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Abstract: As very fragile natural ecological areas, the spatiotemporal ecological environment (EE)
analysis of World Natural Heritage Sites (WNHSs) is particularly important for their conservation
and sustainable development. Timely, objective and quantitative evaluation of the spatiotemporal EE
change characteristics of WNHSs is of great significance for ecological, environmental protection and
government policy formulation. This study quantitatively evaluates the spatiotemporal distribution
characteristics of the EE of the Kalajun-Kuerdening WNHS by selecting the Remote Sensing Ecological
Environment Index (RSEI) for 2006, 2011, 2016 and 2021. We studied the spatiotemporal differences of
the EE in buffer zones and nominated sites in the heritage sites and their change patterns and trends.
The EE changes and land use changes from 2006-2011, 2011-2016 and 2016-2021 were overlaid and
analyzed to explore the relationship between EE evolution and land use changes in the heritage site.
The results show that (1) the heritage site was in a state of ecological change equilibrium from 2006
to 2011, and a form of slight decline in EE quality from 2011 to 2016 under the influence of natural
factors, but it maintained a stable state with a small degree of fluctuation, and a state of ecological
change recovery from 2016 to 2021. The areas with better EE grades were located in the northwest
region (Kalajun) and northeast region (Kuerdening) of the heritage site. (2) The EE grade change in
the heritage site shows the characteristics of neighborhood change without a large number of leap
changes. (3) From 2006 to 2021, the EE quality in the nominated site was better than that of the buffer
zone, but from 2016 onward, the difference between the two gradually decreased until 2021. The
average EE quality was basically the same until 2021, but, spatially, the EE quality of most areas in
the buffer zone was better than that in the nominated area. (4) The types of land use transformation
that caused EE enhancement in the heritage sites were barren—grassland, snow /ice-barren and
barren-snow /ice, while the types of land use transformation that caused EE quality reduction were
grassland-barren and barren—snow /ice. The results of this study help improve the knowledge of
the EE background of the WNHS and its evolutionary process and provide scientific guidance for
ecologically related decision making and management of global natural heritage sites. The change
in snow and ice cover is an essential factor in the shift of the EE of the Kalajun—Kuerdening World
Natural Heritage Site.
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1. Introduction

World Natural Heritage Sites (WNHSs) have geological, hydrological and ecological
features that distinguish them from other natural areas in the world, are habitats and
refuges for many endangered plants and animals, are important areas for ecosystem service
functions and are natural areas of outstanding universal value worldwide [1,2]. They are
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also an essential component of global ecosystem conservation [3]. Over the years, there
have been a number of conflicts between the development of heritage resource use and
conservation in WNHSs [4], which have manifested in the gradual transition from anthro-
pogenic threats such as overexploitation and the neglect of conservation in the early years
to threats to the WNHSs from invasive species, climate change and geological hazards
in recent years [5-8]. These threats have seriously affected the structure and processes of
WNHSs’ ecosystems and coerced global ecosystems’ sustainable development [9]. The re-
search on threats and conservation strategies facing natural World Heritage sites in China’s
academia has been in line with international standards. The main research contents include
the comparison and management of World Natural Heritage value assessments [10-12],
the development and conservation of World Natural Heritage resources [13], the evaluation
and analysis of the landscape health of Natural World Heritage Sites [14], the monitoring
and evaluation of ecological environment (EE) of heritage sites [15-17] and others.

On 2 December 2020, IUCN released the World Heritage Outlook (3rd edition) [5],
which states that one-third of the world’s natural World Heritage Sites are threatened
by climate change. In order to effectively respond to the changes in ecosystem structure
and processes caused by the multiple threat factors to which heritage sites are exposed,
regular monitoring and assessment of the EE quality status of natural World Heritage
Sites is a crucial aspect [18]. Rapid and accurate assessment of the EE is a prerequisite
and fundamental task for EE protection and restoration studies of natural World Heritage
Sites. Monitoring and assessment provide clear guidance for managing natural World
Heritage Sites [19,20]. However, in the monitoring process of WNHSs, the comprehensive
limitation of human, material and financial resources has led to a lot of labor and time
being spent in collecting data and information on heritage sites in the past. Some work
has even been difficult to be carried out due to the need for more professional equipment
and tools. Therefore, a rapid and economical method of monitoring and ecological quality
evaluation is essential to promote the Sustainable Development Goals (SDG) under the
premise of satisfying monitoring and ecological quality evaluation, considering various
constraints [21,22].

The Kalajun-Kuerdening region is an integral part of the Tianshan WNHS in Xinjiang,
listed as a WNHS in 2013 due to its outstanding bio-ecological value [23]. It is also the
region with the highest biodiversity in the Tianshan Mountains of China and has excellent
natural heritage value. This heritage site is significant in protecting regional biodiversity,
maintaining regional ecological balance and promoting the harmonious development of hu-
mans and the environment. The ecological security of the heritage site, the ecological health
of the landscape and the good or bad quality of the EE directly or indirectly affect the re-
gional ecological security and the realization of the regional ecosystem service function [24].
Objectively understanding, recognizing and studying the spatial and temporal changes
in the regional EE and the driving factors can provide basic research work to support the
ecosystem regulation and management of heritage sites [25]. Moreover, it is related to the
evaluation of the quality of the construction of nature reserves in China. In addition, there
are relatively few international studies on this region, mainly focusing on landscape pattern
characteristics and its health [14], and landscape connectivity studies [26]. Therefore, a
long-term and high spatial resolution EE background study of the region is necessary. At
the same time, an ecological and environmental quality assessment of heritage sites is a
prerequisite for objective and dynamic research and the analysis of land use efficiency and
the tourism suitability development of heritage sites [27-29].

