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A B S T R A C T   

Hydrological management in the use of peatland for agriculture is the backbone of its sustain
ability and a critical factor in climate change mitigation. This study evaluates the application of 
an integrated water management practice known as the “Water Management Trinity” (WMT), 
implemented since 1986 on a coconut plantation on the eastern coast of Sumatra, in relation to 
CO2 emissions and subsidence rates. The WMT integrates canals, dikes, and dams with water 
gates to regulate water levels for both coconut agronomy and the preservation of the peat soil. 
The WMT has successfully regulated and maintained an average yearly water table depth of − 45 
to − 51 cm below the surface. The methodology involved a closed chamber method for measuring 
soil CO2 flux using a portable Infrared Gas Analyzer, conducted weekly over a six-month period to 
cover dry and rainy season at bi-modal climate condition. Subsidence measurements have been 
ongoing from 1986 to 2022. The results show bare peat soil has heterotrophic respiration CO2 
emissions of 7.77 t C–CO2 ha− 1 yr− 1, while in coconut plantations 7.99 t C–CO2 ha− 1 yr− 1, similar 
to emissions in mineral soils. Autotrophic respiration leads to the overestimation of CO2 emissions 
on peatland and accounts for 212–424% of the total emissions. The cumulative subsidence from 
1986 to 2022 is − 56.3 cm, with a soil rise of +0.8 cm in 2022, indicating a flattening rate of 
subsidence. This is characterized by an increase in bulk density at the surface from 0.072 to 0.144 
gr/cm3, with approximately 81% of the subsidence being due to compaction. The statistical 
analysis found no relationship between water table depth and CO2 emissions, indicating that 
water table depth cannot be used as a predictor for CO2 emissions. In summary, peatland agri
culture has a promising future when managed sustainably using an integrated hydrological 
management system.   

1. Introduction 

Peatlands, which constitute approximately 3% of global land coverage [1], hold significant global importance [2,3]. In Indonesia, it 
comprises about 7% of the country’s total land area [4]. Traditionally, ethnic groups such as the Bugis people in South Sulawesi, 
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Banjarnese in South Kalimantan, and the Malay people in Riau Province have sustainably utilized peatlands for agriculture. They have 
successfully utilized peatland for rice fields, coconut, and rubber plantations [5,6], typically using only a portion of the peatlands 
influenced by river tides [7]. This suggests that predominantly shallow peatlands located adjacent to rivers or coastal areas have been 
traditionally utilized, due to the nutrient addition by floods and tides. Furthermore, the success of traditional agriculture practices on 
peatlands prompted the government to initiate large-scale agriculture projects in Central Kalimantan on Borneo Island. However, 
failing to realize that the success was contingent on specific local wisdom and management practices by understanding the charac
teristics of peatlands, especially those located near rivers or coastlines, the “Mega Rice Project (MRP)" was instituted by the President 
of Indonesia through Decree No. 82 of 1995, aiming to convert 1,457,100 ha of peatland for agricultural use; became a disaster [8]. The 
failure of the MRP resulted in widespread ecosystem degradation [9,10]. This oversight has been frequently cited as a point of criticism 
in the development of peatlands for agricultural purposes. 

Fundamentally, the challenges surrounding peatland utilization originate from improper management and policies governing 
peatland use, which have led to peatland degradation [11]. Peatland excavation for canal development is a common practice designed 
to drain water, a requisite for optimal crop growth and the prevention of asphyxiation. The traditional practice developed drainage 
only on the edge of the peatland hydrological unit (PHU), hence it conserved the peat dome that serves as water reservoir and the core 
of the ecosystem. Under Indonesia Government Regulation No. 57 of 2016, the PHU serves as the main boundary for peatland 
management, constituting an interconnected ecosystem situated between two rivers, a river and the sea, and/or within a swamp. A 
peat dome, as a primary feature within a PHU, necessitates careful protection and effective water management to maintain ecosystem 
integrity and enable sustainable utilization. In the case of the MRP, the project involved excavating peat for canal development to 
facilitate drainage, including the excavation of the peat dome, which disrupted the hydrological function of the peatland [12,13]. Due 
to the lack of water management integration and damage to the peat dome, the peatland ecosystem within the project area experienced 
floods during the rainy season and droughts in the dry season, failing to meet its objective as productive agricultural land [14]. This 
situation was exacerbated during El Niño-induced droughts, leading to recurrent wildfires, further degrading the integrity of the 
peatland and the surrounding environment [15,16]. 

As efforts to restrain population growth had only limited success, the demand for land for habitation and economic activities in
tensifies. As of 2015, approximately 6.3 million hectares of Indonesia’s peatlands, accounting for 47% of the country’s peatland cover, 
were utilized for plantations, including both smallholder and industrial operations [4,17]. Given this scenario, the sustainable utili
zation of peatlands emerges as a critical factor for the nation’s populace, environment, and economy. In the context of peatland, 
sustainable use implies the potential for sustainable utilization of the peat [18]. This could be translated seeks to enhance the 
socio-economic quality of life for those living within the peatland ecosystem, while concurrently safeguarding and preventing peatland 
degradation. At the same time, sustainable peatland practices could emerge from responsible management that integrates a sustainable 
approach into agricultural practices [19]. 

To evaluate the sustainability of peatland, access to comprehensive information regarding peatland use, carbon emissions, and 
proper water management is essential to mitigate degradation across the millions of hectares of peatland currently dedicated to 
agriculture and plantations. It is imperative that demand for commodities does not justify exploitative practices on peatlands without 
implementing sustainable strategies. Such neglect could detrimentally impact the ecosystem and the economy, causing devastation for 
peatland communities that could last for centuries [20]. In this context, sustainable application of peatland utilization can be achieved 
by applying integrated water management that will not repeat the same mistakes as the MRP. In the 1990s, following the failure of the 
MRP, Wösten et al. (1997) and Ritzema et al. (1998) introduced the concept of combining water drainage and conservation for 
peatland utilization in agriculture, wherein the water level is controlled for agronomic purposes and peat soil conservation [21,22]. 
This method, also known as ‘water stock’ management, redesigns the canal not as a drainage system but as a reservoir or stock, akin to 
an irrigation system [23]. Consequently, this technique of water conservation through reservoir canals or stock-based water man
agement enables agricultural systems on peat soil to emulate pristine forests in preserving soil moisture. This is due to the year-round 
availability of water, which fosters stable agricultural production, thereby enhancing human welfare. 

Despite ongoing discussion and innovation in the sustainable use of peatlands through integrated or hydrological water man
agement, there remains a prevalent belief that sustainable agricultural practices on these lands are virtually unattainable due to the 
absence of fully developed methodologies [24]. Moreover, there is an underlying concern that the failures experienced with the MRP 
may recur, potentially compromising the peatland ecosystem. This is particularly concerning given that peatlands represent a sub
stantial carbon stock, estimated to be between 13.6 and 40.6 Gigatons (Gt) [25]. The lessons learned from the unsuccessful MRP, 
primarily the absence of effective hydrological management, have been linked to various environmental issues such as carbon 
emissions and land subsidence, with Indonesian peatlands estimated to emit around 0.51 Gt CO2 annually due to agricultural drainage 
and degradation [26]. However, this estimation may be inflated as it extrapolates emission values across all of Indonesia [27]. In areas 
previously under the MRP, carbon emissions are primarily attributed to wildfires, exacerbated by the land being abandoned and 
unmanaged. These recurring wildfires, often linked to the dry season during El Niño events [28,29], burn and affect not only the 
biomass above the peat but also the peatland itself. Notably, during El Niño periods, wildfires emitted 0.13 Gt CO2 in 1997, 0.05 Gt CO2 
in 2003/04, and 0.09 Gt CO2 in 2006 [30], figures that are significantly lower than the estimated annual emissions from peatlands. 
Concurrently, the conversion of ex-MRP areas for agricultural use could contribute between 0.09 and 0.22 Gt CO2 over the next 25 
years [31]. Furthermore, the issue of subsidence, which involves peat compaction through physical and biological processes, is tied to 
inadequate water management [32]. It is estimated that each centimetre of peatland subsidence can release between 13.3 and 39.7 
tons of CO2 per hectare per year [21]. Both subsidence and carbon emissions are intimately connected to water management practices; 
thus, enhancing water management to control and elevate the water table could significantly mitigate these emissions [33,34]. 

