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Introduction

Palm oil is not a marginal commodity. USDA and recent scholarly synthesis confirm that
palm oil remains the world’s most produced and traded vegetable oil, with Indonesia and
Malaysia still dominating supply. At the same time, broader demand is tied to food
systems, oleochemicals, bio-based products, and consumer goods supply chains. This
economic centrality is one reason why environmental narratives surrounding palm oil
rapidly migrate from science into trade policy, ESG screens, consumer campaigns, and
geopolitical disputes [1].

Among those narratives, the claim that oil palm is “water greedy” has unusual rhetorical
power because water insecurity has immediate moral resonance. The phrase implies that
oil palm not only consumes large amounts of water but also does so in a way that is
ecologically excessive, socially unfair, and agriculturally abnormal. Once circulated in that 
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simplified form, it becomes easy to conflate several distinct issues:
plant transpiration, total evapotranspiration, dry-season
streamflow, watershed recharge, flood peaks, nutrient loading,
peat drainage, and pollution from palm oil mill effluent.
Scientifically, however, these are different processes operating at
different spatial and temporal scales [2].

This distinction matters because current policy regimes
increasingly seek measurable sustainability outcomes. The EU
Deforestation Regulation is explicitly aimed at reducing the EU's
contribution to deforestation and forest degradation. At the same
time, current WTO-related legal analysis of palm oil disputes
emphasizes the need for scientific grounding, non-discrimination,
and legitimate public policy objectives in sustainability regulation.
Meanwhile, the global ESG reporting architecture is evolving
toward more explicit disclosure of climate- and nature-related
dependencies, risks, and impacts, including water-related impacts.
In that environment, weakly specified commodity narratives can
become analytically costly and politically destabilizing [3].

This article, therefore, asks a narrower and more useful question:
Does the scientific literature support the broad narrative that oil
palm is inherently “water greedy” in a way that uniquely causes
local water scarcity and environmental degradation? The thesis
advanced here is that the answer is no, at least not as a generalized
claim. Oil palm water use must be understood as one part of the
soil–plant–atmosphere continuum and of wider land-use
transitions. Hydrological harm can and does occur in some oil
palm landscapes, but the decisive variables are usually conversion
pathway, management quality, landscape design, soil and peat
conditions, infrastructure, and watershed governance rather than
an essential property of the crop itself [4].
 
The contribution of this article is fourfold. First, it clarifies key
biophysical concepts that are often blurred in policy debate.
Second, it synthesizes recent empirical evidence on oil palm
transpiration, ET, and watershed outcomes. Third, it situates that
evidence against comparative crop and land-use alternatives.
Fourth, it translates the resulting interpretation into a global
policy-advocacy frame that is consistent with ESG, SDGs, and
trade-law sensitivities.

earth-system research emphasizes that transpiration is often the
dominant component of terrestrial ET, but that ET partitioning
varies by vegetation structure, climate, canopy wetness, soil
exposure, and land-use history [2].
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This matters immediately for oil palm. A productive perennial
canopy in the humid tropics will transpire substantial quantities of
water, just as forests, rubber, cacao, citrus, eucalyptus, bamboo,
or irrigated crop systems do under suitable climatic demand. The
scientific task is therefore comparative and conditional: how large
are the fluxes, how do they respond to vapor pressure deficit and
soil moisture, and what do they imply at stand and watershed
scale? The literature correctly notes that one cannot infer
catchment degradation from the presence of transpiration alone
[5-8].

The soil–plant–atmosphere continuum is a more appropriate
conceptual frame. Water availability to roots depends on rainfall
regime, infiltration, water-table position, texture, rooting depth,
and soil hydraulic properties. Water export to the atmosphere
depends on radiation, aerodynamic demand, canopy
development, and stomatal regulation. Research on plant
hydraulics and global transpiration datasets shows that vegetation
is not a passive pump: transport pathways and stomatal responses
constrain water loss, especially under stress. This is why high
transpiration is compatible with strong physiological regulation
rather than evidence of unbounded extraction [2].

Recent oil palm studies are consistent with that general
framework. The 2025 sap-flux study on oil palm reports detailed
within-palm variation in flow density and explicitly re-examines
the hypothesis that high transpiration could be explained by
substantial internal water storage. More importantly for this
review, the paper treats oil palm water use as a measurable
physiological process—not as an inherently pathological trait.
Drought and haze studies likewise show adaptive stomatal
behaviour and water-use-efficiency responses rather than a simple
pattern of endless water demand [9].

Literature Review
Conceptual Foundations

At the plant scale, transpiration is the flux of water vapor from
plant tissues to the atmosphere, largely through stomata. It is not
a synonym for waste. It is closely linked to carbon uptake, leaf
temperature regulation, nutrient transport, and photosynthetic
function. ET is broader than transpiration because it also includes
soil evaporation, interception loss, and sometimes evaporation
from wet surfaces and open water. Contemporary hydrology and 

Hydrological Foundations

At the watershed scale, the meaningful variables extend beyond
crop transpiration. Streamflow response depends on how rainfall
is partitioned into interception, infiltration, overland flow, shallow
subsurface flow, groundwater recharge, baseflow, and channel
routing. Land-cover change modifies those pathways not only
through changes in vegetation water use but also through canopy
removal, soil disturbance, compaction, drainage, terrace and road
networks, and riparian alteration. Decades of forest hydrology
research broadly show that deforestation tends to increase water
yield and peak flows. In contrast, afforestation or reforestation
often reduces annual runoff but can improve other ecosystem
functions. This general principle is essential because many claims 
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elsewhere [15]. Recent scholarship on zero-deforestation
commitments and broader sustainability strategies, therefore,
tends to favour yield improvement on existing land, restoration,
set-asides, and stronger landscape governance over crude
commodity substitution. Nature Sustainability shows that
climate-smart intensification could spare large areas of forest and
peatland. In contrast, other work shows that strategic set-asides
and tree-island restoration can improve biodiversity and
ecosystem functioning without sacrificing core productivity
[14,16].

This comparative logic is especially important for policy advocacy
in the EU and in ESG dialogue. A narrative that singles out palm
oil as water-greedy in isolation from soybean, rapeseed,
sunflower, or other plantation systems risks producing a distorted
sustainability hierarchy. A more credible position is that all large-
scale commodity landscapes have hydrological externalities; the
task is to identify the least damaging pathways per unit of useful
output and to discipline land-use change, drainage, and pollution
across commodities on a scientifically comparable basis [17].

Citation: Judijanto L (2026) Beyond the Water Greedy Myth: A Review of Oil Palm, Transpiration, Evapotranspiration, and Watershed
Hydrology for Global ESG and SDG Policy Advocacy. J Agri Sci & Innov 3(1).

about oil palm water greed fail to distinguish between the
hydrological effects of replacing forest with plantation and the
physiology of the plantation once established [10].

Recent watershed research in oil palm regions illustrates this point.
The 2024 Science of the Total Environment study on the Kais
River watershed links oil palm development to higher surface
runoff, sediment, nitrogen, and phosphorus, but the actual
mechanism analyzed is land-cover conversion and watershed
reorganization, not a simple conclusion that palm transpiration
itself dries out the basin. The study explicitly frames the issue as
ecohydrologic modelling of large-scale land-cover change [4].

The 2020 Journal of Hydrology: Regional Studies paper from
Tabasco, Mexico, reaches a similarly careful framing. It examines
hydrologic impacts and trade-offs associated with oil palm
development at the watershed scale. It underscores the scarcity of
small-scale hydrology claims that can be generalized directly to
runoff behaviour. In short, the literature itself is cautious:
hydrological outcomes are context-dependent, and many are
mediated by landscape transformation rather than by a single
crop-coefficient narrative [11].
 
Research from Sumatra is especially important because it links
local perception, field science, and watershed modelling. Ecology
and Society documented that villagers connect flooding and
altered river behaviour to rapid land-use change. At the same time,
hydrological modelling work from Jambi indicates that
maintaining sufficient forest cover is central to sustaining water-
flow regulation under mixed plantation landscapes. That evidence
does not exonerate poor plantation development; rather, it shows
that the analytically relevant issues are catchment composition and
management thresholds, not a simplistic dismissal of oil palm as
uniquely water-greedy [12].

