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THE WATER FOOTPRINT OF OIL PALM

PLANTATION IN THE KAMPAR CATCHMENT,

RIAU, INDONESIA

PRIMA WAHYU TITISARI'*; ELFIS'; INDRY CHAHYANA? and TIKA PERMATASARF?

ABSTRACT
Oil palm plantations have faced heightened scrutiny over their water consumption and environmental
consequences; yet, quantitative evaluations of their water footprint (WF) in relation to watershed-level water
availability are still limited. This study assesses the green, blue and grey WFs of oil palm plantation in the
Kampar Watershed, Riau, Indonesia, while integrating regional water balance analysis with the F] Mock
technique and evapotranspiration (ET) modelling utilising the Penman-Monteith equation. The total WF
in Kampar Regency was 327.37 m3/t (green: 170.49 m3/t; grey: 129.10 m3/t; blue: 27.78 m3/t), whereas
Pelalawan Regency recorded 272.88 m3/t (green: 159.82 m3[t; grey: 84.67 m3/t; blue: 28.39 m3[t). Although
the Kampar River has adequate water resources, the growth of plantations raises sustainability issues. Grey
water footprint scores (WFS) denote moderate environmental performance in both regions. Sensitivity
study indicates that fluctuations in rainfall and yield can markedly affect WF estimates, particularly the
grey component. This comprehensive strateqy emphasises the necessity for improved fertiliser and water
management techniques to guarantee sustainable oil palm cultivation in water-abundant yet environmentally

delicate tropical catchments.
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INTRODUCTION

Indonesia is the leading global producer of palm
oil (Dermoredjo et al., 2025; Setiajiati et al., 2024).
According to the Central Statistics Agency (BPS),
it is expected to produce 45.58 million tonnes of
palm oil in 2022, which is a 1.02% increase from
the previous year’s production of 45.12 million
tonnes (Gandhi & Fumie, 2023). Riau is a major
hub for palm oil production in Indonesia, with an
estimated production of 8.97 million tonnes in 2022.
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This represents 19.68% of the total national palm oil
production, which amounts to 45.58 million tonnes
(Apresian et al., 2020; Numata et al., 2022).

Measuring the water footprint (WF) is critical
for assessing environmental sustainability. To
ensure the sustainability of oil palm plantations, it
is imperative to assess the WF at each plantation
site. The spread of oil palm cultivation in Indonesia
has led to a significant transformation of land use
on a large scale, influenced by social, economic and
ecological factors. This transformation involves
converting forests to intensive agricultural
systems, which can have a significant impact on the
hydrological cycle (Merten et al., 2016; Noerrizki
et al., 2019).

Oil palm plants are highly susceptible to
dry conditions, particularly in areas with an
annual moisture deficit of 400 mm (Afandi et al.,
2022). The water requirements for oil palm are
similar to those of sugarcane, ranging from 1,000-
1,500 mm annually (Riajaya & Kadarwati, 2022;
Yusara et al., 2019). Bananas also require an
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annual water supply ranging from 700-1,700 mm
(Dos Santos et al., 2019; Santosh & Tiwari, 2019).
However, the water needs of oil palm and banana
are relatively lower when compared to staple crops
like rice, corn, maize and soybean, which require
an annual water consumption of 1,200-2,850 mm.
Compared to other plantation crops, oil palm needs
more water, around 4.10-4.65 mm/day, which
accumulates to approximately 1,500-1,700 mm
annually (Khanh & Ngoc, 2022; Materu et al., 2018;
Titisari, 2024a, 2024b, 2025; Watson-Herndndez
et al., 2022).

Existing literature on oil palm plantations
has primarily focused on assessing water quality
(Ahmad et al, 2021; Merten et al., 2016; Safitri
et al., 2018b, 2022a). Limited social science studies
on water quantity fails to comprehensively
understand factors contributing to the reported
water availability decrease (Suharyanti et al.,
2020). Natural science studies on oil palm’s water
impact are scarce and often narrow in scope. Heidari
et al. (2020) found a 9.00% reduction in average
annual river flow on converted land, and their study
suggested investigating the impact of decreasing
groundwater levels based on seasons. Jaya et al.
(2018) found that erosion and surface runoff in
five-year-old oil palm plantation areas were higher
than in forest areas, which has implications for soil
nutrient loss and water pollution. Sumarga et al.
(2016) predicted that in the next 100 years, around
67.00% of peatlands planted with oil palm will
experience regular flooding. However, this study
only focused on peat soil types, therefore exploring
areas with different soil characteristics is necessary.
Oil palm plantations exhibit inferior nutrient and
water conservation capabilities compared to other
tree plantings (Comte et al.,, 2015; Dislich et al.,
2017; Manoli et al., 2018; Santi et al., 2021). Akram
et al. (2022) and Gomez et al. (2023) find a 30.00%—
40.00% reduction in water influx from oil palm
plantations to river systems, raising concerns about
water quality degradation (Murphy et al., 2021;
Syahza, 2019). Evaluating water-related issues in
oil palm plantations is complex due to interactions
among soil conditions, climate variables and
agricultural methods (Safitri et al., 2022; Sukarman
et al., 2022).

