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Abstract: Tropical peat swamp is an essential ecosystem experiencing increased degradation
over the past few decades. Therefore, this study used the social-ecological system (SES)
perspective to explain the complex relationship between humans and nature in the Sumatran
Peatlands Biosphere Reserve. The peat swamp forest has experienced a significant decline,
followed by a significant increase in oil palm and forest plantations in areas designated for
peat protection. Human systems have evolved to become complex and hierarchical,
constituting individuals, groups, organizations, and institutions. Studies on SES conducted in
the tropical peatlands of Asia have yet to address the co-evolutionary processes occurring in
this region, which could illustrate the dynamic relationship between humans and nature. This
study highlights the co-evolutionary processes occurring in the tropical peatland biosphere
reserve and provides insights into their sustainability trajectory. Moreover, the coevolution
process shows that biosphere reserve is shifting toward an unsustainable path. This is indicated
by ongoing degradation in three zones and a lack of a comprehensive framework for landscape-
scale water management. Implementing landscape-scale water management is essential to
sustain the capacity of peatlands social-ecological systems facing disturbances, and it is
important to maintain biodiversity. In addition, exploring alternative development pathways
can help alter these trajectories toward sustainability.

Keywords: biosphere reserve; coevolution; degradation; social-ecological system; tropical
peatland; water management

1. Introduction

Peat swamp forest ecosystems are unique because natural forest grows on peat
soil that is often flooded for long periods under normal conditions (Anderson, 1964).
Globally, peatlands have experienced increasing degradation over the past few
decades. Asian tropical peatlands are expected to continue to be the most degraded in
the short and medium term (Urak et al., 2017). Moreover, Indonesia’s peat swamp
forest ecosystems are currently degrading at a rate of 3.6% per year (Miettinen et al.,
2011) due to legal and illegal logging activities, large-scale forest, land use changes,
and forest fires (Dohong et al., 2017).

Tropical peatlands play an important role as global climate regulators, with their
carbon stocks estimated to account for 20% of the global total (Hans Joosten, 2009;
Page and Hooijer, 2016). Human activities that alter peat hydrology have led to
degradation and increased greenhouse gas (GHG) emissions (Dohong et al., 2017,
Hergoualc’h et al., 2018; Prananto and Minasny, 2020; Urak et al., 2017). The tropical
peat ecosystems also provide water, timber, and non-timber forest products (honey,
resin, and rattan), as well as fishing and agricultural resources for local communities
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(Hergoualc’h et al., 2018; Pertiwi et al., 2022). However, these environmental services
are increasingly being lost due to land conversion and degradation (Dislich et al.,
2017).

Environmental problems from peat degradation pose significant challenges to
ecosystems, showing the extent of the damage caused by repeated governments
policies. Field conditions show that land use issues need to be addressed urgently.
Sumatran peatlands have experienced degradation over the past few decades, closely
related to fire and land conversion (Miettinen et al., 2011, 2012). Currently, only 7%
of the pristine peat swamp forest on the islands of Sumatra and Kalimantan remain
(Miettinen et al., 2011). Riau Province on Sumatera Island has one of Indonesia’s
highest rates of peat swamp deforestation, reaching 6.5% per year due to the increase
in industrial plantations and smallholder oil palm plantations (Miettinen et al., 2016).
This loss continues to negatively affect the local communities depending on peat
ecosystems services.

Implementing land planning and management processes has been closely related
to the deterioration of the peat ecosystems. In Indonesia, the planning and management
of tropical peat ecosystems are significantly influenced by positivist views. The
current approach is linear and assumes that the system can be predicted, with the
exception of unexpected disturbances. This is evident in the Indonesian Government’s
Regulation Number 71/2014, which is characterized by nuances of technical,
managerial planning, and technocratic management. The dominance of positivism in
planning is reflected in the allocation of at least 30% of the designated peat
hydrological area as peat-protected areas. However, the 30% threshold was not often
met by stakeholders, leading to injustice and imbalance in space distribution, and
decreased system resilience (Afriyanie et al., 2020).

Positivism views tend to focus on the physical-ecological characteristics of
peatlands, often overlooking the significant role of social factors in current challenges.
The peat ecosystems planning process in Indonesia is divided into three stages, namely
inventory, function determination, preparation, and determination of protection as well
as management plans. The first and second stages use a technocratic method that only
considers the physical factors of the land. Social issues related to community
participation are accommodated by the government only in the last stage. Despite
smallholders originating as key players in the peatlands landscape (Hergoualc’h et al.,
2018), their engagement remains a minor aspect of the planning process for peat
ecosystems. This shows technocratic rational planning still dominates the current
planning process.

The interconnection and interdependence of human and ecosystems aspects
require a paradigm shift to promote sustainability (Schoon and van der Leeuw, 2015).
Unlike the positivist planning approach currently pursued by the Indonesian
government, the current study described the role of the social-ecological system (SES)
method in planning sensitive tropical peat ecosystems. SES thinking claims that
humans are an inherent part of the biophysical world, where both entities are regarded
as equal. Within this perspective, humans are no longer perceived as external elements
in natural systems, and nature is not viewed as separate from social systems (Schoon
and van der Leeuw, 2015). Instead of scrutinizing individual components within each
system, SES focuses on the complex relationships and interactions among the
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elements of the human-natural system (Preiser et al., 2018).