Policy and Sustainability Context

The literature's broad argument is surprisingly well aligned with
current policy evolution. The EUDR does not define oil palm as a
water-greedy crop; it seeks to reduce the EU’s contribution to
deforestation and forest degradation, thereby reducing
greenhouse gas emissions and biodiversity loss. This is a land-use
governance instrument. That architecture is consistent with much
of the hydrological literature because it focuses upstream on
conversion pathways rather than pretending that plant physiology
alone explains watershed degradation [3].

The WTO-related palm-oil disputes reinforce a second lesson.
Trade-restrictive sustainability interventions must be justified
through consistent methodology, legitimate environmental
objectives, and non-discrimination. Scholarly analysis of the
disputes makes clear that the EU’s climate-policy objectives can
be legitimate while its methodological and implementation details
remain contestable. For advocates of sustainable oil palm, this
implies that the most robust case is not “trust us, palm oil is
harmless,” but rather “regulate verified outcomes and apply the
science consistently across commodities” [17].

ESG and disclosure systems are moving in the same direction.
IFRS S2, GRI 303, TNFD, and CSRD-related reporting all
strengthen expectations that firms identify material environmental
dependencies, risks, impacts, and management responses,
including those associated with water and nature. For oil palm,
that means better disclosure on riparian protection, peat water-
table management, runoff mitigation, nutrient losses, effluent 

Comparative Crop Perspective

The comparative perspective is often missing from public
discourse. Yet from a sustainability standpoint, one must always
ask: compared to what? Recent reviews of global vegetable oil
systems emphasize that oil palm’s land productivity is
substantially higher than that of soybean, rapeseed, and
sunflower. That does not eliminate environmental risk, but it does
mean that replacing palm oil one-for-one with lower-yield oil
crops can relocate or enlarge water, land, and biodiversity burdens
elsewhere. In policy terms, a hydrological critique of palm oil that
ignores land efficiency is incomplete [13,14].

This is particularly relevant when discussing water. Lower-yield
alternatives can reduce the share of environmental pressure per
hectare only to increase total pressure through expansion 
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Land Use or Crop Indicative Water-Flux Pattern Context and Interpretation Main Implication

Oil palm in humid tropical
mineral soils

Moderate to high
transpiration and ET, but
physiologically regulated;
values overlap with other

productive tropical canopies

Recent sap-flow and ET
studies treat oil palm as a

regulated perennial canopy
rather than a limitless water

sink [9].

High water flux is not
evidence of abnormal water

greed by itself

Oil palm under drought, haze,
or El Niño stress

Reduced ET or altered WUE
through stomatal regulation

and stress responses

Stress studies show
adaptation, not unlimited

extraction [24].

Water use must be read
together with atmospheric

demand and stress physiology
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control, flood risk, and smallholder inclusion, rather than reliance
on commodity stigmas that are difficult to audit [18,19].

Method

This study is a qualitative literature review, not a systematic
literature review. The goal is interpretive synthesis rather than
exhaustive screening in accordance with PRISMA protocols. That
choice is justified by the interdisciplinary nature of the question,
which crosses plant physiology, ecohydrology, watershed science,
agronomy, sustainability governance, and trade law. A strict
systematic protocol would be useful for narrower subquestions,
such as a meta-analysis of oil palm ET under specific climates, but
it would be less appropriate for integrating biophysical and policy
literatures into a single advocacy-oriented argument [20].

The source base was purposively assembled from recent peer-
reviewed journal articles in ecohydrology, hydrology, agronomy,
sustainability science, trade law, and environmental governance,
as well as official institutional materials from the European
Commission, RSPO, IFRS, GRI, TNFD, UN SDG platforms,
and WTO-related official case pages, where accessible. Priority
was given to studies published since 2020, while retaining selected
pre-2020 foundational studies that remain methodologically
central to oil palm sap flow, ET, and watershed hydrology [3].

The review used thematic coding across four clusters: plant-scale
water fluxes; stand-scale ET and water-use efficiency; watershed-
and catchment-scale hydrological response; and policy translation
into ESG/trade/SDG frameworks. The resulting interpretation
does not claim universal causal certainty across all production
regions.

Results

Theme one

The first thematic result is that the “water greedy” narrative
confuses large water flux with abnormal or unregulated water use.
Oil palm is a high-biomass, highly productive perennial crop in
warm, humid climates. It therefore transpires significant amounts  
of water, as do forests and many other productive perennial
systems. Contemporary ecohydrology insists on analysing those
fluxes through canopy structure, stomatal behaviour,
aerodynamic demand, and rooting environment, not through
slogans. Oil palm sap-flow and WUE studies support this framing
by showing measurable regulation under drought and haze
conditions [2,21-23]. Table 1 summarizes transpiration and
evapotranspiration across crops and study contexts.

Instead, it identifies which propositions are strongly supported,
which require contextual qualifiers, and which remain
oversimplified or weakly evidenced [4].

A qualitative review also requires discipline against one-sided
selection. For that reason, the manuscript does not deny that
hydrological degradation can occur in oil palm landscapes. On the
contrary, it highlights documented cases of increased runoff,
sedimentation, nutrient loading, and altered freshwater integrity,
as well as peat-related risks. The point of analysis is narrower:
these harms are real, but their causes are better explained by land-
use transition and management mechanisms than by the vague
label of intrinsic water greed [4].

Table 1: Transpiration and Evapotranspiration across Crops and Study Contexts.
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Oil palm on marginal lands
requiring water-table

maintenance

Potentially high blue-water
requirement under special

edaphic constraints

This is a real planning risk,
but not representative of
standard rainfed humid

systems [25].

Do not generalize marginal-
land irrigation cases to all oil

palm

Tropical forest

Often high ET owing to tall
canopies, deep roots, and
strong coupling with the

atmosphere

Global reviews stress that
forests are also major
evapotranspirers [20].

Converting forest to
plantation cannot be analyzed

only as a “less water versus
more water” story

Rubber and other plantation
tree crops

Context-dependent ET and
transpiration that can be

substantial and hydrologically
consequential

Comparative plantation
studies show that water-flux

concerns are not unique to oil
palm [26].

Cross-commodity comparison
is essential

Lower-yield annual oil crops
Often lower per-hectare

canopy water flux, but much
lower oil yield per hectare

Comparative vegetable oil
work highlights displacement
risk when land-hungrier crops

replace palm oil [13].

Policy should assess impacts
per unit output as well as per

hectare.
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The literature is especially important here because it compiles evidence that oil palm's daily water use and ET in humid tropical settings
commonly fall within broad ranges that overlap with those of other canopied tropical systems and are far below those of extremely high-
flux taxa such as bamboo. The literature also emphasizes that oil palm water loss is governed by stomatal control and that plant-scale
values cannot be mechanically translated into watershed-scale claims of scarcity. That is a strong scientific starting point for correcting
public narratives [27-30].

A necessary qualifier concerns marginal lands and irrigation. The 2022 Agricultural Water Management paper on oil palm grown on
marginal lands reports substantial blue-water requirements under specific conditions where maintaining a high water table becomes
necessary. This is an important warning for expansion planning. But it is not representative of mainstream rainfed oil palm on humid
mineral soils, and using such marginal-land cases to characterize all oil palm would be a category error [22,25].

The second thematic result is that many documented hydrological problems in oil palm landscapes arise from conversion pathway and
management quality rather than from plant transpiration alone. The Kais watershed study found higher runoff, sediment, and nutrient
export after plantation establishment. Yet the causal chain examined by the authors runs through major land-cover change, including
conversion of primary rainforest and wetlands, and the study ends by calling for broader water-resource management across multiple
institutions. In other words, the evidence points to a failure of watershed governance and the need for ecological redesign, not to a
standalone physiological indictment of oil palm [4,27,31-33]. Table 2 summarizes watershed hydrological outcomes by land use and
conversion pathway.

