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This study aims to develop a technology-oriented marine—fisheries
governance framework for mangrove rehabilitation that strengthens
coastal resilience and blue-carbon accountability in Indonesian coastal
settings. Drawing on an integrative review and conceptual/engineering
synthesis of recent studies, the method organizes evidence into four
pillars: (P1) multi-hazard risk reduction and hybrid defenses; (P2)
pollution pressures and fisheries/health risk; (P3) remote-sensing and
ML monitoring for mangrove extent, condition, and carbon; and (P4)
governance and finance instruments that enable durable outcomes.
Based on this synthesis, the paper proposes a smart mangrove
framework integrating multi-temporal satellite indices (e.g.,
NDVI/NDWI and mangrove-specific indices), UAV shoreline
mapping, and low-power IoT sensing (salinity, temperature, turbidity,
dissolved oxygen, and water level), supported by a near-real-time data
pipeline for quality control and anomaly detection. Scenario-based
results indicate that combining spatial (satellite/UAV) and in situ (IoT)
observations improves restoration-zone prioritization, reduces
uncertainty relative to single-source assessments, and strengthens
monitoring, reporting, and verification (MRV) readiness for blue-
carbon initiatives. The study concludes that monitoring becomes most
effective when linked to actionable performance indicators (e.g.,
canopy recovery, shoreline stabilization, water-quality compliance)
and clear institutional roles. It recommends phased deployment
(baseline mapping and pilot sensors, followed by scaling and
MRV/audit integration), stakeholder co-design of decision triggers,
and governance safeguards for legitimacy and benefit sharing.

Copyright © 2026 by the Authors.

1. Introduction

Coastal communities are increasingly exposed to compound hazards—storm surge, wave-driven
flooding, shoreline erosion, and sea-level rise—while simultaneously facing accelerated land-use
change, pollution loads, and livelihood pressures. Mangrove forests can reduce coastal exposure
through wave attenuation and sediment trapping, support fisheries and biodiversity, and store large
quantities of carbon that can be mobilized through blue-carbon finance. Yet, the realized benefits of
mangrove-based interventions depend on geomorphic and multi-hazard specificity, upstream
pollution pressures that propagate into estuaries and food webs, the quality and reproducibility of
monitoring methods, and governance arrangements that determine legitimacy and benefit sharing

[1]-[6].
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Across 2020-2025, the literature has shifted from single-topic assessments toward integrative
approaches that connect hazard exposure, ecological condition, and policy/finance instruments. In
parallel, digital technologies—Sentinel-2 red-edge imagery, UAV photogrammetry, low-power loT
sensors, and machine-learning (ML) workflows—have improved the feasibility of near-real-time
monitoring and adaptive management [7]-[11]. However, technology does not automatically translate
into better decisions. Monitoring outputs must be decision-relevant, uncertainty-aware, and coupled
to governance processes that can act on triggers such as canopy loss thresholds, shoreline retreat rates,
or contaminant hotspots [4], [5], [12].

Despite these advances, a key gap remains: evidence and practice are still often fragmented across
(1) multi-hazard risk reduction, (ii) pollution and fisheries/health risk, (iii) technology-enabled
monitoring and MRV for blue carbon, and (iv) governance/finance mechanisms. Consequently,
implementers lack a concise, operational blueprint that specifies what to measure, how to validate and
communicate uncertainty, and how measurements trigger management actions and accountability in
coastal fisheries settings.

To address this gap, this paper is presented as an integrative review with a conceptual/engineering
framework. It synthesizes recent evidence into four pillars: (P1) multi-hazard risk reduction and hybrid
defenses; (P2) pollution pressures and food-web transfer; (P3) remote sensing—ML monitoring for
extent, change, and carbon; and (P4) governance and finance instruments for durable outcomes. It
then contributes an engineering-oriented ‘smart mangrove’ framework: an operational monitoring and
decision-support architecture and an actionable indicator set aligned with measurement-reporting—
verification (MRV) requirements. The results are conceptual and scenario-based, and are not derived
from new field experiments.

II. Method

This study employed an integrative review to synthesize recent peer-reviewed literature
(primarily 2020-2025) on mangrove-based coastal resilience, blue carbon, pollution pressures
relevant to fisheries, technology-enabled monitoring, and governance/finance mechanisms. Searches
were conducted using combinations of keywords related to mangroves, coastal hazards, blue
carbon/MRYV, remote sensing, IoT, machine learning, and governance, and the included sources were
screened for relevance to (i) multi-hazard risk reduction, (ii) pollution and ecological/fisheries risk
pathways, (iiil) monitoring and carbon estimation approaches, and (iv) institutional and financial
implementation. The selected studies were then coded thematically and organized into four pillars
(P1-P4) to support a conceptual/engineering synthesis that prioritizes decision-relevant outputs
(indicators, uncertainty considerations, and trigger-to-action workflows). Accordingly, the “results”
presented in this paper are conceptual and scenario-based, and do not report new field experiments.

