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Objective: Vegetation cover is a critical indicator of regional ecosystem health
and a key component of global climate regulation models. In vulnerable
mountainous environments, characterized by high sensitivity to climatic and
anthropogenic pressures, monitoring vegetation dynamics over time is essential
for effective resource management.

Method: This study focuses on the spatio-temporal variations of vegetation
cover in East Azerbaijan Province, a crucial mountainous region in northwestern
Iran, over a 22-year period (2000-2022). To achieve this objective, statistical
and geospatial methods, including the Normalized Difference Vegetation Index
(NDVI), Kolmogorov—Smirnov test (KST), Geographically Weighted
Regression (GWR), and Principal Component Analysis (PCA), were applied to
MODIS satellite products.

Result: The findings reveal sustained but unstable vegetation dynamics in the
region. The KST indicated that NDVI distributions were non-normal across all
months, suggesting considerable ecological instability. Notably, the mean annual
rate of NDVI change increased from 0.166% in the first decade (2000—2009) to
0.192% in the second period (2010—2022). The high NDVI variance (36.78%)
confirms pronounced spatial heterogeneity across the province. Furthermore, a
moderate positive correlation (45%) was observed between precipitation and
vegetation cover, highlighting the dominant role of moisture availability. Finally,
PCA identified three high-density vegetation groups, collectively explaining
93.49% of the total variance, while the GWR model demonstrated strong
predictive capability for localized vegetation changes.

Conclusion: These results provide valuable quantitative evidence of ongoing
ecological changes in this important mountainous region and offer essential
insights for regional land-use planning and conservation strategies.
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Intoduction

Vegetation cover is one of the most important indicators of ecosystem health, playing a critical role in
environmental sustainability, climate regulation, soil conservation, and water resource management. The
mountainous arid and semi-arid regions of Iran, particularly East Azerbaijan Province, are highly vulnerable to
ecological instability due to climate change, decreasing precipitation, rising temperatures, and increasing
anthropogenic pressures. The primary objective of this study was to investigate the spatio-temporal dynamics of
vegetation cover in East Azerbaijan Province during the 22-year period from 2000 to 2022 using MODIS remote-
sensing data and advanced statistical models. The study aimed to assess vegetation trends, ecological stability, the
influence of climatic factors, and the spatial patterns governing vegetation distribution across the region.

Materials and Methods

This study utilized MODIS satellite imagery (MOD13Q1 Version 6 product) to derive the Normalized Difference
Vegetation Index (NDVI). The study area comprised East Azerbaijan Province in northwestern Iran, characterized
by predominantly arid to semi-arid climatic conditions and complex mountainous topography. The dataset
included vegetation information, precipitation, temperature, relative humidity, vapor pressure, and other climatic
variables. Data processing and analysis were conducted using ArcGIS, MATLAB, and Minitab software.NDVI
was calculated based on the ratio between near-infrared and red spectral reflectance bands. To investigate the
statistical and spatial structure of the data, the Kolmogorov—Smirnov test (KST) was applied to evaluate data
normality. Principal Component Analysis (PCA) was employed to reduce data dimensionality and identify
dominant temporal patterns, while Geographically Weighted Regression (GWR) was used to examine spatial
relationships among vegetation cover, elevation, and precipitation. In addition, homogeneity tests, including the
Pettitt test and Standard Normal Homogeneity Test (SNHT), were conducted to evaluate the temporal stability of
the datasets.

Results and Discussion

The results revealed a moderate increasing trend in vegetation cover across East Azerbaijan Province during the
study period. The average annual NDVI growth rate increased from 0.166% during 2000-2009 to 0.192% during
2010-2022. Despite this positive trend, statistical analyses indicated considerable ecological instability
throughout the region. The Kolmogorov—Smirnov test showed that NDVI values in most months did not follow a
normal distribution, highlighting the high sensitivity of vegetation cover to climatic and environmental stressors.

Frequency analysis indicated that approximately 83% of the province was classified as having sparse vegetation
cover. Furthermore, the relatively high NDVI variance (approximately 36.78%) confirmed substantial spatial
heterogeneity across the study area. NDVI values ranged from —0.076 to 0.62, reflecting significant environmental
variability among different parts of the province.

Analysis of climatic relationships demonstrated that precipitation was the dominant controlling factor of vegetation
dynamics, with a positive correlation coefficient of 0.45 between precipitation and NDVI. The GWR model further
revealed that both elevation and precipitation exerted significant influences on the spatial distribution of vegetation
cover. The model successfully explained local vegetation variability, with a coefficient of determination (R?) of
approximately 0.76. The northeastern regions of the province, particularly Arasbaran and Kaleybar, exhibited the
highest vegetation density, whereas the central and western regions showed lower vegetation cover due to reduced
precipitation and increased evapotranspiration.

The PCA results indicated that the first two principal components explained approximately 64.27% of the total
variance. Temporal clustering derived from PCA identified three dominant vegetation growth patterns: (1) the
peak growing season from June to September, (2) a moderate growth period from January to May, and (3) a
dormant vegetation period from October to December. Seasonal vegetation maps revealed that the highest
greenness levels occurred during June and July, while a sharp decline in vegetation cover was observed in
September, likely associated with reduced precipitation and the onset of drought stress.

Conclusion

The findings of this study demonstrate that although vegetation cover in East Azerbaijan Province has experienced
a modest increase over the past two decades, this improvement has been accompanied by substantial ecological
instability and pronounced spatial heterogeneity. The strong dependence of vegetation dynamics on precipitation
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and elevation highlights the vulnerability of regional ecosystems to climate variability, particularly drought events
and declining moisture availability.

The GWR model proved highly effective in simulating local vegetation dynamics and can serve as a valuable tool
for environmental planning and natural resource management. The results emphasize the need to shift from
centralized management approaches toward region-specific strategies that account for local topographic and
climatic characteristics. Furthermore, the conservation of northern forest ecosystems, the promotion of drought-
resilient agricultural practices, and the integration of spatial predictive models into environmental policymaking
are recommended as key strategies for enhancing ecological sustainability in the region.
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