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Abstract

To provide a robust theoretical framework for ecological restoration, the present paper reports 
the spatio-temporal transformations of vegetation coverage and its responsiveness to climatic factors 
in Chongqing spanning the years 2000 to 2022. The results show a significant overall increase in the 
normalized difference vegetation index (NDVI), indicating improved vegetation coverage, and that 
NDVI variability was greater at lower elevations. The Hurst index showed that the majority of the city 
(96.3%) was experiencing protracted and enduring transformations, with 89.2% anticipated to manifest 
a persistent amelioration trend and 7.1% projected to demonstrate a sustained degradation trajectory 
in the future. The partial correlation coefficients between NDVI and annual mean temperature and 
precipitation were -0.78~1 and -0.76~0.88, respectively. Generally, the NDVI presented a positive 
correlation with these two factors, with precipitation imposing a greater influence on vegetation growth. 
The findings of this study could provide information and serve as a point of reference for the prevention 
of ecological risks.
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Introduction

As a vital component of the global terrestrial 
ecosystem, the variations in vegetation coverage show 
how plant communities are expanding in the natural 
conditions of the regional ecological environment [1-
3]. Climate factors like temperature and precipitation 
have a direct impact on the growth of vegetation [4-7]. 

#equal contribution 
*e-mail: cugxcc@163.com
**e-mail wei_jie@mails.ucas.ac.cn
°ORCID iD: 0000-0003-0394-2928

Pol. J. Environ. Stud. Vol. XX, No. X (XXXX), 1-9



Junxi Lin, et al.2

Previous studies ascertained that the precipitation during 
the growing season constitutes a pivotal determinant 
governing the enduring dynamics of highland vegetation 
[8, 9]. To investigate the response mechanisms between 
vegetation coverage and climate factors, numerous 
studies were conducted to scrutinize the temporal and 
spatial fluctuations in NDVI, grounded in the analysis 
of comprehensive NDVI datasets [10-13]. Nevertheless, 
studies examining the persistence of regional vegetation 
changes and the systematic elimination of impacts 
between variables from correlation analyses are scarce.

Situated in the southwest karst landscape region, 
Chongqing exhibits a proclivity for recurrent occurrences 
of natural disasters and possesses a fragile ecological 
milieu. As the principal economic hub in Southwest 
China and the uppermost part of the Yangtze River, 
Chongqing confronts substantial challenges in relation 
to vegetation growth and ecological environment, 
stemming from rapid urban expansion, socio-
economic progress, population surge, and accelerated 
urbanization. Therefore, a thorough investigation of 
the temporal and spatial variations in the vegetation 
coverage of Chongqing, as well as the exploration of 
the relationship between those variations and climate 
factors, is crucial for formulating pertinent protective 
measures and fostering sustainable development 
that encompasses both human and environmental 
dimensions. Based on the collection and analyses of 
the NDVI data from 2000 to 2022, the Theil-Sen slope 
and Mann-Kendall test were employed to scrutinize the 
spatial and temporal changes of vegetation coverage. 
Analysis was also conducted to evaluate the persistence 
of regional vegetation coverage alterations and projected 
future trends through the application of the Hurst index. 
Partial correlation analysis was used to establish the 
relationship between changes in vegetation coverage and 
variations in temperature and precipitation.

Materials and Methods

Study Area

Chongqing is situated in the southwestern part 
of China, spanning the geographical coordinates 
of 105°17′~110°11′E longitude and 28°10′~32°13′N 
latitude. As shown in Fig. 1, approximately 76% of 
the topography in Chongqing comprises mountainous 
terrain; the terrain gradually decreases in elevation 
as it approaches the Yangtze River valley. The annual 
average temperature is between 16 and 18℃, and 
the annual precipitation in most areas of the region is 
between 1,000 and 1,350 mm. Most of the precipitation 
occurs from May to September, accounting for about 
70% of the total annual precipitation.

Data Sources

The monthly NDVI data from the MODIS/Terra 
MOD13A3 Version 6.1 product (2000-2022, 1 km spatial 
resolution), obtained from the NASA Earthdata Search, 
were processed primarily in Google Earth Engine (GEE) 
and ArcMap 10.8. The datasets were reprojected to the 
WGS 1984 geographic coordinate system, subjected 
to Maximum Value Compositing (MVC) to minimize 
cloud and aerosol contamination, and clipped to the 
administrative boundaries of Chongqing Municipality. 
Annual mean NDVI was subsequently calculated by 
averaging the quality-assured monthly composites.

