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ABSTRACT

Tropical peatlands are globally significant carbon
stores, but they become highly wvulnerable to
degradation when drained and cleared for
agricultural  production, including oil palm
cultivation. In Indonesia, oil palm cultivation on peat
is  both  economically  consequential  and
environmentally contested, with central debates
focusing on greenhouse gas (GHG) emissions,
subsidence, peat fires, biodiversity loss, and the
credibility of sustainability governance through
standards and regulation. This qualitative literature
review synthesizes post-2020 scientific and policy-
relevant  scholarship  alongside foundational
Indonesian peat-oil palm discussions to clarify what
is known, what remains disputed, and what
conditions shape divergent findings. The review
applies a thematic synthesis centered on hydrological
governance (water-table management, drainage
infrastructure, and rewetting/restoration) because it
has been consistently positioned that groundwater
level (GWL)/muka air tanah (MAT) as the “hinge”
connecting local biophysical outcomes (subsidence
and fire vulnerability) to global climate claims (CO2-
equivalent emissions). Evidence from recent peer-
reviewed studies indicates that the climate impact of
peat conversion is strongly time-dependent, with
particularly high emissions during early conversion
stages and continued net carbon losses through oil
palm rotations in many settings. At the same time,
recent work also points to substantial mitigation
potential from rewetting interventions (e.g., canal
blocking) in specific contexts, while warning about
implementation ~ constraints and  livelihood
implications, especially for smallholders. The article
concludes by outlining policy and management
pathways that treat peatland oil palm sustainability
as a problem of risk-governed trade-offs rather than a
binary “sustainable/unsustainable” label
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INTRODUCTION
Background: Peatlands, Oil Palm, and Sustainability Tensions

Tropical peatlands are a distinct ecosystem type whose long-term stability
depends on persistently wet conditions; drainage disrupts this stability by
altering peat moisture and decomposition dynamics. It has been emphasized that
peatland use for oil palm expanded partly because suitable mineral lands for
large-scale commercial development became more limited and land control
became more complex, making peat an increasingly selected frontier for
investment and smallholder conversion. Oil palm’s economic importance —
nationally and locally —helps explain why peat debates are rarely only
“environmental,” but are also framed as development, trade competitiveness,
and livelihood questions [1].

A central theme is the divergence between (a) the global environmental
narrative that associates peat oil palm with deforestation, fires, and high GHG
emissions, and (b) counter-claims that some accusations exceed observed field
realities or rely on overestimated emission calculations. This divergence persists
because peat emissions are difficult to quantify consistently and because
“sustainability” is mediated by policy instruments (e.g., peat ecosystem rules)
and market instruments (e.g., ISPO/RSPO), each with different incentives and
enforcement capacities. Recent peer-reviewed measurements show that
converting peat swamp forests to oil palm can yield high combined GHG
emission factors when CO2, N20, and CH4 are included, and that emissions vary
across conversion phases (drainage stage, young plantation stage, mature stage).
Meanwhile, other post-2020 studies indicate that net carbon outcomes may
remain strongly negative over a plantation rotation, implying that mitigation
strategies should prioritize preventing new peat conversion while improving
water governance where peat oil palm already exists [2].

Why is Hydrology Governance the Analytic Center

It has been repeatedly linked key sustainability issues —subsidence, fires,
and emissions —to groundwater level (GWL/MAT), suggesting that peatland oil
palm sustainability is best interpreted through hydrological governance rather
than through single-issue metrics. Hydrology governance matters not only in
plantations but across whole peat hydrological units, because drainage canals
and water control structures connect multiple land users and can export risk
beyond concession boundaries. A significant implication from recent literature is
that rewetting (often through canal blocking) can have strong climate-mitigation
potential in specific settings, strengthening the argument that water management
is the most actionable lever in already-developed peat landscapes [3].

Problem Statement

Despite a large and growing evidence base, there remains no single, widely
accepted account of what “sustainable oil palm on peat” means in practice
because the literature is fragmented across biophysical science, governance
studies, and market/standards research. It also has been highlighted
methodological controversies, particularly when subsidence-based estimates are
interpreted as direct proxies for emissions without fully accounting for peat
compaction and consolidation. These disagreements complicate policy
communication, international legitimacy debates, and the design of realistic
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mitigation pathways that maintain livelihoods while reducing environmental

harm[4].

Objectives and Guiding Questions

This article has three objectives grounded in the structure (issues —
management — future direction) and updated with post-2020 peer-reviewed

evidence [1].

1. Objective 1: Map dominant post 2020 themes and contested claims in peat-oil
palm sustainability debates [5].

2. Objective 2: Synthesize mechanisms linking water-table governance and
drainage infrastructure to key outcomes (GHG emissions, fire risk, subsidence,
and longer-run viability) [1].

3. Objective 3: Identify plausible pathways for “better-than-status-quo”
sustainability transitions in existing peat oil palm landscapes, including
rewetting/restoration and governance risk management [6].

