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Tropical peatlands are a globally important carbon store. They host significant biodiversity and provide a range
of other important ecosystem services, including food and medicines for local communities. Tropical peatlands
are increasingly modified by humans in the rapid and transformative way typical of the “Anthropocene,” with the
most significant human—driven changes to date occurring in Southeast Asia. This review synthesizes the
dominant changes observed in human interactions with tropical peatlands in the last 200 years, focusing on the
tropical lowland peatlands of Southeast Asia. We identify the beginning of transformative anthropogenic pro-
cesses in these carbon-rich ecosystems, chart the intensification of these processes in the 20th and early 21st
centuries, and assess their impacts on key ecosystem services in the present. Where data exist, we compare the
tropical peatlands of Central Africa and Amazonia, which have experienced very different scales of disturbance in
the recent past. We explore their global importance and how environmental pressures may affect them in the
future. Finally, looking to the future, we identify ongoing efforts in peatland conservation, management,
restoration, and socio-economic development, as well as areas of fruitful research toward sustainability of

tropical peatlands.

1. Introduction

Tropical peatlands are a carbon-rich wetland ecosystem of critical
importance to global carbon cycles. Despite accounting for approxi-
mately 14% of total peatland area, tropical peatlands store 69.6 — 129.8
Gt C, equivalent to 19% of total peatland carbon stocks (Dargie et al.,
2017; Page et al., 2011), with significant uncertainty remaining
regarding their geographic extent and the volume of carbon they contain
(Xu et al., 2018). By contrast, drained tropical peatlands can become a
significant source of atmospheric greenhouse gases (GHGs), contrib-
uting annual emissions of up to 4540 Tg carbon dioxide (CO3) and 90 Tg
methane (CHy) (Sjogersten et al., 2014); the scale of nitrous oxide (N20)
fluxes remains to be clarified (Cooper et al., 2020; Leifeld and Meni-
chetti, 2018). Substantial recent effort has focussed on mapping
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peatland ecosystems across the tropics, to quantify key ecological
functions, monitor rates of loss to global environmental changes, and
conserve peatland ecosystems. Within the latest decades effort has
focused predominantly on South America, Central Africa, and Southeast
Asia (Page et al., 2011), although tropical peatland ecosystems extend
more broadly than this (Xu et al., 2018), covering approximately 58.7
Mha of peatlands between 23.5°N and 23.5°S (Leifeld and Menichetti,
2018; Cole et al., 2022). Large areas of tropical peatlands, particularly in
Southeast Asia, are increasingly characterised by a high degree of
disturbance, with rates of change drastically accelerating since the
mid-20th century driven by rapid economic development (Page et al.,
2006). This dramatic change in peatland condition has led to the
heightened recognition of their importance at a regional (e.g. ASEAN,
2016) to global scale (e.g., GPI, 2021).
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The scale of recent anthropogenic driven changes in Southeast Asian
tropical peatlands is vast: for example, between 1995 and 1999, Indo-
nesia’s Mega-Rice project aimed to convert 1 Mha of peatlands to rice
production. While this was never fully achieved, the resulting defores-
tation and drainage increased fire vulnerability and ultimately resulted
in the loss of up to 2.57 Gt C during the 1997 El Nino driven fire events
(Page et al., 2002). Between 2000 and 2010, over 2756 Mha of tropical
peatlands were lost in Malaysia alone (19.7%), predominantly to
expanding agriculture, with ongoing annual losses of 2.2% (Miettinen
and Liew, 2010). As a result of drainage, El Nino driven fire events in
peatlands across Southeast Asia in 2015 released the equivalent of the
total CO2 emissions of Europe for a three month period over an eight
week period (Huijnen et al., 2016). Beyond Southeast Asia, tropical
peatlands globally face a range of ongoing threats, including over-
exploitation of non-timber forest products, logging, conversion to agri-
culture, modification of hydrological systems, fire, urban expansion,
exploitation from mining, oil and gas extraction, as well as the impacts
of climate change (Dargie et al., 2018; Roucoux et al., 2017). Cata-
loguing and understanding the extent of human modification of tropical
peatlands is therefore critical.

Previous reviews discussing anthropogenic changes in tropical
peatlands have reported on carbon storage and dynamics (Hergoualc' H
and Verchot, 2011; Leifeld et al., 2019), fluxes of greenhouse gases in
the context of land use change or management (Van Lent et al., 2015,
Leifeld et al., 2019), fire events (Goldammer 2006; Page and Hooijer,
2016), or the impacts of climate change (Leng et al., 2018), or have been
regional case studies (Goldammer 2006; Dargie et al., 2018; Roucoux
et al., 2017). To date, an assessment of the effects of anthropogenic
processes and impacts on tropical peatlands has not been available in a
long-term historical and prehistorical context at a global scale. This
paper synthesizes the literature on the development of human-driven
transformation in tropical peatlands, consider the extent of anthropo-
genic changes, discuss future trends within this critically important
ecosystem, and identify fruitful avenues of research for the sustainability
of tropical peatlands.

2. Tracing human impacts on tropical peatlands
2.1. Defining the anthropocene in tropical peatlands

The precise definition of the “Anthropocene” has been debated at
length elsewhere, but most descriptions share the premise that it reflects
a time period in which the scale of human environmental impacts has
induced Earth System changes that will persist for millennia or longer
(Lewis and Maslin, 2015).

For the purposes of this review, we use the anthropocene as a term to
refer to the period in which tropical peatlands have experienced an
intensification of anthropogenic processes that has led to transformative
change. These changes have occurred asynchronously in time and space
across tropical peatlands. Contemporary observations show that
anthropogenic impacts are most pronounced in Southeast Asia, pri-
marily in Indonesia and Malaysia (Lilleskov et al., 2019). There is
palaeoecological evidence to suggest that the human activities respon-
sible for transformative impacts on tropical peatlands in Southeast Asia
began c. 200 years ago (Cole et al., 2015), but further intensified within
the last 50 years (Evers et al., 2017; Wijedasa et al., 2017). This recent
intensification is in contrast to the lower intensity historical and
pre-historical interactions that people have had with peatlands across
the tropical latitudes throughout the Holocene. Information on these
past interactions and peatland dynamics provides important context for
understanding the relative changes in these ecosystems that we are
experiencing today (Cole at al, 2022).

Anthropogenic impacts on tropical peatlands have both proximate
and distal drivers. In tropical peatlands, proximate causes include
changes in land and hydrological management, cropping and settlement
(Cooper et al., 2020; Dargie et al., 2018; Evers et al., 2017; Roucoux
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et al., 2017), while distal causes include climate change and shifting
global demand for natural resources and agricultural commodities
(Evers et al., 2017; Wang et al., 2018). Proximate effects include loss of
biodiversity and peat subsidence; while a key distal effect is the conse-
quence of peatland degradation on global GHG budgets (Leifeld et al.,
2019; Sjogersten et al., 2014). This review describes the anthropogenic
processes that tropical peatlands are being exposed to in the anthro-
pocene, the impacts they are having on the integrity of these ecosystems,
and what this information could tell us about future tropical peatland
resilience. Throughout, the spatial and temporal scale of processes and
impacts are highlighted, and contemporary changes contextualised
using available information on anthropogenic interactions with these
ecosystems in the past. We refer to the anthropocene in this synthesis to
emphasise the period in the recent past, i.e., within the last 200 years,
when tropical peatland ecosystems, specifically, became under threat of
irreversible damage from human activities. Thus, this review describes
the anthropogenic processes that tropical peatlands are being exposed to
in the anthropocene, the impacts they are having on the integrity of
these ecosystems, and what this information could tell us about future
tropical peatland resilience. Throughout, the spatial and temporal scale
of processes and impacts are highlighted, and contemporary changes
contextualised using available data on anthropogenic interactions with
these ecosystems in the past. In using this term here, we also acknowl-
edge the importance of critically reflecting on it, in particular because it
implies the pervasive impacts of a global society, whilst neglecting the
underlying power imbalances and vastly unequal contributions of
different cultures and communities to the environmental impacts we
associate with this period (Malm and Hornborg, 2014).

