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Abstract: Clarifying the response of wetland changes to climate change can improve the scientific
conservation and utilization capabilities of wetland ecosystems, which is vital for their sustainable
development. In this study, the spatial distribution and area changes of the different types of wetlands
in the Yellow-River-Source National Park (YRSNP) were obtained using the object-based classification
method for the years 2000, 2010, and 2020. The relationship between wetland change and climate
factors was investigated by combining grey relation analysis and correlation analysis. The response
of wetland change to different climatic factors was consequently clarified. The results showed that the
river wetlands and lake wetlands increased significantly from the year 2000 to 2010 (4.04% and 4.21%,
respectively). However, the total wetland area demonstrated a decreasing trend (7.08%), primarily
due to the significant decrease in the marsh wetlands (6.81%). The total wetland area demonstrated
a slightly increasing trend from the year 2010 to 2020 (0.14%), in which river wetlands and lake
wetlands increased by 3.25% and 2.09%, respectively, while the marsh wetlands demonstrated a
tendency to be stable. From the year 2000 to 2010, 75.53% of precipitation and 27.68% of temperature
demonstrated a significant increase and an obvious warm-humid climate trend. However, from the
year 2010 to 2020, the trend of increasing precipitation weakened, the temperature decreased slightly,
and the warm-humid climate trend was not significant. From the year 2000 to 2020, the YRSNP
river wetlands and lake wetlands were significantly and positively correlated with temperature
and precipitation, while the marsh wetlands were most affected by climate warming, especially
the warm-season temperatures. The spatial-temporal difference was not obvious in the correlation
coefficient between marsh wetlands area change and the precipitation and temperature. The results
of the study can provide a theoretical basis and technical support for the conservation of wetland
ecosystems in the Three-River-Source National Park.

Keywords: wetland changes; climate change; the Yellow-River-Source National Park; grey relation
analysis; correlation analysis

1. Introduction

The alpine wetland ecosystem is an integral part of the ecosystem of the Yellow-River-
Source National Park, having ecological functions such as water conservation, biodiversity
maintenance, climate regulation, carbon storage, and carbon sequestration [1-3]. It is the
most important water conservation and recharge area in the upper reaches of the Yellow
River [4,5]. Moreover, alpine wetlands play an important role in the transformation of water
and energy between the soil and the atmosphere, having a significant impact on climate
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change [6]. However, in recent years, the vegetation cover of alpine wetlands and primary
productivity have decreased due to climate change and intensified anthropogenic activities,
leading to reduced flow and seasonal droughts in the Yellow River, thereby seriously
threatening the sustainable development of the regional ecosystem [7,8]. Therefore, research
on the evolution of alpine wetlands and their response to climate change in the YRSNP is
vital for maintaining the sustainability of the alpine wetland ecosystem and the high-quality
development of the Yellow River Basin.

At present, the research methods of alpine wetland evolution can be divided into two
categories: traditional field investigation and remote sensing monitoring. The traditional
field investigation primarily investigates the wetland area, location, and surrounding en-
vironment manually [9], which has the disadvantages of having a long cycle and high
cost. The development of remote sensing technology has gradually led to it becoming the
primary method of studying the evolution of alpine wetlands due to its multi-temporal,
high precision, and low cost. However, remote sensing monitoring of alpine wetlands
usually uses pixel-based, supervised, and unsupervised classification algorithms, with no
consideration of the relationship between terrain features, structure, texture, and adjacent
pixels in existing studies [10-12]. The object-based classification methods group objects
with similar characteristics, such as similar pixel shape, color, texture, or terrain features,
and classify them according to their characteristics, which can effectively reduce the “salt
and pepper” effects and significantly improve classification accuracy [13-15]. For example,
Mahdianpari et al. [16] compared the accuracy of pixel-based and object-based classifica-
tions of the Newfoundland wetlands using the Google Earth Engine (GEE) and found that
the accuracy of the object-based classification was higher than the pixel-based classifica-
tion method. Object-based decision rules as pre-constraints have, therefore, become an
effective means for conducting wetland classification and evolution research. In addition,
considering alpine wetlands are primarily located in the Tibetan Plateau, climate change in
this region is more intense than in the other regions, thereby making this ecosystem more
sensitive to climate change. At the same time, the harshness of the living environment
in the region leads to a relatively low intensity of human activities. A large number of
studies have, therefore, shown that the evolution of alpine wetlands is more closely related
to climate change [17-19], which primarily affects alpine wetland ecosystems through
changes in temperature and precipitation [20]. For example, Lang et al. [21] found that
alpine wetlands in the Tibetan Plateau continued to increase from 2008 to 2016; the temper-
ature increase was often positively correlated with changes in lakes, rivers, and flooded
wetlands, and negatively correlated with changes in marsh wetlands. Zhang et al. [22] used
grey relation analysis to determine that the river and lake wetlands of the Pumqu River
Basin were primarily influenced by warm-season mean temperature in the southwestern
Tibetan Plateau from 2000 to 2018, while the marsh wetlands were primarily correlated
with the annual precipitation and warm-season mean temperature. It can be seen that the
evolution of different alpine wetland types in different regions varies greatly in response to
climate change. There are very few studies on the evolution of alpine wetlands in YRSNP.
It is, therefore, urgent to study the evolution of the alpine wetlands and their response to
climate change in the YRSNP to promote the ecological protection and construction of the
Yellow-River-Source area.