Guiding questions:

* How does hydrological management mediate the main environmental
impacts attributed to oil palm on peat? [1]

* Which claims are robust across methods and contexts, and which depend
strongly on assumptions, system boundaries, and time horizons? [2]

* What governance and livelihood constraints shape the feasibility of rewetting
and restoration in real plantation-smallholder mosaics? [4].

LITERATURE RIVIEW
1. Key Concepts Used In This Review

Peat and tropical peatland. It has been discussed that peat as an organic
soil (Histosols/Organosols in soil classification traditions). It emphasizes that
peatland management must begin with recognition of peat’s unique physical,
chemical, and hydrological properties. This review uses “peatland” as a coupled
ecological-hydrological system whose functioning depends on water saturation
patterns, not simply a soil substrate [7].

Sustainability in oil palm landscapes. Sustainability is presented in a
governance sense—compliance, feasibility, environmental management, and
social relations—closely aligned with certification framings such as ISPO and
RSPO. For this article, sustainability is treated as a multi-criteria outcome across
at least four domains: (1) climate/GHG, (2) fire and air quality risk, (3) land
stability and long-run viability (subsidence/flood vulnerability), and (4) social-
economic legitimacy (livelihoods, trade acceptance, governance credibility) [6].
Hydrological governance. It has been stated repeatedly uses groundwater level
(MAT) as an operational indicator tied to emissions, subsidence, and fire risk,
implying that sustainability is “governed” through water-control infrastructure
and monitoring systems. In post-2020 scientific work, peat rewetting and water-
table adjustment are also framed as climate-mitigation interventions, which
strengthens the analytical choice to place hydrology governance at the center of
a qualitative synthesis [3].
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2. Theoretical Lenses To Interpret a Contested Evidence Base

Social-ecological systems and risk governance. Peatlands can be viewed
as systems with thresholds: crossing a dryness threshold increases fire
susceptibility and accelerates degradation, requiring adaptive management and
continuous monitoring. A risk-governance framing is especially appropriate
because it does not claim that impacts are absent, but argues that implications
can be mischaracterized or overgeneralized, a classic problem of risk
communication under uncertainty [7].

Political ecology / political economy of narratives. It has been noted that
international campaigns and trade-related pressures surrounding oil palm,
suggesting that sustainability debates are shaped not only by measurable
outcomes but also by global politics and legitimacy contests. This aligns with a
political ecology lens that treats “what counts as evidence” as partly shaped by
actor interests, standards, and geopolitical contexts rather than by biophysical
measurement alone [8].

Multi-level governance and standards. It has been positioned that
ISPO/RSPO and Indonesian regulation as interacting governance instruments
that attempt to translate sustainability into enforceable criteria and indicators.
Recent restoration scholarship further supports a multi-level lens by describing
national-scale restoration potential assessments and risk management processes
that rely on multi-actor coordination and spatial planning [3].

3. What Post-2020 Literature Contributes and Why it Matters for Synthesis)

Recent high-impact evidence highlights that the climate consequences of
peat conversion are not well captured by “forest vs mature plantation”
comparisons alone, because emissions vary substantially across conversion
phases and gases. Nature Communications evidence shows that N2O can
contribute materially to combined global warming potential after conversion,
and that the conversion process itself can dominate the life-cycle climate impact.
Complementing this, findings from Global Change Biology indicate sustained
net carbon losses in oil palm plantations converted from logged peat swamp
forests, reinforcing the argument that time horizon and baseline condition
strongly shape conclusions [2].

At the same time, the post-2020 literature base also expands the solution
space by quantifying mitigation potential from rewetting and emphasizing the
need for feasibility-aware risk management, rather than presenting restoration as
purely technical. Qualitative evidence from PubMed Central-archived research
on smallholder perceptions of rewetting in Sumatra suggests that canal blocking
and rewetting interventions can have livelihood consequences that must be
addressed through complementary livelihood strategies and participatory
governance. This is consistent with the emphasis on balancing environmental
advocacy with holistic development planning [4].
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METHODOLOGY
1. Approach and Rationale

This study uses a qualitative literature review (QLR) approach rather than
a systematic literature review, with the goal of interpretive integration: mapping
debates, clarifying mechanisms, and identifying boundary conditions that
explain why results differ across contexts and methods. A QLR is appropriate
here because peat-oil palm sustainability is not only an empirical question (“how
large are emissions?”) but also a governance and framing question (“which
metrics are privileged, what assumptions underlie them, and which solutions are
feasible under real constraints?”). The article is mainly written in a policy-
relevant scientific narrative style—moving from issues to standards to technical
management to future direction—making it a suitable for an interpretive
synthesis rather than a database-exhaustive review [6].