The SES perspective fosters an awareness that humans and nature undergo co-
evolution through interactions and feedback mechanisms (Biggs et al., 2021), making
it a promising method for achieving sustainable development (Suroso and Kombaitan,
2018). The coevolutionary perspective prompts the reconsideration of development as
a dynamic process, reflecting the coevolving relationship between humans and nature
(Haider et al., 2021). Studies related to socio-ecological systems in tropical peatlands
in the Asian region have started to emerge, with notable contributions from Grover et
al. (2024) and Medrilzam et al. (2014). At the same time, there is still room for further
exploration, particularly in understanding the co-evolutionary processes in this region.
Highlighting the co-evolutionary processes in the tropical peatland ecosystems of
Sumatra can provide valuable insights into the sustainable development trajectory. By
analyzing development trajectories informed by co-evolutionary processes, we can
identify and implement strategic interventions to guide the development of tropical
peatlands towards a more sustainable future. Therefore, this study aimed to determine
the extent to which the coevolution process in the SES of Indonesian tropical peat
leads to sustainability, as well as explore how to address sustainability-related
challenges.

2. Theoretical foundation

2.1. The social-ecological system

Natural resource management methods that focus on static models fail to create
sustainable resource management (Berkes and Folke, 1998) and instead make
ecosystems vulnerable (The Resilience Alliance, 2010). This leads to ecological
uncertainty (Berkes and Folke, 1998), a consequence of the significant influence of
positivism in natural resource planning. In contrast, management that considers social
and ecological influences across scales has more significant potential to ensure
sustainability and system resilience to disturbances (Berkes and Folke, 1994; The
Resilience Alliance, 2010). These differences in perspective broaden the scope of
understanding by incorporating social dimensions in dynamic ecosystems
management (Folke et al., 2010). Social-ecological system (SES) thinking starts with
the view that ecosystems are complex and adaptive (Preiser et al., 2021). This has led
to a growing awareness that environmental problems cannot be approached from just
one discipline. Therefore, an integrative, interdisciplinary approach that considers the
interactions between social and ecological systems is needed (Binder et al., 2013).

Studies related to SES have expanded significantly, adopting various frameworks
as guidance. There are at least ten types of frameworks applicable to SES research
(Binder et al., 2013), one of which is human-environment system (HES). HES
framework explicitly addresses the dynamics within social systems at different
hierarchical levels. The framework introduced by Scholz and Binder (2003) is suitable
for exploring environmental problems related to human behaviour in complex and
hierarchical systems (Binder et al., 2013).

The perspective of SES is intricately connected to resilience thinking, prioritizing
the capacity of complex adaptive systems in the face of change and disruption (Folke
et al., 2016). Such systems respond to disturbances in three ways, namely persistence,
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adaptation, and transformation (Folke et al., 2010; Walker et al., 2004). In this context,
using coevolution as an operational framework can implement resilience in SES and
explain the developmental trajectory (Haider et al., 2021)

2.2. Indonesia’s tropical peatlands: Issues

There is currently no agreement on the total area of Indonesian peatland.
According to Wahyunto et al. (2010), the area is approximately 20.9 million hectares,
while Anda et al. (2021) estimated it to be only 13.43 million hectares. The Indonesian
government states that the hydrological area of peat reaches 24.6 million hectares
(Regulation of the Minister of Environment and Forestry number 129/2017). These
differences can be attributed to the variations in the definition of peatland, data
collection methods, and the level of detail in the maps used. Peatlands are scattered
across various regions of the world, and there is currently no agreement on the
definition (Minasny et al., 2019) or total global area (Anda et al., 2021). The definition
of peatlands can be grouped into two major parts, namely authoritative and scientific
(Helmy et al., 2012). In Indonesia, the authoritative definition describes peatlands as
areas with accumulation of partially decomposed organic matter with peat depths
equal to or greater than 50 cm (Osaki et al., 2016). Other scientific definition describes
peatlands as areas with accumulation of peat layers (consisting of 30%—65% dead
organic material), with or without vegetation at the surface (Anda et al., 2021; Joosten
and Clarke, 2002). The current study used the authoritative definition of peatlands.

More than half (56%) of the world’s tropical peat area is in Southeast Asia
(Rieley and Page, 2016). Indonesia has the most significant tropical peat ecosystems
in Southeast Asia, accounting for about 47% of the world’s tropical peat (Page et al.,
2011). Peatlands are not evenly distributed throughout the region and are only found
on the islands of Sumatera, Kalimantan, Papua (Wahyunto et al., 2010), and Sulawesi
(Andaetal., 2021). Indonesia’s tropical peat mainly comprises extensive forested peat
domes between dominant rivers. Peat domes are not entirely decomposed mounds of
dead organic matter overgrown by vegetation (Dommain et al., 2010). Peat domes in
Southeast Asia have unique convex shapes, allowing for rapid radial drainage and
preventing flooding (Takada et al., 2016). The existence of undisturbed peat domes is
becoming increasingly scarce, necessitating urgent conservation efforts (Dommain et
al., 2010).

Peatlands are part of the wetland ecosystems, playing a significant ecological
role, and require proper regulation and management (Della Bosca and Gillespie,
2020). Globally, anthropogenic activities such as conversion to intensive agriculture,
drainage, industrial, and residential uses have placed increasing pressures on wetlands
(Birol and Cox, 2007). In Sumatra, both legal and illegal deforestation initially led to
peatlands being repurposed for other uses (Dohong et al., 2017; Miettinen et al., 2011).
The two primary causes of deforestation in peat swamp forest are logging activities
and the pressure to develop large-scale plantations, such as oil palm and industrial
plantations (Miettinen et al., 2011). Converting these areas for extensive agriculture
or plantations requires hydrological engineering processes (Cobb et al., 2020; Dohong
et al., 2017; Rydin and Jeglum, 2013; Wahyunto et al., 2010). These changes have
made the peatlands in Sumatra vulnerable to repeated fires and increased carbon
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emissions (Miettinen et al., 2011).

