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A B S T R A C T

Rainfall seasonality in the tropics has a substantial impact on both ecosystems and human livelihoods. Yet, re-
constructions of past rainfall variability have so far generally been unable to differentiate between annual and
seasonal precipitation changes. Past variations in seasonality are therefore largely unknown. Here, we disen-
tangle hydrogen isotopic (δD) signals from terrestrial leaf waxes and algae in an 8000-year peat core from
Sumatra, which reflect annual versus wet season rainfall signals, respectively. We validate these results using
lipid biomarkers by reconstructing vegetation dynamics via n-alkane distributions and peatland hydrological
conditions using glycerol dialkyl glycerol tetraethers (GDGTs), as well as biomass burning using levoglucosan
concentrations in the core. Finally, we compare our proxy results to a transient climate model simulation (MPI-
ESM1.2) to identify the mechanism for seasonality changes. We find that algal δD indicates stronger Indonesian-
Australian Summer Monsoon (IASM) precipitation in the Mid-Holocene, between 8 and 4.2 cal ka BP. A period of
alternating flooding, droughts and wildfires is reconstructed between 6 and 4.2 cal ka BP, implicating very strong
monsoonal precipitation and drying out and burning during a longer and intensified dry season. We attribute this
strong rainfall seasonality in the Mid-Holocene mainly to orbitally forced insolation seasonality and a
strengthened IASM, consistent with the modeling results. In terms of annual rainfall, terrestrial plant δD,
vegetation composition and GDGTs all indicate wetter conditions peaking between 3 and 4.5 cal ka BP, preceded
by drier conditions, followed by drastic and rapid drying in the late Holocene from around 2.8 cal ka BP. Our
multiproxy annual precipitation reconstruction thereby indicates the wettest overall conditions approximately
1500–2000 years later than a nearby speleothem δ18O record, which instead follows the seasonally biased algal
δD in our record. We, therefore, hypothesize that speleothem reconstructions over the Holocene in parts of the
tropics with low but significant seasonality may carry a stronger seasonal component than previously suggested.
The data presented here contribute with new insights on how isotopic rainfall proxies in the tropics can be
interpreted. Our findings resolve the seasonal versus annual components of Holocene rainfall variability in the
Indo-Pacific Warm Pool region, highlighting the importance of considering seasonality in rainfall
reconstructions.
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1. Introduction

Precipitation seasonality is a key aspect of climate and ecosystem
dynamics in the tropics. Whether rainfall is evenly distributed
throughout the year or concentrated into a brief rainy season followed
by a dry season can determine the development of rainforest or savanna
ecosystems (Beck et al., 2018). Additionally, a more seasonal climate
increases vulnerability to flooding, droughts and fire events, with sig-
nificant implications for human livelihoods and food security. Assessing
the drivers of seasonality in the tropics is therefore fundamental to un-
derstanding how the climate system will respond to current and future
climate changes.

The Indo-Pacific Warm Pool (IPWP) region exports immense
amounts of heat and moisture to the extratropics, making climate dy-
namics in the IPWP a major influence on the seasonal precipitation of
the monsoons in both hemispheres (De Deckker, 2016). To date,
research on past precipitation in the IPWP relied mainly on the water
derived oxygen and hydrogen isotopic signature recorded in speleo-
thems (δ18Ospeleo) and fossil leaf waxes (δDwax) in sediment records. The
water isotopic composition of precipitation in the IPWP is strongly
influenced by the regional convective strength and the associated
‘amount effect’ (Kurita et al., 2009), and rainfall amount has therefore
been the main interpretation of water isotopic records (Cobb et al.,
2007; Dansgaard, 1964). However, water isotopes in precipitation are
also dependent on moisture source, rain out trajectory and short term
climate events such as the El Niño Southern Oscillation (ENSO) and the
Madden-Julien Oscillation, thus complicating the interpretation of the
isotope records (Belgaman et al., 2017; Konecky et al., 2016; Yuan et al.,
2023). The effect of changes in seasonality through time has not
received enough attention in the proxy interpretation of water isotope
dynamics, and the focus has mostly been on the ‘amount effect’ recorded
by the isotopic proxies. However, whether the precipitation ‘amount’
reflects the wet season or annually integrated rainfall amounts has been
challenging to quantify, especially considering that hydrological drivers
of rainwater δD/δ18O (δDrainwater and δ18Orainwater) for a specific site
may vary over time (Wurtzel et al., 2018). As a result, past precipitation
seasonality in this key region, in particular over the Holocene, needs to
be further constrained, as it may have significant relevance for our un-
derstanding of past hydroclimate dynamics.