The WF method evaluates how much water
is used to grow crops. The WF method is a
comprehensive approach for evaluating direct
and indirect water consumption in different
sectors, including the industrial, agricultural and
domestic sectors. In agriculture, the WF is an
essential metric for assessing water usage and its
environmental impact. The WF is divided into
three components: Green, blue and grey WFs.
The green WF refers to the volume of rainwater
stored in the soil and used by plants through
evapotranspiration (ET). The blue WF refers to

the volume of surface and groundwater used for
irrigation. The grey WF measures the volume of
water required to dilute pollutants to meet specific
standards (Madrid-Lépez, 2023; Mialyk et al., 2024;
Yi et al., 2024).

Recently, different approaches for the
assessment of water consumption in production
processes have been introduced. Most WF studies
have been conducted in agricultural sectors using
the Penman-Monteith combined with the FJ Mock
method to assess water availability. Mekonnen and
Hoekstra (2011) studied the water requirements
of different crops using this method. FJ Mock
calculations are based on monthly rainfall data, ET,
soil moisture and groundwater. FJ Mock method
has a principle which states that the rain that
falls on the catchment area will partly disappear
due to ET, some will become direct runoff, and
some will enter the ground. FJ] Mock method
shows a relatively simple calculation method for
various components based on the results of study
on watersheds throughout Indonesia (Ministry
of Public Works Directorate General of Natural
Resources, 2013). The WF is the total amount of
freshwater used to produce agricultural products.
Many studies have been conducted on the WF
of oil palm, including those by Ichwan et al.
(2019) which predicted the water requirements
of oil palm only based on the net radiation
evaporation method. Mohammad Sabli et al. (2017)
and Subramaniam and Hashim (2018), assessed
oil palm WF with a life cycle assessment (LCA)
approach. However, the difficulty is that there is
little or no reliable data on water usage in life cycle
databases; furthermore, there is no agreed life cycle
impact assessment method for estimating impacts
related to freshwater use (Jeswani & Azapagic,
2011). Safitri et al. (2018a, 2022) analysed the WF
of oil palm cultivation over a specific period and
root water uptake. Santosa et al. (2018) focus on
analysing the WF to produce fresh fruit bunches
(FFB) and crude palm oil (CPO) by reference to
Hoekstra et al. (2011). These studies were based on
field calculations. Mekonnen and Gerbens-Leenes
(2020) critically evaluate the WF of agricultural
production and assess the sustainability of the blue
WE. Afandi et al. (2022) studied several soil and
moisture conservation techniques that can increase
oil palm yield.

The Kampar Watershed, located in Riau
Province, Indonesia, is a swiftly developing oil
palm frontier distinguished by peatland and
mineral soils. In the last 20 years, the region has
undergone significant alterations in land cover,
chiefly due to the transformation of forests and
secondary vegetation into oil palm plantations
(Erniwati et al., 2017; Numata et al., 2022). This
transformation is propelled by advantageous
climatic conditions, navigable terrain and robust
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market demand, establishing Kampar as one of
the most dynamic palm oil-producing regions in
Southeast Asia (Apresian et al., 2020; Meiwanda
et al., 2022). Nonetheless, the ecological fragility of
its peat regions and escalating demands on water
resources prompt critical enquiries regarding the
long-term viability of continued expansion.

Notwithstanding the growing focus on
sustainable water utilisation in agriculture, the
majority of current study regarding the WF of oil
palm in Indonesia has been confined to plot-level
or crop-level assessments. These studies frequently
assess water consumption or greywater pollution
loads without considering the hydrological
capacity of the region (Gémez et al., 2023; Safitri
et al., 2022). A significant knowledge gap persists
in correlating spatially explicit water availability,
obtained from catchment-scale hydrological
models, with the water demands and environmental
impacts of plantation expansion.

The objective of this study was to combine the
FJ Mock method, which simulates water availability
at the watershed level, with Penman-Monteith
based calculations of WF (including green, blue
and grey components) to address this gap. This
integrated method facilitates the spatial assessment
of the alignment between oil palm expansion
and the water surplus or deficit conditions in
particular regions of the Kampar catchment. The
study provides new insights into regional water
planning, sustainable land-use allocation and oil
palm governance under climate variability by
contextualising plantation water demand within
the region’s hydrological carrying capacity.