For the construction and development of the ecosystem evaluation and management
system of the WNHSs, this paper is dedicated to the basic principles of multi-target, multi-
conditions and multi-criteria, and the monitoring and analysis of the long-term dynamic
changes in the EE of the nature reserves utilizing the latest remote sensing technology (RS)
and geographic information technology (GIS). By constructing the EE index of the heritage
site from 2006 to 2021, the spatial and temporal characteristics of its dynamic evolution and
EE in different zones and their change patterns are analyzed. The primary purpose is to
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investigate the characteristics and trends of EE changes caused by land cover changes in the
sites and to provide scientific reference for the conservation management and sustainable
development of WNHSs.

Compared to previous studies, our scientific contributions are as follows.

Firstly, we reveal the difference in ecological quality between buffer zones and nomi-
nated World Natural Heritage Sites from the perspective of different conservation areas
(buffer zones and nominated sites) divided by different conservation degrees in the sites’
early years. There are very few relevant studies internationally.

Secondly, from the perspective of land use and EE analysis, the previous studies only
analyzed the EE differences between different land uses. At the same time, we reveal the
relationship between land use changes and EE changes in this World Natural Heritage Site
from the perspective of long-term and multi-period dynamic changes.

2. Materials and Methods
2.1. Study Site

The Kalajun—-Kuerdening heritage site is located in the central part of the Tianshan
Mountains, in the Middle Tianshan Mountains in Xinjiang, with the overall topography
being high in the south and low in the north. It is an integral part of the wild fruit forests
in Central Asia as well as the origin and concentrated distribution area of wild apples,
walnuts, European plums and other species. It is also a suitable habitat and source of global
Schrenk spruce (Picea schrenkiana Fisch. et Mey.) [30]. Kalajun is the most prototypical
representative of the Tianshan coniferous forest bioregion in the Central Asian Mountain
Steppe and Woodland Ecoregions in Global 200 Ecoregions. Kuerdening is the most
prototypical representative of the Tianshan Mountain Steppe Meadow bioregion (Figure 1).
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Figure 1. The location of the Kalajun-Kuerdening World Natural Heritage Site.
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Kuerdening is the area with the most abundant precipitation in the Tianshan Moun-
tains. The unique natural ecological and geographical environment has created suitable
living conditions for wild flora and fauna, becoming a refuge for many ancient remnant
species, rich in biological resources and endemic species, and a key area of biodiversity in
Tianshan. There are 1594 wild vascular plants in the Kalajun—Kuerdening nominated her-
itage site. Twelve species are listed in the International Union for Conservation of Nature
Red Book of Threatened Species IUCN (2010), and 10 are listed in the National List of Key
Protected Wild Plants. Additionally, the Kalajun—-Kuerdening nominated heritage site is
an integral part of China’s biodiversity key area and is an essential habitat for many rare
and endangered animal species, with 55 species of various rare and endangered animals. It
also has 15 species of wild animals endemic to Tianshan, which is of great significance to
the scientific research on the genetics of wild plant and animal species in China and the
world, and the systematic evolution of key taxa of wild animals and plants in the desert
mountains of temperate arid zones.

2.2. Data and Source

This study retrieved the ecological and environmental index with the USGS Landsat
5 Level 2, Collection 2, Tier 1 and USGS Landsat 8 Level 2, Collection 2, Tier 1 datasets
integrated in Google Earth Engine to measure the regional ecological and environmental
quality changes. It also used the land cover products by Xin Huang [31] for the follow-up
study (Table 1). The overall accuracy of the land cover product is 79.31%.

Table 1. List of data used in the research.

Data Description Data Sources
USGS Landsat 5 Level 2, This dataset includes atmospherically corrected surface reflectance and .
. . land surface temperature extracted from data produced by the Landsat Google Earth Engine
Collection 2, Tier 1 TM sensor.

This dataset includes atmospherically corrected surface reflectance and

USGS Lan.dsat 8 ITEVEI 2 surface temperature obtained from data produced by the Landsat 8 Google Earth Engine
Collection 2, Tier 1
OLI/TIRS sensor.
Annual China Land Cover =~ The Annual China Land Cover Dataset (CLCD) is based on Landsat
Dataset (Wuhan images, combined with automatic stabilization samples and visual PIE Engine

University)

interpretation samples of existing products.

2.3. Method

Ecological evaluation primarily uses comprehensive coupled methods or indices to
meet the needs of integrated ecosystem complexity [32], such as environmental quality
index (EQI), forest affinity index (FAI), ecological index (EI) of Chinese ecological standards,
environmental stress index (ESI), and energy security and environmental sustainability
index (ESESI) [33,34] and others. However, for various reasons, such as ecological differ-
ences, ease of data acquisition, policy support, and the flourishing development of RS,
GIS, and computer science and technology, Remote Sensing Ecological Environment Index
(RSEI) has emerged [35]. The previously used methods have great difficulty acquiring
data for some of the indicators, and the spatial resolution of the data cannot reach the
accuracy of RSEI RSEI is based on remote sensing information and adopts the principal
component analysis (PCA) method, which has the advantages of stability, objectivity and
visualization in the calculation of the index and has been proven by several scholars [21,36].
It is likewise easier to compare in the time dimension. It has been applied to a variety of
evaluation objects, such as regions [37-39], cities [33,40], watersheds and basins [34,41],
World Heritage Sites [42] and others.

Although the four leading indices of heat, dryness, humidity and greenness that need
to be used in RSEI are correlated in spatial dimensions, after the PCA spatial base system
change, there is no correlation among the transformed measurements of all four indices. It
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facilitates the subsequent comparative use and multi-perspective analysis of the remote
sensing index of EE. RSEI is an index proposed to optimally characterize the quality of
the regional EE from data acquisition, calculation method and practicality perspectives.
The calculation framework, calculation method and interpretation of RSEI are shown in
Figure 2 and Table 2.
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Figure 2. Schematic diagram of Remote Sensing Ecological Environment Index calculation.

