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10  Abstract: The Ili Grassland is an important ecological security barrier in
11 northwestern China and a region with abundant ecotourism resources. Scientifically
12 evaluating the spatiotemporal variations in ecological environmental quality and
13 identifying its key driving factors are essential for regional ecological conservation
14 and sustainable ecotourism development. In this study, MODIS remote sensing data
15 from 2000 to 2025 were used to construct the Remote Sensing Ecological Index
16  (RSEI) based on four ecological indicators, including greenness, wetness, dryness,
17 and heat. Principal component analysis (PCA) was applied to integrate these
18  indicators, while the Sen’s slope estimator combined with the Mann—Kendall
19  (Sent+MK) trend analysis was employed to characterize the spatiotemporal dynamics
20  of ecological environmental quality. Furthermore, the optimal parameters-based
21  geographical detector (OPGD) model was used to identify the dominant driving
22 factors influencing ecological environmental quality.The results showed that: (1)
23 From 2000 to 2025, the ecological environmental quality of the Ili Grassland was
24  mainly characterized by moderate and good levels. Areas with high ecological quality
25  were primarily distributed in the central-eastern and southern mountainous grassland
26  regions, whereas low-quality areas were mainly concentrated in the northwestern part
27  of the study area. (2) The mean RSEI exhibited a slight decreasing trend during the
28  study period. Ecological environmental quality experienced an initial fluctuating
29  improvement followed by a continuous decline; however, the overall ecosystem
30  maintained relatively high stability. (3) The Sen+MK analysis indicated that
31  non-significant improvement and non-significant degradation dominated the study
32 area, suggesting that the ecological environment underwent gradual and low-intensity
33 changes without extensive ecological degradation. (4) The OPGD results revealed that
34  annual precipitation, annual mean temperature, and tourism economic factors were the
35 primary drivers of spatial differentiation in ecological environmental quality. All
36 driving factors exhibited either bivariate enhancement or nonlinear enhancement
37  effects, indicating that regional ecological patterns were jointly shaped by natural
38  environmental conditions and tourism-related human activities.These findings provide
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39  scientific support for ecological conservation, ecotourism planning, and sustainable
40  regional development in the Ili Grassland.

41  Keywords:Remote Sensing Ecological Index (RSEI); ecological environment quality;
42 Sen—Mann—Kendall trend analysis; Optimal Parameters-based Geographical Detector
43  (OPGD); driving factors; Ili Grassland

44

45

46 1. Introduction

47 The ecological environment is fundamental to human survival and
48  socioeconomic development, and its quality plays a critical role in global
49  sustainability and human well-being[1]. However, rapid global climate change and
50  accelerated urbanization have exerted increasing pressures on ecological systems[2].
51  Current research on ecological environmental quality mainly focuses on ecological
52 risk assessment[3], ecological environmental quality evaluation[4], and ecological
53  security assessment[5]. Existing approaches for evaluating ecological environmental
54  quality include grey relational analysis[6],ecological footprint analysis[7],
55  environmental indices (EI)[8], and fuzzy comprehensive evaluation methods [9].
56  Nevertheless, the selection of evaluation indicators and the determination of indicator
57  weights often involve subjective judgments[10], and some indicators are difficult to
58  acquire, limiting the objectivity and applicability of these methods.The Remote
59  Sensing Ecological Index (RSEI), initially proposed by Xu[11], is a comprehensive
60  ecological quality assessment framework developed based on remote sensing data and
61 has been widely applied in ecological environmental quality evaluation. RSEI
62  integrates four fundamental ecological dimensions, namely greenness (Normalized
63  Difference Vegetation Index, NDVI), wetness (Wet), dryness (Normalized Difference
64  Built-up and Soil Index, NDBSI), and heat (Land Surface Temperature, LST). These
65 indicators are integrated through the Principal Component Analysis (PCA)
66  method[12], resulting in a normalized ecological quality index ranging from 0 to 1.

67 In recent years, with the rapid development of remote sensing technology, its
68  application in regional ecological monitoring and assessment has become increasingly
69  widespread, making it an indispensable technical approach for evaluating regional
70  ecological conditions[13]. Ecological environmental quality assessment based on the
71  Remote Sensing Ecological Index (RSEI) has gradually become a research
72 hotspot[14]. This approach has been extensively applied in various ecosystems,
73 including urban areas, rural regions, wetlands, and coastal zones[15], and numerous
74 modified RSEI frameworks have been developed to improve its adaptability to
75  diverse geographical environments. By integrating four key ecological indicators,
76 namely greenness, wetness, dryness, and heat, RSEI provides an effective tool for the
77  quantitative assessment of ecological environmental quality. Previous studies have
78  demonstrated that RSEI can effectively identify the spatiotemporal variations in
79  ecological quality across different landscape types, including ecological evolution
80  processes in regions such as the Yellow River Basin, eastern urban areas of China,
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81  and arid grassland ecosystems in northwestern China[15]. Recent studies conducted in
82  the Ili region have shown that climate change and intensified human activities have
83  significantly accelerated grassland degradation, resulting in reduced vegetation
84  coverage and declining ecological quality[16]. Studies in Xinjiang have further
85  confirmed that RSEI is an effective approach for long-term ecological monitoring and
86  assessment in arid and semi-arid environments[17]. Moreover, RSEI has been
87  successfully applied in typical grassland ecosystems, such as the Hulunbuir Grassland,
88  to investigate the spatiotemporal evolution characteristics of ecological quality
89  changes[18]. This study adopts the Remote Sensing Ecological Index (RSEI) not only
90  because of its extensive application in ecological quality assessment but also because
91 of its strong relevance to the fundamental attributes of ecotourism[19]. The
92  development of ecotourism destinations relies heavily on ecological integrity,
93  landscape attractiveness, environmental comfort, and ecosystem stability. In this
94  context, the four core components of RSEI correspond closely to the key dimensions
95  of ecotourism quality assessment. Specifically, greenness (NDVI) reflects vegetation
96 coverage and landscape aesthetic value, which are essential for shaping the
97  attractiveness of grassland landscapes[20]. Wetness (Wet) characterizes ecosystem
98  water conditions and habitat suitability, thereby indicating the capacity of regional
99  ecosystems to maintain ecological functions. Dryness (NDBSI) represents land
100  degradation intensity and surface exposure conditions and is closely associated with
101  ecosystem vulnerability. Land surface temperature (LST) reflects regional thermal
102 comfort and environmental stress levels, both of which directly influence tourist
103 experiences and ecosystem resilience[21].

104 The Geographical Detector (GD) model is primarily used to detect and quantify
105  spatial differentiation characteristics[22]. It consists of four major detectors, including
106  factor detection, interaction detection, risk detection, and ecological detection.
107  However, conventional GD has certain limitations, particularly regarding the
108  influence of data discretization on the accuracy and reliability of analytical results. To
109  overcome this limitation, the Optimal Parameters-based Geographical Detector
110 (OPGD) was proposed[23]. By optimizing the discretization parameters and
111 improving the robustness of spatial factor detection, OPGD has been increasingly
112 applied in ecological and environmental studies. For example, OPGD has been
113 successfully employed to evaluate ecological environmental quality in the Dabie
114  Mountain region of Anhui Province[24]. In addition, Zhao et al. (2024) applied
115 OPGD to investigate vegetation coverage changes in urban agglomerations of
116  southern Sichuan Province and achieved effective results[25].

