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DISSERTATION ABSTRACT
Monika Ruwaimana
Doctor of Philosophy
Department of Biology
June 2023

Title: Tropical Peatlands in West Kalimantan: Formation, Carbon and Late Pleistocene-
Holocene History

Peatlands hold an important function in the global carbon cycle. Despite only
covering 3-4% of the terrestrial landscape, peatlands disproportionately store 30—40% of
the Earth’s soil carbon. Temperate and boreal peatlands are mostly well-studied, while
tropical peatland is relatively understudied. In the past decades, tropical peatland
especially in Southeast Asia has become a center of attention due to frequent disastrous
fires. However, its basic properties such as depth, extent, carbon storage, formation, and
its potential as an environmental archive are rarely studied. Thus, in this dissertation, |
explored a tropical peatland in West Kalimantan, Indonesia, and conducted a
stratigraphic study on several peat cores to reveal its ecological history.

We collected 32 peat cores from two main study areas, coastal peatland and inland
peatland. We conducted radiocarbon dating and analyses of bulk density, loss-in-ignition,
organic geochemistry (C%, N%, 613C, and §°N), charcoal counts, and pollen
identification. We found that the coastal peatland (6m depth) is thinner than the inland
peat (15m), and younger (4,500yr vs 50,000yr). The age and thickness of our inland peat
site put it as the deepest and oldest extant peatland in the world, and subsequently as the
most carbon-dense ecosystem. In their genesis, coastal peatland has a simple linear age-

depth relationship, showing stable accumulation of carbon. In contrast, inland peat shows
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a complex history, where we observed age reversals and hiatuses, likely caused by
climate variability from the Last Glacial Maximum (LGM) to the Holocene. Our study is
the first that utilized multiple cores to create continuous vertical age and geochemical
profiles, which revealed an age reversal that was likely caused by flood events. The
charcoal record reveals a continuous presence of low severity fire, with increasing late
Holocene fire frequency presumably due to increasing anthropogenic influence. Finally,
we conducted pollen analysis and created a pollen atlas, which will be used for future
palynological work to explore the vegetation change throughout time.

This research highlights not only modern, but also the historical and prehistorical
importance of tropical peatland as a dynamic long term carbon storage that withstood the
glacial-interglacial climate transition but is currently threatened by deforestation and
land-use change. This dissertation includes previously published and unpublished

coauthored material.
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I. INTRODUCTION

Peatlands are wetland ecosystems defined by their soil characteristic, which is a highly
organic peat soil. Most soils only have a thin organic layer on the top, but peatlands often have
several meters of organic matter called peat (Baillie, 2001; Paavilainen and Paivanen, 1995).
This peat is able to accumulate due to a higher rate of net primary production compared to the
rate of decomposition (Moore, 1989). Slow decomposition on the peatland is mainly attributed to
a high water level that deprives soil microbes of oxygen (Yu et al., 2010). This highly organic
peat consequently stores a high amount of carbon, enabling peatlands to become a major carbon
sink (Bridgham et al., 2006; Yu, 2012). Despite covering only approximately 3-5% of terrestrial
area globally, peatlands disproportionately store a third to one half of global soil carbon (Joosten
and Clarke, 2002; Nichols and Peteet, 2019).

Peatlands occur all over the world, but mainly based on their latitudinal location, they can be
divided into temperate/boreal and tropical peatland. Around 84-90% of the peatlands are located
in the temperate and boreal regions, while the rest are located in tropical regions (Osaki and
Tsuji, 2016). Temperate and tropical peatlands differ starkly in the vegetation types, leading to
concomitant differentiation of peat composition; where the temperate peat consists of sphagnum
mosses, herbs, shrubs and small trees (Moore and Bellamy, 1974) and the tropical peat forms
from rainforest trees and other woody vegetation (Page et al., 1999; Osaki and Tsuji, 2016).
Tropical peatlands often store more soil carbon per unit area than temperate peatlands, because
tropical peatlands are often deeper, with an average depth of 5 m compared to 2 m for temperate
peatlands (Page et al., 2011; Yu, 2012). More than a third (38%) of all tropical peatlands are
contained within Indonesia (Gumbricht et al., 2017).

Under natural and undisturbed conditions, these peatlands have functioned for thousands of
years as a long-term carbon reservoir (Osaki and Tsuji, 2016). However, hydrological
disturbance by climate change or other anthropogenic activity can switch the carbon balance of
peatland towards a carbon source (Bridgham et al., 2008). In Indonesian tropical peatlands, large
scale forest and escaped agricultural fires over the last three decades have greatly degraded the
peatlands and released its carbon. As example, the El Nifio fire event in 1997 released up to 2.6
Gt C (Lohman et al., 2007; Page et al., 2002), roughly equal to half of current US annual carbon

emission. This fire event followed by subsequent anthropogenic fires that occur consistently
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during the monsoon dry season and peaking during El Nifio periods (Cattau et al., 2016). From
2000 to 2010 alone, Indonesia lost around 2.7 million ha of peat due to burning and land use
change (Miettinen et al., 2012). Despite international attention to fires in tropical peatlands and
the important role tropical peatlands play as a carbon reservoir, fundamental properties of
peatlands remain poorly understood (e.g., formation, history, extent, depth, and age) (Osaki and
Tsuji, 2016). Thus, in this research, we conducted a survey of peatlands in West Kalimantan,
Indonesia to describe these fundamental properties and history of tropical peat formation.

In Southeast Asia, peatland could be categorized into coastal and inland peats based on their
formation time and their relation to the sea level change (Dommain et al., 2011). The coastal peat
formed after the current sea level stabilized around 7-8 ka, while the inland peat possibly
initiated earlier. Thus, inland peat is often older and deeper than the coastal peat (Dommain et
al., 2014; Neuzil, 1997). Our study sites are located in West Kalimantan, a province of Indonesia
with approximately 1.6 million ha of peat (Anda et al., 2021; Ritung et al., 2011). This province
contains the Kapuas River—the longest river in Indonesia—which defines two distinct peatland
regions, inland peatland on the upstream floodplain, and coastal peatland on the river delta; thus
this area is a great site as it encompasses both types of tropical peatland. With the samples and

data collected from that site, we answered the following research questions:

1. [Initiation and formation of peatland. Inland and coastal peatlands form differently based
on their relationship with the past climate and sea level changes (Dommain et al., 2014,
2011). When did the different types (inland and coastal) of tropical peatland start to form,
and what is the link with climate and sea level change? This question is answered in
chapter 2 and published on Environmental Research Letters in 2020 with co-authors

Gusti Anshari, Lucas Silva, and Dan Gavin.

2. Tropical peatlands’ carbon dynamics throughout time. Multiple factors such as climate,
fire and humans affect carbon dynamics in peatlands, therefore, impacting the global
carbon cycle (Bridgham et al., 2008; Cochrane, 2003; Page et al., 2011). Interplay of
these factors cause variation of peat accumulation rates, and subsequently carbon
sequestration rates (Page et al., 2004; Young et al., 2021). How can the chemical and

physical stratigraphy of peat layers explain the temporal dynamics of peat accumulation
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and carbon sequestration in the tropical peatlands of West Kalimantan? This question is
answered in chapter 3 and submitted to the journal Ecosystems in November 2022 with

co-authors Gusti Anshari and Dan Gavin, and is currently under review.

3. Tropical peatland vegetation change. Vegetation composition and climate have changed
over time in tropical peatlands and by conducting palynological analysis, we could infer
those changes (Anshari et al., 2001; Haberle et al., 2010; Yulianto et al., 2005). What are
the pollen and spore types that are preserved in this peatland, how has the vegetation
changed, and how have these changes resulted from past climate changes? These
questions require detailed study of the pollen stratigraphy, a challenging task as the
palynoflora of tropical peatlands is poorly described. These questions are addressed in
chapter 4 and the paper will be published on the journal of Quaternary International with

co-authors Daniel Gavin, Gusti Anshari, and Kartika Hapsari.
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Introduction

Tropical peatlands in Indonesia have become a large source of carbon emissions due to
land clearance, drainage and disastrous forest fires over the past three decades. For example, the
El Nifo related fire event in 1997 released up to 2.6 Gt C (Lohman et al., 2007; Page et al.,
2002), roughly equal to half of current US annual carbon emissions, and subsequent
anthropogenic fires occur consistently during the dry season and peaking during El Nifio periods
(Cattau et al., 2016). From 2000 to 2010 alone, around 2.7 million ha of peatlands in Indonesia is
deforested and degraded (Miettinen et al., 2011). However, over at least the past several
thousand years, tropical peatlands have functioned as a carbon sink, currently storing more than
104,7 Gt carbon (Dargie et al., 2017). The history of peatland formation, and fundamental
properties of their extent, depth, and age remain poorly constrained for large parts of Southeast
Asia. For example, improvements in mapping methods have shown original studies
underestimated peatlands extent and depth (Osaki and Tsuji, 2016). Inaddition, little is known of
the ages of tropical peatland initiation, which constrains the peat carbon stock and provides
crucial information regarding the past climates suitable for peat growth (Treat et al., 2019).

Despite their importance on a global scale, tropical peatlands are much less studied
compared to their temperate and boreal counterparts (Osaki and Tsuji, 2016; Yu, 2012).
Globally, out of 3983 dated peatland sites, only 198 are from the tropics, and only 80 of those are
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in Southeast Asia, despite the fact that this area contains the deepest and most extensive peat
areas in the tropics (Gumbricht et al., 2017; Treat et al., 2017). Tropical peatlands in Southeast
Asia can be divided into coastal peatland, which established after ca. 8 ka (thousand calibrated
radiocarbon years before present) when sea level decreased and stabilized, and inland peatland
which formed much earlier during the Late Pleistocene (Dommain et al., 2011). The peatlands in
this area initiate within broad inundated basins, eventually accumulating sufficient organic
matter to form raised dome structures that support tropical forests (Anderson, 1963). Peatlands
usually form and accumulate faster during the warm and wet climates of the interglacial period
(Fischer et al., 2018). While temperate peatlands were overrun and degraded by ice sheets during
glacial periods, tropical peat may have remained intact, despite possible degradation due to a
colder and drier climate (Treat et al., 2019). In this study, we highlight the differences of
formation times and depth profiles between coastal and inland peatlands, and how the climate
possibly affected peat formation. As there is not yet any estimate of the carbon stored in the
inland peat of West Borneo, we provide the first estimation of the timing of peat genesis and

carbon accumulated since then.

Materials and Methods
Study Area

Sampling sites are located on West Kalimantan, a province of Indonesia with
approximately 1,7 million ha of peat (Ritung et al., 2011; Ritung and Subagjo, 2004). This
province contains the Kapuas River—the longest river in Indonesia—which defines two distinct
peatland regions, inland peatland on the upstream floodplain, and coastal peatland on the river
deltas. We expect these two regions will have distinct characteristics, because based on their
elevation, the upstream region always remained as land during the Holocene, meanwhile the
delta region was affected by sea level changes (Dommain et al., 2014).

We laid two main transects across two peat domes, Rasau Jaya in the Kapuas delta
region, and a dome south of Putussibau in the Upper Kapuas Basin region (Fig 1). In addition to
these two transects, we also collected several cores from three other areas (Ketapang, Gunung
Palung and Sentarum). The samples from Sentarum were collected in 2011, while the other

samples were collected during 2017-2019. Among these sites, Sentarum and Gunung Palung are
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protected within national parks, while other locations are disturbed by burning, clear cutting and

replaced by abandoned forest or plantation.
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Figure 2.1. Sampling location map with detailed coring site on the subsets. Two main transects located in

Putussibau (inland peat) and Rasau Jaya (coastal peat). Other sites are sampled randomly.

Sampling Method

We collected peat cores using Russian peat corers. We used a 52 mm diameter Russian
peat corer to obtain samples down to the mineral layer. At the main transects in Rasau Jaya
(Kapuas delta) and Putussibau (Upper Kapuas), we collected two sets of cores spaced at ca. 1-
km. One core was used for carbon and bulk density analysis and one core for other peat
properties. For the first core, in each 25-cm segment we subsampled 10 cm for bulk density and
loss-on-ignition analysis. For the second core, in 5-cm contiguous samples, we sampled 20 cm3
from the center of the core, so the outer part of the core does not contaminate the sample. We
stored the samples in sterile bags and kept them at 4°C except during transport. In between the
main sampling sites we took an additional core with only purpose of measuring the peat depth
and therefore did not take samples.

We had technical difficulty in cores P3, P4, and P5, where we were unable to collect
samples to the bottom of the peat as we repeatedly encountered a layer of buried hardwood at ca.
10-11 m depth. This hardwood layer twisted and opened the corer when we tried to collect

samples from this depth. The layer was encountered in at least ten locations over a ca. 30 m? area
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around sampling points. Therefore, in these cases we changed the objective to obtaining samples
as deep as possible rather than contiguously through the woody layer (See Fig. 3). In core P3, we
were able to collect a 5-cm segment sample from the bottom of the peat at the depth of 15 m.
However, at core P4 and P5, we did not reach the mineral layer at the depth of 15 m, which is the
maximum depth reached by our corer. Therefore, we assume that the bottom of the peat is
topographically flat with the adjacent site (P3.5), resulting in estimated depths at P4 of 17 mand
at P5 of 16.9 m. This estimate is also supported by one of the author's (G.Z.A.) ongoing coring
project who found a peat depth of 18 m roughly 1 km west of our transect (RSS GmbH, 2018).

Radiocarbon Dating

We used 5-cm segment samples for radiocarbon dating the base of the peat cores. We
sieved 1 cc bulk peat to obtain the 125-500 um fraction, which was then treated with HCI and
KOH rinses. For some samples (RC cores from Ketapang), we also picked out larger material
(>500 um) to date. We sent 25 samples to the NOSAMS Woods Hole facility and 7 samples
(from Sentarum sites) to Waikato in New Zealand (See Table S1 for the details). We calibrated
the dates following IntCal13 (Reimer et al., 2013).

Various materials may produce different ages due to peat layer dynamics. For example,
pollen and macrofossil material have yielded consistent ages because they tend to stay at the
same layer, however the bulk peat material might date younger than the actual age due to root
intrusion (Wust et al., 2008). To test the effect of material type on radiocarbon ages, we dated
two types of material from the RC cores. In our comparisons from two cores (RC1 and RC3),
there were insignificant differences (<100 years) between ages derived from bulk material and
plant macrofossils (> 500 um). In a third core (RC2), we found that the woody material was
1200 years older than the bulk peat. As these results disagree with Wust et al. (2018), we decided

to date only woody material sieved from bulk peat (125-500 um) for the core transects.

Elevation Measurement and Peat Profile

We used RTK GPS to measure the elevation of the transect points across the peat domes
in Rasau Jaya and Putussibau. At each site, we collected multiple sessions of 20 to 60 minutes of
raw GPS data as RINEX files using a Garmin GPSMAP 66. To obtain the ellipsoid elevation, we
post-processed the RINEX files using RTK-Lib software with data from Continuously Operating
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Reference Stations in Putussibau and Pontianak and atmospheric correction data from Global
Navigation Satellite Systems (GNSSs). We retained only observations with high positional
accuracy rated as Q1 and Q2 in RTK-Lib. Using the Earth Gravitational Model 2008

(EGM2008), we adjusted the ellipsoid elevation to elevation above mean sea level.

Carbon Stock Estimation

We estimated the total carbon stock of peats in the Upper Kapuas Basin following
equations by Yu (2012) and Lawson et al. (2015), where the carbon stock is calculated from
area, depth, bulk density and carbon content (See Supplementary 1 for detailed calculation). As
there is uncertainty of the total peat coverage in this region, we estimated the carbon stock from
two maps of peat area: Global Forest Watch (2,461.32 km?) and Badan Restorasi Gambut (BRG,
Peat Restoration Agency) of the Indonesian Government (3,833.2 km?; Fig S2.1). For the
average depth of the peat, we used two values. One is the average depth of our 14 sampling
points, and the other is the estimated depth from a simple relationship between peat depth and
distance to the peat edge (estimated from the transect cores) and extrapolated to all peatlands in
the upper Kapuas. The bulk density value is directly from the measurement of 10-cm subsamples
every 25 cm of the core. Sample volume was measured using water displacement of tightly
wrapped samples. To obtain the carbon content, we used the LOI of the bulk-density samples
(normally >95%) and published values for percent total organic carbon of peat at similar sites
(Agus et al., 2010; Anshari et al., 2010) to estimate the carbon density and finally carbon
concentration. As we have two values of area and two values of depth, we calculated four

estimates of the carbon stock.

Results

Peat Basal Radiocarbon Dates

We obtained 32 radiocarbon dates from 5 sites, of which 26 are basal dates (Table S.1).
The oldest calibrated age from each site ranges from 4.5 ka to 47.8 ka (Fig. 2). Overall, we found
a weak correlation between age and depth of the peat (See Table S.2.2). Basal radiocarbon dates
at Rasau Jaya show similar ages across the transect, while basal radiocarbon dates at Putussibau
show that ages tend to be older at the center of the dome. We also observed that the inland peat is

much deeper compared to coastal peat (Fig 3).
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Figure 2.2. Oldest peat basal radiocarbon date from each site. Boxes show the oldest median calibrated age and
the corresponding peat depth found ateach location. Teluk Keramat and Rasau Jaya are coastal peatlands near sea
level. *Blue datesare from previous studies at Rasau Jaya (Anshariet al., 2010), Sentarum (Anshari et al., 2001) and

Teluk Keramat (Neuzil, 1997).

At Rasau Jaya, five basal radiocarbon dates from cores with depths of 0.6 to 5 m show
ages of 4.0-4.5 ka. We found a negative correlation between depth and basal age in this area, due
to the deepest core R3 is located in very degraded peat, and only 60 cm peat remains. At
Putussibau, we obtained five dates between 18 and 48 ka, with an upper estimation of >50 ka for
the oldest date (See Table S.1, core ID P4).

At Sentarum, the oldest date is from a shallow peat (19.8 ka at 2 m depth), while the
deepest peat (14 m) is only aged 13.5 ka. A previous study in this area shows a date of 45.6 ka at
a depth of only 0.8 m (Anshari et al., 2004). At Gunung Palung, despite its closeness to the
coastline (12 km), we found a quite old age (9.3 ka), indicating that this site is categorized as

inland peatland. However, the peat is extremely shallow for an inland peat (e.g., TZIl at 0.9 m,
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8.1 kaand TZIII at 1.3 m, 9.3 ka). The Ketapang site is located further inland than Gunung
Palung (45 km from coastline) and has a depth of 8.5 m and an age of 10.9 ka.
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Figure 2.3. Dome profiles from (A) coastal peatand (B) inland peat. (C) Scaled comparison at the bottom with a

170 cm human for scale. Four sampling points (P4, P4.5, P5 and P5.5) at Putussibau did not reach the basal mineral
layer, as shown by the black line. Elevation is the altitude above the mean sea level and distance is the position of

cores along the transect. Detailed transect maps are available in Fig. S1. Blue bars show river levels and flood stages

(unknown for Manday River), and the tidal range at Rasau Jaya.

Carbon Stock Estimation

We estimated the carbon stock in the Upper Kapuas basin region based on our Putussibau
transect depth, because the great depth and age found in our cores suggest this region is a
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potentially a large and long-term carbon store. Of the four estimates from different peat extent
and mean depths, our lowest estimate is 0.78 £ 0.47 Gt C while our highest estimate is 2.14 £+
0.62 Gt C (Table 1). The large range resulted from the 55% larger extent of the BRG map and
the difference in average depths estimated directly from the sampling sites (10.35 m) or
estimated from a depth model (~5.5 m). We also estimated the carbon density per area by
dividing the carbon stock by total area. If using the more recent BRG map and the potentially
more accurate modelled depth estimates, the estimate for carbon density is 2790 + 1440 Mg
C/ha.