2. Corpus Construction (Transparent, But Not Exhaustive)

The review corpus was assembled through iterative searching and citation
chaining around seven thematic clusters: (1) peat definitions and characteristics,
(2) oil palm expansion and land-cover change narratives, (3) water-table
management and drainage infrastructure, (4) GHG measurement and accounting
controversies, (5) fire risk and prevention, (6) subsidence and long-run land
viability, and (7) governance through standards and restoration institutions. To
strengthen timeliness, the review prioritizes post-2020 peer-reviewed journal
articles (Scopus/ WoS-indexed outlets where identifiable from publisher venues),
including Nature Communications, Science of the Total Environment, Global
Change Biology, Scientific Reports, Frontiers journals, and Restoration Ecology.
Foundational pre-2020 sources are used selectively to explain definitions and
historical debates, but the main interpretive weight is given to 2020-2026
evidence [9].

3. Inclusion and Exclusion Criteria

Included items met at least one of the following criteria: (a) direct
measurement or modeling of GHG fluxes or carbon balance in tropical peatland
conversion/oil palm contexts, (b) explicit analysis of hydrology governance
(water table, drainage, canal blocking, rewetting), (c) evidence on peat fire
drivers and severity in Indonesia’s peat landscapes, or (d) peer reviewed
governance/restoration risk management analyses with clear relevance to peat
oil palm landscapes. Excluded items were opinion-only texts without traceable
methods, or sources that could not be verified as credible/traceable for key
claims needed in this article. (No citation) [5].

4. Analytic Strategy: Thematic Synthesis

The synthesis followed an iterative thematic analysis: (1) initial code
families (hydrology, emissions, subsidence, fire, biodiversity/deforestation
narratives, standards, and futures), (2) mapping post 2020 peer reviewed
evidence into these code families, and (3) developing integrative themes that
explain both convergence and divergence across sources. Particular attention
was given to how studies define baselines (e.g., intact peat swamp forest vs
logged forest vs degraded shrubland), time horizons (conversion stage vs mature
plantation), and system boundaries (CO2-only vs multi-gas CO2+CH4+N20;
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plantation surface vs drainage ditches), because these choices strongly influence
reported outcomes [9].
5.Trustworthiness and Reflexivity

Because peat-oil palm debates are politically charged, reflexive memoing
was used to track interpretive risks, such as overgeneralizing from single-site
studies or adopting a single narrative frame as default. The analysis also treats
strong on Indonesian agronomic and governance framing —while using post-
2020 international journal evidence to test, nuance, or triangulate its core claims
(e.g., debates over emission magnitudes and mitigation options) [3].

RESULT
1.Theme 1 — Why Peat Conversion Happens (and Why it Persists)

It has been framed that oil palm expansion onto peat as a historically
contingent response to land scarcity on mineral soils, the availability of peat
landscapes for larger-scale development, and livelihood pressures that
encourage farmers to shift from lower-income crops to oil palm. It also
emphasizes that sustainability debates are inseparable from political-economic
pressures, including international market scrutiny and claims that
environmental campaigns sometimes generalize beyond observed field realities.
Post-2020 scholarship reinforces that “what is sustainable” cannot be evaluated
solely at plot scale because the impacts of conversion depend strongly on baseline
land cover (intact peat swamp forest vs logged forest vs degraded shrubland)
and on the timing and intensity of drainage [10], [11], [12], [13], [14].

A cross-cutting finding is that expansion pathways matter: it has argued
that not all peat oil palm development originates in peat swamp forests
(including primary forests), and that some development occurs on already-
modified lands such as shrublands, agroforestry, or other forms of agriculture.
At the same time, multi-gas assessments of peat forest conversion to oil palm
show that conversion from peat swamp forest can produce significant combined
warming impacts, especially when CO2 and N2O are jointly considered and
when early conversion phases are included. The literature, therefore, tends to
converge on a conditional statement: sustainability outcomes deteriorate sharply
when conversion involves clearing and draining peat swamp forests, whereas the
debate shifts to the degree and management options when the baseline is already
degraded peat [15], [16], [17], [18].

2. Theme 2 — Hydrology Governance is the Main “Lever.”

The groundwater level (MAT/GWL) is repeatedly treated as the pivotal
variable linking drainage to peat oxidation, subsidence, and fire susceptibility,
suggesting that sustainability in peat oil palm is primarily a water-governance
problem. The same hydrology emphasis appears in post-2020 restoration-
oriented research that evaluates canal blocking and rewetting as interventions
that raise water tables and reduce peat decomposition. This alignment suggests
a strong thematic convergence: although stakeholders argue about magnitudes
and attribution, the core causal chain (drainage — lower water table — drier peat

— higher decomposition and fire risk) is widely recognized, even if quantified
differently[19], [20], [21], [22].
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Evidence since 2020 has increasingly quantified outcomes of rewetting
interventions. A West Kalimantan field study associated with canal-blocking
rewetting projects reports that rewetting reduced peat CO2 emissions and
reduced heterotrophic respiration relative to drained oil palm sites, with
mitigation effects linked to higher water tables and soil moisture. A Scientific
Reports paper further argues that tropical peatland rewetting provides
measurable benefits for subsidence reduction and related risk management,
strengthening the case that hydrology interventions can yield both climate and
long-run land-viability gains. These findings support an interpretive synthesis in
which “sustainable management,” where possible, is framed less as eliminating
drainage (often unrealistic for existing plantations) and more as minimizing the
damaging intensity of drainage and stabilizing water regimes [3], [23], [24].