117

118 However, several limitations remain in existing studies. First, most previous
119 research has focused primarily on urban areas, wetlands[15], and forest ecosystems,
120 while grassland ecosystems, particularly those located in arid and semi-arid regions,
121 have received comparatively limited attention. Second, existing studies have mainly
122 concentrated on the assessment of ecological environmental quality itself, whereas
123 systematic investigations into the impacts of ecological quality changes on ecotourism
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124 development and the coupling relationships between ecological quality and
125  ecotourism remain insufficient. Third, long-term monitoring studies focusing on
126 ecological spatiotemporal dynamics over periods exceeding two decades are still
127  relatively scarce. This limitation is particularly evident in ecologically sensitive
128  grassland systems, such as the Ili Grassland, where continuous and long-term
129  evaluations of ecological quality remain inadequate.

130

131 To address the aforementioned research gaps, this study develops an RSEI-based
132 ecological quality assessment framework specifically designed for arid and semi-arid
133 grassland ecosystems. The proposed framework aims to evaluate the characteristics of
134 regional ecological quality variations and further explore their potential implications
135  for ecotourism development, with particular emphasis on long-term ecological
136 sustainability, spatial heterogeneity, and ecological pressures associated with tourism
137  activities. Remote sensing technology provides a revolutionary approach for
138 long-term ecological monitoring over large spatial scales due to its advantages in
139  macro-scale observation, rapid information acquisition, strong dynamic monitoring
140  capability, and relatively low operational costs. As an emerging comprehensive
141  ecological assessment model, the Remote Sensing Ecological Index (RSEI) integrates
142 multiple key ecological parameters and provides an intuitive representation of overall
143 regional ecological quality[26]. Applying RSEI to evaluate the spatiotemporal
144  variations in ecological quality of the Ili Grassland can not only overcome the
145  limitations of traditional assessment methods in terms of subjectivity and spatial
146 continuity, but also enable objective and quantitative evaluation of ecological
147 resource conditions. Furthermore, it can reveal the processes and spatial
148  differentiation patterns of ecological environmental changes, thereby providing
149  scientific support for ecotourism planning and management. In this study, ecological
150  quality is considered a fundamental environmental condition underlying ecosystem
151  stability and is regarded as an important proxy dimension for evaluating the
152 sustainability and spatial suitability of ecotourism development. Therefore, the
153 primary focus of this research is the variation in ecosystem ecological conditions,
154 while regional tourism value is indirectly examined through the ecological suitability
155  and sustainability implications reflected by the RSEI assessment results.

156

157 Based on the above considerations, this study aims to achieve the following

158  objectives: (1) to develop an RSEI-based ecological quality assessment framework
159  and examine its relevance to sustainable ecotourism development; (2) to investigate
160  the spatiotemporal evolution characteristics of ecological environmental quality in the
161  Ili Grassland; and (3) to identify the key driving factors and reveal the mechanisms
162  underlying variations in ecological environmental quality.

163

164

165 2. Study Area and Data Sources

166  2.1. Study Area



http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

167 The Ili Kazakh Autonomous Prefecture is located in the northwestern part of
168  Xinjiang Uygur Autonomous Region, China. It is an important component of the core
169 area of the Silk Road Economic Belt and serves as a significant ecological security
170 barrier and a region rich in ecotourism resources in northwestern China. The study
171  area is geographically located approximately between 80°09'E-91°01'E and
172 42°14'N-49°10'N, covering a total area of approximately 268,400 km? The study
173 area is characterized by a temperate continental climate, with pronounced vertical
174 climatic differentiation caused by the combined effects of complex topography and
175  prevailing westerly circulation. The mean annual temperature ranges from
176 approximately 2 to 10 °C, while annual precipitation generally varies between 100
177 and 800 mm. The Ili River Valley receives relatively abundant precipitation, ranging
178 from 400 to 800 mm annually, with some high-altitude mountainous areas exceeding
179 800 mm. In contrast, precipitation decreases substantially in the eastern and southern
180  regions. The Ili Kazakh Autonomous Prefecture contains diverse ecosystem types,
181  including alpine glaciers, forests, grasslands, wetlands, rivers, deserts, and oases. It is
182  one of the most biodiverse regions in Xinjiang and represents an important water
183  conservation area and grassland ecological functional zone in China. In recent years,
184  rapid tourism development and intensified human activities have increased ecological
185  pressures in some areas, including grassland degradation, ecological disturbance, and
186  land-use changes. Therefore, investigating the spatiotemporal variations in regional
187  ecological environmental quality is of great significance for promoting high-quality
188  ecotourism development and strengthening regional ecological security. In this study,
189  the Ili Kazakh Autonomous Prefecture was selected as the study area, including
190  Yining City, Kuytun City, Khorgos City, Yining County, Chabuchaer Xibe
191  Autonomous County, Huocheng County, Gongliu County, Xinyuan County, Zhaosu
192 County, Tekes County, and Nilka County (Fig 1).
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228 Fig 1. Study area.
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230
231  2.2. Data sources
232 To characterize the long-term ecological evolution patterns of the Ili Grassland,

233 the primary analysis was conducted using MODIS satellite remote sensing images
234 acquired at five-year intervals, including the years 2000, 2005, 2010, 2015, 2020, and
235 2025. This temporal sampling strategy was adopted to highlight ecological changes at
236  a five-year scale while minimizing the influence of short-term interannual variability
237  caused by extreme climatic fluctuations, temporary land-use changes, and potential
238  noise in remote sensing observations. Furthermore, to validate the robustness of the
239  long-term trends identified from the interval-based analysis, a complete annual time
240  series from 2000 to 2025 was additionally analyzed and compared with the results
241  derived from the five-year interval dataset. The study period continuously covered
242 2000-2025, and all annual datasets were used without temporal gaps. To ensure data
243 quality, all remote sensing images were acquired during the peak vegetation growing
244  season (June-September) of each target year, with cloud cover below 10%.
245  Cloud-contaminated pixels were removed using the quality assessment (QA) band
246 provided by the Google Earth Engine (GEE) platform. Radiometric calibration,
247  atmospheric correction, and image clipping were subsequently performed, and
248  representative annual composites were generated using the median compositing
249  method. All raster datasets, including MODIS products and digital elevation model
250 (DEM) data, were processed in the Google Earth Engine (GEE) platform using the
251 WGS 84 geographic coordinate system (EPSG:4326). Because the MODIS products
252 used in this study have different original spatial resolutions (500 m and 1 km), all
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253 datasets were first harmonized into a consistent spatial and temporal framework
254  before constructing the Remote Sensing Ecological Index (RSEI). Specifically, all
255 raster layers were reprojected to the same geographic coordinate system and
256  resampled to a unified spatial resolution of 500 m to ensure consistency among the
257  ecological indicators. Detailed information on the datasets used in this study is
258  provided in Table 1.