Monthly mean near-surface air temperature data 
(1 km resolution) from the National Tibetan Plateau 
Data Center were reprojected to WGS 1984, clipped to 
the Chongqing study area, corrected for outliers and 
extreme values, and aggregated to annual means. Annual 
precipitation data (1 km resolution) from the National 
Earth System Science Data Center were similarly 
reprojected to WGS 1984, spatially extracted using 
the Chongqing administrative mask, and subjected to 
rigorous quality control. Urban pixels were intentionally 
retained without masking to accurately capture the 
influence of urbanization on vegetation dynamics.

Analytical and Statistical Methods

Theil-Sen slope and Mann-Kendall test

Theil-Sen estimation [14, 15] and the Mann-Kendall 
trend test [16, 17] are non-parametric statistical methods 
that are robust to outliers. These methods are commonly 
used to analyse long time-series processes and are 
highly suitable for studying the evolution of vegetation 
coverage over a long period [18-20]. In this study, 
raster pixel-by-pixel computation is utilised and Theil-
Sen estimation and Mann-Kendall test are employed 
as trend diagnosis methods. NDVI was systematically 
categorized based on the β values from Theil-Sen 
estimation and Z values from the Mann-Kendall trend 
test: when β > 0, it is divided into three trends by |Z|: 
NDVI shows a Strongly Significant Improvement (SSI) 
trend if |Z|≥2.58; a Significant Improvement (SI) trend if 
1.96≤|Z|<2.58; a Weakly Significant Improvement (WSI) 
trend if 1.64≤|Z|<1.96. When β = 0, it only corresponds 
to |Z|<1.64, with NDVI showing No Significant Change 
(NSC). When β < 0, NDVI shows a Weakly Significant 
Deterioration (WSD) trend if 1.64≤|Z|<1.96; a Significant 
Degradation (SD) trend if 1.96≤|Z|<2.58; a Strongly 
Significant Degradation (SSD) trend if |Z|≥2.58.

Hurst Index

The Hurst index [21], as a pivotal exponent utilised 
for prognosticating long time-series alterations, plays a 
vital role in predicting the future spatial and temporal 
evolution of vegetation and sustainability. The Hurst 
index value can be categorized into three ranges: 
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0.5<H≤1 signifies a positive correlation, indicating 
that the future change trend resembles the past change 
pattern. The degree of consistency strengthens as the 
H value approaches 1. H = 0.5 suggests that the future 
change trend is random and has a limited correlation 
with the past change pattern. 0<H<0.5 denotes a negative 
correlation, indicating that the future change trend 
diverges from the past one. The slope (β), serving as an 
index delineating the trend rate, was amalgamated with 
the Hurst index to forecast the future trend of NDVI. 
When the Hurst index falls within the range of 0.5<H≤1, 
a positive β value indicates that the future trend of NDVI 
will continue to improve (CI), while a negative β value 
suggests that the future trend of NDVI will continue to 
degrade (CD). Conversely, when the Hurst index falls 
within the range of 0<H<0.5, a positive β value indicates 
a transition from improvement to degradation (FITD) in 
the future trend of NDVI, whereas a negative β value 
indicates a transition from degradation to improvement 
(FDTI). When the Hurst index attains a value of 0.5, it 
becomes impossible to predict (Unpre) the future trend 
of NDVI.

Partial Correlation

In order to understand the examination of the 
relationship between the variables, the partial correlation 
analysis was employed to assess the relationship between 
annual mean precipitation, annual mean temperature, 
and annual mean NDVI. The predictive significance was 

assessed through a t-test, and the correlation between 
variables was found to be significant when the P value 
was less than 0.05.

Results and Discussion

Spatial and Temporal Variations 
of NDVI in Chongqing

As shown in Fig. 2, the average NDVI value in 
Chongqing varied from 0.13 to 0.91 during the study 
period from 2000 to 2022, and the areas with vegetation 
coverage exceeding 0.7 accounted for 92.86%. However, 
there are notable geographical disparities between 
regions, with the overall NDVI exhibiting higher values 
in the northeast and southeast, while lower values are 
observed in the northwest. 

