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Abstract The current drainage-based peatland man-

agement systems in Indonesia result in high fire risks,

soil subsidence and CO2 emissions. This study aims to

assess different alternatives of peatland crops in order

to help prevent further degradation of peatlands in

Indonesia. We focus on tropical peatland crops that

provide food and that are of particular interest to

smallholders. We compare various peatland food

crops that are commonly grown with no drainage

(paludiculture) or drainage below 50 cm in our study

area, Central Kalimantan, Indonesia in terms of

sustainability, profitability, scalability of the market

and acceptability to farmers. Our results show that

sago (Metroxylon sagu), banana (Musa paradisiaca)

and pineapple (Ananas comosus) followed by water

spinach/kangkong (Ipomoea aquatica), kelakai/edible

fern (Stenochlaena palustris), illipe nut/tengkawang

(Shorea spp.), dragon fruit (Hylocereus undatus),

mangosteen (Garcinia mangostana) and sweet melon/

melon (Cucumis melo) are the best options based on

the aggregated scores for these criteria (but precaution

should be taken when planting crops that require low

drainage). Sago palm and illipe nut have the highest

scores for both sustainability and scalability of market,

whereas banana, pineapple and sweet melon have the

highest scores in term of the scalability of market and

acceptability to farmers. We also address key oppor-

tunities and bottlenecks for the development of

paludiculture food crops and present recommenda-

tions for the implementation of paludiculture in

Indonesian peatlands.
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Introduction

All peatlands in Indonesia were once forested,

sequestering and storing atmospheric carbon for

thousands of years (Warren et al. 2017; Page et al.

2011). Traditionally, indigenous people use peatlands

for small-scale activities, such as harvesting non-

timber forest products/species (Osaki et al. 2016;

Limin and Jentha 2007). Starting from the 1980s, very

large areas of Indonesian peatland have been drained

and cultivated for plantation and smallholder crop-

ping. Other areas have been opened for timber logging

and land claiming but were then abandoned, which has

led to extensive areas of degraded peatlands (Law

et al. 2015). Oil palm, acacia and rubber plantations

(industrial and smallholder plantations) have increas-

ingly expanded to the peatland area (Gunarso et al.

2013; Miettinen et al. 2016; Schoneveld et al. 2019).

Between 2000 and 2014, palm oil production from

peatlands alone has increased by almost threefold

(Uda et al. 2017). However, despite their economic

benefits (in particular production for agricultural and

forestry plantations), the conversion of natural peat-

lands has resulted in negative impacts on the environ-

ment and society. The conversion of natural tropical

peatlands into other land uses leads to peat fires and the

associated health effects, soil subsidence increasing

flood risks, substantial greenhouse gas emissions and

loss of biodiversity (Jafaar and Loh 2014; Marlier

et al. 2015; Page and Hooijer 2016; Huijnen et al.

2016; Harrison and Rieley 2018).

In Indonesia, the drainage of natural peatlands was

carried out through both legal (including activities by

companies and government programs) and illegal

canal constructions (e.g. for illegal logging or land

grabbing). These activities were conducted at various

scales, from local smallholder activities to large

government programs such as the Mega Rice Project

in Central Kalimantan. Currently, the Indonesian

government has put a ban on the conversion of deep

peat (over 3 m deep), however its enforcement in

some areas is still lacking, and the boundary between

deep and shallow peat is often unclear. Since domes

are hydrological units and activities in one part of the

dome will affect the whole dome, which can be up to

several 10 s of km in diameter, concerted efforts are

needed to restore and wisely manage Indonesian

peatlands. Given that several million of hectares of

land need to be rehabilitated, a productive and

profitable use of peatlands that requires no or mini-

mum drainage and also allows the sharing of benefits

from peatland use among the people of Indonesia

needs to be investigated (Dohong et al. 2018; Sinclair

et al. 2019). Such efforts should consider both

plantation and smallholder agriculture.

A sustainable alternative for utilizing peatland

without drainage is paludiculture, which basically

involves growing crops in peatland under conditions

of no-drainage. A more elaborate definition was

provided in Joosten et al. (2012) who defined paludi-

culture as ‘‘using biomass from wet and rewetted

peatlands under conditions which maintain the peat

body, facilitate peat accumulation and provide the

ecosystem services associated to natural peatlands’’.

Maintaining a high water table in paludiculture

strongly reduces soil subsidence, fire risk and CO2

emissions (Giesen and Nirmala 2018; Joosten et al.

2016). For Indonesian climate, several paludiculture

crops have been recommended for use in forestry,

agroforestry, agro-food and as rawmaterial for energy,

construction and biochemical products (Tata and

Susmianto 2016; Giesen 2013). Yet, it is important

to understand the characteristics of each paludiculture

crop before considering its widespread implementa-

tion. There are major differences between the paludi-

culture crops thus it is important to understand these

when crops are tested or scaled-up locally.

We assess various paludiculture and non-paludi-

culture crops that can be grown with relatively high

water tables in Indonesian peatlands, with a focus on

their applicability in Central Kalimantan. We focus on

tropical peatland crops that support food provision and

food security while recognising that there are also

promising non-food paludiculture crops providing

resin, timber or other commodities (e.g. jelutung

(Dyera sp.), ramin (Gonystylus bancanus), meranti

and balangeran (Shorea sp), gemor (Nothaphoebe sp.),

gelam/cajuput oil (Melaleuca cajuputi), etc.) (Giesen

2013; Noor et al. 2014; Graham et al. 2016; MoEFRI

2017; Giesen and Nirmala 2018). For this study, we

included paludiculture crops as well as crops that

require drainage at a level less than 50 cm. The current

oil palm best management practices were tested in

peatlands that involve maintaining the water table at

40–60 cm (Lim et al. 2012), which was around half of

the drainage level commonly found in oil palm

plantations. Hence, some of the crops we examine

here are in line with these low-drainage practices for
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oil palm (but these crops score relatively low on the

sustainability criteria that we use). We proposed

several criteria to assess the crops’ sustainability,

profitability, scalability of markets and acceptability

to local farmers. We selected and compared 15

paludiculture food crops. A number of opportunities

and bottlenecks on the implementation of these crops

are addressed in this paper. We then provide recom-

mendations for the successful implementation of food

paludiculture crops and sustainable peatland manage-

ment policy in Indonesia.