2.2. Tropical peatland formation and early anthropogenic activity

Peat is formed from partially decomposed organic matter that ac-
cumulates under waterlogged, acidic and anoxic conditions (Moore,
1989). Accumulation rates are spatially and temporally variable (e.g.,
Dommain et al., 2011), but are generally greater in the tropics than in
temperate and boreal regions as higher temperatures enhance plant
productivity and organic inputs to the peat. While temperate and boreal
peatlands are frequently moss-dominated and often open or only
sparsely forested, tropical peatlands are commonly forested, and can
include broadleaved evergreen trees, mangroves, and palm dominated
areas. For example, in the lowland peatlands of Amazonia in the Pastaza-
Maranén Foreland Basin (Fig. 1), peatland ‘pole forests’ are the most
carbon-dense ecosystem dominated by thin-stemmed tree species, such
as Pachira nitida (Malvaceae), Platycarpum loretense (Rubiaceae) and
Hevea guianensis (Euphorbiaceae), whilst palm swamps, dominated by
Mauritia flexuosa (Arecaceae), can also contain thick peat deposits
(Coronado et al., 2021). Peatlands in Central Africa are similarly
dominated by broadleaved evergreen trees including Carapa procera
(Meliaceae) and Symphonia globulifera (Clusiaceae) and canopy palms,
frequently Raphia laurentii (Arecaceae). Coastal peatlands in across
Central America and Southeast Asia can frequent be found under
mangrove forests (Alongi, 2015; Phillips et al., 1997), with accumula-
tion of up to several metres. Odum et al., (1982) highlighted that red
mangrove (Rhizophora mangle) is the main driver of peat formation in
these systems, although black mangrove (Avicennia germinans) has been
reported in peat-forming mangroves in Cambodia, and Mexico (Lo et al.,
2018).

In these forested tropical peatlands, the peat is predominantly
formed from root, stem and leaf material (Hoyos-Santillan et al., 2015).
The timing of peat initiation varies widely, depending on local climatic,
hydrological, ecological, and geomorphological conditions (Anderson
and Muller, 1975; Aucour et al., 1999; Dargie et al., 2017). Globally,
tropical peatlands have accumulated 44 — 55 Gt C since the start of the
Holocene, with a mean rate of accumulation of 12.8 g C m™2 yr'l. Rates
for the last two thousand years are higher, ranging from 20 to 50 g C m™2
yr'! (Yu et al., 2010), with the majority of undisturbed peatlands
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Fig. 1. Distribution of tropical peatlands and well-studied, exemplar peatland ecosystems within each region. Peatland map adapted from Xu et al., 2017. (1)
Changuinola peat deposit, Panama; (2) Pastaza-Maran6n Foreland Basin, Peru; (3) Central African Peatland Complex (Cuvette Centrale), Republic of Congo and
Democratic Republic of Congo; (4) Kalimantan, Indonesia; (5) West Papua (Papua Barat), Indonesia.

continuing to accumulate carbon to the present day (Page et al., 2006).

Since the initiation of peat formation in a diversity of tropical peat-
lands, which commonly occurred in the Holocene (Cole et al., 2021),
there is compelling evidence that human impacts on these ecosystems
have been of relatively low intensity (Cole et al., 2022). In many cases, it
is clear that human activity in these areas predates peatland initiation
(Barker et al., 2007; Hunt and Premathilake, 2012; Roberts et al., 2018).
Evidence from a peatland area in the northern Peruvian Amazonia
suggests that pre-Columbian anthropogenic activity was associated with
only minimal changes in forest cover (Kelly et al., 2018). Data from
tropical peatland areas in the Congo Basin (Wosten et al., 2015),
Indonesia (Hope et al., 2005) and Malaysia (Cole et al., 2019) suggest
that human settlement was restricted to major watercourses or areas of
mineral soil, avoiding the waterlogged grounds. In Southeast Asia,
agriculture was dominated by swidden-systems employing small-scale
slash and burn to temporarily clear land for the production of
short-term crops, and the forest landscape was manipulated under
longer-term husbandry for the provision of forest resources. Such sys-
tems were governed by diverse institutional arrangements concerning
land management and ownership. Typically (though not exclusively)
these systems involved a combination of activities including the pro-
duction of crops for subsistence and local trading, the gathering and use
of non-timber forest products, hunting and/or fishing (Barker et al.,
2007; Posa et al., 2011; Thornton et al., 2018). These traditional uses of
peatlands were generally facilitated by water transport due to the
extensive network of rivers, lakes, and later canals found throughout
Southeast Asian tropical peatland mosaic landscapes (Chokkalingam
et al., 2005). It is only within the last millennium that fossil charcoal,
indicating past vegetation burning, has been found more commonly in
cores taken from inside peatlands at a notable distance from water
transport routes (for example multiple sites in Borneo: Anshari et al.,
2001; Hope et al., 2005; Cole et al., 2019). This limited evidence of
burning within peatlands, prior to the last 1000 years, or much more
recently in some locations (for example Cole et al., 2015), is also true of
Central Congo and Amazonian peatlands (Cole et al., 2022).

Taken together, the data demonstrate that humans have been active
in peatlands throughout the Holocene, but did not play a dominant role
in shaping Earth system processes in the past. Any anthropogenic im-
pacts were geographically scattered, uneven in intensity and temporary
in nature, with as a result of a variety of human-peatland relationships in
different localities. What is clear is that the impacts of these early human
activities are in stark contrast to those observed within the most de-
cades, notably in Southeast Asian peatlands (Cole et al., 2022). These
contemporary human activities are inducing change in peatland eco-
systems on a transformative scale, typically associated with the
anthropocene.

2.3. The increasing scale and pace of anthropogenic activities in peatlands

Within the last 200 years, a series of technological, economic, and
society advances and processes have brought about a fundamental
change in the relationship between humans and peatlands in some
tropical regions. We do not specify a single start date for the anthro-
pocene in tropical peatlands, primarily as anthropogenic activities are
dissimilar in their intensity and time scales across geographies. A key
feature of this 200-year period has been an increasingly pronounced
shift in the geographical and temporal scale and intensity of activities in
these environments. This is most pronounced in Southeast Asia; however
similar threats exist in other major tropical peatland regions (Dargie
etal., 2018; Roucoux et al., 2017). This has led to the overshadowing of
traditional, extensive agricultural and other livelihood practices in
peatlands, and the adoption of more intensive patterns of agricultural
and non-agricultural economic value generation in such areas (Evers
et al., 2017).

In Southeast Asian peatlands, a process driving this change in
human-peatland interactions has been the incorporation of peatland
areas into new, often global supply chains as primary sources of value in
the form of agricultural products and raw materials (Evers et al., 2017).
These developments have not only been facilitated by a series of tech-
nical innovations in engineering, mechanisation, hydro-engineering,
plant science and supply chain management, but also cultural, de-
mographic, political and other socio-economic transformations. Collec-
tively, these innovations and transformations have enhanced both the
capacity and impetus of human actors to modify peatland landscapes.
Chief among these has been the changing relationship between peat-
lands and local and global economies. In Southeast Asia in the 19th and
early 20th centuries, the colonial administrations of the time were
responsible for linking national economies into an extractive global
network, through the exploitation and sale of each nation’s raw mate-
rials and agricultural commodities in new markets tied to the colonial
system. At this time, peatlands were still relatively unexploited as they
were perceived to hold little value, economic or otherwise(Manzo et al.,
2020).

In Southeast Asia, particularly Indonesia and Malaysia, new gover-
nance regimes emerged in the 1950 s and 1960 s, which embraced a
series of development policies informed by anti-colonial and modern-
isation goals, and more latterly neo-liberalism (O’Reilly, in review).
These fuelled an imperative to increase economic output by raising local
production for domestic and global markets. Agriculture has been a key
sector for development due to a combination of food security issues, and
notions of “returning the land to the people” (Manzo et al., 2020; Var-
kkey and O’Reilly, 2019). Alongside policy changes, innovations in
agricultural technologies resulted in the increased availability of
affordable and mobile land-moving and clearance equipment which
facilitated the deforestation and drainage of peatland. Simultaneously,
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various crops emerged which could generate a sufficient return to justify
the costs associated with peatland conversion, with the most
high-profile of these being the oil palm, Elaeis guineensis (Evers et al.,
2017; Miettinen et al., 2012; Sheil et al., 2009; Wijedasa et al., 2017).