Table 2.1. Estimate of carbon stock and carbon density in Upper Kapuas Basin based on two different map

(Global Forest Watch and Badan Restorasi Gambut) and different depths (average sampling site and modelled )

Total carbon stock (Petagram) Carbon stock per area
Area and depth value sources
+95% CI (Mg C/ha) + 95% ClI

GFW map, sampling-sites depth 1.37+£0.40

— 5,590 +1,610
BRG map, sampling-sites depth 2.14£0.62
GFW, modelled depth 0.78 £0.47 3,180+£1,910
BRG, modelled depth 1.07 £0.55 2,790 £ 1,440

Discussion

Peat depth and age at coastal and inland sites

Most of the 25 million hectares of tropical peatlands in Southeast Asia have been

deforested and/or drained, leading to widespread subsidence and carbon dioxide emissions (Hoyt

et al., 2020). Understanding when and how peatland formed in this region is therefore crucial for
prevention and reversal of subsidence and carbon loss going forward. West Kalimantan (Borneo)
contains 1.7 million ha of mapped peatlands, and approximately 39% is inland peatland (based
on the map from BRG). However, only three radiocarbon-dated peat cores have been previously
published: in the Sentarum Lake system dating to 45.6 ka (thousands of years, calibrated, before
present) (Anshari et al., 2004), at Rasau Jaya dating to 4.1 ka (Anshari et al., 2010) and at Teluk
Keramat dating to 4.5 ka (Neuzil, 1997). Thus, 32 radiocarbon dates from this study help to
provide a better picture about the age of the peatlands in this region.
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We found that coastal and inland peat domes may achieve thicknesses of 4—6 m and >17
m, respectively, confirming earlier studies (Anderson, 1963; Cameron et al., 1989; Page et al.,
2011). While peat age may explain the large differences in peat thickness, we should also
consider the human impact on peat depth. Shallower depths (<1 m) at the southern six km of the
Rasau Jaya transect indicate a major disturbance that caused peat loss. This area was extensively
cultivated and burned following development for agricultural by the Indonesian government
transmigration program in the 1970s. Only 20-30% organic content remain in this area (and
technically are no longer categorized as peat) compared to >90% organic content in the relatively
intact dome center at 4-6 m depth. In contrast, Putussibau was only partially disturbed since the
1990s, with 2—4 m peat depth at the edge and approximately 17—-18 m at the center.

The ages of the domes are also extremely different. The coastal Rasau Jaya basal dates
are all approximately 4 ka, similar to the Teluk Keramat coastal peat (Fig. 2), indicating
simultaneous formation of the peatlands. This is consistent with late Holocene sea level decline
that resulted in replacement of mangrove by forested peatlands, a processes underlying most
Bornean and Sumatran coastal peats (Fujimoto et al., 2019; Dommain et al. 2014). Here, high
tide often reaches 1.35 m (Kastner et al., 2017). Thus, during the highest tides the degraded
portions of this peat are inundated or saturated with brackish water, possibly reducing the
agricultural value of this land. This tidal influence and salt water intrusion are exacerbated by
anthropological peat drainage and sea level rise, and possibly develops a high energy
environment that halts future peat accumulation (Whittle and Gallego-Sala, 2016). This peat loss
resulted in a negative correlation between peat depth and age at Rasau Jaya (Table S2.2). The
Gunung Palung site, despite its thin peat and its proximity to the coast, is categorized as inland
peat as it is much older (9.3 ka) than the sea level rise of the mid-Holocene. However, it is much
thinner compared to the nearby inland peat in Ketapang, suggesting historical peat loss within
this national park.

In contrast to the coastal peatlands, the inland Putussibau dome has basal ages ranging
from 18 to 48 ka. There is some chance that the addition of modern carbon into the deeper peat
can occur through root exudates and dissolved organic carbon, decreasing the radiocarbon ages.
However, we dated woody fragments >125 microns that were treated with several KOH
measurements, and we found no large or consistent difference between dates of different size

fractions, thus we consider these dates as the best possible estimate of peat initiation
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(Supplementary Table S2). The oldest date at Putussibau calibrated to the limit of the Intcall3
calibration curve, at ca 48 ka, with maximum limit at >50 ka: the date was statistically different
from concurrently-run organic carbon blanks and therefore remains constrained within the
radiocarbon time scale. This date places the inland peatland in Putussibau as the oldest intact and
active peatland (Treat et al., 2017). This oldest dated sample comes from the depth of 15 m,
while we predict that the peat in Upper Kapuas Basin could reach 17-18 m. Thus, a better
method than hand-operated peat corers is required to obtain samples and date carbon deposited at
the base of the peat.

Regardless of methodological limitations, the basal radiocarbon dates reported here show
that the age of deposition was older at the center of the dome, which indicates that the peat
started to form from a point of depression at the center, possibly an oxbow lake, that became
terrestrialized by the peat and then expanded laterally (Belyea and Baird, 2006; Foster and
Wright Jr, 1990). We also noticed that the base of the peat is approximately 5 m below the
Kapuas river bed, which could indicate river-bed aggradation and water-table rise since the
glacial period. This increasing water table probably released the hydrological limitation of peat
upward growth (Belyea and Baird, 2006; Ingram, 1982), thus enabling the peat to grow up to 17—
18 m depth. Half of the Putussibau dome lies below the river level, indicating its importance as a
hydrological buffer, where the wetland system in the Upper Kapuas Basin stores approximately
twice the volume of the water in the Kapuas River and its floodplain lakes (Law et al., 2015).
Recent land-use change and peat degradation near Putussibau is possibly linked with the
increasing frequency of flooding events (Wells et al., 2016).

At the Sentarum site, negative correlation between depth and age (Kendall's t = -0.833)
suggests that peat formation and growth are very heterogenous across space and time in this area.
The discrepancies between age and depth implies a dynamic in peat dome growth and
degradation even in the absence of human causes, where old peat stopped accumulating or even
degraded as new domes formed elsewhere. A possible cause for this heterogeneity is the adjacent
large seasonal lake system where local peat initiation may be linked to the spatial and temporal

heterogeneity of water levels within this large lake system (Hidayat et al., 2017).
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Climate History and Peat Formation

Coastal and inland peat formation in Southeast Asia region react differently to climate
(Dommain et al., 2011). Coastal peat mainly formed at the earliest after sea level stabilization ca.
8 ka (Dommain et al., 2011; Treat et al., 2019), while our results shows that inland peat possibly
started to form much earlier at >50 ka. To explain subsequent effects of climate to the peat
formation, we combined our data with other 37 radiocarbon dates available from Borneo (See
Table S.1). We aligned our basal dates with the geographically closest climate record from cave
stalagmites in Gunung Buda located 460 km to the NE of our Putussibau site (Fig. 4; Carolin et
al., 2016).

Based on the comparison between peatlands initiation time and the climate, we observe a
inland peat-formation hiatus around 20-30 ka, generally aligned with the glacial maximum
(Clark et al., 2009). Moreover, higher 6180 concentration in the cave record around 25-17 ka
indicates lower precipitation and a colder climate during this period. A sea-surface temperature
reconstruction also shows cooler temperatures and a warm-up shortly after 20 ka (Mohtadi et al.,
2010). These records are consistent with a cooler Northern Hemisphere, which shifted the Inter
Tropical Convergence Zone (ITCZ) southward, creating stronger monsoon precipitation over
Australia, and a drier climate over Kalimantan (Denniston et al., 2013). A colder and drier
climate likely resulted in a hiatus of new peatland initiation and possibly a negative carbon
balance on existing peat surfaces. This hiatus period overlaps with a previous study of peat
stratigraphy from South Kalimantan, where the peat accumulation underwent a hiatus from 27—
14 ka (Wast et al., 2008). Out of 37 peat basal dates from various studies in Borneo, only one
formed during this hiatus period (Page et al., 2004). Despite the peat-formation hiatus, the
climate during this period seems sufficiently wet to sustain the existing peatlands, which is
consistent with a pollen record (Anshari et al., 2001) and biogeographic evidence for continuous
forest cover through the glacial period (Bird et al., 2005; Suraprasit et al., 2019).

Around 15-7 ka, we observed a cluster of peat initiation events at Ketapang and Gunung
Palung. This peat formation was possibly caused by a long increase in precipitation through the
early Holocene, when the northern hemisphere warmed and the ITCZ advanced northward,
which was coupled with the sea-level rise from deglaciation (Griffiths et al., 2013). At a finer
temporal resolution, the apparent association of peat initiation at Sentarum and Putussibau with

Heinrich Events (abrupt Northern-hemisphere cold intervals during the Pleistocene) suggests an
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opposite climatic relationship, though how these events are expressed in the local hydroclimate is

not understood.
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Figure 2.4. Peat age and depth in West Kalimantan plotted in relation to climate proxies. (A) Reconstructed
sea surface temperatures are from benthic and planktonic Mg/Ca ratio in two cores off coast of Sumatra (Mohtadi et
al., 2010). (B) Speleothem 6180 is from Gunung Mulu National Park with gray line showing 8180 adjusted for the
effect of ice cover (Carolin et al., 2016), where less negative peaks are possibly related with Heinrich Events
(Hemming, 2004). (C) Basal ages and peat depth from Borneo. Blue points indicate dates from this study, and grey
points indicate dates from previous studies (see Table S1). (D) All available peatbasalages in Borneo. (E) Basalage
and peat elevation. Light red background indicates the hiatus period of peat formation. Historical sea level
reconstructed from mangrove sediment in Peninsular Malaysia (Tam et al., 2018). Peat basal elevation and peat

depth were not reported for all sites.
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After sea level stabilization at 8 ka, we started to observe coastal peat formation, although
our sample in Rasau that shows the age of 4.5 ka probably formed later after the Kapuas River
deltaaccumulated enough land for peat to grow. However, relative to their young age, the coastal
peats are quite deep, indicating that they grow much faster (possibly due to a warmer and wetter
climate), a finding consistent with other studies of peat growth rate across Southeast Asia
(Dommain et al., 2014; Page et al., 2004). Future radiocarbon dating across the vertical plane of
the core will show further how the climate affected peat growth and dynamics after peat

initiation.

Carbon Stock Estimation

With our limited data, we predict that the inland peatland in the Upper Kapuas basin
contains at least 0.78 £ 0.47 Gt C and a maximum of 2.14 + 0.62 Gt C (Table 1). The total peat
carbon stock of Indonesia is estimated to be at 25.33 Gt C and on Borneo at 9.08 Gt C (Warren et
al., 2017). However, the Warren et al. (2017) estimate lumped peat at >3 m as a single depth
class. As we observe in the field, and based on our modelling, the depth of inland peatland is
often underestimated by prior studies.

Our method that produced the lowest estimate of carbon density (using modelled depth
from the BGR map), still shows a mean estimate of 2790 + 1440 Mg C/ha. We do not include the
above-ground biomass in this value as we did not collect vegetation biomass data since our
transects are located on secondary forests which were recently burned and/or deforested. Some
areas were already transformed either to abandoned bush fern field or small plantations. A
previous study in the Sentarum region shows that the carbon density average at 156 Mg C/ha for
above ground biomass and 3,228 Mg C/ha below ground biomass (Anshari et al., 2012). Most of
the carbon of this tropical ecosystem is stored in the soil.

Our carbon density estimate shows that the Upper Kapuas Basin is more than twice as
deep (and more than twice the C stock) than the average Indonesian peat (Osaki and Tsuji, 2016;
Page et al., 2011). This also shows that this inland peatland is more C-dense than boreal peats
(average 600—700 Mg C/ha) (Yu, 2012) or the most C-dense forested peats in the Amazon (1390
Mg C/ha) (Draper et al., 2014). Thus, not only have these deep inland peats provided a carbon
sink that has persisted from glacial to interglacial climates, they are likely the most carbon-dense

ecosystem in the world.
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Conclusion

In this study, we provide new data that improve our understanding of tropical peatlands
initiation and carbon accumulation. Most of the peatlands of Borneo formed <20 ka, however,
we found a peat deposit of greater depth (ca. 18 m) and age (>48,000 years) in a large,
understudied peatland region, suggesting that peatlands older than the glacial maximum are more
extensive than previously estimated (Treat et al., 2019). Our findings point to a new possibility to
use these old and deep peat deposits as a long-term environmental archive. We also note that not
all old peats are deep. Some shallow peats, 1-2 m in depth, had an old age (>10 ka). Typically,
peat of this age is at least 5 m thick, thus indicating extreme peat loss and/or subsidence.
Additional radiocarbon dates at the top of cores could reveal the timing and the cause of
disturbances to this peat. Finally, our results highlight the importance of inland peatlands for
conservation and climate change mitigation. Due to their exceptionally high carbon density,
disturbance on this ecosystem can release a large amount of stored carbon. For our site, we
estimate that for each hectare of peat that is lost ~2800 Mg C could be released to the
atmosphere. While only 7% of the inland peat in West Kalimantan has been logged and
converted to plantations to date (Miettinen et al., 2011), 76% occurs outside protected areas (Fig.
S4). Despite their small extent, the deep inland peats of Kalimantan are a long-term carbon
reservoir and hydrological buffer that requires immediate conservation and restoration.

In the next chapter, we will focus more in depth on peat domes, by conducting
stratigraphic analysis on the peat soil core to reveal the changes over time/depth on soil physical
and chemical properties, as well as charcoal analysis that reveals fire occurrence in this
ecosystem. This in turn provides information on how the peat changes and interacts with the
climate and with humans. It also suggests a new potential of a bigger-than-predicted impact of

peatland fire on past climate.
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1. INTERPLAY OF CLIMATE, FIRES, FLOODS, AND
ANTHROPOGENIC IMPACTS ON THE FORMATION AND
CARBON ACCUMULATION OF COASTAL AND INLAND
TROPICAL PEATLANDS IN WEST KALIMANTAN,
INDONESIA
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discussed the results and contributed to the final manuscript.

Introduction

Peatland normally functions as a carbon sink, removing carbon from the atmosphere and
sequestering it in the form of undecayed stable soil organic matter that may continually
accumulate for thousands of years (Gallego-Sala and others, 2018). However, many factors can
stop peat accumulation, or even release stored carbon back into the atmosphere (Loisel and
others, 2020; Turetsky and others, 2002). Most of the temperate peatland that formed during past
interglacial periods was degraded by advancing ice sheets and cold and dry glacial climates, and
thus most of the temperate and boreal peatland is younger than 11,000 years (the Holocene)
when the climate was warm enough for peatland to form (Treat and others, 2019; Yu, 2012).
This is not the case for tropical peatland where ice sheets did not directly affect the peat, and
where forested peatland potentially accumulated through the glacial maximum (Anshari and
others, 2001; Page and others, 2004; Ruwaimana and others, 2020). However, several other
inter-related factors can affect tropical peat accumulation, such as climate, fires, floods, and
humans.

The three major tropical peatland regions are found in Southeast Asia, the Amazon Basin,
and the Congo Basin (Osaki and Tsuji, 2016). Compared to the latter two that have only recently
started to be explored and studied, tropical peatland in Southeast Asia is relatively well studied,

especially for the accessible coastal peat (Page and others, 2011; Ribeiro and others, 2021). In
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general, peatland in Southeast Asia can be divided into two categories - inland peatland and
coastal peatland (Dommain and others, 2011; Morley, 2013). Inland peatland, composed of
ombrogenous peat domes, forms in poorly-drained basins located above the current sea level and
were never affected by sea level changes over the glacial period (Morley, 2013). The oldest
radiocarbon dates from inland peatland approach the limit of radiocarbon dating, at more than
50,000 years old (Anshari and others, 2001; Ruwaimana and others, 2020). These inland peat
areas remain little studied despite their great depth and immense carbon stock (Ruwaimana et al.
2020). Coastal peatland formed after sea level stabilization ca. 7000 year ago, thus this peatland
is often younger (Dommain and others, 2011). Some peatlands, such as the Sebangau Peatland in
Central Kalimantan is a continuous mix of both types (Page and others, 2004), but in some areas
such as the Upper Kapuas Peatland of West Kalimantan, the peat is located 300—900 km
upstream from the coast (Anshari and others, 2001; Ruwaimana and others, 2020).

Peat accumulation and subsequently its carbon sequestration is a balance between
primary productivity and decomposition (Yu and others, 2010). For peat to accumulate in
ombrogenous peatlands, the climate must be warm and wet enough to support high primary
productivity, precipitation must maintain a high soil water level to prevent peat decay, and in the
case of tropical peatland, organic matter must develop recalcitrant aromatic compounds that help
stabilize the peat at warm temperatures (Hodgkins and others, 2018). However, even though the
tropics experienced less cooling through the glacial periods, climate change during glacial-
interglacial periods has indeed affected peat accumulation (Hapsari and others, 2017). We
suggest that when the climate was colder and precipitation was lower, the peat carbon
sequestration might have halted or even shifted into a carbon source when the water level was
low, exposing the peat material to oxygen and decomposition. Age profiles of peat cores often
show abrupt changes as much as ten thousand years (Anshari and others, 2001; Hapsari and
others, 2017; Page and others, 2004; Wust and others, 2008), which suggest peat accumulation
hiatuses are a common occurrence. However, their cause and links to climate is often
overlooked.

Fire is an important disturbance on current tropical peatland ecosystems (Cochrane, 2003;
Page and others, 2010). In Southeast Asia, especially in Indonesia and Malaysia, peatland is
often converted to oil palm or pulp wood plantations, involving draining and burning peatland

(Dohong and others, 2017; Posa and others, 2011). Peatland fire in Indonesia in 1997 alone
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released approximately 2.4 Gt carbon (Page and others, 2002), and lesser fire years such as 2019
still released 0.7 GtC (Datta and Krishnamoorti, 2022). These fires are often ongoing for weeks
and month, causing what is called Southeast Asian Haze on 1997, 2002, 2006, 2009, 2013, 2014,
2015 and 2019 (Page and Hooijer, 2016). Despite this current major concern, fire is often
dismissed as a historical natural force in peatland, as a pristine peatland is often perceived as a
waterlogged and high humidity environment where fire rarely or never occurs (Cochrane, 2003).
However, recent paleoecological studies of tropical peat cores have found charcoal evidence of
non-anthropogenic fires over the Holocene (Cole and others, 2019; Hapsari and others, 2022).

The upper Kapuas River peatlands are affected by a flood cycle that follows the El Nifio -
Southern Oscillation (ENSO) (Hidayat et al., 2017). During the La Nifia, extreme rainfall causes
floods which raises a river level up to 10 meters, while on the other hand during the EI Nifio, the
river bed is often exposed and some of the connected lake systems such as Lake Sentarum dry
out (Anshari and others, 2004; Hidayat and others, 2017). The oscillation between dry and wet
periods might affect peat formation, as drought could lead to peat decay, while floods could
erode and deposit peat material and thus reshape peat topography. Some peat cores have a
mineral or clay layer inserted between the peat layers, indicating deposition from a flood event
(Gastaldo, 2010; Hapsari and others, 2017). While peat domes may reach elevations well above
the reach of floods, in some locations traces of oxbow lakes indicate river meandering had a
different spatial extent in the past and could have affected peat formation.