Table 2. WET, NDVI, NDBSI, LST and RSEI formula calculation and explanation.

Index Expression Description

The tassel cap transformation’s brightness, greenness
and humidity components are closely related to the EE
quality. Moreover, the moisture composition can
represent the moisture status of soil and vegetation in
the study site. Therefore, the moisture composition is
used to represent the moisture index [43]. Where:
OB, PG, PR, PNIR, PSwIR1 and pswiro are the reflectance
data of the blue, green, red, NIR, shortwave infrared 1
and shortwave infrared 2 bands, correspondingly.

Wettp; = 0.01350p + 0.2021p + 0.3102p0r + 0.15950N1R —
0.6806pswir1 — 0.61090sW1R2

Wetorr = 0.1511pp 4 0.1972p5 + 0.3283pr + 0.3407oN1R —
0-7117PSW1R1 — 0-4559PSWIR2

WET

Vegetation is a critical factor reflecting a region’s
excellent or bad ecological quality. The normalized
vegetation index (NDVI) is the most commonly adopted
vegetation index [44], which can describe the
relationship between plant biomass, leaf area index and
vegetation cover well. Therefore, NDVI can be selected
as the greenness index. pgr and pyjr are the reflectance
data in the red and near infrared bands, respectively.

NDVI NDVI = (onir — PR)/ (ONIR + PR)
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Table 2. Cont.

Index Expression Description
oswint oNIR oo The Index-based Built-up Index (IBI) was chosen to
IBI — {psvg{)m +ONIR [mpmﬂm I’G+T,swm1 } } convey the bare land as an essential ecological drawback
NDBSI {psw,fgviﬁ,m [pN,A,’z’pr pG+pfw1R,] } throughout the study site, and the bare. soil index (SI)
St = [(p swirt +Pr) = o 2 + (05 + N m)} was Fsreﬁecc’;ed to d?sgl‘lbe the barehcogdl(;ufm of ;1}3116 Stlcllds}i
NDBSI = (IBI +SI) /2 site. The dryness index was synthesized from IBI an
and was denoted as NDBSI [43,45].
The heat is characterized by surface temperature closely
L = gain x DN + bias associated with vegetation and water resources. Here,
LST T, = 122# the model of the Landsat user manual is selected to
In( 7 +1 calculate the bright temperature, and then the surface
LST =T,/ [1+ (ATp/p) Ine] temperature is obtained by surface-specific emissivity
correction [46].
Xu [35,47] used four crucial indicators of the natural EE
as the evaluation indexes of the proposed ecological
index: the establishment of greenness, wetness, heat and
dryness. For remote sensing images, NDVI, NDBSI,
(1) Normalization of four indicators: WET and LST were adopted to represent greenness,
SI; = izluin dryness, wetness and heat, respectively, to construct the
RSEI (2) PCl= ”J’ﬁx( NDV 1, Wet, LST, NDBSI) remote sensing ecological indices. Before performing the

®)
Q)

RSEIy = 1—PC1
RSEI = (RSEIy — RSEIymin)/ (RSEIomax — RSEIpmin)

principal component analysis, each indicator needs to be
normalized to avoid the effect of dimensional

differences. Moreover, the first principal component
(PC1) and related statistics were obtained based on the
principal component algorithm, using 1 minus PC1 to
obtain RSEIy, and then normalizing RSEIj to obtain the
remote sensing ecological index.

2.4. Data Processing

From the Google Earth Engine, the mean values of all available images from June
to September within the corresponding years of 2006, 2011, 2016 and 2021 that met the
cloudiness criteria required for the study were synthesized into four periods of images as
the base image data for the study. Considering the spatial autocorrelation in geography,
we used valid image elements to estimate invalid pixel values in the data preprocessing
process [48]. Some of the missing image elements in the four indices of each image inversion
were made up using the mean values of non-NaN values within the 3X3 domain window.
Because the study site does not contain a large number of water bodies, there was no
need to use the Modified Normalized Difference Water Index (MNDWI) for water body
mask removal from the original images [37]. All four indices were normalized to be
homogenized and dimensionless. Python 3.9 was used to calculate the required ecological
indices and compare each period’s ecological evaluation results. Then the relationship
between EE change and land cover change was calculated and analyzed by programming.
The resolution of all geographical images was 30 m.

3. Results
3.1. Factor Attributes

The detailed statistics of the four normalized impact factors of the EE index of the
Kalajun—-Kuerdening World Natural Heritage Site from 2006 to 2021 are shown in Table 3,
and Figures 3 and 4a. The normalized LST mean value representing the heat index decreases
from 0.70 to 0.62, 0.65 and 0.60 in 2006, 2011, 2016 and 2021, respectively, indicating a
decreasing trend of heat within the heritage site from June to September each year from
2006 to 2021. The high and cold weather is not conducive to vegetation growth [40],
validating the reasonableness of the decreasing RSEI values from 2006 to 2021. The high
geothermal area in 2006 was mainly concentrated in the northeast (Kalajun) and northwest
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(Kuerdening) of the study site, and it was expanding by 2016. By 2021, the geothermal high-
value area had decreased rapidly and remain concentrated in the study area’s northeast and
northwest regions. From 0.57 in 2006 to 0.27 in 2021, the mean surface dryness decreased by
52.6%, showing a pronounced decreasing pattern overall. This indicator also fully justifies
the obvious temporal variation pattern of the RSEI in the study. In contrast, the mean value
of LSM decreased from 0.32 in 2006 to 0.22 in 2011. It increased to 0.34 in 2016 and 2021,
showing a stable state. The average value of greenness decreased from 0.78 in 2006 to 0.75
in 2011 and then expanded to 0.77 in 2016 and 2021, demonstrating that plant growth in the
study site remained stable and healthy from 2006 to 2021 with less fluctuation (Figure 3).