Oil palms were first brought to Java in 1848 as ornamental trees
(Henderson and Osborne, 2000), with the first commercial plantations
established in peninsular Malaysia by 1917. These remained small in
scale and were confined to mineral soils. During the 1950 s and 1960 s
the merits of palm oil as a source of vegetable oil became more widely
recognised, as did the significantly greater yields produced by oil palms
per unit area when compared to than other oil-producing crops (Murphy
et al., 2021). Oil palm differs from the other major crops in that it does
not grow productively outside of the tropical belt, and remains relatively
labour intensive, thereby offering economic benefits to a variety of ac-
tors, from landless households through to large private sector entities.
By 1966, driven by strong government support, Malaysia dominated the
global trade in palm oil (Sheil et al., 2009). With Indonesia subsequently
entering the industry, these countries now collectively account for 87%
of global production (Koh et al., 2011). The industry is also expanding in
Latin America and to a lesser extent Africa, although at present oil palm
plantations are found peripheral to peatland areas (Dargie et al., 2018;
Roucoux et al., 2017). Prior to the early 2000 s, the majority (~ 90%) of
oil palm plantation expansion occurred on predominantly mineral soils
as opposed to peat, given the relative availability of land over mineral
soils deemed underutilised until this point. Only ~ 6% of the peatlands
in Peninsular Malaysia, Sumatra and Borneo were converted to planta-
tions during this initial period of palm oil expansion (Fig. 2) (Koh et al.,
2011). However, the increasingly limited supply of suitable and cheap
land in Malaysia and Indonesia prompted a move onto peatlands,
encouraged by a widespread perception of these ecosystems as ‘empty’
or waste lands (Manzo et al., 2020).

Between 1990 and 2010, oil palm plantation expansion accounted
for over 10% of deforestation of Indonesian and Malaysian peatlands
(Koh et al., 2011). Sumatra lost 41.3%, and Borneo 24.8% of peatland
forest cover, the equivalent of 2.25% loss per year between 2000 and
2010 (Miettinen et al., 2011a, 2011b). By 2010, 5.1 Mha of forested
peatlands were lost in Malaysia, with only 10% of the remaining peat-
lands considered to be in pristine condition, with plantations covering 2
Mha, equivalent to 15% of the total peatland area (Miettinen and Liew,
2010). In Indonesia, 1.2 Mha of oil palm plantations, equivalent to
14.6% of the total, were established on peatlands by 2012 (Miettinen
et al., 2012; Oktarita et al., 2017). Expansion of palm oil is not limited
alone to Malaysia and Indonesia in the region. Sristhunthon & Chawchai
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(2020) report the expansion of oil palm plantation in Southern Thailand
also led to conversion of peatlands and mangroves (Srisunthon and
Chawchai, 2020). Oil palm plantation expansion is also an imminent
threat for mangroves in Indonesia and Malaysia, accounting for around
15% and 40%, respectively, of mangrove loss between 2000 and 2012
(Richards and Freiss, 2015).

Given the scale of impact of oil palm agriculture on tropical forest
ecosystems on both peat and mineral soil it is unsurprising that palm oil
has become a controversial commodity. Its overall role in tropical
deforestation is disputed, as are the relative costs and benefits associated
with palm oil production (Evers et al., 2017; Wijedasa et al., 2017).
However, there is little doubt that it has played a key role in the ac-
celeration of anthropogenic impacts on tropical peatlands both through
direct conversion but also indirectly, by opening up previously periph-
eral land for development, stimulating ancillary activities, and
increasing fire risk (Page and Hooijer, 2016; Evers et al., 2017; Wijedasa
et al., 2017). In Indonesia in particular, substantial areas of peat swamp
forest have been converted into land suitable for the cultivation of
fast-growing timber trees, primarily Acacia spp., for use in the paper pulp
industry (Miettinen et al., 2012). Policies in many countries with trop-
ical peatlands have encouraged the expansion of a range of intensive
smallholder and commercial agriculture to bolster food security and
meet economic and social policy goals. However, it remains the case that
oil palm cultivation is a highly significant driver of human-induced
modification of peatlands in Indonesia and Malaysia (Evers et al.,
2017; Wijedasa et al., 2017).

Other significant peatland regions within tropical latitudes, such as
in the Cuvette Centrale in Central Africa (Dargie et al., 2018) and in
South America (Roucoux et al., 2017), have not as yet been significantly
impacted by industrial agricultural practices. However, there is evi-
dence that the experience of peatland exploitation in Southeast Asia is
informing management and development strategies elsewhere. Peat-
lands and wetlands have been drained and converted in Colombia, the
world’s third largest producer of palm oil, and there has been significant
expansion of palm oil production in Peru, raising concerns about
vulnerable peatlands (Abram et al., 2014; Potter, 2015; Roucoux et al.,
2017). Peatland drainage in Central America, particularly, Panama, has
even longer history than that of Malaysian and Indonesian peatlands,
including drainage in the early 20th Century for banana plantations,
although such effectives were comparatively smaller in scale (Aronson
et al., 2014) The degree to which peatlands are commercially exploited
is greatly influenced by the proximity to or ease of accessing potential
markets for peatland-based products. This can encourage the expansion
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of road networks into peatlands, which can often be the precursor to
wider changes in peatland use and condition (Roucoux et al., 2017;
Lilleskov et al., 2019), as has been demonstrated in tropical forests more
generally (Laurance et al., 2009). Anthropogenic drivers of trans-
formative change in tropical peatlands are not solely limited to agri-
culture. Globally, the list of factors includes: the granting of logging, oil
and gas concessions, the expansion of urban settlements and the un-
sustainable exploitation of forest products all within peatland areas
(Gutiérrez-Vélez et al., 2011; Janovec et al., 2013; Marshall et al., 2018;
Roucoux et al., 2017; Wijedasa et al., 2017). Concerns over the collec-
tive and adverse impacts of practices have contributed to a large and
growing literature which discusses the need for sustainable peatland
management, for restoring degraded peatlands and for prioritising the
protection of those that remain intact (Dhandapani et al., 2020; Evers
et al., 2017; Wijedasa et al., 2017).

3. Anthropogenic processes in peatlands
3.1. Direct and indirect contemporary anthropogenic processes

The relationships between people and peatlands are continually
evolving. Until relatively recently, most direct anthropogenic processes
were generally limited due to the challenging nature of the peatland
terrain and the geographically peripheral position that peatlands occu-
pied in relation to large-scale human resource exploitation. However,
this has been changed by a combination of physical, technical and socio-
cultural processes which have enabled easier exploitation of peatlands,
and an intensification of anthropogenic processes (Evers et al., 2017;
Cooper et al., 2019). Peatlands are also indirectly affected by human
activities outside of peatland areas which drive large-scale environ-
mental changes. Examples include increases in atmospheric concentra-
tions of CO; and, which in turn is driving climate change (for example
alterations in precipitation and climate warming) (IPCC, 2014). Here,
we identify the key anthropogenic processes that are driving change in
tropical peatlands, discuss the processes of transformation, and in which
geographies the processes are most pronounced.

3.2. Land use change

Land use change has transformed peatland landscapes in Southeast
Asia in recent decades. Conversion of forested peatlands to agricultural
or other land uses generally involves a series of specific activities,
resulting in a continuum of degradation. First, peat swamp forests are
drained by digging drainage canals of various sizes. Lowering the water
table is essential to create the conditions in which oil palms and other
popular crops can grow, with most contemporary and commercial
agricultural systems being developed for non-waterlogged areas. The
drainage process fundamentally changes the hydrology of peatland
areas, leading to the drying of the upper layers of the peat substrate and
subsequently surface subsidence as a result of rapid aerobic microbial
decomposition of peat (Anshari et al., 2010). This contributes to
large-scale GHG emissions, changes in microbial communities and
increased vulnerability to fire. Second, deforestation removes the nat-
ural surface vegetation, which in turn removes plant roots that provide
structural support that enhances the accumulation and protection of the
peat (Dommain et al., 2010). Deforestation can be mechanical but can
also involve fire for rapid and less laborious clearance of vegetation
(Purnomo et al., 2017). Due to low bulk density, prior to planting, the
surface can be mechanically compacted to improve plant growth,
driving further peat shrinkage. The peatland is then planted with new
species, frequently with monocultures (Gaveau et al., 2014). Changes in
surface vegetation consequently results in changes in root and litter
inputs, further affecting the quality of peat carbon and pore size within
the physical structure (Yule and Gomez, 2009). Peatlands are not only
converted for agricultural expansion, but also for urban development,
with various ground treatment works required for stabilisation of the
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ground prior to construction, although these are not always effective in
preventing subsidence (Marshall et al., 2018).

Oil and gas activities also directly result in deforestation, hydrolog-
ical damage, and landscape degradation through the development of
new infrastructure. A recent assessment by Lawson et al. (2022) esti-
mates 8.3% of all tropical peatlands have a potential overlap with a
30 km buffer zone around oil and gas infrastructure, including in
Indonesia, the Niger Delta, and he Putumayo-Oriente-Maranén Basin.
0Oil spills frequently occur around pipelines and shipping routes and can
have multiple adverse impacts on tropical peatland ecology, for example
through direct toxicity for flora and fauna (Lawson et al., 2022).