Methods

Study area for data collection

This study focused on peatlands in Central Kalimantan

province which contains one of the largest peatland

areas in Indonesia (2.6 million hectares, Ritung et al.

2011) and where we have access to local data through

various ongoing and completed projects (e.g. Uda

et al. 2017, 2018). Approximately 47% of the total

peatland area in Central Kalimantan (1.2 million ha) is

still forested (including degraded and well-preserved

forests) and the remainder is either converted to

plantation (mostly oil palm) or degraded (Surahman

et al. 2018). Degraded peatlands are not used struc-

turally for agriculture (some annual cropping with

shifting cultivation may occur), mostly covered with

ferns and shrubs, and burned frequently (typically at

least once in 3 to 4 years). Since 2016 Central

Kalimantan has been designated as one of the seven

priority provinces for peatland restoration by the

Peatland Restoration Agency (Badan Restorasi Gam-

but or BRG) set up by the Indonesian government to

coordinate the restoration of 2.4 million hectares of

degraded peatlands in Indonesia within five years

(2016–2020). Based on the BRG’s maps of peatland

restoration priority areas, around 774,773 hectares of

peatland areas in Central Kalimantan (distributed in 11

regencies of 14 regencies in Central Kalimantan) are

part of the BRG’s peatland restoration target (see

Fig. 1, BRG 2018). The data collection was under-

taken in ten villages located in peatland areas in five

regencies distributed across the province. These

villages were selected randomly in each regency and

include Kapuas Regency (Basarang, Terusan Raya

and Dadahup/Ex-Mega Rice Project villages), Pulang

Pisau Regency (Buntoi, Gohong and Jabiren villages),

Katingan Regency (Kasongan Lama village), Gunung

Mas Regency (Tampang Tumbang Anjir village),

Palangka Raya city (Kalampangan and Menteng

villages).

Interviews and selection of paludiculture crops

We selected 15 crops for our survey based on literature

survey and discussions with local experts including the

head of the local farmer groups, researchers from

University of Palangka Raya, the Indonesian Peatland

Restoration Agency and the Food Crop and Horticul-

tural Agency of Central Kalimantan Province. From

fifteen selected food crops, four are paludiculture

crops (no drainage required) and eleven are crops

where drainage between 0.2 and 0.5 m is required. We

consulted the farmer groups in order to gather

information on cultivation and marketing aspects of

the crops. The data collection was undertaken during

September–December 2017. In each village, a group

of 10 to 15 farmers discussed the questions in the

questionnaire and collectively filled in the response.

The village discussions were moderated by the head of

the local farmers association. The questionnaire is

shown in Online Appendix 1 Supplementary Material.

All groups were also contacted online following their

response to clarify and discuss their answers. Further-

more, six in-depth interviews were held with the

researchers from the University of Palangka Raya (3

researchers), staff in the Food Crop and Horticultural

Agency of Central Kalimantan Province (1 staff) and

the Indonesian Peatland Restoration Agency (2 staff).

These were open interviews to discuss profitability,

sustainability and scalability of various food crops

assessed in this study.

Performance criteria

We assessed the crops using four criteria with one or

more indicators for each criterion. The four criteria

were sustainability, economic performance (Net Pre-

sent Value), scalability (access to markets) and

acceptability to farmers. Each crop was scored (values

from 0 to 3) on each of these criteria. Subsequently, we

aggregated these scores to obtain the total score for

each crop, with an equal weighing for each criterion.

Regarding sustainability, we considered that the

drainage of peat and CO2 emissions as the most
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important ecological factors since they were closely

related to the fire risk, haze, local health impacts as

well as global warming. Acceptability to the local

farmers was assessed on the basis of the ease of

growing the crop (e.g. access to seedlings), mainte-

nance and the amount of years the farmers had to wait

to obtain their first harvest. The indicators and

assessment methods are described in Table 1. Data

were obtained from the questionnaires and interviews

with the farmers/peatland users, experts and other

relevant stakeholders and also from various case

studies and government reports (e.g. BPS 2018a, b;

Fig. 1 Peatland distribution and indicative restoration priority map in Central Kalimantan (adapted from BRG 2018). Insert:

Indonesian peatland distribution map (Ritung et al. 2011), Central Kalimantan province is indicated in grey
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BPS Central Kalimantan 2018a, b; MoARI 2018, etc.).

The general ecological and social attributes of the

peatland crops assessed in this study are presented in

Online Appendices 2 and 3 Supplementary Material.

We were aware that there were ecological factors other

than CO2 emissions, but for the scope of this study we

were not able to assess the other indicators such as

CO2 and N2O emissions from fertiliser application.

Sustainability

We used the typical water table depth of a crop when it

was cultivated in peatland as the predictor for

estimating the CO2 emissions of that crop, noting that

in practice there were large variations in the water

table depths of the crops. We grouped the crops into

tree and non-tree crops (Ecocrop 2018). For both

groups, we used a linear relationship between water

table depth and carbon losses as specified in Table 1

above. We scored the sustainability of each crop based

on the thresholds shown in Table 2, where 3 was the

highest score and 0 (zero) was the lowest score. For

comparison, when drained at 40 to 60 cm, oil palm

plantations released 36 to 60 tonnes CO2/ha/year (Lim

et al 2012).

Profitability

Profitability is assessed using Net Present Value

(NPV) as an indicator (Hanley and Barbier 2009).

For the NPV calculation of each crop, we use a

discount rate of 10% and a discounting period of

25 years. Costs for acquiring the land are not included,

i.e. it is assumed that smallholders have access to the

land and do not need to pay a lease (which is the

typical case for smallholders in Central Kalimantan).