Human impact is also an undeniable factor affecting the peatland environment.
Kalimantan was occupied by modern humans since at least 50 ka (thousands of years before
present) (Reynolds and Barker, 2014). However, early human populations, part of the
Melanesian migration, were largely hunter and gatherers, employing only a small degree of
forest management and influence on land cover (Pyatt and others, 2005). Thus, their impact to
the peatland was likely small. However, migration from Asia arrived multiple times to
Kalimantan, with a major immigration during the Austronesian expansion beginning
approximately 7 ka. Agriculture began during this period for crops such as yam, taro, millet and
rice (Blench, 2010; Gao and others, 2020; Yew and others, 2018).

In this study, using a newly collected set of radiocarbon-dated cores from coastal and inland
peatlands in West Kalimantan (Indonesia), we analyze the peat stratigraphy, accumulation

history, and geochemical indicators of peat degradation. We also analyze the charcoal
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stratigraphy as a proxy of fire presence, how its occurrence might relate to climate and human
impact, and how the effects of modern human-caused fire and past fires on peatland differ. These
datasets allow us to examine the similarities and differences of these two types of peatlands. We
expect that the peat accumulation and fire regime was different before and after Austronesian
expansion, was different during and after the glacial-maximum climatic period. We also expect
that the coastal peat was more affected by human impact, especially anthropogenic fire,

compared to the inland peat.

Material and Method

Study Area

West Kalimantan has approximately between 1.5 and 1.7 million ha of peat (Anda and
others, 2021; Ritung and others, 2011). The peatland region here is defined by the Kapuas
River— the longest river in Indonesia— with scattered domed peat areas in the upstream basin
and flood plain, and a larger peatland on the extensive river deltas. The upstream region always
remained above sea level during the Quaternary, meanwhile the coastal region was affected by
sea level changes and delta formation (Dommain and others, 2011). Thus, their age is extremely
different with the coastal peat dating to approximately 4.5-5 ka, while the inland peat dates to
more than 50 ka (Ruwaimana and others, 2020). We laid one transect across each peat dome in

the coastal and inland region (Figure 1). The samples were collected in 2019.

Sampling Method

We collected peat cores using 55 mm diameter Russian peat corers to obtain samples
down to the mineral layer. Coring sites were spaced approximately 2 km apart. 17 points were
cored at Rasau Jaya (coastal peatland) and 15 points were cored at Putussibau (inland peatland).
At Rasau Jaya, we collected peat core samples from 8 points (R1-R8, Fig 1), and on the
remaining 9 points we used the cores to determine peat depth. At Putussibau, we collected
samples from 7 points (P1-P7, Fig 1) and at the remaining points we photographed cores, noted
the presence of rare minerogenic layers, and determined the peat depth.

At each sample point where we collected cores, we obtained a pair of cores. For the first

core, in each 25 cm segment we subsampled 10 cm for bulk density, loss-on-ignition, and carbon

46



and nitrogen elemental analysis. For the second core, we sampled the center of the core in
contiguous 5 cm segments, so the outer part of the core did not contaminate the sample. We
stored the samples in sterile whirl-pak bags. In between the main sampling sites, we took
additional cores for the only purpose of measuring the peat depth. We had technical difficulties
for cores P3, P4, and P5, where we were unable to collect samples to the mineral layer as we
repeatedly encountered a layer of impenetrable wood at ca. 10-11 m depth that twisted and
opened the corer. We cored additional locations within a radius of several tens of meters, but
wood layers were persistent. Therefore, in these cases we changed the objective to obtaining
samples as deep as possible rather than contiguously through the woody layer. In core P3, we
were able to collect a 5 cm segment sample from the bottom of the peat at the depth of 15 m for
radiocarbon dating. However, our maximum corer extension only reached 15 m, and at sites P4
and P5 we still did not reach the mineral layer at 15 m. In this case, we assume that the mineral
layer is topographically flat with the adjacent site (P3.5), resulting in estimated depths at P4 of
17 mand at P5 of 16.9 m. An ongoing coring project by one of the authors (G.Z.A.) found a peat
depth of 18 m roughly 1 km west of our transect supports this estimate (RSS GmbH, 2018). The
elevation of each core site was determined using RTK GPS with an error of £2-10 cm

(Ruwaimana and others, 2020).
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Figure 3.1. Map of sampling locations. Two transects across the peatland dome are placed on Putussibau (inland

peat) and Rasau Jaya (coastal peat). Peat area (light grey overlay) is from a coarse resolution remote-sensing
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estimation (Global Forest Watch, 2018) and in some places does not correspond with ground truth observations.
Note thatthe remotely-sensed elevation data, the only available data for these sites, contain artifacts due to canopy

cover, as seen as forest clearance along the road on the Putussibau transect. Red stars mark the location of ocean

cores for reconstructed sea surface temperatures from benthic and planktonic Mg/Ca ratio (Mohtadi and others,

2010) and the yellow star marks the location of a speleothem 8180 as proxy of precipitation at Gunung Mulu
National Park (Carolin and others, 2016)

Sample Analyses

Bulk density, loss-on-ignition (LOI), and elemental analysis (C%, N%, 613C and 515N)
were conducted every 25 cm. For bulk density, we used the entire 10 cm core segment, wrapped
the sample tightly with saran wrap, and immersed it briefly in a graduated cylinder filled with
water to obtain the volume. Later, the whole sample was oven dried for 2—3 days at 70°C until
the weight was constant. For LOI, the sample was finely ground, and 3—4 g of the sample placed
in crucible in a muffle furnace at 500°C for 4 hours or until the organic matter turns to ash. For
elemental analyses, we measured approximately 5-10 mg of sample in tin capsules. Carbon and
nitrogen concentrations and stable isotopes were measured at the Stable Isotope Facility at the
University of California Davis.

Radiocarbon dating was conducted from the 5-cm segment samples. We sieved 1 cm?
bulk peat to obtain the 125-500 um fraction, then treated it with 10% HCI and 10% KOH rinses.
Intensive radiocarbon dating was conducted down-core on the three deepest cores in each study
area (P3, P4, P5, R5.5, R6, and R6.5). We obtained dates in five submissions so that each
submission iteratively narrows down the times of inflections and hiatuses in the age-depth
relationship. We also obtained dates from the core bases from three additional cores at Putissibau
and two additional cores at Rasau Jaya. In total we radiocarbon dated 41 samples (Table S1). We
sent the samples to either the NOSAMS Laboratory (Woods Hole, MA) or DirectAMS (Bothell
WA). We calibrated the radiocarbon dates following IntCal20 using the rcarbon package in R
(Crema and Bevan, 2021). We then used Bayesian age-depth modelling in rbacon (Blaauw and
others, 2019) to create age-depth models (Fig 2).

Charcoal analysis was also conducted on contiguous samples from the three cores from
each area. From each of the 5-cm segment samples, we sieved 1 cm? bulk peat subsample to
obtain the 125-500 pum fraction and then treated it with 3% H202 for 12 hours to lighten non-

charcoal organic matter. We categorized charcoal into 13 morphotypes (Dussol and others, 2021)
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which we then grouped into three main categories (woody; herb/grass/leaf; and other, Fig 3, Fig
S3.6 and S3.7). We found the most abundant charcoal in the “lattice” and “framework”
morphotypes (Dussol et al.) which were usually partially charred (i.e., partially dark black). We
handpicked this charcoal morphotype and conducted 13C NMR (Nuclear Magnetic Resonance)
spectroscopy to confirm that this type of charcoal particle has the geochemical signature of
pyrogenic carbon. As a control, we also conducted NMR analysis on non-charred material from

our sample, and on charcoal that we created in the furnace using our sample.

Results

Age-depth Chronology

Six cores were modelled for their age. The Rasau Jaya site (coastal peat) was formed at
approximately 4.5 ka with the maximum depth of 6 m. Most of the peat especially on the edge of
the peat dome was already degraded, thus we picked the three middle deepest cores for vertical
radiocarbon dating (R5.5, R6 and R6.5) and created age-depth models on those cores. The age-
depth relation is relatively linear with a maximum age of 4.5 ka (Fig 2).

The Putussibau site (inland peat) is much deeper and older than the coastal peat. Cores
P3, P4 and P5 were radiocarbon dated along the vertical profile (Table S1). Core P3 has a
maximum depth of 1360 cm and dated at 30.2 ka at the bottom. Core P4's maximum depth is
unknown but the deepest sample we obtained at 1500 cm dated at 47.9 ka. Core P5's maximum
depth is also unknown and the deepest sample at 1200 cm dated at 39.5 ka. Abrupt changes in
radiocarbon ages suggests that hiatuses are present in all the cores: one hiatus in P3, and two
hiatuses in each P4 and P5. These hiatuses have similar age, with the first hiatus at ca. 20-30 ka
(cores P4 and P5 only), and the second hiatus at ca. 2—-10 ka. There are also age reversals in cores
P3 and P4 indicative of slumped or redeposited peat, which we modeled as instantaneous
deposition. After accounting for this slump, only one radiocarbon date is an outlier in the

modeled age-depth relationships (Fig 2).
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Figure 3.2. Bacon Age-Depth model output of three deepest cores form each site (Rasau Jaya: R55, R6, R65,
Putussibau: P3, P4 and P5). Each model shows the types of The Bayesian modeling

Age Profile

We interpolated the ages from the intensively dated cores with radiocarbon dates from
other cores to create an age profile on the cross-section created by the transect of cores (Fig. 3).
At Rasau Jaya, as expected due to relatively linear age-depth relationship, age isolines are
uniformly spaced within the less disturbed peat. However, we did not date the surface of cores
R1-R5. The peat in these sites is quite compacted and heavily mixed due to current agricultural
activity, thus likely will date to a modern age. The interpolation of ages resulted in closely
spaced age isolines. However, it is important to note that the linear age-depth relationship may
not hold true, particularly at the surface where compaction is prevalent and the potential for
missing late Holocene peat exists due to recent peat degradation and fire. The interpolation of
ages created tightly spaced age isolines, but we do not that the linear age-depth relation is the
case especially at the surface where is there is a lot of compaction and there is a high possibility
of missing late Holocene peat due to recent peat degradation and fire.
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At Putussibau, the age profile is more complex, where there is an age reversal on two
main cores (P3 and P4) that occur at the same elevation in the profile. This age reversal also is
supported by a basal age of core P1 and P2 which are about the same age (35—40 ka) and located
at the same elevation with the age reversal. We also observed hiatuses where the age changes
abruptly, especially at core P3 where the age jumped from 13 ka to 1.3 ka. There is also a
depression along the transect at core P3 which might indicate the loss of several meters of peat
(Fig. 3).
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Figure 3.3. Age Profiles of Rasau Jaya and Putussibau peat domes. Black dotsindicate the radiocarbon samples.
All cores in Rasau Jaya reach the mineral layer, but cores P3.5 to P5.5 at Putussibau did not reach the mineral layer,

thus we radiocarbon dated the deepest sample available. Surface profile created based on RTK-GPS.
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Peat Geochemistry and Accumulation

All cores are highly organic with %C >50%, loss-on-ignition >95%, bulk density ca. 0.2
g/cm?, and C:N ratio >40, except for an area of shallow peat at Rasau Jaya with more compact
and less organic peat (Figs S1, S2). 813C of total organic C varied little by depth, remaining
between -29 to -31%o (Fig S1). 815N varied from -3 to 5%o, with high values near the surface at
both sites.

At Rasau Jaya, peat accumulated at the rate ranging from 0.5-1 mm/y, where core R5.5
and R6 shows faster accumulation (>1 mm/yr) at the older age (1.5-4.5 ka) and slowing down
afterward. Core R6.5 shows a constant accumulation rate at 0.75 mm/y. aCAR (apparent carbon
accumulation rate) ranges from 20-50 g C/m2/y, where all cores show slightly increased aCAR
after 1 ka (Fig 4).

At Putussibau, the peat accumulation rate shows more variation. At 35-20 ka, the
accumulation rate is around 0.5-0.7 mm/y and decreasing down to 0.2-0.3 mm/y around 20-10
ka. There is a small increase of accumulation around 15 ka to 0.5 mm/y, and then decreases
again. During the early Holocene, there is a complete hiatus in all three cores, so the
accumulation rate at that time is unknown. Afterward, the accumulation rate remains low at 0.3-
0.5 mm/y until recently at 1 ka when the accumulation rate increase to 1.0 mm/y (Fig 4).
Putussibau has quite uniform BD and %C, thus the aCAR closely follows the peat accumulation
rate.

Charcoal

The charcoal from both sites is dominated by herb and leaf charcoal, which account for
83% of the total charcoal counted (Fig 4). One particular morphotype, called "lattice", is
dominating (Fig S3.6 and S3.7). This type is defined as flat and thin, partially black and
translucent, dull, and with visible cellular structure (Dussol and others, 2021). NMR results
confirmed that these herbaceous charcoal sample contains both aromatic and aliphatic chemical
structures which confirm that this sample is indeed partially charred (Fig S4).

Woody charcoal accounts for about 12% of the total charcoal sample, and other charcoal
types account for 5% of the sample. We aligned the total concentration (pieces/cm?), charcoal
accumulation rate (pieces/cm?/year), woody charcoal accumulation rate and herb/leaf charcoal

accumulation rate with paleoclimate records from the region (Fig 4).
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At Rasau Jaya, charcoal is rarely present around 3—4.5 ka, and started to increase toward
modern time and peaking at ca. 1 ka. Surprisingly there is low charcoal abundance in the
uppermost core sample. At Putussibau, charcoal is consistently present in all samples. Peak

values of woody and herb/leaf charcoal co-occur in each core. Major peaks occur at ca. 2627
ka, 13-14 ka and at 1 ka.
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Figure 3.4. Combined cores (top row) and breakdown of each core (bottom three rows) from Rasau Jaya and
Putussibau. Each core shows the peat accumulation rate, apparent carbon accumulation rate (aCAR), charcoal
concentration, total charcoal accumulation rate, wood charcoal accumulation rate, herbaceous and leaf charcoal

accumulation rate, and two paleoclimate records. 5180 from the Gunung Buda cave is a proxy of precipitation

(lower values to the right indicates more precipitation). Light grey line shows the original data and black line show

ice-volume corrected values (Carolin and others, 2016). The sea surface temperature from two cores off the coast of

Sumatra is based on the benthic and planktonic Mg/Ca ratio (Mohtadiand others, 2011). Red shaded areas indicate

missing peat that was modeled as hiatuses. Age in Y axis is based on rBacon modelling, Black dots on peat

accumulation columns shows each individual radiocarbon date measurement calibrated with rCarbon.

Discussion

The high C:N ratio (>40) indicate a terrestrial peat existed at all times, with no periods of
lakes (Meyers and Lallier-vergés, 1999). Also, the low 313C (less than -29%o) indicates
dominance by C3 plants at all times. The C:N ratio at Putussibau (73+26; 10) is higher than at
Rasau (47£12, 15), which indicates that the peatland at Rasau is more degraded as more
decomposed peat will have smaller C:N ratio value due to preferential loss of C over N in

microbial decomposition (Kriiger and others, 2015).

Coastal Peatland (Rasau Jaya)

Coastal peatlands are expected to form after the sea level stabilization within the last
7000 yr (Dommain and others, 2011). At the Rasau Jaya site, the bottom of the cores show that
the peat started to form at 4.5 ka. However, the peat probably did not form immediately as the
river delta first needed to form, followed by mangrove vegetation, which finally aggraded to
form organic peats (Hunt and Premathilake, 2012; Y ulianto and others, 2005). During this time,
paleoclimate proxies indicates that precipitation was only slightly decreasing (Carolin and others,
2016) and sea surface temperature was relatively stable (Mohtadi and others, 2010) except for
the recent modern anthropogenic climate change which increase the SST (Martono, 2016). Due
to this stable climate, the peat accumulation shows a linear age-depth relation, with faster peat
accumulation in the bottom half of the core (0.7-1.0 mm/y) and slowing down toward the
modern age (0.5 mm/y), following the trend in precipitation (Fig 4). However, aCAR is
relatively constant at 20-30 g C/m2/y throughout the cores, until around 600-700 years ago,
where all the cores show increases in aCAR to 30-50 g C/m?/y. This could be an indication of

peat compaction on the last few centuries, as the bulk density on the peat surface is relatively
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higher and no radiocarbon dates were obtained through this interval to account for such
compaction (Fig S1). This also could be the result of slow C loss deeper in the profile, which
would cause the CAR to increase near the core top (Young and others, 2021).

While peat accumulation appeared to be uniform in space and time except for the last
millennium, fire changed greatly through time. Before 3 ka, charcoal is only present in low
numbers, when the peat had just started to establish with a high peat accumulation rate. After 3
ka, fire prevalence increased and peaked around 1.2 ka. While most paleoclimate records are too
coarse to evaluate a climate link to these fire periods (Fig 4), in general over the last 4000 years,
a warmer ENSO phase caused multiple drought events in this region (Biagioni and others, 2015;
Carolin and others, 2016; Konecky and others, 2016; Partin and others, 2007; Rodysill and
others, 2013) which could possibly decrease the peat accumulation rate and increase fire
prevalence.

Beside the climate drivers, anthropogenic impacts are also potentially a strong driver of
fire on this peatland. Borneo Island was inhabited by people since 50 ka and received a constant
influx of human migration especially when the land bridge was connected to mainland Asia
(Reynolds and Barker, 2014). However, early immigrants were largely hunter and gatherers, thus
probably had minimal fire use (Pyatt and others, 2005). Rice cultivation arrived in this region at
ca. 4 ka, and started to become intensive around 2.5-2 ka. Rice agriculture involved swidden
agriculture with heavy fire use for land clearing (Ma and others, 2020; Zheng and others, 2021),
thus probably causing the increase in charcoal. Moreover, around 1.5-0.75 ka, kingdoms in
Indonesia started to form and establish a trading-post route along the coastal region of
Kalimantan. One of the largest kingdoms, Majapahit, was expanding around 1290s to 1520s, or
0.66 to 0.43 ka (Gin, 2015; Smith and Smith, 2011). There is the possibility that Majapahit and
earlier kingdoms harvested the coastal forest for boat building, and increased agriculture along
the coastline of Borneo, thus causing the charcoal peaks at 1.2 ka and 0.7 ka. Similar to our
results, (Hope and others, 2005) observed in a Kutai (East Kalimantan) peatland evidence for
human-induced fires within the last millennia.

Following the peak in fire in the last millennium, we expected the amount of charcoal to
continue increasing toward the modern time, however this is not the case. The city of Pontianak,
located just ca. 20 km north of our site, was established in the 17th century and population

continued to increase in the region (Sirrullah, 2019). During the 1970s the Indonesian
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government relocated thousands of people from Java to Rasau Jaya as a part of transmigration
program and to establish plantations, mainly of crops tolerant of peat such as aloe vera and
pineapple (Septiyani, 2014). The development of human settlement started from the southern
edge of the dome where the peat is thinner and easier to build upon (Arif, 2019). This
development depleted the peat edge in the area of cores R1-R5, leaving behind less than one
meter of decomposed and compact sapric peats (Fig S1). Fire is still heavily used for agriculture,
as burning produces ashes that neutralize the soil acidity, which is a cheaper alternative to
limestone to improve peat soil for agriculture. Thus, we were expecting high amounts of charcoal
at the core surface of these sites. The lack of recent charcoal record on at the core tops may mean
that the fires were smoldering peat fires that either produced no charcoal or the charcoal was
consumed in subsequent fires during planting seasons. This interpretation is supported by higher
815N (ca. 3%o; Fig S3.4) on the peat surface at Rasau Jaya, as combustion of peat may release
d15N-depleted gases (Davidson et al. 2014; Hapsari 2021).