Table 3. Statistics of used factors from 2006 to 2021.

2006 2011 2016 2021
Mean Median S.D. Mean Median S.D. Mean Median S.D. Mean Median S.D.
Heat 0.70 0.71 0.10 0.62 0.64 0.12 0.65 0.68 0.16 0.60 0.61 0.12
Dryness 0.57 0.58 0.12 0.55 0.56 0.14 0.48 0.49 0.15 0.27 0.28 0.08
Greenness 0.78 0.84 0.14 0.75 0.82 0.17 0.77 0.84 0.15 0.77 0.82 0.13
Wetness 0.32 0.31 0.07 0.22 0.20 0.09 0.34 0.30 0.13 0.34 0.32 0.09
RSEI 0.78 0.81 0.14 0.77 0.82 0.16 0.72 0.78 0.20 0.71 0.75 0.14
Dryness Greenness Wetness
2006 2006 2006
2011
s
2016
Ll e
2021
'!«Mz: m
1 0

Figure 3. Normalized index of heat, dryness, greenness and humidity from 2006 to 2021.

The four-year RSEI values in 2006, 2011, 2016 and 2021 were 0.78, 0.77,0.72 and 0.71,
respectively (Figure 4b). The results show that the mean RSEI values in the study site
from 2006 to 2021 showed a significant decreasing trend, but the decreasing trend was
slow. The distribution of RSEI values in the study area from 2006 to 2016 was above 0.60,
the distribution below 0.4 increased in 2016, and the distribution in the range of 0.40-0.60
increased in 2021. Since 2016, there has been a significant downward trend in the ecosystem

quality in the study site, but it has maintained a more stable state. The fluctuations are
relatively small.
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Figure 4. (a) Four factors and (b) RSEI statistics for 2006—2021.

3.2. Spatiotemporal Ecological Environment Changes

To further analyze the spatial distribution of the EE in the Kalajun-Kuerdening WNHS,
the RSEI in the study site was divided into five classes [21,27,34,49]. Each level was in incre-
ments of 0.2, poor (level 1): 0 < RSEI < 0.2; fair (level 2): 0.2 < RSEI < 0.4; medium (level 3):
0.4 < RSEI < 0.6; good (level 4): 0.6 < RSEI < 0.8; excellent (level 5): 0.8 < RSEI < 1.0.

The results show (Figure 5b) that the spatial area with a poor EE (RSEI < 0.4) in the
heritage site from 2006 to 2021 is located in the southwest region, which is covered with
glacial snow all year round and is not favorable to the growth of ecological vegetation
under very cold temperatures. The areas with a good EE (RSEI > 0.6) are in the northwest
(Kalajun) and northeast (Kuerdening) regions, mainly because of the large number of
Schrenk spruces in the region, which have dense vegetation and a beautiful EE. The spatial
distribution of the medium-grade EE is concentrated in the central part of the study site,
the core of the heritage site, where many alpine meadows are distributed.

The area with the poorest class of EE in the study site was smaller in 2006, 2011 and
2021, 31.0896 km?, 49.1391 km? and 55.413 km?, respectively, while it was 210.4497 km?
in 2016, which was a significant increase compared to the other three years. The area
with the fair EE had a weakening trend, firstly increasing from 86.4297 km? in 2006 to
91.4292 km? in 2011. Then it had a decreasing trend, decreasing to 64.0998 km? in 2016 and
43.2765 km? in 2021. The area with a medium EE had a higher characteristic in 2021, being
347.6853 km?, while it was only 79.0236 km?, 133.9668 km? and 51.0642 km? in 2006, 2011
and 2016, respectively. The ecologically good areas showed a decreasing trend from 2006
to 2011, and decreased from 1065.9987 km? to 891.7866 km? in 2016. The trend of the area
of excellent and good EE in the heritage site from 2006 to 2021 showed opposite results,
first increasing from 1519.2279 km? in 2006 to 1615.4478 km? in 2011 and then showing a
decreasing trend. The area of ecologically excellent areas in the heritage site decreased to
1168.5177 km? in 2016, while it was only 712.5588 km? in 2021 (Figure 5c).

From 2006 to 2021, the change in the EE level in the study site shows the trend of
neighboring level change; that is, the pattern of EE change (increase or decrease) within the
natural heritage sites mainly to neighboring levels, without the characteristics of a large
number of leap changes. For example, the change process of the area with good EE quality
from 2006 to 2011 mainly transformed to medium and excellent ecological quality. The
area with excellent ecological quality in 2011 transformed into a good ecological quality in
2016. Similarly, the area with a good EE in 2016 mainly changed to the same level in 2021
(Figure 6). Side by side, it reflects that under the influence of natural laws, the EE in the
Kalajun—-Kuerdening Natural Heritage Site is less variable and more ecologically resilient.
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Figure 6. Changes in ecological quality from 2006 to 2021.

3.3. Spatial Ecological Change and Regional Ecological Change Statistics

To assess the reasonableness of the RSEI changes, we used World Imagery
(https:/ /livingatlas.arcgis.com/wayback/ (accessed on 6 February 2023)) historical image
comparison to verify the results of the changes. The results are shown in Figure 7. It is clear
from the figure that building expansion (Figure 7b,e) caused a decrease in the quality of
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the ecosystem, while the demolition of buildings (Figure 7a) improved the quality of the
ecosystem. Some forest areas improved their ecological quality due to the increase in tree
density (Figure 7d).