Hydrology governance also includes monitoring and spatial coordination
challenges. It has been noted that sustainability concerns are linked to managed
water-table depth and peat moisture above the water table, suggesting that
outcomes depend on continuous control rather than a one-time infrastructure
installation. Recent work on hydrological function in rewetted peatlands
(including oil palm land uses) suggests that site hydrological properties can
differ across land uses and may affect how rewetting changes infiltration and
water movement, reinforcing that interventions are not “one-size-fits-all.” [25],
[26], [27]

3. Theme 3 — GHG Emissions: Strong Signals, Contested Magnitudes, and
Accounting Choices

A major point of contention is that some widely cited emission estimates
may be biased upward if subsidence-based methods do not adequately separate
peat oxidation from compaction/consolidation processes, and if studies do not
consistently treat plant-related respiration and carbon uptake. This critique is
consistent with the broader methodological point found in post-2020 peer-
reviewed work: net climate impact depends on system boundaries (CO2-only vs
CO2+CH4+N20) and on whether analyses include the conversion phase. A
Nature Communications study highlights that converting peat swamp forests to
oil palm yields substantial combined GHG emissions, with N2O contributing
meaningfully to the total warming impact in addition to CO2 [28], [29], [30].
Another recurring finding is time dependence. A Global Change Biology paper
on peat swamp forest conversion indicates that carbon emissions can remain
substantial over both short and long time frames after conversion, implying that
“mature plantation” snapshots may underrepresent the conversion-driven
climate burden if the early years are excluded. This time-dependence intersects
with the emphasis on contested claims, because actors may selectively
foreground particular stages (e.g., mature plantation management). In contrast,
critics foreground land conversion and the establishment of drainage systems
[31], [32], [33].

The synthesis also points to emerging attention to infrastructure-related
emissions and overlooked sources. A Scientific Reports study on GHG emissions
from drainage ditches in oil palm plantations (Malaysia, but relevant for similar
peat drainage architectures) indicates that ditches can be distinct emission
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sources, implying that plantation-scale accounting that only considers “soil
surface” may miss parts of the system. This matters for sustainability practice
because water governance decisions (ditch design, water levels, maintenance) are
simultaneously production practices and emission-governance practices [9], [34],
[35].

4. Theme 4 — Fire Risk: Dryness, Governance, and Multi-Actor Coordination

Peat fires are treated as a globally visible sustainability risk linked to peat
drying and seasonal drought, and it has been also argued that unmanaged or
“abandoned” peatlands can be highly fire-prone. This framing resonates with
recent peat fire scholarship that analyzes fire frequency, intensity, and burn
severity in peatland landscapes, strengthening the view that fire is a landscape-
scale phenomenon shaped by land cover, hydrology, and human use rather than
by any single commodity alone. The convergence here is that both biophysical
and governance variables matter: peat moisture and water tables influence
ignition and smoldering potential, while institutions influence whether land
clearing uses fire and whether early suppression is feasible [36], [37], [38].

Post-2020 work provides detailed governance insights into how
communities and multi-level institutions collaborate (or fail to collaborate) for
fire adaptation. A study in Ecology and Society argues that collaborative
governance for peatland fire adaptation depends on institutional arrangements,
learning processes, and resource sharing, and it documents routine practices
such as canal block construction, patrols, and fire response that reduce local
vulnerability when cooperation is meaningful. A CIFOR-associated peer-
reviewed study in Environmental Development reports on participatory action
research approaches for community-based fire prevention and peatland
restoration in Riau, linking fire-free land preparation to livelihood-oriented
interventions and local institutional rules. Together, these studies support a
thematic conclusion that fire prevention in peat oil palm landscapes is
inseparable from livelihood systems and local incentives, not merely a technical
hydrology problem [39], [40], [41], [42].

5. Theme 5 — Subsidence and Long-Run Viability As “Slow Disasters.”

This study treats subsidence as a key sustainability issue and highlights
that subsidence is often incorrectly interpreted as purely decomposition-driven.
At the same time, compaction and consolidation can contribute, affecting how
subsidence is used as an emissions proxy. Recent peer-reviewed evidence
emphasizes that rewetting can reduce subsidence, positioning subsidence not
only as a geotechnical problem but also as part of climate and land-risk
governance. This supports a synthesis in which subsidence becomes a long-
horizon sustainability constraint: even if short-term production is feasible, the
physical lowering of land surfaces can raise longer-run flood vulnerability and
maintenance burdens, which in turn reshape what “sustainability” means over
decades [43], [44], [45], [46].