The costs include the investment costs (e.g. farmer

tools, costs for seedling and initial land preparation)

and operational costs (e.g. labour cost, fertiliser,

pesticide/herbicide, irrigation/water

Table 1 Indicators and methods for integrated assessment of socio-ecological aspects of the crops

Indicator Method Description Sources

(1) Sustainability tree crops group (the

emission factor is related to drained

natural forest on peat) non-tree crops

group (the emission factor is related to

deforested unproductive peatlands)

CO2 emission

(t CO2

ha-1 year-1)

CO2emission ¼ �98�WTDx

WTD is the water table depth below the

peat surface in meter (negative) of the

crop, X is the crop, 98 is the CO2

emissions factor used for tree crops (t

CO2 ha
-1 year-1 m-1)

Hooijer et al. (2012);

data from literature,

questionnaires and

interviews

CO2 emission

(t CO2

ha-1 year-1)

CO2emission ¼ 9� 84�WTDx

WTD is the water table depth below the

peat surface in meter (negative) of the

crop, 9 and 84 are the factors for CO2

emissions for deforested unproductive

peatlands (t CO2 ha
-1 year-1 m-1)

Hooijer et al. (2012);

data from literature,

questionnaires and

interviews

(2) Profitability Net present

value

(NPV), in

euro

NPV ¼
Pn

t¼0 Bt � Ctð Þ � 1
ð1þrÞt

NPV is the Net Present Value of the crop,

B is the annual revenue of the crop, C is

the annual costs of growing the crop, r is

the discount rate, t is the year, n is the

time period considered

Hanley and Barbier

2009; data from

literature,

questionnaires and

interviews

(3) Scalability of market Scoring based

on the

available

markets

For each market an additional point is

given (local, village, provincial, national

and international market)

Data from questionnaires

and interviews

(4) Acceptability to farmers Score reflects

the easy of

cultivation

Includes the following criteria: the ease of

obtaining seedlings, the ease of

maintaining and harvesting, and the time

until the first harvest of the crop

Data from questionnaires

and interviews
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management/monitoring, etc.). All money values have

been converted to euro of the year 2017. We exclude

the costs of restoring drained peatlands (e.g. costs for

building dams to block drainage canals, see Hansson

and Dargusch 2018)—assuming that these costs will

not be paid by smallholders. The score classification

for profitability is shown in Table 3. For comparison,

the average expenditure on food and non-food per

capita in Central Kalimantan province in 2017 was €
888/year (BPS Central Kalimantan 2018a), and the

NPV of the resource rent of oil palm production on

peatland had been estimated at around €40,000 per

hectare for a 25 years discounting period at a 10%

discount rate (Sumarga and Hein 2015).

Scalability of market

We analysed the scalability of each crop by examining

if it was (potentially) suitable for sale at the local

(village), provincial, national and/or international

market. We assessed the current markets where the

crops were sold and then considered the potential for

scaling up. Data were obtained from literature and

supplemented by our questionnaires and interviews

with the farmers and relevant stakeholders. We gave a

score of 3 to crops which could be sold at local,

provincial, national and international markets; a score

of 2 to crops suitable for local, provincial and national

markets; a score of 1 for crops with available markets

at local and provincial levels; and a score of 0 (zero)

for crops that could only be traded at the local (village)

level, for instance because they were highly perishable

or the demand for the products was very low outside of

the village for example due to the availability of

substitute crops that were cheaper or more preferable

by the consumers. We acknowledged that there are

local factors e.g. infrastructure that partly determined

if and at what price crops could be exported from a

village, and we also acknowledged that selling crops at

international markets required production at a scale

that was sometimes not feasible at the level of

individual villages. Hence, our scoring should be seen

as indicative, and we will elaborate on uncertainties in

the discussion section.

Acceptability to farmers

We analysed the acceptability of the crops to the local

farmers. Based on the stakeholder interviews, we

assessed three aspects that were indicated by the

farmers as potential bottlenecks to growing the crop:

the ease of obtaining seedlings, the ease and costs for

maintaining and harvesting the crop, and the time the

farmer had to wait until the first harvest.With regard to

the ease of obtaining seedlings and the ease of crop

growing and harvest, we used a score of 1 for ‘‘easy’’

and score of 0 (zero) for ‘‘not easy’’. With regard to the

time period until the first harvest, we gave a score of 1

Table 2 Score classification used to assess the sustainability performance of the peatland crops

Score Description

3 Peatland crop with estimated CO2 emissions ranging from 0 to 10 t CO2 ha
-1 year-1

2 Peatland crop with estimated CO2 emissions ranging from 11 to 30 t CO2 ha
-1 year-1

1 Peatland crop with estimated CO2 emissions ranging from 31 to 60 t CO2 ha
-1 year-1

0 Peatland crop with estimated CO2 emissions more than 60 t CO2 ha
-1 year-1

Table 3 Score classification used to assess the profitability performance of the peatland crops

Score Description

3 Peatland crop with estimated NPV more than €50,000

2 Peatland crop with estimated NPV ranging from €35,001 to €50,000

1 Peatland crop with estimated NPV ranging from €20,000 to €35,000

0 Peatland crop with estimated NPV less than €20,000
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if the first harvest of the crop could be done in less than

2 years and a score of 0 (zero) if the crop needed more

than 2 years to produce the first harvest. We then

aggregated the scores from all components of culti-

vation to obtain a final score of the acceptability to the

farmers for each particular crop, with 0 as the lowest

and 3 as the highest overall score. We acknowledged

that there were other relevant factors that are not

considered such as risk of pest and diseases; however

these are out of scope of the current study.

Results

Sustainability

Table 4 shows the estimates of the CO2 emissions and

the resulting score for 15 food crop species commonly

cultivated in the peatland areas of Central Kalimantan.

Note that some crops (e.g. sweet melon, bitter gourd,

pineapple) were grown using a ridge and furrow

system, where seedlings are planted in the ridges.