Theme Two
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Conversion or Land-Use
Condition

Hydrological Outcome Often
Observed

Mechanism Emphasized in the
Literature

Policy Reading

Forest or wetland converted
to oil palm without strong

safeguards

Higher runoff, sediment, and
nutrient export in some

watersheds

Land-cover change, disturbed
soils, roads, riparian loss, and

management gaps

Regulate conversion pathway
and watershed design, not just

crop identity [4]

Mixed watersheds with
declining forest cover

Reduced water-flow
regulation and altered

runoff/baseflow relationships

Forest cover thresholds
matter for infiltration and

buffering

Forest retention remains
central in oil palm landscapes

[34]

Drained peatland oil palm
Water-table decline,

subsidence, fire susceptibility,
and long-term instability

Drainage-induced peat
oxidation and hydrological

disruption

Peat is a distinct red-flag case
requiring separate regulation

[35]

Plantation landscapes with
poor effluent and nutrient

management

Water-quality deterioration in
streams and rivers

POME discharge, nutrient
leaching, and local freshwater

disturbance

Strong mill and basin water-
quality controls are essential

[36]

Oil palm landscapes with
restoration, set-asides, and

tree islands

Better biodiversity and
ecosystem functioning

without major production
sacrifice

Structural complexity,
riparian restoration, and

spatial planning

Hydrological and ecological
performance can be improved

within working landscapes
[37]
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Table 2: Watershed Hydrological Outcomes by Land Use and Conversion Pathway.

The third thematic result is comparative. When oil palm is
benchmarked against other major vegetable-oil systems, its
exceptionally high oil yield per hectare becomes central to
environmental evaluation. Recent comparative studies argue that
the appropriate sustainability question is not only “what are the
impacts per hectare?” but also “what are the impacts per tonne of
useful oil and what additional land would alternatives require?”
Under that lens, indiscriminate displacement of palm oil can shift
deforestation and hydrological burdens rather than eliminate
them [13,43-46].

This does not imply that oil palm is automatically sustainable.
Instead, it means that strong sustainability policy should aim at
no-deforestation production, peat exclusion or no-drainage
alternatives, riparian protection, runoff control, restoration, and
yield improvement on existing land. Nature Sustainability
research on climate-smart intensification, set-asides, and
restoration in oil palm landscapes suggests that this combination
is not only desirable but feasible. Such a package is more
scientifically defensible than the crude narrative that the crop 

Theme Three should be disfavoured because it is supposedly uniquely thirsty
[16,29,47-50].

Theme Four

The fourth thematic result concerns discourse translation. Public
narratives often collapse three distinct issues into one:
deforestation, water use, and water pollution. Yet the policy
instruments that matter most increasingly separate them. EUDR
targets deforestation-free supply chains. GRI 303 emphasizes
material water impacts and management. TNFD focuses on
nature-related dependencies and risks. RSPO’s current standards
architecture is framed around avoiding environmental and social
harm through auditable requirements and continuous
improvement. Scientifically and institutionally, then, the global
system is moving toward outcome-specific governance rather than
commodity-level moral shorthand [3,51-54].
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Instrument or Framework What it Actually Targets
Relevance to the Water-

Greedy Narrative
Practical Implication for

Advocacy

EUDR
Deforestation-free and
degradation-free supply

chains

Supports land-use
accountability, not simplistic

crop stereotyping

Argue for traceable no-
deforestation plus

hydrological stewardship
metrics [3]

WTO jurisprudence and
related analysis on palm-oil

disputes

Legitimacy, scientific
grounding, and non-

discrimination of
sustainability measures

Weak commodity caricatures
are less defensible than

outcome-based standards

Frame advocacy around
measurable hydrological

outcomes and parity across
crops [17]

RSPO standards
Auditable sustainability

requirements and
improvement

Better suited to managing
riparian, social, and no-harm

outcomes than slogans

Use certification as a delivery
tool for water stewardship
and basin governance [55]

GRI 303
Disclosure on material water

impacts and management
Converts vague debate into
reportable water indicators

Encourage basin-level water
accounting and quality

indicators [56]

TNFD
Nature-related dependencies,

impacts, risks, and
opportunities

Embeds water within a
broader nature-risk lens

Link oil palm hydrology to
nature-positive landscape

strategies [57]

IFRS S2 and CSRD-related
reporting

Climate and broader
sustainability disclosure

architecture

Pushes firms toward auditable
environmental risk

management

Tie palm-oil advocacy to risk-
adjusted, decision-useful

disclosure rather than
narrative warfare [18]
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Table 3: summarizes some policy instruments and implications.

The sustainable oil palm community should welcome that
institutional shift. If regulation becomes more outcome-based,
then rebutting the “water greedy” myth does not mean arguing for
deregulation. It means insisting that water claims be tied to
measurable hydrological evidence: dry-season baseflow, water-
table management, riparian width, turbidity, nutrient
concentrations, flood metrics, soil cover, road drainage, and peat
depth or oxidation status. Those are indicators that can be verified
and improved. By contrast, “water greedy” is too vague to govern
well [17].

Discussion and Analysis

The synthesis of plant physiology and catchment hydrology yields
a clear analytical conclusion. Oil palm is a water-using crop, but
that statement has little independent explanatory value because all
productive wet-tropical canopies are water-using systems. The
decisive scientific problem is scale transition. At the palm scale, 

transpiration reflects physiological function. At the stand scale,
ET depends on canopy and soil exposure. At the catchment scale,
runoff and baseflow depend strongly on infiltration capacity, soil
disturbance, drainage, roads, riparian integrity, and remaining
forest cover. The “water greedy” narrative fails because it jumps
from plant water use to broad claims of watershed degradation
without tracing the intermediate mechanisms [2,4,27,28,58,59].

This also explains why some empirical studies appear negative,
even as the broader narrative remains misleading. Forest
conversion to oil palm can indeed worsen hydrological outcomes.
But the correct interpretation is usually “forest-to-plantation
conversion under specific management conditions increased
runoff or degraded water quality,” not “oil palm is inherently
greedy for water.” Indeed, classical hydrology would often predict
that lower forest cover could increase water yield while
simultaneously worsening peaks, sediment, and water quality. 

  Copyright © : Judijanto L 
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Several issues remain under-researched and should become
priorities for future empirical work.
First, more harmonized field comparisons are needed between oil
palm, rubber, cacao, secondary forest, restored riparian corridors,
and mixed agroforestry under identical climatic and edaphic
conditions. Many current comparisons still suffer from site
heterogeneity [2].

Second, peatland hydrology remains too often separated from
mainstream commodity comparisons. Future studies should
integrate water-table depth, peat oxidation, fire risk, and nutrient
mobility into basin-scale water stewardship metrics suitable for
certification and ESG disclosure [35].

Third, more paired watershed studies are needed that explicitly
disentangle the relative contribution of canopy ET, road density,
compaction, mill effluent, fertilizer losses, and riparian-width
decisions. This is the empirical frontier most directly relevant for
policy design [4].

Fourth, smallholder-inclusive hydrological monitoring is still thin.
If global regulation becomes more outcome-based, then low-cost
hydrology and water-quality monitoring systems for smallholders
and cooperatives will be essential to avoid exclusionary governance
[64].

That set of outcomes is entirely compatible with the
ecohydrological literature and directly contradicts overly simple
scarcity rhetoric [10,60-63].

A second interpretive point concerns justice and smallholders. If
policy actors rely on oversimplified narratives, the burden often
shifts toward smallholders who lack the capital to comply with
rapidly changing standards but are not the main drivers of
hydrologically destructive roads, mills, peat drainage, or weak
landscape planning. Recent work on smallholder sustainability
and livelihoods warns against that mistake. Global policy
advocacy should therefore distinguish between outcome-based
environmental discipline and blanket reputational penalties that
can worsen rural inequity without improving basin hydrology [64-
66].

For ESG and SDG governance, this has major implications. The
most defensible water-related ESG position on oil palm is not a
blanket positive claim, nor is it a blanket negative claim. It is a
conditional claim: oil palm production is compatible with strong
water stewardship where expansion is deforestation-free, peat
drainage is avoided or tightly managed, riparian systems are
protected, ground cover is maintained, roads are hydrologically
designed, effluent is controlled, and monitoring is transparent.
That approach aligns much better with SDG 6 on water, SDG 12
on responsible production, SDG 13 on climate, and SDG 15 on
terrestrial ecosystems than slogan-based exclusion [66-69].