To address the challenges associated with peatland management and to emphasize the importance of water management, a critical 
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threshold for the water table has been proposed: maintaining the level at − 40 cm below the surface during droughts to protect against 
wildfires and at a natural level of 100 cm above the surface during the flood season, as highlighted in a case study focusing on the ex- 
MRP area [35]. This − 40 cm threshold has been adopted by Indonesia’s agricultural policies for peatlands. However, it tends to 
overlook the differences between managed agriculture and the restoration of degraded, unmanaged peatlands. For restoration efforts 
to meet this threshold, canal blocking is necessary to raise the water table, thereby reducing subsidence and CO2 emissions [36]. In 
contrast, water management in agriculture aims to prevent flooding and mitigate drought to ensure optimal conditions for crop 

Fig. 1. Map of the study area showing the locations of planting block samples, subsidence pole locations, and the placement of R and NR plot 
illustrations. 
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growth, while also preserving the integrity of peatlands at both surface and deeper layers. While restoration involves canal blocking, 
agricultural management requires the use of dams with water gates to maintain the desired water table level throughout all seasons. 

The application of hydrological management in the agricultural use of peatlands is urgent and pivotal for sustainability [37]. 
Therefore, research into existing agricultural practices on peatlands that employ integrated water management is necessary to develop 
methods and assess their impact on carbon emissions and subsidence rates. This is vital due to the limited understanding of carbon 
dynamics within peatland ecosystems [26]. The challenge is significant because the issues in managed agriculture on peatland are not 
only wildfires but also emissions from microbial activity that decomposes the peatland’s organic matter upon exposure to oxygen, with 
the rate of decomposition often surpassing that of accumulation [38]. Consequently, our research question arises: What is the impact 
on CO2 emissions and subsidence rates of peatland agriculture that implements a sustainable approach through integrated water 
management? 

To address this question, in the coastal regions of Riau Province, Indonesia, a controlled drainage system has been implemented for 
centuries as a means of managing water in peatland agriculture. Local communities have been cultivating coconut plantations on 
peatlands, utilizing the tides in riverine and coastal areas for nutrient enrichment and to transport the harvests [39]. This practice, 
which expanded into a large-scale operation in 1986, was designed to modernize the agricultural framework by establishing 
centralized processing industries and extending coconut cultivation both for smallholders and enterprises [40]. This evolution of local 
coconut farming methods into sustainable peatland usage has been guided by a deep understanding of the ecosystem. This led to the 
development of the “Water Management Trinity” (WMT), a controlled drainage system innovated locally, consisting of water gates, 
canals, and dikes. Operated since 1986 [41], the system effectively regulates the water supply and maintains optimal water table 
levels, exhibiting resilience even during dry periods and antedating the escalation of peatland sustainability concerns in the late 1990s. 

Therefore, this research evaluates the impact of integrated water management in the WMT on CO2 emissions and subsidence rates 
in a coconut plantation along Riau’s coast. The hypothesis is that the application of integrated water management, like the WMT, 
which regulates water table depth in peatland agriculture to maintain ideal water content, could minimize CO2 emissions and sub
sidence rates. Moreover, while there is extensive research on CO2 emissions from drained peatlands, degraded peatlands, rewetted 
wetlands, and pristine forests, studies focusing on CO2 emissions within agricultural systems—particularly those utilizing water 
management strategies for coconut crops—are limited. This deficiency in data signifies an important gap in scientific understanding 
that necessitates further research, especially in relation to the ongoing discussion regarding the sustainability of drainage-based 
agriculture. 

2. Materials and methods 

2.1. The context of study area 

The research was conducted on a 22,650-ha coconut plantation in Pulau Burung District, Indragiri Hilir Regency of Riau Province 
(latitude 108o 30′ 02″ to 108o 45′ 02″ and north longitude 1o 12′ 32″ to 1o 18’ 30”), situated within the Kampar River-Gaung River PHU 
ecosystem that encompasses 710,823 ha (Fig. 1). This plantation, located in coastal tropical peatland, features varying peat depths, 
ranging from 2 m at the coastal or river boundaries to 11 m at the peat dome. Data from 2012 to 2022 indicate that the average annual 
rainfall in Indragiri Hilir is 1875 mm [42,43]. The climate follows a bimodal pattern with two rainfall peaks in April and November, 
typical for Sumatra, and experiences the longest dry spell during El Niño [44]. The elevation of the plantation ranges from 1.8 m to 6.2 
m above sea level [41]. 

Indragiri Hilir serves as a leading coconut producer in Indonesia, contributing to 10.6% of the country’s coconut production [45]. 
Historically, the development of coconut agriculture in the region dates back to the 1800s, aligning with the establishment of the East 
India Company in Singapore in 1819 [46]. Initially, coconuts were grown for personal use and traded on a limited scale. By the late 
1800s, due to both civil war and conflicts with colonialism, the Banjarnese and Bugis people migrated to what is now Indragiri Hilir 
Regency. The Bugis, hailing from Sulawesi, a center for coconut cultivation, and the Banjarnese, with their expertise in wetland 
management from South Kalimantan, jointly contributed to the development of coconut agriculture on peatland. Given that 79% of the 
area is peatland [47], water management has been pivotal. The people of Indragiri Hilir have employed controlled canals with water 
gates, or ‘parit,’ to regulate water during the dry season by harnessing tidal conditions, prevent flooding during the rainy season and 
high tides, and facilitate the water transport of coconut harvests. Consequently, Indragiri Hilir, located nearest to Singapore on the east 
coast of Sumatra, evolved into a significant center for the coconut trade, a status it maintains. As of 2019, there were approximately 80, 
264 coconut farmers in Indragiri Hilir managing a collective plantation area of 261,232 ha [42]. Moreover, the 2022 population of 
Pulau Burung District was recorded at 10,645, with a community highly dependent on the coconut supply chain, encompassing those 
working in the coconut processing industry as well as farmers. 