Translated the synthesis into a services-risks-finance-governance framework that supports
performance-based coastal decision-making (Fig. 1). The core idea is to treat mangroves as managed
assets embedded in coupled social-ecological systems and to connect monitoring confidence
explicitly to claimed benefits (risk reduction and carbon) and to governance choices (zoning,
restoration timing, and benefit sharing).

Services
(protection,
fisheries,
carbon)

Finance
(blue carbon,
adaptation)

sset

Governance
(zoning,
rights,
compliance)

Risks
(hazards,
pollution)

\ Gove

Principle: monitor condition, quantify benefits, manage risks, and link verified performance to incentives

Fig. 1. Conceptual services-risks-finance-governance framework for smart mangrove programs.

Building on this framing, we propose a smart monitoring and governance architecture (Fig. 2) that
integrates satellite and UAV mapping for spatial coverage, loT sensing for high-frequency local
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dynamics (water level, salinity, turbidity, pH), ML analytics for mapping and validation, and
dashboards and reporting functions aligned with MRV needs for blue-carbon and adaptation finance
[71-10], [13].

Satellite UAV loT Nodes Data Lake &
(Sentinel-2) — Photogrammetry — (WQ, WL) — Processing
Indices Shoreline LoRa/4G (QC, ML)

— —

Governance Actions
(zoning, restoration,
enforcement, MRV)

Decision Support
Dashboard & Triggers

Fig. 2. Conceptual architecture integrating remote sensing, IoT, analytics, and governance feedback.

The architecture supports three operational use cases:

1. Risk-reduction planning: identify hotspots where mangrove conservation/restoration
produces the largest exposure-class shift or avoided damages, and where hybrid green—
gray options are warranted [1], [2], [14].

2. Risk-aware service valuation: integrate contaminant risk layers and livelihood
dependencies to prevent maladaptation (e.g., tourism expansion in pollution hotspots) [4]—
[6], [16].

3. Finance-ready MRV: quantify extent and carbon with uncertainty bounds, track change,
and produce auditable reports suitable for crediting or results-based payments [9], [10],
[13], [15].

II1. Results and Discussion

This section reports the conceptual and scenario-based results of the integrative synthesis. Rather
than presenting new empirical field measurements, the “results” are expressed as (a) design
implications for operational programs, (b) decision triggers that connect monitoring to action, and
(c) illustrative scenario comparisons (e.g., Table 1) that clarify trade-offs among monitoring designs.

A. Pillar 1: Mangroves as coastal risk-reduction infrastructure

Multi-hazard assessments show that exposure varies strongly by geomorphic setting and that
including ecosystems in screening models can materially change exposure classifications [1], [2].
Result 1 (planning implication): mangrove extent/condition should be treated as an active input—
not static background—because mapping uncertainty directly affects modeled risk, and thus must be
tracked and, where feasible, validated.

Case evidence supports counterfactual framing (with-and-without mangroves) to translate
ecological protection into decision language such as avoided damages or exposure-class shift [1].
Result 2 (design implication): in dense coasts, hybrid green—gray defenses are a pragmatic pathway,
with success depending on eco-hydrological fit, lifecycle costing, maintenance planning, and
stakeholder engagement [14].

Result 3 (operationalization): decision triggers can be co-defined with stakeholders to balance
ecological realism and operational simplicity. Examples include (T1) shoreline retreat rate thresholds
near assets, (T2) canopy condition index thresholds over consecutive composites, and (T3) water-level
extremes exceeding design levels. Trigger activation initiates a response workflow (e.g., rapid UAV
verification, targeted sediment trapping, accelerated planting in suitable micro-topography).
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Using the Coastal Exposure Index (CEI), districts can rank shoreline segments and identify where
mangrove condition changes modeled risk. In an illustrative screening, intact belts can shift segments
from “high” to “moderate” exposure when attenuation/stabilization functions are included, while
degraded belts remain “high” due to fragmentation and low canopy density.

Table 1. Scenario comparison of monitoring designs (illustrative outcomes).