A crucial interpretive point is that subsidence connects environmental
outcomes to economic risk. Where subsidence threatens infrastructure, water
control structures, and land usability, sustainability transitions must account for
adaptation costs and who bears them (companies, smallholders, or the state).
This aligns with emerging scholarship that frames peat restoration and water
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management partly in economic terms and through risk management, indicating
that restoration policies are often evaluated through feasibility, cost, and co-
benefit lenses rather than climate metrics alone [47], [48], [49], [50].

6. Theme 6 — Rewetting/Restoration: Mitigation Potential Plus Social
Feasibility Constraints

It has been proposed that a future direction that emphasizes
intensification on existing cultivated peat, revitalization of already-developed
but underused areas, and improved governance/technology (including
monitoring and “digitalization”) rather than continued expansion. Post-2020
empirical work strengthens the case for mitigating rewetting in certain contexts,
including field evidence that canal blocking can raise water tables and reduce
CO2 emissions relative to drained conditions, with limited change in methane
uptake reported in the cited West Kalimantan study. A complementary strand of
post-2020 work focuses on how to design peat restoration as a risk-managed,
multi-actor process, emphasizing practical constraints, trade-offs, and
uncertainty rather than assuming restoration is straightforward [25], [51], [52],
[53], [54].

However, multiple sources also suggest that social acceptance and livelihood
impacts shape feasibility. A peer-reviewed study on community perceptions of
peat rewetting describes canal blocking, canal backfilling, and other approaches
as key methods of rewetting in Indonesia, while emphasizing that rewetting is
linked to national goals of reducing fires and emissions, suggesting that
community perceptions are a critical factor for success. Research on rewetting in
smallholder oil palm areas in Sumatra highlights livelihood implications and the
need for community-alighed approaches when implementing rewetting
interventions. These findings converge with the argument that sustainability
advocacy must be connected to holistic development planning rather than
isolated environmental mandates [4], [55], [56], [57].

7. Theme 7 — Standards and Regulation: Necessary But Not Sufficient

There is a detailed governance narrative on Indonesian sustainability
standards and regulations (including ISPO and links to broader legal compliance,
environmental management, and social responsibility), and it argues that claims
of “no governance” are inaccurate, even if implementation is uneven. This
governance framing aligns with broader scholarship that treats peat restoration
and peat fire management as multi-level governance challenges in which formal
rules must be matched by field capacity, monitoring, and incentives. The
thematic synthesis suggests that standards can serve as a coordination device
(defining expected practices such as environmental management and
transparency) but cannot substitute for hydrological coordination at the peat
hydrological unit scale, especially where canals connect multiple landholders
[36], [58], [59].

A related post-2020 finding is that multi-actor collaboration can be
undermined when power asymmetries discourage meaningful cooperation,
which matters because peat hydrology interventions often require coordination
beyond a single farm or company boundary. Where collaboration is weak, canal
blocking or fire prevention can become fragmented, reducing effectiveness and
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potentially shifting risk across boundaries. This supports a cautious policy
interpretation: strengthening standards is helpful, but “sustainability on peat”
requires governance that matches the landscape hydrology and resolves
incentive conflicts among actors [36], [60], [61], [62].
8. Theme 8 — Future Pathways: “Better-Than-Status-Quo” Transitions

Across sources, the most feasible near-term pathway is typically framed
as improving outcomes in already established peat o0il palm landscapes rather
than expanding into new peat areas. It has been explicitly argued for
intensification, improved water management, stabilization of peat conditions,
and revitalization of developed areas, consistent with post-2020 climate evidence
that highlights the high emissions associated with peat conversion and the long-
term persistence of carbon losses after conversion. In parallel, rewetting is
positioned as a natural climate solution with potentially significant mitigation
benefits in specific Indonesian contexts. Still, it is also framed as requiring risk

management, institutional capacity, and livelihood-aware implementation [3],
[63], [64], [65].

DISCUSSION
1 What Appears Robust Across the Evidence Base

First, the synthesis supports a robust mechanism-level conclusion:
peatland hydrology is central, and the lowering of water tables through drainage
is consistently linked to degradation risk pathways, even when studies differ on
magnitude. Second, high-quality post-2020 multi-gas studies show that peat
swamp forest conversion to oil palm can generate substantial combined warming
impacts, particularly when the conversion phase and N2O are included. Third,
rewetting interventions (notably canal blocking) are repeatedly presented as a
plausible mitigation option for existing drained peatlands, with field evidence
indicating CO2 reductions under rewetted conditions in at least some oil palm
peatlands [3], [66], [67], [68].

2. Where Disagreement Persists (and why)

Disagreement persists partly because accounting choices change
conclusions. It has been emphasized the potential overestimation when
subsidence is treated as a direct emissions proxy without adequate separation of
peat oxidation from compaction/consolidation, while post-2020 research
emphasizes that including multiple gases and conversion phases tends to
increase estimated climate impacts. A second source of disagreement concerns
baselines: claims about whether oil palm expansion “causes deforestation” can
look different depending on whether the baseline is primary peat swamp forest,
logged forest, or already-degraded peat, which is highlighted in narrative form
and post-2020 studies address through explicit land-cover accounting [30], [69],
[70].

