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Abstract: The ecosystems within the Qilian Mountain National Nature Reserve (QMNNR) and
its surrounding areas have been significantly affected by changes in climate and land use, which
have, in turn, constrained the region’s socio-economic development. This study investigates the
regional characteristics and application requirements of the ecological environment in the arid and
semi-arid zones of the reserve. In view of the saturated characteristics of NDVI in the reserve and the
high-altitude saline-alkali environmental conditions, this study proposed a Modified Remote Sensing
Ecology Index (MRSEI) by introducing the kernel NDVI and comprehensive salinity index (CSI).
This approach enhances the applicability of the remote sensing ecological index. The temporal and
spatial dynamics of ecological and environmental quality within the QMNNR from 2000 to 2022 were
quantitatively assessed using the MRSEI. The effect of land use on ecological quality was quantified
by analyzing the MRSEI contribution rate. The findings in this paper indicate that (1) in arid and semi-
arid regions, the MRSEI provides a more precise representation of surface ecological environmental
quality compared to the remote sensing ecological index (RSEI). The high correlation (R? = 0.908)
and significant difference between MRSEI and RSEI demonstrate that MRSEI enhances the accuracy
of evaluating ecological environmental quality. The impact of land use on ecological quality was
quantitatively assessed by analyzing the contribution rate of the MRSEI (2) The ecological quality of
the QMNNR exhibited an upward trend from 2000 to 2022, with an increase rate of 1.3 x 1073 y 1.
The area characterized by improved ecological and environmental quality constitutes approximately
53.68% of the total area. Conversely, the ecological quality of the degraded areas accounts for roughly
28.77%. (3) Among the various land use types, the improvement in ecological environmental quality
within the reserve is primarily attributed to the expansion of forest and grassland areas, along with a
reduction in unused land. Forest and grassland types account for over 90% of the total area classified
with “good” and “excellent” ecological grades, whereas unused land types represent more than 44%
of the total area classified with “poor” ecological grades. Overall, this study provides a valuable
framework for analyzing ecological and environmental changes in arid and semi-arid regions.
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1. Introduction

Arid and semi-arid regions are characterized by elevated rates of evapotranspiration,
limited precipitation, and substantial wind erosion, which collectively contribute to a
relatively low carrying capacity in these areas [1]. Influenced by global climate change and
land use variety, arid and semi-arid regions face significant ecological challenges, including
glacier melting [2], grassland degradation, desertification, and biodiversity loss, all of
which contribute to the instability of their ecosystems [3,4]. The QMNNR is situated in the
northeastern part of the Qinghai-Tibet Plateau [5], covering arid and semi-arid areas. In
recent years, the reserve has experienced several ecological issues, including a decline in
vegetation cover, glacier retreat, and surface erosion [6].

The Chinese government has highlighted the importance of enhancing ecological protec-
tion and restoration efforts in its protected areas through the “Master Plan for Major Projects to
Protect and Restore Important National Ecosystems (2021-2035)”. An accurate comprehension
of the evolving characteristics of eco-environmental quality is essential for the successful
implementation of ecological restoration and protection policies in protected areas. The rapid
and effective routine monitoring of ecological environment quality at a regional scale has
emerged as a significant challenge. Consequently, remote sensing technology has been widely
utilized for the dynamic monitoring of regional ecological environmental quality, owing to its
advantages in large-scale application and frequent data acquisition [7,8].