The 22,650-ha coconut plantation, managed by the Sambu Group since 1986, is an enterprise plantation that has been developed in 
conjunction with thousands of hectares of Perkebunan Inti Rakyat (Nucleus Estate Smallholder; NES) as per Indonesian Presidential 
Instruction No. 1 of 1986. This development, paired with a processing industry, aims to shorten the supply chain and ensure market 
stability to support sustainability. This plantation was selected for research due to its integrated water management system known as 
the “Water Management Trinity” (WMT), which was designed based on local wisdom, recognizing the importance of keeping the 
peatland consistently wet and moist from the outset. The ‘trinity’ refers to three key water management constructions — canals, dikes, 
and dams with water gates — that work together to maintain the peat’s moisture level. The canals serve as water reservoirs rather than 
conventional drainage systems. The WMT is a closed system, designed to prevent influence by sea tides and flooding during high tides, 
and to regulate water input from rainfall, thus preventing flooding and drought in coconut plantations on peatland. It comprises 
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primary, secondary, and tertiary canals that segment the area into 50-ha planting blocks (1000 × 500 m). The primary canal di
mensions are 25 to 25 m wide and 5 m deep, the secondary canals are 8–15 m wide and 4 m deep, and the tertiary canals range from 4 
to 6 m wide and 4 m deep. Secondary and tertiary canals mainly act as channels to the primary canal, providing the main access to the 
planting plots and facilitating the transport of plants, fertilizers, fuel, and building materials. Due to the challenges of constructing and 
maintaining roads on peat soil, water transport is the preferred method. Each primary canal is equipped with overflow gates to regulate 
water levels within the system; however, overflow gates alone are insufficient to maintain the water table due to variations in 
elevation. Consequently, the secondary canals use adjustable gates, functioning as barrages and sluice gates, before channeling water 
into the primary canal. In compliance with government regulations mandating a 40-cm water table, the WMT adjusts water levels 
throughout the rainy and dry seasons to meet this requirement. 

2.2. Carbon flux measurement 

CO2 emissions from peatlands in this study were assessed using a chamber-based method designed to measure soil CO2 flux. The 
research utilized the closed-chamber technique to accurately quantify diffuse CO2 flux through the soil. The closed chamber is a sealed 

Fig. 2. (A) Closed chamber design, featuring (a) a 30 × 30 cm chamber equipped with [1] a thermometer [2], a mini fan for air mixing inside the 
chamber [3], a hose system connecting to the IRGA sensor for on-site measurement [4], pressure compensation; and (b) a chamber base with [5] a 
water container to prevent gas leakage during measurement. (B) Shows the condition during measurement. (C) and (D) depict intercropping and 
monocropping, with the chamber base permanently positioned next to the basal root and between coconut trees during measurement. 
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container of known dimensions, measuring 30 cm × 30 cm x 30 cm (Fig. 2A and B). It was placed face-down on the soil to effectively 
trap the gas, allowing for subsequent measurement of the gas inside the chamber. To prevent air leakage during measurement, a 30 ×
30 cm iron chamber base, shaped like a "U" and functioning as a water container, was filled with water to ensure airtight conditions. 
Additionally, the chamber base was inserted approximately 5 cm into the soil. This base was filled with water to create airtight 
conditions. In order to ensure accuracy and prevent overestimation of soil CO2 flux, the chamber, constructed from acrylic [48], was 
insulated with aluminum. This insulation was critical in minimizing temperature fluctuations within the chamber. The chamber was 
also equipped with both a thermometer and a fan to facilitate the thorough mixing of air inside. Air from the chamber was circulated to 
an infrared gas analyzer (IRGA), specifically a model ZFP9GC11 from Fuji Electric, Tokyo, Japan. Measurements were recorded at 
intervals of 0, 3, and 6 min to stabilize CO2 gas flow in IRGA, which was then examined using linear regression. Prior to the use of the 
IRGA for measurement, it was calibrated using soda lime and standardized CO2 gas to ensure precision. Additionally, before con
ducting the measurements on the field, the plots were cleared of weeds and the chamber base was installed permanently to maintain 
consistency in the measurement setup. 

The 22,650-ha coconut plantation is segmented into 50-ha planting blocks, locally referred to as “persil”. Each block is bordered by 
a canal and maintains a density of 173 coconut trees per hectare [41]. For this research, seven planting blocks were strategically 
selected based on several criteria: accessibility to the location, peat depth, and land cover (Fig. 1). Accessibility was a critical factor, 
considering the challenges posed by the unpaved, muddy roads that frequently become impassable during rainy periods, making boat 
transport a necessary yet costly alternative in certain conditions. For assessing peat depth, data collected by the Sambu Group in 2015 
was utilized. This data was gathered using a soil auger at 440 points spaced 1 km apart and was later processed using the kriging 
method for interpolation [49]. The land cover within the plantation varied, including both coconut monocrops and intercrops. The 
grass understory is part of a cover crop managed for soil fertility purposes using a nutrient cycling method. It is cut (weeded) manually 
every 4 months and left to decompose naturally to provide nutrients to the coconut trees. The cover crop species in the plantation are 
dominated by Nephrolepis sp., followed by Dicliptera chinensis, Sideria sp., Stenochlaena palustris, Blumea balsamifera, Broadleaf signal
grass, Ficus nitida, Cryptolepis, Pteris sp., and Miconia mirabilis. 

The variety of coconut planted across these blocks is PB 121 (MYD x WAT). In monocrop areas, the planting design follows an 
equilateral triangle configuration with a specified spacing of 8 m between trees. However, in practice, this distance often varies, 
typically ranging from 6.10 to 10.45 m [50]. In contrast, the intercropping layout for pineapple and coconut involves three rows of 
coconut trees, each spaced 8 m apart. This is followed by a 16-m gap designated for pineapple cultivation, and then another set of three 
rows of coconut trees. This intercropping design is considered an optimal agricultural method and is not limited to just younger co
conut plants [51]. 

The measurement design was structured to distinguish between root-based and peat-based emissions, with the aim of avoiding 
overestimation that could result from including root respiration in the total CO2 emission calculations. This necessitates the separation 
of accurate CO2 emissions from peatland, distinguishing them from coconut root respiration and the associated rhizosphere activities 
during photosynthesis (RA) and the heterotrophic respiration (RH) of soil microorganisms and biota that decompose peat organic 
material. To fulfill this objective, each of the seven sampling locations was equipped with two measurement points located at the center 
of the planting block, roughly 250 m away from the nearest canal. Each point was outfitted with a permanently placed chamber base. 

The first chamber base, positioned adjacent to the basal root of a coconut tree, was designated for measuring total soil respiration 
(RS), capturing both the autotrophic component, particularly the root respiration of the coconut tree, and the soil’s heterotrophic 
component. This setup was labeled as [R-1 (root)]. The second chamber, situated between two coconut trees at a distance of 
approximately 3.5–4 m from them, was aimed at measuring the heterotrophic respiration of the coconut tree (RH-COCONUT), specifically 
excluding root respiration. This was marked as [NR-1 (non-root)]. Simultaneously, to assess the heterotrophic respiration from only 
peat soil, uncontaminated by fine root and weed activities, CO2 flux measurements were conducted on a dedicated bare peat land area, 
labeled as the control plot [K (RH-PEAT)]. Additionally, to calculate RA, the following equation was used:  

RA = RS − RH-PEAT                                                                                                                                                                   (1) 

Soil CO2 flux measurements were conducted over a six-month period from August 27, 2021, to February 28, 2022. These mea
surements were conducted weekly for each block, between 08:00 a.m. and 16:00 p.m. local time (GMT +7). The scheduling of these 
measurements was influenced by logistical challenges, such as the inaccessibility of very muddy roads and limitations in the use of 
pong-pong motorboats, as well as prevailing rainy conditions. 

Initially, 14 measurement points were established across seven planting blocks for this study. After two months of observation, it 
was observed that coconut productivity was notably higher near the canals than at the center of the planting blocks. As a result, 
additional chamber bases were installed at extra measurement points near the canals in planting blocks 07.03, 07.15, and 10.07. These 
additional sites were labeled as [R-2] and [NR-2], increasing the total number of measurement points to 21. The purpose of these 
additional points was to assess the impact of increased productivity on soil CO2 flux. 