259 To investigate the driving factors influencing ecological environmental quality in
260  the Ili Grassland, this study employed the Optimal Parameters-based Geographical
261  Detector (OPGD) model based on previous research[27]. The RSEI was selected as
262  the dependent variable, while annual precipitation, annual mean temperature, gross
263  domestic product (GDP), population size, number of tourist attractions, tourist arrivals,
264  domestic tourism revenue, and inbound tourism revenue were selected as independent
265  variables[28]. The panel data of socioeconomic indicators for the Ili Kazakh
266  Autonomous Prefecture during 2000-2025 were mainly obtained from the China
267  Statistical Yearbook, Xinjiang Statistical Yearbook, Ili Kazakh Autonomous
268  Prefecture Statistical Yearbook, as well as statistical bulletins and bulletins on
269  national economic and social development published by counties (cities) within the
270  study area. In addition, supplementary data processing was conducted for individual
271  missing records. For indicators with missing values in certain years, linear
272 interpolation was applied to ensure the continuity and completeness of the temporal
273 data series.

274
275  Table 1. Details of MODIS datasets used in this study.

Products Time Quantum Time Resoiution Platform Version Row
Number

MODO09A1 3.01-5.31 6.01-8.31 8days Terra Vo061 h23v04,v05
MODI1A2 3.01-5.31 6.01-8.31 8days Terra Vo061 h24v05,v05
MODI13A1 3.01-5.31 6.01-8.31 16days Terra Vo061 h25v05,v05

276

277

278 3. Methods

279

280  3.1. Research methods

281

282  3.1.1. Indicator Calculation

283

284 Following the RSEI framework proposed by Xu (2013) and considering the

285  characteristics of grassland ecosystems, four core ecological indicators were selected,
286  including greenness, wetness, dryness, and heat. Principal component analysis (PCA)
287  was applied to six periods of MODIS satellite imagery to generate the integrated
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288  ecological quality index, namely the Remote Sensing Ecological Index (RSEI). The
289  RSEI values range from 0 to 1, with higher values indicating better ecological quality.
290 By applying PCA, the ecological conditions of the study area can be comprehensively
291  characterized through the integration of dryness, heat, wetness, and greenness
292 components[29]. This approach provides an effective means of evaluating overall
293 ecological status by combining multiple ecological indicators rather than relying on a
294  single indicator, as adopted in previous studies. The four components of RSEI,
295 namely dryness, heat, wetness, and greenness, are represented by the Normalized
296  Difference Built-up and Soil Index (NDBSI), Land Surface Temperature (LST),
297  wetness index (Wet), and Normalized Difference Vegetation Index (NDVI),
298  respectively.

299 1. Greenness Index

300 Vegetation growth reflects the interactions between vegetation and the natural
301  environment. The greenness index is an integrated indicator that characterizes
302  vegetation health and growth conditions, and it is also influenced by vegetation
303  biomass, vegetation coverage, and leaf area index (LAI). The Normalized Difference
304  Vegetation Index (NDVI) is widely used to quantify vegetation coverage and growth
305  status by representing vegetation greenness based on the near-infrared (NIR) and red
306  (RED) spectral bands[30]. The calculation of NDVI is expressed as Equation (1):

307

308

o npy=WIR=Red) o
(NIR+Red)

310

311  MODIS corresponding bands:
312 Red: Band 1 (620-670 nm)

313 NIR: Band 2 (841-876 nm)

314

315
316 2. Humidity Index

317 In ecological environmental studies, the wetness index is a key indicator that
318  reflects water conditions in soils, water bodies, and vegetation, and is closely
319  associated with ecological changes[31]. Based on MODIS data, the Normalized
320 Difference Moisture Index (NDMI) is commonly used to characterize surface
321  moisture conditions, and its calculation is expressed as Equation (2)[32].

vy NDMI = NIR — SWIR @)
NIR + SWIR

323
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324 3. Dryness Index

325 The dryness component was characterized using the Normalized Difference
326  Built-up and Soil Index (NDBSI), which integrates the spectral information of
327  built-up surfaces and bare soil[33]. The calculation of NDBSI is expressed as
328  Equation (3):

329
IBI + SI
330 NDBSI=—— (3)
2
331 where IBI represents the Index-Based Built-up Index and SI represents the Soil

332 Index. To reduce spectral interference from water bodies, water pixels were masked
333 before index calculation.
334

335 4. Heat Index

336 In this study, daytime land surface temperature (LST Day 1km) from the
337 MODI1A2 product was selected to represent the heat component of the RSEL
338  Daytime LST was chosen because it can more effectively capture the effects of solar
339  radiation, surface heating, evapotranspiration stress, and vegetation thermal responses
340  during the main active growth period of grassland ecosystems. Compared with
341  nighttime LST, daytime observations provide a more sensitive indicator of surface
342  thermal stress associated with ecological quality assessment. A notable feature of
343 thermal infrared remote sensing is its capability to measure land surface temperature
344  (LST)[34]. Previous satellite-based urban heat island studies have demonstrated a
345  strong relationship between satellite-derived LST and actual surface temperatures[35].
346 In the MODIS-based Remote Sensing Ecological Index (RSEI), the heat component is
347  represented by LST, which can be directly obtained from the MODIS MODI11 series
348  products. The calculation process is shown in Equations (4)—(6).

349
LST=—— @)
{(1 +—)In 8:|
350 P
351
352
353
K>
I=— (5)
K
In(—+1)
354 L

355
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s L =gainxDN +bias (6)
357
358 In Equations (4)—(6), L represents the radiance converted from MODIS data,

359  where gain is the gain value corresponding to the thermal infrared band, and bias is
360  the offset value, both of which can be obtained from the MODIS image metadata. DN

361  denotes the digital number of the MODIS thermal infrared band. 7 is the brightness
362  temperature, while Kiand K: are the pre-set calibration constants of the MODIS
363 sensor. 4 is the central wavelength of the corresponding thermal infrared band,  isa

364  constant approximately equal to 1.438x107mK , and ¢ is the land surface
365  emissivity.