MATERIALS AND METHODS
Site Location

The study was conducted in eight villages
within the Kampar Catchment, Riau Province,
central Sumatra, Indonesia (Figure 1). The catchment
extends across Kampar and Pelalawan Regencies
and represents a continuous upstream—downstream
hydrological gradient influencing water availability
for oil palm plantations. In Kampar Regency, the
study sites included the subdistricts of XIII Koto
Kampar (0°16'14.7" N, 100°41'38.0" E), Kampar
(0°17'49.5" N, 101°06'46.8" E), Kampar Kiri Hulu
(0°06'09.6" S, 100°50'53.0" E), and Kampar Kiri Hilir
(0°06'59.4" N, 101°29'19.9" E). In Pelalawan Regency,
four subdistricts were investigated: Langgam
(0°14'57.3" N, 101°43'03.0" E), Pelalawan (0°32'31.0" N,
102°03'07.2" E), Teluk Meranti (0°30'31.7" N,
102°38'59.1" E), and Kuala Kampar (0°34'44.3" N,
103°12'29.3" E). The study area is dominated by
lowland tropical oil palm plantations, including
both mineral soils and peatlands, where plantation

water use, evapotranspiration, and groundwater
management are key determinants of the catchment-
scale water footprint.

Data Collection

The study utilised primary and secondary data
on runoff from the Kampar Watershed. Primary
data were collected from eight water estimation
posts, with four affiliated with the Sumatra IIT River
Regional Office in Riau Province (Gunung Bungsu,
Gema/Kuntu, Gunung Sahilan and Lipat Kain
Village), two in Kampar Regency (District XIII Koto
Kampar and Kampung Pinang, Panti Raja District)
and two in Pelalawan Regency (Lubuk Ogung
Langgam and Pangkalan Kerinci). The locations
were acquired from the Public Works and Spatial
Planning Agency (PUPR) of the respective regencies.
Secondary data representing internet search results
which include production outcomes, agricultural
land area and fertiliser application information from
the Riau Province Agricultural Service, as well as
precipitation data and climatological parameters
(mean temperature, air humidity, wind velocity
and sunlight duration) from Indonesian Agency for
Meteorology, Climatology, and Geophysics (BMKG)
Pekanbaru. Figure 2 depicts the study framework,
comprising three primary stages. The initial phase
involves data gathering, comprising primary data
(river discharge from monitoring stations, land data,
productivity and fertiliser application) and secondary
data (climatic conditions, precipitation, temperature,
humidity, radiation and agricultural production
statistics from the relevant office). The second stage
is an examination of water availability utilising
the F] Mock technique, which considers monthly
water balances, encompassing evapotranspiration,
runoff, infiltration, groundwater storage and river
discharge. The third stage involves calculating the
WF using the Penman-Monteith technique and
CROPWAT 8.0, which categorises the WF into three
components: Green, blue and grey. The WF results are
subsequently compared with the water availability
from the FJ Mock to evaluate the equilibrium between
oil palm crop requirements and the hydrological
capacity of the Kampar Watershed.

This paradigm illustrates the integration of the
watershed water balance at the watershed scale with
crop water requirements at the crop scale. This flow
illustrates that the study outcome comprises not
only WF values but also the water footprint score
(WES), serving as an indicator of water and fertiliser
management efficacy in oil palm plantations.

Water Availability Analysis
Water availability was determined using the FJ

Mock method. The CROPWAT 8.0 program was used
to evaluate ET using the Penman-Monteith technique
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with data from 2014 to 2022. ET was calculated
using the FJ Mock method and water requirements
are estimated using the SNI 6728.1:2015 Standard
method (Badan Standarisasi Nasional, 2015).
Research procedure for calculating Water
availability for the Kampar Watershed Based on the
FJ] Mock Method includes the calculation of potential
evapotranspiration (PET) using the Penman-
Monteith method with CROPWAT 8.0, followed by
the calculation of actual evapotranspiration (ET)
(mm/month) as shown in Equation (1) and (2).

AET = (39) x (18 - n) x PET (1)

ET = PET - AET )

where, ET is the difference between PET and AET
(mm/month); m is the exposed surface and n is the
number of rainy days. The calculations of water
surplus (W) (mm/month) is determined using
Equation (3):

100'90°00" 101'30°00" 101'30°00" 101'30°00" 7013000°

101'30°00" 100'30°00" 100'30'00" 100'30'00"

00000

o0
a0

.«

100'30°00" 100'30°00" 100'30°00°

100'30°00" 100'20°00"