Concurrently with the soil CO2 flux measurements, data on various environmental parameters were collected, including water table 
depth, soil temperature, and soil water content. The water table depth was manually measured during each soil CO2 flux measurement 
session using 4-m-long, perforated 2.5-inch PVC dip-wells, positioned adjacent to the chamber base. For a broader perspective, these 
readings were complemented by the company’s routine bi-weekly water table observation from 106 points across the plantations, as 
required by the Ministry of Environment and Forestry Regulation No. 15 of 2017. It should be noted that the water levels from the 
specific measurement points and the company’s regular measurements may vary due to weather fluctuations and elevation differences. 
Soil temperature was gauged using a soil thermometer at a depth of 10 cm. Soil water content was also recorded during each 

N.I. Fawzi et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e26661

7

measurement session. 

2.3. Subsidence measurement 

Subsidence rates on the area has been systematically monitored since 1986, with the initial data collection commencing in 1987. 
This data was acquired using four iron poles, which were embedded into the peat soil down to the mineral layer (comprising over 60% 
clay) and distributed evenly (Fig. 1). Embedding these poles to such a depth was essential to ensure stabilization and to prevent any 
vertical movement. While the number of poles used for this purpose is relatively limited, a factor attributed to the initial installation 
not being designed with future research needs in mind, these poles have nevertheless provided valuable long-term data on subsidence. 
This long-term dataset offers insights into the subsidence trends over an extended period, despite the limited number of measurement 
points. 

2.4. Soil sampling 

Soil samples were collected from blocks 07.03, 07.05, 07.15, 10.07, and 11.03 during CO2 flux measurement periods. Alongside 
this, bulk density measurements were conducted at various soil depths, specifically 0–5 cm, 5–15 cm, 15–25 cm, 25–35 cm, 35–50 cm, 
and 50–70 cm. These measurements were carried out at approximately the same planting block locations, with minor adjustments, 
where Ochs et al. (1992) had previously conducted bulk density measurements in November 1986 [41]. By adopting this methodo
logical approach, it was possible to analyze changes in bulk density over time and assess its contribution to subsidence. The soil 
samples were subsequently tested at IPB University in Bogor, Indonesia. 

2.5. Analysis 

The measurement obtained CO2 gas concentration (ppm v), followed by linear regression to determine the dC/dT value. The CO2 
flux was calculated from dC/dT using the following equation: 

F
A
= ρ x

V
A

x
dC
dT

x
273

273 + T
x α (2)  

where: 
F
A = flux (g C–CO2/m2/min) 
ρ = density of CO2 under the standard condition (1.96 x 103 g/m3) 
V
A = volume (m3) and the bottom area of the chamber (m2), respectively 
dC
dT = change in CO2 concentration in the chamber during the period (ppm/min) 
T = temperature inside the chamber (oC) 
α = conversion factor for CO2 to C (12/44) 
To transform six months of weekly data into annual projections, the weekly measurement points were initially validated through 

linear regression analysis. This process involved omitting outliers that were attributed to factors like sensor variability during high 
temperatures or human errors. The six-month measurement period provided 384 data points (n = 384) for R-1 and R-2, NR-1 and NR-2, 
out of which 31 were excluded. For the control plot K, there were 25 data points (n = 25), resulting in 378 processed data points (N =
378) in total. 

The calculation of annual CO2 emissions was performed using the linear regression method. This regression utilized {(xi, yj)} data 
pairs from each plot, where ‘xi’ represents the cumulative number of days from the first measurement to each subsequent measure
ment, and ‘yj’ denotes the cumulative daily flux at these measurements, with newer data being progressively accumulated over time. 

Table 1 
Chemical characteristics of peat soil.  

Location Label pH 1:5 Ash Dry Ashing Dry Ashing 

H2O Ca Mg K Na Fe Cu Zn Mn 

… (%) … … … …. (%) … … …. ….. (ppm) ….. 

K1  3.84 13.61 0.72 0.04 0.01 0.02 1746.33 15.58 47.74 53.86 
07.03 R 3.93 1.64 0.15 0.15 0.02 0.03 365.84 26.94 50.04 44.60  

NR 3.52 2.55 0.08 0.08 0.02 0.02 350.94 16.25 22.31 41.79 
07.05 R 4.13 3.43 0.13 0.18 0.02 0.03 449.07 17.66 21.91 45.22  

NR 3.85 2.16 0.45 0.07 0.01 0.02 435.97 15.00 22.27 19.60 
07.15 R 3.97 2.67 0.15 0.17 0.03 0.02 457.20 79.29 35.38 87.62  

NR 4.05 3.42 0.10 0.11 0.03 0.03 342.55 16.53 26.24 51.06 
10.07 R 3.78 2.91 0.36 0.23 0.02 0.03 506.53 69.55 45.38 90.73  

NR 3.72 1.89 0.35 0.07 0.01 0.03 265.15 15.20 22.75 42.19 
11.03 R 3.98 4.33 0.41 0.09 0.02 0.03 679.81 19.09 56.81 42.49  

NR 4.16 4.27 0.44 0.07 0.01 0.02 450.84 24.20 38.73 62.08  
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Therefore, the computation of annual flux (in tons per hectare per year) is not a straightforward multiplication but involves accu
mulation to derive a linear function y = mx + b, where all R2 coefficients are >0.99. Furthermore, the data underwent statistical 
analysis, including linear regression and Analysis of Variance (ANOVA), to examine the relationship between soil CO2 flux and water 
table depth. This analysis aimed to provide a more comprehensive understanding of the factors influencing CO2 emissions in the 
studied peatlands. 

3. Result 

3.1. Soil characteristics and water management results 

Chemical characteristics of peat soil are displayed in Table 1. The soil properties are characterized as sapric or well-decomposed, 
with a color of 7.5 YR 5/6 (strong brown). The soil pH ranges from 3.5 to 4, which is at the upper level of the range for peat’s pH, 
typically between 2.3 and 4.5 [52]. The levels of Calcium (Ca), Magnesium (Mg), Potassium (K), and Natrium (Na) fall within the 
expected ranges: 0.01–6.0% for Ca, 0.01–1.5% for Mg, 0.001–0.8% for K, and 0.02–5.0% for Na [53]. The water table level during the 
measurement period is shown in Fig. 3A. During the measurement, the water table in R and NR plots ranged from − 20 to − 86 cm below 
the surface, with an average of − 54 cm. This variability was observed during both the rainy and dry seasons, as designed in this 
research. With those water table, the average water content % dry basis in R plots (R-1 and R-2) and NR plots (NR-1 and NR-2) is 279 ±
68% and 293 ± 76%, respectively. Bi-weekly measurements by the Sambu Group from 2018 to 2022 indicated a range of − 20 to − 79 

Fig. 3. (A) Variation in water table depth during measurements, and (B) the average water table depth from 2018 to mid-2022 from two-weekly 
measurements. 
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cm (Fig. 3B), which average ranged from − 45 to − 51 cm below the surface, these figures reflect the variability influenced by rainfall 
levels, water regulation, and evapotranspiration rates ranging from 2.1 to 2.4 mm/day. The variance between the minimum and 
maximum water table levels can be attributed to factors like rainfall and terrain slope. As water naturally flows to lower elevations due 
to gravity, the plantation utilizes secondary canals to equalize water levels across all areas. Although the water table depth may 
fluctuate depending on seasonal variations and rainfall levels, the WMT effectively manages the water level to maintain standards 
suitable for both agronomic and peat preservation purposes. These regulated water table depths offer practical solutions for agronomic 
activities while ensuring high soil moisture retention. 