The ecological condition of peat changes rapidly along with socio-economic
changes. Both social and ecological systems experience various disturbances,
reflecting a chaotic, complex, uncertain, and unpredictable system. The Indonesian
government has attempted to conserve the country’s remaining peatlands and has also
encouraged both the restoration and sustainable management of peat. This was
conducted by imposing a moratorium on peatlands use and establishing the Peat
Restoration Agency in 2016 (Hergoualc’h et al., 2018). A major challenge in
managing peat ecosystems is integrating and balancing the economic demands of
exploiting peat swamp ecosystems with ecological and environmental sustainability,
as well as fulfilling social functions for local communities. These efforts require a
cross-sectoral communicative process between stakeholders to negotiate the complex
trade-offs between ecological and socio-economic interests (Hergoualc’h et al., 2018).
Another challenge is developing an integrated planning and management approach
that balances the demands for peatlands use with the need for ecosystems
sustainability (Wosten et al., 2008). Understanding this complex relationship is
essential for effective peat management efforts.

3. Methods

3.1. Study site

This study was conducted in Giam Siak Kecil-Bukit Batu Biosphere Reserve
(GSKBB-BR), a 705,271 Ha site in the Riau Province of Indonesia as shown in Figure
1. The location was chosen for two reasons. First, it is one of the last remaining blocks
of peat swamp forest in Sumatra (Gunawan et al., 2012), with high conservation value
(Jarvie et al., 2003), and has already been recognized by UNESCO since 2009 as a
habitat for various endemic and endangered species (UNESCO, 2019). Second, there
has been a significant increase in social activity in recent decades, marked by both
legal and illegal logging of the remaining peat swamp forest. Furthermore, there has
been a significant increase in the conversion of peatlands for various purposes,
including housing, agriculture, oil palm plantations, and industrial timber plantations
(Gunawan et al., 2012). This shows GSKBB-BR area has experienced intricate
relationships among social actors at various levels, including the individual,
community group, the private sector, and the government.

GSKBB-BR is divided into three zones, namely Core, Buffer, and Transition.
The core zone (178,722 Ha) comprises two main conservation areas, namely the
Wildlife Sanctuary of Giam Siak Kecil, and Bukit Batu. Both sanctuaries are managed
by the Ministry of Environment and Forestry (MoEF). Another land use in the core
zone includes the production forest concession area, managed by the private sector.
The buffer zone (222,426 Ha), which surrounds the core zone, is dominated by
industrial timber plantations. The transition zone (304,123 Ha) forms the outer area of
GSKBB-BR. Many parties, including local communities, use the land in the transition
zone for social-economic activities. About 77% of land use in this zone is focused on
agriculture and oil palm plantations.
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Figure 1. Study area of GSKBB-BR.

3.2. Data collection and analysis

Three main aspects were explored in this study, namely ecological and social
conditions, as well as the interactions between social and ecological aspects of the
study area. Both primary and secondary data were collected. Primary data were
obtained through interviews with key respondents representing the five levels of the
social sector, based on the Human Environment System (HES) framework.

The five levels of hierarchy in the social system analyzed in this case study were
individual, group, organizational, institutional, and societal. Data were collected from
various respondents with different perspectives and levels of knowledge to ensure data
triangulation. Observations were also conducted to verify respondents’ statements.
The analysis of the social system followed HES method, which describes differences
in interests either within the same hierarchical level or between levels. These
differences can be seen in objectives, motivations for action, and strategies are chosen
to achieve these objectives. In tropical peat ecosystems, objectives vary significantly
between hierarchies, including interests focused on conservation, restoration,
preservation of carbon stocks, agriculture, and plantations. Interview data were
analyzed using transcribing, coding and interpretation techniques. The complex
relationships within the area’s social-ecology systems were analyzed using
coevolution processes, specifically the coevolution analysis by Haider et al. (2021),
proposing that the coevolutionary process advances through the phases of variation,
selection, and retention.
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Data Collection

Primary data II Secondary data II

1. Ll-Individual (5 respondent) 1. Lland cover
2. L2-Group (5 respondent) 2. Peatland areas
3. L3-Organizational (3 respondent) 3. Artificial drainage
4. L4-Institution (5 respondent) 4. Lliterature
5. L5-Societal (2 respondent) refers to legal data from Ministry
refers to hierarchical framework of of Environment and Forestry,
Human Environment System (HES) Indonesia
v
Coding Spatial
Analysis Analysis
v
1. Social characteristic 1. Land use change
2. Prominent actors 2. Study location
3. Main conflict 3. Peatland physical characteristic
4. Historical traceability of peatland 4. Historical peatland management
management and utilization and utilization

Co-evolution process of social-
ecological in study area

Trajectory to

sustainability

Figure 2. Research framework.