3.3. Fire

Fire can be a natural process that influences peatland dynamics,
particularly during periods of climatic drying and localised drought
(Cole et al., 2022). But although the vegetation in intact tropical peat-
lands can burn, the ecosystem as a whole is naturally fire-resistant
because of the waterlogged soils and moist below-canopy microcli-
mate (Cooper et al., 2019; Turetsky et al., 2015). However, humans have
substantially altered fire regimes in Southeast Asia, with often severe
consequences for ecosystem function, including carbon storage (Shlisky
et al., 2009). In Indonesia, small-scale land management fires have been
used for centuries (Simorangkir, 2007). However, before the Colonial
era, even dry periods in Indonesia and Malaysia likely only saw limited
scale and intensity of forest and land fires due to the intrinsically
fire-resistant properties of pristine tropical peat swamps (Turetsky et al.,
2015; Page and Hooijer, 2016), and these had minimal consequences for
the local environment (e.g., Hapsari et al., 2017; Cole et al., 2019). Since
the 1980s, the frequency and severity of fire events has sharply
increased, especially on the islands of Sumatra and Borneo (Chokka-
lingam et al., 2005). Some of the most extensive fires over the past 25
years in Southeast Asia have been located in drained or deforested
tropical peatland areas (Page and Hooijer, 2016). By comparison, car-
bon losses due to fires during the early Holocene did not exceed annual
sequestration rates in accumulating peatlands (Dommain et al., 2014).
Increased burning events also drive negative feedback loops, with smog
reducing photosynthesis and hence potentially vegetation inputs to
peatlands. In addition, smoke plumes have also been reported to in-
crease peat oxidative losses (Hirano et al., 2012).

The majority of contemporary fires in tropical peatlands are started
by people, either deliberately or accidentally. Fire ignition density in oil
palm concession (0.055 ignitions km?) is comparable to non-forest areas
(0.060 ignitions km™) but both are approximately ten times ignition
density of forests (0.006 ignitions km?) (Cattau et al., 2016a). Most fires
started within oil palm concessions and which occur in relatively close
proximity to settlements stay within those boundaries, with only 1-2%
having a wider impact on the landscape (Cattau et al., 2016a). Fire is
used as method to clear and maintain land for agricultural and planta-
tion development, by both small-scale agricultural practitioners and
companies (Simorangkir, 2007). It is also used by communities to
improve access to locations within peat swamps where resources are
available from fishing and hunting, and to decrease the occurrence of
pests and diseases (Chokkalingam et al., 2005). The peatland ‘fire
problem’ is therefore highly complex and evades simple policy solutions
(Jefferson et al., 2020).

There are no known studies exploring recent fire incidence in or
impacts on the peatlands of lowland Peruvian Amazonia or the Central
Congo Basin, which may reflect a lack of quantification of such processes
or their relatively low exposure to transformative anthropogenic activ-
ities that these peatland ecosystems are experiencing compared with
those in Southeast Asia. Future climatic changes in Amazonia and
Central African Basin, coupled with the additional threats of, for
example, expanding industrial agriculture, road infrastructure and
mining, may result in fire becoming a driver of change in these geog-
raphies as well (Cole et al., 2022).
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3.4. Atmospheric carbon dioxide

Rising atmospheric CO, concentrations, driven by ongoing anthro-
pogenic emissions from a range of processes, are likely to have an in-
direct impact on tropical peatlands, although precise effects,
particularly in terms of the effects on plant community structure and
abundance, and ongoing carbon sequestration, are uncertain. In an
extrapolation from Free Air Carbon Dioxide Enrichment (FACE) studies
in temperate forests and plantations, Malhi (2012), proposes an 18%
increase in tropical forest productivity relative to pre-industrial values.
Other evidence from tropical forests suggests an alteration in species
composition, as some plant functional groups are better able to exploit
elevated atmospheric COy (Lewis et al., 2009). In tropical peatlands,
these collective changes in productivity and ecosystem turnover would
manifest in increased aboveground biomass and vegetation inputs to the
peat substrate, which could result in higher peat accumulation rates and
thus slow increases in atmospheric CO, (Malhi, 2010; Malhi et al.,
2014). The expansion of boreal peatlands 12,000 — 8000 years ago likely
contributed to a sustained peak in atmospheric CH4 and slight decline in
CO4 (MacDonald et al., 2006). This matches similar evidence of high
carbon accumulation rates in peatlands in Kalimantan, Indonesia, be-
tween 9530 and 8590 years ago (Page et al., 2004b). Changes in inputs
would also directly alter peat GHG fluxes, as changes in plant species
composition alters both the composition and concentration of plant root
exudate profiles, affecting CO5 and CHy efflux (Girkin et al., 2018a,
2018b).

3.5. Climate change

Rising atmospheric concentrations of greenhouse gases are driving
climate change, including changes in precipitation and temperature,
with potentially significant impacts on tropical peatlands globally
(Loisel et al., 2021). The main threat climate change poses to peatlands
comes from the increased duration or greater severity of drought, which
drives rapid degradation of peat through oxidation, or increased likeli-
hood of fire events (Loisel et al., 2020). This can result in substantial
peat carbon loss, or prolonged periods when peat is not accumulating, as
evidenced in the Central African peatland complex (Garcin et al., 2022).
Under most future climate change scenarios, there will be strong in-
creases in rainfall seasonality and intensity (IPCC, 2013; Li et al., 2007),
but precise effects on peatlands will differ between regions. Our lack of
ability to predict more exact future impacts on peatlands is mostly due to
substantial uncertainty in regional precipitation models, and limited
measurements of peatland hydrology (Baird et al., 2017). Peatlands in
Southeast Asia are generally thought to be most at risk from future
climate change due to the influence of El Nino on exacerbating drought
events (Roucoux et al., 2017; Kondo et al., 2018). In contrast, climate
models typically predict higher precipitation for peatlands in western
Amazonia, meaning that even under conditions of higher temperatures,
the water balance of these peatlands might avoid being severely affected
by climate change in the coming decades (Roucoux et al., 2017).

Sea level changes are likely to affect mangroves over peat including
reductions in total area, structural complexity, and functionality
(Alongi, 2015).

Temperature changes will also have indirect effects on plant pro-
ductivity and decomposition rates. Predictions for the tropics are more
certain for temperature than for precipitation, and include approxi-
mately 4 °C higher mean annual temperatures for Southeast Asia and
Amazonia, and potentially up to 6 °C for Central Africa under RCP8.5
scenarios (high emissions, “business-as-usual” climate scenarios) (IPCC,
2013). Predicting regional responses to global heating and the conse-
quences for tropical peatlands is complex, and requires models which
can account for large-scale atmospheric processes (e.g., the El
Nino-Southern Oscillation (ENSO) and the Indian Ocean Dipole (I0D)).
Moreover, different phases of these cycles affect continents at different
times and by contrasting extents. The ENSO and IOD can interact in their
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effects: all of the major Southeast Asian atmospheric pollution events
from 1960 to 2006 happened during years of drought induced by ENSO
and/or IOD conditions (Gaveau et al., 2014). For example, the 1997-98
fires happened over a period that saw the strongest recorded ENSO and
IOD events in the 20th century (Gaveau et al., 2014). With climate
change, the frequency, duration and intensity of ENSO events have
already increased since 1976 (Aiken, 2004).

4. Anthropogenic impacts
4.1. Tropical peatland ecosystem services

A range of anthropogenic activities have had serious consequences
for ecosystem services provided by tropical peatlands, and many of these
activities have intensified in recent decades. At present, exposure to
anthropogenic impacts is not equal across tropical peatlands globally,
with the most destructive impacts experienced in Southeast Asia eco-
systems. However, there are drivers of change, for example, in the
climate, that will have consequences for tropical peatlands everywhere.
Many of these services underpin the livelihoods of communities living in
and around tropical peatlands. For example, in Southeast Asia, com-
munities living in peatlands are have diversified their sources of income
(ranging from small-scale agricultural production to fishing in rivers),
and it is also common to adopt livelihood strategies that involve mul-
tiple sources of income and food, which are flexible in relation to sea-
sonal changes and demand for various resources (Thornton et al., 2020).
Documented livelihood strategies in Southeast Asian and Amazonian
peat-forming landscapes include farming, charcoal production, birds’
nest farming, hunting, fishing, gathering non-timber forest products
such as fruits and fibres, small-scale logging and employment in con-
struction, oil extraction and other industries (Arce-Nazario, 2007;
Chokkalingam et al., 2005; Thornton, 2017; Roucoux et al., 2017).
These strategies would be variously impacted by transformative change
in peatland ecosystems, with some more vulnerable to others. Here we
discuss the impacts of intensive anthropogenic activities on fundamental
ecosystem processes in tropical peatlands, drawing principally on evi-
dence from Southeast Asian peatlands, which have experienced the most
significant changes in the anthropocene. We discuss the underlying
mechanisms of change and identify possible feedback pathways, as well
as discussing potential impacts on local communities.