Therefore, the objective of this study was to reveal the evolution of different alpine
wetland types in the YRSNP and their response to climate change. The specific research
goals were as follows: (1) the object-based classification model was used to realize wetland
classification and extraction in the YRSNP from 2000 to 2020, compared the spatial-temporal
distribution of different alpine wetland types; (2) combined with changes in temperature
and precipitation from 2000 to 2020, the grey relation analysis and correlation analysis
were adopted for revealing the response of changes in the alpine wetlands of the YRSNP to
climate change, and discussed the relationship between alpine wetlands and climate change.
We hope that our research can provide a scientific basis for the subsequent protection and
restoration of the wetland ecosystem in YRSNP.
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2. Materials and Methods
2.1. Study Area

YRSNP is located in the eastern region of the Qinghai-Tibet Plateau, the core area
of the Three-River Source (Figure 1), with a geographical range of 34°0'~35°23’ N and
96°56'~99°18' E, including the counties of Maduo and Qumalai. The area is rich in wetland
resources, including the source of the Yellow River, Gyaring lake, Ngoring lake, and
Xingxinghai. YRSNP covers an area of 19,023 km?, accounting for approximately 6.29% of
the total area of the Three-River Source, and an average elevation of 4404 m, demonstrating
a trend of lower center and higher surroundings [23]. The YRSNP belongs to tundra climate
in the Koppen climate classification, which has the characteristics of low temperature,
low precipitation, high evaporation, and strong solar radiation. Precipitation is unevenly
distributed throughout the year, mostly from May to September, and the temperature
decreases with the increase in latitude [24].
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Figure 1. Study area: (a) geographical location and altitude above sea level; (b) classification of the
third national land survey.

2.2. Wetland Classification System

The Ramsar Convention on Wetlands defines wetlands as “areas of marsh, fen, peat-
land or water, whether natural or artificial, permanent or temporary, with water that is
static or flowing, fresh, brackish or salt, including areas of marine water the depth of which
at low tide does not exceed 6 m” [25,26]. In this study, the YRSNP wetland classification sys-
tem includes river wetlands, lake wetlands, and marsh wetlands, which is determined by
combining the existing studies on the wetland classification system in the Tibetan Plateau
and the Second National Wetland Resources Survey (Table 1).

Table 1. Wetland classification system for remote sensing in the YRSNP.

Category

Description Remote Sensing Image Field Image

River wetland

flowing water in the wetland area

Natural linear waterbody with
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Table 1. Cont.

Category Description Remote Sensing Image Field Image
Natural polygon waterbody with
Lake wetland standing water in the wetland area
Natural wetland with dominant
Marsh wetland woody vegetation and dominant

herbaceous vegetation in the
wetland area

2.3. Data and Processing

The Landsat remote sensing images from 2000, 2010, and 2020 used in this study
were obtained from the United States Geological Survey (https://earthexplorer.usgs.gov/,
accessed on 24 December 2021) and covered the period of water abundance (July—October)
in 2000, 2010, and 2020 [21], with a spatial resolution of 30 m. The remote sensing images
downloaded were then mosaicked and extracted using the ENVI 5.3 software (developed
by Exelis Visual Information Solutions, Inc., Boulder, CO, USA) to obtain multi-temporal
images based on Landsat 5 TM (2000), Landsat 7 ETM+ (2010), and Landsat 8 OLI (2020),
including Blue, Green, Red, NIR, SWIR1, and SWIR2 bands. The meteorological data (tem-
perature, precipitation, and potential evapotranspiration) were acquired from the National
Earth System Science Data Center, National Science and Technology Infrastructure of China
(http:/ /www.geodata.cn, accessed on 4 March 2022). The projection coordinate system
used was GCS_WGS_1984, with a spatial resolution of 1 km [27]. The potential evapo-
transpiration (PET) data set was obtained by the Hargreaves potential evapotranspiration
calculation formula [28]. The calculation formula was as follows [29]:

PET = 0.0023 x SO x (MaxT — MinT) 0.5 x (MeanT + 17.8) )

where PET is the potential evapotranspiration, the unit is mm/month. MaxT, MinT, and
MeanT are the highest temperature, lowest temperature, and average temperature in a
month, respectively. S0 is the extraterrestrial solar radiation (mm/month) at the top of the
Earth’s atmosphere on a horizontal surface.