At present, the methods for assessing ecological environment quality using remote
sensing technology are primarily categorized into three groups: (1) the Ecological Envi-
ronment Status Index (EI); (2) the RSEI [9-11] based on the NDVI, WET, LST [12], and
NDBSIL and (3) other evaluation models [3]. In comparison to the EI, the RSEI is capable of
effectively and objectively capturing dynamic changes in regional ecological environment
quality and it has been more extensively utilized. Many improved models based on remote
sensing ecological indices have also been proposed. For instance, in order to improve the
accuracy and applicability of environmental monitoring in mining areas, Zhang et al. [13]
integrated the Enhanced Vegetation Index (EVI), Soil moisture monitoring index (SMMI),
NDBS], LST, and difference index (DI) to construct a comprehensive remote sensing ecolog-
ical index. To address the issues of unstable time series and inconsistent resolution among
the four indices, Yang et al. [14] employed the Google Earth Engine (GEE) to introduce
an optimization approach that combines the Harmonic Analysis of Time Series (HANTS)
with a Random Forest (RF) model. To accurately assess the relative importance of spatial
variations in component indicators, Mondal et al. Introduced [15] a novel RSEI method
based on geographically weighted principal component analysis (RSEI-GWPCA). To quan-
tify the intensity of urban surface ecological barren areas, Firozjaei et al. [16] developed
a surface ecological barren area index based on the linear regression function derived
from the RSEI-impervious surface percentage (ISP) feature space. To differentiate the Land
Surface Ecological Status across various land use/cover (LULC) types using remote sensing
imagery, particularly bare soil and areas impacted by anthropogenic destructive activi-
ties, Firozjaei et al. [17] proposed the Land Surface Ecological Status Composition Index
(LSESCI) based on an improved Ridd’s conceptual vegetation-impervious-soil triangular
model. Karbalaei et al. [18] employed the remote sensing ecological index to evaluate
spatiotemporal changes in ecological quality in Isfahan, Iran, from 2004 to 2019. So as
to enhance the stability of the RSEI by mitigating the impact of extreme image values,
Zheng et al. [19] substituted standardization for normalization. Furthermore, considering
the regional characteristics of arid and semi-arid areas, Zhang et al. [20] incorporated
the CSI and Water Network Density into the RSEL Xu et al. [21] utilized an integrated
vegetation-impervious surface—soil-air framework, combined with an optimal parameters-
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based geographical detector, to examine the relationship between environmental factors
and human activities in the Qilian Mountains National Nature Reserve. Dong et al. [22]
employed minimum spanning trees and geographic cellular automata to construct and opti-
mize ecological corridors within the Qilian Mountain National Nature Reserve, identifying
key areas for conservation focus.

Each of the aforementioned studies enhances remote sensing ecological indices to
varying extents for specific locations. However, errors remain in conducting regional-scale
ecological environment assessments due to the inherent saturation issue of the NDVI
and EVI in densely vegetated areas [23,24]. Building upon this, with a focus on the
environmental attributes of high-altitude cold regions and soil salinization [25] in the
QMNNR, as well as addressing NDVI saturation issues in densely vegetated areas, this
study introduced the kNDVI and CSI indices and combined them with the WET, NDBSI,
and LST to develop the MRSEI. The applicability of remote sensing ecological indices in
the reserve has been significantly improved. Utilizing the GEE platform, 8194 Landsat
remote sensing images were employed to analyze the temporal and spatial dynamics of
eco-environmental quality in the QMNNR from 2000 to 2022. This study offers novel
insights into the monitoring of ecological quality in arid and semi-arid regions, providing a
scientific foundation for the sustainable development of regional ecology.

2. Materials and Methods
2.1. Study Area

The QMNNR (97°23'34" ~103°45'49"N, 36°29'57"'~39°43/39"'E), spanning a total area
of 2.65 x 10* km?, was established by the State Council of the People’s Republic of China
in 1988 (Figure 1). The total area of the reserve is approximately 2.65 x 10* km?, which is
divided into the core area (5.05 x 10° km?), buffer area (3.87 x 103 km?), and experimental
area (1.09 x 10* km?). The reserve encompasses diverse ecological resources, including
forests, meadows (Figure 1a), rivers, and glaciers (Figure 1b), and boasts rich biodiversity.
Most of the reserve is situated at elevations ranging from 3000 to 3500 m above sea level,
with an average annual rainfall of approximately 350-500 mm, primarily occurring between
June and September. The Qilian Mountains serve as an ecological security barrier and a
critical area for biodiversity conservation in the Hexi Corridor. Significantly, environmental
challenges, including grassland degradation (Figure 1a), glacier melting (Figure 1b), and
soil erosion (Figure 1c), within the reserve have escalated [26,27].
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Figure 1. Overview of the QMNNR.
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2.2. Data Source and Preprocessing

The Landsat images were acquired online using the GEE platform, and the images of
the reserve spanning a 23-year period (2000-2022) were selected based on a criterion of low
cloud cover (cloud < 25%). Within the GEE cloud platform, the QA band accompanying
Landsat images was utilized for cloud masking on 8194 images, and pre-processing tasks
such as image coefficient conversion, fusion, and clipping were executed utilizing the Java
programming language. Table 1 presents details of the data utilized in this study.

Table 1. Data source.