Inland Peatland (Putussibau)

Inland peat in the Upper Kapuas Basin, including Putussibau, was established more than
50 ka and persisted through several climate changes including the Last Glacial Maximum
(Anshari and others, 2001; Ruwaimana and others, 2020; Yu and others, 2010). The base of the
Putussibau peat dome has ages ranging from 36 ka near the Manday River to > 45 ka near the
deepest peats at transect-km 6 to 7 (Fig 3). Given this long history, this site is expected to have a
more complex age-depth model. Indeed, the age model indicates periods of rapid peat
accumulation, an age reversal in two cores, and hiatuses in all cores (amounting to 30.6% of the
time of the three cores). We interpret this history using geochemical (C and N) and charcoal

indicators and with respect to climate history and the potential for flood disturbances.

Peat Age Reversal Indicates Flood

An age reversal occurred in cores P4 between 28-19 ka and P3 between 26-18 ka. In the
Bacon age-depth modelling, we treated the age reversals as slumps of redeposited older peat
material. The radiocarbon dates in the slump are dated from 30—41 ka and based on the age
profiles (Fig 3). Usually, age reversal is caused by the mobility of vegetation biomass where

younger vegetation parts such as roots penetrate the deeper zone, and when the sample is taken,
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this young part is collected. However, upon further analysis, the slump material was found to
have the same horizontal elevation and likely spans between the core sites. Other soil physical
and chemical analysis such as C%, CD, N%, C/N, and BD (Fig S3.2 and S3.3) also support a
different origin of the slumped material, with higher carbon (less decomposed) and denser than
the peat above or below. We also observed the presence of silt materials in the other cores at the
same elevation with the age reversal (Fig S3.9). This probably indicates a single or multiple
flooding events eroded peat material or wood from the banks of the Manday River and deposited
this material, along with silt, at the core sites. Other than the meandering of large rivers, flooding
rarely erodes intact peat material supporting dense vegetation. However, there is a possibility
that fires and dried out peat, during a cooler climate when vegetation cover was less dense,
lowered the elevation of the peat surface (Anshari and others, 2001; Bird and others, 2005).
These factors loosened the peat material, thus enabling the peat and/or detrital wood to flood
onto the dome surface.

The modern elevation of the Manday River (30 m) lies above the elevation of this age
reversal (27-29 ma.s.l.). In fact, peat was cored up to 10 m below the modern river elevation.
This peat has similar texture and geochemistry as Holocene peats. It is likely that the Manday
River bed was at a lower elevation prior to the LGM, and aggraded over millennia, thus affecting
the water table and supporting the development of the very deep peatlands. There may be other
links between the patterns of aggradation and incision of the Manday and Kapuas rivers affecting
periods of peat accumulation and peat loss, assuming water table distal from the rivers is affected
by river bed elevation. Future work should address the links between fluvial geomorphology and
peatland history.

This age reversal coincided with the Last Glacial Maximum. An age inversion was also
reported at 20-10 ka at the Sebagau Peatland in Central Borneo (Page and others, 2004) and at
11 ka in Central Sumatra (Hapsari and others, 2017), which suggest the inversion is quite a
common occurrence and dynamic in these tropical peatlands. The peat comprising the reversal is
more compacted and with higher bulk density and higher carbon content. A hiatus may also have
occurred at this time, as peat only started to accumulate again around 18-19 ka. This hiatus may
be from eroded peat from a flood, or from a nutrient limitation, as the peat in this zone has a high

C/N and is rather low in N.
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Fire History

Our composite charcoal record from three cores begins at 28 ka, starting with high values
and decreasing until the LGM at 24 ka. During the LGM, peat accumulation and carbon
accumulation decreased as vegetation became sparser due to colder and drier climate (Bird and
others, 2005; Hunt and others, 2012). Moreover, lower precipitation, and thus less thunderstorms
and lightning, may have reduced the fire ignition rate. After the LGM, charcoal was fluctuating
at low levels for several centuries, suggesting that the fire is a constant presence on pristine
inland peat. Charcoal started to increase approximately 20 ka and reaches the highest level at ca.
15-13 ka. During this period even though humans were already present at various caves across
Kalimantan, there is little archaeological evidence of human agricultural activity, and their
impact on peatland ecosystem might be negligible (Pyatt and others, 2005; Reynolds and Barker,
2014). However, there are potential climatic causes for this period of fire. Around 20 ka, the
0180 record shows a decrease in precipitation, thus probably causing more available dry peat
material for combustion. However, when 6180 shows sudden precipitation increase at 15-13 Ka,
instead of decreasing charcoal, the charcoal accumulation increased. This time is coincident with
Bolling-Allerod warming and Meltwater Pulse 1A. Although Bolling-Allerod is largely recorded
in the Northern Hemisphere and caused increased precipitation in coastal Asia (Wen and others,
2016), its impact on climate in the tropical region is largely unstudied. Warmer temperature and
increasing sea levels might also have increased fire on pristine peat (Hapsari and others, 2017),
possibly by shifting the ITCZ northward and creating more thunderstorms, potentially causing
more lightning and generating more fire. Thus, increased precipitation also would increase the
peat accumulation rate due to higher productivity and a higher water table. Increased charcoal at
times of increased peat growth was also observed in a core from Sumatra (Hapsari and others,
2022)

The fires that occurred at the Putussibau peatlands were likely low severity litter fires
very close to the core site rather than dispersed from upland forest 20-30 km away. This is
supported by the abundance of lattice and herb/leaf charcoal types relative to blocky wood
charcoal, and the high accumulation rate of the charcoal, often more than 25 pieces/cm?/y. These
fires were also local to the core site, as burning of peat surface creates abundant charred material
in the peat deposit, up to 25-50 pieces/cm?2/y (Huber and others, 2004; Huber and Markgraf,

2003). For comparison, lake sediments in high-severity fire regimes are often <2 pieces/cm?/y

58



due to dispersal and dilution in lakes (Higuera and others, 2007). NMR analysis of this charcoal
type confirms our interpretation of it being partially burned herb and leaf material (Fig S3.8). In
addition to the NMR results, the abundance of partially burned lattice charcoal is supported by
the reported combustion factor (proportion of above-ground fuel mass consumed in fire) for
tropical peatland in Kalimantan, which ranges from 0.4 to 0.7, indicating large amount of
unburnt peat remains following fire (Krisnawati and others, 2021).

At the inland Putussibau site, in the most recent peat at the core tops, we found
surprisingly more charcoal compared to the coastal site. This charcoal is an indication the
presence of modern fire. There is no clear historical record when this area began to be settled,
but we observe that the charcoal started to increase at approximately 1 ka. The Upper Kapuas
Region was already inhabited by Dayak people that mainly were farming on the river floodplain,
and in the 18th century the Kingdom of Selimbau established Putussibau city, located
approximately 15 km north of the sampling site (Prasojo, 2017; Suprianto and others, 2021).
Recent development of rubber and oil palm has caused some of the peat, especially areas with
road access, to be converted into plantations. However, due to the poor quality of the peat, these
plantations are unproductive and most of them were abandoned when the samples were collected
in 2019 (personal observation and communication with local farmers). Thus, fires during the last
millennium at Putussibau may have been used for clearing (as shown by higher levels of wood
charcoal, Fig S3.6), but likely not continuously as the farming is not productive on this deep peat
dome.

Drought or Fire-Caused Hiatuses in Peat Accumulation

There are a range of scenarios for the causes of the hiatuses observed in the peat
stratigraphy. One scenario is that there was a long-term decline in productivity and/or increase in
peat respiration during a drier climatic period. Lower precipitation during the LGM likely
resulted from the lower sea level that exposed the Karimata Strait that connected Borneo,
Sumatra, and Java Islands into a large landmass, potentially with a savanna corridor (Bird and
others, 2005). This change in land area to the west of Borneo may have reduced precipitation at
the study site (Kershaw and others, 2001). Currently, ca. 40% rainfall in this region is recycled
by evaporation from land and the remaining ca. 60% comes from evaporation from the South

China Sea and the Java Sea (Tuinenburg and others, 2020). Thus, when sea level was lower, the
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study site was further from the sea, and thus received less precipitation. This is supported by the
Gunung Buda 8180 speleothem record, showing generally drier conditions before the Holocene
and during the earlier period of hiatus (Carolin and others, 2016; Partin and others, 2007). Lower
precipitation in turn lowered plant productivity and paused the peat accumulation, as well as
lowered the ground water level and exposed the existing peat to the atmosphere to decompose. In
this case, hiatuses or even peat degradation continued for several thousand years until the climate
allowed the peat to grow back.

Another scenario is that hiatuses are the result of single or several intense fire events.
Under this scenario, peat was continually accumulating even during the low precipitation
periods, consistent with previous studies that the Putussibau area is a rainforest glacial refugium
despite it being somewhat drier during the LGM (Anshari and others, 2001; Bird and others,
2005). However, at a certain point a large fire event burned up several meters of the peat column,
thus creating a gap of thousands of years in the peat record. One single event of fire could
potentially smolder down to 50-60 cm depth and potentially deeper depending on the soil water
level (Konecny and others, 2016; Usup and others, 2004). Recent modern clearing fire has been
observed to smolder as deep as the road foundation at a 2-3 m depth (Wahyudi Hidayat,
Putussibau Regence official, personal communication, July 26th 2019). These past events,
potentially consuming several thousand years of peat, released an equal amount of carbon
compared to recent fires. For example, in core P5 where the most recent hiatus lasted for ca.
3000 years, and assuming an aCAR of 20 g C/m?/year, if burned in a series of fire events this site
would have released 600 t C/ha. As comparison, severe peat fire event in 1997 in Indonesia
released 200-250 t C/ha (Boehm and others, 2022; Page and others, 2002), a milder fire in 2006
released 29.6 t C/ha (Ballhorn and others, 2009), and a reburn of a peatland in Central
Kalimantan released 64 t C/ha (Konecny and others, 2016). Thus, high amount of carbon loss in
our core is likely the result of multiple fire events.

We may use the evidence of fire history and peat degradation to support which scenario,
or combination of scenarios, was the more likely cause of the hiatuses. The two older hiatuses at
cores P4 and P5 ended at similar time around 21-20 ka, and afterward there was an increase in
the charcoal count, which could indicate fire events in conjunction with the regionally drier
conditions could be the cause of these hiatuses, consuming a different amount of peat at each

site. Three younger hiatuses at all cores started at the similar time around 12 ka but ended at
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different times. Peat growth may have slowed down or stopped during this period. Although in
general 6180 shows increase in rainfall through the early Holocene (Carolin and others, 2016), a
high-resolution lake core with from Loagan Bunut, Sarawak, 350 km north of the study site,
shows that there are periods of drier climate and more fire 9250-8890, 7900 and 7600-7545 cal.
BP (Hunt and Premathilake, 2012). This short period of drought might happen multiple times
and potentially cause hiatuses from a combination of drought and severe fire.

Under the peat-degradation scenario for hiatuses, we would expect that indicators of peat
degradation would be correlated with aCAR, in general, down core. For example, 613C may
decrease from the selective loss of labile 13C-rich carbohydrates, 15N may increase from
selective use of 14N by microbes, and C:N decreases from carbon respiration (Ramdzan and
others, 2022; Spiker and Hatcher, 1984) (Ramdzan, Spiker). However, there is little support from
the stratigraphic correlation of these indicators (Figs S1, S2). At Rasau Jaya, aCAR varies little,
and only d15N is high near the peat surface, resulting from recent fires as mentioned above. At
Putussibau, while aCAR varies down-core, there is no clear correlation of aCAR with any of

these indicators.

Conclusions

Coastal peat is younger and shallower than inland peat. As coastal peat is formed during a
relatively stable climate, the age-depth relationship is quite linear. This is in contrast with inland
peat, where we find age reversals and hiatuses. Despite stable peat accumulation rate in coastal
peat, the fire regime varied greatly, likely due to combination of ENSO phases and increasing
anthropogenic impact, especially the rise of agricultural practice is this region. For both areas,
the charcoal type is dominated by partially burned, herbaceous charcoal. This suggests that the
fire was probably a low severity surface and shallow fire. High amount of charcoal also suggest
that the fires were local.

Age reversals have been observed in various deep tropical peat cores, however, their
causes are often dismissed as a contaminated radiocarbon sample or not investigated. By
analyzing multiple cores with different distance from the river, we rule out contamination and
deduced that there was a flood that causing this reversal. Two scenarios may explain the hiatuses
in the peat core. The first is a long period of no peat accumulation and slow decomposition.

Reduced precipitation and cooler climate reduced the primary productivity and lowered the water
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level, and subsequently lowered the peat accumulation rate and exposed the existing peat to
decomposition. The second scenario is a single or multiple fire events removed several thousand
years of peat accumulation.

We currently cannot confirm which scenario is more likely without more study of peat
degradation indicators. For example, Garcin and others (2022) used a suite of peat degradation
indicators to support a climate, not fire, caused hiatus in a peat core from the Congo Basin.
Regardless of the exact cause of the hiatuses in our cores, the amount of carbon released in each
event (ca. 600 t/ha for a 3000-yr hiatus) is greater than that from the most intense modern fire
years. If our results are representative of the 6630 km? of deep peatlands of the upper Kapuas
Basin, the carbon fluxes implied for these hiatuses reach globally significant values (> 1.5 Gt
C0O2). We note that the end of the first hiatus period, at ca. 20 ka, is close to the timing of
initiation of the post-glacial increase of atmospheric CO2 at 19 ka. In addition, the hiatuses
during the mid to late Holocene occur during a period of rising atmospheric CO2, which has
previously been attributed to a terrestrial carbon source (Ruddiman, 2003). Thus, our results are
consistent with previous research highlighting Indonesian peatlands as a globally important for
the carbon cycle, (Datta and Krishnamoorti, 2022; Krisnawati and others, 2021; Page and others,
2002) functioning as a terrestrial carbon sink during the Last Glacial Maximum and as a CO2
source during the early postglacial period and during the Holocene.

In the next chapter, we will focus more on the biological proxy from the peat layers. We
will list and identify all the pollen and spore types found in the peat samples. This will address a
research gap on tropical pollen; there are only a few materials currently available and published.

This work will be a foundation for our future project on pollen in tropical peatland.
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IVV. POLLEN AND SPORES RECORDED IN A LATE
PLEISTOCENE-HOLOCENE INLAND TROPICAL PEAT
DEPOSIT IN WEST KALIMANTAN, INDONESIA

In preparation (Style of Quaternary International)

Co-authored material (with Daniel G. Gavin, Gusti Z. Anshari, K. Anggi Hapsari and Rebecca J.
Hamilton). The experimental work was performed by me. The paper was written entirely by me,
with DGG, GZA and KAH providing editorial assistance. KAH and RJH contributed to pollen

and spore identification.

Introduction

Tropical peatland is a type of wetland ecosystem where accumulating organic material is
stabilized by a combination of water saturation, low oxygen levels, and a change in chemical
properties (Osaki and Tsuji, 2016; Hodgkins et al., 2018). This organic material deposit traps
carbon and stores various valuable paleoecology and paleoclimate proxies within its layers, such
as pollen, charcoal, testate amoeba, metals, and various stable isotopes (Blackford, 2000;
Bindler, 2006). One of the important biological proxies that is archived in the peat core is pollen
and spores (Chambers and Charman, 2004). A relatively large number of pollen and spore
studies have been conducted in northern temperate peat compared to the tropical peat. For
example, of the 411 peat and wetland stratigraphy studies are registered in the Neotoma
Paleoecology Database (Williams et al., 2018), 336 are located at mid- to high-latitudes, while
only 64 are located in tropical and subtropical regions. Of these 64 studies, no peat stratigraphic
study in Indonesia is yet entered into the Neotoma database, although there are several peat
pollen stratigraphy studies in Indonesia that are not registered there (Anshari, Kershaw and van
der Kaars, 2001; Anshari et al., 2004; Yulianto et al., 2005; Biagioni et al., 2015; Hapsari et al.,
2017, 2018).

Moreover, tropical peatland also has a higher plant biodiversity than its temperate
counterpart, but there are only a few studies that focus on cataloging the tropical peatland pollen
flora in Southeast Asia. Two of these studies are pioneering studies that were conducted in the
early 20th century (Polak, 1933, 1949), and the most recent study was conducted almost a half
century ago (Anderson and Muller, 1975). Due to limited reference material for pollen

identification, not only specifically for tropical peat pollen, but also for any palynoflora in
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Indonesia (Poliakova and Behling, 2016), a notable percentage of pollen and spores in
stratigraphic studies of peatland remain unidentified or only identified to family level. For
example, a study by Biagioni et al. (2015) resulted in 242 pollen and spore types, of which 87
specimens were unidentified. A study by Cole et al., (2015) resulted in 179 types; 10 types were
unidentified, and of the identified ones 30% of the taxa were identified to family and 70%
identified to genus level. Studies by Anshari et al. (2001, 2004) resulted in 123 pollen and spore
types, of which approximately 10% were identified to species level, 65% to genus level, and
25% to family level. A study by Hapsari et al. (2017, 2018) identified 63 pollen and spore types,
of which 60% identified to genus level and 40% were identified to family level. A study by
Yulianto et al. (2005) resulted in 77 pollen and spore types, of which 11 were unidentified, while
most identified taxa were mostly at the genus and family level. While some member of the same
plant family or genus might occupy a similar niche and provide similar ecological function, some
have wide ranges of habitat, distribution, trait, and even life form (e.g., Myrtaceae, Fabaceae,
Melastomataceae) (Lemmens et al., 1995, Soerianegara et al., 1993 and Sosef et al., 1998). For
example, member of the common peat-swamp forest family, Dipterocarpaceae, could also grow
on coastal (e.g., Shorea parvistipulata, S. splendida), riparian (e.g., Vatica rassak, S.
macrophylla), or hill forest (e.g., Anisoptera thurifera, Dipterocarpus grandiflorus, Hopea
celebica) (Hamilton et al., 2019). Thus, it remains important to achieve more detailed pollen and
spore grain identification.

Photographic documentation of encountered fossil pollen and spore grains is rarely done.
Out of the studies listed above, only one peat stratigraphy study by Cole et al. (2015) provided in
their supplementary material photographs of the most common pollen taxa, though the images
are only from one angle thus it is difficult to do the identification based on these images. A study
by Poliakova and Behling (2016) does provide documentation of fossil pollen grains, however,
this study is not focused on peatland, and the detail on grain descriptions are not given. With this
current situation, a palynologist studying peat pollen must look through multiple references, thus
increasing the difficulty of identification and, likely, increasing the number of unidentified but
ecologically important pollen and spores.

Thus, we conducted this study to catalog fossil pollen and spores from a 30,000 year- old
peat core. Moreover, as this core has experienced various climates from the Last Glacial

Maximum to the warm modern Holocene, this core possibly contains a wider range of plant
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types as the composition of the plant community changes following climate changes. We also
provide a morphological description such as aperture morphology, exine sculpturing, and size
measurements. Pollen stratigraphic studies are starting to be more common in Southeast Asia,
and thus future studies that focus on peatland will benefit from the peat fossil pollen and spore
catalogue presented here.