4.2. Carbon and nutrient cycling

Tropical peatlands store a huge volume of carbon, recently estimated
at 129.8 Gt C (maximum value from Dargie et al., 2017) (Fig. 3). Carbon
storage and sequestration can vary across vegetation types. For example,
mixed forest over peat (including canopy palms and tropical hardwood
trees) in Panama had mean carbon storage of 1884 Mg C ha™!, followed
by mangroves (Rhizophora mangle, 1771 Mg C ha!), broadleaved
evergreen trees (1694 Mg C ha—1), and Cyperus (sawgrass) bog plain
(1488 Mg C ha™1), figures broadly comparable to carbon storage across
other tropical peatland vegetation (Murdiyarso et al., 2009; Draper
et al., 2014; Crezee et al., 2022). Localised processes, for example litter
inputs, root turnover, and specific management practices, as well as
variation in peat depth can result in a high degree of heterogeneity of
peatland carbon across short distances (Dhandapani et al., 2021; Girkin
et al., 2019). The protection of this carbon store is of critical importance
for climate change mitigation (Leifeld and Menichetti, 2018; Page et al.,
2011). In the absence of human intervention peatlands accumulate
carbon at rates of 1 - 2 mm yr'1 (Page et al., 2004a). However, the extent
of carbon storage varies spatially with both depth and dominant vege-
tation type within peatland sites, and in many regions remains poorly
quantified due to the remote nature of many tropical peatland land-
scapes and logistical challenges of undertaking measurements (Lawson
et al., 2015; Upton et al., 2018; Coronado et al., 2021).

Carbon is lost from peatlands as a result of land use conversion and
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Fig. 3. Estimated density of the peat carbon pool (Mg C km™®) for countries between the tropical latitudes for which data are available (grey dashing represents a lack

of data at present). (Data from Dargie et al., 2017 and Page et al., 2011).

other peatland management practices (Fig. 4). Estimated carbon losses
over the first 25 years after the establishment of an oil palm plantation
on a tropical peatland are substantial. The conversion of one hectare of
forest on peat releases over 1300 Mg carbon dioxide equivalents during
the first 25-year cycle of oil palm growth (Germer & Sauerborn, 2015),
with similar results reported for the clearance of mangroves over peat-
land in Belize (Lovelock et al., 2011). Net losses over 25 years have been
estimated at up to 405 Mg C ha™ in a peatland converted to Acacia
plantation in Sumatra, Indonesia (Jauhiainen et al., 2012; Murdiyarso
et al., 2010). Estimates for the time required for oil palm plantations to
offset the net carbon balance extend up to 600 years for plantations
developed on peat (Danielsen et al., 2009; Gibbs et al., 2008). However,
the financial and agricultural viability of oil palm on peat is substantially
shorter than this, as yields halve within 100 years due to impacts of
subsidence, which increases the vulnerability of peatlands to flooding
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and fire events (Sumarga et al., 2016).

Climate change has strong feedbacks on peat carbon stocks, carbon
accumulation, and nutrient cycling within peatland ecosystems,
particularly through the high temperature sensitivity of greenhouse gas
emissions from tropical peat. For example, the temperature sensitivity
(Q10) for CH4 fluxes from a tropical peatland under anaerobic conditions
was 6.8, implying a 10 °C rise in temperature would drive a near seven-
fold increase in emissions, although values for CO, were lower (Q19 <
2), with the overall response in emissions to increasing temperature
demonstrating an exponential relationship (Sjogersten et al., 2018).
Reduced temperature responses have been reported, though in con-
verted sites in Malaysia, with differences likely driven by the large-scale
depletion of labile carbon as a result of peatland drainage to enable
agriculture (Cooper et al., 2019; Girkin et al., 2020a). Accelerated
emissions of greenhouse gases, particularly those with high global

Clearance (by
deforestation / burning)
and drainage

Pristine forest

Established
plantation

Planting

Fig. 4. Four stages of conversion of pristine tropical peatlands to agriculture, with changes in emissions factors, water table, peat depth, peat dome shape, nutrient
inputs (fertiliser application) and subsidence and peat compaction. Arrow heights representing emissions factors are proportional to data from Cooper et al. (2020)
which focussed on a land use and management gradient in Malaysian peatlands. Emissions factors are CO, equivalents (accounting for global warming potential of

each gas). CO, measurements represent heterotrophic respiration only.
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warming potentials (i.e., CH4 and N5O), may provide an additional
positive feedback mechanism, exacerbating ongoing climate change
(Turetsky et al., 2015).

Significant carbon losses from peat oxidation are not, however, only
associated with large-scale plantations but also from smaller-scale
agricultural activity. While IPCC emissions factors for oxidative peat
carbon losses are 55 Mg CO ha™! yr'! for commercial plantations, losses
from smallholder plantations are only marginally lower (51 Mg CO, ha™!
yr'l) (IPCC 2014). Emissions factors for disturbed secondary forests on
peat are 80% lower (Khasanah and van Noordwijk, 2018). Smaller-scale
agricultural activities are estimated to have contributed 34% of cumu-
lative carbon emissions, compared with 44% from large-scale com-
mercial plantations and 22% from disturbed forests, and are amongst the
main contributors to peatland fires (Miettinen et al., 2017). Following
conversion, losses through the leaching of labile carbon from the sub-
strate increase by up to 200% (Rixen et al., 2016). While direct losses
from conversion can be substantial, changes in the dominant vegetation
type can impact future carbon fluxes and storage through additional
mechanisms, for example, through the alteration of organic matter
properties (Tonks et al., 2017). Shifts in plant community composition
can also indirectly affect carbon fluxes through altering the
species-specific inputs of root oxygen (Girkin et al., 2020b), and exu-
dates that can accelerate peat decomposition (Girkin et al., 2018a,
2018b; Girkin et al., 2020a; b). Collectively, these changes in peatland
condition have resulted in Southeast Asian tropical peatlands alone
contributing to 3% of global anthropogenic greenhouse gas emissions
(Ballhorn et al., 2009; Posa et al., 2011; van der Werf et al., 2009). This
underlies the importance of preserving the remaining
hydrologically-intact peatlands in Southeast Asia and other regions.

4.3. Subsidence

Subsidence of converted tropical peatlands is closely associated with
carbon losses, saltwater intrusion, and a decrease in the freshwater
reservoir, and is an irreversible anthropogenic impact on tropical peat-
lands (Saputra, 2019). Rates are linearly associated with mean annual
water table height (Couwenberg et al., 2010; Hooijer et al., 2010),
therefore rapid drainage for construction, agricultural or logging pur-
poses instigates rapid initial subsidence. Couwenberg et al. (2010)
report a rate of 0.9 cm yr! per 10 cm of drainage, higher than rates for
temperate regions (Wosten et al., 1997). Rates are greater closer to
drainage ditches and canals (Sinclair et al., 2020). Whilst the type of
land use has no significant impact, mean water table depth is the best
predictor of subsidence rates across all land uses (Evans et al., 2019).
The collapse of large pore structures is a result of an initial rapid
consolidation component of subsidence, where saturated peat is com-
pressed by surface peat that is no longer buoyant above the water table.
This is followed by a gradual transition to a slow oxidation component,
where decomposition of organic matter results in CO; release, and a
slow shrinkage component where bulk density further increases, leading
to irreversible water storage potential loss (Wosten et al., 1997). The
slower and long-term processes of oxidation and shrinkage result in a
reduction in subsidence rates over time after a drainage event and with a
shallower peat depth; five years after drainage, rates have been reported
as high as 150 cm, which reduce to 3 — 5cm in subsequent years
(Hooijer et al., 2012). Despite a reduction in subsidence rates over time,
it is an irreversible process that can only be halted by rewetting the peat,
i.e., returning it to a waterlogged state. Physical structure can only be
restored after decades of accumulating native woody fibrous biomass
deposits, resulting in a legacy of compromised hydrological functioning.
Without the raising of water tables, continued subsidence will lead to the
loss of plantation areas and peatlands altogether (Hooijer et al., 2012).