366

367

368  3.1.2. Construction of the Remote Sensing Ecological Index (RSEI)

369

370 Principal component analysis (PCA) is a statistical transformation method that

371  converts a set of correlated observed variables into a new set of linearly independent
372 variables through orthogonal transformation, thereby effectively reducing the
373  dimensionality of the dataset[36]. In addition, spatial PCA does not rely on
374  researchers’ prior knowledge or subjective experience, which can reduce the influence
375  of human-induced bias to some extent[37]. It should be noted that PCA is a statistical
376  dimensionality reduction approach, and the component loadings derived from PCA
377  represent variance-based weights rather than direct ecological causal relationships.
378  Previous studies have demonstrated that the PCA-based weighting scheme of RSEI is
379  consistent with field-measured ecological conditions in arid and semi-arid regions[11].
380  In this study, PCA was applied to integrate multiple ecological indicators and
381  construct a comprehensive Remote Sensing Ecological Index (RSEI)[38]. The four
382  ecological indicators were concentrated into one or two principal components,
383  allowing all indicators to be integrated and represented by a single composite index.
384  Therefore, during RSEI construction, PCA can effectively reduce the uncertainty of
385  subjective or method-dependent weighting assignments, thereby improving the
386  reliability of the RSEI assessment. Because the selected ecological indicators have
387  different dimensions and units, normalization was performed before PCA.
388  Accordingly, all indicators were transformed into a standardized range of 0—1, and the
389  normalization method is expressed as Equation (7).

390
Ii—Imin
(L) )
391 (Im ax — Im in)
392 In Equation (7), NVli is the normalized value, 1 is the original pixel value, and

393 Imargpd Imin are the maximum and minimum values of the indicator across the study
394  area. According to the statistical principles of PCA, the first principal component
395 (PC1) captures the most important information from all the principal components.
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396  Therefore, the results of PC1 were selected in this study to represent the original
397  Remote Sensing Ecological Index ( RSEI0). To improve analytical efficiency, the first
398  principal component was normalized and the positive and negative values were
399  inverted to obtain the RSEI, as shown in Equations (8) and (9).

400

401 RSElIo=1-PCl] (8)
oy (RSEL—RSElmn) o\

402 (RSE] 0 max— RSE] 0 min)

403 In Equations (8) and (9), RSEI represents the Remote Sensing Ecological Index
404  of the study area. Ecological quality is positively correlated with the RSEI value, and

405  the maximum and minimum RSEI values are denoted as RSElomx gnd RSElomin |
406  respectively.

407 The RSEI provides an effective indicator for characterizing regional
408  spatiotemporal ecological quality due to its advantages in data accessibility,
409  computational methodology, and practical applicability. The framework of RSEI
410  calculation and its interpretation are illustrated in Fig 2.

411
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431 Fig 2. Flowchart of the Remote Sensing Ecological Index (RSEI) calculation process.
432
433 3.1.3.Sen’ s slope estimation and mann-kendall test
434
435 The Sen—Mann—Kendall method is widely used for long-term time series

436  analysis. The Theil-Sen estimator quantifies trend magnitude and direction, while the
437  Mann—Kendall (MK) test evaluates statistical significance. As non-parametric
438  methods, they are robust to outliers and distribution-free, making them suitable for
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439  trend detection in ordered data. The corresponding trend classification criteria are
440  shown in Table 2, and the calculation formula is given as follows[39]

441
. (DRSEIL — DRSEJ
Sen = med1an< = ) (10)
(
- > O
Jvar ()
=< 0 =0 (11)
1
+— <0
L Jvar()
-1
= ( =) (12)
=1 =+1
+1 ( - >0
sgn( — )={0 ( - =0) (13)
-1 ( - <0
442
443 In the above equations, Sen represents the magnitude and direction of change in

444  RSEIL When Sen> 0, RSEI exhibits an increasing trend; when Sen< 0, it indicates a
445  decreasing trend; and when Sen= 0, RSEI remains stable over time. Z denotes the
446  standardized test statistic used to assess the significance of the trend, while sgn()
447  represents the sign function. The terms a; and a; correspond to the observed values
448  at time points j and 1, respectively.

449

450  Table 2. Trend of Sen+MK method.

. Trend type Ecological meaning
Sen MK salience o )
determination explained
o ) persistent and
Significant increase o L
7>1.96 (sD statistically significant
increasing trend
The indicator shows
Sen>0.0005

o an overall increasing
not significantly

Z<1.96 i trend, although the
increased (NSD) _
change is not

statistically significant
) The indicator exhibits
basically stable ] .
-0.0005<Sen<0.0005 - (BS) minor fluctuations
with no evident trend.
The indicator shows a
o decreasing trend, but

not significantly

Sen<-0.0005 Z<1.96 the change is not
decreased(NSD) o
statistically

significant.
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o The indicator exhibits
Significant decrease

7.>1.96 significant
(SD) .
degradation

451

452

453  3.1.4. SCS+C terrain correction formula

454

455 To reduce the influence of topographic effects in mountainous areas, a terrain

456  correction was applied using the SCS+C model based on DEM-derived slope and
457  aspect. This method effectively minimizes illumination differences caused by terrain
458  variability[40].The topographic correction was performed on the Google Earth Engine
459  (GEE) platform using DEM-derived slope and aspect information. The C-correction
460 model was applied to reduce terrain-induced radiometric distortion in the
461  mountainous environment. The formula is as shown in Equation (14)-(17).

462
3 cosB cosh;+C

Leor=Lorig " T oos04C (14)
463

cost=cost,cosb, t+sindsind,cos(dp,—b,) (15)

b

C=— (16)

464 a
17

465 (17)
466 Leor ; Terrain-corrected reflectance
467 Lo . Original remote sensing reflectance
468 6. . solar zenith angle
469 6 : illumination angle
470 C': Empirical correction parameter
471
472 3.1.5. Geographical Detector Based on Optimal Parameters (OPGD)
473
474 The Optimal Parameters-based Geographical Detector (OPGD) model can

475  identify the optimal combination of spatial data discretization methods, spatial
476  stratification schemes, and spatial scale parameters, thereby enhancing the exploration
477  of underlying driving mechanisms of geographical phenomena and improving the
478  identification of spatial heterogeneity and variable interactions[25]. By automatically
479  searching for optimal parameter combinations through algorithmic optimization,
480  OPGD improves computational efficiency, reduces subjectivity in parameter selection,
481  and enhances the robustness of analytical results. Compared with the conventional
482  Geographical Detector model, OPGD overcomes several limitations, including
483  dependence on expert experience for parameter combination selection, relatively low
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484  computational efficiency, and potential biases caused by subjective spatial
485  discretization[23]. In this study, the OPGD analysis was conducted using the
486  geographical detector package in R.
487
483 4. Results
489
490  4.1. PCA results
491
492
493 The principal component analysis (PCA) results of the four ecological indicators
494  for the six selected years in the Ili grassland region are presented in Fig 3. As shown
495  in the figure, the contribution rates of PCI1 to the RSEI in 2000, 2005, 2010, 2015,
496 2020, and 2025 were 76.16%, 69.32%, 67.77%, 66.82%, 67.22%, and 66.54%,
497  respectively. Compared with the other principal components, PC1 captured and
498  integrated the characteristic information of all ecological indicators more effectively.
499  Therefore, this study used only PC1 to construct the RSEI, as the first principal
500  component is generally considered to represent the dominant gradient of ecological
501  quality variations[41].
5
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Fig 3. Principal component analysis results of the indicators in 2000, 2005, 2010, 2015, 2020,

and 2025.
4.2. Spatiotemporal Distribution of Eco-Environmental Quality
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529 To further investigate the spatiotemporal distribution characteristics of ecological
530  environmental quality in the Ili Grassland, the ecological environmental quality of the
531 study area was classified into five levels according to the relevant criteria[42], as
532 presented in Table 3.