These ridges were drier and therefore subject to more

oxidation. The impact of the ridges on CO2 emissions

as well as the effects of fertiliser use (which may

enhance microbial activity and thereby emissions of

CO2 and N2O) were not considered in our analysis and

ranking should be considered as indicative given that

there were differences in the degree to which ridges

and furrows are used and fertilisers were applied

between crops and between villages. We also did not

consider the effects of fire use in smallholder farming.

The use of fire for burning crop residues is now

prohibited in Central Kalimantan, and data show that

crop residue burning has decreased in the past years

(Surahman et al. 2019). It is applied in particular for

paddy and other annual crops, and less relevant for the

perennials in Table 4.

Table 4 CO2 emissions and sustainability scores for food crops cultivated in the peatland areas of Central Kalimantan

Type of food crop Group Water table depth (meter below peat

surface)

Estimated CO2 emissions (t CO2/

ha/year)

Score

Sago palm/sagu (Metroxylon sagu) Tree 0 0 3

Illipe nut/tengkawang (Shorea spp.) Tree 0 0 3

Water spinach/kangkong (Ipomoea

aquatica)

Non-

tree

0 9 3

Kelakai/edible fern (Stenochlaena

palustris)

Non-

tree

0 9 3

Snake fruit/salak (Salacca/Eleiodoxa

sp.)

Tree - 0.2 20 2

Durian (Durio zibethinus) Tree - 0.3 29 2

Mangosteen/manggis (Garcinia

mangostana)

Tree - 0.3 29 2

Rambutan (Nephelium lappaceum) Tree - 0.3 29 2

Banana/pisang (Musa paradisiaca) Non-

tree

- 0.3 34 1

Dragon fruit/buah naga (Hylocereus

undatus)

Non-

tree

- 0.3 34 1

Sweet melon/melon (Cucumis melo) Non-

tree

- 0.3 34 1

Bitter gourd/pare (Momordica

charantia)

Non-

tree

- 0.3 34 1

Pineapple/nanas (Ananas comosus) Non-

tree

- 0.3 34 1

Candlenut/kemiri (Aleurites

moluccana)

Tree - 0.5 49 1

Liberica coffee/kopi liberika (Coffea

liberica)

Tree - 0.5 49 1
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These 15 crops emit less than 50 tonnes CO2/ha/

year depending upon the species, group and the water

table. The paludiculture crops sago and illipe nut are

capable to generate zero CO2 emissions. Two vegeta-

bles cultivated with a zero water table, i.e. kelakai

edible fern (Stenochlaena palustris) and water spi-

nach, still produce minor CO2 emissions due to the

absence of shade provided by trees (Hooijer et al.

2012). In this study candlenut and liberica coffee show

the highest CO2 emissions, but still do not lead to

significant CO2 emission, fire risk and soil subsidence

reduction compared to oil palm grown with high water

tables. Various fruit trees (snake fruit, durian, man-

gosteen, rambutan) can be grown with relatively

limited drainage (30 cm), provide shade and com-

pared to oil palm they have a longer life cycle

(meaning fewer years without tree cover). It may also

be that they can be grown with lower fertiliser inputs

compared to oil palm, and hence lead to an even larger

reduction of CO2 emissions (since fertilisers stimulate

microbial activity contributing to peat oxidation), but

this needs to be examined further. Hence, fruit trees

are considerably more sustainable then oil palm, but

will still lead to some CO2 emission and subsidence.

Profitability

The estimated Net Present Value (NPV) and the score

for the profitability of each crop are presented in

Fig. 2. The values were converted into euro (€) based
on the year 2017 average exchange rate of IDR 15,270

or US$ 1.10 for € 1 according to European Central

Bank (ECB 2018).

Our analysis showed that three crops had NPVs of

more than €40,000/ha (and were comparable to oil

palm in terms of profitability), i.e. dragon fruit,

candlenut and mangosteen. Candlenuts were already

in high demand on local markets as they were used for

spice and seasoning in the Indonesian cuisine (reach-

ing their peak prices during religious celebrations in

Indonesia including Eid-al-Fitr and Christmas). Dra-

gon fruits were popular because of their health and

decorative benefits so they could become alternative

ingredient for sherbet and food colouring agent

(PROSEA 2018). Dragon fruit had been considered

as agriculture option on peatland (UNDP Indonesia

2017), but growing the fruit still required some

drainage and therefore would ultimately not be

sustainable. In addition, the stability and scalability

of the market was more limited compared to, for

instance, banana and sweet melon, which were grown

already in sizeable volumes on shallow peat in Central

Kalimantan. Mangosteen had a widely appreciated

Fig. 2 The estimation of the NPVs per hectare for 25 years and the profitability scores for 15 food crops grown in the peatland areas of

Central Kalimantan
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taste, however it was somewhat perishable. Illipe nut,

snake fruit and durian had a relatively low profitability

which related to the revenues they generated once

mature and the time farmers had to wait until the first

harvest. Illipe nuts were typically harvested just once

in every 4 years. In a given area illipe trees tended to

have a synchronised time of flowering and maturing of

the nuts, which meant that the local supply would be

highly irregular. This posed a challenge for processing

the fruits, which was one of the reasons why illipe nuts

were not cultivated at a significant scale in Kaliman-

tan. Furthermore, there are several different species

that are at present labelled as illipe nuts with different

productivity, oil quality and yield variability. Central

Kalimantan is also an important producer of water

spinach (BPS Central Kalimantan 2018a, b), which

can be grown under undrained conditions. Sago is an

interesting species, sago starch is used both as food

product and could potentially be used for bioplastic

production. Once mature, sago coppices, and trees can

be harvested for many decades at low cost and

generating relatively high revenue (up to 1500 euro/

ha/year, if well maintained). However, the sago palm

needs to grow 8 to 12 years before the first harvest can

take place (TECA 2015), which reduces the NPV of

new stands (and it becomes a barrier to farmers as

examined below).

Scalability of the market

Table 5 presents the availability of the market and the

score of the scalability of the market for each food

crop species analysed in this study.

