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Original Paper Abstract

Unbalanced urban expansion represents one of the most critical environmental
sustainability threats of the 21st century, imposing detrimental impacts on natural
ecosystems and biodiversity. This study aimed to develop an innovative
framework for optimal site selection of sustainable urban development based on
environmental criteria in Gilan Province, Iran. An advanced integrated CA-LR-
Markov-Fuzzy model incorporating four modeling approaches—cellular
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Gilan Province.

implemented. Following identification of 23 significant environmental criteria
across four categories (physiographic, ecological, hydrological, and climatic-
social), criteria weighting was conducted using Analytic Hierarchy Process
(AHP) and expert consultation involving 40 specialists. Model validation
demonstrated exceptional performance with ROC=0.848, Kappa coefficient
k=0.79, and overall accuracy of %84. Site selection results classified 18.3% of
the provincial area (2,570 km?) as highly suitable, 24.7% (3,468 km?) as suitable,
and 31.2 (4,381km?) as conservation zones. Model predictions indicate a 46%
increase in urban development by 2037. Comparative analysis of three
scenarios—conservation, physical, and socio-economic—revealed that the
physical scenario with a score of 0.780.780.78 provides optimal balance between
development and environmental protection. This research provides a
comprehensive scientific framework for evidence-based decision-making in
sustainable urban planning.
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> NDVI - Normalized Difference Vegetation Index
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Extended Abstract

Introduction: Uncontrolled urban expansion has emerged as one of the most pressing threats to environmental
sustainability in the 21st century, causing severe degradation of ecosystems, loss of biodiversity, and irreversible damage
to natural resources. This challenge is particularly critical in ecologically sensitive regions such as Gilan Province,
northern Iran, where rapid population growth, migration, and infrastructural expansion coincide with unique natural
assets, including the Hyrcanian forests (a UNESCO World Heritage site), fertile agricultural lands, wetlands, and the
Caspian Sea coastal ecosystems. Addressing these challenges requires innovative scientific frameworks that integrate
environmental criteria into urban planning to balance development with ecological protection.

Materials and methods: This study developed an integrated spatial-temporal modeling framework—CA-LR-Markov-
Fuzzy—combining cellular automata, logistic regression, Markov chain analysis, and fuzzy logic. A total of 23
environmental criteria were identified and classified into four categories: physiographic, ecological, hydrological, and
climatic-social. Criteria weighting was performed using the Analytic Hierarchy Process (AHP) through pairwise
comparisons validated by 40 experts in environment, GIS, and urban planning. Spatial datasets were compiled from
remote sensing (Landsat, Sentinel-2, ASTER DEM)), field surveys, official statistics, and thematic maps. The model was
validated using ROC, Kappa coefficient, and overall accuracy indices. Scenario analysis was conducted to compare three
development pathways: conservation-oriented, physical balance, and socio-economic growth.

Results: Validation results confirmed the high predictive performance of the integrated model (ROC = 0.848, k = 0.79,
overall accuracy = 85%). Suitability mapping revealed that 18.3% of the province (2,570 km?) is highly suitable, 24.7%
(3,468 km?) suitable, and 31.2% (4,381 km?) should remain as conservation zones. Model simulations forecast a 46%
increase in urban development by 2037, with the majority of expansion concentrated around Rasht, Anzali, Lahijan, and
Rudsar. Scenario analysis showed that the physical scenario (score = 0.78) provides the most balanced approach, enabling
socio-economic development while minimizing environmental degradation compared to conservation (limited
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development, but insufficient socio-economic capacity) and socio-economic scenarios (extensive development but severe
ecological loss).

Discussion and Conclusion: The results demonstrate that the integrated CA-LR-Markov-Fuzzy model outperforms
conventional and semi-integrated models in both predictive accuracy and spatial reliability, underscoring the importance
of multi-model integration for addressing the complexity of urban growth dynamics. The prioritization of ecological
criteria (weight = 0.352) highlights the necessity of preserving the Hyrcanian forests, wetlands, and sensitive habitats as
a cornerstone of sustainable planning in Gilan Province. The findings suggest that adopting the physical scenario can
serve as a scientifically robust and policy-relevant framework for guiding sustainable urban development, ensuring a
balance between economic growth and environmental conservation. Beyond Gilan, this study provides a transferable
model for evidence-based decision-making in other ecologically sensitive regions of Iran and developing countries.

Keywords: Sustainable urban development; Environmental criteria; Integrated modeling; Optimal site selection; Cellular automata;
Gilan Province
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