=

2016/07/20 2021/07/21

2016/07/20

2016/07/20

2016/07/20 : 2021/07/21

2016/07/20 2021/07/21
RSEI change situation

[: Unchanged [:] Degraded [: Improved

Figure 7. Case of comparative analysis of RSEI change images combined with World Imagery images.

(a,b,e) Ecological changes in building and road areas. (c) Ecological changes in grassland areas.
(d) Ecological changes in the forest area.

In order to explore the spatial distribution of EE changes in the Kalajun—-Kuerdening
WNHS from 2006-2021, based on the outcomes of RSEI grade classification in the study site
in 2006, 2011, 2016 and 2021, the graded RSEI results were subjected to different operations
to calculate the three change periods’ (2006-2011, 20112016, 2016-2021) RSEI variability,
and a total of nine change results (—4, —3, —2, —1, 0, 1, 2, 3, 4) were generated. The spatial
distribution results obtained are shown in Figure 8a,c,e, and the spatial and temporal area
changes are shown in Table 4.
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Figure 8. Spatial distribution of RSEI grade changes and statistics of changes in buffer area and nomi-
nated area. (a,c,e) Spatial distribution of RSEI grade changes, 20062011, 2011-2016 and 2016-2021.
(b,d,f) The proportion of ecological environment.

Table 4. Percentage of RSEI grade change statistics, 2006-2011, 2011-2016 and 2016-2021.

2006-2011 2011-2016 2016-2021
Level of Change
Area (Km?)  Percentage (%) Area(Km?)  Percentage (%) Area (Km?)  Percentage (%)
4 0.0792 0.0028 0.0864 0.0031 0.0009 0.0000
Improved 3 0.9387 0.0337 1.017 0.0366 30.1509 1.0839
2 5.6295 0.2024 7.0056 0.2518 105.1101 3.7785
1 239.6061 8.6134 202.0032 7.2617 186.0129 6.6869
Unchanged 0 2276.9622 81.8530 1716.7194 61.7132 1732.8951 62.2947
-1 242.0424 8.7010 738.0684 26.5323 722.8944 25.9869
Degraded -2 14.7078 0.5287 76.1337 2.7369 4.527 0.1627
-3 1.8036 0.0648 40.5675 1.4583 0.1485 0.0053
—4 0 0.0000 0.1683 0.0061 0.0297 0.0011

The study results show that during 2006-2011, 8.8523% of the study site was improved,
distributed in the north and northeast of the site (Kuerdening). The percentage of areas
with decreasing ecological quality was 9.2945%, located in the southwest and central
scattered areas of the site. The study area was in ecological balance, and 99.1674% of
the ecological change levels were concentrated within £1. The percentage of ecological
improvement areas during 2011-2016 was 7.5532% and distributed in the site’s central part.
The percentage of the area with decreasing EE quality was 30.7336%, distributed in the
southern and southwestern regions of the heritage site. Excluding the areas with a slight
degree of change (£1) in the study area, about 3.9098% of the areas with decreasing EE
quality were the glacier and snow-covered areas in the study area, and there were sizeable
EE change conditions in this area.
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The percentage of EE improvement area in the study site during 2016-2021 was
11.5493%, which is 52.9061% higher than that during 2011-2016. The improved EE increased
significantly and was located in the southwestern part of the heritage site in the glacial
snow region, in the western part of the Kalajun region, and the northeastern part of the
Kuerdening region. The area of EE quality decreased by 26.156%. However, the leading EE
quality decreased by —1 grade, showing a slight ecological EE decrease, distributed in the
central part of the heritage site. No EE quality decreased by —2, —3 and —4 grades. The
above reflects that the decline in EE quality in the study area has been curbed, and the EE
has shown a recovery trend.

To distinguish the difference in the ecological transformation between the buffer site
and the nominated area and explain the distinction in the transformation between each
area, we separately counted the percentage of changes in RSEI within the buffer zone and
the nominated area at 5-year intervals and classified the results into nine categories (—4~4).
The findings are displayed in Table 5 and Figure 9.

Table 5. Percentage of RSEI grade change statistics in buffer zone and nominated area, 2006-2011,
2011-2016 and 2016-2021.

Changes in RSEI Level

. - Improvement Degradation Net
Time District _4 -3 _2 -1 0 1 2 3 4 Pgrcentage Pegrcentage Percentage

Buffer 0.0000 0.1051 0.7827 85172  82.4540 7.9781 0.1458 0.0171  0.0000 8.1410 9.4050 —1.2640

20062011 Nominated 0.0000 0.0331 0.3283 8.8380  81.3841 9.1177  0.2469 0.0467 0.0051 9.4164 9.1994 0.2170
SUM 0.0000 0.0648 0.5287 8.7010 81.8530 8.6134  0.2024 0.0337 0.0028 8.8524 9.2946 —0.4422
Buffer 0.0044 1.3886 2.2420 24.9731 64.2415 6.6989  0.3828 0.0632 0.0054 7.1503 28.6081 —21.4578

2011-2016 Nominated 0.0073 1.5122 3.1175 27.7542 59.7496 7.6947  0.1477 0.0154 0.0013 7.8591 32.3912 —24.5321
SUM 0.0061 1.4583 2.7369 26.5323 61.7132 72617  0.2518 0.0366 0.0031 7.5532 30.7336 —23.1804
Buffer 0.0024 0.0121 0.1909 24.5618 63.3278 7.0412  3.8040 1.0597 0.0000 11.9049 24.7672 —12.8623

2016-2021 Nominated 0.0000 0.0001 0.1401 27.0803 61.5202 6.4098  3.7455 1.1039 0.0001 11.2593 27.2205 —15.9612
SUM 0.0011 0.0053 0.1627 25.9869 62.2947 6.6869  3.7785 1.0839 0.0000 11.5493 26.1560 —14.6067

0.91

0.81

RSEI

0.61

051 “ 1 Buffer Area L

I Nominated Area —

2006 2011 2016 2021

Figure 9. RSEI boxplot of buffer zone and nominated area from 2006 to 2021.