Our analysis revealed that every crop was traded by

farmers in at least one village with some products were

also marketed across the regencies/districts in Central

Kalimantan or to other provinces. Our respondents

also mentioned that there was no direct trading of their

products to other parts of Indonesia or international

markets yet. However, we consider that there is a

potential demand for several crops in other Indonesian

markets in particular Java, and that banana, pineapple,

sweet melon, illipe nut oil (also used in cosmetics) and

sago starch can potentially be traded in international

markets. Provided that these crops can be grown at

scale and supply chains can be established, scaling up

to international markets is then possible (BPS Central

Kalimantan 2018b; BPS 2018b). Stenochlaena palus-

tris (kelakai/midin vegetables) are popular in the local

cuisines in Borneo (Nion et al. 2018; Chai 2016).

However, kelakai vegetables are difficult to market

outside local markets because of their short shelf life

(leaves will begin to turn black after 24 h, even if they

are stored in refrigerators) unless a better packaging

system is invented.

Acceptability to farmers

Table 6 shows the acceptability of the 15 food crops to

farmers in Central Kalimantan based on the ease of

cultivation of these crops. Important aspects are the

time that the farmer needs to wait before he can get his

first income, the ease of access to (high yielding)

seedlings and the ease of maintenance and harvesting.

Most of the peatland farmers in Central Kalimantan

in our survey stated that seedlings of most crops are

relatively easy to obtain from local sources, although

in some cases they had to buy higher quality seedlings

at local or provincial markets. In the case of harvest-

ing, only manual (traditional) techniques were used by

the farmers as there was little mechanisation. Heavy

equipment is also not suitable for peatland, particu-

larly in undrained conditions. In 2017, water spinach

was one of the vegetable crops with the largest

harvested areas in Central Kalimantan (BPS Central

Kalimantan 2018a; MoARI 2018). Among the peren-

nial fruits, rambutan, durian and banana are widely

grown in Central Kalimantan (MoARI 2018). Edible

fern is a wild-growing species that can be cultivated

without any agricultural treatment. However, this

plant is often considered by the farmers as a weed

despite its potential profit to be sold as a vegetable.

Sago palms are naturally ubiquitous in Central Kal-

imantan. Sago starch, extracted from the stem of the

plant, was used as a staple food in the area before it

was replaced by rice. They can be easily cultivated in

shallow and medium depth peat, as well as on the

riverbanks by planting the suckers (Tata and Sus-

mianto 2016). Tree crops (mostly fruit trees) generally

require several years before the time of the first

harvest, up to 8 to 12 years for sago. Hence, farmers

should intercrop these crops with other annual crops,

livestock and/or fish culture in the first years in order to

increase income. This income was not considered in

this study and might increase both the NPV and the

acceptability to farmers of woody crops.
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Overall assessment

Figure 3 shows the aggregated scores of each food

crop on sustainability, profitability, scalability of

market and acceptability to the farmers in Central

Kalimantan. Sago palm, banana and pineapple have

the highest scores, whereas liberica coffee has the

lowest score. Sago palm and illipe nut have the highest

scores for both sustainability and scalability of market,

whereas banana, pineapple and sweet melon have the

highest scores in term of the scalability of market and

acceptability to farmers (and indeed these crops are

increasingly grown on peatlands in Central Kaliman-

tan). Mangosteen scores well on all indicators and

dragon fruit is particularly profitable. Water spinach

and kelakai edible fern have the highest scores for both

sustainability and acceptability to farmers.

Discussion

Data uncertainties and limitations

It is clear that there are uncertainties related to the

scoring of each crop. We score each indicator by crop

based on integrated assessment of literature, expert

knowledge and stakeholder engagement. However, in

reality there were differences between sites, as a

function of local environmental and socio-economic

characteristics, which were not considered in this

study. For example, profitability for smallholders was

depending upon the local prices, which might vary

considerably between areas (and season). In addition,

our emission factors assumed a certain drainage level

per crop, but in practice each crop was grown under a

range of drainage conditions. Where peatlands were

already drained before planting by smallholders, it was

unlikely that farmers would increase the water levels

to the maximum level that the crop could sustain (see

also Giesen and Nirmala 2018). We had noted in

several villages that many crops, for example rambu-

tan, durian, dragon fruit, pineapple and melon, were

sometimes grown at deeper water tables than assumed

in our study (water spinach was an exception as it

required near sub-merged condition). Furthermore,

there was variation in the degree to which fertilisers

and nutrients were locally used, and in this study we

did not account for their effect in speeding up

decomposition contributing to CO2 and N2O emis-

sions (Leifeld and Menichetti Joosten et al. 2016;

Osaki et al. 2016). Hence, our scoring should be seen

as indicative yet useful in terms of assessing the

Table 5 The scalability of the market for 15 food crops from Central Kalimantan peatlands

Type of food crop and product Market availability Score

Local (Village) Provincial National International

Sago palm/sagu/Metroxylon sagu (wet sago) 1 1 1 1 3

Illipe nut/tengkawang/Shorea spp. (nut) 1 1 1 1 3

Sweet melon/melon/Cucumis melo (fruit) 1 1 1 1 3

Pineapple/nanas/Ananas comosus (fruit) 1 1 1 1 3

Banana/pisang/Musa paradisiaca (fruit) 1 1 1 1 3

Dragon fruit/buah naga/Hylocereus undatus (fruit) 1 1 1 0 2

Durian/Durio zibethinus (fruit) 1 1 1 0 2

Mangosteen/manggis/Garcinia mangostana (fruit) 1 1 1 0 2

Rambutan/Nephelium lappaceum (fruit) 1 1 1 0 2

Snake fruit/salak/Salacca (Eleiodoxa) sp. (fruit) 1 1 1 0 2

Liberica coffee/kopi liberika/Coffea liberica (drained bean) 1 1 1 0 2

Water spinach/kangkong/Ipomoea aquatica (vegetable) 1 1 0 0 1

Bitter-gourd/pare/Momordica charantia (vegetable) 1 1 0 0 1

Candlenut/kemiri/Aleurites moluccana (nut) 1 1 0 0 1

Kelakai/edible-fern/Stenochlaena palustris (vegetable) 1 0 0 0 0
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barriers to the cultivation of the individual paludicul-

ture and non-paludiculture crops in the peatlands.