Dataset Number of Resolution/m Tlr.ne Database URL
Images Resolution/year
USGS
Landsat 5 SR 2945 scenes 30 2000-2011 https:/ /www.usgs.gov/
Image data (accessed on 3 August 2024)
USGS
Landsat 7 SR 2475 scenes 30 2000-2012 https:/ /www.usgs.gov/
(accessed on 3 August 2024)
USGS
Landsat 8 SR 3061 scenes 30 2012-2022 https:/ /www.usgs.gov/
(accessed on 3 August 2024)
Geodata Platform, School of
Landsat PathRow Urba'n and Environ'menfal
. / / 1983-now Studies, Peking University
Basic data (WRS2) http:/ /geodata.pku.edu.cn
(accessed on 3 August 2024)
Chinese Academy of
Chinese Academy of / 30 2000, 2005, 2010, Sciences Land Use Data
Sciences Land Use Data 20152020 http:/ /www.resdc.cn/doi
(accessed on 3 August 2024)
In this study, the availability of Landsat images in the reserve was analyzed utilizing
the GEE platform, with a total of 8194 images. Landsat 5 acquired 2945 images from
2000 to 2011, Landsat 7 acquired 2475 images from 2000 to 2012, and Landsat 8 acquired
3061 images from 2012 to 2022. Figure 2 displays the strip distribution and the number of
available images.
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Figure 2. Strip and quantitative distribution of Landsat images in the QMNNR from 2000 to 2022.
(a) Spatial distribution of Landsat images and (b) temporal distribution of Landsat images.

2.3. Methods

In accordance with the environmental characteristics of the Qilian Mountains, this
study integrated the MRSEI was combined with land use changes to investigate the spatial-
temporal variations in the ecological and environmental quality of the QMNNR from 2000
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to 2022, as illustrated in Figure 3. Initially, the kKNDVI and CSI were incorporated to develop
the MRSEI, and the applicability of the MRSEI was subsequently assessed. Secondly, the
dynamic characteristics of ecological quality in the QMNNR were assessed using Sen-MK
spatial trend analysis and the mean time series of MRSEI. Finally, the influence of land
utilization types on the ecological environment quality of the reserve was analyzed by
utilizing the contribution rate index of the MRSEI and evaluating the changes in land
use area.
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Monitoring of ecological environment quality in Qilian Mountain National Nature Reserve
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Figure 3. Technical route.

2.3.1. Modified Remote Sensing Ecological Index

The RSEI combines information from four indicators, greenness, humidity, heat, and
dryness, to capture the spatial heterogeneity of ecological conditions. In the arid and semi-
arid regions of northwestern China, issues such as land salinization and desertification
are significant, and the NDVI exhibits a noticeable saturation effect. Therefore, to enhance
the applicability of the RSEI in arid and semi-arid areas, this study developed an MRSEI
incorporating five ecological factors: KNDVI, WET, LST, NDBSI, and CSI. A detailed list
of the indicators utilized for each factor is presented in Table 2. The specific model is
summarized as follows:

(1) Greenness factor: To quantify the degree of greening within the reserve and to capture
vegetation changes more effectively, this study selected the KNDVI index. Compared
to the traditional NDVI, kNDVI not only mitigates saturation issues but also exhibits
greater robustness [28,29];

(2) Humidity factor: The humidity factor is defined by the humidity component in the
tassel cap transformation, representing surface moisture and soil moisture levels;

(3) Heat factor: Land surface temperature (LST) was a key indicator of land-atmosphere
energy balance and a major factor influencing vegetation dynamics [13]. The heat
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factor is characterized by the LST. In this study, bands 6 and 10 of Landsat 5/7/8
images were utilized to estimate surface temperature;

(4) Dryness factor: Given the significant presence of bare soil in arid and semi-arid areas,
the dryness factor was quantified using the dryness index [10];

(5) Salinity factor: Land salinization, desertification, and grassland degradation in arid
and semi-arid regions can result in regional-scale ecological deterioration. To effec-
tively capture soil salinization information across a broad area, a comprehensive
salinity index [20] was employed.

Table 2. Indicators used for each factor.

Index Calculation Method
NIR—Red\2
KNDVI kNDVI : :ta?f},g ; W) )
WETg = 0.1509 x Blue + 0.1973 x Green + 0.3279 x Red + 0.3406 x NIR + (70.7112) x SWIR1 + (70.4572) x SWIR2
WET  WET, 5, = 0.0315 x Blue +0.2021 x Green +0.3012 x Red +0.159%4 x NIR + (—0.6806) x SWIR + (—0.6109) x SWIR2
LST = TB/(1 + (A% TB/p) * Ine)
LST TB = Ky/In(K; /R + 1)
R = MF DN + AF
NDBSI = (SI + IBI)/2
NDBSI SI = ((SWIR1+ Red) — (NIR + Blue))/((SWIR1 + Red) + (NIR + Blue))
IBI = {2+ SWIR1/(SWIR1 + NIR) — [(NIR/(NIR + Red) + Green/(Green + SWIR1))]}/
{2% SWIR1/(SWIR1+ NIR) + [(NIR/(NIR + Red) + Green/(Green + SWIR1))]}
CSI = (SI— T+ NDSI +SI3)/3
CsI SI-T= (Red/NIR)*lOO

NDSI = (Red — NIR)/(Red + NIR)
SI3 = Sqrt(Green? + Red?)

