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Spatial land management in response to environmental hazards and climate change
requires an integrated assessment of vulnerability and resilience in social-ecological
systems, as well as understanding the dynamic characteristics of these systems. Despite
the existence of numerous frameworks and conceptual models in wvulnerability
assessment, the lack of comprehensive models in analyzing coupled systems' responses
to multiple hazards and the interaction of influential components has created limitations
in spatial land management. Furthermore, some significant scientific ambiguities and
gaps in research related to this field remain unresolved. A review of resilience history
indicates that more than several decades have passed since the introduction of the
panarchy cycle, and during this period, despite multiple applications of this concept, its
use in vulnerability-resilience models has largely remained in the form of descriptive and
abstract concepts. By extending the panarchy cycle theory to threatened coupled systems,
it can be inferred that land planning is a dynamic process lacking static characteristics. In
fact, coupled systems have a dynamic mechanism that continuously goes through four
stages of "exploitation,” "conservation," "release," and "reorganization.” In this research,
by integrating hazard-risk and ecological resilience approaches, comprehensive
conceptual models have been developed for integrated vulnerability-resilience
assessment of coupled systems. Additionally, to visualize complex interactions between
components of coupled systems, models with multidimensional and nonlinear processes
and structures in relation to stresses have been utilized. The obtained results provide
significant considerations in sustainable land management, particularly in critical
conditions where planners are required to make immediate decisions to strengthen
resilience at spatial-temporal critical points.
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Introduction

Spatial land management in response to environmental hazards and climate change requires integrated
assessment of vulnerability and resilience in social-ecological systems (SES). Despite the existence of
numerous frameworks in vulnerability assessment, the lack of comprehensive models for analyzing
coupled systems' responses to multiple hazards has created significant limitations in sustainable land
management. This study addresses these gaps by integrating hazard-risk and ecological resilience
approaches within the theoretical framework of the panarchy cycle.

Material and Methods

This research employs an analytical-conceptual methodology grounded in two foundational approaches:
(1) the hazard-risk approach, which examines relationships between hazards and their impacts on
coupled systems; and (2) the ecological resilience approach, which focuses on system dynamics and
response capacity to disturbances. Building on the panarchy cycle theory (comprising four phases:
exploitation/growth, conservation, release, and reorganization), a Resilience-Vulnerability (RV)
analytical framework was developed. A schematic model of coupled social-ecological systems was
constructed to visualize complex interactions between ecological and social subsystems. A resilience-
vulnerability matrix was then formulated to classify coupled systems into four distinct states based on
sensitivity and adaptability characteristics.

Results

Four conceptual scenarios were developed corresponding to the four phases of the panarchy cycle: °
Scenario 1 (r-phase — Growth): Both ecological and social systems exhibit high adaptability,
representing a resilient and stable state where Resilience > Vulnerability. * Scenario 2 (K-phase
— Conservation): The ecological system maintains high adaptability while the social system becomes
increasingly sensitive due to resource exploitation, representing the acceptable limit of change. ¢
Scenario 3 (Q-phase — Release): The social system is adaptive through centralized management while
the ecological system becomes highly sensitive, representing the threshold of change where Resilience
= Vulnerability. * Scenario 4 (a-phase — Reorganization): Both systems are sensitive, representing
a vulnerable state where Resilience < Vulnerability, with potential trajectories of complete collapse,
recovery, or system transformation.

Discussion

The integrated RV framework reveals that vulnerability and resilience are not opposing concepts but
dynamically interrelated properties of coupled systems. The application of panarchy theory enables
identification of critical transition points, thresholds, and management intervention windows within the
system lifecycle. The models developed demonstrate that sustainable land management requires moving
beyond traditional static vulnerability assessments toward dynamic, multi-scale frameworks that
account for the nonlinear interactions between social and ecological subsystems. Management strategies
must be phase-specific, as interventions appropriate in one panarchy phase may be counterproductive
in another. The results highlight the importance of building adaptive capacity, identifying spatial-
temporal critical points, and implementing proactive risk reduction strategies that strengthen system
resilience before hazard events occur.
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