3.2. Soil CO2 fluxes 

The distribution of soil CO2 fluxes is presented in Fig. 4, with the annual cumulative CO2 flux for each plot detailed in Table 2. The 
results show that R-1 and R-2, which represent RS or soil flux affected by coconut tree respiration, ranged from 0.41 to 5.14 g C–CO2 sq- 
m− 1 day− 1 for R-1 and 1.71–5.76 g C–CO2 sq-m− 1 day− 1 for R-2. The annual cumulative CO2 emissions ranged from 12.42 to 28.78 t 
C–CO2 ha− 1 yr− 1 with an average of 20.07 t C–CO2 ha− 1 yr− 1 for R-1, and from 27.22 to 44.18 t C–CO2 ha− 1 yr− 1 with an average of 
33.74 t C–CO2 ha− 1 yr− 1 for R-2. These findings suggest that the productivity of coconut trees influences the CO2 flux in the peat soil 
from the photosynthesis process. The increased CO2 flux in R-2 plots is likely due to enhanced nutrient content at the edge of the 
planting block, resulting from surface runoff during rainy periods. Additionally, Table 2 shows that monocrops show slightly higher 
CO2 emissions than intercrops. 

For NR-1 and NR-2, representing RPEAT or soil flux not affected by coconut tree respiration, the range was 0.48–4.37 g C–CO2 sq- 
m− 1 day− 1 for NR-1 and 1.71–5.76 g C–CO2 sq-m− 1 day− 1 for NR-2. The annual cumulative CO2 emissions ranged from 5.55 to 8.83 t 
C–CO2 ha− 1 yr− 1 with an average of 7.99 t C–CO2 ha− 1 yr− 1 for NR-1, and from 11.32 to 16.06 t C–CO2 ha− 1 yr− 1 with an average of 
13.67 t C–CO2 ha− 1 yr− 1 for NR-2. The control plot (K), designated as RH-PEAT, recorded 7.77 t C–CO2 ha− 1 yr− 1. The CO2 flux in NR-1 
was 2.8% higher compared to the control plot. This finding suggests that RH-PEAT, representing the CO2 emission from peatland soil, is 
similar to RH-COCONUT. The minimal influence of microbial activity, soil biota, and possibly fine coconut roots seeking nutrients, litter, 
and weeds in plots distant from coconut trees indicates that root respiration significantly affects peat soil CO2 fluxes. These results 
imply that, for accurate measurements to define RH-PEAT and RH influenced by vegetation, identifying bare peatland areas may be more 
effective than using the trenching root technique. Some studies have demonstrated that defining RH-PEAT using trenching can lead to 
higher CO2 flux measurements compared to RH obtained between two trees [54]. Moreover, with the obtained RS and RH, we can 

Fig. 4. Distribution of daily soil CO2 flux per square meter for R plots (A) and NR plots (B).  
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calculate Autotrophic respiration (RA). RA in coconut plantations contributes significantly to the RH-PEAT, adding 212% in R-1 and up to 
424% in R-2. Several factors can affect this contribution from vegetation respiration. Notably, in these coconut plantations, no syn
thetic fertilizers are applied, which could potentially minimize RH, both RH-COCONUT and RH-PEAT. For example, in palm oil plantations 
of 9 years with high doses of synthetic fertilizer application (74–174 kg of N per hectare annually, 7–9 kg rock phosphate, and 239–311 
kg of KCl), root respiration added only 75% to RH-PEAT [54]. Jamili et al. (2021) found root respiration contributing an additional 117% 
to RH-PEAT [55]. 

3.3. Subsidence 

The analysis of subsidence data spanning thirty-five years (Fig. 5) reveals a cumulative subsidence of − 56.3 cm from 1986 to 2022, 
corresponding to an annual rate of − 1.56 cm yr− 1. Elevated subsidence rates observed in the first three years of development were due 
to rapid consolidation and compaction [41]. In 2009, 2010, 2011, and 2019, higher rates were attributed to the dry seasons of El Niño. 
Interestingly, in 2022, the plantation experienced a bounce-back effect, halting subsidence and even showing a positive change of 
+0.8 cm, indicating no subsidence. The graphic also suggests a flattening rate of subsidence, implying that consolidation and 
compaction have reached their limit and that regulated water table management could minimize subsidence to the lowest possible 
level. This indicates that the peat soil has stabilized, supporting the potential for long-term agricultural utilization. 

In 1986, the initial condition before the development of the coconut plantation exhibited a bulk density of 0.072 g/cm3 at a depth of 
0–20 cm [41]. This was characterized by fibric material with organic forest components such as wood and branches. The surface bulk 
density is also representative of the bulk density at every depth, as the depth bulk density cannot be higher than the surface peat bulk 
density due to the saturated water table. Recent measurements taken from approximately the same location as the initial measure
ments with minor adjustment revealed a bulk density of 0.144 g/cm3. However, variations in bulk density at a depth of 0–20 cm were 
observed across different plantation blocks, ranging from 0.10 to 0.20 g/cm3, with an average density of 0.144 ± 0.029 g/cm3. This 
implies that over three decades of coconut plantation cultivation, the bulk density or mass of peatland in the same volume has 
approximately doubled. This indicates that the same volume of soil now contains more mass, suggesting that the surface of the peat 
layer has become compacted, or that the peat has undergone shrinkage, as represented by subsidence. 

Table 2 
CO2 flux in each sampling plots of coconut plantation.  

Planting block Land cover Peat depth (meter) Peat type Annual soil CO2 flux (t C–CO2 ha− 1 yr− 1) 

R-1 NR-1 R-2 NR-2 

08.16 intercrop 2–3 sapric 17.62 8.83 – – 
11.03 intercrop 5–6 sapric 17.62 8.83 – – 
07.03 monocrop 3–4 sapric 12.42 5.55 29.82 16.06 
07.15 monocrop 3–4 sapric 23.33 8.78 27.22 11.32 
07.05 monocrop 5–6 sapric 28.78 8.19 – – 
06.15 monocrop 5–6 sapric 18.43 7.84 – – 
10.07 monocrop 5–6 sapric 23.12 7.97 44.18 13.63 
Control plot Bare peat 4–5 sapric – 7.77 – – 
Average (without control plot) 20.07 7.99 33.74 13.67  

Fig. 5. Cumulative subsidence recorded from 1986 to 2022.  
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3.4. Relationship with water table depth 

Understanding the relationship or correlation between CO2 emissions and environmental parameters is essential for compre
hending the underlying mechanisms. Specifically, in the context of CO2 emissions and subsidence on peatlands, the depth of the water 
table is a pivotal factor in controlling their magnitudes. Generally, deeper water tables from the surface are associated with higher 
emissions and subsidence, though these rates vary across different land use types, as indicated by Carlson et al. (2015) [56]. Contrary 
to these general observations, the study found no significant relationship between the water table depth and soil CO2 flux, as evidenced 
in both R-1 (n = 144) and NR-1 (n = 142) plots, with R2 coefficients of 0.030 (p-value = 0.037) and 0.013 (p-value = 0.181), 
respectively (Fig. 7). This pattern persisted in R-2 (n = 34) and NR-2 (n = 33) plots, which exhibited R2 coefficients of 0.150 (p =
0.024) and 0.055 (p-value = 0.187), respectively. Even in the control plot K (n = 25), the regression analysis yielded an R2 coefficient 
of 0.193 with a p-value of 0.028. These low R2 values indicate that the depth of the water table does not significantly explain the 
variations in CO2 emissions, regardless of the statistical significance of the variable. The graphical analysis further supports this 
conclusion, showing that the distribution of data is random and lacks any discernible pattern that would suggest the water table depth 
as a reliable predictor of CO2 emissions. Therefore, due to its very low R2 value, the depth of the water table should not be considered a 
reliable predictor for CO2 emissions. 