Primary data were also collected through general observations in the three zones
of GSKBB-BR. Samples were selected using random start and snowball methods.
Respondents represented the five levels of hierarchy, namely level-1 (L1) individuals;
level-2 (L2) groups; level-3 (L3) organizations; level-4 (L4) institutions, and level-5
(L5) societal hierarchies. Interviews were conducted in five villages, namely Tasik
Betung, Muara Bungkal, Sungai Pakning, Tanjung Leban and Temiang. An individual
level respondent represented a local community member. Group-level respondents
were represented by a forest farmer group or tribe figure. Organizational-level
respondents were represented by the private sector. Institutional-level respondents
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included government parties such as the Centre of Natural Resource Conservation of
Riau Province as part of MoEF’s organizational structure, Peatlands and Mangrove
Restoration Agency (PMRA) of Riau Province, Forest Management Unit as part of
Provincial Government, and Agency of Development Planning of Riau Province. The
highest hierarchy was the national level, represented by the MoEF and PMRA. A total
of 20 key respondents participated, as shown in Figure 2. Secondary data were
gathered from a review of existing literature and thematic maps acquired from various
sources. The data focused on land cover, peatlands areas, and drainage canals.

4. Results and discussion

4.1. The ecological system of GSKBB-BR

The core area of GSKBB-BR is essential because it contains one of Sumatra’s
remaining peat swamp forest ecosystems. The protection of forest in the core zone is
inseparable from the role of the Indonesian government in designating two wildlife
sanctuaries, namely Giam Siak Kecil and Bukit Batu, established in 1986. These
sanctuaries serve as essential habitats for various endemic and endangered fauna
including Sumatran tiger (Panthera tigris Sumatrae), Sumatran elephant (Elephas
maximus Sumatranus), Sun Bear (Helarctos malayanus), Tapir (Tapirus indicus),
Clouded Tiger (Neofelis nebulusa), and Estuarine Crocodile (Crocodylus porosus)
(Balai Besar Konservasi Sumber Daya Alam Riau, 2017). The core zone also protects
various plant species, including mixed peat swamp forest and Bintangur Forest. The
dominant plant families in this area are Myrtaceae, Ebenaceae, Clusiaceae,
Sapotaceae, and Dipterocarpaceae (Gunawan et al., 2012), with the Dipterocarpaceae
family being particularly significant for producing commercial timber in Indonesia,
especially from the genus of Shorea.

The ecological system in GSKBB-BR is supported by a network of rivers,
streams, and lakes. The Bukit Batu River, which divides the Bukit Batu wildlife
sanctuary, and the Siak Kecil River in the Giam Siak Kecil wildlife sanctuary are the
main rivers. These two conservation areas are connected by at least 26 lakes (Qomar
etal., 2016), along with watershed systems and peat swamp forests. Collectively, these
elements create a unique ecological system. This network of rivers and lakes has also
long provided an essential source of livelihood for local people, offering abundant
fishery products, including fish for human consumption.

The soil of GSKBB-BR consists of two main types, namely peat and mineral soil.
Peat soil dominates the area, covering approximately 81% (568,041 Ha) of the total
site, according to peat hydrological area data from the Ministry of Environment and
Forestry (MoEF) (Figure 3). The peat soil is further categorized into peat domes
(47%) and non-peat domes (53%). Peat domes are formed from the accumulation of
partially decomposed organic material, are water-saturated, covered by vegetation,
and appear as mounds (Dommain et al., 2010). These domes are unique to tropical
Southeast Asia and play a crucial role in regulating the water supply to the surrounding
areas due to their elevated position (Takada et al., 2016). Based on Figure 3, only a
minor section of the two wildlife sanctuaries is within the peat dome areas, with most
peat domes located around plantation forest companies.

Peat soil can also be classified into deep and shallow peat, with deep peat being
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predominant in this area. According to data from the Peat and Mangrove Restoration
Agency, 68% of the peat is more than 3 m deep. The core zone is the most crucial area
for deep peat, which shows higher carbon stocks. However, deep peat poses a
significant challenge in case of fires which are often difficult to extinguish. Some parts
of deep peatlands have undergone hydrological modification for industrial forest and
oil palm plantations.

Non-peatdome (303,290 Ha)
] Mnera soil (137,230 Ha)

[] Prantation Forest (254,794 Ha)
Il conservation Area (105,764 Ha)

Figure 3. Intersection of peatland, peat dome, conservation, and plantation forest
areas.

L
2020 100 secondary forest
R Plantation farest

2016 ¥ ¥
Figure 4. Land use changes between 1990 and 2020.

GSKBB-BR area has experienced a significant decline in natural forest cover
over the past thirty years, as shown in Figure 4. During this period, almost all the
remaining primary forest has disappeared, and secondary forest also drastically
declined. In total, natural forest cover has been reduced by 389,870 ha at a rate of
18,565 ha/year. These changes are closely related to logging activities, drainage, and
fires, which are intermediate phases leading to the development of oil palm and forest
plantations (Miettinen, 2012). The use of fire for land clearing is closely associated
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with the occurrence of wildfires in plantation forest estates, smallholder plantations,
and unmanaged lands in Riau Province (Miettinen, 2017). Significant additions have
occurred in plantation cover (rubber and oil palm); to 10,803 ha/year, meanwhile, the
plantation forests estate has been increasing at a rate of 6326 ha/year. Rubber and oil
palm plantations in 2020 exceeded the natural forest cover in the GSKBB-BR area.
This trend showed peat ecological factors were not adequately considered when
allocating forest concession permits.

