significantly
higher than in the Yangtze River source region (Figure 9b).
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Figure 9. Spatial distribution and significance of changes in multiyear mean NDVI. (a) Spatial
distribution of mean NDVI in the source regions of the Yangtze and Yellow Rivers in the last 40 years.
(b) Spatial distribution of trends in mean annual NDVI values in the source regions of the Yangtze

and Yellow Rivers.

3.4. Analysis of Influencing Factors
3.4.1. Analysis of the Impact of Topography

Over the past 40 years, significant changes have occurred in the SRYYRs in the middle
altitude, semisunny aspect, steepest slope, and middle-relief mountain. The 2500-3500 m
altitude is the interval with the most significant degree of change, with 27.54% of LUCCs
in this interval, which manifests itself as the transformation of middle-cover grassland
into swamps and the transformation of swamps into high-cover grassland (Figure 10a).
The area of the land cover types in the middle-relief mountain changed by 57.01%, con-



Land 2024, 13, 259

15 of 24

centrating on the change of other unutilized land, such as alpine deserts and the tundra,
into bare rocky textures and medium-cover grassland and the degradation of high-cover
grassland into medium-cover grassland (Figure 10b). The area change between different
slopes occurred as follows: semisunny aspect > semishady aspect > sunny aspect > shady
aspect > plain (Figure 10c), which was mainly the transformation of bare rocky land into
low-cover grassland and the transformation of other unutilized land into bare rocky land.
In total, 66.23% of the land cover transformation of the acute steep slopes occurred in other
unutilized land to low-cover grassland, and the location was concentrated on the right side
of the Animachen Mountains and the southeast side of the source region of the Yangtze
River, and the land cover was dominated by tundra (Figure 10d).

The two subsource regions are different in the spatial distribution of the LUCCs and
the degree of change under the influence of different topographic factors. In terms of the
area change, the main differences between the two subsource regions are the slope and
relief intensity, with the transformation of the source region of the Yangtze River involving
a high altitude, moderate slope, semisunny aspect, and low-relief mountain and the source
region of the Yellow River involving the highest altitude, plains, semisunny aspect, and hill.
The difference in the degree of change lies in both the altitude and slope aspects; the drastic
LUCC:s in the source region of the Yangtze River are the high altitude and semisunny
aspect, and the source region of the Yellow River experiences the highest altitude and
sunny aspect. Over the past 40 years, the sunny aspect in the source region of the Yellow
River experienced 17.80% of the transformation of the land cover type; the second largest
change occurred in the semisunny aspect (Figure 10).

3.4.2. Analysis of the Impact of Climate Factors

The natural transition of the land cover from nonvegetated to vegetated regions can
be quantitatively assessed by using the NDVI [57]. In the source regions of the Yangtze
and Yellow Rivers, grassland comprises over 70% of the total area; the area of the grass-
land, forest land, and cultivated land accounted for more than 80% of the total area in
2020 (Figure 5). The predominant shift in the land cover type primarily occurred between
grassland and unutilized land over the past 40 years. Consequently, the NDVI is chosen as
a suitable metric to quantitatively evaluate the impact of climatic factors on this land cover
transition and as an indicator to describe the vegetation growth.

The climate in the source regions of the Yangtze and Yellow Rivers showed a trend
of “warming-drying to warming-humidifying” in the past 40 years, with the mean annual
temperature and annual precipitation decreasing gradually from southeast to northwest.
In 2020, the mean annual temperature and annual precipitation increased by approximately
37.79% and 27.15%, respectively, compared to 1982 (Figure 11). In the SRYYRs over the
past 40 years, the correlation between the overall mean annual NDVI and mean annual
temperature was stronger than the annual precipitation, and both of them were positively
correlated (Figure 12). The respective mean annual NDVI climate factor correlations of the
two subsource regions obeyed the general consistency. Spatially, the regions dominated by
the annual average temperature account for 76.8% of the SRYYRs, distributed in the source
region of the Yellow River and the southern part of the source region of the Yangtze River;
the regions dominated by annual precipitation accounted for 23.2%, located in the middle
part of the source region of the Yangtze River and the northern part of the source region of
the Yellow River.