4. Discussions 

4.1. Redefining peatland CO2 emission 

Limited publications concerning CO2 emission in coconut plantations on peatlands were available at the time of this study, 
necessitating comparisons to CO2 emissions from palm oil plantations. Khasanah and van Noordwijk (2019) reported mixed coconut 
emissions using subsidence data, making direct comparisons challenging [57]. CO2 emissions in 7-year-old palm oil plantations have 
been reported at 28.4 t CO2 ha− 1 yr− 1 [58]. In 15-year-old highly fertilized palm oil plantations with applied dolomite and NPK 
fertilizer, CO2 flux reached approximately 46 ± 30 t CO2 ha− 1 yr− 1 [59]. These higher emissions in palm oil should be contextualized 
by considering the crop’s higher productivity and the role of fertilizers in accelerating photosynthesis and microbial activity in the soil. 
For instance, 6-year-old palm oil plantations exhibited higher emissions compared to 15-year-olds, with 44.7 and 47.8 t CO2 ha− 1 yr− 1, 
respectively [60]. In the same 6-year-old palm oil plantations, CO2 emissions could reach 66 ± 25 t CO2 ha− 1 yr− 1, characterized by 
varying soil characteristics due to different drainage durations [61]. In Acacia plantations, designed for rapid biomass production, CO2 
emissions ranged from 80 to 94 t CO2 ha− 1 yr− 1, influenced by diurnal temperature fluctuations [62]. Similarly, in settled agriculture, 
emissions are comparable to those from Acacia plantations, with CO2 emissions reported at 77 t CO2 ha− 1 yr− 1 [63]. These comparisons 
highlight the complexity of CO2 emission assessments on peatlands, emphasizing the need to consider various factors, including the 
contribution of root respiration and the type of vegetation present. 

This result raises a pertinent question: should the term ‘peatland emission’ refer solely to heterotrophic respiration from peat soil 
(RH-PEAT or RH-COCONUT), or should it encompass the total soil respiration (RS), which also includes autotrophic respiration (RA) varying 
with productivity? 

It was found that plants capture and release CO2 through their respiration, and this process must be incorporated into CO2 emission 
analyses, as it could potentially result in higher emissions than existing estimates [64]. Additionally, higher gross primary production 
(GPP) results in increased CO2 emissions on peatland, particularly in younger, more productive crops [65]. Additionally, under
standing the biophysical characteristics of peatland, particularly the level of peat decomposition, can elucidate patterns related to CO2 
emissions. Decomposition in peat, or oxidation, involves the breakdown of peat material by soil microorganisms and biota, producing 
CO2, H2O, nutrients, and transforming the peat soil into a more sapric state [66]. This process results in less organic peat material to 
decompose, thereby reducing CO2 emissions from soil microorganisms and biota. Interestingly, coconut plantations exhibit similar 
emission numbers to those from mineral soils. CO2 emissions on Andisol soil in Bogor, Indonesia, cultivated for tea and bare soil, were 
reported at 15.6 and 7.32 t C–CO2 ha− 1 yr− 1, respectively [67]. In Acrisol soil with young (1-year-old) and mature (12-year-old) palm 
oil plantations, CO2 emissions were 8.03 and 11.73 t CO2 ha− 1 yr− 1, respectively [68]. 

Therefore, the term ‘CO2 emission from peatland’ should ideally represent RH from peat soil alone, without the influence of RA. 
Alternatively, it could be calculated based on the vegetated area and the peat soil only. Using this methodology, the actual CO2 
emissions from coconut plantations can be calculated. Assuming an optimal radius of primary roots is 2 m from the stem, with a 
coconut tree diameter of 20 cm [69], and a tree density of 173 trees per hectare [41], the area influenced by root emissions (RA +

RH-COCONUT) is calculated as 0.24 ha, while the area affected only by RH-COCONUT covers 0.76 ha. Consequently, the true CO2 emission in 
the coconut plantation is calculated to be 11.28 t C–CO2 ha− 1 yr− 1. 

4.2. Subsidence and CO2 emission 

The subsidence result in coconut plantation is considerably lower than the cumulative subsidence observed over 18 years in palm 
oil plantations and 5 years in Acacia plantations, which were reported at 212 cm and 142 cm, respectively [34]. Compared to the 
average subsidence rate of 4.2–4.3 cm yr− 1 recorded over nine years (2007–2016) in Acacia plantations [70], the annual subsidence 
rate in coconut plantations is notably lower. Specifically, in the first year of development, subsidence was recorded at only 3.3 cm. 
Ochs et al. (1992) attribute this low rate to the compaction procedure implemented to stabilize the medium for coconut growth, as 
uncompacted peat yielded a much higher subsidence of 13.5 cm in the first year [41]. This contrasts markedly with findings from other 
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studies, which suggest that the first year of peat development can lead to subsidence levels of 50–75 cm [34,71]. 
These findings reinforce the hypothesis that the WMT contributes to a lower subsidence rate in coconut plantations. The reservoirs 

in the plantation canals ensure the maintenance of water supply within the peat soil, both in the deep layer and the interlayer, thereby 
enabling the peat to retain its original form. To support interpretation, an analysis comparing current bulk density to initial bulk 
density is essential. Subsidence in peat soil is characterized by changes in bulk density, although this concept is still not fully proven 
due to limited long-term observation of peat soil changes. Bulk density refers to the mass per unit volume of soil [72]. Physical 
processes such as compaction and shrinkage tend to increase bulk density, whereas peat decomposition leads to the humification of 
peat organic matter into a well-decomposed state. Changes in bulk density are a natural process, and the conversion of forests to 
plantations has been observed to alter the initial bulk density from 0.112 to 0.168 g/cm3 [73,74]. The assessment of measured bulk 
density at various depths is pivotal in determining the role of compaction in subsidence. The data, as shown in Fig. 6, indicate an 
increase in mass within the same volume (cm3) compared to the initial bulk density recorded in 1986. This increase in bulk density has 
been identified as a contributing factor to 45.62 cm of subsidence. Within this measure, 10.48 cm of subsidence is attributed to 
processes such as decomposition and/or other factors not analyzed in this study. 

Utilizing the methodology of Hooijer et al. (2012), which involves calculating subsidence contributions by comparing initial and 
final bulk densities, it is observed that 92% of subsidence is due to peat decomposition [34]. Hooijer et al. (2012) noted significant 
subsidence rates of 5 cm yr− 1 in palm oil and Acacia plantations, associated with low surface peat soil bulk densities ranging from 
0.087 to 0.089 g/cm3. This observation aligns with the findings of Evans et al. (2019), who reported that a low bulk density of 
0.087–0.089 g/cm3 resulted in higher annual subsidence rates between 4.2 and 4.3 cm year− 1 [70]. Supporting these results, Othman 
et al. (2011) reported that increased bulk densities are linked to reduced subsidence rates [75]. Their research revealed that an initial 
bulk density of 0.09 g/cm3 led to subsidence rates of 3.54 and 2.77 cm yr− 1 over a 16-year period, with final bulk densities of 0.15 and 
0.21 g/cm3, respectively. These studies collectively support the conclusion drawn from the current data, which indicates that the 
primary cause of subsidence in peatlands is attributed to the process of compaction. 