100'30°00 100'30°00° 1005000’ 100'50°00
WATER CATCHMENT CAPACITY LEVEL K o= u B
Kampar Watersheed B oy High Woter Camimens, =2,01030 nm o ;
Aroa. - 38.10.40 ha ({{38.00%)
= B Prownical Boundory [ High Waster Catshmant. = 10.637.18 iz
I Rsgencyi Cily Boadary Auma = 33.90.00 ho t (18.0%)
-—*—« 71 Provieiee! Boundary [E55] Modarare Water Gotshmen. = 4,340.73 ha
2 2 omes S (i’ i
j oty Lena = 6,140 he (2.00%)
..... e [ torshad Boundary
—_— B Very Low Gatehment. 1+6.10 ha
i Bl Aron. T8 o e {1001
— Presiiical Rood
SCALE 114,000,000 i el
Arver
P s

Figure 1. Study location map.

| DATA COLLECTION |

Observation and document study from

Mot > I >
ra— | ..
s e S i

Water balance analysis
used the FJ Mock method

Penman-Monteith technique
used CROPWAT 8.0 PROGRAM

*‘—
Green water footprint €———

|
-
%

Figure 2. The framework of the study.



THE WATER FOOTPRINT OF OIL PALM PLANTATION IN THE KAMPAR CATCHMENT, RIAU, INDONESIA

W;=(P-ET)+SS 3)

where, W, is the difference between the rainfall
(P) (mm/month) and ET, with the addition of soil
storage (SS) (mm/ month) (0 if P — ET, > 0, and
P—ET if P—ET <0).

The infiltration of base flow (BF) (mm/month),
direct runoff (DRO) (mm/month) and storm runoff
(SRO) (mm/month) based on FJ] Mock method is
calculated using Equation (4):

i:WSxif 4)

where, i is the infiltration (mm/month), calculated
by multiplying the W, to infiltration coefficient
(i). Meanwhile, the groundwater storage (GWS) is
calculated using Equation (5):

GWS ={0.5 x (1 + K) x i} + {K x GSom)} (5)

where, GWS is the groundwater storage (mm/
month); K is the groundwater recession constant and
GSom is the groundwater storage of the previous
month.

After the GWS value was obtained, continue by
calculating the BF (mm/month) using Equation (6):

BF =i- AGWS (6)

where, AGWS is the changes in groundwater
storage.

The direct runoff (DRO) (mm/month) based on
FJ Mock method calculated by Equation (7):

DRO =W, -i (7)

The SRO (mm/month) was a water that

overflowed into rivers when heavy rain occurred,

and being calculated based on FJ Mock method
according to the provisions [Equation (8) and (9)];

if P < SMC, then SRO =0 (8)

if P> SMC, then SRO =P x PF )

where, SMC 1is the soil moisture capacity (mm)
and PF is the SRO percentage factor. The total
runoff (TRO) (mm/month) was calculated by
Equation (10):

TRO = BF + DRO + SRO (10)

where, TRO is the total runoff (mm/month) which
is the cumulation of BF, DRO and SRO for the
month.

The calculation of debit (Q) using Equation (11):

Q=TRO x CA (11)

where, Q is the debit (m’/s) by multiplying to the
TRO catchment area (CA) (km?) and the irrigation
water requirements (QIR) (m’/yr) were calculated
using Equation (12):

QIR=LxItxa (12)

where, L is the agriculture land area (ha); It is the
planting intensity (number of seasons/yr x 3,600
s/hr x 24 hr/day x number of days/season) and
a is the standard for irrigation use (referring to SE
PUPR Number 07 of 2018; the water requirement
for then rice plants is 1 L/s/ha and the secondary
crops is 0.8 L/s/ha).

Finally, the Kampar Watershed water balance
was calculated by determining the difference
between the water availability and requirements
[Equation (13)].

AQ S Qavaiabiliry - Qvequirement (13)

where AQ is the difference between the water
availability (Qmmw) (m?/yr)and water requirements
(Qrequiremenr) (m3/yr)

Water Footprint (WF) Analysis

The WF analysis manual book explains three
types of water footprints; green, blue, and grey.
Green and blue WF are formed by ET, crop coefficient
(K.) and production, and P respectively. The grey
WEF is calculated based on the water used to dilute
pollutants from fertiliser and production processes.
The WF calculation model used is described as
Equation (14):

WF_ =WF, +WF. +WF (14)

total — blue green grey

Calculation of the blue water footprint (WF,, ).
The blue water footprint (WF,, ) components of
crop in a geographic area are determined using

Equation (15):

CWu,
WFpruc/lﬂue = 7blue (15)