During the period from 2000 to 2022, the fluctuations 
in the annual mean NDVI values (Fig. 2) indicate that 
the vegetation coverage in Chongqing experienced 
significant changes. The annual mean NDVI exhibited 
a range from 0.73 to 0.81, indicative of the fluctuating 
magnitude of vegetation coverage throughout the study 
period. The overall vegetation coverage of Chongqing 
exhibited a fluctuating growth trend. This is consistent 
with previous research in southwestern China [22, 23]. 
It is noteworthy that the lowest average NDVI value 
occurred in 2001, which can be attributed to the severe 
drought that affected the southwest region during that 

Fig. 1. Topographic characteristics and distribution of districts and counties in Chongqing.
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year. Conversely, the highest average NDVI value 
was recorded in 2021, coinciding with the continuous 
increase in the area of newly afforested land, as reported 
by the Chongqing Municipal Forestry Bureau. 

The analysis of the Mann-Kendall test and Theil-Sen 
estimation of NDVI trends in Chongqing, as depicted 
in Fig. 3, revealed that the majority of vegetation in 
Chongqing exhibited a consistent pattern from 2000 
to 2022, with trends ranging from -0.3/10a to 0.2/10a. 
Approximately 92.1% of the regions exhibiting positive 
Sen slopes indicated a recovery and improvement in 
vegetation coverage. However, there were also localized 
areas with very significant vegetation degradation. 
Densely populated urban areas like Shapingba and 
Jiulongpo exhibited a decrease in vegetation coverage 

and a highly significant trend of degradation, which is 
spatially in line with and likely attributable to intensified 
human activities associated with rapid urbanization [24, 
25].

Elevational Differences in the Trends 
of Vegetation Coverage Change

According to the topographical features of 
Chongqing, the city was divided into six elevation 
groups: <500 m, 500-1000 m, 1000-1500 m, 1500-2000 
m, 2000-2500 m, 2500-3000 m, with respective areas 
of 34,152.35 km2 (40.11%), 31128.38 km2 (36.56%), 
13,680.96 km2 (16.07%), 4,848.09 km2 (5.69%), 1,306.29 
km2 (1.53%), and 32.42 km2 (0.04%). The delineation of 

Fig. 2. a) Spatial distribution and b) annual variation of mean NDVI value from 2000 to 2022 in Chongqing.

Fig. 3. a) Spatial variations in Sen slope and b) trend characteristics of NDVI in Chongqing.
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elevation gradients into six discrete bins was informed 
by a synthesis of established methodologies from prior 
research on vegetation dynamics in southwest China, 
while being specifically adapted to the topographic 
heterogeneity of Chongqing  [22, 26-28].  Theil-Sen 
estimation was applied to analyse trends across different 
elevation groups. The comparison of the Sen slope of 
annual mean NDVI at different elevation groups (Table 
1) indicated that, overall, the magnitude of vegetation 
coverage gradually diminished with higher elevations. 
The maximum magnitude of NDVI change occurred in 
the elevation group of 500-1000 m, reaching 0.070/10a. 
Within this group, the proportion of areas with degraded 
vegetation coverage was less than 0.3%. The proportion 
of areas with improved vegetation coverage reached 
93.41%, among which the areas with strongly significant 
improvement (82.48%) > those with significantly 
improved areas (8.28%) > the areas with weakly 
significantly improved areas (2.65%). The minimum 
magnitude in NDVI change occurred in the elevation 
group of 2500-3000 m, with a value of 0.032/10a. The 
proportion of areas with improved vegetation coverage 
was 68.6% in this group, among which the areas with 

strongly significant improvement (42.73%) > those with 
significantly improved areas (17.15%) > the areas with 
weakly significantly improved areas (8.72%). 