δDwax is recorded by terrestrial plants which grow throughout the
year in the tropics (Malhi et al., 2014a, 2014b) and therefore likely
reflect an integrated annual water isotopic signal (Niedermeyer et al.,
2014). However, some uncertainties remain; Konecky et al. (2016) hy-
pothesized that if δDwax records a seasonally biased signal, it would be
biased towards the wet season via amount weighted isotopic mean
composition of groundwater. In contrast, Feakins et al. (2016) suggested
that tropical δDwax may be biased towards the dry season, as waxes are
preferentially produced during the leaf flushing, which mostly occurs
during the drier, less cloudy season in their study area in the Amazon.
Moreover, leaf evapotranspiration during drier periods may cause a
distinct isotope enrichment of leaf waxes (Sachse et al., 2012). The
current knowledge on the effects of seasonality on δDwax is limited, and
how seasonality affects δDwax in downcore records in the IPWP remains
unexplored.

In contrast to leaf waxes produced by plants, speleothem growth is
tied to groundwater recharge (Lases-Hernandez et al., 2019; Moerman
et al., 2013). Cave δ18Ospeleo is built up during carbonate precipitation
from soil percolated drip water, which occurs mostly following wet
season groundwater recharge (Baker et al., 2019; Clark and Fritz, 1997;
Cobb et al., 2007; Dansgaard, 1964; Fairchild and McMillan, 2007;
Lases-Hernandez et al., 2019; Qiu et al., 2023; Rozanski et al., 2013).
Speleothem carbonate δ18O may either be representative of amount
weighted annual average δ18Orainwater, or be biased towards the season
with the highest carbonate depositional or groundwater recharge rates
(Baker et al., 2019; Lachniet, 2009; Ridley et al., 2015). In the IPWP,
Yuan et al. (2023) interpret speleothem δ18O on Sulawesi and Sumatra

to reflect an annually averaged signal, based on the similarity in trends
on both islands. On the contrary, Wolf et al. (2023) and Ayliffe et al.
(2013) exclusively interpret speleothem δ18O as seasonal indicators,
given that their study areas receive precipitation mainly during the wet
season. Precipitation isotopes recorded at sites that receive precipita-
tion over a large part of the year, such as Sumatra and Borneo may
instead be driven by changes in the relative input from different
moisture sources (Wurtzel et al., 2018; Partin et al., 2007), in addition
to evaporation and selective recharge (Baker et al., 2019). For Suma-
tra, this leads to higher δ18O during the boreal summer when precip-
itation is sourced from the southern hemisphere and lower δ18O during
the rest of the year. This effectively results in an enhanced amount
effect on Sumatra, due to lower precipitation amounts during boreal
summer, when a low amount of isotopically heavy precipitation is
sourced from south of the equator (Wurtzel et al., 2018). Model-proxy
comparison from Borneo shows that seasonal (winter) drying affected
speleothem δ18O during the Heinrich Stadial 1 and Younger Dryas
events of the deglacial period (Buckingham et al., 2022). It is therefore
clear that seasonal changes in precipitation can drive speleothem ox-
ygen isotope variability. However, it remains difficult to disentangle
the contribution from different seasons and it is unclear how isotopic
precipitation records should be interpreted in terms of seasonality, in
particular during the Holocene.

An advantage of isotopic reconstructions based on leaf waxes and
other lipid biomarkers is that the isotopic composition from multiple
compounds can be acquired from the same sample in a single mea-
surement. In particular, this has been done on n-alkanes with chain
lengths between 21 and 33 carbon atoms (C21 to C33) where C21 to C25
have been reported to be produced by aquatic plants, and the longer
chains > C27 are produced by terrestrial plants (Aichner et al., 2010;
Bush and McInerney, 2013; Ficken et al., 2000). These n-alkanes are a
main component of protective epicuticular leaf waxes from plants.
n-alkanes shorter than C21 are sourced mainly from algae and microbes
(Aichner et al., 2010). The habitat and growth period of the different
source organisms can be used to derive additional information on the
drivers of their isotopic composition, including seasonal aspects of the
hydroclimate. The isotopic signals of n-alkanes can therefore be used to
reconstruct isotopic variability in a range of environments and hydrogen
sources. For instance, Katrantsiotis et al., 2021 used the δD signals from
terrestrial and aquatic plants (δDterr and δDaq) to derive different sea-
sonal signals: an annually averaged lake water δD signal from the
aquatic plants while the terrestrial plants reflected the summer precip-
itation δD, based on their different water sources. Similarly, the differ-
ence between δDterr and δDaq has been interpreted as a measure of soil
evaporative enrichment, moisture availability and relative humidity
(Muschitiello et al., 2015; Rach et al., 2014; Sachse et al., 2012). The
isotopic signature of an organism growing during only a short period of
the year can therefore yield information about water isotopes from that
specific season. In contrast, plants that either grow over the whole year,
or derive their water from a source that has accumulated over a longer
time period reflect a weighted average of incoming precipitation,
modulated by potential evaporative enrichment during drier seasons
with negative precipitation-evaporation balance (Thomas et al., 2020).

