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Peatlands are especially important but fragile tropical landscapes. The importance of peatlands is owing to their ability to 1) sequester a considerable amount of terrestrial carbon, 2) store freshwater, and 3) regulate floods during the rainy season. Nowadays, extensive peatland degradation occurs because of peatland utilization for agriculture purposes, causing severe environmental consequences such as carbon emission, loss of biodiversity, risk of flooding, and peat fire. Meanwhile, local planners and decision makers tend to overlook the long-term strategic function of peatlands for carbon storage and hydrological regulation, preferring peatland utilization for short-term economic benefits. The objective of our study is to quantify the total ecosystem services (except biodiversity) of a tropical peatland landscape in various peat-utilization scenarios to help build awareness among local planners and decision makers on the strategic tradeoff between peatland utilization and restoration. Studies on the total ecosystem services in a tropical peatland landscape involving hydrological regulation are still rare. Based on the net present value calculation, provisioning services, carbon regulation, and hydrological regulation in our study area account for 19, 70, and 11% of the total ecosystem services, respectively. Based on uncertainty analysis, at any combination of the social cost of carbon emission (within a range of USD 52.7–USD 107.4) and discount rate (within a range of 5–10%), the enrichment of peatlands with paludiculture crops (e.g., jelutong) shows superior ecosystem services compared to other peatland-utilization scenarios. Conversely, planting peatlands with monoculture crops, which are associated with peatland drainage, shows a rapid decrease in the total ecosystem services. The fluvial carbon export in our study, which is often neglected in a peatland carbon budget, increases the estimate of the total carbon budget by 8%. Restoring undrained peatlands with paludiculture crops such as jelutong contributes positively to carbon sequestration and potentially reduces carbon emissions by 11%. These quantitative findings can help local planners and decision makers in understanding the tradeoff between the long-term benefits of peatland restoration and the short-term economic benefits of peatland utilization for monoculture crops.
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INTRODUCTION
Tropical peatlands have one of the largest carbon deposits in terrestrial landscape, contributing to 65% of the global peatland carbon storage (Moore et al., 2013; Hergoualc’h and Verchot, 2014; Hapsari et al., 2017). Peatlands are especially important but fragile tropical landscapes. The importance of peatlands is related to their ability to 1) hold 525 Gt of carbon, 2) store 10% of the global freshwater, 3) host biodiversity, and 4) regulate floods during the rainy season (Joosten and Clarke, 2002; Jaenicke et al., 2008; Yule, 2010; Page et al., 2011; Acreman and Holden, 2013; Gao et al., 2016).
Tropical peatlands have become increasingly an important global issue owing to their rapid utilization for agriculture purposes. Utilizing tropical peatlands for agricultural purposes necessitates draining. Draining peatlands creates aerobic conditions and exposes organic carbon stored for over a thousand years to decomposition, resulting in CO2 emissions and peat subsidence (Couwenberg et al., 2010; Yule, 2010; Page et al., 2011; Hooijer et al., 2012; Jauhiainen et al., 2016; Tonks et al., 2017; Moore et al., 2018). Upon peatland utilization for agriculture, the rate of emissions increases due to the drainage construction enhancing activities of aerobic microorganisms (Wösten et al., 2008; Turetsky et al., 2015; Miettinen et al., 2016).
Intensive peatland degradation caused by drainage and associated peat fires contributes to approximately 30% of the global carbon land forestry-based emissions (Couwenberg et al., 2010), whereas the other 70% is presumably associated with forest degradation and deforestation. Therefore, peatland restoration has become an essential global environmental policy issue (Ferre and Martin-Ortega, 2019), and tropical peatland management is an important focus for the UN decade of ecosystem restoration (UN Environment Programme, 2019). Peatland restoration and utilization are frequently in conflict in a landscape because peatland restoration requires waterlogged conditions, whereas peatland utilization for agriculture requires drainage. As soon as a peatland is used, its natural ecosystem changes, leading to emissions and threatening peatland sustainability (Evan et al., 2019).