Where Blue represents the blue band, Green represents the green band, NIR represents
the near-infrared band, Red represents the near-band, SWIRI represents the shortwave
infrared band 1, and SWIR2 represents the shortwave infrared band 2. A is the wavelength
of the thermal infrared band. ¢ denotes the surface emissivity, calculated using NDVI data
through the Sobrino model. K3, K,, AF, and MF denote constants for image heat transfer.

In this study, the Modified Normalized Difference Water Index (MNDWI) was em-
ployed to mitigate the effect of water on the MRSEI [30]. The calculations are as follows:

MNDWI = (Green — SWIR1)/(Green + SWIR1) (1)

Green and SWIR1 denote the green and short-wave infrared bands in Landsat images,
respectively.

To ensure consistency in the dimensions of the five indicators, normalization was
conducted prior to performing the principal component analysis. To systematically analyze
the temporal and spatial variations in eco-environmental quality within the reserve, the
MRSEI was normalized, as illustrated in Equations (2)—(4):

NI; = (Ii - Imin)/(lmax - Imin) (2)
MRSEIy = PC1[f(kNDVI, WET, LST, NDBSI, CSI)] 3)
MRSEI = (MRSEIy — MRSEImin)/ (MRSEIpmax — MRSE Ipmin) (4)

To facilitate the analysis of spatio-temporal variability in eco-environmental quality
within the reserve, the MRSEI was divided into intervals of 0.2, resulting in five grades:
poor, fair, moderate, good, and excellent [31].
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2.3.2. Changes in the Spatial Trends of Eco-Environmental Quality

The Theil-Sen median analysis method was employed to investigate the spatial trend
changes in the MRSEI during the study period [32,33]. The Mann—-Kendall (MK) test was
utilized to examine the significance of interannual trend changes in the MRSEI from 2000 to
2022. This method, which can eliminate the influence of outliers, has been widely employed
in spatial trend analysis. The calculation procedure is as follows:

MRSEI; — MRSEI]-
i~

slope = median( ),2000 < i < j < 2022 (5)
where slope represents the change in the MRSEI trend, median () denotes the median function,
and MRSEI; and MRSEI; represent the MRSEI values of the i-th and j-th years, respectively.
When slope > 0, the MRSEI indicates an upward trend, and vice versa. The criteria for
judgment conditions and trend change levels are presented in Table 3.

Table 3. Spatial and temporal trend level.

Trend Significance Trend Category
slope > 0 s >1.96 Significant increase
s <1.96 Slight increase
slope =0 s=0 Stable and unchanged
slope <0 s> —1.96 Slight decrease
s < —1.96 Significant decrease

2.3.3. MRSEI Contribution Rate

The MRSEI contribution rate was utilized to investigate the influence of various land
use types on co-environmental [34], calculated as follows:

A
EQCT,, = A—"y x 100% (6)
Y

where EQCTyy represents the contribution rate index of different land use to MRSEI, Ay,
represents the area engaged by land utilization type x with ecological quality grade y, and
Ay signifies the total area with a level y MRSEL

2.3.4. Collinear Diagnostic Index

The Variance Inflation Factor (VIF) was used as an indicator to assess the presence of
collinearity or redundancy among the five indicators during the construction of MRSEI [35].

When 0 < VIF < 10, there is no information redundancy among the selected indicators,
indicating a more reasonable selection of indicators. The VIF was calculated as follows:

1

VIF = ——
1-R?

)

where R;? represents the correlation between one variable and the other independent variables.

3. Results
3.1. MRSEI Applicability Assessment
So as to validate the applicability of the MRSEI in the reserve, two test areas were

selected based on land use types (Figure 4). Test area 1 primarily consisted of desert and
sparse vegetation, while test area 2 was predominantly characterized by dense vegetation.
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Figure 4. Overview of the test area.

To verify the validity of the index selection, the collinear diagnostic index in linear
regression was utilized to explore the redundancy of the selected indices.

The VIF is a commonly used indicator for diagnosing collinearity. In this study, a
fishing net analysis tool was employed to extract the pixel values of all indicators and
perform a rationality analysis. The diagnostic results are displayed in Figure 5. Notably, all
VIF values were found to be less than 10, indicating the absence of information redundancy
among the indicators.

csl csl
NDBSI|

LST}.

(a) Test area 1 (b) Test area 2
Figure 5. Diagnosis collinearity of ecological factors.

Based on a comparison of the results of the MRSEI and RSEI in the QMNNR, the
primary advantages of the MRSEI are summarized as follows.