Another important limitation of our study is that we

assessed the crops in isolation whereas in reality the

smallholder farmers often plant a combination of

crops in order to spread risks, diversify income and

spread food availability throughout the year. Inter-

cropping might reduce some of the disadvantages of

planting individual crops. For example, sago could be

grown in combination with vegetables that could

provide an income early in the cropping cycle. On the

other hand, intercropping might increase CO2 emis-

sion as farmers often create ridges to accommodate

crops that need dryland. We also excluded non-food

crops such as jelutung resin (Dyera sp.) which could

be grown as industrial plantations without draining the

peatlands (Giesen and Nirmala 2018). Hence,

opportunities for promoting sustainable livelihoods

in peatlands are larger than what we present in this

paper.

Restoring the degraded peatland for paludiculture

incurs costs for hydrological restoration and revege-

tation, which may range from US$400/ha to

US$25,000/ha depending on the level of degradation

(Hansson and Dargusch 2018). As mentioned previ-

ously, these costs were not considered in our analysis.

Given the national and international significance of the

health and environmental impacts of peatland drai-

nage, and given that the drainage was in most cases not

started by local people, it seems reasonable to assume

that local smallholders would not bear the costs of peat

restoration. Indeed, at the moment, the Government of

Indonesia is pursuing peatland restoration funded from

the national budget. Other opportunities for funding

restoration relate to (national and/or international)

Table 6 The acceptability of selected peatland crops to farmers in Central Kalimantan

Type of food crop The ease of obtaining

seedlings

The ease of maintaining and

harvesting

Time period until

the first harvest

Score

\
2 year

[
2 year

Pineapple/nanas (Ananas comosus) Easy (1) Easy (1) 4(1) 3

Sweet melon/melon (Cucumis melo) Easy (1) Easy (1) 4(1) 3

Banana/pisang (Musa paradisiaca) Easy (1) Easy (1) 4(1) 3

Water spinach/kangkong (Ipomoea

aquatica)

Easy (1) Easy (1) 4(1) 3

Bitter gourd/pare (Momordica

charantia)

Easy (1) Easy (1) 4(1) 3

Kelakai/edible fern (Stenochlaena

palustris)

Easy (1) Easy (1) 4(1) 3

Dragon fruit/buah naga (Hylocereus

undatus)

Difficult (0) Easy (1) 4(1) 2

Mangosteen/manggis (Garcinia

mangostana)

Easy (1) Easy (1) 4(0) 2

Snake fruit/salak (Salacca/Eleiodoxa

sp.)

Easy (1) Easy (1) 4(0) 2

Illipe nut/tengkawang (Shorea spp.) Easy (1) Easy (1) 4(0) 2

Rambutan (Nephelium lappaceum) Easy (1) Easy (1) 4(0) 2

Sago palm/sagu (Metroxylon sagu) Easy (1) Difficult (0) 4(0) 1

Durian (Durio zibethinus) Easy (1) Difficult (0) 4(0) 1

Candlenut/kemiri (Aleurites

moluccana)

Difficult (0) Easy (1) 4(0) 1

Liberica coffee/kopi liberika (Coffea

liberica)

Difficult (0) Easy (1) 4(0) 1
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carbon credits. However, in many cases, peatland

restoration can only be successful if followed by

profitable peatland use which provides local incen-

tives for controlling fires and abstaining from renewed

drainage. These incentives will require some forms of

paludiculture.

Opportunities and bottlenecks for paludiculture

development on peatland areas

In Central Kalimantan, the conversion of peat to

croplands and plantations is still ongoing. To illustrate

this trend, in the year 2000 around 144,500 ha of

peatlands was used for cropping and this increased to

241,408 ha in 2014 (an increase of 40%). In 2017, this

increased to 702,408 ha, which was nearly a fivefold

increase in 17 years (Uda et al. 2017; MoEFRI 2018).

In 2017, the total area of protected peatland only

covered about 55% of the total area of peat hydrolog-

ical units (PHU or Kawasan Hidrologi Gambut/KHG)

in Central Kalimantan (MoEFRI 2018). A crucial

element for better managing Indonesian peatlands is to

stop the ongoing conversion of peatlands. Drainage

always leads to high CO2 emissions, and, once

drained, the rewetting of peatland (which is done

through a mix of canal blocking, fire control and

rehabilitation of the vegetation) is a very difficult and

expensive task (Hansson and Dargusch 2018; BRG

2019).

Whilst more regulations are in place nowadays for

plantation companies, there are currently little con-

trols and support mechanisms for smallholder farmers.

Smallholders would need to be supported with the

planting of crops that require no or limited drainage. In

this study, we focus on food crops. Seven crops are

tolerant to at least temporary inundation (e.g. sago

palm, illipe nut, water spinach, kelakai edible fern,

banana, snake fruit, mangosteen) while others warrant

strict water management or limited drainage. Some

crops are not recommended for scaling-up to planta-

tion-based systems because there is only a limited

market for them (e.g. bitter gourds, water spinach,

kelakai edible fern). Therefore, in a landscape

approach to peat management, it is important to

separately assess the recommended species for the

farmers/communities and the plantations (Giesen

2013). In our paper, we focus on the community-

based farming. We find that peatland uses by indige-

nous farmers are mostly a long continued heritage (e.g.

durian, rambutan, illipe nut, mangosteen) while other

ethnic farmers (e.g. transmigrants from Java, Bali or

Sumatra) tend to be somewhat more open to introduce

new crops such as dragon fruit, snake fruit, sweet

melon, liberica coffee, candlenut, etc. in the peatlands.