In this study, we take advantage of the δD signals recorded by plants
and algae that grow during – and record water isotope signals from –
different periods of the year. We use a peat core from Sumatra that has
been accumulating over the past 8000 years (Hällberg et al., 2023), with
the goal of reconstructing past rainfall and seasonality. Terrestrial plants
grow throughout the whole year in the tropics, while algae only grow
during the wet season following peat flooding. In this way, we generate
two δD records, one for the annual average and one for the wet season
only, allowing disentanglement of the seasonal and annual rainfall sig-
nals. To validate these δD results, we use additional independent proxies
that allow reconstruction of the hydrological conditions of the peatland.
By assessing the distribution of alkanes C19-C35, we reconstruct the
relative amounts of algae, aquatic plants and terrestrial plants, which
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reflect peatland flooding and peat long term wetness. We also use the
distribution of microbial membrane-derived glycerol dialkyl glycerol
tetraethers (GDGTs), which can be used to reconstruct water table var-
iations, droughts, and peat wetness (De Jonge et al., 2024). Further-
more, we present a record of past biomass burning, based on the
concentration of levoglucosan, an anhydrosugar produced upon cellu-
lose burning (Suciu et al., 2019). We then explore the mechanisms for
changes in past seasonality using a transient climate model simulation.
Lastly, we discuss the implications of our results for how isotopic pre-
cipitation reconstructions may be interpreted in the region. Based on
this multi-proxy and modeling approach, we generate a robust rain-
fall/wetness reconstruction of Sumatra over the Holocene, and disen-
tangle the seasonal and annual precipitation signals.

2. Materials and methods

2.1. Study area

The Padang wetland (2.206732◦S, 101.526774◦E) is situated at 959
m a.s.l. in the Kerinci Valley in western-central Sumatra in the province
of Jambi. The wetland is a 0.8 km2 valley bog, with a 5 ha (0.05 km2)
body of open water. Intense human activity is apparent around the
wetland, with increasing amounts of surrounding forest being converted
into farmland. At the time of sampling the site was covered by herba-
ceous swamp vegetation, dominated by macrophyte sedge Machaerina
rubiginosa, with presence of woody plants and shrubs, including Mela-
stoma malabathricum and Ilex cymosa (Morley, 1982). Based on pollen
evidence, the undisturbed vegetation around the site evolved from

herbaceous dominated marsh prior to swamp forest around 9000 years
ago, while the vegetation similar to that of the 20th century developed
around 7500 years ago (Morley, 1982). The bedrock in the area is vol-
canic, made up of intermediate to mafic rocks (Morley, 1982).

The current climate is wet and warm throughout the year, with 3100
mm of precipitation falling annually according to the ERA5 dataset
between 1979 and 2020 CE (Fig. 1) (Hersbach et al., 2020). The boreal
autumn-winter months are the wettest, particularly November, due to
the seasonal migration of the intertropical convergence zone (ITCZ).
Likewise, greater amounts of precipitation fall during the early boreal
spring (March and April) and also during the migration of the ITCZ. The
monsoon season around November is associated with rainfall sources
from the north and west, i.e., the Asian Winter Monsoon and the
Indonesian-Australian Summer Monsoon (IASM). June is the driest
month, associated with the onset of the Asian Summer Monsoon, or the
Indonesian-Australian Winter Monsoon (IAWM) in the southern hemi-
sphere (Wurtzel et al., 2018). During large parts of the year, moisture is
primarily sourced from the Indian Ocean, when the ITCZ is over Sumatra
in autumn and spring (Wurtzel et al., 2018). During the IASM, moisture
is increasingly sourced from the South China Sea to the northeast. For
the IAWM, moisture is sourced from the southern hemisphere, including
the Indian Ocean, the Java Sea and the Timor Sea (Wurtzel et al., 2018).
The water isotopes of precipitation roughly follow the same pattern as
the amount of precipitation in Sumatra. Water δD and δ18O are more
negative during the wet periods associated with ITCZ precipitation and
less negative, in particular during August and, to some extent, in
February (Fig. 1) (Belgaman et al., 2017; Kurita et al., 2009; Wurtzel
et al., 2018).