Land cover degradation that occurs in the study area requires regular monitoring,
a task well-suited to machine learning algorithms. Machine learning has demonstrated
high accuracy and reliability in estimating the research variables (Bartold and
Kluczek, 2023). Since peatlands play a crucial role in maintaining global carbon
balance, the presence of peatland areas needs to be preserved naturally. Some of the
essential variables related to carbon balance are climate and biodiversity. The global
community currently places significant emphasis on the importance of acquiring
physical, chemical, or biological data variables that are critical features in climate
change mitigation and biodiversity preservation. Several environmental concern group
like the European Space Agency’s that build the Global Monitoring for Essential
Climate Variables (ECVs), also The Group on Earth Observations Biodiversity
Observation Network (GEO BON) who developed Essential Biodiversity Variables
(EBVs), and the Ecosystem Services Working Group (ESWG), are provide valuable
data to monitor those variable changes.

4.2. The social system of GSKBB-BR

Biosphere reserves are managed using a zoning mechanism to support their three
main functions, namely conservation, sustainable development, and logistical support
for research and monitoring (UNESCO, 1996). Many actors are interested in utilizing
peatlands in GSKBB-BR area. Based on analysis using HES framework (Table 1),
these actors tend to have different interests. Local communities living in and around
GSKBB-BR’s core zone are particularly interested in land use, especially around the
two wildlife sanctuary areas.

Table 1. Overview of actors and conflicts faced in each biosphere reserve zone.

Zones Prominent actor Main Conflicts

Illegal logging activity

Land occupation and conversion
Wildlife conflict

Peatlands fires

L1—Fisherman, farmers
Core L2—Farmers group
L5—MOoEF

L1—Farmers

L2~ Farmers group Land occupation

Wildlife conflict

Buffer L3—Private sector on plantation forest .
.. ... Water management conflict
L4—Provincial Government (Forest Management Unit)
Peatlands fires
L5—MOoEF
L1—Farmers
L2—Farmers group Water management conflict
Transition L3—Private sector on oil palm plantation Peatlands fires
L4—Provincial and District Government Land productivity
L5—PMRA

L1 (individual level); L2 (groups level); L3 (organizations level); L4 (institutions level); L5 (national
level).

10
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The core zone is a conservation area comprising important ecosystems and
essential habitats, which have experienced minimal disturbances and low impact uses.
These areas are recognized and protected through local government legal mechanisms
for educational and research purposes (UNESCO, 1996). Forest areas in Indonesia are
divided into three functions, namely conservation, protection, and production (Law
number 41 of 1999 on Forestry). The core zone is entirely state forest land, designated
as both conservation and production forests. The production forest in this area was
previously a forest concession granted to the private sector (L3). However, it was later
handed back to the state (L5) to serve as the core zone of the biosphere reserve.
Production forest areas within the core zone are vulnerable to illegal logging and land
occupation by the communities (L1 and L.2) as open-access areas. The two wildlife
sanctuaries and former concession areas in the core zone are experiencing
disturbances, as peat swamp forest is being converted into oil palm plantations due to
increasing land demands. The need for plantation land is the main issue threatening
the sustainability of the wildlife reserves.

In the buffer zone, there are also state forest areas where legal access can only be
granted by MoEF (L5). These lands tend to be open-access and not actively managed
by any specific party. Consequently, the community eventually took over this area.
FMU (L4), designated as the stakeholder authorized to manage the production forest
area, appears incapable of restraining the pace of land occupation. Since the early
2000s, the communities started cultivating oil palm commodities in the open-access
area, lending to land-buying and selling transactions for oil palm plantations. This is a
new phenomenon for the communities (L1 and L2), as land ownership was previously
communal. These transactions occur not only on land owned by the communities but
also on open-access land. In plantation forest areas, cultivated plants are starting to
grow, and the communities have begun building canals independently of those
constructed by plantation forest companies (L3).

The transition zone is located downstream of GSKBB-BR, while the core and
buffer zones are located upstream. In the transition zone, state forest areas are few,
land tenure patterns are mainly dominated by individuals (L.1) and groups (L2). Non-
state-owned land is typically used for cultivating food crops and oil palm plantations.
This zone also includes a transmigration area initiated by the government in the 1970s
(Tirtosudarmo, 2021). The transmigrant communities from Java Island initially
cleared peatlands to cultivate food crops, especially rice and vegetables, while
indigenous Malays preferred to clear land around the coastline and work as fishermen.
In the transition zone, some locations serve as rice barns to meet the food needs of the
communities. The Regional Government (LL4) has identified several locations in Siak
District for this purpose. However, the success of the program has been challenging
due to local limitations in rice cultivation on peatlands (L1 and L2). There have also
been cases of sulfuric acid contamination on agricultural land. Tropical peatlands
generally contain layers of pyrite sedimentation, which are not dangerous when
waterlogged (Haraguchi, 2016). Another significant issue is water management
between the buffer and transition zones. PMRA (L5) has attempted to address water
issues in the transition zone through a rewetting program by creating canal blocks in
non-concession peatlands areas. However, the lack of integrated water management
between peat-domes and downstream areas can lead to recurring peatlands fires.