Regional Setting

This study focuses on peatland in Putussibau Regence, West Kalimantan, Indonesia.
Peatland in this region has been accumulating for at least 50,000 years with maximum thickness
of approximately 15-18 m, making it the oldest and deepest extant peatland in the world
(Ruwaimana et al., 2020). This peatland is located on interfluves approximately 450 km
upstream from the outlet of the Kapuas River, the longest river in Indonesia. Compared to most
of the coastal peat in Indonesia that only accumulated since approximately 7500 years before
present, after sea level stabilized (Dommain, Couwenberg and Joosten, 2011), the Putussibau
peatland, currently located 30 m above the sea level, thus was not affected directly by past
changes of sea level. The peat is predicted to accumulate even during the Last Glacial Maximum.
Despite some peat loss due to prehistoric and modern fire events, this peatland still has the
potential to provide stratigraphic records that encompass the time before the Last Glacial
Maximum until now.

Generally, on Kalimantan Island the five most abundant families are Dipterocarpaceae,
Euphorbiaceae, Myrtaceae, Sapotaceae and Lauraceae and five most abundant genera are Shorea,
Syzygium, Diospyros, Madhuca and Dipterocarpus (Slik et al., 2003). However, the plant
composition in peatland is different due to its unique high organic and low nutrient soil. In
Kalampangan peat in Central Kalimantan, the dominant species are Combretocarpus rotundatus
(Anisophylleaceae), Palaquium cochlorifolium (Sapotaceae), Callophyllum canum
(Callophyllaceae), Ctenolophon parvifolius (Ctenolophonaceae), and Cratoxylum glaucum
(Hypericaceae) (Osaki and Tsuji, 2016; Tuah et al., 2003). Meanwhile, other peatland in Central
Kalimantan, Sebangau Peat is dominated by Palaquium spp, comp. (Sapotaceae), Syzygium
densinervium (Myrtaceae), Xanthophyllum palembanicum (Polygalaceae), Hydnocarpus sp.
(Achariaceae) and Shorea guiso (Dipterocarpaceae) (Simbolon and Mirmanto, 2000; Yulianto et

al., 2005;). Specifically, on our site, Putussibau, there is no formal report of peatland vegetation
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list yet. However, the closest vegetation record around Putussibau is from Danau Sentarum. This
site is located approximately 30km downstream from Putussibau, thus we could infer that their
vegetation is similar. Tree inventory on Danau Sentarum resulting on 31 families, including
Dipterocarpaceae, Myristicaceae, Burseraceae, Clusiaceae, Fabaceae, Euphorbiaceae,
Elaeocarpaceae, Anacardiaceae, Sapotaceae, Annonaceae, Sapindaceae, Myrtaceae, and
Meliaceae, (Anshari et al., 2012). Some species that has the highest importance value on
transects are Dryobalanops sp. (Dipterocarpaceae), Elaeocarpus palembanicus (Elaeocarpaceae),
Santiria oblongifolia (Burseraceae), Palaquium sp. (Sapotaceae), Shorea sp. (Dipterocarpaceae),
Sindora bruggemanii (Fabaceae), Garcinia sp. (Clusiaceae) and Gluta sp (Anacardiaceae). As
this area is affected by fire, after fire the most prominent pioneer species are Croton cf. ensifolius
(Euphorbiaceae), Ixora mentangis (Rubiaceae), Timonius salicifolius (Rubiaceae), and the herbs

Polygonum spp. (Polygonaceae) (Dennis et al., 2000)
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Figure 4.1. Map of peat core sampling location. Note that the elevation data in this map reflects canopy height,

and thus reveals the road corridor along which core was obtained.

Material and Method

We collected peat cores (0.780N; 112.925E, Fig 4.1) using a 55 mm diameter Russian
peat corer to obtain samples down to the mineral layer. We extract 1 cm? sample every 25 cm,

with a standard protocol by (Faegri et al., 1989). We sieved the samples at 150 um to remove the
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larger fraction. Sample was then treated following the protocol by Chambers and van Geel,
(2011) with some modification, where we did 5-10 times warm 10% KOH rinses to remove the
peat material and excluded the HF treatment due to the low inorganic material content. Pollen
and spores were photographed using 100 x 10 magnification under immersion oil with a Zeiss
Binocular Microscope and AmScope digital camera. For each sample, around 100-150 pollen
and spore grains are photographed; each grain is photographed twice with different angle, mostly
from polar side and from equatorial side. Pollen preservation was good at all depths. The base of
the core is dated to 30,230 years cal BP (calibrated with IntCal20)

We made pollen and spore identification using photographs from previous studies and
online resources. We use online database Australia Pollen and Spore Atlas (APSA) and selected
taxa found in Maritime Southeast Asia region (Haberle, 2018). We also utilized published pollen
atlas paper from northern Borneo that covers peatland and all other types of ecosystems
(Anderson and Muller, 1975; Jones, 2012). We also compare our pollen with pollen and spores
from marine sediments atlas as one of their sediment sources is peatlands in Central Kalimantan
(Poliakova and Behling, 2016). One of the most common families in Kalimantan is
Dipterocarpaceae; we use this family's pollen identification guide from Hamilton et al. (2019).
We also use an unpublished pollen and spore photo collection from the late Prof. Edward J.
Cushing, which contain approximately 3,000 sample from Indonesia, which about 300 are from
Kalimantan. Due to the limitation of image resolution, we described the pollen and spore grains
on their aperture morphology, exine sculpturing, and size measurements (Punt et al., 2007,
Grant-Downton, 2009).

Most of the pollen measurements are the equatorial and polar diameters (Faegri, 1989).
Some exceptions are pollen and spores with a triangular shape (e.g., trilete) and or those with an
almost perfectly spherical shape, without a clear polar or equatorial distinction, are described by
their largest diameter. Their maximum, median and minimum dimensions are based on the
largest diameter of several specimens. Monolete pollen and spores are described based on their
length and width (Barrington, 2020).

Result and Discussion
In total, 286 morphotypes were identified from 6435 sample photographs. 260 morphotypes are

pollen and 26 are spores. Currently, 170 types (59%) are identified to family level,86 types
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(30%) to genus level, and none to species level. These identification results are tentative as we

are still waiting for identification from our collaborators. The smallest grains are Myrtaceae

pollen (4 um, Plate 9.18) and the largest grains are monolete spores (75 um length, Plate 1.1).

All the pollen and spore identifications, morphological descriptions, and measurements are listed

in Table 1. The morphotypes are presented in 18 photographic plates in scale with each other,

grouped by aperture morphology and exine sculpturing.

Table 4.1. List of pollen morphotype and its identification.

Plate ID Family Genus Morphological Description Size

Plate 1.1 Indet Indet Monolete, Reticulate Length 75pum, Width 40um

Plate 1.2 Indet Indet Monolete, Psilate Length 41-57um, Width 28-29um
Plate 1.3 Indet Indet Monolete, Psilate Length 57—63um, Width 32—36um
Plate 1.4 Indet Indet Monolete, Psilate Length 40—45um, Width 25-27um
Plate 1.5 Indet Indet Monolete, Granulate Length 39—43um, Width 23—24um
Plate 1.6 Indet Indet Monolete, Psilate Length 37-29um, Width 17-20um
Plate 1.7 Indet Indet Monolete, Psilate Length 42—43um, Width 20—-22um
Plate 1.8 Indet Indet Monolete, Psilate Length 31-32um, Width 18-19um
Plate 1.9 Indet Indet Monolete, Psilate Length 32—35um, Width 22—25um
Plate 1.10 Davalliaceae DavZzlia sp. Monolete, Verrucate Length 50-54um, Width 34-38 um
Plate 1.11 Indet Indet Monolete, Psilate Length 15-16um, Width 28—29um
Plate 1.12 Indet Indet Monolete, Verrucate Length 40—41um, Width 26—-28um
Plate 1.13 Indet Indet Monolete, Reticulate Length 33um, Width 18pum

Plate 1.14 Indet Indet Monolete, Verrucate Length 44pum, Width 35um

Plate 1.15 Indet Indet Monolete, Fimbriate Length 33um, Width 23um

Plate 1.16 Indet Indet Monolete, Verrucate Length 37um, Width 22um

Plate 1.17 Indet Indet Monolete, Verrucate Length 29um, Width 20—21pm
Plate 2.1 Cyatheaceae Cyathea sp. Trilete, Psilate Min 32um, Med 35pm, Max 37um
Plate 2.2 Cyatheaceae Cyathea sp. Trilete, Psilate Min 29um, Med 30um, Max 34um
Plate 2.3 Indet Indet Trilete, Psilate Min 24um, Med 26pm, Max 31um
Plate 2.4 Lycopodiaceae Lycopodiella sp. Trilete, Reticulated Min 24um, Med 25um, Max 27um
Plate 2.5 Podocarpaceae Dacrydium sp. Saccate, Rugulate Min 58um, Med 58um, Max 58um
Plate 2.6 Cyatheaceae Cyathea sp. Trilete, Granulate Min 31um, Med 34um, Max 37um
Plate 2.7 Cyatheaceae Cyathea sp. Trilete, Psilate Min 29um, Med 31pm, Max 33um
Plate 2.8 Indet Indet Trilete, Psilate Min 21pm, Med 22pm, Max 22pm
Plate 2.9 Mimosaceae Indet Trilete, Granulate Min 18um, Med 18um, Max 28um
Plate 2.10 Indet Indet Trilete, Psilate Min 23um, Med 25um, Max 26um
Plate 2.11 Ericaceae :f;gg;’;fd%n Tetrad, Psilate Min 26um, Med 31um, Max 32um
Plate 2.12 Ericaceae Indet Tetrad, Granulate Min 31um, Med 34um, Max 36um
Plate 2.13 Ericaceae Indet Tetrad, Psilate Min 25um, Med 29um, Max 30um
Plate 2.14 Ericaceae Indet Tetrad, Psilate Min 21um, Med 25um, Max 27um
Plate 2.15 Ericaceae Indet Tetrad, Psilate Min 23um, Med 25pm, Max 28um
Plate 3.1 Malvaceae Indet Echinate Min 34um, Med 36um, Max 37um
Plate 3.2 Malvaceae Indet Echinate Min 27um, Med 33pm, Max 35um
Plate 3.3 Malvaceae Indet Echinate Min 28um, Med 30um, Max 31 um
Plate 3.4 Malvaceae Indet Echinate Min 23um, Med 25pm, Max 27um
Plate 3.5 Malvaceae Indet Echinate Min 22um, Med 23um, Max 24um
Plate 3.6 Malvaceae Indet Echinate Min 19um, Med 25pm, Max 26um
Plate 3.7 Indet Indet Echinate Min 25um, Med 27um, Max 29um
Plate 3.8 Indet Indet Echinate Min 17um, Med 19um, Max 20um
Plate 3.9 Indet Indet Echinate Min 21um, Med 22um, Max 24um
Plate 3.10 Malvaceae Indet Echinate Min 18um, Med 20pm, Max 22um
Plate 3.11 Malvaceae Indet Echinate Min 19um, Med 20um, Max 22um
Plate 3.12 Indet Indet Echinate Min 20um, Med 21pm, Max 23um
Plate 3.13 Indet Indet Echinate Min 19um, Med 22pm, Max 23pum
Plate 3.14 Indet Indet Echinate Min 6um, Med 7um, Max 7um
Plate 3.15 Arecaceae Arenga sp. Monoporate, Echinate Length 18um, Width 13um

Plate 3.16 Pandanaceae Pandanus sp. Monoporate, Echinate Length16—17um, Width 11-13um
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Plate 5.9
Plate 5.10
Plate 5.11
Plate 5.12
Plate 5.13
Plate 5.14
Plate 5.15
Plate 5.16
Plate 5.17
Plate 6.1
Plate 6.2
Plate 6.3
Plate 6.4
Plate 6.5
Plate 6.6
Plate 6.7
Plate 6.8
Plate 6.9
Plate 6.10
Plate 6.11
Plate 6.12
Plate 7.1
Plate 7.2
Plate 7.3
Plate 7.4
Plate 7.5
Plate 7.6
Plate 7.7
Plate 7.8
Plate 7.9
Plate 7.10
Plate 7.11
Plate 7.12
Plate 7.13
Plate 8.1
Plate 8.2

Pandanaceae
Zygnemataceae
Zygnemataceae
Zygnemataceae
Zygnemataceae
Zygnemataceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Pandanaceae
Pandanaceae
Pandanaceae
Pandanaceae
Indet

Indet
Polygonaceae
Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet
Arecaceae
Indet
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Indet

Indet
Rubiaceae
Indet
Stemonuraceae
Indet
Stemonuraceae
Stemonuraceae
Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Pandanus sp.

Concentricystes sp.
Concentricystes sp.
Concentricystes sp.
Concentricystes sp.
Concentricystes sp.

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet
Freycinetia sp.
Freycinetia sp.
Freycinetia sp.
Freycinetia sp.
Indet

Indet
Polygonum sp.
Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet
Stemonurus sp.
Indet
Stemonurus sp.
Stemonurus sp.
Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Monoporate, Echinate
Inaperturate Striate
Inaperturate Striate
Striate

Striate

Striate

Monoporate, Granulate

Monoporate, Psilate
Monoporate, Psilate

Monoporate, Granulate

Monoporate, Psilate
Monoporate, Psilate
Monoporate, Psilate
Monoporate, Psilate

Monoporate, Granulate

Monoporate, Psilate
Monoporate, Psilate
Monoporate, Psilate
Monoporate, Psilate
Monoporate, Psilate
Monoporate, Psilate
Monoporate, Psilate
Scabrate

Scabrate

Scabrate

Papillate

Scabrate

Papillate

Papillate

Scabrate

Scabrate

Papillate

Papillate

Papillate

Scabrate

Papillate

Papillate

Granulated
Scabrate

Triporate, Granulate
Triporate, Granulate
Triporate, Granulate
Triporate, Scabrate
Triporate, Psilate
Triporate, Psilate
Triporate, Granulate
Triporate, Psilate
Triporate, Psilate
Triporate, Granulate
Triporate, Psilate
Triporate, Psilate
5-porate, Granulate
5-porate, Psilate
5-porate, Granulate
4-porate, Granulate
Triporate, Granulate
Triporate, Granulate
4-porate, Granulate
Triporate, Granulate
4-porate, Psilate
4-porate, Psilate
Triporate, Psilate
Triporate, Psilate
4-porate, Psilate
Triporate, Scabrate
Triporate, Scabrate
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Length 14-15um, Width 10-11um
Min 44um, Med 45pm, Max 46um
Min 40um, Med 43um, Max 44um
Min 35um, Med 36um, Max 38um
Min 40pum, Med 41um, Max 42um
Min 29um, Med 30um, Max 32um
Min 14pum, Med 15um, Max 16um
Min 13um, Med 14um, Max 14um
Min 14pum, Med 15um, Max 16um
Min 23um, Med 24pm, Max 25um
Min 12um, Med 13um, Max 15um
Min 13um, Med 13pm, Max 14um
Min 11pum, Med 12um, Max 13um
Min 15um, Med 17um, Max 18um
Min 28um, Med 28um, Max 29um
Min 8um, Med 9um, Max 10um
Min 8um, Med 8um, Max 8um
Min 8um, Med 9um, Max 10um
Length 9—12um, Width 4=5um
Length 12—14um, Width 9—10um
Length17-19 um, Width 8—10um
Length 12—13um, Width 7-8um
Min 43um, Med 45um, Max 47um
Min 26pum, Med 27pm, Max 27pm
Min 29um, Med 33um, Max 34um
Min 29um, Med 30um, Max 32um
Min 23um, Med 27um, Max29 pm
Min 22um, Med 25pm, Max 27um
Min 23um, Med 26um, Max 28um
Min 20um, Med 22um, Max 25um
Min 18um, Med 20um, Max 21um
Min 21um, Med 24um, Max 26um
Min 17um, Med 19um, Max 20um
Min 12um, Med 13pm, Max 14um
Min 22um, Med 23um, Max 24um
Min 19um, Med 20um, Max 21um
Min 18um, Med 18um, Max 19um
Min 18um, Med 20um, Max 21 pm
Min 11pum, Med 12um, Max 13um
Min 26um, Med 27pm, Max 29um
Min 25um, Med 26um, Max 26um
Min 24um, Med 24um, Max 25 pm
Min 25um, Med 25um, Max 25um
Min 21um, Med 21pm, Max 22um
Min 20um, Med 20um, Max 21um
Min 33um, Med 33pm, Max 33um
Min 25um, Med 27um, Max 37um
Min 24um, Med 25um, Max 26um
Min 26um, Med 26um, Max 26um
Min 20um, Med 20pm, Max 21um
Min 21um, Med 22um, Max 25um
Min 34um, Med 34um, Max 34um
Min 18um, Med 18um, Max 18um
Min 21um, Med 21um, Max 21um
Min 29um, Med 29um, Max 30um
Min 21um, Med 22um, Max 24um
Min 23um, Med 24um, Max 24um
Min 26um, Med 27pum, Max 29um
Min 19um, Med 20um, Max 20um
Min 20um, Med 21pm, Max 22um
Min 20um, Med 20um, Max 21um
Min 18um, Med 20um, Max 20um
Min 15um, Med 17um, Max 18um
Min 18um, Med 19um, Max 22um
Min 18um, Med 19um, Max 20um
Min 18um, Med 19um, Max 18um



Plate 8.3
Plate 8.4
Plate 8.5
Plate 8.6
Plate 8.7
Plate 8.8
Plate 8.9
Plate 8.10
Plate 8.11
Plate 8.12
Plate 8.13
Plate 8.14
Plate 8.15
Plate 8.16
Plate 8.17
Plate 8.18
Plate 8.19
Plate 9.1
Plate 9.2
Plate 9.3
Plate 9.4
Plate 9.5
Plate 9.6
Plate 9.7
Plate 9.8
Plate 9.9
Plate 9.10
Plate 9.11
Plate 9.12
Plate 9.13
Plate 9.14
Plate 9.15
Plate 9.16
Plate 9.17
Plate 9.18
Plate 10.1
Plate 10.2
Plate 10.3
Plate 10.4
Plate 10.5
Plate 10.6
Plate 10.7
Plate 10.8
Plate 10.9
Plate 10.10
Plate 10.11
Plate 10.12
Plate 10.13
Plate 10.14
Plate 11.1
Plate 11.2
Plate 11.3
Plate 11.4
Plate 11.5
Plate 12.1
Plate 12.2
Plate 12.3
Plate 12.4
Plate 12.5
Plate 12.6
Plate 12.7
Plate 12.8
Plate 12.9
Plate 13.1
Plate 13.2
Plate 13.3

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet
Moraceae
Moraceae
Moraceae
Indet

Indet
Stemonuraceae
Indet
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Indet
Myrtaceae
Myrtaceae
Myrtaceae
Indet
Myrtaceae
Myrtaceae
Myrtaceae
Indet
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Fagaceae
Fagaceae
Indet

Indet

Indet
Combretaceae
Combretaceae
Combretaceae
Combretaceae
Combretaceae
Combretaceae
Combretaceae
Combretaceae
Combretaceae
Sapotaceae
Sapotaceae
Sapotaceae
Sapotaceae
Sapotaceae
Sapotaceae
Sapotaceae
Sapotaceae
Sapotaceae
Sapotaceae
Sapotaceae

Sapotaceae/Burseraceae

Sapotaceae
Meliaceae
Meliaceae
Meliaceae
Meliaceae

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet
Syzigium sp.
Syzigium sp.
Syzigium sp.
Syzigium sp.
Syzigium sp.
Indet
Syzigium sp.
Syzigium sp.
Syzigium sp.
Indet
Syzigium sp.
Syzigium sp.
Syzigium sp.
Indet
Syzigium sp.
Syzigium sp.
Syzigium sp.
Syzigium sp.
Indet
Nothofagus sp
Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet
Palaguium sp.
Palaquium sp.
Palaquium sp.
Palaguium sp.
Palaquium sp.
Palaquium sp.
Palaguium sp.
Palaquium sp.
Palaquium sp.
Palaquium sp.
Palaquium sp.
Indet
Palaguium sp.
Indet