For the EU-WTO interface, the key lesson is methodological
discipline. If environmental measures are framed around
measurable outcomes in deforestation, land-use change, peat
protection, and water quality, they are intellectually stronger and
more politically defensible than discriminatory or weakly justified
commodity narratives. The 2025 trade-law analysis of the palm-oil
disputes is instructive precisely because it stresses scientific
support, good faith, and non-discrimination. Producers and
regulators should use that opening to redesign debate away from
caricature and toward measurable environmental performance
[17,70-72].

The policy advocacy message, then, should be globally legible:
stop asking whether oil palm is “water greedy” in the abstract and
start asking whether a given oil palm landscape meets auditable
thresholds for hydrological stewardship. This is the framing that
can bridge producing-country interests, investor due diligence,
certification systems, and European regulatory expectations. It is
also the framing most likely to survive serious peer review [55].

Open Questions and Targeted Empirical Studies

Conclusion

This qualitative literature review finds that the claim that oil palm
plantations are inherently “water greedy” in a way that generally
causes surrounding water scarcity and environmental degradation
is scientifically overstated and often misleading. Oil palm uses
water through transpiration and evapotranspiration, as any
productive tropical perennial canopy does. The empirical
literature does not support reducing watershed hydrology to that
single fact. Instead, hydrological outcomes are shaped by land-use
transition pathways, prior forest cover, peat drainage, soils,
topography, infrastructure, riparian management, canopy age,
ground cover, and water-quality governance.

A more accurate policy statement is therefore this: oil palm can be
associated with hydrological harm when developed through
ecologically damaging conversion, drainage, and poor
management, but it should not be represented as uniquely or
universally water-greedy by definition. That distinction is not
semantic. It changes what should be regulated, financed, audited,
and reported.
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(2022) Hydrological implications of large-scale afforestation in
tropical biomes for climate change mitigation. Philos Trans R Soc
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Hydrologic impacts and trade-offs associated with developing oil
palm for bioenergy in Tabasco, Mexico. J Hydrol Reg Stud 31:
100722.

12. Merten J, Stiegler C, Hennings N, Purnama E, Röll A, et al.
(2020) Flooding and land use change in Jambi Province, Sumatra:
integrating local knowledge and scientific inquiry. Ecol Soc 25(3).

13. Murphy DJ (2025) Agronomy and Environmental
Sustainability of the Four Major Global Vegetable Oil Crops: Oil
Palm, Soybean, Rapeseed, and Sunflower. Agronomy 15(6): 1465.

14. Alcock TD, Salt DE, Wilson P, Ramsden SJ (2022) More
sustainable vegetable oil: Balancing productivity with carbon
storage opportunities. Sci Total Environ 154539: 1-14.

15. Berenschot W, Dhiaulhaq A, Afrizal, Hospes O, Adriana R, et
al. (2022) Anti-Corporate Activism and Collusion: The
Contentious Politics of Palm Oil Expansion in Indonesia.
Geoforum 131: 39-49.

16. Monzon JP, Slingerland MA, Rahutomo S, Agus F, Oberthur
T, et al. (2021) Fostering a climate-smart intensification for oil
palm. Nat Sustain 4(7): 595-601.

17. Holzer K (2025) Balancing trade and environment: insights
from WTO disputes over sustainability requirements for biofuels. J
World Energy Law Bus 18(3).

18. IFRS, IFRS S2 Climate-related Disclosures (2026) IFRS
Sustainability Standards Navigator.

For global policy advocacy, five recommendations are as follows.
First, replace commodity-level stigma with outcome-based
hydrological indicators. Second, prioritize no-deforestation and
no-harm conversion pathways, especially excluding or strictly
regulating peat drainage. Third, scale riparian reserves, road
drainage design, ground cover maintenance, sediment control,
and nutrient/effluent management as standard practice. Fourth,
align water stewardship metrics with GRI 303, TNFD, IFRS-
linked climate and nature risk management, and certification
pathways. Fifth, protect smallholder inclusion by supporting
compliance finance, extension services, and traceability systems
rather than shifting the burden of narrative risk onto the least-
capitalized actors.

In short, the strongest pro-science and pro-sustainability position
is neither denial nor demonization. It is precision. Oil palm should
be judged by where it is planted, what it replaced, how it is
managed, how its watershed is protected, and how honestly its
risks are disclosed. That is the path most consistent with strong
ESG performance, credible SDG alignment, and fair, scientifically
defensible global governance. 
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	Introduction
	Palm oil is not a marginal commodity. USDA and recent scholarly synthesis confirm that palm oil remains the world’s most produced and traded vegetable oil, with Indonesia and Malaysia still dominating supply. At the same time, broader demand is tied to food systems, oleochemicals, bio-based products, and consumer goods supply chains. This economic centrality is one reason why environmental narratives surrounding palm oil rapidly migrate from science into trade policy, ESG screens, consumer campaigns, and geopolitical disputes [1].
	Among those narratives, the claim that oil palm is “water greedy” has unusual rhetorical power because water insecurity has immediate moral resonance. The phrase implies that oil palm not only consumes large amounts of water but also does so in a way that is ecologically excessive, socially unfair, and agriculturally abnormal. Once circulated in that


	simplified form, it becomes easy to conflate several distinct issues: plant transpiration, total evapotranspiration, dry-season streamflow, watershed recharge, flood peaks, nutrient loading, peat drainage, and pollution from palm oil mill effluent. Scientifically, however, these are different processes operating at different spatial and temporal scales [2].
	This distinction matters because current policy regimes increasingly seek measurable sustainability outcomes. The EU Deforestation Regulation is explicitly aimed at reducing the EU's contribution to deforestation and forest degradation. At the same time, current WTO-related legal analysis of palm oil disputes emphasizes the need for scientific grounding, non-discrimination, and legitimate public policy objectives in sustainability regulation. Meanwhile, the global ESG reporting architecture is evolving toward more explicit disclosure of climate- and nature-related dependencies, risks, and impacts, including water-related impacts. In that environment, weakly specified commodity narratives can become analytically costly and politically destabilizing [3].
	This article, therefore, asks a narrower and more useful question: Does the scientific literature support the broad narrative that oil palm is inherently “water greedy” in a way that uniquely causes local water scarcity and environmental degradation? The thesis advanced here is that the answer is no, at least not as a generalized claim. Oil palm water use must be understood as one part of the soil–plant–atmosphere continuum and of wider land-use transitions. Hydrological harm can and does occur in some oil palm landscapes, but the decisive variables are usually conversion pathway, management quality, landscape design, soil and peat conditions, infrastructure, and watershed governance rather than an essential property of the crop itself [4].
	The contribution of this article is fourfold. First, it clarifies key biophysical concepts that are often blurred in policy debate. Second, it synthesizes recent empirical evidence on oil palm transpiration, ET, and watershed outcomes. Third, it situates that evidence against comparative crop and land-use alternatives. Fourth, it translates the resulting interpretation into a global policy-advocacy frame that is consistent with ESG, SDGs, and trade-law sensitivities.
	earth-system research emphasizes that transpiration is often the dominant component of terrestrial ET, but that ET partitioning varies by vegetation structure, climate, canopy wetness, soil exposure, and land-use history [2].
	This matters immediately for oil palm. A productive perennial canopy in the humid tropics will transpire substantial quantities of water, just as forests, rubber, cacao, citrus, eucalyptus, bamboo, or irrigated crop systems do under suitable climatic demand. The scientific task is therefore comparative and conditional: how large are the fluxes, how do they respond to vapor pressure deficit and soil moisture, and what do they imply at stand and watershed scale? The literature correctly notes that one cannot infer catchment degradation from the presence of transpiration alone [5-8].
	The soil–plant–atmosphere continuum is a more appropriate conceptual frame. Water availability to roots depends on rainfall regime, infiltration, water-table position, texture, rooting depth, and soil hydraulic properties. Water export to the atmosphere depends on radiation, aerodynamic demand, canopy development, and stomatal regulation. Research on plant hydraulics and global transpiration datasets shows that vegetation is not a passive pump: transport pathways and stomatal responses constrain water loss, especially under stress. This is why high transpiration is compatible with strong physiological regulation rather than evidence of unbounded extraction [2].
	Recent oil palm studies are consistent with that general framework. The 2025 sap-flux study on oil palm reports detailed within-palm variation in flow density and explicitly re-examines the hypothesis that high transpiration could be explained by substantial internal water storage. More importantly for this review, the paper treats oil palm water use as a measurable physiological process—not as an inherently pathological trait. Drought and haze studies likewise show adaptive stomatal behaviour and water-use-efficiency responses rather than a simple pattern of endless water demand [9].