Fig. 1. Present day precipitation and wind patterns in January (a), April (b), July (c) and October (d) and monthly variability in water isotopic composition (e). The
star in (b) marks the Padang peatland, and the labeled circles denote speleothem records from L: Laos, B: Borneo, T: Tangga Cave, F: Flores and A: Australia
(Denniston et al., 2013; Griffiths et al., 2013, 2020; Partin et al., 2007). Precipitation and wind data are derived from ERA5 reanalysis data between 1979 and 2020
CE. The data in (d) for precipitation amount is ERA5 data from central Sumatra land areas (box between 1◦N and 3◦S and 100-104◦E in (c)). The isotopic data is based
on JAMSTEC measurements at the GAW/Kototabang station (red triangle in (c)) in Sumatra between 2001 and 2008 (Kurita et al., 2009). The line plot represents
δDrainwater, and the bars represent rainfall amounts in (e).(For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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2.2. Sampling and radiocarbon dating

A 610 cm peat core was collected in March 2018 using a D-corer with
a 50 × 6 cm chamber, retrieved from two alternating bore holes
approximately 2 m apart, with a 10 cm vertical overlap. The cores were
stored at 4 ◦C at NTU Singapore after sampling, fromwhich an L-channel
core was taken to Stockholm University, where the core was subsampled
at 10 cm resolution in 1 cm slices, which were subsequently freeze-dried
before analysis. Radiocarbon dating was conducted on 9 bulk samples
from the Padang peat sequence at the Laboratory of Ion Beam Physics,
ETH Zurich (Supplementary Table 1, Fig. 2). An age-depth model was
constructed using rbacon version 3.1.1 (Blaauw and Christen, 2011) ,
and the SHCal20 calibration curve (Hogg et al., 2020).

2.3. Bulk elemental and isotope analysis

Total organic carbon (TOC) and carbon stable isotope ratios were
measured at the Geological Institute, ETH Zurich, using a Flash-EA 1112
Elemental Analyzer (ThermoFischer Scientific) coupled to an isotope
ratio mass spectrometer (Delta V, ThermoFisher Scientific) (EA-IRMS).
TOC is reported in percent dry weight, and the isotope ratio is expressed

as δ13C in permille relative to VPDB.

2.4. Lipid organic geochemistry

2.4.1. Extraction
Approximately 0.3 g dry weight of each sample was extracted using

20 ml Dichloromethane:Methanol (DCM:MeOH) 9:1 v/v mixture in an
ultrasonic bath for 15 min after suspension using a vortex. Samples were
then centrifuged at 800 rcf for 10 min. Since purely organic peat samples
have a very low bulk density, particles and solvents did not fully sepa-
rate in the DCM:MeOH mixture, and some hexane (which is a solvent
with relatively low density) was added to those samples prior to
centrifuging to allow sedimentation. The total lipid extract (TLE) was
then transferred to a new vial, and the process was repeated three times.
The TLE was then gently dried under a slow stream of N2 on a 30 ◦C
warming block. The N2 flow was set very low in order to avoid evapo-
ration of short alkanes which are relatively volatile. The TLE was re-
dissolved in <1 ml DCM and adsorbed to pre-combusted deactivated
(400 ◦C overnight, and after cooling down an addition of 5% H2O) 95%
silica gel. For fractionation of the TLE into apolar and polar fractions, the
adsorbed samples were placed on silica gel pipette columns and eluted
using three column volumes of hexane (apolar fraction, contained the n-
alkanes) and DCM:MeOH (polar fraction, containing GDGTs). The apo-
lar fraction was dissolved in hexane, and the polar fraction was dissolved
in a mixture of hexane – isopropanol (99:1 v/v) and filtered through a
0.45 μm PTFE filter to remove poorly dissolved polar material prior to
analysis.

2.4.2. GDGTs
GDGTs in Sumatra and in the Padang peat core have been discussed

in depth by Hällberg et al. (2023), who focused on branched GDGT
provenance and GDGT temperature reconstructions. Here, we focus on
the hydrological interpretation of GDGTs.

GDGTs were analyzed using the method described by Hopmans et al.
(2016) on 60 samples using a Dionex/Thermo Scientific UltiMate3000
high-performance liquid chromatograph equipped with two Waters
Acquity UHPLC BEH HILIC columns (2.1× 150 mm, 1.7 mm) connected
to a TSQ Quantum Access Max Triple Quadrupole mass spectrometer
(HPLC-MS) and APCI ion source in positive mode. A flow of 0.3 ml
min− 1 was used, as previously described by Hällberg et al. (2023). The
mass spectrometer scanned atm/zwindows centered around 1020 (scan
width 7.5), 1034 (width 7.5), 1048 (width 7.5), and 1297 (width 15).
The GDGTs were quantified manually using Xcalibur with a limit of
quantification set to signal-to-noise ratio of >3. For further introduction
to GDGTs and their annotation, we refer to Hällberg et al. (2023).