Additionally, the auxiliary data included the boundary data of the study area, the 2012
National Wetland Resource Survey and the Third National Land Survey data in Qinghai
Province, topographic data, and spectral index data. The boundary data of the study area,
in addition to the data from the 2012 National Wetland Resource Survey and the third
National Land Survey in Qinghai Province, were obtained from the Department of Natural
Resources of Qinghai Province (https:/ /zrzyt.qinghai.gov.cn/, accessed on 16 July 2021);
the data obtained was in the shapefile format (.shp). The topographic data (including DEM
and slope) were obtained from SRTM V3 of the GEE platform, with a spatial resolution
of 30 m. The spectral index data were obtained from the GEE, and the annual maximum
NDVI and MNDWI based on the Landsat satellite in the corresponding year were obtained
by using the img. normalized difference function, with a spatial resolution of 30 m. To
facilitate unified data processing, the ArcMap 10.8 software (developed by Environmental
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Systems Research Institute, Inc., Redlands, CA, USA) was used to reproject the imagery and
meteorological and auxiliary data to the China Geodetic Coordinate System 2000, where
the spatial resolution was resampled to 30 m.

2.4. Object-Based Wetland Classification Method

The object-based classification method is a comprehensive analysis of images combin-
ing a variety of image features (spectrum, geometry, texture, and context features), which
has the characteristics of strong pertinence, high accuracy, and high efficiency. The classifi-
cation results avoid “salt and pepper” effects and have good integrity [30,31]. Object-based
classification primarily includes scale segmentation and classification rule set setting, both
of which are carried out using the eCognition 9.1 software (developed by Trimble Naviga-
tion, Ltd., Sunnyvale, CA, USA). Detailed steps are as follows: (1) image segmentation: in
this study, multiresolution segmentation in eCognition 9.1 is used for image segmentation.
Multiresolution segmentation is divided according to the division index weight, scale
parameter, and composition of homogeneity criteria (compactness and smoothness). As
shown in Table 2, the division indexes include Blue, Green, Red, NIR, SWIR1, SWIR2,
annual NDVImax, annual MNDWImax, DEM, and Slope, and the weights are all 1. After
extensive experiments, it was found that the scale parameter, compactness, and shape
index were set to 400, 0.5, and 0.5, respectively. (2) Nearest neighbor configuration: nearest
neighbor configuration is used to give different wetland types the same set of classification
features, as shown in Table 2. The classification features include the mean and StdDev
values of Blue, Green, Red, NIR, SWIR1, SWIR2, annual NDVImax, annual MNDWImax,
DEM, and Slope. In addition, Brightness, Shape Index, Length, Length/Width, and Den-
sity are also included. (3) Sample set: representative wetland patches of different types
were selected as the sample set for classification. (4) Accuracy validation: to verify the
accuracy of the wetland classification results, the data from the 2012 Second National
Wetland Resources Survey and the Third National Land Survey of Qinghai Province were
used to validate the wetland classification results and obtain the accuracy evaluation
confusion matrix.

Table 2. The image segmentation index and classification features used in object-based classification.

Category

Feature

Description

Application

Spectral features

Topographic
features

Geometry features

Blue
Green
Red
NIR
SWIR1
SWIR2

annual NDVImax
annual MNDWImax
Mean
Brightness

StdDev
DEM (m)
Slope (°)

Length (m)
Length/Width

Density
Shape index

Different bands of Landsat image

(NIR — Red)/(NIR + Red)
Annual maximum NDVI
(Green — SWIR)/(Green + SWIR)
Annual maximum NDVI
Layer mean value calculated from the layer values of all pixels
forming an image object.

Sum of the mean values of the layers containing spectral information
divided by their quantity computed for an image object.
Standard deviation calculated from the layer values of all n pixels
forming an image object.

DEM with a resolution 30 m.

Generated from DEM.

The length can be calculated using the length-to-width ratio derived
from a bounding box approximation.
Length-to-width ratio of an image object.

Describe the distribution of an image object in pixel space.

The smoothness of an image object’s border.

Image segmentation

Classification rules

Image segmentation

Classification rules

Note: The description of features in Table 2 were from eCognition reference book (https://vdocument.in/

ecognition-reference-book.html?page=1, accessed on 21 July 2022).
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The confusion matrix was calculated using the following [31]:

i1 Xjj
A =""" 2
© N @)
N Xy — 2 (Xiy + X4)
N? — 20y (Xig +X44)

where OA refers to the overall accuracy, Kappa refers to the Kappa coefficient, Xj; is the
wetland category in row i and column j, Xj; is the sum of rows, X,; is the sum of columns,
and N is the sum of all wetland categories. The comparison results of Kappa coefficient
and classification accuracy are shown in Table 3 [32].