Y
where, WF .., is the blue process WF (m’/t);
CWu,,, is the blue crop water use; and Y is the

yield (t/ha). To calculate CWU,,  used, the blue
evapotranspiration (ET,, ) is calculated based
on crop water requirements (CWR), determined
by CROPWAT 8.0 program. In optimal growth
conditions, it is assumed that CWR are met
adequately, resulting in equality between real
crop evapotranspiration (ET.) and CWR, which is
denoted by ET.equal to CWR.
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ET. calculations are carried out based on
irrigation requirement (IR). The wunderlying
premise of this methodology assumes that losses
resulting from irrigation practices will persist
and eventually flow back into the watershed. The
estimated ET,, , value is obtained from Equation (16)
and (17):

ET

blue —

IR (16)
IR=ET.-P, (17)

where, IR is the difference of ET. and effective
rainfall (P ). Calculation of P, is carried out using
the USDA Soil Conservation Service method
on CROPWAT 8.0 software. If Peﬂ exceeds ET,
the ET,,, value is set to zero. ET, estimation was
carried out using 10 day time steps throughout the

growing season, using Equation (18):
ET.=K_xET, (18)

where, ET. is the multiplication of K. and
reference evapotranspiration (ET,). K. integrates
crop characteristics and soil evaporation impact.
ET, measured in mm/month, was calculated
using the Penman-Monteith method in CROPWAT
8.0 software, incorporating climatological data.

Calculation of the green water footprint (WF,, ).
The green water footprint (WF ) is determined
by the green

crop water use < (CWU,,,)
and the resulting Y (t/ha), as expressed in

Equation (19):

WF — C Wllgreen (1 9 )

proc,green Y

where, WF, ., the green process WF (m’/t)
is obtained by dividing the CWU,,, by the
Y (t/ha). Quantifying CWU,,,, involves assessing
ET, and P, in m’/ha using the CROPWAT 8.0
program. Meteorological data, including average,
maximum, and minimum monthly temperatures,
relative humidity, wind speed, and sunshine
duration, is used in ET, modelling. P, represents
the soil-retained fraction of precipitation usable
by plants. The CROPWAT 8.0 model employs
the USDA Soil Conservation Service method to
calculate P .

Calculation of grey water footprint (WF,, ). The
grey water footprint (WF,, ) measures freshwater
needed to assimilate pollution while accounting
for natural background concentrations and
water quality standards (Hoekstra et al, 2011)

[Equation (20)].

LC

= X
proc,grey max szt

(20)

where, WF, . is the grey process water
footprint (m®/t); L is the leaching (amount of
pollutant or fertiliser introduced into the water
system [kg/yr]); C,  is the maximum pollutant
concentration; and C,, is the concentration
of pollutants that naturally exist in water
bodies.

The data processing methodology employed
in this investigation involved the utilisation of
Excel and CROPWAT programs, as previously
documented in the study conducted by Hoekstra et
al. (2009) and Altobelli et al. (2015, 2019).

Water Footprint Score (WFS) Performance Analysis

The water footprint score (WES) evaluates crop
water efficiency through water management and
fertilisation, comparing actual water footprint to
the annual reference level (WF’). The WF_ /WF,
ratio determines the ideal irrigation method,
reflecting plant water consumption. This study
assesses irrigation management by analysing
rainwater utilisation levels and comparing actual
green and blue WF to annual reference values.
According to this approach, the value of WEFS
consists of two part which are: WFS_ ., which
reflects water management performance (the ratio
of green to blue WF) [Equation (21)]; and WFS
which reflects the fertilisation performance (WF,,,
[Equation (22)].

s
grey.

WES =100% x WF,_WF, xWF’ WF’

green blue green blue

(21)

green/blue

WEFS,,, =100% x WF’,, WF_ (22)

The WFS data is subsequently categorised into
three distinct groups to assess the effectiveness of
the WFS, as depicted in Table 1.

TABLE 1. WATER FOOTPRINT SCORE (WFS)
PERFORMANCE CATEGORIES

WFS Performance
0-29 Poor
30-69 Medium
70-100 Excellent

Source: Fotia and Tsirogiannis (2023).

RESULTS AND DISCUSSION

Oil Palm Plant Production in Kampar and
Pelalawan Regency

The subsequent data represent the production,
productivity and land area of oil palm plantations
in Kampar and Pelalawan Regency. Figure 3
illustrates a gradual expansion of oil palm
plantations in Kampar and Pelalawan Regency,
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particularly in Pelalawan where a notable
increase occurred between 2019 and 2020. This
expansion has led to a rise in overall output
levels and productivity. Data show that quite
significant increases in land area and production
occurred in 2020 (Pelalawan Regency) and 2021
(Kampar Regency). As depicted in Figure 3, the
significant increase indicates the driving forces
of the region’s economics/market demand and
government policies. The increase in production
and productivity reflects the strategic prioritisation
of oil palm as a primary agricultural commodity
(Wenzel et al., 2024). Study conducted by Syahza
(2019) and Safriyana et al. (2021), Kampar Regency
in Riau Province is involved in palm oil production
and has seen a consistent annual expansion in
land area dedicated to oil palm plantations.
The possibility of expanding oil palm plants in
Kampar Regency remains viable. The increase in
oil palm plantations in Kampar Regency is due to
the conversion of land from rubber plantations,
secondary forests and shrubs, resulting in
deforestation (Apresian et al.,, 2020; Erniwati et al.,
2017; Numata et al., 2022). The trends in Figure 3
help us understand the potential environmental and
socioeconomic consequences of quickly increasing
farming activities (Utami et al., 2017). It is anticipated
that there will be a moderate increase in oil palm
production in the next five years (Guntoro et al., 2022;
Meiwanda et al., 2022).