From the SRYYRs as a whole, taking the year 2000 as the node (19822000 as period I and
2001-2020 as period II), the annual precipitation decreased at a rate of 1.35mm/year and
the mean annual temperature increased at a rate of 0.048 °C/year in period I. The mean
annual NDVI was moderately negatively correlated with the annual precipitation and
strongly positively correlated with the mean annual temperature, with a difference of
0.24 in the absolute values of the correlation coefficients. The warming and humidification
trend dominated in period II, with the trend in the increase in the annual precipitation
accelerating to 4.55mm /year, the warming trend weakening to 0.03 °C/year, and the change
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in the annual mean NDVI being positively correlated with both the annual precipitation
and annual average temperature; additionally, the correlation was weakened compared
with that in period I (Figure 13).
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Figure 10. Spatial distribution of LUCCs due to topographic factors. (a) Spatial distribution of LUCC
in altitude. (b) Spatial distribution of LUCC in topographic relief. (c) Spatial distribution of LUCC in
slope. (d) Spatial distribution of LUCC in slope aspect.
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Figure 11. Spatial patterns and temporal trends in annual mean temperature and annual precipitation
from 1982 to 2020. (a) Spatial distribution of annual precipitation; (b) Spatial distribution of mean
annual temperature; (c) Trends of annual precipitation over the past 40 years; (d) Trend of annual
mean temperature over the past 40 years.
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Figure 12. Spatial distribution of the correlation between mean annual NDVI, annual precipitation,
and mean annual temperature. (a) Correlation between mean annual NDVI and annual precipitation.
(b) Correlation between mean annual NDVI and mean annual temperature.
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Figure 13. Mean annual NDVI correlation with annual precipitation and mean annual temperature.
(a) Mean annual NDVI correlation with mean annual temperature; (b) mean annual NDVI correla-
tion with annual precipitation (* indicates significance at the p < 0.05 level and ** indicates highly
significant at the p < 0.01 level).

The correlation between the mean annual NDVI and climatic factors exhibits spatial
variations across the two subregions. Both the Yellow River and Yangtze River source
regions demonstrated a robust positive link in their mean annual temperature over the
past 40 years. However, a notable shift occurred in the Yangtze River source region around
the year 2000. The relationship between the mean annual NDVI and annual precipitation
transitioned from a weak negative correlation to a moderate positive one. Concurrently,
the correlation between the mean annual temperature and annual precipitation weakened
from a strong positive association. In contrast, the mean annual NDVI in the Yellow River
source region remains primarily influenced by the mean annual air temperature, albeit
with a tendency for the correlation to weaken (Figure 13).

4. Discussion
4.1. Analysis of the Impact of Topography

Topography and inherent landform attributes play a pivotal role in shaping the dis-
tribution of vegetation communities by inducing microclimatic variations that alter their
spatial patterns. Previous research has focused on the effects of altitude and slope on the
spatial distribution of vegetation [26,58—61]. This study delves deeper into the degree of
land cover change (LUCC) across various topography and geomorphology factors. Our
findings reveal that, in the context of land cover evolution, the source regions of the Yangtze
and Yellow Rivers exhibit a gradual weakening trend with increasing altitude. On the
other hand, the increase in slope presents a trend of weakening and then enhancement,
presenting a trend of strengthening and then weakening with increasing topographic
relief (Figure 14). Notably, the stability of the land cover is more pronounced on shady and
semishady slopes compared to sunny slopes. Beyond topography and landforms, LUCC is
influenced by surface conditions and human activities, highlighting the complexity of the
land cover dynamics.

Geomorphology is the dominant factor and fundamental element affecting the land
cover structure. The middle altitude of the SRYYRs is relatively flat; human activities are
concentrated and frequent, while the vegetation cover is high and varied [62,63]. Also, the
hydrological cycle and ecological development in this zone are accelerated. In addition, the
growth stability of low-cover grassland, which accounts for a more significant proportion in
this area, is inherently poor. This area is dominated by grass-felt soil and cold calcium soil
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with weak soil bioaccumulation, which has weak biological accumulation and low organic
matter content at the surface, leading to a lack of soil nutrients. Furthermore, natural disas-
ters such as mudslides have increased natural precipitation loss in areas with steep slopes,
promoting LUCCs [14,64,65]. The slope aspect is an essential factor affecting vegetation
cover in the tundra, and long sunshine hours and intense evapotranspiration on sunny and
semisunny aspects reduce the soil moisture content and enhance the mutual transformation
between grassland and unutilized land. Furthermore, it promotes the transformation of
land cover types on different slope aspects. In contrast, evapotranspiration on shady slopes
is relatively less, and the stability of the vegetation is more vital [66].
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Figure 14. Proportion of area change by landform type.

4.2. Analysis of the Impact of Climatic Factors

This research result of the climate factor correlations in the SRYYRs is consistent with
the results of historical studies [67,68]. By time period and by region of the climate factor
correlation, the climatic factors that influence vegetation growth in the Yangtze River source
area have undergone significant changes over the past 40 years. Geographically, the source
region of the Yangtze River is an alpine region with slow vegetation growth and a short
growth period. Additionally, this region showed a warm drying from 1982 to 2000, while
the mean annual NDVI change increased slowly, which shows that annual precipitation
did not play a prominent role in promoting vegetation growth. Since 2000, the region has
witnessed a shift toward a warmer and wetter climate, characterized by augmented annual
precipitation and a strengthened correlation with concurrent NDVI variations (Figure 15).
It can be seen that the annual precipitation has been a key climatic factor but not a single
influencing factor for the vegetation cover changes in the source region of the Yangtze River
in the past 20 years.

