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Objective: This study aims to investigate the drivers of ecological rupture in the Sultanieh
Grassland, one of Iran’s most valuable natural ecosystems, which has experienced severe
degradation over the past two decades. The research seeks to identify and prioritize the
relative contributions of climatic, hydrological, and anthropogenic factors in triggering
systemic instability and to assess whether the ecosystem has crossed a critical threshold
toward irreversible collapse.

Methods: An integrated analytical framework was employed, combining multi-source
datasets from 2000 to 2021. Remote sensing indicators—including the Normalized
Difference Vegetation Index (NDVI), Land Surface Temperature (LST), and Soil
Moisture (SM)—were derived from MODIS and Landsat imagery. Hydroclimatic time
series (temperature, precipitation, potential evapotranspiration [PET], and groundwater
levels) were analyzed alongside demographic statistics and land use/land cover (LULC)
changes. A multi-criteria weighting approach, grounded in catastrophe theory, was
applied to objectively quantify the relative influence of key drivers while minimizing
subjective bias in decision-making.

Results: The analysis reveals a 15% decline in effective precipitation, a 1°C increase in
mean annual temperature, and a groundwater table drop exceeding 30 meters over the
study period. These environmental stresses were compounded by a fourfold population
growth and a doubling of per capita water consumption. Consequently, vegetation cover
declined persistently, with NDV I decreasing from 0.2817 in 2004 to 0.1701 in 2021, while
barren lands expanded significantly. Within the catastrophe theory framework, three
primary drivers—groundwater depletion, vegetation loss, and population—water
pressure—were identified as collectively responsible for 50% of the system’s
destabilization. The evidence confirms a transition from a stable ecological state to a
dissipative, degraded phase.

Conclusions: The Sultanieh Grassland has likely crossed a critical ecological threshold
due to the synergistic intensification of anthropogenic and climatic pressures within a
geomorphologically and hydrologically vulnerable setting. Without immediate
intervention—including sustainable groundwater management, strict control of urban
expansion, and active restoration of hydrological equilibrium—the ecosystem faces
irreversible transformation into an active source of dust emissions and desertification.
This study underscores the urgency of science-based policy actions to prevent the total
collapse of this irreplaceable natural and cultural heritage site.
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EXTENDED ABSTRACT

Introduction

The Sultanieh Grassland, located between the northern slopes of the Alborz Mountains and the
southern foothills of the Qaflankuh range in northwestern Iran, represents one of the country’s
most ecologically and culturally significant grassland ecosystems. Recognized as part of a
UNESCO World Heritage landscape, this Grassland historically sustained lush natural
vegetation despite a semi-arid climate, owing to a unique hydrogeological setting: a shallow
impermeable layer of white clayey soil and a high groundwater table that enabled natural,
continuous irrigation. However, over the past two decades, the Grassland has undergone severe
degradation. This study investigates the drivers of this ecological rupture within the
Anthropocene framework—where human activities act as dominant geological forces—by
integrating climatic, hydrological, demographic, and land-use dynamics. While prior studies
have examined isolated aspects of this decline, a holistic, quantitative assessment linking these
pressures through a theoretical lens of systemic instability remains absent. This research
addresses that gap by employing catastrophe theory to model the non-linear transition from
ecological stability to collapse.

Methods

This study adopts a mixed-methods, spatio-temporal analytical approach. Climatic data
(temperature, precipitation, and potential evapotranspiration) from four meteorological stations
(Zanjan, Kharmdarreh, Kheirabad, Khodabandeh) spanning 2000-2021 were analyzed for
trends and anomalies. Groundwater levels were assessed using piezometric well records and
GRACE satellite-derived terrestrial water storage anomalies. Remote sensing indicators—
including Normalized Difference Vegetation Index (NDVI), Land Surface Temperature (LST),
Soil Moisture (SM), and surface runoff—were extracted from MODIS and Landsat imagery via
Google Earth Engine. Land use/land cover (LULC) changes were classified using the Random
Forest algorithm, with validation through field surveys. Crucially, analyses were conducted at
two spatial scales: the entire Sultanieh watershed and the core Grassland area, to avoid masking
localized degradation with regional greening (e.g., from agricultural expansion). Finally, a
multi-criteria weighting method, based on impact intensity scoring (Chatterjee & Bhattacharya,
2013), was applied to prioritize drivers, and results were interpreted through Thom’s (1970)
catastrophe theory to identify critical thresholds.

Results

Results reveal a compound crisis. Annual temperature rose by 0.8-1.1°C, while effective
precipitation declined by ~15% between the first (2000-2010) and second (2011-2021)
decades. Concurrently, the groundwater table plummeted by over 30 meters (from 16.7 m to
47.6 m depth), with abrupt drops of 13-15 m occurring in 2001 and 2013—indicative of
hydrological tipping points. Demographic pressure intensified dramatically: regional
population grew 4.3-fold since 1966, and per capita water consumption doubled from 99 to 203
liters/day, driving unsustainable aquifer extraction. In the Grass’s core, NDVI declined
persistently from a peak of 0.2817 in 2004 to a historic low of 0.1701 in 2021—a 40%
reduction—while barren land expanded from 310 km? to 413 km2. Weighted impact analysis
identified three dominant drivers: groundwater depletion, vegetation loss, and population-water
pressure, collectively accounting for 50% of the destabilizing influence. Climatic stressors
(reduced rainfall, higher temperatures, increased PET) contributed 40%, while land-use change
and livestock overgrazing accounted for the remaining 10%.
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These findings confirm that the Sultanieh Grassland has transitioned from a stable ecological
state to a dissipative, degraded one—a shift consistent with catastrophe theory’s prediction of
sudden system collapse following gradual parameter changes. The synchronous decline in
NDVI and groundwater levels serves as a definitive signature of this bifurcation. Critically,
while climate change exacerbates vulnerability, anthropogenic pressures—particularly
unregulated groundwater mining—are the primary catalysts. This aligns with global dryland
studies (e.g., Du et al., 2018) and Iranian research (Jafari, 2007; Sayadghafam, 2013), which
identify human water demand as the chief driver of aquifer depletion in arid zones. The spatial
correlation between zones of severe groundwater drawdown and vegetation loss further
underscores hydrological rupture as the linchpin of ecological instability. Without intervention,
the Grassland risks irreversible desertification, transforming from a moisture-retaining
ecosystem into a dust-emitting source.

Conclusion

This study provides robust, multi-source evidence that the Sultanieh Grassland is in an
advanced state of ecological collapse, driven by the synergistic intensification of anthropogenic
and climatic stressors. The findings underscore an urgent need for systemic policy reform: strict
regulation of groundwater extraction, closure of illegal wells, and adoption of efficient
irrigation technologies, urban growth containment, and restoration of natural vegetation
through enforced fallow periods. Given the Grassland’s status as a cultural and ecological
heritage site, its preservation demands immediate, science-based management. Beyond this
case, the integrated methodology—combining remote sensing, hydro-climatic time series, and
catastrophe theory—offers a transferable framework for anticipating and mitigating ecological
tipping points in vulnerable dryland ecosystems worldwide.

Keywords: Anthropocene, Landuse Change, Sultanieh Grassland, Ecological Rupture,
Catastrophe Theory.
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