533

534  Table 3. RSEI classification criteria.

535
Level Poor Fair Moderate Good Excellent
Interval [0,0.2] (0.2,0.4] (0.4,0.6] (0.6,0.8] (0.8,1]

536

537 The mean RSEI values in 2000, 2005, 2010, 2015, 2020, and 2025 were 0.566,

538  0.547, 0.576, 0.557, 0.544, and 0.513, respectively. During the study period, the
539  ecological quality of the Ili Grassland exhibited a trend characterized by “an initial
540  fluctuating increase followed by a continuous decline. ” The mean RSEI values
541  fluctuated between 0.513 and 0.576 from 2000 to 2025, showing an overall
542 decreasing tendency. Specifically, the RSEI decreased from 0.566 in 2000 to 0.547 in
543 2005, and subsequently increased to the highest value of 0.576 in 2010. After 2010,
544  ecological quality gradually deteriorated, with the RSEI values declining to 0.557,
545  0.544, and 0.513 in 2015, 2020, and 2025, respectively. These results indicate that the
546  ecological environment quality of the Ili Grassland experienced a slight degradation
547  trend during the study period, accompanied by a gradual decline in ecosystem
548  stability.

549 The spatial distribution of ecological quality in the Ili grassland from 2000 to
550 2025 exhibited distinct regional differentiation characteristics (Fig 4). Throughout the
551  study period, ecological quality was predominantly characterized by the Moderate and
552 Good levels. Areas classified as Moderate, Good, and Excellent were mainly
553  distributed in the central, eastern, and southern mountainous grassland regions of the
554  study area. These regions are characterized by complex topography, relatively
555  favorable precipitation conditions, high vegetation coverage, and strong ecosystem
556  stability. In contrast, areas with Poor and Fair ecological quality were primarily
557  concentrated in the northwestern part of the study area. Specifically, in 2000, areas
558  with relatively high ecological quality showed a continuous spatial distribution pattern,
559  with Good and Excellent classes widely distributed in the central and eastern regions,
560  while areas with low ecological quality were mainly scattered in the northwestern and
561  northern marginal areas. In 2005, low-quality ecological areas expanded to some
562  extent, with some regions shifting from the Moderate level to Fair and Poor levels,
563  indicating increased ecological pressure in localized areas. By 2010, ecological
564  quality improved, with a notable expansion of high-quality areas. The spatial extent of
565  the Excellent and Good classes increased, and the RSEI reached its highest value
566  during the study period. After 2015, areas with lower ecological quality gradually
567  expanded, particularly in the northwestern and northern regions, while the distribution
568 areas of Good and Excellent classes declined. By 2025, the areas of Poor, Fair,
569  Moderate, Good, and Excellent ecological quality levels were 5457.903 km? (10.15%),
570  12797.752 km? (23.81%), 14618.224 km? (27.19%), 14507.081 km? (26.99%), and
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571  6375.804 km® (11.86%), respectively (Table 4). Among them, the Moderate and Good
572 levels accounted for the largest proportions, indicating that the ecological
573  environment quality of the Ili grassland remained dominated by moderate and
574  relatively favorable conditions. However, the increasing proportion of low-quality
575  areas suggests that ecological degradation risks have intensified in the study area.

576 Overall, the spatial pattern of ecological quality in the Ili grassland remained
577  relatively stable from 2000 to 2025; however, a gradual transition from high-quality
578  ecological areas toward medium- and low-quality areas was observed. Regions with
579  Dbetter ecological conditions were primarily associated with higher vegetation
580  coverage and favorable hydrothermal conditions, whereas areas with lower ecological
581 quality were mainly affected by the combined effects of arid climatic conditions,
582  grassland degradation, and anthropogenic pressures.
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598  Fig 4. Spatial distribution of RSEI levels from 2000 to 2025.
599
600
601  Table 4. Areal distribution of RSEI classes in the study area (km?, %).
2000 2005 2010 2015 2020 2025
RSEI Level
Area Per Area Per Area Per Area Per Area Per Area Per
6372.7 5032.2 4230.00 3430.2 4560.0 545790 10.1
Poor[0-0.2] ’4 12.18 81 9.61 ) 8.13 56 6.46 55 8.66 3 5
. 6315.1 8198.1 15.6 6945.45 9527.2 8927.8 169 12797.7 23.8
Fair(0.2-0.4] 45 12.07 06 5 3 13.36 03 17.94 74 5 52 1
Moderate(0. 12817. 15206. 29.0 13705.5 15147. 15397. 29.2 14618.2 27.1
4-0.6] e M 516 4 aq 2035 g 282 st 3 4 g
Go00d(0.6-0.8 16563. 16823. 32.1 18737.8 18147. 17603. 33.4 14507.0 26.9
] 84 31.65 2 2 44 36.04 288 34.17 053 2 81 9
Excellent(0.8 10263. 1961 71104 13.5 8385.67 16.12 6852.3 12.91 61855 11.7 6375.80 11.8

-1.0] 179 59 8 6 75 19 4 4 6
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603

604  4.3. Dynamic changes in ecological environment quality from 2000 to 2025

605

606 In this study, the Google Earth Engine (GEE) platform was utilized to derive the
607  RSEI values of the Ili grassland from 2000 to 2025 using Equations (8) and (9).
608  Furthermore, high-quality RSEI remote sensing images within the study area were
609  selected through the GEE platform for subsequent remote sensing data processing.
610  The temporal dynamics and current status of RSEI were then analyzed using the Sen's
611  slope estimator combined with the Mann - Kendall (Sen+MK) trend analysis method.
612  Fig 5 presents the spatial distribution maps of RSEI in the Ili grassland from 2000 to
613 2025.

614
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Fig 5. RSEI remote sensing images from 2000 to 2025.

The Sen+MK analysis results (Fig 6) indicate that the RSEI of the Ili grassland
exhibited a pattern characterized by “ a weak overall improvement trend with
significant localized spatial heterogeneity, ”  reflecting the complex responses of
grassland ecosystems to climatic fluctuations and grazing pressures. The maximum
and minimum values of the Sen’ s slope were 0.05 and —0.03, respectively, indicating
a narrow and approximately symmetrical range of variation. This suggests that the
study area experienced a gradual and low-intensity ecological adjustment process over
the past 25 years (2000 - 2025), rather than a systematic ecological transformation or
ecosystem collapse. The Mann - Kendall (MK) trend classification results further
demonstrate that NSI (Non-Significant Improvement) and NSD (Non-Significant
Degradation) were the dominant change types, further confirming that weak
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improvement was the prevailing trend in the study area. In addition, the magnitude
differences between the extreme values of SD (Significant Degradation) and SI
(Significant Improvement) were relatively small, suggesting that the extreme
intensities of ecological degradation and restoration were statistically comparable.
This indicates that no catastrophic ecological collapse occurred within the study
region. Overall, during 2000 - 2025, the Ili grassland ecosystem remained in a stage
of “slight positive fluctuations under high ecosystem stability,” indicating that the
region maintained ecological stability while exhibiting a certain degree of
improvement. Therefore, sustainable ecotourism management strategies should be
implemented in the future to achieve a balanced integration of ecological conservation
and tourism development.
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Fig 6. Evolution trend of ecological environment quality in the Ili grassland from 2000 to 2025.