4.4. Smog

Peatland fires have compound consequences, resulting in extreme
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toxic smog events, chronic health infringements, economic losses, and
significant greenhouse gas emissions (Page and Hooijer, 2016). Peat
predominantly burns through smouldering fires, emitting GHGs along-
side toxic and carcinogenic compounds, including formaldehyde,
hydrogen cyanide, ammonia, benzene, polycyclic aromatic hydrocar-
bons (PAHs) and high levels of small particulate soot particles (PM2.5 —
particulate matter with a diameter of less than 2.5 um) (Rein et al.,
2008). In combination, emissions from these fires forms a dense smoke
that poses a significant health risk. This includes negative impacts on
cardiac and pulmonary health, as has also been documented in
temperate peatland regions including the UK and US (Graham et al.,
2020; Rappold et al., 2011), further illustrating that this is a global issue.
The low temperatures associated with smouldering combustion also
result in weakly buoyant smoke plumes that can be blown at low levels
into local communities, lowering air quality (Santoso et al., 2019). In
2015, the smog from the peatland fires in Indonesia spread across
Indonesia, Malaysia, Singapore, Brunei and southern Thailand, Vietnam
and the Philippines; illustrating how peatland fires and their resulting
smog are a transboundary and international issue. The impacts of smoke
are severe and far-reaching: Crippa et al. (2016) found that high par-
ticulate matter concentrations from the 2015 fires in Indonesia exposed
69 million people to unhealthy air quality conditions, with short-term
exposure to this pollution potentially causing almost 12,000 excess
mortalities (Crippa et al., 2016). Koplitz et al. (2016) estimated that the
2015 fires resulted in over 100,000 premature deaths across the affected
regions (Koplitz et al., 2016). Peatland fires and atmospheric pollution
now recur in Indonesia on a near-annual basis (Herawati and Santoso,
2011) with potentially severe long-term health consequences: for
example, smog exposure during the prenatal period has been linked to
decreased adult height attainment (Tan-Soo and Pattanayak, 2019).
There is also evidence to suggest that people exposed to this smog are
more susceptible to respiratory diseases, such as COVID-19, one of the
many reasons why tropical peatland conservation is seen as a positive
intervention for mitigation against current and future pandemics (Har-
rison et al., 2020a, 2020b).

Multiple studies demonstrate the negative impacts of smog on
wildlife. Just as humans suffer respiratory symptoms and ailments, so
will primates, with negative impacts on both fitness and mortality
(Cheyne, 2008). Tan et al. (2018) also found that smog has significant
negative impacts on butterfly (specifically Bicyclus anynana) develop-
ment and survival. Insects are important members of food webs, and
these impacts are likely to reverberate through the ecosystem. Smog
affects ecological processes, for example driving a dramatic increase in
forest litter-fall (Harrison et al., 2016). Periods of elevated atmospheric
pollution have been shown to reduce photosynthesis (Davies and Unam,
1999), and also affect plant investment in reproduction (i.e. reduced
availability of fruit and flower foods for forest animals (Harrison et al.,
2016).

Smog also impacts livelihoods. For example, in Central Kalimantan,
as is common across Southeast Asia, the way in which houses are
commonly constructed makes it impossible to keep the toxic smoke from
entering inside the home (Thornton, 2017). Severe atmospheric pollu-
tion forces villagers to stay at home, making them unable to work or
attend school, impacting incomes and livelihoods (Thornton, 2017). As
smog reduces solar irradiance, it in turn reduces the yields of agricul-
tural crops (Tacconi, 2016). Carmenta et al. (2017) found that small-
holder farmers face a loss of income from fire, but also unfair blame, as
they are often accused of starting them.

4.5. Water resources and management

Intact peat absorbs water rapidly during wet periods and releases it
slowly during dry periods. Thus, intact peatlands play an important role
in flood mitigation, and in preventing loss of life and damage to infra-
structure. Peatland drainage, as has been occurring in Southeast Asian
peatlands on a large scale, increases flood risk in wet periods as dried out
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and compressed peat is increasingly hydrophobic and so cannot take up
the excess water (van Beukering et al., 2008). Drainage also leads to peat
decomposition and land surface subsidence, which can increase the risk
of semi-permanent or permanent flooding (Page et al., 2009; Giesen,
2015). Progressive subsidence means that production cannot be main-
tained in the medium and long term, even with currently promoted best
management practices (Sumarga et al., 2016). For example, peatlands in
Central Kalimantan, Indonesia, are only a few meters above high tide sea
and river water levels; severe flood risks in the lowest parts of drained
peatlands in the region could occur within decades (Wosten et al.,
2008), with most current agricultural crops unsuitable for growing in
waterlogged conditions (Sumarga et al., 2016). Increased flooding has
significant negative impacts on local livelihoods. For example, in parts
of the Mega Rice Project area, in Central Kalimantan, communities are
facing decreased fish catches and incomes (due to habitat degradation,
water pollution, overfishing etc.), but are unable to switch to farming as
a reliable source of income due to the now regular, yet historically un-
precedented, flooding that occurs in the area (Thornton, 2017).

4.6. Biodiversity

While much of the focus on tropical peatlands is on their importance
as a carbon store, they are also significant reservoirs of biodiversity.
They have much higher floral diversity than northern peatlands, which
tend to be dominated by mosses, grasses and sedges. Individual peatland
sites can display significant heterogeneity in plant species composition.
Intact tropical peat domes, commonly found in low-lying coastal areas of
insular Southeast Asia, tend to display concentric rings of distinct,
‘phasic’ vegetation, with the composition of each floral community
related to the thickness of the peat layer, availability of nutrients and
other physical conditions associated with the developmental stage of the
dome (Anderson, 1964). The Changuinola peat deposit in Panama fea-
tures seven distinct plant phasic communities arrayed along a nutrient
gradient to the centre of the peat dome, ranging from mangroves
through to sawgrass species (Phillips et al., 1997). Similar gradients are
reported in peatlands in Brunei Darussalam, Borneo, and Central Kali-
mantan (Gandois et al., 2013; Poesie et al., 2010).

An assessment of flora in a Southeast Asian peatland indicated that
534 identified species had a potential use to local communities, with 222
known to be used for medicinal purposes, 165 for food, and 165 for other
uses, including as a fuel or a dye, with many species having multiple
potential applications (Giesen, 2015). An assessment of biodiversity in a
peat-forming mangrove in Botum Sakor National Park, Cambodia
identified 26 plant species (Lo et al., 2018).

Various uses of peatland flora by indigenous communities in Peru-
vian Amazonia have also been documented (Schulz et al., 2019a; b).
This demonstrates that peatland biodiversity can be crucial for sus-
taining local livelihoods. The extent and inaccessibility of the peatlands
of Central Africa has limited the number of assessments of floral di-
versity, although some limited classifications are made in Lebrun and
Gilbert (1954) and Evrard (1968). Characteristic peat swamp species
include Symphonia gobulifera L., Entandrophragma palustre Staner, the
canopy palm Raphia laurentii de Wild., and various rattan species (Bid-
dulph et al., 2021).

Limited data is available on fauna in tropical peatlands but there are
several indications that peat swamp forests can act as important refuges
for species threatened in other forested ecosystems. For example, a
faunal biodiversity assessment for peatlands in Southeast Asia deter-
mined that 45% of mammals and 33% of birds found in them were either
near threatened, vulnerable, or endangered (Posa et al., 2011). Tropical
peatlands in Indonesia and Malaysia are particularly known as impor-
tant habitats for orangutans (Pongo pygmaeus Linnaeus), which are now
listed as Critically Endangered (Harrison and Rieley, 2018). Approxi-
mately 11% of species identified within tropical peatlands are endemic
to these ecosystems, with the majority comprising trees, epiphytes and
climbing vegetation (Posa et al., 2011). Species that indicate ‘healthy’
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tropical peatlands in Southeast Asia include ants (Schreven et al., 2018),
and various mammals: leopard cat (Prionailurus bengalensis), pig-tailed
macaques (Macaca nemestrina); sambar deer (Rusa unicolour) and clou-
ded leopards (Neofelis diardi) (Cheyne et al., 2016). Similarly, informa-
tion on faunal diversity in the Central African peatland complex is
limited.