11
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4.3. The co-evolution processes of the social-ecological system in GSKBB-
BR

GSKBB-BR has a complex social system that significantly affects the peat
ecological system. The Indonesian government’s policy attributes most changes to the
ecological system in this area to forest exploitation activities. Table 2 describes the
process of coevolution of social-ecological systems in GSKBB-BR. Initially, peat
swamp forest dominated this area. The earliest human influences date back to the late
Holocene period, involving the harvesting of forest products, both timber and non-
timber, and hunting. In the early Anthropocene period, the local Malay community
viewed peatlands as a primary source of food through shifting cultivation, growing
crops, fruits, and spices (Nursyamsi et al., 2016). Before intensive land management,
the local Malay community only practiced shifting cultivation, with livelihoods
varying according to the seasons. During the dry season, when peatlands experience
high water loss, the land is primarily cultivated for agricultural purposes. During the
rainy season, when the water level in peatlands increases, the communities engaged
more in traditional hunting and fishing.

In the 1970s, a change in Indonesian government policy resulted in the granting
of Forest Concession Rights to the private sector. This transition encouraged large-
scale logging operations, leading to significant forest exploitation (Gunawan et al.,
2016). Consequently, Indonesia became the largest timber exporter in the 1980s
(Brockhaus et al., 2012). The plywood industry rapidly expanded due to the abundant
supply of raw wood materials from natural forests. During this period, forestry
companies operating in peat swamp forest areas started constructing drainage systems
to transport logs.

The government subsequently issued Industrial Plantation Forest permits in the
2000s (Gunawan et al., 2016). Over the past two decades, several licenses have been
granted in peat ecosystems regions, particularly for industrial forest plantations
(Dohong et al., 2017). Most of the land used for these plantations is located in GSKBB-
BR buffer zone. Cultivating forest plants for industrial purposes necessitates changes
to the peat hydrological system to maintain timber productivity. It also requires the
creation of more structured drainage canals. Artificial drainage remains the primary
enabling factor for industrial forest plantations in tropical peatlands. According to data
from the MoEF, nine companies affiliated with two large groups in Indonesia have
been granted the rights to exploit forest areas. These companies cultivate fast-growing
species (Eucalyptus pelita and Acacia crassicarpa) for the pulp and paper industry.
The first plant is cultivated on mineral soils, while the second is cultivated on
peatlands. The extensive utilization of peat for cultivation activities has made the
enforcement of protected area demarcations increasingly challenging.
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Table 2. The overview of coevolution process.

Time Period

Ecological System

Social Systems

60,000 YBP Peat in the Southeast Asian region stars to form (Anderson, 1964).
Pleistocene 35.000 YBP Humans are believed to have been in the Indo-Malayan region, but the
’ influence on the peat in Sumatra was minimal (Cole et al., 2022).
Holocene 6000-5000 YBP (Cole et al., Peat accumulated rapidly due to the development of a transitional Human influence on peat ecosystems started increase in Kalimantan, but there

2022; Omar et al., 2022)

ecosystems from mangroves to swamp.

was influence on Sumatra Island.

Holocene/Paleoantropocene

5,000-200 YBP (Cole et al.,
2022).

There is evidence of fire in the peat ecosystems related to human
activities (Hapsari et al., 2018).

The existence of the Malay Kingdom (1000-600 YBP) began to influence the
peat ecosystems of Sumatra, but were unfamiliar with drainage canals (Hapsari
et al.,, 2018).

Anthropocene

200 YBP-1980s

Deforestation increases due to demand for other land uses. Ditches
are made and used as transportation routes and boundaries for land
ownership.

The Malay community used peat to shift cultivation and carry out traditional
hunting and fishing activities. The transmigration program started in the tidal
swamp area of Riau Province (Tirtosudarmo, 2021).

1970s-1990s

The rate of deforestation increased sharply due to the issuance of
forest exploitation permits.

In 1986, two conservation areas were designated, namely the Giam Siak Kecil
Wildlife Reserve, and the Bukit Batu Wildlife Reserve (Balai Besar Konservasi
Sumber Daya Alam Riau, 2017). Land conflict was not prominent.

1990-2009

Changes in the peat hydrological system increased due to the
construction of large-scale drainage canals for industrial plantation
forests.

Indonesian government began to push policies with regards to Industrial
Plantation Forest Concession Rights. There were intensive interactions between
local people and immigrants who introduced palm oil. Illegal logging activities
increased pressure on natural forests.

2009-2016

Deforestation started to slow down. Artificial drainage increased not
only in industrial plantation areas but also in community-controlled

areas. Biodiversity declined sharply due to the loss of natural forests.

UNESCO established the GSKBB BR. Indonesian government began to pay
special attention to peat ecosystems by issuing a policy related to the protection
and management of peat ecosystems.

2016—current

Peat hydrology started becoming a concern because it is directly
related to wildfires. Rewetting is carried out by constructing canal
blocks in essential areas. The conservation of biodiversity activities
focuses on the biosphere reserve’s core zone as well as in high
conservation value (HCV) area.

Increasing the price of palm oil commodities is one of the main driving factors
for changes in the functioning of the peatlands. Applying peat restoration
policies through rewetting has experienced several challenges. The
effectiveness of biosphere reserve management is also experiencing challenges
as the institutions formed need to run effectively. During this period, the
government issued many regulations to accelerate peat restoration efforts.
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Historically, GSKBB-BR area was predominantly inhabited by Malay people,
whose primary livelihood centered on fishing in the sea, rivers, and lakes. Some Malay
groups acknowledged initially lacking expertise in crop cultivation. Only a limited
range of commodities, such as rubber, were cultivated by clearing land in peat forest
since the colonial era. During the early 1990s, a significant wave of population
migration from Java Island to various parts of this region occurred through the
Indonesian government’s transmigration program (Tirtosudarmo, 2021). Most of these
Javanese migrants were experienced in cultivating mineral-rich soil but had little to no
knowledge of peatlands cultivation. The learning process of peatlands cultivation is
often marked by trial and error. It is evident that there was a lack of local knowledge
regarding peatlands management from both indigenous communities and the migrant
population within GSKBB BR area. Substantial transformations in community-
managed land swiftly unfolded following the introduction of oil palm cultivation in
the late 2000s, driven mainly by the influence of migrants from North Sumatra
Province. Currently, local communities prefer cultivating palm oil due to its market
stability and ease of cultivation.