Peatland restoration has become challenging because local planners and decision makers tend to undervalue the long-term strategic function of peatlands for carbon storage and hydrological regulations. Owing to a lack of understanding, they often opt for peatland utilization for short-term economic benefits. One way to improve the peatland stakeholders’ understanding of the tradeoff between peatland restoration and utilization is through ecosystem service assessment (Tallis et al., 2008; Fisher et al., 2009; Goldstein et al., 2012; Macfadyen et al., 2012; Albert et al., 2014; Cohen-Shacham et al., 2015). The ecosystem service concept has become important to communicate human–environment interactions (Busch et al., 2012; Paavola and Hubacek, 2013). Understanding which ecosystem services are provided and where they are provided in a peatland ecosystem will help understand synergies and tradeoffs in peatland management (Paavola et al., 2009; Bagstad et al., 2014). Normally, provisioning and regulating ecosystem services compete in a landscape (Tilman et al., 2002; Rodríguez et al., 2006). An ecosystem service tradeoff occurs when the provision of one service is maximized at the cost of reducing another service.
The ecosystem services of tropical peatlands have often been studied (Kimmel and Mander, 2010; Sumarga et al., 2015; Suwarno et al., 2016; Uda et al., 2017), but none of these studies sufficiently included the hydrological regulation of peatlands (Yule, 2010; Ferre and Martin-Ortega, 2019). A study on boreal peatlands includes biodiversity in an ecosystem service analysis and found a strong tradeoff between biodiversity and ecosystem services in drained peatlands (Juutinen et al., 2020). Despite the very rich biodiversity in our study site, we did not yet include the biodiversity component in the total ecosystem service calculation due to a complex interaction between biodiversity and ecosystem services (Johnson et al., 2012). The objective of our study is to value the provisioning, regulation, and hydrological ecosystem services of peatlands to help build awareness among local planners and decision makers on the strategic values of peatlands. Ecosystem services have been seen as a powerful tool to understand the socioecological and economic benefits of the environment and to consider them in spatial planning and environmental policy. The result of this study can be used for two purposes: 1) planning payment for ecosystem services for those who keep peatlands intact, and 2) assist local policymakers in deciding whether to use peatlands.
METHODS
Site Description
There are three neighboring provinces in Sumatra covering approximately 42% of the Indonesian peatlands, i.e., Riau, Jambi, and South Sumatra Provinces with the peatland areas of 4.8, 0.7, and 1.2 million ha, respectively. Parts of the peatlands in these provinces had been used for plantations. This study was conducted in South Sumatra Province, Indonesia (Figure 1). South Sumatra Province has a size of 9 million ha. In 2015, South Sumatra Province experienced severe peat fires. Our study site belongs to Merang-Ngirawan peat hydrological units. These units have been adopted by the Indonesian government as a landscape unit for peatland restoration, and there are hundreds of peat hydrological units throughout Indonesia (BRG, 2019). A peat hydrological unit is commonly characterized by the existence of a lens-shaped peat dome with a marked peat depth around the center of the dome. The radius of peat domes in Indonesia ranges from 5 to 10 km (Dommain et al., 2010). We included hydrological ecosystem services in our analysis and used a watershed as a boundary of the analysis. The area covered by the watershed boundary is 97,286 ha, which contains mainly secondary peat forests (Figure 1). These secondary forests had been logged over sometime in the past, and since then, the vegetation has been regenerating naturally.
[image: Figure 1]FIGURE 1 | Study site in South Sumatra Province, Indonesia with a peat-depth map.
Scenarios
In our scenario, peatlands are classified as undisturbed when they are not drained. At the current condition, a part of the study area had been drained for acacia plantation, especially in the western and eastern parts of the watershed boundaries. Further peatland utilization in the study area is expected to occur in the future. We examined ecosystem services for three land-use scenarios (Figure 2). Scenario 1 is a proxy for the current condition. In Scenario 1, the peatland is assumed to be unutilized. In Scenario 2, the peatland cover is enriched with jelutong crops (Dyera sp.). These crops can sustainably be grown in undrained conditions and do not lead to soil subsidence (Sumarga et al., 2016). Jelutong crops (Dyera sp.) can be planted as an intercropping enriching the current land cover aiming to