Anthropogenic impacts on the biodiversity of tropical peatlands
include degradation through logging and fire, hunting and the wider
impacts of climate change. For orangutans, logging in peatlands in West
Kalimantan, Indonesia has been shown to reduce population density by
up to 21%, even in the absence of other forms of peatland exploitation,
most likely due to changes in forage availability and increased canopy
gaps (Felton et al., 2003). Hunting of various peatland fauna has
increased as forests in Central Kalimantan, have become more accessible
and human populations increase, for example causing declines in large
flying foxes, Pteropus vampyrus natunae (Struebig et al., 2007). As these
flying foxes (otherwise known as bats) play an important role in polli-
nation and seed dispersal, declines in their population will likely have
wider impacts on forest regeneration, ecosystem structure and function.
In Indonesia, at least 300 bird species are traded, and 22% of households
own pet birds originally taken from wild populations, although these are
not necessarily species that inhabit peatlands (Harris et al., 2015). While
no studies have directly tested whether changes in the species compo-
sition of tropical peatlands are occurring as a result of climate change,
there is evidence of changes in the floristic and functional composition
of intact lowland forests in Amazonia over the last 30 years, which have
implicit consequences for this ecosystem, with overall increases in
dry-affiliated genera and increased mortality of wet-affiliated genera
(Esquivel-Muelbert et al., 2018).

5. The future of tropical peatlands
5.1. Trajectories of change

It is clear that humans have had substantial impacts on the structure
and function of tropical peatlands. To date, these anthropogenic impacts
have disproportionately affected peatlands in Southeast Asia compared
with those in South America and Central Africa. Even in Southeast Asia’s
degraded peatland ecosystems, there remain opportunities to implement
policies and practices that could lead to the conservation of existing
areas of intact peatland and the restoration of degraded systems,
through creating economic opportunities that enhance the protection
and restoration of peatlands by local communities, and that can support
the sustainable provision of livelihoods from these ecosystems. How-
ever, it is clear that many anthropogenic impacts of recent decades (e.g.
subsidence) are irreversible (Wosten et al., 1997), and it is unclear how
quickly fundamental ecological functions will recover. Peatlands will
also continue to be affected by indirect anthropogenic processes, such as
elevated temperatures and changes in precipitation patterns brought
about by anthropogenic climate change, affecting the length and
severity of drought events. Climate change is likely to lead to a
three-fold increase in the number of days of extreme fire danger per
annum in fire-prone regions of Indonesia (Herawati and Santoso, 2011).
Here, we discuss future strategies for conserving and managing tropical
peatlands. We propose that the conservation of existing intact tropical
peatlands, and the restoration of degraded sites, in particular by main-
taining high water levels, must be a priority. However, any interventions
must be combined with promoting the continued socio-economic
development of local communities.

5.2. Conservation

There are no published global syntheses of the protection status of
tropical peatlands, although some regional and site-specific data are
available. For example the Pastaza-Maranon Foreland Basin in Peru
(3.56 Mha) has 31% coverage by protected areas (Roucoux et al., 2017),
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but other significant peat deposits have much lower coverage: 11% for
the Central Congo Basin (Dargie et al., 2018), and only 6.9% for
Southeast Asia (Posa et al., 2011). Moreover, site designation does not
necessarily afford legal or practical protection, although does generally
require the development of site inventories and specific management
plans, and can therefore be a useful step in establishing further pro-
tections (Roucoux et al., 2017).

Crucial to protecting peatlands from the damaging effects of
anthropogenic activity is maintaining a watershed as an intact hydro-
logical unit. Private reserves, which are generally small and fragmented,
are likely to be insufficient for achieving this (Roucoux et al., 2017).
Evidence from Amazonia indicates that even within large protected
areas, small-scale agriculture, as well as more damaging activities, can
be ongoing (Dourojeanni, 2015). The establishment of large protected
areas can be effective in reducing levels of anthropogenic disturbance,
but is often less effective in reducing poverty due to difficulties of
attracting tourists. This remains the case even when sustainable resource
extraction is allowed. (Miranda et al., 2016). The Ramsar Convention on
Wetlands, listing wetland sites of international importance, represents
one pathway to site protection, with several tropical peatland sites lis-
ted, including the well-studied Central American peatlands at Chan-
guinola, Panama, and the trans-national site covering the Central
African peat deposit (Ramsar 2021). However, globally less than 10% of
total peatland area is included, and it remains unclear the extent to
which protections can be enforced (Ramsar, 2014). Encouragingly, it
has recently been announced that a large trans-national Ramsar site will
be created across the Republic of Congo and Democratic Republic of
Congo, covering 12.9 Mha of wetland, and including significant areas of
the region’s peatlands (Dargie et al., 2017; Ramsar, 2017).

Funding for peatland conservation is available through payments for
carbon conservation or avoided emissions, from a range of sources
including the UN Green Climate Fund, the UN’s REDD+ schemes
(Reducing Emissions from Deforestation and Forest Degradation) as well
as other public, private and non-governmental conservation initiatives
(Murdiyarso et al., 2010). An example of this approach comes from
Peruvian Amazonia, where a $9.1 million Green Climate Fund project is
underway, with the goals of promoting sustainable alternatives to un-
sustainable forest management practices and improving livelihoods for
communities living in the Datem del Maranon province (encompassing
part of the Pastaza-Marano6n Foreland Basin peatlands) (Roucoux et al.,
2017). The effectiveness of these carbon conservation approaches relies
on both a thorough assessment of the local socio-economic and political
context, and on accurate maps of peatland distribution and their above
and belowground carbon stocks (WRI, 2018). There remain significant
criticisms regarding the scale, viability, administration and effectiveness
of these schemes (Blais-McPherson and Rudiak-Gould, 2017). In the case
of REDD+ projects developed to implement forest conservation and
sustainable forest management practices, it has been argued that they
may not lead to real carbon emission reductions, since reductions
through this mechanism are potentially non-permanent. REDD+ is
predominantly focussed on technical solutions, and does not always
directly address the underlying political and socio-economic conditions
that cause the deforestation. As a result, in Indonesia, REDD+ has not, as
yet, been shown to generate transformational changes in tropical forest
protection and management (Moeliono et al., 2020). Moreover, RED-
D+ has been suggested as potentially harmful to local and Indigenous
populations, primarily because economic value is assigned to protecting
nature, and not the welfare and needs of people within these landscapes
(Skutsch and Turnhout, 2020). This can ultimately result in local and
Indigenous populations losing access rights to their land (Skutsch and
Turnhout, 2020). Often only a small fraction of investment reaches the
communities who need it most (Thompson et al., 2011). These negative
aspects can be mitigated: for example, the UN Green Climate Fund’s
investment in the Datem del Maranon region explicitly entrusts Indig-
enous communities with the management of their resources, and is
designed to improve their livelihoods, and address gender inequality
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(Green Climate Fund, 2015; Roucoux et al., 2017).

Other established routes for peatland protection include transferring
land titles to indigenous communities. In this process, communities have
their formal property rights recognised, replacing customary land tenure
arrangements. In Indonesia, for example, local or customary land tenure
is often not formally recognised, land tenure claims often overlap and
conflicts are an important driver of fire use in peatland (see Harrison
etal., 2020a; b). Resolving land tenure conflicts is therefore seen as a key
step towards more sustainable peatland management in Indonesia
(Harrison et al., 2020a; b) as will be the case for other tropical peatland
areas facing similar challenges. In developing countries, up to one-third
of forests are estimated to be managed by local communities (Blackman
et al., 2017). There are few estimates for tropical peatlands specifically
(Davis and Wali, 1994; Thompson et al., 2011), apart from for the
Pastaza-Maranon Foreland Basin in the Peruvian Amazon, where titled
land account for only 7%, providing significant opportunity for expan-
sion (Roucoux et al., 2017).

5.3. Management and sustainable development

Despite causing substantial negative impacts on ecosystem function,
as reviewed here, the conversion of tropical peatlands from a natural to
an intensively modified state can provide economic benefits at national
and regional levels (Padfield et al., 2014). Extensive literature is avail-
able on the management of agriculture on tropical peatlands (Goldstein,
2015), although much is based on the assumption that continued
exploitation of peatlands is of net benefit to local communities, busi-
nesses and/or governments, despite extensive evidence of substantial
damage from such practices, and substantial declines in yield over time
(Evers et al., 2017; Sumarga et al., 2016; Wijedasa et al., 2017). In some
cases, responsible or “wise” use is promoted as the governing principle
through which peatlands should be managed to satisfy human needs, but
this is not necessarily associated with sustainable activities (Joosten and
Clarke, 2002).