The result suggests that subsidence, resulting from compaction which consequently increases bulk density, leads to negligible 
emissions from subsidence. Contrary to expectations, the annual rate of subsidence did not align with the predictive equation proposed 
by Wösten and Ritzema (2002), which primarily considers water table depth as the main determinant of subsidence rate [71]. 
Additionally, the correlation between subsidence and CO2 emissions remains inconclusive, despite the recommendations by Hooijer 
et al. (2012), to use a subsidence-based approach for estimating carbon loss in tropical peatlands [34]. 

4.3. Redefining the relationship between water table and CO2 emissions 

The statistic results can be logically attributed to the fact that the WMT maintained moist conditions in the peat soil throughout the 
six-month measurement period. This consistency in soil water content levels renders the application of water table depth as a 
determinant factor for CO2 emissions less relevant in scenarios where water levels are controlled. The canals, serving as reservoirs, help 
maintain high water levels, which consequently reduce CO2 emissions from the peat soil. This finding supports Gusmayanti et al. 

Fig. 6. Changes in bulk density at various depths to identify contributors to subsidence.  
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(2019), who found no significant relationship between CO2 flux and water table depth (R = − 0.01, p-value = 0.587), due to main
tained water table depths of 64 ± 16 cm (Site 1) and 54 ± 20 cm (Site 2) [76]. However, this contrasts with earlier studies by Cou
wenberg et al. (2010) & Hooijer et al. (2010), which suggested that a 10-cm decrease in water table depth could lead to an increase in 
emissions of 9.0–9.1 t CO2 ha− 1 yr− 1 [77,78]. Hooijer et al. (2010) based their findings on a small sample size (n = 8) from five 
previous publications and reported a relatively high R2 value of 0.71 [78]. Carlson et al. (2015), analyzing data from 8 studies using 
closed chamber method, obtained an R2 value of 0.56 [56]. Their interpretation suggested that at a water table depth of 70 cm, the 
total respiration (RS) is 20 t CO2 ha− 1 yr− 1. They also noted that even when peatland is inundated (water table depth of zero), it does 
not equate to zero emissions. Furthermore, they found that water table depth accounts for only 45% of the variation in net carbon loss, 
with the remaining variation explained by factors unrelated to water table depth, such as vegetation age and fertilizer application. 
More recent studies, such as Prananto et al. (2020), which considered a larger pool of data, proposed that a 10-cm decrease in water 
table level in plantations resulted in an emission increase of 5.1 t CO2 ha− 1 yr− 1 [79]. However, these studies reported an R2 value of 
0.07 (p = 0.0206) with a sample size of n = 63. Despite these findings indicating that the water table depth is not a strong predictor, 
Prananto et al. (2020) still concluded that the water table depth still influences the CO2 emission rate on peatlands. 

Fig. 7. Statistical analysis of linear regression for each plot.  
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The prevailing conclusion that lowering the water table significantly increases CO2 emissions is supported mainly through liter
ature review, despite an insignificant R2 value that close to zero. Lowering the water table in agricultural contexts initiates the 
decomposition of peat organic soil by soil microorganisms and biota, converting organic material into CO2, H2O, and nutrients. In 
sapric peat soil, where organic matter is already well-decomposed, there is limited organic material left for decomposition, leading to 
reduced activities of soil microorganisms due to a lack of food. This research suggests that while the water table should not be 
considered a primary predictor of emissions, heterotrophic respiration (RH-COCONUT) only contributes to 40% of total respiration, which 
is significantly less than the 82–92% estimated by previous studies [34,56]. This indicates that the decomposition rate on peatland 
declines as the humification level increases. Further research is needed to investigate these matters. 

Limited to examining the relationship between the water table and CO2 emissions, this study highlights the need to analyze diverse 
factors influencing CO2 emissions on peatlands. Soil CO2 flux is a dynamic process, heavily influenced by environmental conditions. 
For instance, an increase in soil nutrient content, such as from fertilizer application, can stimulate biological activities, leading to 
enhanced soil respiration. Melling et al. (2005) found that emissions from pristine forests were higher than those from younger palm oil 
and sago plantations [80]. Marwanto and Agus (2014) noted the absence of a relationship between CO2 emission and both soil and air 
temperature [59]. Carlson et al. (2015) indicated that peat depth and time since draining are not significant predictors, while vege
tation age is a strong predictor due to the rate of root respiration [56]. Swails et al. (2022) observed that soil respiration on peatland is 
linked to soil temperature [81]. This research also determined that water content, with an average water content during the six-month 
research period of 273% ± 79%, is not a significant predictor of CO2 emission estimation (R2 = 0.000, p value = 0.773). Therefore, 
with no single definitive predictor for CO2 emissions from peat soil, comprehensive measurement including complete environmental 
parameters and fire risk is necessary to elucidate the patterns of peatland emissions, which are not solely related to water table depth. 

4.4. Implication to peatland agriculture and its management 

The challenges of agricultural utilization of peatlands are not confined to tropical regions but are a global concern. In Europe, 
where agriculture has been integral to civilization for centuries, optimally managed peatlands are among the most fertile lands [82, 
83]. However, these same agricultural activities have led to the degradation of 50% of peatland ecosystems in Europe [84]. In tropical 
regions, the use of peatlands for agriculture is often viewed with pessimism, largely due to their potential to damage peat ecosystems 
and their propensity to generate higher carbon emissions than non-peat soils [24]. This negative outlook is particularly pronounced in 
the case of industrial-scale agriculture on peatlands. 

Peatland agriculture, when conducted responsibly, can be a sustainable and eco-friendly option, as demonstrated by the success of 
coconut plantations. This achievement is rooted in centuries of accumulated knowledge and cultural practices, coupled with the 
implementation of integrated water management in wetlands. For generations, people have utilized peatlands influenced by tides for 
coconut cultivation. They constructed ‘parit’ or small canals to define planting blocks and facilitate coconut transport during high tides 
[39]. These canals are connected to rivers and are equipped with water gates to prevent flooding during spring tides, leading the region 
to be known as “Negeri Seribu Parit” or the land of a thousand canals [85]. The centuries-old tradition of coconut cultivation on peatland 
continues to this day. This knowledge and technology have become integral to peatland utilization for agriculture. In essence, this 
study posits that peatland agriculture is feasible if it adheres to the key principles of responsible peatland management and the 
application of integrated water management on a larger scale. The importance of integrated water management goes beyond con
trolling the water table level; it plays a pivotal role in creating reservoirs, mitigating flood risks during the rainy season, reducing fire 
hazards in dry conditions, supporting transportation systems, and, most importantly, serving as a foundational element for the 
agronomic system of agriculture itself. 