increase carbon sequestration. They produce latex that can be collected and be sold in the market. In contrast to commercial plantation crops such as oil palm and acacia, jelutong crop does not require drainage. Therefore, jelutong is considered a suitable crop for degraded peatlands (paludiculture crop), but the provisioning service obtained from jelutong latex is not as profitable as those from monoculture crops (e.g., oil palm). In Scenario 3, peat with a depth of less than 3 m was converted into an oil-palm plantation. Oil palm requires peatland draining to grow optimally. According to the Indonesian regulation, only peat with a depth of less than 3 m can be used for economic benefits. It corresponds to 45,620 ha of the watershed area being studied (Table 1).
[image: Figure 2]FIGURE 2 | Schematic land-use type in (A) Scenario 1, (B) Scenario 2), and (C) Scenario 3
TABLE 1 | Land-use proportion and drainage conditions for each scenario.
[image: Table 1]Valuation of Ecosystem Services
We analyzed provisioning and regulating ecosystem services for each scenario. Monetary benefits were assessed using net present value (NPV) with a discount rate of 10%. A period of 30 years was used for the NPV calculation, representing one cycle of oil-palm plantation. In 30 years, the oil-palm plantation must be replanted. When calculating the NPV for commodity provisioning services (e.g., oil palm and jelutong), we considered the time required from the beginning of utilization or restoration until their productive stage.
The monetary value of carbon sequestration and emission is based on the social cost of carbon emission. The social cost of carbon emission implies that if carbon is sequestered, there will be cost savings from not having to abate that carbon through other means. Based on a meta-analysis by Tol (2019), the social carbon cost was estimated at USD 106 t−1 C. We adopted the social cost of carbon value at USD 104.7 t−1 C (Interagency Working Group on Social Cost of Carbon, 2013; United States Environmental Protection Agency, 2013; Sumarga et al., 2016; Suwarno et al., 2016; Nordhaus, 2017).
Provisioning Services
The provisioning services in the study site comprise rattan collection, jelutong latex collection, and oil-palm production. When calculating the provisioning service, we consider the time required to reach a productive stage, e.g., jelutong and oil palm require 5 years after planting before it starts yielding.
The unit monetary values for commodities were derived from a study by Suwarno et al. (2016), i.e., 97.6, 98.8, and 812.8 USD ha−1 y−1 for rattan, jelutong latex, and oil-palm production, respectively.
Climate and hydrological regulations.
Climate regulations include a) carbon sequestration due to land-use changes and b) carbon emission due to peatland drainage. Meanwhile, hydrological regulations comprise a) fluvial carbon export and b) a loss of land due to subsidence and subsequent flooding.
Carbon Sequestration and the InVEST Model
We used the Integrated Valuation of Ecosystem Services and Tradeoff (InVEST) model to quantify C sequestration processes related to land cover and land-cover changes (Kareiva et al., 2011). InVEST can model and map change in ecosystem services across a watershed caused by land cover and land-management changes. It can provide monetary evaluation, which is useful to assess tradeoffs between ecosystem services and compare changes in ecosystem services under different land uses and land-use management scenarios. InVEST has been used in various applications around the world (Tallis and Polasky, 2009).
The InVEST model requires the following input: 1) land-use map, 2) carbon-pool data for each land-use type, 3) discount rate, and 4) the social cost of carbon. Land-use data, peat depth, and distribution data were derived from Kelola Sendang Project (2018) and LPPM-IPB (2019). Carbon-pool data for different land uses, i.e., forest and oil palm, were derived from Kotowska et al. (2015); Khasanah et al. (2015) and Irwan and Purwanto (2020) (Table 2).
TABLE 2 | Carbon-pool inputs for the InVEST model were derived from Kotowska et al. (2015), Khasanah et al. (2015), and Irwan and Purwanto (2020).
[image: Table 2]Carbon Emission due to Peatland Drainage
During a prolonged dry season, even water levels in pristine peatlands can drop below 40 cm (Takahashi et al., 2002; Hirano et al., 2012; Deshmukh et al., 2021). Therefore, carbon emissions can occur both in pristine and degraded peatlands.