The productivity of oil palm plantations is
influenced by various factors including plantation
size, fertilisers and pesticide application, labour
efficiency, climate variables (ET, duration of light

2,000,000
1,800,000
1,600,000
1,400,000
1,200,000
1,000,000

800,000

Value (t/ha or ha or t)

600,000

400,000

200,000 l l
0

exposure, wind speed and P), and stakeholders’
involvement (Nainggolan et al., 2021; Yanita &
Suandi, 2021; Zulkefli et al., 2020).

Water Use and Available Water for Oil Palm
Plantation in Kampar and Pelalawan Regencies

Figure 4 presents an analysis of the discharge of
the Kampar Watershed in Kampar and Pelalawan
Regency. The Kampar River has a surplus of
water, making it sufficient for oil palm plantations.
However, the annual increase in water usage due
to the expanding plantation areas raises concerns
about long-term sustainability. The observed
pattern of rising water demands for oil palm
cultivation aligns with the study by Ichwan et al.
(2019) which indicates that water requirements
for oil palm tend to escalate as they mature but
decline during periods of heavy rainfall. According
to Sharma et al. (2018) and Murphy et al. (2021),
the escalating spread of oil palm plantations, along
with the concurrent decline in biodiversity, will
inevitably lead to a rise in water demands. This
study’s findings suggest that without strategic
water management practices, the sustainability
of oil palm cultivation in these regions could be
at risk, potentially leading to conflicts over water
resources or environmental degradation.

Several areas in Kampar and Pelalawan
Regency have great potential for oil palm
plantations, based on the findings from the water
balance study. These areas include Tapung Hulu,
Tapung Hilir, Tapung, Kampar Kiri Hulu, Gunung
Sahilan, Kampar Kiri and Kampar Kiri Hilir in

LI |

2015 2016

2018 2019 2020 2021 2022

m Production (t) - Kampar 1,328,777 | 1,217,174

1,171,505

1,222,465 | 1,723,887 | 1,753,948 | 1,916,231 | 1,632,774

Cultivation (ha) - Kampar 400,249 416,393

396,760

413,590 418,236 417,711 437,484 432,188

Production (t) - Pelalawan 1,247,740 | 1,247,022

1,249,002

1,339,609 | 1,544,926 | 1,884,333 | 1,815,014 | 1,766,325

m Cultivation (ha) - Pelalawan 306,877 306,977

307,001

325,241 331,609 393,324 394,052 388,195

Figure 3. Production (t) and cultivated area (ha) of oil palm in Kampar and Pelalawan Regencies in Kampar watershed.
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Kampar Regency, as well as Meranti, Pelalawan, at 327.37 m3/t, consisting of green (170.49), grey
Bunut, Langgam, Ukui, Pangkalan Lesung, Bandar (129.10) and blue (27.78) water components.

Petalangan and Kerumutan districts in Pelalawan Meanwhile, Pelalawan Regency’s total WF is
Regency (Figure 5 and 6). 272.88 m3/t, with green (159.82), grey (84.67) and
blue (28.39). Figure 7 shows the WF values for each

Water Footprint of Oil Palm Plantation in Kampar district.
and Pelalawan Regencies at Kampar Watershed According to the data presented in Figure 7,
the WF of oil palm cultivation in Kampar and
The WEF of oil palm encompasses three Pelalawan Regency is primarily composed of a

components: Green, blue and grey WFs. The study green WE. Oil palms have a very high green WF
found that Kampar Regency has a higher total WF value, which is subsequently followed by the
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Figure 7. The water footprint (WF) (m’[t) of oil palm plantation in
Kampar and Pelalawan Regency at Kampar Watershed.