	Hydrological Foundations
	At the watershed scale, the meaningful variables extend beyond crop transpiration. Streamflow response depends on how rainfall is partitioned into interception, infiltration, overland flow, shallow subsurface flow, groundwater recharge, baseflow, and channel routing. Land-cover change modifies those pathways not only through changes in vegetation water use but also through canopy removal, soil disturbance, compaction, drainage, terrace and road networks, and riparian alteration. Decades of forest hydrology research broadly show that deforestation tends to increase water yield and peak flows. In contrast, afforestation or reforestation often reduces annual runoff but can improve other ecosystem functions. This general principle is essential because many claims

	Literature Review
	Conceptual Foundations
	At the plant scale, transpiration is the flux of water vapor from plant tissues to the atmosphere, largely through stomata. It is not a synonym for waste. It is closely linked to carbon uptake, leaf temperature regulation, nutrient transport, and photosynthetic function. ET is broader than transpiration because it also includes soil evaporation, interception loss, and sometimes evaporation from wet surfaces and open water. Contemporary hydrology and
	about oil palm water greed fail to distinguish between the hydrological effects of replacing forest with plantation and the physiology of the plantation once established [10].
	Recent watershed research in oil palm regions illustrates this point. The 2024 Science of the Total Environment study on the Kais River watershed links oil palm development to higher surface runoff, sediment, nitrogen, and phosphorus, but the actual mechanism analyzed is land-cover conversion and watershed reorganization, not a simple conclusion that palm transpiration itself dries out the basin. The study explicitly frames the issue as ecohydrologic modelling of large-scale land-cover change [4].
	The 2020 Journal of Hydrology: Regional Studies paper from Tabasco, Mexico, reaches a similarly careful framing. It examines hydrologic impacts and trade-offs associated with oil palm development at the watershed scale. It underscores the scarcity of small-scale hydrology claims that can be generalized directly to runoff behaviour. In short, the literature itself is cautious: hydrological outcomes are context-dependent, and many are mediated by landscape transformation rather than by a single crop-coefficient narrative [11].
	Research from Sumatra is especially important because it links local perception, field science, and watershed modelling. Ecology and Society documented that villagers connect flooding and altered river behaviour to rapid land-use change. At the same time, hydrological modelling work from Jambi indicates that maintaining sufficient forest cover is central to sustaining water-flow regulation under mixed plantation landscapes. That evidence does not exonerate poor plantation development; rather, it shows that the analytically relevant issues are catchment composition and management thresholds, not a simplistic dismissal of oil palm as uniquely water-greedy [12].

	Comparative Crop Perspective
	The comparative perspective is often missing from public discourse. Yet from a sustainability standpoint, one must always ask: compared to what? Recent reviews of global vegetable oil systems emphasize that oil palm’s land productivity is substantially higher than that of soybean, rapeseed, and sunflower. That does not eliminate environmental risk, but it does mean that replacing palm oil one-for-one with lower-yield oil crops can relocate or enlarge water, land, and biodiversity burdens elsewhere. In policy terms, a hydrological critique of palm oil that ignores land efficiency is incomplete [13,14].
	This is particularly relevant when discussing water. Lower-yield alternatives can reduce the share of environmental pressure per hectare only to increase total pressure through expansion
	elsewhere [15]. Recent scholarship on zero-deforestation commitments and broader sustainability strategies, therefore, tends to favour yield improvement on existing land, restoration, set-asides, and stronger landscape governance over crude commodity substitution. Nature Sustainability shows that climate-smart intensification could spare large areas of forest and peatland. In contrast, other work shows that strategic set-asides and tree-island restoration can improve biodiversity and ecosystem functioning without sacrificing core productivity [14,16].
	This comparative logic is especially important for policy advocacy in the EU and in ESG dialogue. A narrative that singles out palm oil as water-greedy in isolation from soybean, rapeseed, sunflower, or other plantation systems risks producing a distorted sustainability hierarchy. A more credible position is that all large-scale commodity landscapes have hydrological externalities; the task is to identify the least damaging pathways per unit of useful output and to discipline land-use change, drainage, and pollution across commodities on a scientifically comparable basis [17].

	Policy and Sustainability Context
	The literature's broad argument is surprisingly well aligned with current policy evolution. The EUDR does not define oil palm as a water-greedy crop; it seeks to reduce the EU’s contribution to deforestation and forest degradation, thereby reducing greenhouse gas emissions and biodiversity loss. This is a land-use governance instrument. That architecture is consistent with much of the hydrological literature because it focuses upstream on conversion pathways rather than pretending that plant physiology alone explains watershed degradation [3].
	The WTO-related palm-oil disputes reinforce a second lesson. Trade-restrictive sustainability interventions must be justified through consistent methodology, legitimate environmental objectives, and non-discrimination. Scholarly analysis of the disputes makes clear that the EU’s climate-policy objectives can be legitimate while its methodological and implementation details remain contestable. For advocates of sustainable oil palm, this implies that the most robust case is not “trust us, palm oil is harmless,” but rather “regulate verified outcomes and apply the science consistently across commodities” [17].
	ESG and disclosure systems are moving in the same direction. IFRS S2, GRI 303, TNFD, and CSRD-related reporting all strengthen expectations that firms identify material environmental dependencies, risks, impacts, and management responses, including those associated with water and nature. For oil palm, that means better disclosure on riparian protection, peat water-table management, runoff mitigation, nutrient losses, effluent
	control, flood risk, and smallholder inclusion, rather than reliance on commodity stigmas that are difficult to audit [18,19].

	Method
	This study is a qualitative literature review, not a systematic literature review. The goal is interpretive synthesis rather than exhaustive screening in accordance with PRISMA protocols. That choice is justified by the interdisciplinary nature of the question, which crosses plant physiology, ecohydrology, watershed science, agronomy, sustainability governance, and trade law. A strict systematic protocol would be useful for narrower subquestions, such as a meta-analysis of oil palm ET under specific climates, but it would be less appropriate for integrating biophysical and policy literatures into a single advocacy-oriented argument [20].
	The source base was purposively assembled from recent peer-reviewed journal articles in ecohydrology, hydrology, agronomy, sustainability science, trade law, and environmental governance, as well as official institutional materials from the European Commission, RSPO, IFRS, GRI, TNFD, UN SDG platforms, and WTO-related official case pages, where accessible. Priority was given to studies published since 2020, while retaining selected pre-2020 foundational studies that remain methodologically central to oil palm sap flow, ET, and watershed hydrology [3].
	The review used thematic coding across four clusters: plant-scale water fluxes; stand-scale ET and water-use efficiency; watershed- and catchment-scale hydrological response; and policy translation into ESG/trade/SDG frameworks. The resulting interpretation does not claim universal causal certainty across all production regions.
	Instead, it identifies which propositions are strongly supported, which require contextual qualifiers, and which remain oversimplified or weakly evidenced [4].
	A qualitative review also requires discipline against one-sided selection. For that reason, the manuscript does not deny that hydrological degradation can occur in oil palm landscapes. On the contrary, it highlights documented cases of increased runoff, sedimentation, nutrient loading, and altered freshwater integrity, as well as peat-related risks. The point of analysis is narrower: these harms are real, but their causes are better explained by land-use transition and management mechanisms than by the vague label of intrinsic water greed [4].