Kappa = (©)

Table 3. Kappa coefficient and classification accuracy comparison table.

Kappa Coefficient Strength of Agreement
<0 Poor
0~0.2 Slight
0.2~0.4 Fair
0.4~0.6 Moderate
0.6~0.8 Substantial
0.8~1 Almost perfect

2.5. Grey Relation Analysis Method

The Grey Relation Analysis (GRA) is a quantitative description and comparison
method for the development and change of a system. By comparing the geometric similarity
of several data sequences, it can reflect whether the relationship is close, i.e., the degree of
correlation. The advantage of this method is that there is no requirement for the amount
and regularity of data, and it is suitable for analyzing the relationship between small
samples and multiple factors [33,34]. The calculation formula was as follows:

minmin maxmax
L P (k) = xi (k)] + 0T g (k) — (k)|

¥ (xo(k), xi(k)) = 4)

xo(k) =xi(k)[ + 0 1 xo(k) = xi(K)]

Vo0x) = - Y ey (o (k) xi(K)) Q
where v(xo(k),x;(k)) is the relation coefficient between wetland area and climate factors
(a value closer to 1 means higher degree of relation), xg is the wetland area data, x; is the
climate factor data, xo(k) and x;(k) are the kth data of the Oth and ith attributes, respectively,
p is the discrimination coefficient (the value interval of p is (0,1); when p < 0.5463 the
best discrimination power, we usually take p = 0.5), wy is the weight of the kth data.
Referring to Li and Zhang’s method [22,35], in the level of the objects, the averages of the
meteorological data from 1997, 1998, and 1999 were selected as the climatic factors to assess
the change in wetland area in 2000, and those from 2007, 2008, and 2009 were selected as
the climatic factors to assess the change in wetland area in 2010. Similarly, the averages
of the meteorological data in 2017, 2018, and 2019 were selected as the climatic factors to
assess the change in wetland area in 2020 for GRA calculation. GRA calculation was based
on MATLAB r2016b (developed by Mathworks, Inc., Natick, MA, USA). The flow chart of
this study is shown in Figure 2.
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Figure 2. A flow chart of object-oriented wetland classification.

3. Results
3.1. The Classification Rule Set of Wetlands in the YRSNP

The scale segmentation primarily includes three parameters: scale parameter, shape
index, and compactness. After extensive experiments, it was found that the scale parameter,
compactness, and shape index were set to 400, 0.5, and 0.5, respectively, which could reflect
the difference in the image of different wetland types in different years. The wetland
classification rules of the YRSNP were obtained by extracting the classification rule sets of
the samples, as presented in Table 4.

Table 4. Classification rule set of wetlands in the YRSNP.

Classification Rules River Wetland Lake Wetland Marsh Wetland

Density 0.29-1.58 0.89-2.37 0.98-2.26
Length (m) 190.51-831.93 109.22-552.41 116-560.62

Length/Width 2.09-10.95 1.02-3.31 1.01-5.71
Shape index 2.67-11.85 1.75-5.67 3.33-5.37
NDVI 0.033-0.38 -0.073-0.055 0.31-0.73
NDWI 0.38-0.90 0.86-0.95 0.18-0.78

DEM (m) 4161.78-4328.23 4162.00-4421.41 4164.41-4277 .41
Slope (°) 2.35-13.92 0-9.44 2.48-7.67

3.2. Spatiotemporal Evolution Pattern of Wetlands in the Three-River-Source Region from
2000 to 2020

Through the object-oriented classification of the remote sensing images, the spatial
distribution maps of the YRSNP wetlands were obtained for 2000, 2010, and 2020 (Figure 3),
the YRSNP river wetland is dominated by the Yellow River, which flows out to the central
Star Sea area along the western Gyaring Lake and the Ngoring Lake, and then flows out
eastward. The lake wetlands are dominated by Zaling Lake and Eling Lake in the east
and the central Xingxinghai, whereas the marsh wetlands are concentrated in the south.
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The accuracy evaluation results demonstrated that the Kappa coefficients of the YRSNP
wetland classification in 2000, 2010, and 2020 were 0.59, 0.67, and 0.70, respectively (Table 5).
The overall accuracy (OA) of the YRSNP wetland classification in 2000, 2010, and 2020
was 0.73, 0.77, and 0.82, respectively. As shown in Table 5, the classification accuracy of
the lake wetlands was the highest (2000: Kappa = 0.81, OA = 0.94; 2010: Kappa = 0.85,
OA = 0.95; 2020: Kappa = 0.85, OA = 0.95), followed by the marsh wetlands, and river
wetlands had the lowest classification accuracy. The reason was that lake wetlands and
marsh wetlands had regular shapes and were easy to distinguish. In addition, because of
the mixed pixels, the boundaries of river wetlands differed greatly from the actual situation
in the identification process, which made the classification accuracy of river wetlands the
lowest. Overall, the Kappa coefficient of total wetland classification results was substantial,
and the classification accuracy met the research needs.
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Figure 3. Spatial distribution of the wetlands in the YRSNP from 2000 to 2020.