Between 2006 and 2011, the ecological grade of the entire heritage site showed a
decline, but it was only —0.4422%. Whether in the buffer zone, the nominated area or
the entire heritage site, the percentage of the site with the same ecological level (0) was
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above 80% and remained stable. The EE grade increase percentage was 8.8524%, and the
decrease was 9.2946%. The change in EE grade in the buffer zone was —1.2640% and in
the nominated zone was 0.2170%. The EE quality in the whole heritage site area showed
a decreasing trend (—23.1804%) between 2011 and 2016, and the EE grade decreased by
30.7336% and increased by 7.5532%. The EE changes were mainly concentrated in the grade
change of —2, —1, 0 and 1, where the percentage of buffer areas, nominated areas and the
overall EE with the same grade (0) were all around 60%, and the degree of EE changes
fluctuated considerably compared to the period from 2006 to 2011.

The percentage of areas with reduced ecological quality within the nomination area
(32.3912%) was higher than that of the buffer zone (28.6081%). Considering that there
are no excessive human activities in the nominated area, natural influence is the most
dominant factor causing EE changes in the region. During 20162021, the EE grade changes
in the heritage sites were mainly concentrated in —1, 0, 1, 2 and 3, and the percentages of
the buffer zone, nominated area and the whole heritage site with the EE grade remaining
unchanged (grade 0) were greater than 60%. Compared with 2011-2016, the overall EE
grade decreased by —14.6067%. The decreasing trend of EE quality was suppressed. The
percentage of areas with decreasing EE quality in the nominated area (27.2205%) was still
higher than that of the buffer area (24.7672%).

The percentages of change levels in the buffer zone and nominated area during
2006-2011 were 17.546% and 18.6158%, for 2011-2016 they were 35.7584% and 40.2503%,
and for 2016-2021 they were 36.6721% and 38.4798%, respectively. From the results of the
changes during the three periods, the degree of ecological changes influenced by nature was
higher in the nominated area than in the buffer zone, mainly because many grasslands are
distributed in the nominated area. They are subject to significant differences in light, heat,
water, topography and other sensitive factors, and the growth condition of grasslands is
influenced by nature to a greater extent. At the same time, many woodlands are distributed
in the buffer zone, which is less influenced by nature than grasslands and is more stable
in comparison.

From 2006 to 2021, the average EE quality in the nomination area was better than
in the buffer zone. Nevertheless, by 2016, the gap between the average EE quality in the
nomination area and buffer zone of the heritage site gradually narrowed until 2021 when
the average EE quality was the same. In 2006, 2011, 2016 and 2021, 25-75% of the data
distribution of ecological quality in the buffer site was better than that in the nominated site.
The EE quality of most areas in the buffer zone was much better than that of the nominated
area. However, the average ecological quality of the buffer zone was lower than that of
the nominated area, mainly due to the existence of a long-term poor EE in the buffer zone
(Figure 5b). A large amount of glacial snow exists in the southern area of the buffer zone,
and the EE is poor near the area. However, with the global warming and melting of glacial
snow in recent years, against the background of a slight decrease in the EE quality of the
entire heritage site, natural ecological restoration has occurred near the area. It resulted
in the average EE quality in the buffer zone gradually approaching that of the nominated
area. In addition, there is influence from human activity interventions such as those by
local governments in the EE restoration work and projects are vigorously carried out in the
buffer zone, effectively improving the range of EE quality in the buffer zone.

3.4. Relation between the Land Cover Change and RSEI Change

There is a high correlation between land cover change patterns and EE quality changes.
In order to further explore the coupling relationship between land cover change and EE
quality changes, based on the image meta-level, combining the spatial change relationships
between land use change types in 20062011, 2011-2016 and 2016-2021 and the changes
in RSEI levels between 2006-2011, 2011-2016 and 2016-2021, the EE quality change level
caused by each land cover change type was unearthed.

The results of the EE change caused by land cover change from 2006 to 2011 are
shown in Figure 10. In the statistics on the relationship between land use type change and
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ecological environment quality change from 2006 to 2011, NaN means there are no such
observations. Taking the land use as barren in 2006 and as barren in 2011 as an example,
we can see the shift area of the ecological class change caused by the barren-barren shift
approach in the bar chart. At the same time, we can also see the area proportion of ecological
environment improvement or deterioration caused by the change in land use mode in the
pie chart (bottom left corner of the figure). The EE quality change levels with the same land
cover types are not necessarily the same; for most of the same land cover change types,
80-90% of the EE quality remains the same. Significant differences exist in EE quality in
areas with the same snow and ice cover in different years; only 57.5% are unchanged. It
indicates a sizeable EE uncertainty in the same snow and ice-covered areas. This uncertainty
is mainly due to the variances in climate, soil states and snow and ice cover thickness in
different years, leading to considerable differences in regional temperature, humidity and
other conditions, causing EE differences. The vast majority of land use change types of
snow /ice-snow /ice changed grade between —1 and 1, which indicates that the EE of the
year-long snow-and-ice-covered area did not change drastically. Among the EE changes
caused by forest—forest land use type change, 77.4% of the EE quality remained unchanged,
about 17.5% of the forest ecological quality improved compared to the previous one and
5% of the forest EE quality showed a decrease. For grassland—forest land use type change,
all the EE changes were maintained at —1~1. The image element change shows that 90.6%
of the EE grade was maintained during grassland transformation into the forest. This is
because in the early process of grassland transformation into the forest, the tree growth
is in the juvenile stage, which does not cause a sudden change in EE quality. When the
grassland is covered by snow and ice, 31.6% of the pixel changes were worse, so the method
of land change of grassland-snow/ice cover type explicitly caused the degradation of
regional EE quality. Combined with the analysis of snow/ice—grassland land use type
change, it can be seen that the EE quality of 20.3% of the areas in the study site covered
by snow and ice for a long time was still in a poor state, even after the melting of snow
and ice and the growth of grassland. In the process of grassland-barren change, 81% of the
changes did not cause drastic ecological changes because this part of grassland has a poor
ecological background, and the possibility of changing to the bare ground at an early stage
is extremely high. During the grassland—grassland change, about 88% of the percentage of
the EE quality did not change, 6.5% of the meadow decreased compared to the EE quality
five years ago and 5.5% of the meadow increased. When bare ground was covered with
snow and ice, 35.8% of bare ground to the area of ice change showed a trend of decreasing
EE quality, but the vast majority of changes were only slight (—1 grade).