	Results
	Theme one
	The first thematic result is that the “water greedy” narrative confuses large water flux with abnormal or unregulated water use. Oil palm is a high-biomass, highly productive perennial crop in warm, humid climates. It therefore transpires significant amounts  of water, as do forests and many other productive perennial systems. Contemporary ecohydrology insists on analysing those fluxes through canopy structure, stomatal behaviour, aerodynamic demand, and rooting environment, not through slogans. Oil palm sap-flow and WUE studies support this framing by showing measurable regulation under drought and haze conditions [2,21-23]. Table 1 summarizes transpiration and evapotranspiration across crops and study contexts.
	Table 1: Transpiration and Evapotranspiration across Crops and Study Contexts.
	The literature is especially important here because it compiles evidence that oil palm's daily water use and ET in humid tropical settings commonly fall within broad ranges that overlap with those of other canopied tropical systems and are far below those of extremely high-flux taxa such as bamboo. The literature also emphasizes that oil palm water loss is governed by stomatal control and that plant-scale values cannot be mechanically translated into watershed-scale claims of scarcity. That is a strong scientific starting point for correcting public narratives [27-30].
	A necessary qualifier concerns marginal lands and irrigation. The 2022 Agricultural Water Management paper on oil palm grown on marginal lands reports substantial blue-water requirements under specific conditions where maintaining a high water table becomes necessary. This is an important warning for expansion planning. But it is not representative of mainstream rainfed oil palm on humid mineral soils, and using such marginal-land cases to characterize all oil palm would be a category error [22,25].

	Theme Two
	The second thematic result is that many documented hydrological problems in oil palm landscapes arise from conversion pathway and management quality rather than from plant transpiration alone. The Kais watershed study found higher runoff, sediment, and nutrient export after plantation establishment. Yet the causal chain examined by the authors runs through major land-cover change, including conversion of primary rainforest and wetlands, and the study ends by calling for broader water-resource management across multiple institutions. In other words, the evidence points to a failure of watershed governance and the need for ecological redesign, not to a standalone physiological indictment of oil palm [4,27,31-33]. Table 2 summarizes watershed hydrological outcomes by land use and conversion pathway.
	Table 2: Watershed Hydrological Outcomes by Land Use and Conversion Pathway.

	Theme Three
	The third thematic result is comparative. When oil palm is benchmarked against other major vegetable-oil systems, its exceptionally high oil yield per hectare becomes central to environmental evaluation. Recent comparative studies argue that the appropriate sustainability question is not only “what are the impacts per hectare?” but also “what are the impacts per tonne of useful oil and what additional land would alternatives require?” Under that lens, indiscriminate displacement of palm oil can shift deforestation and hydrological burdens rather than eliminate them [13,43-46].
	This does not imply that oil palm is automatically sustainable. Instead, it means that strong sustainability policy should aim at no-deforestation production, peat exclusion or no-drainage alternatives, riparian protection, runoff control, restoration, and yield improvement on existing land. Nature Sustainability research on climate-smart intensification, set-asides, and restoration in oil palm landscapes suggests that this combination is not only desirable but feasible. Such a package is more scientifically defensible than the crude narrative that the crop
	should be disfavoured because it is supposedly uniquely thirsty [16,29,47-50].

	Theme Four
	The fourth thematic result concerns discourse translation. Public narratives often collapse three distinct issues into one: deforestation, water use, and water pollution. Yet the policy instruments that matter most increasingly separate them. EUDR targets deforestation-free supply chains. GRI 303 emphasizes material water impacts and management. TNFD focuses on nature-related dependencies and risks. RSPO’s current standards architecture is framed around avoiding environmental and social harm through auditable requirements and continuous improvement. Scientifically and institutionally, then, the global system is moving toward outcome-specific governance rather than commodity-level moral shorthand [3,51-54].
	Table 3: summarizes some policy instruments and implications.
	The sustainable oil palm community should welcome that institutional shift. If regulation becomes more outcome-based, then rebutting the “water greedy” myth does not mean arguing for deregulation. It means insisting that water claims be tied to measurable hydrological evidence: dry-season baseflow, water-table management, riparian width, turbidity, nutrient concentrations, flood metrics, soil cover, road drainage, and peat depth or oxidation status. Those are indicators that can be verified and improved. By contrast, “water greedy” is too vague to govern well [17].

	Discussion and Analysis
	The synthesis of plant physiology and catchment hydrology yields a clear analytical conclusion. Oil palm is a water-using crop, but that statement has little independent explanatory value because all productive wet-tropical canopies are water-using systems. The decisive scientific problem is scale transition. At the palm scale,
	transpiration reflects physiological function. At the stand scale, ET depends on canopy and soil exposure. At the catchment scale, runoff and baseflow depend strongly on infiltration capacity, soil disturbance, drainage, roads, riparian integrity, and remaining forest cover. The “water greedy” narrative fails because it jumps from plant water use to broad claims of watershed degradation without tracing the intermediate mechanisms [2,4,27,28,58,59].
	This also explains why some empirical studies appear negative, even as the broader narrative remains misleading. Forest conversion to oil palm can indeed worsen hydrological outcomes. But the correct interpretation is usually “forest-to-plantation conversion under specific management conditions increased runoff or degraded water quality,” not “oil palm is inherently greedy for water.” Indeed, classical hydrology would often predict that lower forest cover could increase water yield while simultaneously worsening peaks, sediment, and water quality.
	That set of outcomes is entirely compatible with the ecohydrological literature and directly contradicts overly simple scarcity rhetoric [10,60-63].
	A second interpretive point concerns justice and smallholders. If policy actors rely on oversimplified narratives, the burden often shifts toward smallholders who lack the capital to comply with rapidly changing standards but are not the main drivers of hydrologically destructive roads, mills, peat drainage, or weak landscape planning. Recent work on smallholder sustainability and livelihoods warns against that mistake. Global policy advocacy should therefore distinguish between outcome-based environmental discipline and blanket reputational penalties that can worsen rural inequity without improving basin hydrology [64-66].
	For ESG and SDG governance, this has major implications. The most defensible water-related ESG position on oil palm is not a blanket positive claim, nor is it a blanket negative claim. It is a conditional claim: oil palm production is compatible with strong water stewardship where expansion is deforestation-free, peat drainage is avoided or tightly managed, riparian systems are protected, ground cover is maintained, roads are hydrologically designed, effluent is controlled, and monitoring is transparent. That approach aligns much better with SDG 6 on water, SDG 12 on responsible production, SDG 13 on climate, and SDG 15 on terrestrial ecosystems than slogan-based exclusion [66-69].
	For the EU-WTO interface, the key lesson is methodological discipline. If environmental measures are framed around measurable outcomes in deforestation, land-use change, peat protection, and water quality, they are intellectually stronger and more politically defensible than discriminatory or weakly justified commodity narratives. The 2025 trade-law analysis of the palm-oil disputes is instructive precisely because it stresses scientific support, good faith, and non-discrimination. Producers and regulators should use that opening to redesign debate away from caricature and toward measurable environmental performance [17,70-72].
	The policy advocacy message, then, should be globally legible: stop asking whether oil palm is “water greedy” in the abstract and start asking whether a given oil palm landscape meets auditable thresholds for hydrological stewardship. This is the framing that can bridge producing-country interests, investor due diligence, certification systems, and European regulatory expectations. It is also the framing most likely to survive serious peer review [55].

	Open Questions and Targeted Empirical Studies
	Several issues remain under-researched and should become priorities for future empirical work. First, more harmonized field comparisons are needed between oil palm, rubber, cacao, secondary forest, restored riparian corridors, and mixed agroforestry under identical climatic and edaphic conditions. Many current comparisons still suffer from site heterogeneity [2].
	Second, peatland hydrology remains too often separated from mainstream commodity comparisons. Future studies should integrate water-table depth, peat oxidation, fire risk, and nutrient mobility into basin-scale water stewardship metrics suitable for certification and ESG disclosure [35].
	Third, more paired watershed studies are needed that explicitly disentangle the relative contribution of canopy ET, road density, compaction, mill effluent, fertilizer losses, and riparian-width decisions. This is the empirical frontier most directly relevant for policy design [4].
	Fourth, smallholder-inclusive hydrological monitoring is still thin. If global regulation becomes more outcome-based, then low-cost hydrology and water-quality monitoring systems for smallholders and cooperatives will be essential to avoid exclusionary governance [64].