Indet

Indet

Indet

4-porate, Granulate

4-porate, Psilate

Triporate, Granulate

Triporate, Psilate

Triporate, Psilate

Triporate, Granulate

Triporate, Granulate

Triporate, Psilate

Triporate, Granulate

Triporate, 4-porate, Psilate
Triporate, Psilate

Triporate, Psilate

Triporate, Psilate

Triporate, Psilate

Triporate, Psilate

Triporate, Psilate

Triporate, Psilate

Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Triporate

Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Triporate

Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Triporate

Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Parasyncolpate, Syncolpate, Triporate
Heterocolpate, Psilate
Heterocolpate, Psilate
Heterocolpate, 6-colpate, Granulate
Heterocolpate, 6-colpate, Psilate
Heterocolpate, 8-colpate, Psilate
Heterocolpate, 6-colpate, Psilate
Heterocolpate, 6-colpate, Psilate
Heterocolpate, 6-colpate, Psilate
Heterocolpate, 6-colpate, Psilate
Heterocolpate, 6-colpate, Psilate
Heterocolpate, 6-colpate, Psilate
Heterocolpate, 6-colpate, Psilate
Heterocolpate, 6-colpate, Psilate
Heterocolpate, 6-colpate, Psilate
5-Colporate, Granulate

4-Colporate, Psilate

5-Colporate, Psilate

5-Colporate, Psilate

5-Colporate, Granulate

4-Colporate, Psilate

5-Colporate, Reticulated
4-Colporate, Psilate

5-Colporate, Psilate

5-Colporate, Psilate

4-Colporate, Psilate

Tricolporate, Psilate

5-Colporate, Psilate

4-Colporate, Psilate

4-Colporate, Psilate

5-Colporate, Psilate

4-Colporate, Psilate
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Min 20um, Med 20um, Max 21um
Min 15um, Med 16pm, Max 17um
Min 17um, Med 17um, Max 18um
Min 15um, Med 15pm, Max 16um
Min 14pm, Med 15pum, Max 15um
Min 17um, Med 17um, Max 17um
Min 15um, Med 16um, Max 17um
Min 14um, Med 15um, Max 15 pm
Min 14um, Med 15um, Max 15um
Min 14um, Med 14pm, Max 15um
Min 13um, Med 14um, Max 15um
Min 11um, Med 12pm, Max 12um
Min 10um, Med 11um, Max 11um
Min 14um, Med 14pm, Max 15um
Min 15um, Med 16um, Max 18um
Min 20um, Med 20pm, Max 20um
Min 14pm, Med 14pum, Max 14um
Min 17um, Med 17pm, Max 17um
Min 13um, Med 14um, Max 14um
Min 12um, Med 12um, Max 13um
Min 9um, Med 10um, Max 11um
Min 9um, Med 10um, Max 11um
Min 11pm, Med 12pm, Max 13um
Min 10um, Med 11um, Max 12um
Min 9um, Med 10um, Max 10um
Min 9um, Med 9um, Max 10pum
Min 10um, Med 11um, Max 11um
Min 9um, Med 10um, Max 10um
Min 8um, Med 9um, Max 9um

Min 7um, Med 8um, Max 9um

Min 9um, Med 10um, Max 10um
Min 7um, Med 7um, Max 8um

Min 6um, Med 7um, Max 7um

Min 6pum, Med 6um, Max 7um

Min 4pum, Med 4um, Max 6um
Min23 um, Med 24um, Max 25um
Equatorial 15um, Polar 17um
Equatorial 22um, Polar 32um
Equatorial 16—19um, Polar 19—22um
Equatorial 16um, Polar 16—17um
Equatorial 11-13um, Polar 17-20um
Equatorial 14—15um, Polar 15-18um
Equatorial 9—10um, Polar 13—14um
Equatorial 81-Oum, Polar 12um
Equatorial 9—10um, Polar 11-12um
Equatorial 1011 um, Polar 9—11um
Equatorial 7-8um, Polar 10—11pm
Equatorial 8-9um, Polar 9—10um
Equatorial 7—8um, Polar 9—10um
Equatorial 39—43um, Polar 41-46um
Equatorial 37—40um, Polar 38—43um
Equatorial 33—36um, Polar 37-39um
Equatorial 34—37um, Polar 40—42um
Equatorial 36—38um, Polar 39—41um
Equatorial 35—37um, Polar36-40 um
Equatorial 31-33um, Polar 34-38um
Equatorial 23—27um, Polar 28—31um
Equatorial 33—34um, Polar 37-40um
Equatorial 29um, Polar30um
Equatorial 32—34um, Polar 35-38um
Equatorial 31um, Polar 34um
Equatorial 30um, Polar 31um
Equatorial 26um, Polar 34pum
Equatorial 27um, Polar 37um
Equatorial 22—24um, Polar 29—-34um
Equatorial 23um, Polar 29um



Plate 13.4
Plate 13.5
Plate 13.6
Plate 13.7
Plate 13.8
Plate 13.9
Plate 13.10
Plate 13.11
Plate 13.12
Plate 13.13
Plate 13.14
Plate 13.15
Plate 14.1
Plate 14.2
Plate 14.3
Plate 14.4
Plate 14.5
Plate 14.6
Plate 14.7
Plate 14.8
Plate 14.9
Plate 14.10
Plate 14.11
Plate 14.12
Plate 14.13
Plate 14.14
Plate 15.1
Plate 15.2
Plate 15.3
Plate 15.4
Plate 15.5
Plate 15.6
Plate 15.7
Plate 15.8
Plate 15.9
Plate 15.10
Plate 15.11
Plate 15.12
Plate 16.1
Plate 16.2
Plate 16.3
Plate 16.4
Plate 16.5
Plate 16.6
Plate 16.7
Plate 16.8
Plate 16.9
Plate 16.10
Plate 16.11
Plate 16.12
Plate 16.13
Plate 16.14
Plate 16.15
Plate 16.16
Plate 16.17
Plate 16.18
Plate 16.19
Plate 16.20
Plate 16.21
Plate 16.22

Plate 16.23

Plate 16.24
Plate 16.25
Plate 17.1
Plate 17.2

Meliaceae
Meliaceae
Meliaceae
Meliaceae
Meliaceae
Meliaceae
Meliaceae

Indet
Burseraceae
Indet

Indet

Indet

Clusiaceae
Clusiaceae

Indet

Indet

Clusiaceae
Clusiaceae

Indet

Rubiaceae

Indet

Indet

Clusiaceae
Clusiaceae

Indet

Indet
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Indet

Indet

Indet

Indet

Indet

Lamiaceae

Lamiaceae

Lamiaceae
Lamiaceae
Anacardiaceae
Anacardiaceae

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet
Callophyllum sp.
Callophyllum sp.
Indet

Indet
Callophyllum
Callophyllum
Indet

Ixora sp.
Indet

Indet
Callophyllum
Callophyllum
Indet

Indet
Shorea sp.
Shorea sp.
Shorea sp.
Shorea sp.
Shorea sp.
Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Vatica sp.
Vatica sp.
Vatica sp.
Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet
Calicarpa sp

(%)

(%)

P.
p.

(%)

(%)

P.
p.

(%)

Calicarpa sp

Gomphostemma sp.
Gomphostemma sp.
Indet
Indet

4-Colporate, Psilate
5-Colporate, Psilate
4-Colporate, Psilate
4-Colporate, Psilate
5-Colporate, Psilate
4-Colporate, Psilate
5-Colporate, Psilate
5-Colporate, Psilate
5-Colporate, Psilate
4-Colporate, Psilate
4-Colporate, Psilate
4-Colporate, Psilate
Triporate, Granulate
Triporate, Psilate
Triporate, Granulate
Triporate, Granulate
Triporate, Psilate
Triporate, Granulate
Triporate, Granulate
Triporate, Psilate
Triporate, Granulate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Granulate
Triporate, Granulate
Triporate, Granulate
Triporate, Granulate
Triporate, Granulate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Granulate
Triporate, Psilate
Triporate, Granulate
Triporate, Granulate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Granulate

Triporate, Granulate

Triporate, Granulate
Triporate, Granulate
Triporate, Granulate
Triporate, Granulate
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Equatorial 21um, Polar 31um
Equatorial 18um, Polar 23um
Equatorial 15—17um, Polar 22—24um
Equatorial 17um, Polar 24um
Equatorial 14—16um, Polar 22um
Equatorial 16—17um, Polar 19-21um
Equatorial 15um, Polar 21um
Equatorial 13um, Polar 19um
Equatorial 20um, Polar 20pum
Equatorial 14—16um, Polar 15-16um
Equatorial 13—14um, Polar13-14 um
Equatorial 13um, Polar 16um
Equatorial 25—30um, Polar 30—33um
Equatorial 31-34um, Polar 26—30um
Equatorial 27—29um, Polar 33—-36um
Equatorial 39um, Polar 28um
Equatorial 31um, Polar 31um
Equatorial 25—-27um, Polar 24-25um
Equatorial 26—28um, Polar 26—29um
Equatorial 24-26um, Polar 28um
Equatorial 30um, Polar 27um
Equatorial 22—23um, Polar 21-23um
Equatorial 26—29um, Polar 27-30um
Equatorial 25—-28um, Polar24—-25um
Equatorial 27—28um, Polar 27-29um
Equatorial 20—22um, Polar 20-23um
Equatorial 30um, Polar 31um
Equatorial 23—24um, Polar 22—24um
Equatorial 19-20um, Polar 22—23um
Equatorial 19-20um, Polar 22-24um
Equatorial 19—21 um, Polar 18-22um
Equatorial 17—19um, Polar 17-19um
Equatorial 22—23um, Polar17-20 um
Equatorial 18um, Polar 20—21um
Equatorial 17—18um, Polar 15-17um
Equatorial 14—17um, Polar17-18 um
Equatorial 20—22um, Polar12—14 um
Equatorial 20-22um, Polar 14-16um
Equatorial 18um, Polar 18—20um
Equatorial 15-17um, Polar 18um
Equatorial 14—15um, Polar 12—14um
Equatorial 16—17um, Polar 15-16um
Equatorial 13—15um, Polar 14-16um
Equatorial 13—15um, Polar 14-15um
Equatorial 12—14um, Polar 12—14um
Equatorial 14um, Polar 12um
Equatorial 11um, Polar 12pm
Equatorial 17um, Polar 17-18um
Equatorial 14um, Polar 15-16pum
Equatorial 13—14um, Polar 16-17um
Equatorial 16um, Polar 15um
Equatorial 18um, Polar 20um
Equatorial 11um, Polar 15um
Equatorial 8um, Polar 11um
Equatorial 19um, Polar 29um
Equatorial 21um, Polar 22um
Equatorial 13um, Polar 18um
Equatorial 15um, Polar 9um
Equatorial 16um, Polar 18um
Equatorial 26um, Polar 11-13um
Equatorial 27—29um, Polar 15—
116um

Equatorial 34—35um, Polar 17-23um
Equatorial 33—26um, Polar 27um
Equatorial 25um, Polar 42um
Equatorial 23—25um, Polar 38—39um



Plate 17.3
Plate 17.4
Plate 17.5
Plate 17.6
Plate 17.7
Plate 17.8
Plate 17.9
Plate 17.10
Plate 17.11
Plate 17.12
Plate 17.13
Plate 17.14
Plate 17.15
Plate 17.16
Plate 17.17
Plate 18.1
Plate 18.2
Plate 18.3
Plate 18.4
Plate 18.5
Plate 18.6
Plate 18.7
Plate 18.8
Plate 18.9
Plate 18.10
Plate 18.11
Plate 18.12
Plate 18.13
Plate 18.14
Plate 18.15
Plate 18.16
Plate 18.17
Plate 18.18
Plate 18.19
Plate 18.20
Plate 18.21
Plate 18.22
Plate 18.23
Plate 18.24
Plate 18.25
Plate 18.26

Anacardiaceae
Indet

Indet

Indet

Indet
Ebenaceae
Indet
Ebenaceae
Indet
Ebenaceae
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Indet

Indet
Fagaceae
Fagaceae
Fagaceae
Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet
Aquifoliaceae
Aquifoliaceae
Aquifoliaceae
Aquifoliaceae
Aquifoliaceae
Aquifoliaceae
Aquifoliaceae

Indet

Indet

Indet

Indet

Indet
Diospyros sp
Indet
Diospyros sp
Indet
Diospyros sp
Lithocarpus sp
Lithocarpus sp
Lithocarpus sp
Lithocarpus sp
Lithocarpus sp
Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Indet

Ilex sp.

Ilex sp.

Ilex sp.

Ilex sp.

Ilex sp.

Ilex sp.

Ilex sp.

Triporate, Granulate
Triporate, Granulate
Triporate, Granulate
Triporate, Granulate
Triporate, Granulate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Granulate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Granulate
Triporate, Baculate
Triporate, Baculate
Triporate, Baculate
Triporate, Baculate
Triporate, Baculate
Triporate, Baculate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate
Triporate, Psilate

Equatorial 21-23um, Polar 32—34um
Equatorial 16—18um, Polar 32—-35um
Equatorial 18—20um, Polar 30-33um
Equatorial 18—21um, Polar 28—31um
Equatorial 17—19um, Polar 27-29um
Equatorial 15—18um, Polar 23—27um
Equatorial 15—16um, Polar 24-27um
Equatorial 13—14um, Polar 19-20um
Equatorial 16um, Polar 27um
Equatorial 14—16um, Polar 20—21um
Equatorial 12—14um, Polar 21-23um
Equatorial 14um, Polar 28um
Equatorial 13—14um, Polar 21-23um
Equatorial 12—13um, Polar 19-20um
Equatorial 13um, Polar 22um
Equatorial 23um, Polar 27um
Equatorial 23um, Polar 26um
Equatorial 19—20um, Polar 22—23um
Equatorial 17—-18um, Polar 19-20um
Equatorial 14—16um, Polar 14-16um
Equatorial 12—13um, Polar 15-16um
Equatorial 14—16um, Polar 19—20um
Equatorial 12—14um, Polar 16—-18um
Equatorial 10—11um, Polar 16—17um
Equatorial 9—11um, Polar 14—-16um
Equatorial 9—11um, Polar 17pum
Equatorial 11-12um, Polar 16—17um
Equatorial 10—11um, Polar 13-15um
Equatorial 10—11 um, Polar 13um
Equatorial 9—10um, Polar 11-12um
Equatorial 8=10um, Polar 12—13um
Equatorial 8=9um, Polar 9—10um
Equatorial 9—10um, Polar 8um
Equatorial 7um, Polar 9—10um
Equatorial 9—10um, Polar 17—-19um
Equatorial 8—9um, Polar 15pm
Equatorial 8-9um, Polar 16—18um
Equatorial 9um, Polar 15pum
Equatorial 7um, Polar 13—14um
Equatorial 7-8um, Polar 10—11pum
Equatorial 9um, Polar 13um
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Plate 1. Monolete Spore.
. Indet.
. Indet.
. Indet.
Indet.
Indet.
Indet.
. Indet.
. Indet.
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9. Indet.

10. (Davaliaceae) Davalia sp.
11. Indet.

12. Indet.

13. Indet.

14. Indet.

15. Indet.

16. Indet.

17. Indet.



Plate 2. Trilete, Saccate, Tetrad.
1. (Cyatheaceae) Cyathea sp.

2. (Cyatheaceae) Cyathea sp.

3. Indet.

4. (Lycopodiaceae) Lycopodiella sp.
5. (Podocarpaceae) Dacrydium sp.
6. (Cyatheaceae) Cyathea sp.

7. (Cyatheaceae) Cyathea sp.

80

8. Indet.
9. Mimosaceae

10. Indet.

11. (Ericaceae) Piptadenia sp. or Rhododendron sp.
12. Ericaceae

13. Ericaceae

14. Ericaceae

15. Ericaceae



Plate 3. Echinate.
. Malvaceae
. Malvaceae
. Malvaceae
. Malvaceae
. Malvaceae
. Malvaceae
. Indet.

. Indet.
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9. Indet.

10. Malvaceae

11. Malvaceae

12. Indet.

13. Indet.

14. Indet.

15. (Arecaceae) Arenga sp.

16. (Pandanaceae) Pandanus sp.
17. (Pandanaceae) Pandanus sp.



Plate 4. Inaperturate, Monoporate.

1. (Zygnemataceae) Concentricystes sp.
2. (Zygnemataceae) Concentricystes sp.
3. (Zygnemataceae) Concentricystes sp.
4. (Zygnemataceae) Concentricystes sp.
5. (Zygnemataceae) Concentricystes sp.

6. Poaceae
7. Poaceae
8. Poaceae
9. Poaceae
10. Poaceae
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11. Poaceae
12. Poaceae
13. Poaceae
14. Poaceae
15. Poaceae
16. Poaceae
17. Poaceae
18. (Pandanaceae) Freycinetia sp.
19. (Pandanaceae) Freycinetia sp.
20. (Pandanaceae) Freycinetia sp.
21. (Pandanaceae) Freycinetia sp.




Plate 5. Inaperturate.

. Indet.

. Indet.

. (Polygonaceae) Polygonum sp.
Indet.

Indet.

Indet.

. Indet.

. Indet.
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9. Indet.

10. Indet.

11. Indet.

12. Indet.

13. Indet.

14. Indet.

15. Indet.

16. Arecaceae
17. Indet.



Plate 6. Porate.
1. Rubiaceae

2. Rubiaceae

3. Rubiaceae

4. Rubiaceae

5. Indet.

6. Indet.
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7. Rubiaceae

8. Indet.

9. Stemonurus sp.
10. Indet.

11. Stemonurus sp.
12. Stemonurus sp.



Plate 7. Porate.
1. Indet.
2. Indet.
3. Indet.
4. Indet.
5. Indet.
6. Indet.
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7. Indet.
8. Indet.
9. Indet.
10. Indet.
11. Indet.
12. Indet.
13. Indet.
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Plate 8. Porate. 10. Indet.

1. Indet. 11. Indet.

2. Indet. 12. Indet.

3. Indet. 13. Moraceae

4. Indet. 14. Moraceae

5. Indet. 15. Moraceae

6. Indet. 16. Indet.

7. Indet. 17. Indet.

8. Indet. 18. Stemonuraceae
9. Indet. 19. Indet.
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Plate 9. Porate, Syncolpate-Syncolporate. 10. Indet.

1. Myrtaceae, Syzigium sp. 11. Myrtaceae, Syzigium sp.

2. Myrtaceae, Syzigium sp. 12. Myrtaceae, Syzigium sp.

3. Myrtaceae, Syzigium sp. 13. Myrtaceae, Syzigium sp.

4. Myrtaceae, Syzigium sp. 14. Indet.

5. Myrtaceae, Syzigium sp. 15. Myrtaceae, Syzigium sp.

6. Indet. 16. Myrtaceae, Syzigium sp.

7. Myrtaceae, Syzigium sp. 17. Myrtaceae, Syzigium sp.

8. Myrtaceae, Syzigium sp. 18. Myrtaceae, Syzigium sp.

9. Myrtaceae, Syzigium sp.
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Plate 10. Heterocolpate.
1. Indet

2. (Fagaceae) Nothofagus sp
3. Indet.