In desert areas with sparse vegetation, local textural details were more prominent in
the MRSEI Figure 6a—c illustrates a typical desert area in Sunan Yugu Autonomous County
with relatively severe desertification. Contrasting with the RSEI, the MRSEI provides a
more comprehensive depiction of the outline and distribution of desert areas. The soil in
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area Al exhibited signs of salinization and desertification. In comparison with the RSEI, the
MRSEI was able to accurately delineate the outline of saline-alkali land and desertification
in this region. Additionally, areas A2-A4 clearly highlighted the distinction between bare
soil and vegetated areas. The more concentrated the distribution of desert areas, the lower
the MRSEI value, reflecting a more precise representation of the true state of the surface at
a regional scale.

(a) Real scene of land surface (b) RSEI

(d) Real scene of land surface (e) NDVI () KNDVI

(d) Real scene of land surface (g) RSEI (h) MRSEI

mEE——
0 1

Figure 6. Comparison of local details and textures of RSEI and MRSEI, NDVI, and kNDVI in test
areas 1 and 2.
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In densely vegetated areas, the MRSEI avoids NDVI saturation and aligns more
closely with ground conditions. Figure 6d-h illustrates a typical area in Tianzhu Tibetan
Autonomous County characterized by ample precipitation and favorable temperatures
conducive to robust vegetation growth. In these densely vegetated areas, NDVI satura-
tion was observed (Figure 7), whereas kNDVI effectively prevented this saturation issue
(Figure 6e,f). Additionally, Figure 6g,h highlights discrepancies in local details between the
MRSEI and RSEI. Areas B1-B3 and C1-C4 exhibit dense vegetation cover. Contrasting with
the RSEI, the MRSEI effectively distinguishes the varying ecological environment quality
between densely vegetated regions and sparsely vegetated areas based on the intensity
of green color. Compared to the RSEI, the MRSEI avoids the error stemming from NDVI
saturation and, consequently, provides a more precise representation of surface conditions
in densely vegetated areas.
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Figure 7. Comparative analysis of NDVI and kNDVI during the growing season in the QMNNR
in 2020.

Vegetation in terrestrial ecosystems has the capacity to absorb pollutants and release
oxygen, thereby contributing to the enhancement of the regional eco-environmental qual-
ity [36]. The kNDVI and MRSEI exhibited a positive correlation (Figure 8a). The WET
parameter reflects humidity and soil moisture levels, exerting a discernible positive influ-
ence on vegetation growth, disaster prevention, and the protection of the regional ecological
environment (Figure 8b). The LST was a critical index of land—atmosphere energy balance,
which negatively influences regional ecological environment quality [10] (Figure 8c). Addi-
tionally, the NDBSI represents the “drying” of the surface (Figure 8d), which is associated
with soil desertification and salinization in arid and semi-arid areas (Figure Se).

1.00

0.00

0.20

0.40 0.60 0.80

NDBSI

Figure 8. Changes in the MRSEI with the kNDVI, WET, LST, NDBSI, and CSI.
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The correlation and disparity between the MRSEI and RSEI are employed for the
quantitative analysis of the applicability of the MRSEL The correlation between the MRSEI
and RSEI was determined through the application of the linear regression method. The
MRSEI and RSEI were both indicators generated at the same time resolution on the GEE
platform. As illustrated in Figure 9a, the coefficient of determination (R?) between the
MRSEI and RSEI was 0.908, indicating a very strong correlation. To more effectively
demonstrate the differences between the MRSEI and RSEI within the identical pixel, the
RSEI was subtracted from the MRSEI to generate the spatial difference distribution map
of the MRSEI and RSEI (Figure 9b). As shown in the figure, regions with MRSEI values
surpassing RSEI values were predominantly situated in forested, grassland, and cropland.
Consequently, the correlation and difference between the MRSEI and RSEI indicated that
the assessment results of eco-environmental quality in regions with dense vegetation cover
have been improved by the MRSEI
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Figure 9. (a) Correlation between MRSEI and RSEI and (b) difference spatial distribution.

To more accurately quantify the differences in local texture details between the RSEI
and the MRSEI, we calculated the entropy and contrast values of both indices using the
GEE platform [20]. The entropy values for the RSEI and MRSEI were 4.288 and 4.290,
respectively, while the contrast values were 79.054 and 83.287, respectively. Statistical
analysis of the grayscale differences indicates that the MRSEI results demonstrate a more
detailed texture, clearer effects, and a richer depiction of texture information compared
to RSEL

In conclusion, the optimization of methods and technical improvements demonstrated
the successful integration of KNDVI and CSI information into the MRSEI. This integration
has improved the applicability of MRSEI in assessing long-term ecological and environ-
mental quality at a regional scale in arid and semi-arid regions.