Table 5. Classification accuracy of wetlands in the YRSNP.

Kappa Coefficient Overall Accuracy
Wetland Categories
2000 2010 2020 2000 2010 2020
River wetland 0.55 0.58 0.68 0.60 0.62 0.69
Lake wetland 0.81 0.85 0.85 0.94 0.95 0.95
Marsh wetland 0.59 0.65 0.71 0.68 0.75 0.81
Total wetland 0.63 0.70 0.75 0.73 0.77 0.82

The area of each type of YRSNP wetland in 2000, 2010, and 2020 is presented in Table 6.
The total area of the YRSNP wetlands in 2000, 2010, and 2020 was 6254.56 km?, 5811.70 km?,
and 5819.79 kmz, respectively, accounting for 32.89%, 30.56%, and 30.60% of the total area
of YRSNP. In 2000, the areas of the marsh wetlands, lake wetlands, and river wetlands were
4196.10 km?, 1426.24 km?, and 399.05 km?, respectively, accounting for 69.69%, 23.69%, and
6.63% of the total wetland area. In 2010, the areas of the marsh wetlands, lake wetlands, and
river wetlands were 3910.21 km?, 1486.33 km?, and 415.16 km?, respectively, accounting
for 67.28%, 25.57%, and 7.14% of the total wetland area. Similarly, in 2020, the areas of
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marsh wetlands, lake wetlands, and river wetlands were 3843.67 kmz, 1517.43 kmz, and
458.69 ka, respectively, accounting for 66.04%, 26.07%, and 7.88% of the total wetland
area. From 2000 to 2020, the total wetland area of YRSNP decreased by 434.77 km?, with
an annual decrease of 39.52 km?. The degraded area of the marsh wetland was the largest,
with 352.43 km?, and the areas of river wetland and lake wetland increased by 59.64 km?
and 91.19 km?, respectively. The increase of river wetlands and lake wetlands from 2000
to 2010 was greater than that in 2010 to 2020. The degradation of marsh wetlands from
2000 to 2010 was the most obvious, with a decrease of 285.89 km?. However, the marsh
wetlands demonstrated a tendency to be stable from 2010 to 2020. A significant difference

may be observed in the trend of wetland change in the YRSNP in the two time periods of
2000-2010 and 2010-2020.

Table 6. Wetland area change in the TRSNP from 2000 to 2020.

2000 2010 2020 2000-2010 2010-2020 2000-2020
Wetland Categories
km? % km? % km? % km? Change% km? Change% km? Change%
River wetland 399.05 6.63 415.16 7.14 428.69 7.88 16.11 4.04 13.53 3.25 29.64 742
Lake wetland 1426.24 23.69 1486.33 25.57 1517.43 26.07 60.09 4.21 31.1 2.09 91.19 6.01
Marsh wetland 4196.10 69.69 3910.21 67.28 3843.67 66.04 —285.89 —6.81 —66.54 —-1.70 —352.43 —-9.17
Total 6254.56 100.00 5811.70 100.00 5819.79 100.00 —442.86 —7.08 8.09 0.14 —434.77 —7.47

Note: Change% is the percentage of the changing area divided by the initial area of this period.

The wetland types and areas in the corresponding grid were obtained by setting a
1km x 1 km fishing net. Through superposition analysis, it was then found that the areas
of spatial change of the various wetland types in the YRSNP were the same from 2000
to 2010, 2010 to 2020, and 2000 to 2020 (Figure 4). The increase of river wetlands was
primarily observed in the Yellow River Basin, whereas the increase of lake wetlands was
concentrated in several lake areas (Gyaring Lake, Ngoring Lake, and Xingxinghai), while
the degradation of marsh wetlands mainly occurs in the eastern and southern regions.
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Figure 4. The evolution trend of wetlands in the YRSNP from 2000 to 2020. (a) Trends of wetland
spatial evolution from 2000 to 2010; (b) trends of wetland spatial evolution from 2010 to 2020;
(c) trends of wetland spatial evolution from 2000 to 2020.