grey WE. Consistent with the study conducted by
Safitri et al. (2018a), it was shown that the presence
of green water, which is derived from rainfall
in the upper root zone of oil palm, significantly
contributes to the absorption of water by oil palm
roots in comparison to blue water sourced from
groundwater in the lower layer of the root zone.
Other study supports these findings, showing
reduced oil palm groundwater usage (Kospa
et al.,, 2017; Santosa et al., 2018). Several factors,
including the high grey WF produced, can
influence the reduction of groundwater in this

case. According to Daundi et al. (2022), palm oil
liquid waste can potentially reduce the quality
of groundwater and surface water. Based on data
from the Minister of Environment and Forestry
Kampar District, the Kampar Watershed has
an alluvial plain landform but is not a swampy
area and has a groundwater depth of 50 cm.
Furthermore, the groundwater level from October
2019 to May 2020 ranged from 22.7 to 52.0 cm
(Lutfi et al., 2021). In the study conducted by Safitri
et al. (2018b), documented values of 876.7 m®/t
for green, 89.55 m?/t for grey and 35.9 m®/t for
blue WFs. In addition, Mekonnen and Hoekstra
(2011) analysed the WF of oil palm. Their findings
revealed a green WF of 1,057 m?’/t, grey WF
of 40 m*/t and blue WF of 0 m?/t. In a study
conducted by Suttayakul et al. (2016), it is known
that the presence of green water traces is higher
than the grey and blue WF.

Water footprint (WF) measurements in palm
oil production vary due to factors such as plant
productivity, climate conditions, land type and
use of fertilisers. The value can be influenced
by analysis methods, as reported in studies by
Mungkalasiri et al. (2015), Lovarelli et al. (2016)
and Marston et al. (2018). Kampar and Pelalawan
Regency share similar climates and land types.
This study explores the impact of productivity
characteristics and fertiliser use on the oil palm WF
in these regions. The analysis focuses on green WE,
considering crop productivity and rainfall. Data
reveal higher oil palm production in Pelalawan than
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in Kampar. Increased farm production correlates
with a reduced WF (Gheewala et al., 2014; Tuninetti
et al., 2020).

The grey WF for oil palm cultivation in the
Kampar Watershed is 213.77 m*/t, the second most
significant component. Studies by Dong et al. (2021)
and Cruz-Pérez et al. (2023) indicate that oil palm
cultivation in the Kampar Watershed has a high
WF due to poor water management practices
and excessive fertiliser use. To mitigate this, wise
fertiliser management can be improved to reduce
the WF of crops (Huang et al., 2015, Wang et al.,
2023).

The overall WF of oil palm farming in Kampar
(327.37 m3/t) and Pelalawan (272.88 m3/t) is
moderate in comparison to worldwide standards.
The values are below the 400.00-500.00 m3/t range
reported for Thailand by Suttayakul et al. (2016)
and Safitri et al. (2018a) in Central Kalimantan,
Indonesia. Mekonnen and Hoekstra (2011)
calculated a considerably elevated green WF of
1,057.00 m3/t for oil palm worldwide, with no
blue WF reported, suggesting divergent climatic
assumptions and possibly wider geographical
ranges.

The WF assessments in Malaysia, Indonesia’s
primary regional rival, are often elevated.
Kospa et al. (2017) documented total WFs of
up to 476.10 m3/t in South Sumatra, Indonesia,
while Mohammad Sabli et al. (2017) observed
comparable or elevated values in Malaysian
plantations employing life cycle methodologies.
These variables indicate disparities in approach,
yield, fertiliser use and precipitation patterns.

This study’s reduced blue water component
indicates little irrigation dependence, demonstrating
enhanced alignment with SDG 6 (Clean Water and
Sanitation), even in water-rich areas. The medium
grey WF ratings indicate nitrogen leaching and
fertiliser inefficiency, which are issues related
to SDG 12 (Responsible Consumption and
Production), - particularly in terms of pollution
and the sustainable use of agricultural inputs.
Minimising grey WE through precise nitrogen
management and augmenting yields per hectare are
essential for diminishing environmental impacts and
raising water productivity. This study contributes
to the international discourse on sustainable palm
oil production by contextualising Indonesian oil
palm water usage within global standards and
highlighting the necessity for locally adaptive
water management strategies.

Water Footprint Score (WFS) and Performance of
Oil Palm Plantation in Kampar and Pelalawan
Regencies at Kampar Watershed

Table 2 shows that oil palms in Kampar and
Pelalawan Regencies have moderate grey WFSs

in the Kampar Watershed area. Water usage
for fertilisation is important due to increasing
expansion of oil palm plantations annually.
Grey WEFS values for Kampar and Pelalawan
Regencies are 129.10 and 84.67 respectively.
Fertilisers and pesticides used in oil palm
plantations can contaminate nearby river systems
through runoff, adversely affecting aquatic
ecosystems (Comte et al., 2015; Gémez et al., 2023;
Jaya et al., 2018). Oil palm plantations can enhance
water management through optimised rainfall
consumption, utilising canals fed by Kampar
River runoff. Efficient water management supports
optimal water use and preserves soil moisture.
Fertilisation relies on systematic methods of
assessing plant nutrient needs based on soil and
water conditions (Kospa et al., 2017; Subramaniam
& Hashim, 2018). These findings underscore
the importance of adopting more sustainable
fertilisation practices and optimising water
management. This is to mitigate the environmental
impact of 0il palm cultivation, thereby improving
the overall performance of these plantations in the
Kampar Watershed area.