Scenario Event detection Cost intensity Actionability MRY readiness
time

A: Periodic field Weeks—months Low-moderate Low (reactive) Low (limited audit

checks trail)

B: Remote sensing  Days—weeks Low Moderate (spatial)  Moderate (map-

only based)

C: RS+ UAV + Hours—days Moderate High (site + High (auditable,

IoT + triggers stream) uncertainty-aware)

B. Pillar 2: Pollution pressures and food-web transfer

The synthesis indicates that pollution can undermine fisheries-linked benefits even where hazard
reduction gains are achieved. PFAS studies highlight multiple pathways (wastewater discharge,
industrial sources, storm runoff, landfill leachate), motivating targeted source control and spatial
prioritization [4]. Heavy-metal trophodynamics studies show that seafood health risks can emerge
even when some environmental compartments appear permissible, affecting livelihoods and nutrition
[5]. Sediment records indicate long-term accumulation of nutrients and trace metals linked to
development history [6].

Result 4 (risk-aware resilience): smart mangrove programs should integrate contaminant risk
screening into planning to avoid maladaptation (e.g., promoting tourism/fisheries expansion in
hotspots). In practice, low-cost sensor streams can support event detection (runoff pulses) using
proxies such as turbidity, conductivity, dissolved oxygen, and water level, while laboratory assays are
targeted to priority contaminants.

25 A

20 1 — salinity (ppt)
Turbidity (NTU)
—— Dissolved oxygen (mg/L)

Value

15 A

104

0 5 10 15 20 25 30
Day (illustrative)

Fig. 3. Example IoT time-series signals used for anomaly detection and habitat suitability scoring
(illustrative).

C. Pillar 3: Remote sensing—ML monitoring for extent, change, and carbon

Remote sensing advances using Sentinel-2 red-edge information and mangrove-specific indices
improve separability and mapping accuracy, while ML classifiers support robust extent mapping and
change detection [7]. Indonesian cover-change studies demonstrate the policy relevance of detecting
localized loss and linking patterns to socio-economic drivers [9]. Carbon estimation workflows
commonly couple mapped extent with indices and field allometry, demonstrating feasibility for
operational mapping [8].
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Result 5 (standardization need): cross-site transfer is constrained when studies differ in plot design,
temporal matching, class definitions, and uncertainty reporting [8], [10]. Therefore, operational
monitoring requires standardized reporting of preprocessing, label protocols, accuracy assessment,
and confidence intervals. Quality assurance can be implemented via repeatable scripts, versioned
training datasets, and a minimal set of published metadata (dates, cloud thresholds, composite rules)
plus confidence layers.

Result 6 (uncertainty-aware accounting): for finance-ready reporting, carbon should be computed
transparently (e.g., Area X BiomassDensity x CarbonFraction) with uncertainty propagated from each
term. This prevents over-claiming and increases credibility for results-based mechanisms.

D. Pillar 4: Governance, finance, and legitimacy safeguards

Governance and valuation studies indicate that outcomes depend on incentive alignment, rights
recognition, and equitable benefit sharing. Choice-experiment evidence shows support for integrated
packages that combine restoration with improved waste/sewage management [ 15]. Discourse analyses
warn that carbon-centric governance can sideline livelihoods if technocratic measurement dominates
without procedural, distributive, and recognition justice [12].

Blue-carbon crediting experience emphasizes methodological credibility and institutional capacity
for verification [10], while cooperation models highlight the need for benefit allocation mechanisms
[11]. Under climate uncertainty, real-options logic can inform adaptive timing and staging of
rehabilitation [13].

Table 2. Actionable indicator set linking science, technology, and decisions.

Layer / Pillar Operational indicator(s) Preferred Decision linkage
technology / data
source
Risk reduction (P1) Exposure class; shoreline- Hazard models + Prioritize
change rate; event-based shoreline RS; local conservation/restoration;
attenuation proxy water-level sensors justify hybrids
Pollution (P2) PFAS/metal hotspot Catchment—estuary ~ Source control; advisories;
screening; seafood risk sampling; in-situ zoning for
index turbidity/EC; lab tourism/fisheries
assays
Monitoring (P3) Extent & change; canopy  Sentinel-2 red-edge MRV reporting; trigger-
condition; AGC/carbon indices; UAV; ML; based maintenance
with uncertainty field plots
Governance/finance Benefit-sharing scorecard; Participatory Legitimacy; adaptive
(P4) compliance/enforcement surveys; policy and incentives
metrics administrative
records

Table 3 provides an adaptable dashboard template that ties each indicator to a computation rule,
trigger, and action owner.