3.3. Spatiotemporal Patterns of Precipitation and Temperature in the YRSNP from 2000 to 2020

Combined with the changing trend of the YRSNP wetlands, the climate change in
the YRSNP was analyzed from two time periods—2000-2010 and 2010-2020 (Figure 5).
The annual precipitation and warm-season precipitation in the YRSNP increased linearly
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from 2000 to 2010, with annual growth rates of 10.46 mm/a and 8.55 mm/a, respectively.
The warm-season precipitation was 243.15 mm, which is about 57.62% of the annual
precipitation (421.97 mm), indicating that warm-season precipitation was an important
precipitation period in the YRSNP from 2000 to 2010. However, the annual precipitation
and warm-season precipitation of the YRSNP demonstrated no significant warm-humid
climate trend from 2010 to 2020, and the growth rates were reduced to 2.36 mm/a and
0.42 mm/a, respectively. The annual average temperature of YRSNP was —4.24 °C and the
warm-season temperature was 5.29 °C from 2000 to 2010. The annual average temperature
and the warm-season temperature increased by 0.02 °C/a and 0.08 °C/a, respectively.
The annual average temperature of the YRSNP demonstrated a slight change from that of
the warm season. However, when the annual average temperature dropped slightly, the
warm-season temperature was relatively stable from 2010 to 2020.

Annual precipitation(2000-2010) ‘Warm-season precipitation(2000-2010) Annual average temperature(2000-2010) Warm-season temperature(2000-2010)
Annual precipitation(2010-2020) Warme-season precipitation(2010-2020) —— Annual average temperature(2010-2020) Warm-season temperature(2010-2020)
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Figure 5. Variations of climate factors in the YRSNP from 2000 to 2020. (a) The interannual variation
of annual precipitation; (b) the interannual variation of annual average temperature.

In addition, Figure 6a,d show that there is large spatial heterogeneity in the annual
precipitation of the YRSNP from 2000 to 2010 and 2010 to 2020, both showing a decreas-
ing trend from southeast to northwest. The increase in precipitation in the YRSNP from
2000 to 2010 is, however, greater than that from 2010 to 2020 (Figure 6b,e). At the 0.01
and 0.05 significance levels, 75.53% of regional precipitation in the YRSNP increased sig-
nificantly from 2000 to 2010, while it did not significantly increase from 2010 to 2020
(Figure 6¢,f). A total of 75.53% of the YRSNP demonstrated a significant increase in re-
gional precipitation from 2000 to 2010, while it was largely non-significant in 2010-2020
(Figure 6¢,f). The spatial heterogeneity of the annual average temperature is not obvious,
demonstrating high spatial characteristics in the middle and low spatial characteristics
in the surroundings (Figure 7a,d), which is due to the low overall topographic charac-
teristics in the middle and high overall topographic characteristics in the surroundings
of the YRSNP. The YRSNP demonstrated a warming trend in 2000-2010 but a cooling
trend in 2010-2020 (Figure 7b,e). At the 0.01 and 0.05 significance levels, 27.68% of the
region showed a significant increase in temperature from 2000 to 2010 but a non-significant
decrease from 2010 to 2020 (Figure 7c,f).
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Figure 6. The spatial distribution of the annual precipitation change trend in the YRSNP from 2000 to
2020. (a) The spatial distribution of the annual precipitation trend from 2000 to 2010; (b) the spatial
distribution of the annual precipitation change trend from 2000 to 2010; (c) the significance analysis of
the precipitation change trend from 2000 to 2010; (d) the spatial distribution of the annual precipitation
trend from 2010 to 2020; (e) the spatial distribution of the annual precipitation change trend from
2010 to 2020; (f) the significance analysis of the precipitation change trend from 2010 to 2020.
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Figure 7. The spatial distribution of the annual average temperature change trend in the YRSNP
from 2000 to 2020. (a) The spatial distribution of the annual average temperature from 2000 to 2010;
(b) the spatial distribution of the annual average temperature change trend from 2000 to 2010; (c) the
significance analysis of the temperature change trend from 2000 to 2010; (d) the spatial distribution of
the annual average temperature from 2010 to 2020; (e) the spatial distribution of the annual average
temperature change trend from 2010 to 2020; (f) the significance analysis of the temperature change
trend from 2010 to 2020.
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3.4. Relationship between Wetland Changes and Climate Change

The impact of climate change on wetland areas was elucidated by GRA (Table 7),
which demonstrated that the relation between the total area of the YRSNP wetlands and
both temperature and precipitation was above 0.5. The relation between the river wetland
area and annual precipitation and warm-season temperature is greater than that of the
annual average temperature, indicating that the hydrological recharge of the river wetlands
is mostly from precipitation and melting of glacial snow in the upper reaches during the
warm season. The relation between the lake wetland area and river wetland area and
climate factors is higher than that of the river wetlands, indicating that the lake wetlands
are more strongly influenced by climate. The highest relation between marsh wetlands
and the mean annual temperature is because the increase in temperature increases the
evaporation from the marsh wetlands, resulting in a continuous loss of water. The increase
in temperature results in considerable heat, thereby promoting the growth of vegetation in
the marsh wetlands. The highest relation between the total area of the YRSNP wetlands
and warm-season temperatures is due to the increase in precipitation, leading to an increase
in the total area of the wetlands. However, the increase in temperature results in increased
evapotranspiration which has a more pronounced effect on the area of the YRSNP wetlands.