4. Indet.

5. Indet.

6. Combretaceae

7. Combretaceae
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8. Combretaceae

9. Combretaceae

10. Combretaceae
11. Combretaceae
12. Combretaceae
13. Combretaceae
14. Combretaceae



Plate 11. 4-5-colpate, 4-5-colporate.
1. (Sapotaceae) Palaquium sp.
2. (Sapotaceae) Palaquium sp.
3. (Sapotaceae) Palaquium sp.
4. (Sapotaceae) Palaquium sp.
5. (Sapotaceae) Palaquium sp.
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Plate 12. 4-5-colpate, 4-5-colporate
1. (Sapotaceae) Palaquium sp.

2. (Sapotaceae) Palaquium sp.

3. (Sapotaceae) Palaquium sp.

4. (Sapotaceae) Palaquium sp.

5. Indet.

6. (Sapotaceae) Palaquium sp.

7. Sapotaceae/Burseraceae

8. (Sapotaceae) Palaquium sp.

9. Meliaceae
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Plate 13. 4-5-colpate, 4-5-colporate
. Meliaceae
. Meliaceae.
. Meliaceae.
. Meliaceae.
. Meliaceae
. Meliaceae.
. Meliaceae.
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8. Meliaceae.

9. Meliaceae
10. Meliaceae.
11. Indet

12. Burseraceae
13. Indet

14. Indet

15. Indet



Plate 14. Tricolpate, Tricolporate
1. (Clusiaceae) Callophyllum sp.
2. (Clusiaceae) Callophyllum sp.
3. Indet.

4. Indet.

5. (Clusiaceae) Callophyllum sp.
6. (Clusiaceae) Callophyllum sp.
7. Indet.
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8. (Rubiaceae) Ixora sp.
9. Indet.

10. Indet.

11. (Clusiaceae) Callophyllum sp.
12. (Clusiaceae) Callophyllum sp.
13. Indet.

14. Indet.



Plate 15. Tricolpate, Tricolporate
1. (Dipterocarpaceae) Shorea sp.
2. (Dipterocarpaceae) Shorea sp.
3. (Dipterocarpaceae) Shorea sp.
4. (Dipterocarpaceae) Shorea sp.
5. (Dipterocarpaceae) Shorea sp.
6. Dipterocarpaceae
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7. Dipterocarpaceae
8. Dipterocarpaceae
9. Dipterocarpaceae
10. Dipterocarpaceae
11. Dipterocarpaceae.
12. Dipterocarpaceae



Plate 16. Tricolpate, Tricolporate 9. (Dipterocarpaceae) Vatica sp.

1. Dipterocarpaceae 10.
2. Dipterocarpaceae 11.
3. Dipterocarpaceae 12.
4. Dipterocarpaceae 13.
5. Dipterocarpaceae 14.
6. Dipterocarpaceae 15.
7. (Dipterocarpaceae) Vatica sp. 16.

8. (Dipterocarpaceae) Vatica sp. 17.

Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Indet

18. Indet

19. Indet

20. Indet

21. Indet

22. (Lamiaceae) Calicarpa sp.

23. (Lamiaceae) Calicarpa sp.

24. (Lamiaceae) Gomphostemma sp.
25. (Lamiaceae) Gomphostemma sp.



Plate 17. Tricolpate, Tricolporate 9. Indet

1. Anacardiaceae 10. (Ebenaceae) Diospyros sp.
2. Anacardiaceae 11. Indet

3. Anacardiaceae 12. (Ebenaceae) Diospyros sp.
4. Indet 13. (Fagaceae) Lithocarpus sp.
5. Indet 14. (Fagaceae) Lithocarpus sp.
6. Indet 15. (Fagaceae) Lithocarpus sp.
7. Indet 16. (Fagaceae) Lithocarpus sp.
8. (Ebenaceae) Diospyros sp. 17. (Fagaceae) Lithocarpus sp.

95



Plate 18. Tricolpate, Tricolporate
. Indet
. Indet

. Fagaceae
. Fagaceae
. Fagaceae
. Indet

. Indet

. Indet

. Indet

0. Indet

. Indet
. Indet
. Indet
. Indet
. Indet
. Indet
. Indet
. Indet
19.
20. (Aquifoliaceae) llex sp.
21. (Aquifoliaceae) llex sp.

Indet

22. (Aquifoliaceae) llex sp.
23. (Aquifoliaceae) llex sp.
24. (Aquifoliaceae) llex sp.
25. (Aquifoliaceae) llex sp.
26. (Aquifoliaceae) llex sp.
27. (Aquifoliaceae) llex sp.
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V. CONCLUDING SUMMARY

This research provided answers to most of the questions that we posed. Here, I reiterate the
question and their answers in the following paragraphs. However, besides the planned questions,
our research also provided some unexpected but important findings. Our first unexpected
highlight is the age and the depth of the tropical inland peat, with a depth of 15-18m and age of
more than 50,000 years, one of our sites is currently the most carbon-dense ecosystems in the
world and the oldest extant peatland in the world. The second unexpected highlight is the finding
of the flood as one of the main factors that shaped the stratigraphy of the peatland, as flooding is
rarely mentioned as an important factor that affects peatland development and change over time.

Our first question is about initiation and formation of peatland and how it is related to the
past climate and sea level changes. We answer this question by conducting radiocarbon dating
analysis and combine the with previous published radiocarbon dates of peatlands throughout
Kalimantan to create a synthesis of peatland formation. Before our research, only three
radiocarbon-dated series were available in West Kalimantan: one inland peat dating to 45.6 ka
(Anshari et al., 2001), and two coastal peat cores dating to 4.1 ka (Anshari et al., 2010) and 4.5
ka (Neuzil, 1997). This limited available data prompted us to provide more information on the
peat age in this area. Thus, from our sample, we eventually conducted 41 radiocarbon dates, and
32 dates reported in the first published paper. We combined our data with 37 other radiocarbon
dates from other studies all across Borneo and create a synthesis which shows a hiatus in peat
genesis during a cool and dry period from to 20-30 ka. We highlight the inland peat, where the
peat is exceptionally deep, reaching a maximum depth of 18 m and aged more than 50,000 years.
Our best estimate of mean peat depth over 3833 km? of the Upper Kapuas is 5.16 + 2.66 m,
corresponding to a carbon density of 2,790 + 1,440 Mg C/ha. This result suggests that our inland
peat site is one of the most carbon dense ecosystems. It withstood the glacial-interglacial climate
transition and remains mostly intact but is increasingly threatened by land-use change.

Our second question is about tropical peatlands carbon dynamic throughout times and its
response to factors such as climate, fire, and humans. We answered this question by conducting
stratigraphic physical and geochemical analyses, following widely applied rationale and methods
(Bindler 2006). We collected and intensively radiocarbon-dated peat cores from two peat domes,
inland peat of Putussibau and coastal peat of Rasau Jaya. We visualized their cross-sectional

profiles of geochemical properties and developed three macrocharcoal records from each peat
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dome. We found the young (4500 yr) and shallow (6 m) coastal peat has a simple and linear age-
depth relationship, showing stable accumulation of carbon during the late Holocene. In contrast,
the older (ca. 40,000 yr) and deeper (15 m) inland peat shows a more complex history, where we
observed age reversals and hiatuses, likely caused by climate variability from the Last Glacial
Maximum (LGM) to the Holocene. We also conducted analysis on charcoal as a proxy for fire
occurrence. The charcoal record reveals a continuous presence of low severity fire as indicated
by charcoal morphotypes, though fire frequency increased after agriculture established. An age
reversal during the LGM was likely caused by a flood. Two periods of hiatuses occurred, each
several millennia in length, at the end of the LGM and during the early Holocene. One cause of
the hiatuses may have been a climatically-halted peat formation from low precipitation and
cooler climate during the LGM. Another cause may have been that severe fires consumed
thousands of years of accumulated peat. If the hiatuses were entirely due to fire, the carbon
released from these paleo-fire events (600 t/ha) suggests several times the impact of the most
intense modern peat fires.

Our third question is about tropical peatland vegetation change. As the previous chapter
dealt with the physical and chemical properties of peat stratigraphy analysis, the last question
deals on biological analysis which mainly focuses on pollen. Despite its relatively poor nutrients,
tropical peatlands still support a high plant biodiversity (Lawrence, 2004; Page et al., 2012).
These plants will produce either pollen or spores, which will be preserved in the peat layer. By
identifying and quantifying the pollen and spore within a layer, we can infer the vegetation
composition change and its response to factors such as climate, fire, and flood. Previous studies
on peatland in Indonesia resulting on around 60-90 plant taxa, but mostly only identified to
family level (Anshari et al., 2001; Hapsari et al., 2017; Yulianto et al., 2005). Studies of the
pollen diversity of Southeast Asia peatlands are still non-existent, thus in this chapter we
catalogued the pollen diversity of the peat. This resulted in 287 pollen and spore morphotypes.
However, creating a pollen morphotypes atlas is only the first part of answering the question, as
we need to complete a full analysis (of about 350 identified pollen per level in the core) to create
a stratigraphic graph.

There are multiple challenges that we encounter during this research. First, with respect to
the sampling process, we did not predict that the peat would be deeper than our coring equipment

could reach. Most of the previous studies only predicted the peat depth at about 12 m (Belyea
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and Baird, 2006; Page et al., 2004) thus we only brough the equipment that enough to core 15m.
Fortunately one of our author, Gusti Anshari has another project that obtained a core at another
site nearby, which found a total peat depth of 17-18 m, which may be the maximum depth at our
site. Second, the coring equipment that we used, Russian Peat Corer, is designed for coring
temperate peat, in which the main vegetation is sphagnum moss with occasional shrubs.
However, tropical peat often has hardwood trees that grow to 1 to 2 m diameter, and even though
theses trees, after falling onto the peat surface, slowly decay in the peat for thousands years, it is
still difficult to core through them. Hence, coring was often halted, especially in the deep inland
peat. This suggests that tropical peat probably needs better equipment and sampling method to
collect a complete core at depths as great as 18 m. Third, our oldest peat sample is at the limit of
radiocarbon dating, thus we can only say it is more than 50,000 years but we cannot confirm the
real age. Other methods such as luminescence dating are probably applicable for dating basal
sands below the peat (Lian and Roberts, 2006; Preusser et al., 2008) but this will require re-
sampling. Fourth, despite already conducting 41 radiocarbon dates, which is a costly process, we
could still be benefitted from more radiocarbon dating to create more detail age profile of our
peat cores. And lastly, we underestimated the workload of the last research question. Unlike
pollen research in northern temperate regions that has fewer species and a well referenced
palynoflora, there is a much higher plant biodiversity and much more limited reference materials
for tropical pollen. Thus, we limit our study on creating the pollen morphotype atlas and will
continue this research after this dissertation.
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SUPPLEMENTARY DOCUMENTS

Supplementary for Chapter 2

We estimated the total carbon stock of peats in Upper Kapuas Basin following equation
provided by Yu (2012) and Lawson (2015):

Cs=A X D x BD x CC

where:
Cs = carbon stock (kg)

A = area of the peat (m?)

D = mean peat thickness / depth (m)
BD = mean bulk density (kg/m?3)

CC  =mean carbon content (% dry mass)
Area of the peat

As there is uncertainty of the total peat coverage in this region, we calculated the area based on
two available maps, one from Global Forest Watch which covers an area of 2,461.32 km? and
one from Badan Restorasi Gambut (BRG, Peat Restoration Agency) from the Indonesian
Government which covers an area of 3,833.2 km? (Fig S2.1).

111.75 112.00 112.25 112.50 112.75 113.00

Peat area
{:} Badan Restorasi Gambut

f:] Global Forest Project

O Peat core
Elevation (m)
M 100
M 200
M 500
M 1000
M 1500

Figure S2.1 Map of Upper Kapuas Basin peat area. The map from Global Forest Project is delineated by a red
line, while the map from Badan Restorasi Gambut Indonesia is delineated by a black line.
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BD, LOI, CD per volume and CC per sample

We divided the cores into 25-cm-segments and resample 10 cm of the cores for bulk density
analysis (Fig S2.2). Volume of each sample was measured by water displacement. After
measuring dry mass, the same sample was used for loss-on-ignition (LOI) analysis (at 550°C).
To calculate the carbon density per volume, we assumed that 54% of the LOI is carbon, as
indicated by a previous study in the same region using an elemental analyzer (Anshari et al.,
2010). As we have not yet used an elemental analyzer to measure the percent total organic
carbon, we resorted to using LOI measurements to estimate CC. Based on Anshari et al. (2010),
we expect this approach to result in only a ca. 4% error.
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Figure S2.2. Value of bulk density, loss on ignition, carbon density per volume and carbon content foreach 25

cm segments (n = 217). For core P3, P4 and P5 we able to get deeper to collect small 5 cm sample for radiocarbon,

however, due to technical constrain (the peat corer was broken) we were not able to collect the 25 cm segment

sample from depths below 10-11 m.
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BD, LOI, CD and CC per core

We calculated the mean and standard deviation of BD, LOI, CD and CC per each core and for all

sample. We calculated carbon density per unit area (Megagram per hectare — Mg/ha) by sum up

the carbon density across the core. For the cores (P3, P4 and P5) that do not have complete
samples until the bottom, we used average value of other samples in the same core.

Table S2.1. Mean and standard deviation of BD, LOI, CD and CC per core

Core Depth N sample BD (kg/m?) LOI (%) CD (kg/m?3) CC (%) CD (Mg/ha)
P1 55 22 110 = 42 87.072 + 15.17 50 £+ 18 4702 = 819 2740 =+ 997
P2 9.4 37 9 + 30 98.828 0.98 53 + 16 5337 + 053] 4922 <+ 1452
P3 13.6 46 116 +* 29 99.134 = 0.66 62 + 15 5353 + 0.36 | 8417 =+ 2067
P4 17.0 40 102 + 30 94558 =+ 8.56 52 + 16 51.06 + 462 | 8858 <+ 2679
P5 16.9 46 % = 34 98.172 = 4.24 51 + 18 5301 + 1229|8576 <+ 3099
P6 45 18 101 = 45 99.321 0.40 54 + 24 5363 + 0.22 | 2444 <+ 1093
P7 1.9 7 101 + 25 96.192 =+ 6.36 53 + 14 51.94 + 343 | 998 + 260

Mean 103 + 6 96.182 =+ 4.06 53 + 4 51.94 + 219]5279 =+ 3081

Local depth

Beside the main cores where we collected the core, we also conducted depth survey between the
cores. We calculate the local depth based on these 14 points.

Table S2.2. Peat depth of the cores and sampling points in between cores.

Pointname | Depth (m)
P1 5.55
P1.5 10.75
P2 9.35
P2.5 14.95
P3 13.6
P3.5 14.95
P4 17
P4.5 17.29
P5 16.87
P5.5 13.53
P6 4.45
P6.5 2.75
P7 1.9
P7.5 2
Mean 10.35
SD 5.71
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Modelling depth

As our local depth in our transect may not correctly represent the entire Upper Kapuas Basin, we
tried to predict that value based on correlation with distance to the river and distance to the edge
of peat dome. As we only have a small number of data point and they are not normally
distributed, we used Kendall correlation method. We find that depth is more correlated to the
distance to the peat edge than to the water (table S1.3 and S1.4)

Table S2.3. Distance to the river and peat edge for each sampling points and Kendall
correlation value between peat depth, CD and distance to the river and to the peat edges.

. Distance to (m)
Point Depth (m) River GFW peat edge BRG peat edge
P1 5.6 1787 79 236
P1.5 10.8 2922 1247 1358
P2 9.4 3776 2113 2221
P2.5 15.0 4370 2745 2854
P3 13.6 5377 3751 3859
P3.5 15.0 6236 4588 4695
P4 17.0 7115 5438 5543
P4.5 17.3 7043 5473 5719
P5 16.9 6386 4718 5054
P5.5 13.5 5594 3760 4255
P6 4.5 5139 3130 3697
P6.5 2.8 4757 2450 2816
P7 1.9 3812 1509 1726
P7.5 2.0 3160 1110 888
Kendal correlation
value 0.574594 0.662994 0.662994

Afterward, we test simple linear and multiple polynomial regression betweendepth to the
distance to the peat edge, however, AIC and BIC value suggest that simple linear correlation is
better than the others. Here we only presented fit line and linear model that we use to predict the
depth (Fig S2.3)
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Figure S2.3. Linear equations used for predicting the depth based on their distance to the peat edge. Light
dotted blue line shows 95% confidence interval
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We use equations above to predict the depth at 1 km grid, and based on that we calculate the

mean, upper and lower estimate of the depth (Fig S2.4.)
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mean = 5.879286 m
lower est = 2.338738 m
upper est = 9.419834 m

mean = 5.160252 m
lower est = 1.277579 m
upper est = 9.042925 m

Figure S2.4. A & B - Distance to the peat edge for Global Forest Watch (A) and Badan Restorasi Gambut (B). C
& D - Predicted depth based on the distance to the peat edge of each map, with lower and upper estimate with 95%

confidence interval

Calculating the total carbon for Upper Kapuas Basin

We put the value of area, carbon density, depth, bulk density and carbon content based on data

and calculation above to the equation:
Cs=A x D x BD x CC

where:
A = area of the peat:
e 2,461,320,000 m? (GFW)
e 3,833,200,000 m? (BRG)
D = mean peat depth:
e 10.35 m (sampling site)
e 5.88 m (predicted based on GFW map)
e 5.16 m (predicted based on BRG map)
BD = mean bulk density: 103 kg/m?3
CC = mean carbon content: 51.94 %

o ™
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Table S2.4. Carbon store estimation in Upper Kapuas Basin. Area values are based on
either GFW or BRG map, and the depth are based on mean sampling sites or based on

modelling.
Area and depth BD cc
A 2 Depth total (k I t (k t (k
value sources rea (m?) epth (m) (kg/m?) (%) otal (kg) ower est (kg) upper est (kg)
GFW map, sampling | ) ;¢ 355 900 1,373,879,639,905 | 553,412,391,661 | 2,359,172,447,312
sites depth 10.35+5.71
i )
BRG map, sampling | 3 225 )00 000 (SD) 2,139,646,789,398 | 861,871,020,312 | 3,674,117,881,883
sites depth 103.8+ | 51.95
6.1 +2.1
GFW, modelled |, 01 350,000 | 38 %3.54 780,522,925,859 | 279,091,594,070 | 1,383,773,627,253
depth (95% Cl)
BRG, modelled 3,833,200,000 | 10 *2:66 1,066,722,457,323 | 464,370,161,806 | 1,789,016,303,632
depth (95% Cl)

Calculating carbon density per hectare

Mean carbon density in our sample is 53+4 kg/m? and carbon density per hectare on our
sampling site is 5279+3081 MgC/ha (Table S1.1). However, to state the value of carbon density
of the Upper Kapuas Basin, we also use the modelled depth to calculate the value of carbon

density (Table S1.5).
Table S2.5. Carbon density estimation based on modelled depth.

cb
Depth value sources Depth (m) (kg/m3) CD (kg/m?2) | lower est (kg/m?2) upper est (kg/m2)
Modelled depth of GFW map 5.88 + 3.54 (95% Cl) 534+3.7 313.992 116.298 468.174
Modelled depth of BRG map 5.16 + 2.66 (95% Cl) 275.544 124.25 388.654
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Table S2.6. List of Radiocarbon dates used for Figure 2.4.