Fig. 3 Results of the aggregated scores of the socio-ecological indicators for 15 food crops from Central Kalimantan peatlands
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Further insights into the opportunities and barriers for

the cultivation of paludiculture food crops are pre-

sented in Online Appendix 4 Supplementary Material.

We found that market demand and access to market

were the most important factors for farmers in

choosing the crops. Currently, crops are grown, in

particular, for local village markets with some crops

traded on provincial markets, e.g. in Palangka Raya,

the province’s capital. There are no connections to

international markets yet, and there are several

obstacles to scaling up production. First, villages are

spread over large areas and each village only has a

limited production capacity. Second, infrastructure in

many parts of the province is still relatively poor.

Third, technology and facilities to help local farmers

maintaining, harvesting and processing their crops are

still lacking. Before their export ban in 2012, illipe

nuts were in high demand in international markets.

The ban was meant to encourage the development of

downstream industry, as also expected with the export

ban of raw rattan (MOTRI 2012), but until now the

development of the downstream sector has not yet

occurred. Another obstacle to the export of food

products is that products often do not meet the

standards required for export (Moı̈sé et al. 2013).

Thus, scaling up should involve establishing supply

chains, linking traders to markets and support for

farmers to enhance the quality of their produce. It may

be most practical to first focus on scaling up to national

markets before promoting export.

Some regencies in our study area have already

developed a number of community trials for crops in

the peatland restoration areas (e.g. sago in Pulang

Pisau regency, dragon fruit in Palangka Raya), and

have initiated some new plantation trials (e.g. philip-

pine-tung/kemiri sunan (Reutealis trisperma),

tamanu/nyamplung (Calophyllum inophyllum) plan-

tations in Palangka Raya, Pulang Pisau regency and

Katingan regency) (CIFOR 2016). These trials showed

that these crops could grow well in degraded and

burned peatlands, including in agroforestry systems as

well (Maimunah et al. 2018).

We also note that swamp rice farming may be an

alternative opportunity in the (degraded) peatlands in

Indonesia (Surahman et al. 2018) as there are some

recommended rice varieties which are adaptive to

peatlands conditions (e.g. Inbrida Padi Rawa/Impara,

IR42, IR64, IR66, Kapuas, etc.) (JICA 2017). Never-

theless, rice farming may not be practical in many

peatland areas in Central Kalimantan given the

specific requirements for water level control and

tillage, soil amelioration and fertilisation. Further-

more, the market price of the swamp rice varieties is

often lower than the market price of local rice varieties

grown on mineral soil (e.g. Siam unus, Lemo, and

Pandak) because local communities prefer the taste of

these local rice varieties (in line with Surahman et al.

2018; Noor et al. 2014). Finally, rice cultivation still

requires drainage during part of the season and is in

that sense also not a true paludiculture crop (Noor et al.

2014; Giesen and Nirmala 2018). For these various

reasons we hypothesise that swamp rice may have

limited potential in Central Kalimantan, but we

acknowledge that swamp rice may potentially be

more suitable in other provinces.

We believe that sago is a particularly promising

paludiculture crop. The market is potentially very

large as sago can be used for local and national food

production and can also be turned into starch for

export, or be used to produce bioplastic and bioethanol

(Nishimura 2018). In principle, Indonesia can produce

the raw material for plastic bags and other packaging

materials both for national use and for export from

domestically grown sago in peat, thereby resolving

two major challenges (peat degradation and marine

and coastal plastic pollution) in one go. Sago also has

other applications: different parts of sago palm can be

used for food (the young stems can be cooked),

construction and weaving crafts materials, food pellets

ingredients for poultry and fishery farms, biomass

(ethanol made from sago), growing media for

Volvariella volvacea mushrooms and breeding Rhyn-

chophorus larvae which is a good source of protein

(JICA 2017). Cultivation of sago in Riau is already

locally very profitable, with revenues from mature

sago stands of up to 1500 euro per ha per year

(Orentlicher 2019). However, a main factor that might

hinder farmers to cultivate sago palm is the time to

wait before the first crop can be harvested (at least

8 years but sometimes up to 12 years; TECA 2015).

Once the sago is mature harvesting can take place

every year and unlike oil palm there is no need to

replant after 25 years or so. Sago grows well in

undrained, shallow peat (up to 3 m) but is less

productive in deeper peat. Hence, it is urgent that:

(i) we examine how sago productivity can also be

maintained in deep peat; (ii) fast growing sago

varieties are developed; (iii) cropping systems are
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developed that combine growing sago with intercrop-

ping in the first 8 years or so; (iv) we examine if and

how farmers (or plantation companies) can get finan-

cial or other support to overcome the period of 8 years

with less income (e.g. in the form of carbon credits or

government subsidies); and (v) there is further testing

of the potential to use sago for various non-food

applications in particular bioplastic and bioethanol.

Policy recommendations

The Indonesian Government has been promoting the

protection and sustainable management of peatland

ecosystems through a number of regulations including

the 2016 National Government regulation PP No. 57

on peatland ecosystems protection and manage-

ment (Indonesia Government Regulation 2016). The

government has prescribed 3 m peat depth as the main

criterion for distinguishing between protected and

development peatland areas and a water table of

deeper than 0.4 m as the criterion for damaged

peatland area. Issues remain with regards to imple-

mentation and enforcement of the regulation, identi-

fying where the boundaries between deep and shallow

peat are, and dealing with the hydrological connec-

tivity within peat domes as draining shallow peat may

also affect deeper peat layers in the same peat dome. In

addition the externalities from draining peat between 1

and 3 m are similar in scope and magnitude as those in

deeper peat, except for the shorter time period during

which they occur before the peat has disappeared.