Table 7. The grey relation between the wetland area and climatic factors in the YRSNP from 2000
to 2020.

Climate Factors River Wetland Lake Wetland =~ Marsh Wetland ~ Total Wetland
Annual average precipitation 0.7126 0.8005 0.6375 0.6629
Warm-season precipitation 0.6347 0.6600 0.5579 0.5570
Annual average temperature 0.5642 0.5713 0.8054 0.6869
Warm-season temperature 0.6742 0.7551 0.6679 0.7122

GRA only shows that there is a numerical relation among variables, but it can’t further
show the spatial correlation degree, so the correlation coefficient is used to explain the
correlation among variables. By superimposing the results of the spatial change in the
YRSNP wetlands and the changes in the climatic factor trend from 2000 to 2020 (Figure 8),
it was found that the average correlation coefficients of river wetlands with precipitation
and temperature were 0.16 and 0.19, respectively, and were positively correlated with
precipitation and temperature in general. The average correlation coefficients of the lake
wetlands with precipitation and temperature were 0.46 and 0.41, respectively, with the
major lakes (Gyaring Lake, Ngoring Lake, and Xingxinghai) showing a high correlation
with precipitation and temperature. The average correlation coefficients of marsh wetlands
with precipitation and temperature were —0.03 and —0.02, respectively, which did not
show a high correlation, but a positive and negative correlation of approximately 50%,
respectively. The grey relation analysis and correlation analysis showed that the correlation
coefficients of river wetlands and lake wetlands with precipitation and air temperature were
positive, while the correlation coefficients of marsh wetlands with precipitation and air
temperature did not show significant spatial and temporal differences from 2000 to 2020.
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Figure 8. Analysis of the correlation between wetland change and climatic factors in the YRSNP from
2000 to 2020. (a) Correlation coefficient between river wetlands and precipitation; (b) correlation
coefficient between river wetlands and temperature; (c) correlation coefficient between lake wetlands
and precipitation; (d) correlation coefficient between lake wetlands and temperature; (e) correlation
coefficient between marsh wetlands and precipitation; (f) correlation coefficient between marsh
wetlands and temperature.

4. Discussion

Climate change is considered to be an important factor influencing changes in wetland
ecosystems. It is important to investigate the impact of climate factors on wetland changes
to protect wetlands rationally and scientifically. This study uses Landsat imagery as the
data source and adopts an object-oriented approach to extract and analyze wetlands in
the YRSNP for the years 2000, 2010, and 2020. Based on this analysis, the influence of
climatic factors on the change in wetlands in the YRSNP was investigated by combining
grey correlation analysis and correlation analysis. This study found that the wetlands in the
YRSNP decreased by 442.86 km? between 2000 and 2010 and increased by 8.09 km? between
2010 and 2020, while the river and lake wetlands increased by 59.64 km? and 91.19 kmz,
respectively. These results are consistent with previous studies [36-39]. In addition, the
grey relation analysis and correlation analysis revealed that annual precipitation and warm-
season air temperature had a greater effect on the river and lake wetlands, while the mean
annual air temperature and warm-season air temperature had a greater effect on marsh
wetlands, a result that is similar to previous studies [36,40].