The magnitude of vegetation coverage increase, 
and the proportion of strongly significant increase were 
higher in low-altitude areas compared to those in high-
altitude areas. On one hand, such a difference may be 
attributed to the intensification of soil erosion and a 
reduction in soil thickness with increasing altitude [29, 
30]. As altitude rises, temperature decreases, humidity 
increases, and the microbial decomposition capacity 
weakens, leading to the formation of acidic soils that 
are less conducive to plant growth [31, 32]. On the 
other hand, soil and water conservation measures are 
more easily implemented in low-altitude areas, whereas 
greater challenges exist for the implementation of soil 
and water management in higher-altitude areas. Current 
studies predominantly focus on soil erosion in local 
small watersheds [33-37], with limited attention given 
to the enhancement of soil conservation measures 
in high-altitude mountainous areas. Therefore, for 
the future practices of soil and water conservation in 
the Three Gorges Reservoir Area, it is advisable to 

Fig. 4. a) Spatial distribution of Hurst index and b) the predicted future evolution of NDVI.

Height/
km Slope/10a

Historical Trend (%) (2000–2022) Future Persistence (%)

SSD SD WSD NSC WSI SI SSI CI CD FITD FDTI Unpre

<0.5 0.060 1.19 1.19 0.51 18.35 4.37 10.83 63.99 79.92 15.16 2.88 0.78 1.26

[0.5-1] 0.070 0.09 0.09 0.07 6.34 2.65 8.28 82.48 94.45 2.27 1.73 0.18 1.36

[1-1.5] 0.065 0.05 0.04 0.03 7.31 3.55 10.53 78.48 97.07 1.04 0.34 0.03 1.51

[1.5-2] 0.054 0.08 0.13 0.08 15.50 5.72 14.51 63.99 96.33 1.33 0.43 0.04 1.87

[2-2.5] 0.041 0.02 0.08 0.09 22.45 7.79 17.23 52.34 96.23 0.72 1.28 0.08 1.68

[2.5-3] 0.032 0.00 0.00 0.00 31.40 8.72 17.15 42.73 86.21 0.00 10.34 0.00 3.45

Table 1. Historical trends and future persistence of NDVI across elevation groups in Chongqing.
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establish dedicated monitoring stations in high-altitude 
mountainous areas to monitor the dynamic changes in 
soil erosion.

Persistence Analysis of Vegetation 
Coverage Changes in Chongqing

The Hurst index can be used to predict future changes 
in long time-series variables. The index is calculated for 
NDVI and the slope trend is superimposed to calculate 
the persistence of future NDVI changes in Chongqing; 
numerous studies have demonstrated the efficacy of this 
method [23, 38-40]. The outcomes (Fig. 4) reveal that 
a substantial majority of the area of Chongqing (96.3%) 
is presently experiencing sustained and consistent 
transformations. Among these, 89.2% of the vegetated 
region is expected to exhibit a continuous improvement 

trend in the future, while 7.1% will undergo continuous 
degradation. Overall, the future changes in NDVI in 
Chongqing align more closely with its existing trend.

The calculation of future trends in vegetation 
coverage using the Hurst index (Table 1) indicated an 
overall trend of continuous improvement with slight 
variations between groups. Elevation groups spanning 
500 to 1000 m, 1000 to 1500 m, 1500 to 2000 m, and 
2000 to 2500 m exhibited continuous improvements, 
with proportions of total area exceeding 90%. The 
elevation group of < 500 m is characterized by the 
lowest proportion of continuous increase (79.92%) 
among all elevation groups, while it stood as the only 
group exhibiting a continuous degradation proportion 
exceeding 3% (reached as high as 15.16%). This could 
be  partly explained by  the conversion of low-altitude 
natural vegetation land into urban land,  a process 

Fig. 5. (a, c) Coefficient and (b, d) significance of partial correlation between NDVI and air temperature (a, b) vs. precipitation (c, d).
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that often leads to  a decrease in plant cover and a 
deterioration of soil quality.

In the elevation group of 2500-3000 m, the 
proportion of areas transitioning from improvement to 
degradation is 10.34%. The soil environment in high-
altitude areas is comparably less fertile compared to that 
in low-altitude areas, while the limited precipitation and 
low temperature in these areas also create unfavorable 
hydrothermal conditions for the synthesis of organic 
matter in plants. Meanwhile, the lack of dedicated soil 
and water conservation measures also greatly increases 
the risk of local vegetation degradation.