1D Material Location Lat Long Study Basal | Depth (m)|Top elevation| Bottom elevation|Lab code Age |Error| Cal year mean| Cal year min| Cal year max
IF1 Bulk peat (125-500 um) |Gunung Palung | -1.21| 110.098|This study Y 0.15 10 9.85|NOSAMS-156265 35| 20 NA NA NA
IF Il Bulk peat (125-500 pm) [Gunung Palung | -1.21]| 110.098|This study Y 0.15 10 9.85|NOSAMS-156266 0 0 NA NA NA
TZ1 Bulk peat (125-500 um) |Gunung Palung | -1.206| 110.097|This study Y 1.24 10 8.76|NOSAMS-156276 | 1120 15 1020 980 1060
TZ 1l Bulk peat (125-500 um) |Gunung Palung | -1.207| 110.096|This study Y 0.90 10 9.1|NOSAMS-156277 | 7260 30 8090 8010 8160
TZ I Bulk peat (125-500 um) |Gunung Palung | -1.206] 110.094|This study Y 1.32 10 8.68|NOSAMS-156278 | 8290| 35 9310 9140 9420
KP | Bulk peat (125-500 um) |Gunung Palung | -1.209| 110.097|This study Y 0.15 10 9.85|NOSAMS-156267 | 275| 20 310 160 430
KP 1l Bulk peat (125-500 pum) |Gunung Palung | -1.209| 110.097|This study Y 0.30 10 9.7|NOSAMS-156268 | 3500 20 3770 3700 3830
RC1 Macrofossil (>500 um) |Ketapang -1.582| 110.431|This study Y 8.47 NA NA|NOSAMS-156271 | 9640 50 10970 10780 11190
RC1 Macrofossil (>500 um) |Ketapang -1.582| 110.431|This study Y 8.47 NA NA|NOSAMS-156269 | 9610 40 10940 10780 11160
RC1 Bulk peat (125-500 um) |Ketapang -1.582| 110.431|This study Y 8.47 NA NA|NOSAMS-156270 | 9560 45 10930 10720 11100
RC2 Macrofossil (>500 um) |Ketapang -1.598| 110.480|This study Y 4.87 NA NA|NOSAMS-156272 | 5750 25 6550 6480 6640
RC2 Bulk peat (125-500 um) |Ketapang -1.598| 110.480]This study Y 4.87 NA NA|NOSAMS-156273 | 4690 25 5390 5320 5570
RC3 Macrofossil (>500 um) [Ketapang -1.618| 110.449|This study Y 3.18 NA NA|NOSAMS-156274 | 6180 25 7080 7000 7160
RC3 Bulk peat (125-500 um) |Ketapang -1.618| 110.449|This study Y 3.18 NA NA|NOSAMS-156275 | 6120 25 6990 6910 7160
P1 Bulk peat (125-500 um) | Putussibau 0.714] 112.908(This study Y 5.55 32.76 27.21{NOSAMS-161956 [31700| 730 35710 34350 37620
P3 Bulk peat (125-500 um) |Putussibau 0.745| 112.918(This study Y 13.60 34.94 21.34|NOSAMS-161957 |26200| 370 30410 29610 31020
P4 Bulk peat (125-500 um) |Putussibau 0.758| 112.927|This study N 15.00 37 22|NOSAMS-161958 |46100| 5200 47850 44890 >50000
P5 Bulk peat (125-500 pm) [Putussibau 0.772| 112.930(This study N 12.00 36.87 24.87|NOSAMS-161959 |35600] 1400 40230 37660 42730
P6 Bulk peat (125-500 um) |Putussibau 0.788| 112.932|This study Y 4.45 32.31 27.86|NOSAMS-161960 15450 110 18710 18490 18920
R3 Bulk peat (125-500 um) |Rasau Jaya -0.24| 109.372|This study Y 0.60 1.29 0.69|NOSAMS-161951 | 4010| 20 4480 4420 4520
R5.5 Bulk peat (125-500 um) |Rasau Jaya -0.205| 109.396|This study Y 5.85 7.08 1.23|NOSAMS-161952 | 3920 20 4360 4290 4420
R6 Bulk peat (125-500 um) |Rasau Jaya -0.199| 109.398|This study Y 6.00 7.54 1.54|NOSAMS-161953 | 3870 20 4310 4240 4410
R6.5 Bulk peat (125-500 pm) [Rasau Jaya -0.191| 109.405|This study Y 4.80 6.31 1.51|NOSAMS-161954 | 3950 20 4420 4300 4510
R7 Bulk peat (125-500 um) |Rasau Jaya -0.184| 109.408|This study Y 3.40 5.64 2.24|NOSAMS-161955 | 3880] 20 4330 4250 4410
T1P3 Bulk peat (125-500 um) |Sentarum 0.772] 112.117(This study N 0.20 NA NA|Wk-F32491 4587| 59 5290 5050 5470
T1P3 Bulk peat (125-500 um) |Sentarum 0.772] 112.117|This study N 7.80 NA NA|Wk-F32485 12074| 137 13940 13560 14370
T1P3 Bulk peat (125-500 um) |Sentarum 0.772| 112.117|This study Y 9.00 NA NA|Wk-F32492 11894| 60 13700 13560 13940
T2P3 Bulk peat (125-500 um) |Sentarum 0.772] 112.097This study Y 6.92 NA NA|Wk-F32488 12689 158 15040 14320 15600
T3P3 Bulk peat (125-500 um) |Sentarum 0.775| 112.084|This study N 0.15 NA NA|Wk-F32489 5716| 66 6510 6320 6670
T3P3 Bulk peat (125-500 um) |Sentarum 0.775] 112.084(This study Y 2.05 NA NA|Wk-F32487 16444 121 19840 19540 20140
T4P3 Bulk peat (125-500 um) |Sentarum 0.764| 112.084(This study Y 14.00 NA NA|Wk-F32490 11693| 160 13530 13200 13930
52 Bulk peat (125-500 um) |Sentarum 1.02| 112.222|This study N 0.05 18.42 18.37[NOSAMS-161950 | 9050 40 10220 10180 10250
BRO-1963 Bulk peat Marudi -1.1] 114.133| (Anderson and Muller, 1975) Y NA NA NA|[NA 4270 70 4840 4580 5040
Wk-5779 Bulk peat Sentarum 0.788| 112.047|(Anshari et al., 2004) Y 1.24 NA NA|Waikato 28780| 100 32950 32560 33350
0ZE148 Pollen Sentarum 0.788| 112.047|(Anshari et al., 2004) Y 0.82 NA NA|Waikato 42200( 700 45570 44410 46910
0ZE145 Pollen Sentarum 0.788| 112.047|(Anshari et al., 2004) Y 0.99 NA NA|Waikato 38800| 450 42740 42150 43390
0ZE141 Pollen Sentarum 0.788| 112.047|(Anshari et al., 2004) Y 1.50 NA NA|Waikato 32800 300 36850 36130 37910
Wk 26757 Bulk peat Rasau Jaya -0.21| 109.396|(Anshari et al., 2010) Y 7.00 NA NA|Waikato 3784| 40 4160 3990 4290
E2P23-3 Bulk peat (<1 mm) Kutai Basin -0.163| 116.290|(Hope et al., 2005) Y 13.49 NA NA|NA 7500| 220 8320 7870 8970
MLT1-4 Bulk peat (< 1 mm) Kutai Basin -0.275| 116.310|(Hope et al., 2005) Y 8.70 NA NA|NA 6610| 200 7500 7160 7930
S3P31-1 Bulk peat (< 1 mm) Kutai Basin -0.063| 116.760|(Hope et al., 2005) Y 13.75 NA NA|NA 5900| 320 6760 6030 7430
TM3P7-1 Bulk peat (< 1 mm) Kutai Basin -0.09]| 116.480|(Hope et al., 2005) Y 12.25 NA NA|NA 5690| 90 6490 6310 6660
K1P17-3 Bulk peat (< 1 mm) Kutai Basin 0.189] 116.620|(Hope et al., 2005) Y 8.70 NA NA|[NA 5500 130 6290 5950 6600
D1P5-2 Bulk peat (< 1 mm) Kutai Basin 0.151| 116.840((Hope et al., 2005) Y 6.32 NA NA|NA 4830| 270 5550 4880 6180
SR3P500-2 Bulk peat (< 1 mm) Kutai Basin -0.069| 116.580|(Hope et al., 2005) Y 6.07 NA NA[NA 4300| 140 4890 4530 5300
PK5-C14 Bulk peat Palangkaraya -2.167| 113.667|(Neuzil, 1995) in (Dommain et al., 2011) Y NA NA NA|NA 9510( 200 10830 10260 11250
PK2-C14 Bulk peat Palangkaraya -2.067| 113.783|(Neuzil, 1995) in (Dommain et al., 2011) Y NA NA NA|NA 8140| 180 9070 8610 9470
Wk-3 Bulk peat Teluk Keramat | 1.422| 109.144|(Neuzil, 1995) in (Dommain et al., 2011) Y 6.50 9 2.5|NA 4040| 170 4530 4010 4960
N2 Bulk peat Barambai -2.58| 115.390|(Notohadiprawiro, 2006) Y 1.00 NA NA|NA 2310 90 2340 2120 2700
SA6.5 Bulk peat Sebangau -2.384| 113.863|(Page et al., 2004) Y 9.50 NA NA|NA 20350| 130 24460 24100 24940
T2-020 Bulk peat Rajang River -2.5| 111.567((Staub and Esterle, 1994) Y 6.00 3.8 -2.2|NA 6105| 105 6990 6750 7240
T3-080 Bulk peat Rajang River -2.5| 111.567|(Staub and Esterle, 1994) Y 3.00 6.15 3.15|NA 1245| 120 1160 930 1350




Table S2.6. (Continued) List of Radiocarbon dates used for Figure 2.4.

1D Material L Lat Long Study Basal | Depth (m)|Top ele Lab code Age |Error| Cal year mean| Cal year min| Cal year max
T2-100 Bulk peat Rajang River -2.5| 111.567|(Staub and Esterle, 1994) Y NA NA -0.3|NA 6405| 120 7320 7020 7560
T2-140 Bulk peat Rajang River -2.5| 111.567|(Staub and Esterle, 1994) Y NA NA -0.6|NA 5945| 205 6800 6320 7260
T2-000 Bulk peat Rajang River -2.5| 111.567|(Staub and Esterle, 1994) Y 6.50 2.55 -3.95|NA 5610 195 6420 5950 6850
T3-120 Bulk peat Rajang River -2.5| 111.567|(Staub and Esterle, 1994) Y 4.00 7.6 3.6|NA 1635| 140 1550 1300 1860
RB-01 Bulk peat Rajang River -2.4] 111.750|(Staub, James R. and Gastaldo, 2003) Y NA NA -0.6|NA 7340| 220 8160 7740 8580
R-090-3 Bulk peat Rajang River -2.7] 111.867|(Staub, James R. and Gastaldo, 2003) Y NA NA -2.7|NA 7060| 280 7910 7440 8400
R-090-4 Bulk peat Rajang River -2.7| 111.867|(Staub, James R. and Gastaldo, 2003) Y NA NA -2.7|NA 6820| 325 7700 7030 8360
RI-06 Bulk peat Rajang River -2.4| 111.750|(Staub, James R. and Gastaldo, 2003) Y NA NA -1.6|NA 6080( 100 6950 6720 7240
RL-03 Bulk peat Rajang River -2.4| 111.750|(Staub, James R. and Gastaldo, 2003) Y NA NA -0.9|NA 6055| 95 6920 6680 7160
R-116-2 Bulk peat Rajang River -2.7| 111.867|(Staub, James R. and Gastaldo, 2003) Y NA NA -1|NA 5830| 100 6640 6410 6380
B4 Bulk peat Baram River 4.45| 114.017|(Tie and Esterle, 1991) in (Dommain et al., 2011) Y NA NA NA|NA 3570| 50 3870 3710 3980
KB3 Bulk peat Baram River 4.533| 114.000|(Tie and Esterle, 1991) in (Dommain et al., 2011) Y NA NA NA|NA 1140| 50 1050 940 1180
UBA-10003 |Bulk peat Bario, Sarawak | 3.733| 115.484|(Treat et al., 2017) Y NA NA NA[NA 40397| 436 43980 43210 44790
GRO-1963 Bulk peat Baram River 4.15| 114.233|(Wilford, 1959) in (Dommain et al., 2011) Y NA NA NA[NA 42701 70 4840 4580 5040
NZ-352 Bulk peat Lawas River 4.917| 114.417|(Wilford, 1959) in (Dommain et al., 2011) Y NA NA NA[NA 1950 70 1900 1720 2100
02J341 Pollen Sebangau -2.384| 113.863|(Wust et al., 2008) Y 8.67 NA NA|NA 33930| 395 38390 37160 39340
LGK-1276 Bulk peat Batu Licin -3.317| 116.117|(Yulianto et al., 2005) Y 4.50 NA NA[NA 5140| 180 5900 5580 6290
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Table S2.7. Correlation between depth and basal age for all dated core in Borneo, for our study only, and
for each site

sample Number of basal-dated Kendall correlation of depth and basal
cores age

All Borneo 45 0.165
This study 24 0.321
Rasau* 5 -0.600
Putussibau 5 0.600
Sentarum** 9 -0.833
Gunung Palung 7 0.720
Ketapang™** 3 0.333

*This negative correlation is due to disturbance, where the oldest core at R3 is very degraded and only 60 cm
peat remains. Thus, we suggest do not take this value into account as we could not predict what is real
undisturbed peat depth in this site.

** We use data from our study (4 cores) and from Anshari, et al (2004) (5 cores).

*** \We averaged the date of different dated material (bulk peat and macrofossil)
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Figure S2.5 Logged forest area, protected areas, and peat extent in the upper Kapuas Basin. Non-peat
areas include freshwater swamp forest and upland forest. The logged area estimate is from Global Forest Watch
(Hansen et al., 2013) for the year 2000-2018. Summary statistics are in Table S3.

Table S2.8. Peat area, protected area and logged peat area in Upper Kapuas Basin

Land cover Area (ha) | Percentage
Peat 246,132 100.0
Protected peat (within Danau Sentarum National Park) 58,123 23.6
Logged peat forest (2018) 17,173 7.0
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Supplementary for Chapter 3

Table S3.1. Radiocarbon dates and resulting calibrated ag

es using rcarbon IntCal20

No | Core-Depth(cm) Age Err Lab ID* Age_min | Age_med | Age_max | Coord(lat;long)
1 | P1-550 31700 730 | 0S-151563 34210 36660 39110 | 0.804;112.927
2 | P2-945 44234 281 | D-AMS 045876 45540 46760 47990 | 0.792;112.926
3| P3-85 1410 15 | 0S-155104 1280 1320 1360 | 0.780;112.925
4 [ P3-110 11300 75 | 0S-164600 12920 13190 13460 | 0.780;112.925
5| P3-150 10611 33 [ D-AMS 044484 12480 12620 12730 | 0.780;112.925
6 | P3-200 11600 70 | 0S-155105 13180 13480 13760 | 0.780;112.925
7 | P3-375 12750 90 | 0S-164601 14520 15130 15680 | 0.780;112.925
8 | P3-500 15050 110 | 0S-155106 17940 18360 18770 | 0.780;112.925
9| P3-625 28131 96 [ D-AMS 044485 31600 32300 33000 | 0.780;112.925

10 | P3-700 37900 2500 | 0S-164602 36290 41160 46030 | 0.780;112.925

11 | P3-750 22400 300 | 0OS-155107 25820 26730 27640 | 0.780;112.925

12 | P3-1000 22800 360 | 0S-164603 25920 26920 27930 [ 0.780;112.925

13 | P3-1355 26200 370 | 0S-151564 29200 30230 31250 | 0.780;112.925

14 | P4-250 1300 15 | 0S-164604 1180 1240 1300 | 0.768;112.922

15| P4-330 3867 25 [ D-AMS 045877 4100 4270 4420 | 0.768;112.922

16 | P4-410 3527 30 [ D-AMS 045878 3640 3810 3980 | 0.768;112.922

17 | P4-500 11521 37 | D-AMS 044486 13240 13390 13580 | 0.768;112.922

18 | P4-625 14225 47 | D-AMS 045879 17040 17270 17500 | 0.768;112.922

19 | P4-750 15850 140 | 0S-164605 18710 19160 19620 | 0.768;112.922

20 | P4-825 27229 126 | D-AMS 045880 31020 31370 31710 | 0.768;112.922

21 | P4-995 24684 83 [ D-AMS 044489 28620 28920 29220 [ 0.768;112.922

22 | P4-1400 29921 133 | D-AMS 045881 33980 34380 34770 | 0.768;112.922

23 | P4-1495 46100 5200 | OS-151672 40780 47890 55000 | 0.768;112.922

24 | P5-95 425 18 | D-AMS 044488 330 470 530 | 0.756;112.918

25 | P5-250 3630 25 | 0S-164606 3780 3960 4140 | 0.756;112.918

26 | P5-500 3906 25 | D-AMS 041764 4150 4320 4520 | 0.756;112.918

27 | P5-625 12000 85 | 0S-164607 13510 13870 14300 | 0.756;112.918

28 | P5-750 12430 45 | D-AMS 041765 14160 14590 15030 | 0.756;112.918

29 | P5-1000 17630 53 [ D-AMS 044487 20930 21360 21790 [ 0.756;112.918

30 | P5-1050 28402 116 | D-AMS 045882 31810 32540 33270 | 0.756;112.918

31 | P5-1195 35600 1400 | 0S-151673 36270 39500 42730 | 0.756;112.918

32 | P6-430 15450 110 | 0S-151674 18260 18690 19110 | 0.744;112.926

33 | R3-55 4010 20 | 0S-151558 4410 4500 4610 | -0.240;109.372

34 | R5.5-300 2920 20 | 0S-164597 2890 3070 3210 | -0.205;109.396

35 | R5.5-525 3920 20 | 0S-151559 4160 4350 4520 | -0.205;109.396

36 | R6-100 1390 15 | 0S-155108 1280 1310 1350 | -0.199;109.398

37 | R6-300 2530 20 | 0S-164598 2470 2620 2750 | -0.199;109.398

38 | R6-595 3870 20 | 0S-151560 4150 4280 4420 | -0.199;109.398

39 | R6.5-300 2540 25 | 0S-164599 2460 2610 2750 | -0.191;109.405

40 | R6.5-485 3950 20 [ 0S-151561 4240 4380 4520 | -0.191;109.405

41 | R7-335 3880 20 | 0S-151562 4150 4280 4420 | -0.184;109.408

*Lab ID

OS = NOSAMS Laboratory (Woods Hole, MA)
D-AMS = DirectAMS (Bothell WA)
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Figure S3.1. Bacon Age-Depth model output of three deepest cores form each site (Rasau Jaya: R55, R6,
R65, Putussibau: P3, P4 and P5). Each model shows the types of The Bayesian modeling applied for each core.
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Figure S3.2. Vertical Profile of BD, LOI, C%, CD of Coastal (Rasau) and Inland (Putussibau) peat

domes. Note that the color scale is unique for each graph.
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Figure S3.3. Vertical profile N%, CN, 13C, 15N of Coastal (Rasau) and Inland (Putussibau) peat domes.
Note that the color scale is unique for each graph.
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Figure S3.4. PUTUSSIBAU BD, aCAR, 13C, 15N, C%, N%, CN ratio. Light red block = hiatus, yellow

line =slump
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Figure S3.5. RASAU BD, aCAR, C13, N15, C%, N%, CN ratio.
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Figure S3.6.
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Figure S3.7. RASAU Charcoal types.
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Figure S3.8. 813C NMR spectra of a non-charcoal sample, a charcoal sample, and the lattice
morphotype
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Figure S3.9. Silt deposit in cores P1.5 and P2 and its corresponding position in the peat
dome
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