The climate change analysis of the YRSNP shows that precipitation and temperature
changed at a rate of 31.16 mm/10a and 0.19 °C/10a, respectively, precipitation increased
by 173.44 mm, and temperature increased by 1.30 °C, demonstrating the warm—humid
climate trend from 2000 to 2020, but a less pronounced trend from 2010 to 2020. This is
similar to the climate change reported previously on the Tibetan Plateau and the Three-
River Source [41-43]. The total area of the YRSNP wetland decreased from 2000 to 2020
but increased slightly from 2010 to 2020. Both the river and lake wetlands increased from
2000 to 2020, while the marsh wetlands decreased by 7.47%, consistent with previous
studies [44-46]. In other climatic regions, wetland changes show different trends. Amani
etal. found that, in the continental climate region of Alberta, Canada, the Shallow Water and
Marsh categories showed decreasing and increasing trends from 1984 to 2020, respectively,
while the Bog, Fen, and Swamp categories were relatively stable [47]. However, the wetland
area of northern Xinjiang within a dry climate region increased by 2.31% [48]. The wetland
area of Tibet within a tundra climate region also showed an increasing trend from 1990s—
2010s, with the largest increase in lake wetland area [49]. It can be seen from this that
wetlands in different climatic regions show different trends under the influence of climatic
factors. Therefore, proving the response of wetland area changes to climatic factors is an
important prerequisite for understanding wetland area changes.
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It is shown that warm-season temperature and annual average precipitation have the
greatest influence on the wetland change of the YRSNP. The increase in river and lake
wetlands is mainly affected by the annual precipitation and warm-season temperature.
This may be because the hydrological recharge brought by the increase in precipitation
and warm-season temperature leads to the melting of glaciers in the upstream region. In
contrast, the reduction in the area of the marsh wetlands is mainly influenced by the average
annual temperature due to the increase in active layer thickness and evapotranspiration
from increasing temperatures, thus reducing the annual runoff from the YRSNP. While the
melting of perennial permafrost further reduces surface runoff, and as this continues, the
state of the water balance of the YRSNP will have negative feedback on warming, leading
to shrinkage and degradation of marsh wetlands [21]. Figure 9 presents the comparative
changes in the potential evapotranspiration (PET) in the YRSNP and precipitation from
2000 to 2020. The average annual PET (574.73 mm) in the YRSNP from 2000 to 2020 is
approximately 1.33 times the annual precipitation, and the average PET in the warm season
is 1.20 times the warm-season precipitation. This indicates that the rainfall in the YRSNP
is mostly evaporated and not fully replenished to the wetlands even when rainfall is
abundant, which is an important climatic cause of the degradation of the YRSNP marsh
wetlands. In future work, we will consider and add more alternative methods that go
beyond the analysis of correlations, such as structural equation models to understand fully
the causal relationships.
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Figure 9. Variations of potential evapotranspiration in the YRSNP from 2000 to 2020.

As the YRSNP is located in a pastoralist area, the vast majority of the economic income
comes from livestock farming, where the expansion of livestock numbers is the primary
means of economic growth. Overgrazing has, therefore, destroyed the surface vegetation of
the wetlands [40]. The dry climate of the region has additionally led to the degradation of
wetlands to some extent [37]. In order to strengthen wetland protection, maintain wetland
ecological functions and biodiversity, safeguard ecological security, promote ecological
civilization, and achieve harmonious coexistence between humans and nature, the local
government has adopted several wetland sealing projects, such as Phase I and Phase II
of the Ecological Protection and Construction Projects in the Three-River-Source District,
implemented in 2005, and the Ecological Environmental Protection Project for the Yellow-
River-Source area lake cluster, implemented in 2015, which has enabled the YRSNP wetland
area to be effectively protected and has promoted the balanced development of grass and
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livestock. Compared with the impact of climate change, the impact of anthropogenic
activities on wetland ecosystems cannot be ignored [50]. From 2020 to 2035, the YRSNP
will carry out the implementation of the China Water Tower Protection Project, the third
phase of the Ecological Protection and Construction Project of the Three-River Source, and
the Thousand Mile Protection Belt Project in the upper reaches of the Yellow River. It is
expected that the wetland area of YRSNP will be further increased, so as to realize the
sustainable development and utilization of the wetland ecosystem.

5. Conclusions

As an important part of the Three-River-Source National Park, the YRSNP is the
source area of the Yellow River, with its wetland ecosystem being of great significance
to the Yellow River Basin. This study assessed the distribution, the changes, and the
causes of the YRSNP wetland by interpreting Landsat images for three years (2000, 2010,
and 2020). The following conclusions were obtained: (1) The total area of the YRSNP
wetland decreased from 6254.56 km? to 5819.79 km?, the river wetlands increased by
7.42%, lake wetlands increased by 6.01%, and marsh wetlands decreased by 9.17% from
2000 to 2020; (2) A warming and humidification of the climate were observed in the
YRSNP from 2000-2010, with a 1.3 °C increase in temperature and a 173.44 mm increase
in precipitation. However, a weakening of the warm-humid climate trend was observed
in the climate from 2010 to 2020, in addition to the weakening of the increasing trend
in temperature and precipitation; (3) The changes in the YRSNP wetland area correlated
more with temperature than with precipitation, with the river wetland area and lake
wetlands correlating most with the annual precipitation and positively with precipitation
and temperature. The marsh wetlands correlated most with the mean annual temperature,
and the spatial-temporal difference of the correlation coefficient with precipitation and
temperature was not significant. This study achieves an integrated assessment of the
distribution, changes, and causes of the wetlands in the YRSNP, which will contribute to
the sustainable management of the wetland ecosystems of the region and the understanding
of global wetland dynamics in response to climate change.
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