3. A Synthesis Claim That Answers the Article’s Core Question

Taken together, the evidence supports a “risk-governed trade-off”
interpretation: in already converted peat landscapes, sustainability hinges on
how hydrology is governed (water-table stabilization, canal design and
maintenance, and fire prevention coordination), while the largest climate risks
arise when new conversion and deep drainage expand into peat swamp forests.
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This framing also explains why standards alone cannot solve peat sustainability
challenges unless they translate into hydrological coordination at the relevant
landscape scale. The next section develops this synthesis into actionable
recommendations and a full conclusion aligned to your outline [48], [66], [71],
[72].

4. An Integrative Causal Model: Why Water Governance Sits at the Center

The thematic synthesis supports an integrative model in which drainage
intensity and the stability of groundwater levels mediate multiple sustainability
outcomes simultaneously: (1) peat oxidation and CO2 emissions, (2) peat dryness
and fire vulnerability, and (3) subsidence and long-term land viability. This
model is consistent with the repeated linkage of MAT/GWL to subsidence, fire
risk, and GHG emissions, which implies that sustainability cannot be evaluated
credibly without hydrological metrics and monitoring. It also aligns with post
2020/2024 evidence that rewetting (commonly operationalized through canal
blocking) can reduce CO2 emissions and can generate measurable benefits for
slowing subsidence under certain conditions [71], [73], [74], [75].

At the same time, this model clarifies why “single-indicator”
sustainability claims often produce conflict. For example, focusing solely on
annual CO2 flux can understate conversion-phase impacts and exclude N20,
while focusing only on land-cover change can ignore management differences on
already-converted peat. A multi-criteria framing—climate (multi-gas), fire,
subsidence, biodiversity/land cover, and livelihoods—reduces the risk of
drawing strong conclusions from partial system boundaries [1], [76], [77], [78].
5. Reconciling Contested Claims: Why Results Differ Across Studies

A key point is that emission estimates can be “too high” when subsidence
is interpreted without adequately accounting for compaction and consolidation,
and when measurement designs do not carefully separate root respiration,
heterotrophic decomposition, and canopy uptake. That critique can be reconciled
with high-impact post 2020 findings by recognizing that two different questions
are often conflated: (a) “What are ongoing emissions from an established
plantation under a given water regime?” versus (b) “What is the total climate cost
of converting peat forest to oil palm, including the conversion phase and multiple
gases?” Nature Communications evidence indicates that conversion-stage and
multi-gas accounting can yield large combined warming impacts after peat
swamp forest conversion, including meaningful N2O contributions that can
remain invisible in CO2-only or post-conversion-only framings [2], [79], [80].

The time horizon and baseline condition also explain the divergence.
Global Change Biology results emphasize that carbon emissions can remain
substantial over both short and long time frames after conversion from logged
peat swamp forest, which implies that “mature plantation snapshots” cannot be
generalized into a complete life-cycle assessment. It has been argued that some
peat oil palm development occurs on already-modified lands (not necessarily
primary peat swamp forest) remains essential, because the baseline land cover
changes the counterfactual and thus the interpretation of “additional” carbon
loss and biodiversity impact [2], [81].
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A further reconciliation point is infrastructure and landscape
heterogeneity. Evidence that drainage ditches can be distinct GHG sources
suggests that even within “the same plantation,” emissions are spatially
patterned across soil surfaces, canals/ditches, and management zones, so plot-
level measurements can differ depending on where sampling occurs. This
supports the practical conclusion that monitoring must be designed to represent
both management units and key emission “hotspots,” not just average field
surfaces [9], [82].

6. Governance Implications: Standards, Regulation, and “Fit” to Peat
Hydrology

It has been described that ISPO/RSPO and Indonesian legal frameworks
as existing governance architectures intended to deliver legal compliance,
environmental management, and social responsibility, while acknowledging that
implementation is uneven (especially among smallholders). The synthesis
suggests that these instruments are necessary but not sufficient for peat
sustainability because peat hydrology is not confined to administrative or
concession boundaries, so compliance at one site may still be undermined by
upstream/downstream drainage behavior. This “scale mismatch” is a practical
reason why peat sustainability often requires coordination at the peat
hydrological unit level, along with shared monitoring and conflict-resolution
arrangements [83], [84], [85].

Recent restoration scholarship strengthens this governance argument by
emphasizing risk management, stakeholder analysis, and feasible restoration
design rather than assuming linear implementation. Work on equitable and
resilient peatland restoration principles in Central Kalimantan reinforces that
restoration success depends on fairness, local participation, and resilience-
building —factors that directly affect whether rewetting interventions persist
over time. These [86]align with the warning that sustainability advocacy should
connect to holistic development planning, implying that governance must
integrate livelihoods and incentives rather than relying on enforcement alone
[86], [87], [88], [89], [90].