	Conclusion
	This qualitative literature review finds that the claim that oil palm plantations are inherently “water greedy” in a way that generally causes surrounding water scarcity and environmental degradation is scientifically overstated and often misleading. Oil palm uses water through transpiration and evapotranspiration, as any productive tropical perennial canopy does. The empirical literature does not support reducing watershed hydrology to that single fact. Instead, hydrological outcomes are shaped by land-use transition pathways, prior forest cover, peat drainage, soils, topography, infrastructure, riparian management, canopy age, ground cover, and water-quality governance.
	A more accurate policy statement is therefore this: oil palm can be associated with hydrological harm when developed through ecologically damaging conversion, drainage, and poor management, but it should not be represented as uniquely or universally water-greedy by definition. That distinction is not semantic. It changes what should be regulated, financed, audited, and reported.
	For global policy advocacy, five recommendations are as follows. First, replace commodity-level stigma with outcome-based hydrological indicators. Second, prioritize no-deforestation and no-harm conversion pathways, especially excluding or strictly regulating peat drainage. Third, scale riparian reserves, road drainage design, ground cover maintenance, sediment control, and nutrient/effluent management as standard practice. Fourth, align water stewardship metrics with GRI 303, TNFD, IFRS-linked climate and nature risk management, and certification pathways. Fifth, protect smallholder inclusion by supporting compliance finance, extension services, and traceability systems rather than shifting the burden of narrative risk onto the least-capitalized actors.
	In short, the strongest pro-science and pro-sustainability position is neither denial nor demonization. It is precision. Oil palm should be judged by where it is planted, what it replaced, how it is managed, how its watershed is protected, and how honestly its risks are disclosed. That is the path most consistent with strong ESG performance, credible SDG alignment, and fair, scientifically defensible global governance.
	7. Khan N, Kamaruddin MA, Sheikh UU, Bakht MP, Mohd MNH, et al. (2024) Analysis of weather impacts on oil palm productivity. In: The 1st Conference on Innovations in Engineering, Science and Technology for Sustainable Development (ICEST 2023) pp. 060003.
	8. Manoli G, Meijide A, Huth N, Knohl A, Kosugi Y, et al. (2018) Ecohydrological changes after tropical forest conversion to oil palm. Environ Res Lett 13(6).
	9. Ahongshangbam J, Hölscher D, Hendrayanto, Röll A (2025) Multi-Level Temporal Variation of Sap Flux Densities in Oil Palm. Forests 16(2): 229.
	10. Ricciardi L, D’Odorico P, Galli N, Chiarelli DD, Rulli MC (2022) Hydrological implications of large-scale afforestation in tropical biomes for climate change mitigation. Philos Trans R Soc B 377: 1857.
	11. Heidari A, Mayer A, Watkins D, Castillo MM (2020) Hydrologic impacts and trade-offs associated with developing oil palm for bioenergy in Tabasco, Mexico. J Hydrol Reg Stud 31: 100722.
	12. Merten J, Stiegler C, Hennings N, Purnama E, Röll A, et al. (2020) Flooding and land use change in Jambi Province, Sumatra: integrating local knowledge and scientific inquiry. Ecol Soc 25(3).
	13. Murphy DJ (2025) Agronomy and Environmental Sustainability of the Four Major Global Vegetable Oil Crops: Oil Palm, Soybean, Rapeseed, and Sunflower. Agronomy 15(6): 1465.
	14. Alcock TD, Salt DE, Wilson P, Ramsden SJ (2022) More sustainable vegetable oil: Balancing productivity with carbon storage opportunities. Sci Total Environ 154539: 1-14.
	15. Berenschot W, Dhiaulhaq A, Afrizal, Hospes O, Adriana R, et al. (2022) Anti-Corporate Activism and Collusion: The Contentious Politics of Palm Oil Expansion in Indonesia. Geoforum 131: 39-49.
	16. Monzon JP, Slingerland MA, Rahutomo S, Agus F, Oberthur T, et al. (2021) Fostering a climate-smart intensification for oil palm. Nat Sustain 4(7): 595-601.
	17. Holzer K (2025) Balancing trade and environment: insights from WTO disputes over sustainability requirements for biofuels. J World Energy Law Bus 18(3).
	18. IFRS, IFRS S2 Climate-related Disclosures (2026) IFRS Sustainability Standards Navigator.

	References
	1. USDA (2026) Production - Palm Oil. Foreign Agricultural Services - USDA.
	2. Poyatos R, Granda V, Flo V, Adams MA, Adorjan B, et al. (2021) Global transpiration data from sap flow measurements: the SAPFLUXNET database. Earth Syst Sci Data 13(6): 2607-2649.
	3. European Commission (2026) Regulation on Deforestation-free Products,” European Commission: Energy, Climate Change, Environment.
	4. Asmara B, Randhir TO (2024) Modeling the impacts of oil palm plantations on water quantity and quality in the Kais River Watershed of Indonesia. Sci Total Environ 928: 172456. .
	5. VOI (2026) Is Palm Oil Really Water-Intensive? This is What the IPB Professor Says,” VOI News.
	6. Ashraf M, Sanusi R, Zulkifli R, Tohiran KA, Moslim R, et al. (2019) Alley-cropping system increases vegetation heterogeneity and moderates extreme microclimates in oil palm plantations. Agric For Meteorol 276: 107632.