3.2. Analysis of Spatial-Temporal Variability in Eco-Environmental Quality

Figure 10a presents a summary of the shifts in the time series distribution of the
QMNNR with different average MRSEI values from 2000 to 2022. Overall, the MRSEI
values have shown an upward trend during this period, with an annual increase rate of
1.30 x 1073 y~L. This trend suggests an improvement in ecological environmental quality,
which aligns with the findings of previous research findings [37]. Table 4 illustrates that
the overall MRSEI of the QMNNR declined from 2000 to 2008 [38]. During this period,
the percentage of areas classified as “poor” and “fair” increased by 16.94%, while the
proportion of areas rated as “good” and “excellent” decreased by 7.65%. Subsequently, the
eco-environmental quality of the reserve exhibited an overall improvement from 2008 to
2022, with the proportion of “good” and “excellent” grades increasing by 15.56% and the
proportion of “poor” and “fair” grades decreasing by 23.37%. The area with “poor” and
“fair” eco-environmental quality within the reserve decreased by 1.5 x 10> km? from 2000
to 2022, while the area with “good” and “excellent” eco-environmental quality expanded by
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2.1 x 10° km?. As depicted in Figure 10b, the spatial pattern of eco-environmental quality
in the reserve exhibits an increasing trend from northwest to southeast. Regions with
“excellent” and “good” grades are predominantly located in low-altitude areas, while areas
with “poor” and “fair” grades are primarily situated at higher altitudes. Specifically, the eco-
environmental quality in the northwest desert regions of the QMNNR was predominantly
classified as “poor” or “fair”, whereas the densely vegetated area in the southeast of the
QMNNR exhibited mainly “good” or “excellent” ratings. Overall, the eco-environmental
quality of the QMNNR shows a gradual improvement from the northwest to the southeast.
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Figure 10. (a) The average value of MRSEI and the area proportion of the QMNNR and (b) Spatial
distribution in the MRSEI from 2000 to 2022.
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Table 4. Change of MRSEI area proportion from 2000 to 2022.

Area Ratio (%)

MRSEI

Grade 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
poor, fair 58.62 64.98 53.75 5547 5756 5768 5525 56.80 75.56 58.39 54.90 57.71
moderate 23.22 19.64 21.88 2571 2262 2231 2137 2234 1393 2057 19.82 22.63
good, excellent 18.16 1538 2437 1883 1981 20.01 2338 20.86 10.51 21.03 25.28 19.66

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

poor, fair 53.34 57.68 5299 53.69 5690 55.60 53.16 53.79 5774 56.77  52.19

moderate 21.50 2462 2117 2605 2191 29.84 2141 2206 2133 19.79 21.65

good, excellent 25.16 1770 2584 2026 2119 1456 2543 2414 2093 2345 26.16

3.3. Trend Change of Eco-Environmental Quality in the Reserve

Based on the criteria and grade definitions outlined in Equation (5) and Table 3, the
spatial trend in the ecological and environmental quality of the QMNNR from 2000 to 2020
is illustrated in Figure 11. The regions experiencing notable increases in MRSEI values
during this period encompass around 13.36% of the total area. These regions are primarily
located within the forest and grassland landscapes in the low-altitude areas of Wuwei
City and Zhangye City. The slight increase in the MRSEI accounted for approximately
40.32% of the total area, primarily distributed in forests, grasslands, and some unused
land of the northwest section of the QMNNR. The portions of the QMNNR where the
MRSEI remained stable comprise approximately 17.55% of the total area. These regions
are predominantly found in unused land and ice-covered areas. The regions exhibiting
a slight decline in MRSEI values encompass approximately 24.78% of the total area. A
significant portion of this land is located in the Zhangye section of the QMNNR and is
characterized by partial forest and grassland cover. Finally, regions displaying a significant
decline in MRSEI values represent approximately 3.99% of the total area, representing the
smallest proportion. These areas are predominantly characterized by unused land. Since
2000, there has been a noticeable trend of warming and humidification in the QMNNR.
The increase in precipitation and glacier meltwater have provided favorable conditions for
vegetation growth in the northwest section of the QMNNR, leading to a gradual recovery in
ecological environment quality. The southeastern section of the reserve experiences higher
precipitation and temperatures. Immoderate precipitation exacerbates surface erosion and
decreases soil organic content. Elevated temperatures lead to increased evapotranspiration
and decreased plant water use efficiency, resulting in a deterioration of ecological environ-
ment quality in the southeast section of the QMNNR. Overall, since the second phase of the
Three-North Shelterbelt Ecological Project, a significantly larger proportion of the reserve
has demonstrated an increase in MRSEI values compared to areas showing a decline, indi-
cating an overall improvement and recovery of the ecological and environmental quality in
line with prior research findings [37].
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Figure 11. MRSEI trend analysis for the QMNNR from 2000 to 2020.