4.4. Driving factor analysis

4.4.1. Single-factor analysis results

The Optimal Parameter Geographical Detector (OPGD) was applied in R version
4.3.2 to investigate the explanatory power of individual influencing factors (Fig 7). In
the OPGD model, a p-value less than 0.05 indicates statistical significance. The
q-statistic represents the explanatory power of factor X for the dependent variable Y;
a higher g-value indicates stronger explanatory ability, implying a greater contribution
of the factor to the spatial and temporal differentiation of ecological quality. All
selected factors in this study exhibited significant effects on ecological quality (p <
0.05). Table 5 presents the g-statistic detection results for each driving factor. Based
on the temporal analysis of the results, natural climatic factors and tourism economic
factors alternately dominated the spatial differentiation of ecological quality in the
study area.

Among these factors, annual precipitation exhibited the strongest explanatory
power for ecological quality in 2000 and 2010, with g-values reaching 0.6056 and
0.5669, respectively. In contrast, annual average temperature became the dominant
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686  factor in 2020, achieving the highest g-value of 0.7388. These results are closely
687  related to the geographical and climatic characteristics of the Ili grassland. Although
688  Ili is located in an arid and semi-arid region, the influence of the westerlies creates a
689  unique “humidisland” climate, where precipitation and thermal conditions directly
690 regulate vegetation growth, succession processes, and the ecological background
691  conditions of grassland ecosystems. Therefore, natural climatic factors played a
692  fundamental and strong driving role during most periods.

693 Notably, the driving effects of socioeconomic and tourism-related factors became
694  increasingly prominent over time, exhibiting distinct characteristics of phased
695 intensification. In 2005, tourist arrivals (Tourists) emerged as the most influential
696  factor, with a g-value of 0.3982. In 2015, gross domestic product (GDP) showed the
697  strongest explanatory power, with a g-value of 0.4391. By 2025, domestic tourism
698  revenue became the dominant driving factor, reaching a g-value of 0.5457. These
699  findings highlight that, during the rapid development of ecotourism in the Ili
700  grassland, human economic activities and tourism development have exerted crucial
701 influences on the spatial pattern of local ecological quality. Other factors, including
702  population size, inbound tourism revenue, and the number of scenic spots, also
703  showed significant explanatory power for ecological quality; however, their
704  g-statistics exhibited relatively pronounced interannual fluctuations. Overall, the
705  ecological quality of the Ili grassland was jointly driven by the combined effects of
706  the natural climatic foundation and ecotourism-related economic activities.

707  Table S. Q-statistic detection results for driving factors.

Ord 2000 2005 2010 2015 2020 2025
raer Factor q-Value (-Value ¢-Value ¢-Value q-Value ¢-Value
1 Annual precipitation 0.6056 0.3731 0.5669 0.2526 0.1981 0.2141
2 Annual average temperature 0.1641 0.2992 0.1289 0.2684 0.7388 0.2785
3 Gross Domestic Product 0.3631 0.2782 0.2388 0.4391 0.2221 0.2326
4 Population 0.2316 0.2992 0.3611 0.0794 0.4009 0.1294
5 Number of scenic spots 0.0156 0.0341 0.1093 0.3081 0.2902 0.0089
6 Tourists 0.2423 0.3982 0.0586 0.0914 0.2198 0.0075
7 Domestic tourism revenue 0.3177 0.0496 0.1241 0.0914 0.4032 0.5457
8 Inbound tourism revenue 0.4423 0.3645 0.1541 0.2873 0.2131 0.3004
708
N0
(@2000 () 2005
xl . g x7} -0.0496
x5 (Joorss . . xst ooz
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737  Fig 7. Single-factor detection results from the optimal parameters-based geographical detector
738 (OPGD).
739
740
741 4.4.2. Interaction detection results
742
743 Figure 8 presents the interaction detection results among the driving factors. The

744 analysis indicates that the interaction between any two factors exhibited significantly
745  greater explanatory power for the ecological quality of the Ili grassland than any
746  individual factor alone. All interaction types were characterized by either bivariate
747  enhancement or nonlinear enhancement. Overall, the interactions between natural
748  climatic factors (annual precipitation and annual average temperature) and
749  socioeconomic as well as tourism-related factors showed the strongest effects, with
750  g-values generally remaining at high levels. Specifically, in 2000, the interaction
751  between annual precipitation and GDP exhibited the strongest explanatory power (q =
752 0.9679). In 2005 and 2025, the interaction between annual precipitation and domestic
753 tourism revenue dominated, with g-values reaching 0.8548 and 0.9185, respectively.
754 In 2010 and 2020, the strongest interactions were observed between annual average
755  temperature and domestic tourism revenue (q = 0.8836) and between annual average
756  temperature and population size (q = 0.8221), respectively. In 2015, the interaction
757  between the number of scenic spots and inbound tourism revenue demonstrated a
758  strong nonlinear enhancement effect (q = 0.8793). These results clearly demonstrate
759  that the spatial differentiation of ecological quality in the Ili grassland was not driven
760 by isolated individual factors, but rather resulted from the deep coupling and
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synergistic amplification between the natural ecological foundation and human
economic activities dominated by ecotourism development.

q value q value

(a)2000 (©)2005

0.9700

0.3645

X7 0.7790

0.2423 X6 0.3982

0.5880

00156 02435 03241 04538 X5 00341 | 03991  0.1033 = 03652

0.8560

0.6916

0.5272

0.2316  0.2405 [NUEERN}
I 0.3970 0.3628
0.9204 0.8011 0.6863 0.7885
07985 | 0.6367 0 - 0.2060 0.7396 0.1984
06272 0.9679 06221 0.8492  0.8992 DRYRIW 07964 0.7518 0.7964 | 0.5916 0.8548
—0.01500 0.03400
X1
value
(©)2010 4 valne (d)2015 &
0.8840 0.8800
0.1541 0.2873
0.1241 03129 0.7188 00914 RO X7 0.7196
0.0914 0.0914 02877 X6
0.5536 0.5592
0.6838
0.7564 0.0914 X4
0.3884 I 0.3988
0.4391 0.6699 [B:€]
0.2232 - WA 04269 04269 % I 0.2384
0.6755 0.6874 0.8718 0.6961 0.6393 0.2526 0.6197 0.7079 0.6496 X1
0.05800 ——0.07800
X1 X2 X3 X4 X5 X6 X7 X8 X1 X2 X3 X4 X5 X6 XI X8
q value q value
(€)2020 2025
9:8240 0 0.9200
021318 X8 03004 X8
0.4032 04385 X7
0.6988 X7 0.7370
X6
0.5736 0540
0.0089 0.6988 X5
0.4484 0.1294  0.1335 X4
I 0.3710
0.2326 0.2659 0.6619 €]
o, —_ i 0.3232
0.7952 0.8221 0.7842 0.8086 0. 0.8158
02785 03585 02794 X2 - 0.1880
0.1981 0.8078 0.7254 0.7436 0.7088 0.7033
02141  0.3248 0.3281 X1
0.1980
L—L 0.00500