Several studies have been conducted since 2005 to determine the fluxes of carbon in different land uses in tropical peatlands (Page et al., 2009; Couwenberg and Hooijer, 2013; Hergoualc’h and Verchot, 2011; Hirano et al., 2012). Couwenberg and Hooijer (2013) estimated the average carbon losses amount of 18 tC ha−1 y−1 for oil palm and acacia plantations without significant differences between plantation types. Jauhiainen et al. (2016) found the total emission was as high as 22 tC ha−1 y−1 in an acacia plantation (31–46 months old). Moreover, Comeau et al. (2013) reported the carbon fluxes of 28.4, 18.5, and 16.0 tC ha−1 y−1 in oil-palm plantation, degraded peat forest, and undisturbed peat forest, respectively, using a case study in Jambi, Sumatra, Indonesia. All these studies show marked differences in the emission rate despite having the same land-use categories. The difference may be attributable to the different water-table levels during sampling periods. A new study using paired eddy covariance estimated carbon emission rates of 4.2 and 10.8 tC ha−1 y−1 in undisturbed and disturbed peatlands, respectively, in South Sumatra (Desmukh et al., 2021). In our calculation, we used the GHG balance of CO2 and CH4 with the rate of 15.5 and 3.3, and 39.8 and 1.9  tCO2e ha−1 y−1 at undisturbed and degraded sites, respectively, derived from Deshmukh et al. (2021). The reason why we used the emission rate from this study are as follows: 1) it is the latest study conducted in Indonesia with relatively advanced equipment, i.e., eddy covariance tower, and 2) its study site (Riau Province) has the closest proximity to our study site (South Sumatra Province) compared to the other studies (see Figure 1).
Fluvial Carbon Export and the SWAT Model
The disturbance of hydrological stability in a peatland landscape either through vegetation-cover change or drainage can cause aerobic conditions, followed by a high decomposition rate of organic material in peatlands. This condition may lead to a higher production of dissolved organic carbon (DOC) and particulate organic carbon (POC) that is exported out of the peatland landscape through the fluvial system (Holden et al., 2004; Cowenberg et al., 2010). We require the river-discharge data and concentration of the total organic carbon (TOC) to calculate carbon export using fluvial systems. TOC is the sum of DOC and POC concentrations. We derived the TOC concentration from a study conducted in Indonesia by Moore et al. (2013). Based on Moore et al. (2013), the TOC concentration in fluvial systems is slightly higher in undisturbed (66.1 mg L−1) than disturbed (51.1 mg L−1) peatlands, but both have high TOC concentrations. The DOC from undisturbed peatlands is derived mainly from recent primary production (plant growth). Conversely, the DOC from disturbed peatlands consists mostly of much older (centuries to millennia) carbon from deep within the peat column.
Our study area does not have a discharge data record. We used the SWAT model version 2012 to simulate streamflow components. The SWAT model is a continuous model developed to simulate the impact of land cover/management changes on streamflow in a watershed with varying soil and land-use and management conditions over long periods (Neitsch et al., 2005; Arnold et al., 2012; Tarigan et al., 2016; Tarigan et al., 2017; Tarigan et al., 2020). Major model components include weather, hydrology, soil temperature and properties, plant growth, nutrients, and land management. The data source for the SWAT model in our study is described in Table 3.
TABLE 3 | Method and data description.
[image: Table 3]The SWAT model simulates the quantity (volume) and quality of water on a daily time step, which can be used for assessing ecosystem services such as water yield for irrigation and hydropower, nutrient export to the river, and peak flood (Neitsch et al., 2005). In the last decade, SWAT has been applied widely around the world to model the impact of land use/land management on streamflow and nutrient export (especially N, P, and C), with hundreds of published examples (www.swat.tamu.edu).
The SWAT model can be calibrated using hard data and/or soft data (Arnold et al., 2015). Hard data are defined as measured time-series data (e.g., time-series streamflow data at a catchment outlet) commonly used in regression-based calibration (Seibert and McDonnell, 2002; Abbaspour, 2012). According to Arnold et al. (2015), soft data are defined as a signature on individual processes within a budget that may not be directly measured within the study area. Examples of soft data include the estimates of the ET/precipitation ratio, streamflow/precipitation ratio, and average annual runoff coefficients. Our study area does not have time-series discharge data, and we cannot calibrate the model using such data. White et al. (2012) developed an evaluation tool (SWAT Check program) to derive soft-data indicators (e.g., ET/precipitation ratio and average annual runoff coefficients). In our study, we employed soft data for calibration, such as the streamflow/precipitation ratio and ET/precipitation ratio derived from the SWAT Check program. Because the goal of the SWAT model in our analysis is simply to find annual water balance, not to predict daily streamflow, we consider that the soft-data calibration is sufficient for our purpose.