Although GDGT distributions in peats and soils are primarily driven
by temperature and pH, other soil chemical parameters also influence
their distribution, including oxygen availability and humidity (De Jonge
et al., 2014). To calibrate GDGT distributions to peat pH, we calculated
the cyclization of branched tetraethers index (CBT’) (Eq. (1)) and used
the transfer function (Eq. (2)) to derive the peat pH (De Jonge et al.,
2014).

CBTʹ= log
Ic+ IIaʹ + IIbʹ + IIIaʹ + IIIbʹ

Ia+ IIa+ IIIa
(1)

pH=7.15+ 1.59*CBTʹ (2)

De Jonge et al. (2024) found a strong correlation between the dis-
tribution of isoprenoidal GDGTs and the mean monthly precipitation
amount. The PGDGT (Eq. (3)) index was proposed as a qualitative mean
monthly precipitation proxy, where higher values indicate wetter
conditions.

PGDGT =
GDGT1+ GDGT3

GDGT1+ Crenarchaeol
(3)

The fact that certain GDGTs are predominantly produced by

Fig. 2. Age model (a), peat accumulation rate (b), TOC (c) and bulk δ13C (d)
from the Padang peat sequence. The line plots are smoothed to a 50 cm running
mean in (b) and to a 5-point running mean in (c) and (d). The upper inset in a)
shows the Markov Chain Monte Carlo iterations and the lower insets in a) show
the prior (lines) and posterior densities (area fills) for the mean accumulation
rate and memory, respectively.

P.L. Hällberg et al. Quaternary Science Reviews 344 (2024) 108948 

4 



methanogenic archaea has been used as an indication for the presence of
methanogens and thereby anoxic conditions, which resulted in the
Methane Index (Eq. (4), where cren is short for crenarchaeol) (Zhang
et al., 2011) which is similar – but not identical – to PGDGT in that it is
driven by the crenarchaeol fractional abundance compared to some of
the other GDGTs. The underlying mechanism for these proxies is that
crenarchaeol is indicative of oxygenated conditions that are required for
ammonium oxidation by their source organisms. PGDGT is further driven
by a correlation of GDGT3 with precipitation (De Jonge et al., 2024). In
this study, we also explore the reverse approach, instead of using the
methane index to indicate anoxic conditions (which is a near-permanent
condition in peats), we use the fractional abundance of crenarchaeol,
defined as the relative abundance of crenarchaeol compared to all
analyzed isoprenoidal GDGTs, as a proxy for oxygenated conditions
(Hällberg et al., 2023 and references therein).

Methane index =
GDGT1+ GDGT2+ GDGT3

GDGT1+ GDGT2+ GDGT3+ Cren+ Cren isomer
(4)

2.4.3. Alkane concentrations
n-alkanes (C19-C35) were quantified by gas chromatography-mass

spectrometry (GC–MS) on a Shimadzu GCMS-QP2010 Ultra, equipped
with an AOC- 20i autosampler and a split-splitless injector operated in
splitless mode. A Zebron ZB-5HT Inferno GC column (30 m× 0.25 mm x
0.25 μm) was used for separation. The GC oven temperature was pro-
grammed from 60 to 180 ◦C at a rate of 20 ◦C min− 1 and then ramped to
320 ◦C at a rate of 4 ◦C min− 1 with a hold time of 20 min. MS operating
conditions were set to an ion source temperature of 200 ◦C and 70 eV
ionization energy. The apolar fraction was dissolved in 1000 μL hexane,
and injection volumes were 1 μL. Spectra were collected using GC so-
lution Workstation software (v2). Quantification was performed on odd-
numbered alkanes C19-C35 by using a calibration curve generated using a
standard mixture with C13-C40 alkanes forced through zero. Alkanes
shorter than C19 or longer than C35 were consistently below the limit of
quantification and were not included in this study. Replicate analyses (n
= 12) of the external standard showed that the standard deviation in the
commonly used indexes ACL, Paq, C33/C29 (Diefendorf and Freimuth,
2017) and fractional abundance of C19 (eq. (5)) were 0.12, 0.01, 0.03
and 0.01, respectively. To explore alkane chain lengths covariation,
principal component analysis (PCA) was conducted on the normalized
alkane distributions using JMP Pro v16 (JMP, 2021). Alkane concen-
trations are expressed as ng g− 1 of dry sediment.