X1 X2 X3 X5

Fig 8. Interaction detection results among driving factors (X1 = Annual precipitation; X2 =
Annual average temperature; X3 = Gross Domestic Product; X4 = Population; X5 = Number of
scenic spots; X6 = Tourists; X7 = Domestic tourism revenue; X8 = Inbound tourism revenue).



http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

804 5. Discussion

805

806  S.1. Spatiotemporal distribution characteristics of RSEI

807

808 Accurately assessing regional ecological environmental quality and timely

809  identifying trends in ecological and environmental changes are of great significance
810  for the long-term sustainable development of the Ili grassland and regional ecotourism.
811  To achieve harmonious coexistence between ecotourism development and ecological
812  conservation while maintaining grassland ecosystem stability, it is essential to
813  scientifically plan tourism and economic development and provide strict protection
814  for the region’ s core ecological environment. Previous studies have demonstrated that
815  the Remote Sensing Ecological Index (RSEI) is an objective, large-scale, and widely
816  applied comprehensive evaluation method for assessing regional ecological quality
817  [43]. Based on the RSEI analysis conducted in this study, the overall ecological
818  quality of the Ili grassland exhibited a distinct spatial differentiation pattern,
819  characterized by “higher quality in the central-eastern and southern regions and lower
820  quality in the northwestern region. ”  Areas with relatively favorable ecological
821  conditions (Moderate, Good, and Excellent levels) were mainly distributed in the
822  central-eastern and southern mountainous grassland regions, where complex terrain,
823  relatively abundant precipitation, and higher vegetation coverage provide favorable
824  ecological conditions[44]. In contrast, areas with relatively poor ecological conditions
825  (Poor and Fair levels) were primarily located in the northwestern marginal areas,
826  where ecological quality was jointly affected by arid climatic conditions, grassland
827  degradation, and anthropogenic pressures.

828 The Ili Kazakh Autonomous Prefecture is located in an arid and semi-arid region.
829  Although its unique climate is shaped by topographic conditions and the circulation of
830  the westerlies, its ecosystem remains highly sensitive to anthropogenic activities,
831  particularly the rapidly developing tourism industry, as well as climate change. From
832  the perspective of the temporal dynamics of the Ili grassland, the mean RSEI values
833 fluctuated between 0.513 and 0.576 during 2000 - 2025, indicating a slight
834  degradation process characterized by “ an initial fluctuating increase followed by a
835  continuous decline. ”  Particularly after 2015, the area of low-quality ecological
836  regions gradually expanded, while high-quality ecological regions showed a
837  decreasing trend under the combined influence of potential environmental and
838  anthropogenic pressures. However, the Sen+MK trend analysis further revealed
839  substantial internal differences within the study area. The overall ecological change
840 was dominated by Non-Significant Improvement (NSI) and Non-Significant
841  Degradation (NSD), with relatively small differences in extreme change magnitudes.
842  No catastrophic ecological collapse occurred; instead, the ecosystem remained in a
843  stage of slight positive fluctuations under high systemic stability. Under these
844  circumstances, regions with favorable natural conditions and relatively abundant
845  precipitation, particularly the central-eastern and southern areas, maintained better
846  vegetation greenness (NDVI) and moisture conditions (Wet), effectively buffering
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847  localized degradation pressures and allowing the overall ecological status to remain
848  within a relatively stable range.

849 A comprehensive spatiotemporal assessment of ecological quality in the study
850  area can provide valuable insights into the interactive feedback mechanisms between
851  long-term ecological evolution and regional development. Over the past 25 years, this
852 spatiotemporal analysis has visually revealed the evolutionary characteristics of RSEI
853  levels in the Ili grassland. Although high-quality ecological regions have faced
854  potential risks of transition toward medium- and low-quality levels, this gradual and
855  low-intensity adjustment process indicates that the region has maintained relatively
856  strong ecological resilience. Although the RSEI of the Ili grassland has shown a slight
857  declining trend in recent years, Moderate and Good ecological quality areas have
858  remained the dominant categories. This spatiotemporal evolution pattern suggests that,
859  under the deep coupling between natural climatic conditions and ecotourism-oriented
860  economic activities, the overall ecological condition of the region has maintained a
861  relatively favorable foundation. These findings also highlight that future planning
862  should pay particular attention to vulnerable areas undergoing transitions from high to
863  low ecological quality levels, thereby ensuring the sustainable and high-quality
864  development of ecotourism in the Ili grassland.

865
866  5.2. Factors influencing ecological environment quality

867 Identifying the key factors driving the spatiotemporal variations in ecological
868  quality of the Ili grassland can provide valuable references for regional ecological
869  conservation decision-making and ecotourism planning. In this study, the analysis
870  based on the Optimal Parameter Geographical Detector (OPGD) revealed that natural
871  climatic factors and tourism-related economic factors alternately dominated the
872  spatial differentiation of ecological quality in the study area. Natural variables, such
873  as annual precipitation and annual average temperature, exhibited strong explanatory
874  power in multiple years. The Ili grassland is located in an arid and semi-arid region;
875  however, the influence of the westerlies has created a unique “humid island” climate,
876  in which precipitation and thermal conditions directly determine vegetation growth
877  succession and the ecological baseline of grassland ecosystems. Previous studies have
878  also demonstrated that climate change has significantly intensified the ecological
879  evolution and degradation processes of grassland ecosystems in the Ili region and
880  other arid areas[16]. Other socioeconomic factors also exerted significant influences
881  on ecological quality, and their driving effects became increasingly prominent over
882  time. With the rapid development of tourism and economic activities, tourist arrivals
883  became the dominant driving factor in 2005, GDP exhibited the strongest influence in
884 2015, and domestic tourism revenue emerged as the primary driving factor in 2025.
885  These findings indicate that human economic activities and tourism development have
886  played crucial roles in shaping the spatial pattern of ecological quality in the Ili
887  grassland.
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888 This study demonstrated that changes in ecological quality were influenced by
889  the combined effects of multiple factors rather than being independently driven by a
890  single factor. The interactions between natural climatic factors (annual precipitation
891  and annual average temperature) and socioeconomic as well as tourism-related factors
892  exhibited the strongest impacts on ecological quality, with all interaction types
893  characterized by either bivariate enhancement or nonlinear enhancement. For example,
894  the interaction between annual precipitation and domestic tourism revenue dominated
895 in 2005 and 2025, whereas the interaction between annual precipitation and GDP
896  showed the strongest effect in 2000. This pattern may be attributed to the fact that
897  precipitation and thermal conditions constitute the ecological carrying capacity
898  foundation of the region, while human economic activities dominated by ecotourism
899  exert additional influences on this natural foundation. In regions with favorable
900  hydrothermal conditions, ecosystems generally exhibit stronger resilience and are
901  better able to support tourism activities. Conversely, in areas with fragile ecological
902  foundations, intensive tourism development and population concentration may pose
903  increasing pressures on ecosystem stability. These findings are consistent with
904  previous studies[27], further demonstrating that the spatial differentiation of
905  ecological quality in the Ili grassland resulted from the deep coupling and synergistic
906  amplification between the natural ecological foundation and human tourism-related
907  economic activities.