3.4. Land Use Variety in the QMNNR and Its Impact on MRSEI

The regions of cropland, forest, grassland, water bodies, and construction land in the
QMNNR experienced overall growth from 2000 to 2020, with construction land showing a
relatively minor increase and a significant reduction in unused land. This trend signifies an
enhancement in ecological and environmental quality within the QMNNR.

So as to assess the influence of various land utilization types on the eco-environmental
quality, an analysis was conducted on the MRSEI contribution rate index, as depicted in
Figure 12. The contribution of each land utilization type to the MRSEI is different; the land
types characterized as “good” and “excellent” eco-environmental quality primarily include
forests, grasslands, and cropland, with forests and grasslands together comprising over
90% of the total area. In areas with “poor” and “fair” ecological environment quality, the
predominant land uses were grassland and other unused land, with other unused land
comprising over 44% of the total area. This indicates that forests and grasslands contribute
to ecological improvement, whereas the degradation of grasslands due to overgrazing in
the QMNNR has resulted in the ecological deterioration of certain grasslands and other
unused land [39]. To further elucidate the effect of land utilization types on the MRSEI,
the variations in the MRSEI under each land utilization type were explored using ArcGIS
(Figure 12f). The MRSEI showed an increasing trend under the influence of cropland and
grassland. A slight decrease in the MRSEI was observed under the influence of forest, while
a downward trend was evident under the influence of other unused land (Figure 12f).
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4. Discussion
4.1. MRSEI Applicability Assessment

The applicability of the MRSEI in arid and semi-arid areas was assessed using a
variety of methods, including variance inflation factor analysis [40], spatial measurement
results of the MRSEI, principal component analysis, eigenvector directionality of the five
indicators, and remote sensing image texture features. The variance inflation factor analysis
confirmed that there was no redundancy among the five indicators. Additionally, this article
assessed the correlations among the CSI, NDBSI, and WET, with the findings indicating
weak correlations (Figure 13). Thus, the constructed indicators are not collinear. The
average values of the RSEI and MRSEI, derived from Landsat 8 remote sensing data (2013
to present), are presented in Table 5. From an annual average perspective, the MRSEI time
series has remained relatively stable.
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Figure 13. Correlation between CSI, NDBSI, and WET.

Table 5. Comparison of mean values of RSEI and MRSEL

Year 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
MRSEI 0.370 0.387 0.386 0.372 0.393 0.408 0.393 0.370 0.372 0.376
RSEI 0.412 0.447 0.399 0.453 0.470 0.464 0.469 0.408 0.401 0.404
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The spatial measurement results show that the MRSEI effectively integrated the in-
formation from the kNDVI and CSI factors, avoiding NDVI saturation and accurately
representing the true surface state. PCA analysis and the orientation of eigenvectors indi-
cate that the MRSEI effectively integrates the majority of information from each indicator.
The kNDVI and WET have been identified as potentially beneficial for ecological envi-
ronment restoration [41]. Conversely, the LST, NDBSI, and CSI indicate the level of land
surface drying and desertification, which negatively impact the ecological system and
exhibit negative correlations with the MRSEIL

4.2. Spatial-Temporal Variety in MRSEI Ecological Environment Quality

The MRSEI of the reserve exhibited a consistent overall upward trend from 2000
to 2022, as supported by previous studies [16], with an average annual increase rate in
the MRSEI value of 1.30 x 1072 y~!. At a finer temporal scale, the MRSEI showed a
declining trend from 2000 to 2008, characterized by a 16.94% increase in the account for
areas classified as “poor” and “fair”, and a 7.65% decrease in the occupation of areas
classified as “good” and “excellent”. The MRSEI exhibited an upward trend from 2008 to
2022, with the proportion of areas classified as “good” and “excellent” grades increasing by
15.56%, while the proportion of areas classified as “poor” and “fair” grades diminished
by 23.37% (Table 4). These trends largely correspond to the establishment of around
25 hydropower stations in the QMNNR from 2000 to 2008. The unauthorized operation of
hydropower stations within the reserve has been shown to have detrimental effects on the
vegetation growth and recovery within the QMNNR [42]. In 2008, the Qilian Mountains
were officially designated by the Ministry of Environmental Protection of China as an
ecologically functional area for water conservation. In 2010, the Chinese government began
the gradual transformation of farmers and herders residing in the core areas of the QMNNR
into ecological management personnel. In September 2015, the Ministry of Environmental
Protection of China conducted public interviews with relevant units and issued orders for
them to rectify associated ecological and environmental issues. As a result, in 2016, human
activity significantly decreased, and following a series of policy adjustments, the ecological
conditions of the QMNNR gradually improved and were restored [32]. The MRSEI of
QOMNNR exhibited a rising trend from northwest to southeast between 2000 and 2022.
This is primarily attributed to the lower precipitation and temperature in the northwest
area of the QMNNR [43], which hinders the growth of vegetation. The land use in the
northwestern section of the district is predominantly categorized as unused land. The area
exhibiting an increase in MRSEI values from 2000 to 2020 accounted for approximately
53.68% and was predominantly linked to forest and grassland land use types. This finding
aligns with the results of the MRSEI contribution index, indicating that land use in regions
classified as having “good” and “excellent” ecological grades primarily consists of forest
and grassland.