The fractional amount of C19 compared to longer chains was calcu-
lated as the relative concentration of C19 compared to odd-chain alkane
concentrations (Eq. (5)). C19 has previously been found to be sourced
mainly from algae and bacteria (Sachse et al., 2004).

f(C19)=
C19

C19 + C21 + C23 + C25 + C27 + C29 + C31 + C33 + C35
(5)

The amount of mid-length n-alkanes was calculated as C21 to C27
relative to all odd-chain length alkanes (f(C21-C27), Eq. (6)). This is
similar to the widely used Paq index, which is used as a proxy for aquatic
plants and is based on C23 and C25 (Aichner et al., 2010; Ficken et al.,
2000). Here we use the wider version which includes C21 and C27, based
on our PCA results (Section 3.3) which show grouping and therefore
likely similar source vegetation and/or environmental drivers of all
chain lengths C21 to C27.

f(C21 − C27)=
C21 + C23 + C25 + C27

C19+C21 + C23 + C25 + C27 + C29 + C31 + C33 + C35
(6)

To quantify the relative abundance of the longer n-alkanes, which are
mostly sourced from terrestrial plants (Aichner et al., 2010), we calcu-
lated the f(C29-C33) index based on the relative abundance of C29-C33
relative to all odd-chain alkanes (Eq. (7)).

f(C29 − C33)=
C29 + C31 + C33

C19 + C21 + C23 + C25 + C27 + C29 + C31 + C33 + C35
(7)

2.4.4. Leaf wax δD
The hydrogen isotopic composition of odd-numbered alkanes C19 to

C33, was determined by gas chromatography-pyrolysis-isotope ratio
monitoring-mass spectrometry (GC-IRMS) with a Thermo Finnigan
Delta V plus mass spectrometer interfaced with a Trace Ultra GC, GC
Isolink and Conflo IV interface, as described earlier (Norström et al.,
2018). A standard mixture of alkanes with known isotopic composition
(reference mixture A6, provided by Arndt Schimmelmann, Indiana
University, USA) was run several times daily to calibrate the reference
gas against which the samples were measured. Only peaks larger than 5
Vs were integrated, since repeat measurements showed that peaks<5 Vs
had increased standard deviation in values. Most data points are based
on the average of two to three measurements and results are reported as
the mean in standard delta notation (δD) against VSMOV. For
low-intensity peaks, data points were often derived from fewer mea-
surements, and some chain lengths were not measured in samples where
they had too low concentrations. More precisely, the average number of
measurements was 2.4, 1.5, 1.7, 2.5, 2.5, 3.0, 3.0, and 2.7 for alkanes
C19, C21, C23, C25, C27, C29, C31 and C33 homologs, respectively. The
average standard deviation in isotopic values between replicate mea-
surements was 3.1, 4.7, 4.2, 3.5, 2.2, 1.7, 1.7 and 4.2‰ for C19, C21, C23,
C25, C27, C29, C31 and C33, respectively, i.e., generally smaller errors for
high abundance alkanes. We calculated the δD signal from terrestrial
plants (δDterr) as the average of δDC29 and δDC31 since C29 and C31 al-
kanes had the highest concentrations and therefore provided the most
robust results.

2.5. Biomass burning biomarkers

The monosaccharide anhydrides (MAs) levoglucosan, galactosan,
and mannosan are extensively used as selective tracers of fire-derived
organic matter in the environment (Marynowski and Simoneit, 2022).
A selected number of samples (n = 15) was analyzed for MAs at the
Universitat Autònoma de Barcelona using the method described in detail
by Davtian et al. (2023). In short, 0.2 g of freeze dried and powdered
samples taken from 3 cm long core slices were extracted by automated
solvent extraction (ASE), first using a mixture of hexane and acetone
(1:1) to remove lipidic compounds, and subsequently using MeOH to
obtain extracts containing the MAs. A known amount of internal stan-
dard (IS) (13C6-levoglucosan) was added before extraction for quantifi-
cation. After concentration to dryness under a N2 flow, the extracts were
purified using ligand exchange SPE with Amberchrom 50WX8 resin in
sodium form. After rinsing with DCM/MeOH (9:1 v/v), the MAs were
eluted with MeOH and MilliQ H2O. The purified fractions were desalted
using Amberlite MB20 mixed-bed ion exchange resin and collected in 50
mL polypropylene tubes. Sample extracts were dried under N2 and
reconstituted in polypropylene vials after filtration using 0.45 μm PTFE
filters. LC-MS/MS analysis was performed on a modular HPLC system
(Agilent 1290 Infinity with quaternary pump) coupled to a triple
quadrupole detector (Agilent 6470 LC/TQ) using electrospray ionization
(ESI). Separation was achieved with a Se-Quant ZIC-HILIC (150 × 2.1
mm, 3.5 μm particle size, Merck) column maintained at 20 ◦C, with a
mobile phase gradient (flow rate 0.275 ml min− 1) consisting of MilliQ
H2O (A) and acetonitrile (B). Post-column addition of 0.1 ml min− 1 of an
NH4OH solution was used to enhance the MS/MS signal. All MAs iso-
mers were detected in negative mode using the m/z 161/101 MS/MS
transition and the IS using m/z 167/105. MAs concentrations were
calculated using the peak area ratios of the analyte and the IS, and
against a calibration curve consisting of 7 standard solutions (1–1000
ng mL− 1, 10 mL injections). Data analysis was performed using Mass-
Hunter workstation software 10.0 SR1 (Agilent). The method used is
robust, provides repeatable concentration values for the MAs irre-
spective of the samplematrix, and applies to a wide concentration range.
More details, including linearity, sensitivity, and repeatability, are given
in Davtian et al. (2023). No replicates analyses were performed except
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for the sample from 0 to 3 cm, and the sample from 311 to 314 cm depth.
The latter had a much higher concentration than the other samples, and
the second analysis was therefore performed on an extract derived from
0.02 g of dry sediment to confirm the results of the first measurement.
Based on other results from the laboratory, the analytical uncertainty is
estimated to be 15% for levoglucosan and 30% for the other two MAs.