Loss of Land due to Permanent Flooding
Continuous peatland oxidation, compaction and shrinkage, and DOC fluvial export lead to land subsidence and the complete loss of peat layers (Hoojer et al., 2012; Ikkala et al., 2021). In the long term, the area will become relatively lower than its surroundings and potentially be permanently flooded after the rainy season. Large-scale subsidence studies conducted in oil-palm plantations on peatlands in South East Asia have reported that, at average water-table depths of 0.7 m, the subsidence rate is high at the beginning of peat draining, and after several years, it remains constant at approximately 5 cm y−1 (Hoojer et al., 2012). A relatively new study with a more rigorous method and comprehensive analysis reported land subsidence rates of 3.3 and 4.2 cm y−1 in undisturbed and degraded peatlands, respectively (Deshmukh et al., 2021).
To calculate the impact of land subsidence on the loss of land due to flooding on a watershed scale, we adopted the subsidence rate from the latest related study (Deshmukh et al., 2021). Besides, it is more rigorous, and its measurement site (Riau Province) is close to our study site (South Sumatra Province), which are both in Sumatra (Figure 1). The extent of the area flooded due to land subsidence was calculated using a peat contour depth in a raster form and digital elevation model with a 0.5-cm resolution, referenced to water levels in canals. We valued the loss of land based on the opportunity cost of using peatlands with paludiculture crops (e.g., jelutong crop).
RESULT
Provisioning Ecosystem Service
The provisioning services in the study area are mainly contributed by three commodity production, i.e., rattan, jelutong resin, and oil palm. Rattan is collected from peat forest. The forest areas in Scenario 1 and 2 are similar, i.e., 84,654 ha. However, in Scenario 2, jelutong latex is collected in addition to rattan collection from a similar area of forest (84,654 ha). In Scenario 3, peat with a depth of less than 3 m inside the watershed boundary was converted to oil-palm plantation. This conversion corresponds to an area of 45,620 ha. In Scenario 3, rattan and jelutong latex were also collected from the area that was not converted into oil palm. Scenario 3 has the highest provisioning ecosystem services associated with oil-palm production (Table 4).
TABLE 4 | Provisioning service in each scenario.
[image: Table 4]Based on the SWAT modeling, the annual discharge from the undisturbed and disturbed watersheds are 1,476 and 1,500 mm, respectively (Figure 3).
[image: Figure 3]FIGURE 3 | Example of SWAT simulation outputs from our study area showing PET (potential evapotranspiration = 1,653 mm), actual evapotranspiration and transpiration (1,104 mm), total discharge (1,500 mm) comprising surface runoff (121.13 mm), lateral flow (516,79 mm), and return flow (862.03 mm).
We used soft data to calibrate the SWAT simulation. We compared four soft-data parameters obtained from the SWAT simulation of the study area and a reference area (see Table 5). Reference values were obtained from a SWAT study in a neighboring province (Jambi, Figure 1) with a Nash–Sutcliffe efficiency value of 85%, categorized as a very good result (Tarigan et al., 2020). Based on the comparison of the four soft-data parameters, the SWAT output in our study area is considered to be in an accepted range (Table 5).
TABLE 5 | Calibration and validation of SWAT simulation using soft data.
[image: Table 5]To calculate the fluvial carbon export, we multiply annual discharge with the TOC. Based on a study by Moore et al. (2013) in Central Kalimantan, Indonesia, the DOC from undisturbed peatlands is derived mainly from the recent decomposition of vegetation, whereas the DOC from disturbed peatlands mostly comes from older and deep peat deposits. This could be the reason why the DOC concentration in the fluvial system was slightly higher in undrained peatlands (Table 6). The fluvial carbon loss in our study, which is frequently neglected in the peatland carbon budget, increases the estimate of the carbon budget by 8%.
TABLE 6 | Carbon emission due to fluvial carbon export.
[image: Table 6]Carbon Sequestration
Scenario 1 does not involve land use and land-cover change, and consequently, there is no carbon sequestration in Scenario 1. Carbon sequestration in Scenario 2 is associated with vegetation enrichment with jelutong (4 a). Moreover, carbon emission due to the land-use change in Scenario 3 is related to the conversion of peat forest into oil-palm plantations (4 b).
