Supplementary Material

Agent-Based Model (ABM) of Ecosystem Services Multifunctionality and Stakeholder Networks in the Coello River Basin

Overview, Design Concepts, and Details (ODD) Protocol

The following ODD protocol describes the structure and logic of an Agent-Based Model (ABM) developed to simulate how land-use changes, ecosystem service (ES) multifunctionality, and stakeholder governance interact under different watershed policy scenarios. This protocol adheres to the formal structure introduced by Grimm et al. (2006, 2010) and is designed to ensure full replicability of the model.


1. Overview

1.1 Purpose

The model simulates how stakeholders in the Coello River Basin influence and respond to land-use changes and policy interventions affecting the multifunctionality of ecosystem services (ES), particularly those related to water. It assesses how the multifunctionality index (MESLI) evolves spatially and temporally in response to stakeholder behavior under three contrasting policy scenarios: conservation, agricultural development, and degradation. The aim is to inform integrated watershed management planning and governance design.

1.2 Entities and State Variables

Agents: 
· Small Users (RWSS Households): Rural water supply system households that depend on local ES are sensitive in supply and participation incentives. 

· Producers (Farm owners): Make economic decisions based on crop profitability and land-use options.

· Institutional Actors (Environmental Authorities and Planners): implement zoning, PES (Payment for Ecosystem Services), and other policy tools.


· NGOs (Conservation Actors): invest in land acquisition and stakeholder engagement.

Each agent has unique state variables (see Table 1).
 
 Table 1. Agent types and attributes 

	Type

	Attributes

	Decision Rules

	Data Source


	Small Users (RWSS)

	WTP, land size, ES dependency

	Conserve if MESLI ≥ 0.7 + PES; else maintain current use

	Surveys (n=214)


	Producers

	Farm size, crop type

	Convert land if crop prices > threshold

	UPRA 2023


	Institutional Actors

	POMCA zoning, PES budget

	Enforce policies in high-MESLI areas

	Cortolima 2019


	NGOs

	Conservation budget

	Acquire land in upper watershed; target high WTP areas

	Workshop feedback




 

Environment

· Raster-based 30m-resolution grid for land cover and ecosystem attributes see table 2.

· Vector overlays for governance zones and PES areas.

Table 2. Description of the ABM environment

	Variable

	Description

	Resolution

	Source


	MESLI Index

	ES multifunctionality (0 -1 scale)

	30 m raster

	InVEST + ARIES


	Land use

	Categorical raster (Forest, agriculture, urban)

	30 m raster

	Cortolima 2019


	Governance

	POMCA zones, PES areas

	Vector

	Cortolima 2022




 
1.3 Process Overview and Scheduling

The simulation covers 12 years, aligned with the POMCA planning cycle. Each time step equals one year. Processes include:

1. Agent perception of MESLI and policy context.
2. Land-use decisions.
3. Update of MESLI values and stakeholder network.
4. Feedback to agents for the next cycle.




2. Design Concepts

2.1 Basic Principles

· The model integrates spatial ES assessment (via MESLI index) with social simulation of stakeholder decisions.

· It operationalizes the feedback loop between ES supply, governance instruments, and social networks.

2.2 Emergence


· Patterns of ES supply across the landscape.

· Shifts in the stakeholder network (e.g., participation density, connectivity).

· Identification of high-priority conservation areas.




2.3 Adaptation

Agents adapt annually based on evolving MESLI values, governance actions, and peer behavior. For example, RWSS users may shift from neutral to active conservation if local MESLI values improve or PES incentives are added.

2.4 Objectives

Each agent seeks to maximize different utilities:

· RWSS: Long-term access to ES.
· Producers: Agricultural profitability.
· Institutions: ES protection in priority areas.
· NGOs: Participation and conservation coverage.

2.5 Learning

No machine learning is used, but agents "learn" indirectly through environmental and institutional feedback (e.g., policy success increases agent compliance).

2.6 Prediction

Agents anticipate policy incentives and environmental trends in their decision-making logic, especially in the conservation scenario.


2.7 Sensing

Agents perceive local MESLI values and the policy context (e.g., PES availability). Sensing is limited to neighborhood-level perception (adjacent cells or sub-basins).

2.8 Interaction

· Network ties form through co-participation in conservation projects.
· Institutional actors target specific agents/zones for PES or enforcement based on MESLI.

2.9 Stochasticity

Stochastic elements include:

· Probabilistic WTP (based on probit regression from household surveys).
· Random variation in crop yields and prices.
· Initial spatial distribution of willingness to participate.

2.11 Observation

Key outputs include:

· MESLI maps per scenario and time step.
· Land-use changes in trajectories.
· Stakeholder participation and network metrics (e.g., degree of centrality).





3. Details

3.1 Initialization

· MESLI baseline generated using InVEST and ARIES.

· Land cover classification: Cortolima 2019.

· Stakeholder profiles derived from surveys and secondary sources.


3.2 Input Data

· Raster layers: MESLI index, land cover.

· Vector layers: POMCA zones, PES areas.

· Agent-level data: survey responses, economic thresholds.
 

Submodels
Land-use change:


if (MESLI ≥ 0.7) and (WTP == 1) and (PES_available):
    conserve_land()
elif (crop_price > threshold):
    convert_to_agriculture()


Stakeholder network

if (agents share RWSS) and (participation == True):
    form_network_tie() 

MESLI Update:

Adjusted annually based on land use, ecosystem integrity, and proximity to conservation zones.

3.4 Output Description 

· Spatial maps of MESLI, conservation suitability, and land transformation.

· Stakeholder network graphs over time (including fragmentation and centrality).

· Scenario comparisons against baseline (i.e., no-policy simulation).
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