Deforestation and the construction of drainage canals have impacted a series of
forest fires in peatlands (Dohong et al., 2017; Januar et al., 2021; Miettinen et al., 2012,
2017). In 2015, Riau Province became one of the areas with the largest peatland fires
on Sumatra Island (Miettinen et al., 2017). The biosphere reserve area has experienced
a series of land fires in recent years (Figure 5). Hotspot data shows that fires occur in
all zones of the biosphere reserve, although the transition zone has the most hotspots.
This data indicates that the transition zone, which is mostly managed by the
community, has a higher fire risk potential. The wildlife sanctuary area in the core
zone also faces a fire risk, closely related to land claiming activities. Land claim in
state forest areas through illegal logging and fire-based land clearing is a common
activity in Riau Province, leading to the conversion of peatlands into plantations
(Purnomo et al., 2017).
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Figure 5. Hotspot data from 2015-2023.

This data is obtained from the MoEF Government of Indonesia based on National Aeronautics and
Space Administration—National Oceanic and Atmospheric Administration (NASA-NOAA), Suomi
National Polar-orbiting Partnership (SNPP) and Moderate Resolution Imaging Spectroradiometer
(MODIS) satellite imagery (MoEF, 2024).

The coevolution of social-ecological systems is a series of variation, selection
and retention processes manifested in daily practices (Haider et al., 2021), as presented
in Figure 6. The government prioritized logging and intensive cultivation as the
primary development activities in the study area based on various peat ecosystems
utilization options. However, conservation was not a primary choice, as shown by the
small conservation area. The unnatural, box-shaped Bukit Batu Wildlife Sanctuary
appears to be an area designated for peat conservation. Oil palm plantations have
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become the primary economic activity for local communities, replacing fisheries and
shifting cultivation. Due to declining fish production, fisheries are no longer
economically viable. Interviews with fishermen in Temiang and Tasik Betung support
this observation, and also corresponded with Qomar et al. (2016). Artificial drainage
systems in plantation forest are suspected to be a source of river pollution, causing
siltation and increased water turbidity, leading to a decrease in fish catches. In
addition, the culture of shifting cultivation for food crops is being abandoned in favor
of converting forest land into oil palm plantations.
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Figure 6. SES coevolution process on tropical peatlands based on variation,

selection, and retention processes.
Adapted from Haider et al. (2021).

4.4. Toward a new trajectory in tropical peat development

The coevolutionary standpoint offers an opportunity to redefine development as
a dynamic process that can be influenced and guided toward novel outcomes (Haider
et al., 2021). From this perspective, coevolution focuses on the capacity of social-
ecological systems to persist, adapt, and change rather than a single outcome. The
examination of the coevolutionary process presented in Table 2 and Figure 5 shows
that significant interventions are necessary for tropical peatlands development.
Coevolution in GSKBB-BR is progressing toward an unsustainable trajectory for the
following reasons:

4.4.1. The ecological condition of the peat in the buffer and transition zones has
significantly deviated from its natural waterlogged state

Peatlands are naturally waterlogged, which slows down the decomposition of
organic matter (Anderson, 1964; Furukawa et al., 2005; Prananto and Minasny, 2020).
However, peat degradation in GSKBB-BR was historically driven by land use policies
that neglected peat ecological systems. The Indonesian government issued its first
policy regarding peat through the Presidential Decree number 32 of 1990, categorizing
areas with peat deeper than 3 m as protected. Despite this, there were no detailed
criteria for managing spatial planning in peat ecosystems for several years after the

16



Journal of Infrastructure, Policy and Development 2024, 8(10), 5955.

decree. It was only after a series of peat fires that the government introduced more
progressive policies for peatlands management and protection, as outlined in
Government Regulation No. 71/2014 on peat ecosystems protection and management,
as well as the establishment of the Peatlands Restoration Agency (PRA) in 2016.
Previously, the issuance of peatlands management licenses to the private sector lacked
sufficient regulatory oversight to preserve the natural state of peatlands. The true
importance of peatlands was only recognized after a series of catastrophic forest and
land fires. However, current on-site conditions show excessive spatial utilization in
areas that should be protected.

In accordance with Government Regulation No. 71/2014, the Indonesian
government established a water table threshold of 40 cm below the peat surface. To
support this mandate, the Indonesian government initiated a restoration program
overseen by the PRA. During its implementation, PRA constructed numerous canal
blocks with spillways in areas managed by local communities situated outside the peat
dome peak. In addition, a ministerial-level regulation specifies that the primary
protected area is the peat dome peak, and any damage to this area requires restoration.
This decision is rooted in the high degree of spatial utilization observed in the peat
dome region.