2.6. Climate model simulation

To investigate the underlying mechanisms responsible for climate
variations recorded by the proxy data, we analyzed the transient climate
model simulation MPI-ESM 1.2 (The Earth System Model of the Max
Planck Institute for Meteorology) (Bader et al., 2020; Dallmeyer et al.,
2021) for the past 8000 years. MPI-ESM 1.2 is a fully coupled (ocean –
atmosphere – land) full-forcing (orbital forcing, greenhouse gases, with
dynamic vegetation) at a resolution of 1.875◦ in the atmosphere and 1.5◦
in the ocean. The simulation is described in detail by Dallmeyer et al.
(2021) and Bader et al. (2020).

When presented as time series, the model output data was derived
from boxes with coordinates between 96 and 107 ◦E, 7 ◦S-3 ◦N and
100–125 ◦E, 5 ◦S-5 ◦N, representing Sumatra and the Maritime Conti-
nent, respectively.

3. Results

3.1. Lithology and age model

The Padang peat is mostly ombrotrophic with very little mineral
input from surrounding soils and has a homogenous and unstratified
fully organic peat texture of black-brown color throughout (Munsell
color 10YR2/1, except the upper 26 cm which is slightly lighter at
7.5YR2.5/2). The result of the radiocarbon dating and age-depth
modeling showed that the sequence has been accumulating since 7.78
cal ka BP (range of 8.03-7.63 cal ka BP at 610 cm depth) (Fig. 2) and that
all dates occur in chronological order with depth. Based on the age-
depth model and the 10 cm sample interval, the temporal resolution
for our samples is approximately 100–200 years, with a 130-year
average. The fastest accumulation rate occurred between 6.8 and 3.8
cal ka BP at ~1 mm year− 1. From ~3 cal ka BP until the present, the
accumulation rate approximately halved to ~0.5 mm year− 1. The mean
age uncertainty of the age model is ±225 years (range 3–336 years) at
the 2σ (95 %) range (shaded area in Fig. 2a, calculated as max-min age
estimate from the bacon age model). The δ13C signal measured on bulk
sediments was on average − 28.8 ± 0.48‰ (Fig. 2) (n = 60, 1σ) (range
− 29.8 to − 27.5 ‰). Within these changes, the period with the lowest
values was near the base between 7.8 and 5.5 cal ka BP, followed by the
highest values ~4.5 cal ka BP. TOC was stable throughout the core,
averaging 52.9 ± 2 %, with a short period of lowered TOC between 4.8
and 4.3 cal ka BP. The minimum TOC was 43.3 % from sample depth
280 cm at 4.37 cal ka BP (Fig. 2).

3.2. GDGTs

We reconstructed the pH at the site, based on CBT’ (De Jonge et al.,
2014). The results indicate relatively acidic conditions in the accumu-
lated deposit, and changes of less than one pH unit over the entire
depositional period (Fig. 3). The most acidic conditions were recon-
structed between 4.3 and 2.5 cal ka BP, peaking at pH ~4, after a
gradual decrease of pH since the beginning of the record starting at pH
~4.7. The qualitative precipitation index based on GDGTs, PGDGT, in-
dicates a maximum in precipitation or wetness between 4.1 and 3.2 cal
ka BP, and approximately the same wetness in the early and late parts of
the record (De Jonge et al., 2024). Crenarchaeol, produced by
ammonia-oxidizing archaea that require oxygen (Hällberg et al., 2023
and references therein), peaks between 5.8 and 4.3 cal ka BP and dis-
plays a second, increasing trend towards the surface. The methane index

is indicative of methanogenic conditions (Zhang et al., 2011) and shows
very high values throughout the core (Supplementary Fig. 1). The
methane index and crenarchaeol abundance show similar but opposing
trends, due to the fact that crenarchaeol is part of the denominator of the
methane index.