Table 3. Example dashboard indicators, computation rules, and management actions (adaptable template).

Indicator Tier Computation Trigger Primary action
(summary) (example)

Canopy condition 1 Monthly index composite ~ Drop >15% for2 ~ UAV verification;

score (NDVI/REMI) periods patrol &
normalized by baseline protection

Mangrove extent 1 Area gain/loss from Net loss Permit audit;

change classified maps (area- >0.5%/month restoration
adjusted) scheduling
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Indicator Tier Computation Trigger Primary action
(summary) (example)
Shoreline retreat Transect-based change Retreat >1 Hybrid defense

rate from UAV/satellite m/month near design; sediment
shoreline assets control
Water quality % time within thresholds ~ Compliance Source
compliance for salinity, DO, turbidity =~ <80% weekly investigation;
advisories
Habitat suitability Weighted score of WQ HSI <0.6 for 2 Adjust
index (HSI) proxies + inundation weeks aquaculture
regime operations;
restoration micro-
site selection
Restoration Survival (%) from plot Survival <70% at  Replanting; revise
survival census and UAV counts 3 months species/micro-
topography
Sediment Marker horizons/SET Net subsidence Sediment
elevation trend where available >5 mm/yr management;
hydrological
reconnection
Carbon stock Area x biomass density Uncertainty Add plots; revise
estimate model; uncertainty >20% model
bounds
MRYV confidence Data completeness + map  MCS <0.7 Maintenance;
score accuracy + QA audit training; audit
score
Community Attendance/engagement < target for 2 Facilitation;
participation rate index from records quarters benefit-sharing

review

A phased deployment roadmap is recommended: Phase 1 establishes baseline mapping and

stakeholder agreement on indicators/thresholds plus a minimal sensor pilot; Phase 2 scales with
standardized kits, training, and routine QC; Phase 3 integrates verification and incentives through
MRYV reporting and independent audits. To reduce power imbalances, equity-by-design controls are
required: transparent data rules, grievance handling, and benefit-sharing agreements [17].

a) Integrated cross-pillar results (synthesis)

Taken together, the synthesis yields a practical “smart mangrove” result: a trigger-based
monitoring-and-governance workflow that (i) prioritizes risk-reduction hotspots (P1), (ii) screens
pollution risks that affect fisheries and health (P2), (iii) standardizes uncertainty-aware mapping and
carbon accounting (P3), and (iv) operationalizes legitimacy and incentives through clear governance
and MRV arrangements (P4). The scenario logic summarized in Table 1 supports selecting
monitoring designs based on required detection time, actionability, and reporting needs.

b) Limitations and research agenda

This paper is a review and conceptual engineering translation; it does not present a new field
experiment or a new satellite classification benchmark. Future work should (i) report lifecycle cost
and effectiveness of hybrid defenses with consistent metrics, (ii) integrate contaminants as a first-
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class variable in coastal planning, (iii) publish reproducible remote-sensing pipelines with
uncertainty reporting, and (iv) evaluate governance instruments (co-management, performance-
based payments, enforcement targeting) using rigorous outcome metrics.

IV. Conclussion

This study contributes an integrative, engineering-oriented “smart mangrove” framework that
connects mangrove ecosystem services (risk reduction and blue carbon) with pollution-aware
management, technology-enabled monitoring, and governance mechanisms that enable accountable
decision-making. Rather than presenting new field experiments, the paper synthesizes recent
evidence into a scenario-based blueprint that specifies what to monitor, how to manage uncertainty,
and how monitoring outputs trigger actions across multi-hazard planning, water-quality risk
screening, and MRV-ready carbon reporting. The central implication is that monitoring becomes
valuable only when embedded in institutions that define clear roles, thresholds, verification routines,
and benefit-sharing arrangements—so that data translate into enforceable protection, better-targeted
restoration, and credible reporting for finance mechanisms. For practitioners and policymakers, we
recommend a phased implementation pathway: (1) establish baseline maps and minimum indicators
using satellite/UAV products and limited in situ sensing; (2) scale [oT deployment to capture event-
driven dynamics (e.g., runoff and pollution pulses) and refine decision triggers; and (3) integrate
standardized QA/QC, uncertainty reporting, and auditing procedures aligned with MRV
requirements for blue-carbon and adaptation finance. Future work should validate the proposed
indicators and trigger thresholds through coordinated pilots and long-term monitoring partnerships,
ensuring that the framework remains locally legitimate, technically robust, and financially
actionable.
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