4.3. Land Use Variety in the QMNNR and Its Impact on MRSEI

According to the MRSEI contribution rate, grassland and forest areas accounted for
over 90% of the regions classified with a good ecological grade, whereas unused land
contributed more than 44% to regions with poor ecological grades. Overgrazing and
other issues associated with livestock farming in the QMNNR have led to grassland
degradation [39], resulting in these grasslands often being classified as having “poor” or
“fair” ecological grades. Consequently, the expansion of forest and grassland areas has
facilitated improvements in ecological environment quality within the QMNNR. This,
coupled with the dispersal of unused land, contributes to a spatial pattern of ecological
environment quality characterized by a “low in the northwest, high in the southeast” trend.
Notably, the implementation of the second phase of the Three-North Shelterbelt Project [44]
since 2000 has played a significant role in enhancing the eco-environmental conditions of
the QMNNR.
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4.4. Uncertainty and Prospects

This study constructed a modified remote sensing ecological index (MRSEI) by in-
corporating kNDVI and CSI, addressing the saturation limitations of the NDVI index and
accounting for the characteristics of soil salinization in the study area. This approach com-
prehensively captures changes in the eco-environmental quality in the Qilian Mountains
region. Nevertheless, optical images are affected by clouds, cloud shadows, and atmo-
spheric conditions, resulting in image gaps and anomalies. The presence of these anomalies
and missing values can adversely impact the stability of the RSEI [14]. To address these
challenges related to optical image quality, this study employed image synthesis techniques
on the GEE platform. Future research will explore and implement data reconstruction
methods to address gaps in remote sensing data. With the increasing availability of multi-
source remote sensing data, subsequent studies are expected to employ machine learning
techniques [45] in conjunction with these data sources to enable dynamic monitoring of
ecological environment quality. Moreover, the research focus of government agencies and
researchers is largely centered on quantifying the impacts of climate change and human
activities on the ecological environment [46,47]. In the future, we aim to further develop
models to explore driving mechanisms, providing more detailed data for the protection
and sustainable development of the Qilian Mountains region.

5. Conclusions

This study constructed an MRSEI as an indicator for monitoring variety in eco-
environmental quality in arid and semi-arid areas and evaluated its applicability in moni-
toring changes in the QMNNR. The influence of land use on the eco-environmental quality
was quantified using the MRSEI contribution index. The findings indicate the following:

(1) From the perspective of ecosystem components, the constructed MRSEI effectively in-
tegrates the comprehensive information of five ecological factors. Taking into account
the environmental conditions of the Qilian Mountains regions, the incorporation of
kNDVI and CSI into the MRSEI allows for a more precise representation of the surface
ecological environment characteristics while mitigating the saturation issue observed
in traditional vegetation indices;

(2) The eco-environmental quality of the QMNNR showed an upward pattern between
2000 and 2022, with an annual increase rate of 1.30 x 1073 y~1. The spatial distribution
pattern of eco-environmental quality ranged from low in the northwest to high in
the southeast. The areas where the eco-environmental quality has been improved
account for about 53.68%, mainly distributed in forest and grassland-type areas in
low-altitude areas of Wuwei City and Zhangye City. The areas with deteriorated
ecological environment quality account for approximately 28.77% of the total area,
mainly distributed in unused areas in Zhangye City and Wuwei City. The proportion
of “poor” and “fair” grades reduced by 6.43%, while the account for “good” and
“excellent” grades increased by 8.00% from 2000 to 2022;

(38) The expansion of forest and grassland areas, coupled with the reduction of unused
land, constitutes the primary factor contributing to the enhancement of the eco-
environmental quality of the QMNNR. The area classified as “poor” and “fair” de-
creased by 1.50 x 10% km?, while the region classified as “good” and “excellent”
increased by 2.11 x 10® km?. Different land use types have varying contributions
to the eco-environmental quality. The land use types with “good” and “excellent”
eco-environmental quality predominantly include forests, grasslands, and croplands,
with forests and grasslands collectively constituting over 90% of the total area. The
land utilization types associated with “poor” eco-environmental quality primarily
include grassland and unused land, with the unused land area comprising over 44%.
Consequently, the overall ecological environment status of the QMNNR has shown
gradual improvement since the initiation of the second phase of the Three-North
Shelterbelt Project.
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