TABLE 2. GREY WATER FOOTPRINT SCORE (WFS)OF
OIL PALM PLANTATION IN KAMPAR AND PELALAWAN

REGENCIES
Location Grey WFS Performance
Kampar Regency 129.10 Medium
Pelalawan Regency 84.67 Medium

The root water uptake of crops is contingent
upon factors such as crop age and soil type. Oil
palm has a 13 year lifespan and consumes the
most water when cultivated on spodosol. This
crop’s average daily rate of water consumption
was recorded at 3.07-3.73 mm/day (Safitri et al.,
2018a). Assessing the WF of oil palm cultivation,
including green and blue water use, and root
water uptake allocation, is a reliable measure of
environmental sustainability (Hariyanti et al.,
2022; Husin et al., 2023; Indriyadi, 2022).

Uncertainty and Sensitivity Analysis

The values of the WF are significantly
influenced by critical biophysical variables,
including precipitation, agricultural productivity
and fertiliser application. A sensitivity study was
performed to assess the robustness of the computed
WF components, utilising a +10% variation in two
key input parameters: Effective rainfall and oil palm
production. This methodology yields a spectrum
of credible WF values for green, blue and grey
components, reflecting standard field variability,
in accordance with the techniques employed by
(Huang et al., 2015; Wang et al., 2023). In Kampar
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Regency, a £10% variation in oil palm output
(baseline: 19.3 t/ha) led to the green WF fluctuating
between 155.90 and 188.32 m3/t, demonstrating an
inverse correlation between yield and WF for each
tonnes. Correspondingly, grey WF ranged from
116.45 to 143.22 m3/t, whereas blue WF fluctuated
between 25.00 and 30.80 m?3/t. In Pelalawan
Regency, with a baseline output of 21.7 t/ha, the
green WF varied from 145.29 to 176.46 m3/t, the grey
WF ranged from 76.20 to 93.57 m3/t and the blue
WF oscillated between 25.55 and 31.23 m3/t.

The data indicated that the green and grey
WF components are especially susceptible to
fluctuations in production and variations in
fertiliser application rates. As yield serves as the
denominator in WF computations, even small
decreases in productivity significantly amplify per-
unit WF estimations. Simultaneously, variations
in rainfall affected the effective precipitation
component utilised in calculating green and blue
WE, albeit their influence was rather minor. These
findings highlight the necessity of integrating
uncertainty boundaries into WF estimates,
particularly in tropical agricultural systems
characterised by climate variability and erratic
management approaches. Subsequent studies
ought to incorporate Monte Carlo simulations
or probabilistic modelling to enhance these
uncertainty intervals.

CONCLUSION

Precision farming is crucial for sustainable palm oil
production. This study highlights the intricate water
dynamics of oil palm cultivation. It emphasises the
need for sustainable water management practices in
the industry to ensure environmental conservation
and the continued viability of palm oil production
in Indonesia and beyond. In Kampar Regency,
the WF consists of 17049 m3/t of green water,
129.10 m3/t of grey water and 27.78 m3/t of blue
water, totalling 327.37 m3/t. In Pelalawan Regency,
the corresponding values are 159.82, 84.67 and
28.39 m3/t, respectively, totalling 272.88 m?3/t.
The grey WF falls within the medium category
in both districts. However, based on the water
use and availability, Kampar Watershed has a
surplus of water, making it sufficient for oil palm
plantations. However, the annual increase in water
usage due to the expanding plantation areas raises
concerns about long-term sustainability. Several
areas in Kampar and Pelalawan Regencies have
great potential for oil palm plantations, based on
the findings from the water balance study. These
areas include Tapung Hulu, Tapung Hilir, Tapung,
Kampar Kiri Hulu, Gunung Sahilan, Kampar
Kiri and Kampar Kiri Hilir in Kampar Regency,
as well as Meranti, Pelalawan, Bunut, Langgam,

Ukui, Pangkalan Lesung, Bandar Petalangan and
Kerumutan districts in Pelalawan Regency. By
implementing Good Agricultural Practices (GAP),
oil palm plantations can effectively conserve water
and soil. These practices encompass the use of
cover crops, the creation of terracing systems and
mound systems, as well as the application of mulch.
Additionally, through biomass cultivation, soil
fertility can be improved and water conservation
can be achieved. A benchmarking system should be
utilised to measure water usage and scarcity.
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