Response Pattern of NDVI to Climatic 
Changes in Chongqing

Both the temperature and precipitation demonstrated 
an increasing trend in Chongqing from 2000 to 2022, 
with growth rates of 0.17℃/10a and 77.46 mm/10a, 
respectively. Temperature and precipitation, serving 
as independent variables, and NDVI as the dependent 
variable, were subjected to partial correlation analysis 
at the pixel scale. As depicted in Fig. 5, the partial 
correlation coefficients between vegetation NDVI in 
Chongqing and the annual average temperature and 
precipitation range from -0.78 to 1 and from -0.76 to 
0.88, respectively. Notably, both independent variables 
exhibit an overall positive correlation with NDVI. 
Specifically, NDVI exhibits a positive correlation with 
temperature in 63.7% of the city’s area, with 7.0% of 
these correlations being significantly positive. Similarly, 
NDVI displays a positive correlation with precipitation in 
88.5% of the city, with 37.2% of these correlations being 
significantly positive. From a spatial perspective, NDVI 
is primarily positively correlated with air temperature 
and precipitation in the southeastern and western parts 
of Chongqing. Notably, the positive correlation between 
NDVI and precipitation is more pronounced in the 
southeast, while a negative correlation is observed in the 
majority of the northeast area. This suggests that both 
temperature and precipitation contribute to fostering 
vegetation growth in most areas, with precipitation 
exerting a greater influence. This is consistent with 
previous research findings that precipitation has a 
greater impact on vegetation cover than temperature at 
elevations below 3000 m [41, 42].

Limitations and Recommendations for Future Study

Despite its comprehensive assessment of climatic 
influences on vegetation dynamics in Chongqing from 
2000 to 2022, this study has several limitations that 
warrant acknowledgment. Primarily, the analysis 
focused on temperature and precipitation as dominant 
drivers while treating human activities (e.g., rapid 
urbanization, large-scale afforestation programs, and 
agricultural intensification) as contextual factors rather 
than quantified variables. Consequently, conclusions 
regarding the role of urbanization in exacerbating 

vegetation degradation in low-elevation zones (<500 
m) and the beneficial effects of ecological restoration 
projects on regional greening remain inferential, derived 
principally from ancillary land-use change patterns 
and socioeconomic statistics rather than mechanistic 
attribution.

To address these gaps, future investigations should 
integrate multi-source anthropogenic datasets, including 
land-use/land-cover transfer matrices, nighttime light 
intensity, population density, and gross domestic 
product (GDP) at fine spatial resolutions. Employing 
established attribution frameworks (e.g., geographical 
detector models or structural equation modeling) 
would enable robust separation and quantification of 
the relative contributions of climatic variability versus 
human interventions to observed NDVI trends. Such 
enhancements would refine understanding of the 
underlying driving mechanisms in this ecologically 
fragile and rapidly urbanizing region.

Conclusions

From 2000 to 2022, the vegetation coverage in 
Chongqing showed a clear improving trend, with 
overall NDVI increasing and larger magnitude 
changes in low-elevation than in high-elevation areas. 
Seasonal analyses reveal that the NDVI increases were 
greatest in winter (0.064/10a) and smallest in summer 
(0.020/10a). The Hurst index suggests that current 
trends will persist across 96.3% of the study area, with 
89.2% showing sustained improvement and 7.1% at 
risk of continued degradation, with the <500 m zone 
having the highest degradation risk (15.16%). NDVI 
displayed predominantly positive partial correlations 
with both annual mean temperature (coefficients 
ranging from -0.78 to 1) and precipitation (-0.76 to 0.88), 
although precipitation exerted the dominant influence, 
manifesting positive correlations across 88.5% of the 
area. In high-elevation zones, elevated degradation 
risks arise primarily from infertile soils, unfavorable 
hydrothermal conditions, and inadequate soil-water 
conservation measures.

The combined application of Theil–Sen slope 
estimation, Mann–Kendall trend analysis, and the 
Hurst index proved effective for evaluating long-
term vegetation dynamics and trend persistence in 
the complex terrain of Chongqing under intense 
anthropogenic pressure. To mitigate identified risks, 
strict ecological conservation measures should be 
prioritized in low-elevation urbanized areas, targeted 
soil and water conservation practices implemented 
in high-elevation vulnerable zones, and climate-
adaptive vegetation management strategies developed 
with particular emphasis on precipitation variability. 
These findings offer a replicable analytical and policy 
framework for ecologically fragile landscapes, thereby 
supporting sustainable ecosystem management and 
ecological risk prevention.
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