In contrasting approaches to peatlands ecosystems restoration, Finland has been
actively engaged in restoration efforts since the 1990s. Regulatory modifications in
Finland aimed to balance ecological and social sustainability, biodiversity protection,
and the sustainability of forest products (Kuuluvainen et al., 2004). This initiative has
targeted the restoration of over 10 million hectares of peatlands, utilizing techniques
such as canal filling to restore the hydrological system and removing industrial crops
in their original form (Komulainen et al., 1999; Kuuluvainen et al., 2004). From a
policy perspective, Finland has undergone a significant regulatory transformation,
while policies in Indonesia appear to prioritize economic interests.

4.4.2. The core zone represents the remaining pristine tropical peat area facing
ongoing challenges from land use changes, mainly driven by local communities

Increased land demand was driven by increased population and land transactions
with migrants. As a result, the communities tended to improve welfare by clearing
peatlands for oil palm plantations. The high income generated from palm oil has
increased pressure on other commodities including rubber, sago, food crops, and
fishery products. This has also changed the local mindset from fulfilling daily needs
to accumulating wealth personally and for the descendants.

As more land is converted to oil palm plantations, the number of canals
constructed in peatlands increases. This not only heightens the risk of land fires but
also threatens biodiversity, a concern often overlooked due to the difficulty in
quantifying its economic value. The loss of peat swamp forest cover accelerates habitat
degradation and reduces environmental services. Endemic flora and fauna are
increasingly confined to the core zone and high conservation value areas in the buffer
zone. Should this pattern continue, biodiversity would be at the risk of extinction, and
conflicts between humans and wildlife could escalate. Therefore, policies and
practices are needed to offer greater protection to habitats and maintain the condition
of the remaining peat swamp forests.
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4.4.3. Current policy tools and knowledge need a framework capable of
effectively implementing landscape-scale tropical peat ecosystems management

Presently, peat management remains fragmented, corresponding with the
individual interests of wvarious land-controlling actors. Large-scale peatlands
management by the private sector indirectly influences local communities, shifting
land use patterns from cultivation to more intensive land management. Consequently,
communities have modified peat’s natural hydrological system by creating
unstructured ditches, as shown in Figure 7. These drainage canals lower the water
table, increasing the risk of forest fires on peatlands (Dohong et al., 2017).

The interconnected canals constructed by plantation forest companies and the
ditches built by the communities create an upstream-downstream water flow
relationship. Peat dome areas, situated at higher elevations, have been allocated for
plantation forest activities. Conversely, the local communities’ cultivated plants are
primarily at lower elevations. This independent water management in different areas
increases the risk of fires during extreme climate events. During the rainy season,
water is directed downstream through artificial drainage channels to prevent upstream
flooding, making downstream areas more prone to flooding. In contrast, during the
dry season, private companies maintain the water supply in their areas, causing
downstream areas to become drier and more vulnerable to wildfire.

DRAINAGE

[ Private Sector Boundary
Agtifial Drainage

River

Figure 7. Differences between community and plantation forest company canal
structures.

Based on the preceding depiction, the private sector holds more influence than
local communities. However, both groups are at risk of peatlands fires. Interviews
conducted in Tanjung Leban with key respondents from both the private sector and
local communities show that fires outside concession areas can easily spread inside
concession boundaries. Consequently, both groups require a sufficient water supply
during the dry season. Implementing landscape-scale water management is an
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essential measure that should be undertaken promptly.

5. Conclusions

In conclusion, the perspective of the social-ecological system (SES) underscored
the interdependence of social and ecological systems. It showed the existing
limitations in the management of peat ecosystems, where the primary focus was on
ecological aspects, often overlooking social complexities. This ecological-centric
approach frequently resulted in implementation difficulties due to conflicting
stakeholder interests. In contrast, socio-economic management practices in tropical
peatlands tended to disregard the unique characteristics of peat ecosystems while
engaging in various forms of dryland cultivation activities. The scope of positivist
planning still lagged in fully grasping the complex dynamics inherent in these social-
ecological relationships.

Planning for tropical peatlands ecosystems could no longer adhere to a positivist
paradigm that was linear and assumed systems were predictable. Instead of setting
potentially unattainable objectives, peatlands ecosystems planning should shift toward
improving the system’s ability to endure, adapt, and transform. This could be achieved
by first comprehending the complex relationships within the SES of tropical peat.

The coevolutionary perspective used to describe the trajectory of the GSKBB-
BR suggests that this area is moving towards unsustainable pathways and requires
intervention. landscape-scale water management interventions are crucial to redirect
the development paths. Government action is needed to establish detailed frameworks
for implementing landscape-scale water management, which are currently lacking.
The government plays a regulatory role in balancing various stakeholder interests.
However, we argue that water management alone is not sufficient. Overemphasizing
a minimum water level threshold as a primary water management can be misleading,
neglecting the intricate relationships within social-ecological systems. Social-
ecological systems can build resilience through maintaining biodiversity. Therefore,
biodiversity in the core zone area must be preserved by mitigating the conversion
pressure on the remaining peat swamp forests. Similarly, enhancing ecosystem
diversity in buffer and transition zones is crucial for increasing resilience capacity.
Thus, monitoring of water management and biodiversity is crucial and requires
reliable data. For future research, we propose that machine learning can be a powerful
tool to address these issues.

6. Research limitation

This study had specific limitations in uncovering and clarifying power dynamics
associated with the collaboration among actors and stakeholders, a phenomenon likely
to exist both at the research site and the national level. Revealing these informalities
and underlying power dynamics would provide a more comprehensive insight into the
complex nature of relationships, specifically within social systems connected to
peatlands.
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