The restoration of undrained peatland with paludiculture crops such as jelutong contributes positively to carbon sequestration and potentially reduces carbon loss by 11%. The carbon sequestration or emission in Scenarios 2 and 3, 2,863,627 and −2,728,815 tC y−1, correspond to the NPV of USD 95, 777, 499 and USD −91, 268, 513, respectively (−indicates emission and + sequestration).
Loss of Land due to Subsidence and Flooding
With the subsidence rates of 3.3 and 4.2 cm y−1 in undisturbed and disturbed peatlands, the peatland areas of 15,215 and 21,868 ha, respectively inside the watershed will irreversibly subside and be flooded in 30 years, (Figure 4C,D). The loss of land due to subsidence and flooding in undisturbed and disturbed peatlands corresponds to the loss of provisioning services in the future with an NPV of USD −2,703,911 and USD −3,886,239, respectively.
[image: Figure 4]FIGURE 4 | InVEST carbon sequestration map due to the conversion of peat forest (A) into oil palm (B); flooded area due to the land-use conversion from peat forest (C) into oil palm (D).
Carbon Emission due to Water-Table Fluctuation and Drainage
Carbon emission from tropical peatlands is mainly controlled by water-level fluctuation and drainage. The conversion of peat forest into monoculture plantations requires peatland draining. Peatland draining lowers the water table, triggering carbon emissions. However, during a prolonged dry season in Indonesia, the water table can also drop without drainage. Scenarios 1 and 2 do not involve peatland draining, and the drainage-related emissions in Scenarios 1 and 2 (undisturbed peatlands) are assumed to be similar, i.e., −431, 735 tC y−1, corresponding to a negative NPV of USD −426, 121, 452. Emissions in these scenarios are mainly due to the water-level drop during the dry season and methane emissions (Deshmukh et al., 2021). The conversion of the forest area into an oil-palm plantation in Scenario 3 occurs only in a watershed area with a peat depth of less than 3 m, corresponding to 37% of the total forest within the watershed boundary. However, the emission in Scenario 3 is high, i.e., −714, 579 tC y−1, corresponding to an NPV of USD −705, 288, 399.
Total Value of Ecosystem Services
The highest provisioning service is provided by Scenario 3, which is associated with oil-palm production. However, converting undisturbed peatlands into monoculture plantations (Scenario 3) contributes to the lowest value of the total ecosystem services in Scenario 3 (Figure 5). In Scenario 3, the social costs of carbon emissions exceed the private benefits from oil-palm plantations in peat. These findings highlight the tradeoff between peatland restoration and utilization, posing strong challenges to peatland management in Indonesia today. Peatland utilization for oil palm provides the highest benefit to the private sector but implies long-term disadvantages related to the social cost of carbon emission and loss of land due to subsidence.
[image: Figure 5]FIGURE 5 | Total ecosystem service value (USD).
In our study area, the provisioning ecosystem service, carbon regulation ecosystem, and hydrological ecosystem service account for 19, 70, and 11% of the total ecosystem services, respectively.
DISCUSSION
Undrained peatlands still significantly contribute to carbon emissions, partly due to methane emissions and partly due to water-level fluctuation during the dry season. In all scenarios, including those without peatland drainage, carbon loss is dominated by peatland decomposition or oxidation processes. As a consequence, the total ecosystem service of all scenarios is strongly dominated by the negative contribution of carbon emission due to the peatland decomposition.
Utilizing peatlands with paludiculture crops (e.g., jelutong-Dyera sp.) increases carbon sequestration, which reduces the total carbon loss by 11% from peatlands. In contrast to commercial plantation crops, jelutong does not require drainage. Any peatland utilization involving draining will lead to high carbon loss. As demonstrated in our study, the land-use scenario associated with peatland drainage (e.g., monoculture plantation) rapidly reduces the total ecosystem service. Oil palm is the most profitable plantation crop in Indonesia, signifying the highest provision ecosystem service in our calculation (Figure 5), but it also increases carbon oxidation due to the associated peatland drainage, decreasing the total ecosystem services.