During 2011-2016 (Figure 11), the EE quality change grades with the same land cover
type changed more drastically and did not have the invariant characteristics of 2006-2011,
among which about 39.2% of the changes that occurred in the EE of barren-barren became
better and ecological restoration occurred. However, most of the changes in better grades
were concentrated in grade 1. In total, 33.6% of the changes led to worse ecological quality,
and the proportion of —2 to —3 grades among the worse grades was more than 50%,
indicating that the EE quality of this part of the bare land tended toward severe EE decline.
It is necessary to focus on these areas. In the process of the land cover type change of
forest—forest, 42.7% of the changes accounted for a slight deterioration trend (—1 grade),
indicating that the forest was affected by natural factors in this period with a minor degree
of EE quality fluctuation. There may be a situation of forest tree quality decline. The
process of the land use type transformation of grassland—grassland remained highly stable,
with fundamental changes between grades —1, 0 and 1, and no extensive regional EE
change conditions occurred. Compared with 20062011, the same snow-and-ice-covered
areas showed a tremendous EE change. A total of 60.2% of the changes in the EE quality
began to decline. Considering the long years that snow-and-ice-covered areas continued
to be covered by snow and ice, the EE quality decline intensified. Grassland decreased in
ecological quality in the process of transformation to bare land, removing the influence of
weak changes (—1, 0, 1 grade). The main cause of the slight ecological deterioration in the
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land use transition from grassland to the forest was that the EE quality of trees was not
better than that of grassland in the early years. When the bare land was covered by snow
and ice, the overall EE showed a decreasing trend, and 66.4% of the change accounted for a
decrease in EE quality. Temperature was an essential factor in the quality of the regional
EE. After the snow or ice cover, the regional temperature decreased, seriously affecting the
EE [40]. Considering that the area of EE quality changes caused by the remaining land use
types changes was tiny; it is not analyzed here.
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Figure 10. Statistics on the relationship between land use type change and ecological environment
quality change from 2006 to 2011. NaN means there are no such observations. Taking the land use as
barren in 2006 and as barren in 2011 as an example, we can see the shift area of the ecological class
change caused by the barren-barren shift approach in the bar chart. At the same time, we can see the
area proportion of ecological environment improvement or deterioration caused by the change in
land use mode in the pie chart (bottom left corner of the figure).

During 20162021 (Figure 12), among the types of land use that did not change,
grassland and barren showed more extreme situations, where 67.3% of the areas in barren
deteriorated in EE from 2016 to 2021, but to a lesser extent. In total, 34.2% of the grassland
areas also showed a trend of ecological deterioration, so we should give the EE of grassland
in the Kalajun—-Kuerdening World Natural Heritage Area special attention in recent years.
In the study area, the EE remained stable in the forest and grassland change patterns,
except for minor changes, which indicates that the forest had a strong ability to maintain
its EE, and no significant ecological changes occurred within the forest. The changing
pattern of grassland to barren and forest was similar to that of 2006-2011 and 2011-2016.
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Ice and snow cover was also an important EE influencing factor in this period, mainly in
the conversion between snow /ice and barren and grassland, which showed a sizeable EE
change condition.
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Figure 11. Statistics on the relationship between land use type change and ecological environment
quality change from 2011 to 2016. NaN means there are no such observations. Taking the land use as
barren in 2011 and as barren in 2016 as an example, we can see the shift area of the ecological class
change caused by the barren-barren shift approach in the bar chart. At the same time, we can see the
area proportion of ecological environment improvement or deterioration caused by the change in
land use mode in the pie chart (bottom left corner of the figure).

There is a strong correlation between land cover types and EE levels, and changes in
land cover types were highly likely to cause changes in the EE. Combining the analysis of
land use changes and changes in EE indices in 2006-2011 2011-2016 and 2016-2021, it is
clear that after removing the effects of slight change levels (—1 and 1 grade) and unchanged
levels (0 grade), the land use types that mainly caused EE elevation were barren-grassland,
snow/ice-barren and barren—snow/ice. The change in snow, ice, and bare land in the
study site was a fundamental cause of the remarkably induced EE change. The partial
interconversion between them could, however, have caused the improvement in EE quality,
considering that human activities had less influence in the study area and the degree of land
cover type transformation was slight for a long time. Hence, the natural transformation
range of snow and ice and bare land under the influence of natural factors is relatively
more extensive. It is also effortless to trigger the EE change. The EE quality of the bare land
improved during the transformation to grassland, which also provides valuable guidance
for the subsequent ecological protection and restoration in the WNHSs.
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Figure 12. Statistics on the relationship between land use type change and ecological environment
quality change from 2016 to 2021. NaN means there are no such observations. Taking the land use as
barren in 2016 and as barren in 2021 as an example, we can see the shift area of the ecological class
change caused by the barren-barren shift approach in the bar chart. At the same time, we can see the
area proportion of ecological environment improvement or deterioration caused by the change in
land use mode in the pie chart (bottom left corner of the figure).