For those peatlands still in a largely intact state, for example in the
Amazon and Central Congo basins, the intentions and practices under-
lying ‘management’ must be carefully defined to avoid perverse out-
comes. Traditional uses of peatland ecosystems and associated local
ecological knowledge must be incorporated into any higher-level deci-
sion making to avoid the promotion of activities which may undermine
current subsistence practices that allow the peatlands to remain in a
hydrologically intact state (for example, Schulz et al., 2019). For
example, agricultural credit programs in Peru led to alterations in farm
distribution and altered the degree of disturbance of associated forest
ecosystems over several decades (Arce-Nazario, 2007). In Central Kali-
mantan, the ban on fire use in agriculture has had negative impacts on
the income and livelihoods of communities who previously used
controlled burning for planting rice paddies (Antang & Jaya, personal
communication, 2019). Without the use of fire, rice crops have suffered
from pests and disease, and the community now has to buy more rice for
consumption, which adds further expenditure. There are few studies
investigating these issues in Central African peatlands. While there are
limited data on community resource use inside natural parks containing
peatlands, details on the nature of the resources being used are absent
(Biddulph et al., 2021). A number of alternative options have been
proposed in the literature, including the undertaking of commercial
cultivation of species that occur naturally in peatland areas (such as
swamp taro and sago palm), and the introduction of exotic species which
grow in waterlogged soils (Tan et al., 2021). However, the extent to
which these approaches are capable of supporting the livelihoods of
peatland communities while reducing the negative environmental im-
pacts associated with commercial scale agriculture (requiring the
drainage of peatlands), has not yet been proven.

For disturbed peatlands that have already been deforested, drained
and converted to agricultural use, specific management practices such as
burning of tree stumps, peat compaction and fertiliser application vary
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substantially but generally further degrade peatlands and can substan-
tially increase fire risks (Leng et al., 2018). As a result, adapting man-
agement and controlling for hazards is deemed the most responsible
strategy (Joosten et al., 2012). Much regulation focuses on water table
management from the perspective of either preserving peat carbon (by
maximising water table height), reducing fire risk or optimal develop-
ment of plantation agriculture, which requires water table drawdown of
up to 80 cm (Andriesse, 1988; Evers et al., 2017). While regional and
national support is essential for implementing widespread water table
management, local efforts are also required. A successful example is at
Raja Musa Forestry Reserve, Peninsular Malaysia, where The Friends of
North Selangor Peat Swamp Forest was established in 2011 to teach
community methods for fire control and blocking ditches to maintain
high water tables. This rehabilitation program (developed by the
Selangor State Forestry Department and the Global Environment Centre)
attracted funding from a number of companies, including HSBC Bank
and Malaysia Berhad, to maintain ditch blocking efforts (Parish, 2014).

5.4. Restoration

The practicalities of restoring anthropogenically disturbed peatlands
have been recently reviewed (Dohong et al., 2018; Giesen and Sari,
2018). In brief, restoring peatland ecological function generally requires
raising water tables (Fig. 5). Hydrological restoration is commonly
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achieved through blocking drainage channels, resulting in re-wetting
and flooding of the peatlands (Jaenicke et al., 2010), although the
success of these interventions is strongly limited by the physical state of
the peat substrate. Effective restoration generally includes the gradual
accumulation of new above-ground biomass, with roots driving pore
formation and reducing bulk density, although these processes can be
slow, or non-existent without human intervention and local community
support and involvement (Green and Page, 2017).

Peatland forest canopy cover may gradually be restored through seed
germination and re-planting as either an assisted or unassisted process
(Dohong et al., 2018), although the effectiveness of different approaches
requires further investigation (Giesen and Sari, 2018). Similar ap-
proaches may also be applied for restoring peat-forming mangroves
(Taillardat et al., 2020). Evidence from a study of a 25-year chronose-
quence of artificial sub-tropical mangrove forests in Florida indicated
the accumulation of a 20 cm deep layer of peat (Osland et al., 2020).
Such efforts are also likely to bring wider benefits beyond carbon
accumulation, for example through reducing rates of coastal erosion,
and the support of a wider body of ecosystem services. Modelled
restoration of a 25-year old oil palm plot resulted in emission reductions
of 440 — 1200 Mg CO, ha’l, underlining the significant benefits of
peatland restoration as a climate change mitigation strategy (Warren
et al.,, 2017). Challenges for peatland restoration, however, include:
managing ecological factors, such as the emergence of invasive shrub

Fig. 5. (a) Secondary forest in the Raja Musa Forest Reserve (November 2018); (b) Oil palm plantation at Sungai Besar, near the Sungai Karang Forest Reserve,
Selangor (February 2020); (c) Replanted Macaranga sp. saplings planted in 2017 at the North Selangor Peat Swamp Forest Reserve site, last burned in 2016; (d)
Results of canal blocking to raise water tables at Sungai Karang Reserve in North Selangor Peat Swamp Forest. Blocking was first installed in 2010 at a site previously
heavily drained by a canal network. All sites are in Peninsula Malaysia. Photos taken by M Ledger.
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communities which prevent sapling growth (Page et al., 2009); the
encouragement of birds into degraded peatlands to disperse tree seeds
(Graham and Page, 2012); preventing continued impacts from fire;
maintaining support from local communities; and developing
site-specific restoration plans (Dohong et al., 2018). Full recovery of
peat carbon stocks will take substantially longer than it takes to regen-
erate a tropical forest (Cole et al., 2014; Jones and Schmitz, 2009) due to
the slow rates of peat accumulation (1 - 2 mm year'l), even for eco-
systems with high rates of primary productivity (Dargie et al., 2017;
Upton et al., 2017).

Effective policies are critical for peatland restoration and for pro-
tecting existing habitats. The Global Peatland Initiative, launched in
2016, represents an approach targeted at not only assessing peatland
extent and carbon stocks, but also planning pilot projects to support a
transition to sustainable peatland use in its partner countries (Indonesia,
Peru, and the Republic of Congo) (UNEP, 2016). In 2018, the Brazzaville
Declaration was signed by the Democratic Republic of Congo, the Re-
public of Congo, and Indonesia, and committed these countries to the
conservation, restoration and sustainable management of the Cuvette
Centrale peatland (Kopansky, 2018). This is particularly important in
ensuring that this vast peatland complex does not follow the same tra-
jectory as those in Southeast Asia (Fig. 2).

6. Conclusions

Anthropogenic processes and impacts have and are occurring asyn-
chronously in time and space across the major tropical peatland regions.
While humans have been active in and around tropical peatland eco-
systems throughout the Holocene, anthropogenic impacts have intensi-
fied in the recent past, particularly in the last 200 years, and with the
most significant consequences to peatlands in Southeast Asia. In large
part, these processes have been driven by a narrative of development,
but as is made clear, this has not been achieved sustainably. Tropical
peatlands globally are also affected indirectly by anthropogenically-
driven climate change, particularly changes in precipitation and tem-
perature. Based on climate models for the region, these processes are
likely to intensify. These direct and indirect processes affect ecosystem
services that peatlands provide, including their function as a carbon
store, as a reservoir of biodiversity, and as a source of the provision of
livelihoods to local communities.

Locally appropriate and evidence-based policy, effective manage-
ment, legal protection and enforcement of environmental regulations
remain critical to prevent the loss of peatland ecosystem function caused
by unsustainable peatland use. Some cause remains for optimism for the
future of tropical peatlands. International initiatives, for example the
Brazzaville Declaration, may encourage future decision makers to learn
from the unsustainable pathway taken across Southeast Asia and to
choose an alternative, sustainable route to development. Restoration of
degraded peatlands is possible, but on long timescales that exceed
human lifespans. Emphasis must remain on the protection and conser-
vation of tropical peatland ecosystems, as well as research on their
sustainability, to maintain their globally important ecological and so-
cietal functions.

We recommend several areas of future research to address key
outstanding gaps in knowledge we have identified through our review.
First, more information is needed on past and contemporary carbon and
nutrient dynamics of tropical peatlands, particularly in relatively
understudied peatlands outside of Southeast Asia (e.g. in Central Africa
and regions of the Peruvian Amazon). By quantifying and understanding
fundamental environmental processes of the past and their responses to
change, we can make better predictions about future responses to
anthropogenic change, including land use and climate change impacts.
Secondly, more in depth research is required concerning the way in
which current patterns of human interaction with tropical peatlands,
and the underpinning drivers of these patterns, impact on the wellbeing
of multiple actors including in supporting local and Indigenous
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communities. This work needs to include accurate and rigorous assess-
ments of how current activities impact on provisioning and cultural
ecosystem services, and the distribution of the socio-economic costs and
benefits of these impacts. For this reason, interdisciplinary approaches
are likely to be of particular value. Thirdly, more information is needed
of how different management interventions (e.g. restoration and con-
servation activities) can enhance climate and livelihood resilience. This
should include examples where interventions have failed in order to
identify the most effective solutions and adapt interventions to mitigate
adverse outcomes. Crucially, the impact of such interventions on the
wellbeing of local and Indigenous communities should also be assessed,
focussing on how such knowledge can be employed to support equitable
approaches of these areas in ways which balance conservation and
protection of these important ecosystems with the wellbeing of
communities.
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