Translating the ecological impact of peatland restoration and utilization scenarios into ecosystem services provides a quantitative overview for local planners and decision makers to consider the environmental and economic benefits of alternative scenarios. However, the valuation of ecosystem service research can be highly uncertain. A valuation of nonmarketed goods (e.g., carbon cost) is an important source of uncertainty about ecosystem service analysis (Johnson et al., 2012). In our study, we find that there are three important sources of uncertainty: 1) calculating the NPV of ecosystem services involving the social cost of carbon emission and discount rate, 2) the SWAT model simulation, and 3) carbon sequestration simulation with the InVEST model.
Uncertainty Involving the Social Cost of Carbon and Discount Rate
The valuation of ecosystem services is commonly based on the social costs of carbon emission, i.e., USD 104.7 t−1 C and a discount rate of 10% (Sumarga et al., 2015; Suwarno et al., 2016; Tol, 2019). The main source of uncertainty in the social costs of carbon emission are the assumed abatement costs because of climate change and the selected discount rate. To assess the impact of these uncertainties on our analysis, we gradually varied the social cost of carbon emission from USD 104.7 t−1 C by 25% (USD 78.5) to 50% (USD 52.4) and then used different combinations of the discount rate, i.e., 5 and 10%, in our calculation (Figure 6).
[image: Figure 6]FIGURE 6 | Uncertainty analysis of the social costs of carbon emission and discount rate in the calculation of the NPV of ecosystem services in peatlands.
From our calculation, we are certain that, at any combination of the social cost of carbon emission (within a range of USD 78.5–USD 107.4) and discount rate (within a range of 5–10%), Scenario 2 (planting peatland with paludiculture crops, e.g., jelutong) shows superior ecosystem services compared to other scenarios. Similarly, we are assured that, at any combination of the social cost of carbon emission (within a range of USD 78.5–USD 107.4) and discount rate (within a range of 5–10%), Scenario 3 (planting peatland with oil palm) show the lowest total ecosystem services.
Note that, in our analysis, we did not yet include an additional ecosystem service biodiversity in peatland, which will contribute positively to the total ecosystem services of Scenario 2. If we had included biodiversity ecosystem services in our analysis, the superiority of the total ecosystem services of peatland restoration (Scenario 2) over peatland utilization for monoculture crops (Scenario 3) would even be greater.
It is also important to note that, at any combination of the social cost of carbon emission (within a range of USD 52.7–USD 107.4) and discount rate (within a range 0f 5–10%), Scenario 1 (no peatland utilization) is not better than Scenario 2 (peatland utilization with paludiculture crop), signifying the benefit of peatland restoration using paludiculture crops.
Uncertainty Involving the SWAT and InVEST Models
A normal procedure to limit the uncertainty in the SWAT simulation model is through calibration and validation processes. There is a standardized procedure to calibrate and validate the SWAT model (Abbaspour, 2012). In our study, the SWAT model was calibrated using soft data due to the unavailability of sufficient time-series discharge data. The input parameter of the InVEST model is relatively simpler, involving a land-use change map, the carbon pools of different vegetation compartments, social cost of carbon emission, and discount rate. Unlike the SWAT model, the InVEST model is not a physical-based model, and there is no standardized procedure to calibrate the parameters. In our study, the carbon balance comprises 1) carbon sequestration, 2) fluvial carbon export, and 3) carbon emission due to oxidation. In any case, the total carbon budget calculation in our study area involving SWAT (Fluvial loss) and InVEST (Sequestration) account for 8 and 11%, respectively (Figure 7.), which is relatively smaller than the carbon calculation involving peatland oxidation due to peatland draining (81%).
[image: Figure 7]FIGURE 7 | Components of the carbon loss in our study area.
CONCLUSION
In contrast to monoculture plantation crops, paludiculture crop (e.g., jelutong) does not require drainage. Any peatland utilization involving draining will lead to a high carbon loss. Consequently, any peatland utilization associated with peat drainage reduces the total ecosystem services strongly. Peatland utilization for oil palm provides the highest benefit to the private sector but it implies long-term disadvantages related to the social cost of carbon emission and loss of land due to subsidence owing to associated peatland drainage. Our results can help local planners and decision makers realize the superiority of the long-term benefits of peatland restoration over the short-term economic benefits of peatland utilization.
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Methods