Since 2000, the rising temperature has triggered the melting of glacial snow and per-
mafrost, expansion of lakes, decline in surface water levels, and an upsurge in groundwater
storage in the source region of the Yangtze River [69,70], which led to enhanced water
resource recharge and thereby diminished the reliance of the vegetation cover on precip-
itation in the source region of the Yangtze River. Additionally, the implementation of
safeguarding measures within the Three Rivers National Nature Reserve has resulted in the
improvement in the ecological milieu in the Yangtze River’s source region [26], mitigating
the sole impact of augmented annual precipitation on the vegetation cover.

Vegetation is the comprehensive embodiment of ecological environmental change,
driven by human activities and climate change. Climate change and ecological restoration
have cooperative interactions, driving significant improvements in the vegetation cover,
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carbon sequestration capacity (serving as a carbon sink), and runoff area in the region.
However, the concurrent changes in the precipitation patterns and temperature introduce
new risks and challenges to the region’s sustainable development. Specifically, increased
precipitation intensifies soil erosion and rainfall erosion, threatening the stability of recently
restored ecosystems. Additionally, the rise in temperature accelerates glacier melting and
permafrost degradation, altering the region’s hydrological cycle and carbon cycling and
potentially undermining long-term ecological gains [68,70,71].
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Figure 15. Relationship between mean annual temperature (Right), annual precipitation (Left), and
mean annual NDVT in the source region of the Yangtze River.

The data show that the rate of change in the land cover and the change in the mean
annual NDVI after 2000 are higher relative to the previous period. The area of vegetative
cover has expanded, and the area of unutilized land, including sand and gravel land, has
decreased. The most significant alterations occurred between 2005 and 2010. The observed
shifts can partly be attributed to environmental perturbations induced by climatic factors
and partly to the salutary effects of national ecological preservation efforts and ecological
engineering endeavors [32,71]. Ecological relocation, the establishment of nature reserves
(the source of the Yangtze River and the Yellow River, Lancang River), and the restoration
of pastureland to grassland have been implemented as part of ecological restoration efforts.
These measures, in conjunction with climate variability, have facilitated the ecological
recovery of the region, leading to a more resilient and sustainable ecosystem [72]. For
instance, mitigating the grazing intensity is pivotal for the restoration of grasslands. Fol-
lowing the implementation of the grazing reversal policy, the data reveal that the average
livestock population within the Sanjiangyuan Reserve between 2003 and 2012 was reduced
by 21.3% compared to the period from 1988 to 2002. Consequently, the grazing pressure
decreased by a significant margin of 36.1%, which is positive progress toward grassland
rehabilitation [73]. Climate change, human activities, and the water cycle interact and de-
pend on each other to influence changes in surface processes and promote the improvement
in the ecological environment in the region.

5. Conclusions

This study delves into the evolution of land cover; vegetation conditions; and the
impact of topographical, geomorphological, and climatic factors in the source regions of
the Yangtze and Yellow Rivers over the past four decades. Through rigorous analysis, the
following conclusions are drawn:

(1) The source regions of the Yangtze and Yellow Rivers exhibit a discernible trend
toward expanding vegetated areas, concurrent with an increase in human activity
zones and an expansion of water area coverage. Areas of land degradation and
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desertification have shown a decrease. The growth in vegetation cover is synchronized
with degradation patterns.

(2) The overall landscape fragmentation of the source regions of the Yangtze and Yellow
Rivers has decreased, while landscape diversity and uniformity have diminished.
However, there is an increase in clustering, with prominent dominant landscape
types emerging.

(3) The mean annual Normalized Difference Vegetation Index (NDVI) in the source
regions of the Yangtze and Yellow Rivers has exhibited an upward trend. Specifically,
the rate of change from 2000 to 2020 is three times that observed from 1982 to 2000.
Furthermore, the annual average NDVI in the source region of the Yellow River is
higher compared to that of the Yangtze River.

(4) The source regions of the Yangtze and Yellow Rivers are influenced by topography
and geomorphology factors, leading to varying degrees of land cover change. Regions
characterized by midaltitude, semisunny slopes, the steepest slope, and middle-relief
mountains exhibit more significant changes. Furthermore, a strong correlation is
observed between the annual average NDVI and annual temperature in these source
regions compared to annual precipitation. Meanwhile, implementing ecological
restoration measures has fostered ecological recovery in the source area.
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