It is essential to recognize that the primary goal of water management in peatland agriculture is minimizing problems associated 
with peatland use while maximizing productivity. Uncontrolled drainage, which functions as a canal, can lead to peatland degradation 
and render it unproductive, as observed in the MRP case. However, applying water management strategies similar to those used in 
natural forest regimes or for restoration purposes is not advisable for agricultural lands. Additionally, water table depths above the 
surface, which indicate flooding, can lead to significant disruptions. Therefore, effective water management is essential to mitigate 
these risks and regulate the water table for optimal productivity. Conditions in agricultural peatlands differ significantly from those in 
forested intact peatlands, which exhibit high variability in water table depth and often experience flooding during heavy rainy seasons. 
Brady (1997) observed that water table depths in forested peatlands in South Sumatra and Riau vary significantly, ranging from − 85 to 
− 180 cm below the surface during the dry season, to 35 cm above the surface, indicating flooding [86]. This variability in water table 
depth, influenced by the season, affects the interlayer of peat and is catalyzed by soil microorganisms and biota decomposing peat 
organic material. Even with litter sourced from forest trees, the bulk density at a depth of 0–20 cm varies from 0.10 to 0.19 g/cm3, 
higher than the initial conditions in coconut plantations with a bulk density of 0.072 g/cm3. In forested peatlands in Sarawak, 
Malaysia, water table levels range from − 52.1 cm below the surface to 11.2 cm above the surface [87], with an intermediate to high 
level of decomposition and bulk densities ranging from 0.10 to 0.14 g/cm3. Similarly, Takahashi et al. (2002) measured long-term 
water table levels in a forest from 1994 to 2002 and found that the lowest water table reached − 80 cm during El Niño, while the 
highest water table was approximately 25 cm above the surface, indicating flooding [88]. 

The conditions of intact forested peatlands, characterized by high variability in water table depth and flooding during the rainy 
season, are not suitable models for agricultural land. In these forested areas, an increase in water table depth, even to the point of 
flooding up to 50 cm above the surface, can lead to increased CH4 emissions [89]. Deshmukh et al. (2021) also observed that in 
degraded forested peatlands adjacent to industrial plantations, there was no significant correlation between CO2 emissions and water 
table depth, a pattern that also applied to CH4 emissions [89]. The increase in CH4 emissions with rising water table depth, up to 20 cm 
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above the surface, is a phenomenon specific to forested peatlands [90]. Hirano et al. (2012) identified a relationship between 
decreasing water table depth and ecosystem respiration (RA), indicating that CO2 emissions were not primarily from peat soil 
decomposition processes [91]. This significant effect of decreasing water table depth on CO2 emissions was observed only in forested 
areas. A similar pattern was noted in Brunei Darussalam, where soil CO2 flux trends followed water table changes in forest envi
ronments, ranging from − 40 cm below the surface to 20 cm above it [92]. However, this study did not distinguish between RA 
contribution and heterotrophic respiration (RH), nor did it address CH4 emissions during flooded conditions. It is also noteworthy that 
the critical threshold of − 40 cm below the surface, as proposed by Wösten et al. (2008), is appropriate only for unmanaged, degraded 
peatlands requiring restoration or rewetting [35]. In such environments, flooding can occur up to 100 cm above the surface, making 
this threshold less applicable to agricultural peatlands. 

The findings of this study indicate that the application of integrated water management in agricultural utilization of peatlands can 
effectively minimize CO2 emissions and subsidence. Integrated water management fosters undisturbed anoxic conditions in the deep 
layer (a zone that is always inundated) and fluctuates between oxic and anoxic conditions in the interlayer (the zone between the 
lowest and highest water table depths), which reduces CO2 emissions from peat soil [93]. The application of this management 
approach in coconut agriculture on peatlands alters the physical characteristics of the peatland, leading to a reduction in CO2 emissions 
and subsidence. Changes in bulk density, resulting in denser peat per volume and thus subsidence, contribute to peat humification but 
do not act as a predictor for CO2 emissions, as the peat remains present. CO2 emission is a part of the respiration of soil microorganisms 
and biota, known as heterotrophic respiration in peat soil. In conditions where root respiration and litter supply are absent, as in 
well-decomposed peat, the CO2 emissions from RH are significantly lower compared to those from mineral soil emissions. 

To address the ongoing debate between environmental and socio-economic sustainability in the use of peatlands for agriculture, the 
focus should not solely be on the water table but on the water content condition of the peat soil during climate variability, including 
rainy and dry seasons and evapotranspiration. The peat soil should maintain field capacity, avoiding conditions of being flooded or 
drying below field capacity. The water content, as a result of water table regulation, is a vital factor in this scenario. Integrated water 
management such as the WMT ensures that the peat soil remains consistently moist, with moisture levels recorded at 279 and 293%, 
indicative of a low bulk density due to its sapric characteristics [94]. With this level of moisture and degree of humification, the risk of 
wildfires can be minimized, while simultaneously supporting coconut productivity. 

The application of integrated water management in peatland agriculture not only enhances environmental sustainability but also 
increases social and economic value, thereby improving the welfare of people in the region as part of sustainable development. This 
research deviates from mainstream perspectives, largely due to the analysis of changes in peatland characteristics, which have been 
minimally examined in previous studies. The findings are corroborated by the persistence of traditional peatland agriculture, which 
continues to thrive beyond the estimated lifespan of peatland disappearance as projected by Wösten and Ritzema (2001) [95]. For 
instance, in this study, with a peat depth of ~300 cm, the estimated lifespan due to subsidence should be 192 years. However, with 
well-decomposed peatland and the application of water management, future subsidence could be near zero due to stabilized peat soil, 
potentially extending the lifespan of peatland indefinitely. 

In summary, peatland agriculture holds a promising future if managed sustainably, countering current skepticism. The findings 
suggest that with sustainable peatland management, the relationship between water table depth and soil CO2 flux, as well as subsi
dence, can be reconsidered. This concept is not limited to coconut plantations; research indicates that industrial pulp (Acacia crassi
carpa) plantations can also achieve a carbon-negative status with proper water management [96]. A similar, newer approach to 
integrated water management, termed eco-management, focuses on ‘water stock’ management planning to preserve peat and its 
biodiversity [23]. A fundamental aspect of this approach involves transforming existing drainage systems or conventional water 
management, which typically remove water from peat, into reservoirs or stock-based water management systems. In practical terms, 
this entails controlling water levels using water gates, akin to an irrigation system, as a fundamental part of responsible peatland 
management. This approach presents a viable opportunity for responsible private equity to implement sustainable practices, 
emphasizing integrated water management, which supports the sustainability of soil and agriculture in peatland usage. 

5. Conclusion 

The Water Management Trinity (WMT) exemplifies the practical application of integrated water management on peatland for 
agricultural purposes, specifically in the context of coconut agriculture on the tropical peatlands along the east coast of Sumatra. This 
system effectively transforms drainage canals in peatlands into controlled reservoirs, yielding multiple benefits for agronomic pur
poses, transportation, flood control, and fire prevention, particularly during dry seasons. In this study, the WMT, as an integrated water 
management system, has successfully maintained acceptable water table levels through the use of permanent watergates. 

The research concludes that the implementation of the WMT as a water management system can significantly mitigate high CO2 
emissions and subsidence rates in peatland agriculture. The findings indicate that the water table should not be regarded as a primary 
predictor for the estimation of CO2 emissions and subsidence in peatland agriculture; rather, it may be considered a supplementary 
dataset parameter. The WMT presents a viable opportunity for sustainable peatland agricultural practices, effectively preserving 
peatland integrity, supporting sustainable development, and contributing to climate change mitigation. 
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Martins, C. Eckhardt, S. Fiedler, T. Frosch, J. Goopy, C.-M. Görres, A. Gupta, S. Henjes, M.E.G. Hofmann, M.A. Horn, M.M.R. Jahangir, A. Jansen-Willems, 
K. Lenhart, L. Heng, D. Lewicka-Szczebak, G. Lucic, L. Merbold, J. Mohn, L. Molstad, G. Moser, P. Murphy, A. Sanz-Cobena, M. Šimek, S. Urquiaga, R. Well, 
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