	19. Wahyoeni SI, Azizah W, Fredy H, Fakhira N (2025) Early Stage of IFRS S2 Readiness: Sustainability Disclosure of Indonesian Public Companies in Supporting SDGs. J Econ Financ Manag Stud 8(10).
	20. Yang Y, Roderick ML, Guo H, Miralles DG, Zhang Lu, et al. (2023) Evapotranspiration on a greening Earth. Nat Rev Earth Environ 4(9): 626-641.
	21. Rusmayadi G (2018) Storm ‘Greedy Water’ Palm Oil Basod on Academic Perspective. EnviroScienteae 14(1): 29.
	22. GAPKI (2026) Oil Palm: Water Efficient And Ecofriendly Plant. GAPKI Publication Recent News.
	23. Supriatna J, Lenz R (2025) Sustainable Environmental Management. In: Cham: Springer Nature Switzerland.
	24. Rinandyta K, June T (2025) Water Use Efficiency and Adaptive Responses of Oil Palm under El Niño-Induced Drought and Haze. Agromet 39(2): 86-94.
	25. Akram H, Levia DF, Herrick JE, Lydiasari H, Schütze N (2022) Water requirements for oil palm grown on marginal lands: A simulation approach. Agric Water Manag 260: 107292.
	26. Wang J, Lin W, Cheng Q, Ye H, Zhu J, et al. (2025) Applicability of the Surface Energy Balance System (SEBS) Model for Evapotranspiration in Tropical Rubber Plantation and Its Response to Influencing Factors. Forests 16(12): 1820.
	27. IPB University Research Finding by Prof. Hendrayanto (2026) Oil Palm is not Water Intensive and is not the Primary Cause of Flooding,” IPB University News Research and Expertise.
	28. Safitri L, Hermantoro H, Purboseno S, Kautsar V, Saptomo SK, et al. (2018) Water Footprint and Crop Water Usage of Oil Palm (Eleasis guineensis) in Central Kalimantan: Environmental Sustainability Indicators for Different Crop Age and Soil Conditions. Water 11(1): 35.
	29. Purwanto E, Santoso H, Jelsma I, Widayati A, Nugroho HYSH, et al. (2020) Agroforestry as Policy Option for Forest-Zone Oil Palm Production in Indonesia. Land 9(12): 531.
	30. Krauss KW, Lovelock CE, Chen L, Berger U, Ball MC, et al. (2022) Mangroves provide blue carbon ecological value at a low freshwater cost. Sci Rep 12(1): 17636.
	31. Comte I, Colin F, Grünberger O, Whalen JK, Harto RW, et al. (2015) Watershed-scale assessment of oil palm cultivation impact on water quality and nutrient fluxes: a case study in Sumatra (Indonesia). Environ Sci Pollut Res 22(10): 7676-7695.
	32. Röll A, Niu F, Meijide A, Hardanto A, Hendrayanto A, et al. (2015) Transpiration in an oil palm landscape: effects of palm age. Biogeosciences 12(19): 5619-5633.
	33. Yazawa T, Shimizu Y (2020) The Socio-hydrological Impacts of Oil Palm Plantations on Integrated Watershed Management. J Indones Sustain Dev Plan 1(3): 281-294.
	34. Tarigan SD, Wiegand K, Sunarti, Slamet B (2018) Minimum forest cover for sustainable water flow regulation in a watershed under rapid expansion of oil palm and rubber plantations. HESS Hydrol Earth Syst Sci 22: 581-594.
	35. Hein L, Sumarga E, Quiñones M, Suwarno A (2022) Effects of soil subsidence on plantation agriculture in Indonesian peatlands. Reg Environ Chang 22(4): 121.
	36. Ajadi FA, Adewole HA, Obayemi OE, Odetola OO, Olaleye VF, et al. (2025) Assessment of water quality index in an afro-tropical stream impacted by palm oil mill effluents. PLOS Water 4(10): e0000441.
	37. Bicknell E, O’Hanley JR, Armsworth PR, Slade EM, Deere NJ, et al. (2023) Enhancing the ecological value of oil palm agriculture through set-asides. Nat. Sustain 6(5): 513-525.
	38. Kartiwa B, Adi SH, Sosiawan H, Marwanto S, Maswar, et al. (2025) Peat Hydrological Properties and Vulnerability to Fire Risk. Fire 9(1): 24.
	39. Wahyunto, Supriatna W, Agus F (2010) Land Use Change and Recommendation for Sustainable Development of Peatland for Agriculture: Case Study at Kubu Raya and Pontianak Districts, West Kalimantan. Indones J Agric Sci 11(1): 32-40.
	40. Abrams F, Hohn S, Rixen T, Baum A, Merico A (2016) The impact of Indonesian peatland degradation on downstream marine ecosystems and the global carbon cycle. Glob Chang Biol 22(1): 325-337.
	41. Haasjes E (2014) Sustainable water management on oil palm plantation on tropical peat lands. Comparing regulations with on field practices. Wageningen University.
	42. Maulana J, Khairunisa S, Perdana W, Prakoso A (2025) A Study on the Causes and Effects of Flood Vulnerability in Indonesia’ s Peatland Hydrological Units (KHG). Jakarta Selatan.
	43. GAPKI (2026) What Vegetable Oil Most Land-Saving And Most Sustainable? GAPKI Publication Recent News.
	44. Lieke SD, Spiller A, Busch G (2023) Can consumers understand that there is more to palm oil than deforestation? Sustain Prod Consum 39: 495-505.
	45. Popkin M, Woolever VJR, Turner EC, Luke SH (2022) A systematic map of within-plantation oil palm management practices reveals a rapidly growing but patchy evidence base. PLOS Sustain. Transform 1(7): e0000023.
	46. Gao B (2026) The Abstracts of the 3rd International Online Conference on Agriculture. In: The 3rd International Online Conference on Agriculture, Basel Switzerland: MDPI.
	47. Purwadi R, Adisasmito S, Pramudita D, Indarto A (2023) Strategies for Restoration and Utilization of Degraded Lands for Sustainable Oil Palm Plantation and Industry. In: Agroecological Approaches for Sustainable Soil Management, Wiley pp. 373–408.
	48. Carlson KM, Heilmayr R, Gibbs HK, Noojipady P, Burns DN, et al., Effect of oil palm sustainability certification on deforestation and fire in Indonesia. Proc Natl Acad Sci 115(1): 121-126.
	49. Pasaribu AP (2025) Strengthening Indonesia’s sustainable palm oil policy: Addressing climate change and enhancing global market integration. JSSEW J Sustain Soc Eco-Welfare 3(1): 54-84.
	50. Purnomo H, Kusumadevi SD, Puspitaloka D, Junitanti L, Okarda B, et al. (2024) Pathways for sustainable palm oil trade: addressing global green trade initiatives and the climate crisis in Indonesia. Bogor.
	51. Mpekiri S, Papaspyropoulos KG (2026) Citation dynamics, thematic structure and temporal evolution of research on the Faustmann Forest Economics model (1962–2025). For Policy Econ 182: 103685.
	52. Muradian R, Cahyafitri R, Ferrando T, Groterra C, Wanderley LJ, et al. (2025) Will the EU deforestation-free products regulation (EUDR) reduce tropical forest loss? Insights from three producer countries. Ecol Econ 227: 108389.
	53. Pretty J, Garrity D, Badola HK, Barrett M, Flora CB, et al. (2025) How the Concept of ‘Regenerative Good Growth’ Could Help Increase Public and Policy Engagement and Speed Transitions to Net Zero and Nature Recovery. Sustainability 17(3): 849.
	54. Cairney P, Timonina I, Stephan H (2023) How can policy and policymaking foster climate justice? A qualitative systematic review. Open Res Eur 3: 51.
	55. Preferred by Nature (2026) RSPO Principles and Criteria (P&C) & RSPO Independent Smallholder (ISH) Certifications. Preferred by Nature.
	56. GRI (2026) Topic Standard for Water and Effluents (GRI 303). GRI: Standards Development.
	57. TNFD (2026) What is the TNFD? TNFD.
	58. Santosa E, Stefano IM, Tarigan AG, Wachjar A, Zaman S, et al. (2018) Tree-based Water Footprint Assessment on Established Oil Palm Plantation in North Sumatera, Indonesia. J Agron Indones. (Indonesian J Agron 46(1): 111.
	59. Gómez AM, Parra A, Pavelsky TM, Wise E, Villegas JC, et al. (2023) Ecohydrological impacts of oil palm expansion: a systematic review. Environ Res Lett 18(3): 033005.
	60. Manoli G, Meijide A, Huth N, Knohl A, Kosugi Y, et al. (2018) Ecohydrological changes after tropical forest conversion to oil palm. Environ Res Lett 13(6): 064035.
	61. Jaya A, Salampak, Rumbang N, Saptono M, Widiastuti L, et al. (2023) Effects of forest conversion to oil palm plantation on soil erosion and surface runoff. JEBAS J Exp Biol Agric Sci 11(4): 767-779.
	62. Yuliani EL, de Groot WT, Knippenberg L, Bakara DO (2020) Forest or oil palm plantation? Interpretation of local responses to the oil palm promises in Kalimantan, Indonesia. Land use policy 96: 104616.
	63. Kull CA, Bartmess J, Dressler W, Gingrich S, Grodzicki M, et al. (2024) Pitfalls for the sustainability of forest transitions: evidence from Southeast Asia. Environ Conserv 51(3): 152-162.
	64. Ogahara Z, Jespersen K, Theilade I, Nielsen MR (2022) Review of smallholder palm oil sustainability reveals limited positive impacts and identifies key implementation and knowledge gaps. Land use policy 120: 106258.
	65. Abdurrahim AY, Dharmawan AH, Adiwibowo S, Yogaswara H, Noordwijk MV (2025) Actors, Access, Markets, and Values Involved in Oil Palm Expansion and Peatland Degradation in West Kalimantan, Indonesia For Soc 9(1): 376-402.
	66. Putri EIK, Dharmawan AH, Hospes O, Yulian BE, Amalia R, et al. (2022) The Oil Palm Governance: Challenges of Sustainability Policy in Indonesia. Sustainability 14(3): 1820.
	67. United Nations The 17 Goals (2026) United Nations: Sustainable Development.
	68. Brunnbauer B (2021) Sustainable Governance of Palm Oil to Protect Life-On-Land. Sustain Sci no pp. 1-3.
	69. Nduka SD (2025) Policy Analysis Framework for National Soil Health Monitoring and Climate-Responsive Agriculture. Glob Agron Res J 2(6): 16-44.
	70. Awaliyah NN, Iranto D, Mukhtar S (2024) Policy Analysis of European Union Deforestation Regulation (EUDR) on Indonesian Palm Oil Exports. Int Student Conf Business, Educ Econ Accounting, Manag 1(1): 501-510.
	71. Simbolon PGM (2024) When the Deforestation Meets the Free Trade: A Critical Analysis of the European Union Deforestation Free Regulation (EU DFR). JWTS J World Trade Stud 8(2): 19-30.
	72. Jain A (2026) Impact of Environmental Measures on International Trade (with focus on EU CBAM WTO law).