Peat-depth map i required to model the
impact of subsidence on the potential
flooding and land loss. The map was
created using GIS surface interpolation
based on 134 field sampling points

We created the watershed and stream
network from digital elevation data. The
watershed map and stream network are
required for caloulating the fluvial carbon
export

We calcuiated the carbon sequestration
on a watershed scale using the I\VEST
model. The calculations were based on
the land-cover change map due to
jelutong planting (Scenario 2) and oi paim
(Scenario 3) on a watershed scale

We caluated CO, and CH, emissions on
a watershed scale considering the peat-
distribution map and different peatiand
utilization

Peatland decomposition and erosion lead
toland subsidence. GIS raster spatial
analysis: a) create subsidence raster map
and b subtract peat-depth raster map
with subsidence raster map. We valued
the loss of land based on the opportunity
cost of yield from jelutong crops

We calcuiated fluvial discharge using the
SWAT model. The discharge obtained
from the SWAT model is multiplied by the
concentration of fluvial total organic
carbon (TOC)

Provisioning ecosystem services were
calculated from commoity production (t
y" ha") and market prices (USD t')

We valued each ecosystem service using
net present value (NPV) with a discount
rate of 10%. A period of 30 years was
used for the NPV calculation. The
monetary value of carbon sequestration
and emission is based on the social cost of
carbon emission (USD 107.4 ' C). The
NPV was calculated using the NPV
function in an Excel spreadsheet.

Data input (sources) Remarks

Field sampling, including peat depth,
bulk density, and water level; Soil map
(BBSDLP, 2015; LPPM-IPB, 2019)

The number of field sampiing
points were 134 conducted in
May 12th-22nd 2019

Digital elevation map with 0.5-m
resolution (Kelola Sendang Project,
2018)

Watershed map is also used for
the SWAT and InVEST modeiing

1. Land-use change map (Kelola
Sendang Project, 2018)

2. Carbon-pool data (see Table 2)
3. Social cost of carbon emission,
discount rate

Example of the IVEST model
input and output is submitted as
Supplement Information 01

1. Peat-distribution map on a watershed
scale (see . 1)

2. Peat-utilization map (Kelola Sendang
Project, 2018)

3. Yearly peatiand emission rate
(Deshmukh et al., 2021)

1. Peat-depth distribution in the
watershed (see nr. 1)

2. Land elevation from digital elevation
model

3. Peat-utilzation map (Kelola Sendang
Project, 2018)

4. Yearly peatiand subsidence rate
(Deshmukh et al., 2021)

Rainfall data from Chirps (2011-2020),
water-table data (2015-2019), digital
elevation model of 0.5-m resolution,
land-use map, soi properties, river
segment geometry, peat hydraulic
conductivty, and bulk density (Kelola
Sendang Project, 2018)

Example of the calculation is
submitted as Supplement
Information 02

Production and market price surveys
(Suwamo et ., 2016)

The social cost of carbon emission
(Interagency Working Group on Social
Cost of Carbon, 2013; Sumarga et al.,
2016; Suwamo et al., 2016)

Example of the calculation is
submitted as Supplement
Information 03
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