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Extended Abstract
Introduction
Sustainable management of groundwater resources, particularly in arid and semi-arid regions,

is a critical global challenge. The Ardabil plain, one of Iran's key agricultural zones, has
experienced a significant decline in groundwater levels over recent decades due to
unsustainable extraction practices. This issue is exacerbated by climate variability, frequent
droughts, and the complex socio-economic and behavioral dynamics of farmers as primary
groundwater users. Understanding and modeling farmers' decision-making processes is
essential for designing effective management policies that balance groundwater conservation
with agricultural productivity and economic viability. Traditional approaches often simplify
farmer behavior, overlooking dynamic learning, social interactions, and psychological drivers.
To address these gaps, this study introduces a novel hybrid framework that integrates Agent-
Based Modeling (ABM) with Artificial Intelligence (Al) and machine learning algorithms. The
primary objective is to simulate farmers' adaptive behaviors in response to hydrological,
climatic, and management stimuli, and to evaluate the consequences of eleven distinct
management scenarios on aquifer sustainability and farmers' economic welfare. This
framework enables the dynamic, data-driven representation of behavioral rules, offering a
more realistic tool for policy assessment and groundwater governance.
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Materials and Methods
This research was conducted in the Ardabil plain, covering an area of approximately 6,503 km? in northwestern

Iran, within the Qarah-Su River basin. The study employs a comprehensive dataset spanning 2000 to 2020,
including hydrological data (groundwater balance, well withdrawal volumes, aquifer storage changes), climatic
data (precipitation, evaporation, and seasonal forecasts from the ECMWF numerical weather prediction model),
and detailed socio-economic and behavioral data collected from 340 farmers through structured questionnaires
and semi-structured interviews using a snowball sampling method. The questionnaire captured demographic,
economic, and psychological variables, including age, education, income, farm size, crop type, irrigation
system, economic status, attitude toward water conservation, subjective norms, and perceived behavioral
control. Reliability and validity of the measurement instrument were confirmed through Cronbach's alpha (o >
0.7), composite reliability (CR > 0.7), and average variance extracted (AVE > 0.5).

The hybrid ABM-AI framework consists of four integrated modules: (1) farmer behavioral modeling, (2) agent-
based simulation, (3) groundwater balance simulation, and (4) scenario evaluation and selection. In the
behavioral module, a Random Forest algorithm was trained to predict farmers' willingness to switch from
traditional to modern irrigation systems, while an Artificial Neural Network (ANN) with six layers (one input,
four hidden, and one output) was developed to predict crop choice patterns. Both models were trained using
70% of the data and validated on the remaining 30%, with hyperparameter optimization performed via grid
search and cross-validation. The ABM simulates yearly decision-making cycles, where each farmer agent
evaluates net income relative to the poverty line, receives drought forecast information (based on the
Standardized Precipitation Index, SPI) derived from downscaled and bias-corrected ECMWF outputs, and then
selects irrigation systems and crop types according to behavioral rules. Groundwater dynamics were simulated
through a water balance equation accounting for inflows and outflows. The model's performance was validated
against observed data using Nash-Sutcliffe Efficiency (NSE) and Root Mean Square Error (RMSE). Eleven
management scenarios were designed by combining compulsory measures (awareness campaigns, watershed
management) with voluntary economic incentives (land consolidation, guaranteed prices, loans to needy
farmers, and loans to all farmers). Scenario effectiveness was assessed based on groundwater withdrawal
reduction, aquifer storage improvement, and economic feasibility.

Results and Discussion

The Random Forest model outperformed XGBoost and decision tree algorithms in predicting irrigation system
choice, achieving an accuracy of 0.88, precision of 0.88, recall of 0.84, and F-score of 0.86. The ANN model
for crop selection demonstrated strong predictive capability, with R? values of 0.95 and 0.94 for training and
test datasets, respectively. The integrated ABM-AI model effectively simulated groundwater dynamics, with
NSE values of 0.92 for aquifer storage changes and 0.86 for groundwater withdrawal volumes. The model also
successfully reproduced observed trends in the adoption of modern irrigation systems, showing a progressive
increase over time driven by aquifer depletion and governmental support programs.

Simulation of the eleven management scenarios revealed that scenario 8—combining guaranteed prices for low-
water-demand crops with targeted loans to financially vulnerable farmers—emerged as the most effective and
economically feasible option. This scenario reduced groundwater withdrawals by an average of 8.8% compared
to baseline observations, while maintaining farmers' income stability. Scenarios 4, 9, and 11, which included
loans to all farmers, achieved even greater water savings but incurred substantially higher implementation costs,
making them less sustainable from a financial perspective. The results demonstrate that providing farmers with
accurate drought forecasts significantly influences their decisions, encouraging the cultivation of low-water-
demand crops such as barley, lentils, and chickpeas, while reducing the area planted to water-intensive crops
like potatoes and sugar beets. For example, wheat cultivation area remained relatively stable across scenarios
due to guaranteed pricing, while alfalfa cultivation—a twice-annual crop—showed notable reductions under
effective management scenarios.

Conclusion
This study presents a robust hybrid ABM-AI framework for simulating and evaluating the impacts of

management policies on farmers' behavior and groundwater resources in the Ardabil plain. The integration of
machine learning algorithms with agent-based modeling allows for dynamic, data-driven representation of
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farmer decision-making, capturing the complex interplay of economic, social, psychological, and environmental
factors. The results confirm that providing timely drought forecasts and implementing well-designed economic
incentives can significantly improve groundwater sustainability without compromising farmers' livelihoods.
Among the eleven scenarios tested, scenario 8—combining guaranteed prices and targeted loans—provided the
optimal balance between water conservation and economic feasibility, reducing groundwater withdrawals by
8.8%. Nevertheless, the study acknowledges certain limitations, including the exclusion of direct social
interactions among farmers (e.g., neighborhood effects, cooperation, and competition), the assumption of
independent wells per farmer, and the reliance on SPI as a drought indicator, which does not account for
temperature and evapotranspiration effects. Future research should incorporate these factors, integrate
institutional actors (e.g., regional water companies and agricultural organizations) as independent agents, and
consider comprehensive drought indices such as SPEI or PDSI. Additionally, spatial factors such as farm
location and distance to water sources should be included in decision-making rules. The proposed framework,
with appropriate calibration, can serve as a valuable tool for sustainable groundwater management in other arid
and semi-arid regions facing similar challenges.
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Table 1. Evaluation metrics for machine learning and artificial neural network models
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Table A3. Annual Average Values of Water Balance Inputs and Outputs (Ardabil Regional Water Company,
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Table 7. Model performance indicators for predicting groundwater withdrawal volume, aquifer storage
change, and irrigation system selection over the period (2000-2020)

NSE NRMSE oad (6lwand o
ol> 5l ooy ceils 3 ]
0.86 0.12 Water withdrawal from
wells
Ozl oz s
0.92 0.08 Change in aquifer
volume
kel wlales s
0.90 0.085 Irrigation system

selection

NRMSE: Normalized Root Mean Square Error
NSE: Nash—Sutcliffe Efficiency
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Fig 3. Comparison of the number of farmers using traditional irrigation systems based on ABM-AI model
results and real observations
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