The land use type shifts that caused a decrease in ecological quality were grassland—
barren and barren—snow /ice. During the land use transition from grassland to snow and
ice, there was a clear trend of EE quality decrease, which is in line with the traditional
conceptual perception. When the bare land is covered by snow and ice, the temperature
drops, which is unsuitable for the survival of surrounding plants and animals, and the EE
quality decreases. Hence, the long-term snow and ice cover is not conducive to developing
the regional EE.

4. Discussion

The ecosystem is a complex and huge system; as well as dryness, heat, humidity and
greenness in this method, many factors affect its environmental quality. In the future, when
the natural factors are not controllable, the EE quality assessment can be improved by
adding relevant human factors to reflect in a more considerable way the EE differences
between the World Natural Heritage buffer sites and the nominated sites [50].

Based on the previous scholars’ studies on the ecological differences between different
land uses [51], we further analyze the relationship between land use and the ecological
environment in terms of changes. This study uses the overlay analysis of land use pattern
changes and EE quality changes for three periods, 2006-2011 2011-2016 and 2016-2021.
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There are uncertainties in the changes in EE quality caused by land use transformation.
Future research should also study the common patterns between land use patterns and EE
transformation by combining the characteristics of multi-period transformation.

The algorithm used in RSEI is mainly principal component analysis, which, in matrix
theory, uses the first principal component with the highest information content as the
representative data by transforming the variables of each dimension into a base system. In
the actual research process, considering the problem of spatial heterogeneity, the EE quality
in different study sites is significantly different due to the influence of light and heat and
other conditions. Although the algorithm is relatively objective, the scientific nature is
lacking, and it is entirely data-driven, without scientific experiments to verify the actual EE
quality and the weighting relationships between each dimensional variable. In practice, this
is also difficult to verify. When we study the relationship between ecology and other factors,
it is difficult to give precise verification if the study is not carried out on a smaller scale.
However, among the current ecological, and environmental research methods, this method
is the better choice among all factors combined. Based on this, various new ecological
methods and indices suitable for particular regions have been derived [21,22,32,52]. The
practical application is also highly instructive.

5. Conclusions

The EE of the WNHSs is an essential issue of common concern for all humanity.
Based on the latest research methods on EE quality, this paper analyzes the spatiotemporal
distribution of the EE and the characteristics of change distribution in the WNHS of Kalajun—
Kuerdening from 2006 to 2021 using the EE index (RSEI). The spatiotemporal differences in
EE quality in the nominated and buffer zones in this heritage site were also studied. The
coupling relationship between land cover changes and EE quality changes in the study
area was explored.

The conclusions are as follows: (1) From 2016, the EE quality in the Kalajun—Kuerdening
study site showed a significant decreasing trend but maintained a more stable state with a
minor fluctuation. The areas with better EE grades in the heritage site are located in the
northwest area (Kalajun) and northeast area (Kuerdening) of the study site. The main cause
is that these areas have many Schrenk spruces, dense vegetation and a beautiful EE. The
spatial distribution of the medium-grade EE is located in the central area of the study area,
the nominated heritage site area, where many alpine meadows are distributed. (2) The
change in EE quality level in the study area shows the trend of neighboring level change,
i.e., the change (increase or decrease) in EE level within the heritage site mainly proceeds to
neighboring levels without the characteristic of a large number of leap changes. Indirectly,
it indicates that the EE within the Kalajun—-Kuerdening WNHS changes to a lesser extent
under the influence of natural laws, and the EE is more resilient. (3) By superimposing
the EE changes in 2006, 2011, 2016 and 2021, we analyzed the spatial change distribution
pattern and found that: from 2006 to 2011, the percentage of the EE improvement area in
the heritage site was 8.8523%, mainly distributed in the north and northeast of the heritage
site (Kuerdening), and the percentage of the EE quality decline area was 9.2954%, located
in the southwest area of the heritage site and the central scattered area; the study site is
in ecological change equilibrium. The main areas of EE quality decline in 2011-2016 were
the glacier-and-snow-covered areas in the study area, and the degree of EE changes was
noticeable. In 2016-2021 the area of ecological improvement areas increased significantly.
The majority of the declining EE quality showed a slight decline, which was distributed in
the central grassland area of the heritage site, and the decline in EE quality in the study area
was curbed. The EE showed a trend of gradual recovery. (4) Studying the spatiotemporal
differences in EE quality between the buffer areas and nominated sites within the heritage
site, the results show that there were significant spatial differences in EE conditions between
the buffer areas and nominated sites in the Kalajun—Kuerdening WNHS between 2006 and
2021. The average EE quality within the nominated areas of the heritage site was better
than that of the buffer areas, but by 2016, the difference in the average EE quality between
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the buffer areas and the nominated sites gradually decreased until 2021 when the average
EE quality was basically the same. The EE quality in most areas within the buffer areas
was much better compared to the nominated sites during 2006, 2011, 2016 and 2021, but
the average ecological quality in the buffer areas was consistently lower than that of the
nominated sites. (5) By studying the correlation between land cover change and EE quality
in the heritage site, it was found that the land use types that mainly caused EE enhance-
ment in the heritage site were barren—grassland, snow /ice-barren and barren—-snow /ice.
The land cover types that caused the decrease in EE quality were grassland—barren and
barren-snow /ice. The change in snow and ice cover is an essential factor in the shift of the
EE of the Kalajun—Kuerdening World Natural Heritage Site.
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