7. Livelihood Implications: Why “Rewet” Must Come With Viable Economic
Options

A consistent cross-source message is that rewetting is often the key
technical step to reduce oxidation and fire risk, but social feasibility depends on
whether land users can maintain acceptable livelihoods under wetter conditions.
Research on rewetting in smallholder oil palm areas shows that rewetting
interventions intersect with farmer perceptions, land-use options, and livelihood
security, meaning that hydrological restoration can face resistance if it threatens
income. This is consistent with “3R” restoration logics commonly used in
Indonesia (rewetting, revegetation, revitalization of livelihoods), even when the
technical emphasis is strongest on rewetting [91], [92], [93].

For oil palm landscapes specifically, the future pathway—emphasizing
intensification on existing areas, revitalization of already developed lands, and
improved water management—can be interpreted as a livelihood-compatible
mitigation strategy because it aims to reduce pressure for new conversion while
improving sustainability performance in current production zones. In climate-
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accounting terms, this pathway also aligns with post-2020 evidence that
conversion creates large climate burdens, so avoiding new conversion is often the
highest-impact mitigation step [1], [94], [95], [96].

8. Monitoring and MRV: Moving From “Claims” to Auditable Sustainability

Because debates persist partly due to measurement limitations,
monitoring, reporting, and verification (MRV) is central to credible peat
sustainability. Post-2020 research increasingly explores remote sensing and
satellite-based approaches to estimate water-table dynamics and monitor peat
condition, addressing the scarcity of long-term, spatially extensive in situ
groundwater observations. A 2024 review on remote sensing-based peatland
monitoring highlights growing capability to track vegetation state, restoration
impacts, and water table dynamics, while also noting that many studies still focus
on limited areas rather than landscape-scale monitoring [97], [98], [99].

This monitoring shift aligns with the emphasis on “digitalization” and
faster field problem-solving in peat oil palm management, which can be
operationalized through sensor networks, groundwater monitoring stations,
standardized reporting, and the integration of remote sensing with field audits.
The synthesis implication is practical: better MRV can reduce narrative conflict
by clarifying where peat oil palm is improving (e.g., stabilized water tables,
reduced fire events) and where it is not, enabling targeted governance rather than
generalized claims [54], [100], [101].

Research Gaps and Agenda
1. Multi-Gas Trade-Offs Under Realistic Management

High-impact evidence shows that multi-gas accounting can change
conclusions, as N20 can materially contribute to warming impacts after peat
conversion. More field research is needed to evaluate how rewetting and water-
table targets shift CO2-CH4-N2O trade-offs under real plantation operations,
including fertilizer regimes, drainage heterogeneity, and seasonal variability [3].
2. Attribution and Baselines in Contested Landscapes

It has been emphasized that some peat oil palm development occurs on
already altered lands, suggesting that sustainability narratives must distinguish
between conversion pathways and baselines. Future research should integrate
land-cover history, peat depth/condition, and actor type (company vs
smallholder) into comparable causal designs so that claims about “deforestation”
and “emission responsibility” are not generalized across fundamentally different
contexts [2].

3. Infrastructure Emissions and “Hidden” Sources

Ditch and canal emissions research indicates that drainage infrastructure
can be a distinct GHG source category, suggesting the need for sampling designs
and accounting frameworks that include both field surfaces and water-
management infrastructure. This also implies that engineering choices (ditch
depth, spacing, flow control, maintenance) may serve as mitigation levers and
therefore warrant more explicit study [9].
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4. Governance Effectiveness at Peat-Hydrological-Unit Scale

Evidence on collaborative adaptation for peat fires shows that multi-actor
coordination, everyday practices, and institutional learning shape outcomes.
Research should focus more on how hydrological-unit governance can be
implemented in practice—who coordinates, who pays, how compliance is
verified, and how conflicts are resolved —particularly in mixed company-
smallholder landscapes [6].
5. MRV innovation and scalability

Satellite-based water-table estimation approaches demonstrate feasibility
for tracking water-table dynamics where direct measurement is limited, but
uncertainty and site heterogeneity remain challenges. Future work should
combine remote sensing, in situ hydrology, and socio-institutional data to build
auditable sustainability indicators aligned with both national policy needs and
certification verification [97].

CONCLUSIONS AND RECOMMENDATIONS

This qualitative literature review with post-2020 peer-reviewed
evidence —finds that peat oil palm sustainability is best understood as a risk-
governed, multi-criteria challenge rather than a binary label. Hydrological
governance (water-table stabilization, drainage management, and feasible
rewetting) is the most consistently identified leverage point because it
simultaneously affects emissions, fire vulnerability, and subsidence trajectories.
The most substantial climate risks arise when new conversion and drainage
expand into peat swamp forests. In contrast, the most feasible improvement
pathway in already-developed peat landscapes emphasizes intensifying existing
areas, improving water governance, and designing livelihood-compatible
restoration plans.