908
909  5.3. Implications for ecotourism

910 The analysis of the spatiotemporal evolution and driving mechanisms of
911  ecological quality in the Ili grassland provides several important implications for the
912  sustainable development of regional ecotourism. First, a spatially differentiated and
913  dynamic tourism management strategy should be implemented. Given that the
914  central-eastern and southern mountainous grassland regions exhibit relatively high
915  ecological quality and favorable hydrothermal conditions, these areas should be
916  designated as key ecological conservation zones and high-quality low-impact
917  ecotourism experience areas, with strict restrictions on intensive infrastructure
918  development. In contrast, ecologically fragile areas with low RSEI values, such as the
919  northwestern marginal regions, require scientifically regulated grazing and tourism
920  activities, accompanied by proactive grassland ecological restoration measures.
921  Second, it is necessary to establish a coordinated mechanism linking tourism
922 economic development with ecological thresholds. The driving factor analysis
923  demonstrated that tourist arrivals, domestic tourism revenue, and inbound tourism
924  revenue became dominant or critical drivers at specific periods, such as 2005 and
925  2025. Moreover, the interactions between socioeconomic factors and annual
926  precipitation as well as annual average temperature consistently exhibited significant
927  synergistic enhancement effects. These findings indicate that the rapid expansion of
928  the tourism industry has exerted substantial influences on the ecological pattern of
929  grassland ecosystems. Therefore, future tourism planning should strictly adhere to
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930  ecological protection thresholds, implement dynamic carrying-capacity regulation
931  mechanisms for scenic areas, and prevent irreversible ecological pressures caused by
932 excessive commercialization and disorderly development. Finally, ecological tourism
933  management should enhance risk monitoring and climate adaptation resilience.
934  Tourism planning should fully consider the potential risks associated with fluctuations
935  in hydrothermal conditions under global climate change. Strengthening ecological
936  monitoring along major tourism routes and within scenic areas, and establishing an
937  early-warning mechanism for the coupled “ natural - tourism - socioeconomic ”

938  system, are essential for achieving high-quality ecotourism development guided by
939  effective ecological conservation.

940
941  5.4. Limitations and future prospects

942 It should be acknowledged that the use of MODIS data in this study has certain
943 limitations. For example, its moderate spatial resolution (500 m to 1 km) may not
944  fully capture fine-scale spatial heterogeneity within mountainous grassland landscapes,
945  including fragmented pasture patches, narrow river corridors, localized tourism
946  facilities, and small-scale ecotourism resource characteristics. Therefore, in regions
947  with complex terrain and highly heterogeneous land-cover patterns, the mixed pixel
948  effect may occur, potentially affecting the local accuracy of ecological quality
949  assessments and the evaluation of ecotourism resource suitability[45]. Nevertheless,
950  the primary objective of this study was to assess long-term regional ecological
951  dynamics and large-scale sustainability patterns rather than to conduct fine-scale
952  mapping of tourism infrastructure. Given its excellent temporal continuity and
953  long-term historical observations, MODIS data remain suitable for large-scale
954  ecological trend monitoring. Future studies could integrate higher-resolution datasets,
955 such as Landsat or Sentinel imagery, to further improve the spatial accuracy of
956  ecological quality assessments in mountainous grassland regions[45].

957
958 6. Conclusion

959 This study utilized the Google Earth Engine (GEE) platform and MODIS remote
960  sensing data to construct the Remote Sensing Ecological Index (RSEI). By integrating
961 the Sen’ s slope estimator combined with the Mann - Kendall (Sen+MK) trend
962  analysis method and the Optimal Parameter Geographical Detector (OPGD), this
963  study systematically assessed the spatiotemporal evolution characteristics and driving
964  mechanisms of ecological quality in the Ili grassland from 2000 to 2025. The results
965 indicated that:

966 (1) Temporally, the mean RSEI values of the Ili grassland during 2000, 2005,
967 2010, 2015, 2020, and 2025 were 0.566, 0.547, 0.576, 0.557, 0.544, and 0.513,
968  respectively. Overall, the ecological quality exhibited a changing trend characterized
969 by “an initial fluctuating increase followed by a continuous decline,” indicating a
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970  slight degradation of the ecological environment. The Sen+MK analysis further
971  revealed that the study area was primarily dominated by Non-Significant
972  Improvement (NSI) and Non-Significant Degradation (NSD), suggesting that the
973  ecosystem remained in a gradual and low-intensity adjustment stage with relatively
974  high ecological stability.

975 (2) Spatially, the ecological quality of the study area was predominantly
976  characterized by the Moderate and Good levels. Areas with high ecological quality
977  were mainly distributed in the central-eastern and southern mountainous grassland
978  regions, whereas areas with lower ecological quality were primarily concentrated in
979  the northwestern region. In the future, differentiated ecological conservation and
980  tourism management strategies should be implemented to strengthen the protection of
981  key ecological areas, regulate tourism development and anthropogenic disturbances in
982  ecologically fragile regions, and promote the coordinated integration of ecological
983  conservation and tourism development.

984 (3) The OPGD results demonstrated that ecological quality differentiation was
985  jointly driven by natural climatic factors and tourism-related economic factors.
986  Annual precipitation and annual average temperature exhibited strong explanatory
987  power during most periods, while the influences of socioeconomic factors, such as
988  tourist arrivals, GDP, and domestic tourism revenue, gradually increased over time.
989  The interaction detection results consistently showed bivariate enhancement or
990  nonlinear enhancement effects, indicating that ecological quality was shaped by the
991  combined effects of natural environmental conditions and anthropogenic activities.
992 (4) This study developed an integrated assessment framework combining RSEI,
993  Sen+MK trend analysis, and OPGD-based driving factor analysis, which provides a
994  comprehensive understanding of the spatiotemporal evolution patterns and driving
995  mechanisms of ecological quality in the Ili grassland. This framework offers scientific
996  support for ecological environmental monitoring, ecotourism planning, and regional
997  sustainable development in arid and semi-arid grassland regions. Moreover, it
998  provides a methodological reference for ecological quality assessment in other
999  ecologically fragile regions.
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