Compared to the ‘‘traditional’’-drainage-requiring

crops (such as oil palm, acacia, and rubber), paludi-

culture crops are currently less attractive to farmers

either because of lower profitability, limited market

opportunities or more complex farming requirements

(see also Joosten et al. 2016; Sumarga et al. 2016;

Giesen and Nirmala 2018). The adoption of paludi-

culture will therefore depend greatly upon policies and

regulations imposed by the Indonesian government. A

potential way forward is to ban the planting of oil palm

on all peatlands (hence including shallow peat), and to

provide support for paludiculture in degraded peat-

lands by promoting local trials, farmer visits to these

trials, farming training and making seedlings available

to farmers. The barriers described in the previous

section are very different for each of the paludiculture

crops. The promotion of paludiculture needs to

consider these barriers to fine-tuning the technical

support to farmers. Options specific for different crops

include providing post-harvest technology to farmers

to increase product quality; training and support for

establishing facilities for local processing of foods

(e.g. sago noodles, banana chips, etc.) and financial

support for farmers planting crops which need a long-

time period before the first harvest (such as sago). We

provide further details in Online Appendix 5 Supple-

mentary Material.

We also believe the export bans on raw illipe nuts

and rattan should be revoked as soon as possible. Local

farmers had long been cultivating illipe nuts due to

high demand in the international markets until the

export ban in 2012. Rattan is a profitable crop (before

the export ban) that can be grown as an understorey

species in peatland forests without drainage and as an

understorey crop in secondary forests (Sumarga et al.

2015). The bans on the export of illipe nuts and rattan

have been in place for 8 years (MoTRI 2012) but there

are still no signs of domestic illipe nuts and rattan

industries emerging while the ban suppresses the illipe

nuts and rattan prices and thereby the income of

farmers who are protecting the peatland forest through

their illipe nuts cultivation and rattan farming.

Note that, in addition to supporting farming activ-

ities, there is also a need to look at peat domes in an

integrated manner, particularly in terms of maintain-

ing high water levels across the domes. Large

plantation companies operating in peatland generally

manage water levels within their own plantations.

However, ensuring effective water management is

also a major issue for smallholder farmers as individ-

ual farmers only have limited means to control the

water levels in their fields. Water management,

including in peat domes, fall under the Ministry of

PublicWorks, and their support is essential in ensuring

a transition to paludiculture, particularly in relation to

the rehabilitation and sustainable use of peat for

smallholder cropping.

It is important that more efforts to introduce, test,

develop and scale up paludiculture crops are started as

soon as possible. It is a major undertaking to

rehabilitate millions of hectares of degraded peatlands

and, over time, to replace oil palm on peat by other

profitable crops that can be grown on peat without

drainage (or with low drainage). Shifting towards

profitable, inclusive and sustainable peatland man-

agement involves steering the investment and land

management decisions in both plantation companies
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and smallholders in such a way that further drainage is

avoided and there is a gradual replacement of crops

that require drainage with the crops that can grow in

the peatland without drainage. A main bottleneck in

this effort is a lack of options to replace oil palm by

other profitable and sustainable crops suitable for

peatland. Local contexts may provide opportunities

for different paludiculture crops, depending upon for

instance access and proximity to markets, seeds

availability, farmers’ preferences, etc. Paludiculture

crops may also generate profits through carbon trading

which, in turn, will support Indonesia to achieve its

national contribution to the Paris Agreement (i.e. to

reduce its GHG emissions up to 29% by 2030 (INDC

2015). In this context, it is important that the

communities as well as the regencies/districts that

have successfully managed their peatlands are recog-

nised and rewarded for their contributions to sustain-

ably maintain the peatlands. A fiscal policy that

integrates ecological and social aspects into the

intergovernmental fiscal transfer instruments should

be considered to promote and support the sustainable

development in peatland areas (e.g. provide general-

purpose transfer (Dana Alokasi Umum, DAU), speci-

fic-purpose fund (Dana Alokasi Khusus, DAK), and/or

shared revenue fund from taxes, non-taxes and/or

natural resources (Dana Bagi Hasil, DBH)) (Cadman

et al. 2019). Lastly, it is crucial to keep and better

enforce the existing policy of ‘‘no drainage’’ on the

peatlands, extending this to shallow peat. It is already a

major and increasing challenge to deal with the

continued subsidence and fires in currently drained

peatland (Hooijer and Vernimmen 2013).

Conclusions

This study assesses 15 paludiculture and non-paludi-

culture food crops that are grown in peatland areas in

Indonesia in terms of sustainability, profitability,

scalability of market and the acceptability to the

farmers. It is important to identify suitable paludicul-

ture crops for Indonesian peatlands given the high CO2

emissions, fire risks and associated health impacts that

are characteristic of the current peat management

practices. All crops assessed in this study can be grown

with no drainage or water table depth above 0.5 m

drainage, with CO2 emissions ranging from 0 to 49

tonnes CO2/ha/year. Not all of these crops are

therefore paludiculture crops, and priority should be

given to rehabilitate peatlands with crops that do not

require any drainage (as identified in Table 4 above).

There are major differences in the profitability

between crops (which to certain crops also depend

on the government policies) that will strongly affect

their acceptability to farmers. The most promising

crops are sago, illipe nuts and mangosteen which, in

principle, are able to compete with oil palm. A specific

barrier to their large scale introduction is that it takes a

number of years for the crops to become productive

which in the case of sago and illipe nuts could take up

to 8 years. This is for many smallholder farmers too

long to wait for a return on their investment, and

government support should be considered. Other

species that can be of interest to local farmers are

banana, pineapple water spinach, kelakai edible fern,

dragon fruit, and sweet melon, even though some of

these crops still require some drainage. Sago and illipe

nuts are highly potential crops but only if policy and

technical supports for farmers can be provided to

properly harvest, process and market the crops. The

results of this study can be used as inputs to policy

making, business plans, and value chain development

programmes for a sustainable peatland management.

Critical factors in promoting paludiculture crops are

enhancing the enforcement of legislation regulating

sustainable peatland use; extending the ban on peat-

land conversion and drainage of shallow peat (where

some of the paludiculture crops in particular sago are a

viable alternative for oil palm); and further supports

for farmers growing paludiculture crops for example

by testing new processing techniques (e.g. for biofuels

or processed food products), and marketing their

produce to national and international markets.
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