Oil palm development on tropical peatlands in Indonesia has become a
focal point for global sustainability debates because it concentrates climate,
biodiversity, fire, and livelihood concerns in a single, highly sensitive landscape.
The qualitative synthesis in this article shows that these debates cannot be
reduced to simple “for or against oil palm on peat” positions, because outcomes
are strongly mediated by hydrological management, baseline land cover, time
horizon, and governance capacity.

Across a diverse evidence base, one conclusion stands out as particularly
robust: water-table and drainage governance sit at the core of peatland
sustainability in oil palm landscapes. Lowered groundwater levels are
consistently associated with higher peat oxidation, greater fire vulnerability, and
faster subsidence, whereas rewetting and water-table stabilization can
substantially reduce CO2 emissions and slow land degradation in at least some
tield contexts. This means that sustainability is not only a question of where oil
palm is grown, but also of how hydrology is actively governed through canal
design, operation, maintenance, and monitoring across peat hydrological units.
At the same time, the review confirms that the most significant and most
irreversible climate and ecological impacts arise when peat swamp forests are
tirst converted and drained for plantations, mainly when multi-gas (CO2, CH4,
and N20) and conversion-phase emissions are adequately accounted for. From a
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mitigation perspective, this strengthens the case for strict protection of remaining
peat swamp forests, while shifting the primary sustainability challenge in
already-converted areas toward improving management, avoiding further
drainage expansion, and designing feasible rewetting or partial rewetting
strategies. In this sense, “sustainable oil palm on peat” is best understood as a
managed-risk scenario in constrained landscapes, rather than as a fully impact-
free option.

The evidence also highlights that technical feasibility alone is insufficient;
social acceptance, equity, and livelihood security are critical determinants of
whether restoration and water-management reforms will endure. Community-
based fire prevention initiatives, participatory restoration projects, and
smallholder-focused interventions demonstrate that hydrological solutions must
be embedded in local economic realities and governance arrangements to be
sustained over time. This underscores that peatland sustainability is not only a
biophysical challenge but also a governance and justice issue, demanding
attention to who bears the costs and who captures the benefits of hydrological
and land-use transitions.

Finally, the review reveals significant knowledge and monitoring gaps
that complicate both science and policy, including limited multi-gas field
datasets under realistic management, under-representation of drainage
infrastructure in GHG accounting, and incomplete MRV systems for water-table
dynamics at the landscape scale. Yet emerging work on remote sensing of peat
water tables, principles for equitable and resilient restoration, and risk-based
restoration planning suggests that a more evidence-based and socially attuned
governance of peat oil palm landscapes is possible. Advancing this agenda will
require integrating hydrological science, social science, and policy design into a
coherent framework that treats peatlands as coupled social-ecological systems,
with oil palm management, restoration efforts, and community livelihoods co-
evolving under explicit risk-governance objectives.

Recommendations (Actionable, Aligned to the Outline)
For policymakers and regulators

o Prioritize “no new conversion” safeguards for peat swamp forest and
high-risk peat areas, because conversion-phase and multi-gas evidence
indicate significant warming impacts after peat forest conversion to oil
palm.

o Implement hydrological-unit coordination mechanisms (shared targets,
shared monitoring, and dispute resolution), because peat water flows and
tire risk are landscape-scale phenomena that exceed administrative
boundaries.

o Treat restoration as risk management with equity safeguards, drawing on
recent restoration scholarship emphasizing feasible implementation and
local participation.
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For Companies (Estates and Supply-Chain Actors)

« Make water management auditable by integrating water-table
monitoring, maintenance logs, and remote-sensing checks, consistent with
the emphasis on MAT/GWL as a key parameter and digitalization as an
enabling strategy.

» Expand GHG accounting beyond “average soil surface” where feasible to
include drainage infrastructure hotspots, because evidence shows ditches
can be notable emission sources.

o Align sustainability reporting to multi-criteria outcomes (fire risk
reduction, water-table stability, subsidence trends, and social safeguards)
rather than relying on single indicators.

For Smallholders and Supporting Institutions

o Pair rewetting and fire-prevention measures with livelihood support,
since evidence and restoration principles emphasize that rewetting
success depends on viable economic options and perceived fairness.

« Strengthen extension and capacity building on good agricultural practices
and water governance in peat contexts, because the highlights
management quality as a core determinant of outcomes.

For Researchers

o Design studies that explicitly separate baseline condition, conversion
phase, and mature management phase, because post-2020 evidence shows
outcomes are time-dependent and system-boundary dependent.

e Build MRV methods that integrate satellite-based water-table estimation
with field validation, supporting scalable monitoring where direct
measurement networks are sparse.

FURTHER STUDY

This research still has limitations so that further research is needed on the
topic of Peatlands, Oil Palm, and Sustainability in Indonesia: A Review of
Hydrological Governance, Environmental Trade-offs, and Socioeconomic Futures
to perfect this research and increase insight for readers and authors.
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