3.3. Alkane distribution

The n-alkane concentrations are highest for the C29 and C31 homo-
logs, followed by C27, C33, C19 and C25 (Fig. 4a). C21, C23 and C35 exhibit
low concentrations in most samples. The down-core variability in con-
centrations for all individual chain lengths is shown in Supplementary
Fig. 2. A PCA was conducted on n-alkane concentrations in all samples.
Principal components one (PC1) and two (PC2) explain 42.7 and 20.2 %
of the dataset variability, respectively (Fig. 4). The PCA shows a clear
grouping of the mid-chain alkanes (C21 to C27), plotting positively on the
PC1 axis and around 0 on the PC2 axis. The shortest alkane measured,
C19, plots similarly, but separately, from the C21-C27 alkanes, positively
on PC1 and negatively on PC2. The longer chain alkanes (C29 to C33) all
plot negatively on the PC1 axis, opposite to the mid and short chains, but
they are separated on the PC2 axis. The longest alkane measured, C35,
plots uniquely as positive on both PC1 and PC2. A posteriori plotted
variables in the PCA (i.e., are not included in the PCA calculation) show
that high pH (derived from GDGTs, see Section 3.2) correlates with
negative PC1 values and low pH is correlated with a high abundance of
short and mid-length alkanes. δDterr and PGDGT (precipitation proxies,
see Sections 3.2 and 3.4) plot positively on PC1 and slightly positively on
PC2 axes, similar to the mid-chain n alkanes. δ13C also plots positively
on PC1, and slightly negatively on PC2 axes, similar to C19 and the mid-
chain lengths.

Based on the groupings of the n-alkanes in the PCA and their trends,
we calculated a mid-chain fractional abundance (f(C21-C27)) for C21 to
C27 homologs, f(C29-C33) based on C29 to C33, and f(C19) for the C19 n-
alkane (see Methods) (Fig. 5). f(C19) peaked between 6 and 4 cal ka BP.
The f(C21-C27) shows a gradual increase with a later maximum around
3.5 cal ka BP, and a subsequent decrease towards the present. The long-
chain n-alkanes exhibit an almost opposite behavior to mid-chain

Fig. 3. GDGT indexes from the Padang peat sequence, including crenarchaeol
(a), PGDGT (b), and reconstructed pH (c). The uppermost sample is not
included in the crenarchaeol running mean because it is an outlier in terms of
oxygenation/methanogenesis, likely due to a near-surface effect on the signal.
Line plots are derived from a 5-point running mean.
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alkanes. Down-core PC1 factor scores, PC1alkanes, based on the PCA in
Fig. 4, show the highest values around 3.5 cal ka BP, similar to f(C21-
C27). PC2alkanes shows a gradual increase in the oldest and youngest parts
of the record between 7.8 and 5.8 cal ka BP, and 3-0 cal ka BP, with two
maximums around 6 and 3.3 cal ka BP, and lowest values around 4.5 cal
ka BP (Supplementary Fig. 3).

3.4. Alkane hydrogen isotopes δD

The hydrogen isotopic composition of C19 to C33 alkanes was
measured as a proxy for hydrological changes, of which we focus on
δDterr and δDC19 (Fig. 6). δDterr has a decreasing trend after 7 cal ka BP

from − 171‰ to the lowest values of − 212‰ between 4.3 and 3.3 cal ka
BP. The Late Holocene is subsequently characterized by a rapid increase
in δDterr until ~2 cal ka BP to − 169 ‰, followed by a slight decrease
towards the present. In contrast, the δDC19 signal displays a distinct
trend during the early parts of the record into the Mid-Holocene, with
minimum values of − 224‰ at ~5.5 cal ka BP and generally much lower
δDC19 values than δDterr in the early part of the record. δDC19 also dis-
plays rapid enrichment in deuterium at the start of the Late Holocene
~3 cal ka BP, similar to δDterr. Broadly, all longer-chain alkanes (C25-
C33) display similar δD trends over the whole record, i.e., the same
general trends as δDterr derived from C29 and C31. For δDC21 and δDC23,
greater enrichment is also displayed at 6–5.5 cal ka BP, but we note that
C21 and C23 generally have the lowest concentrations and were below
the limit of quantification in many samples (see Supplementary Fig. 4 for
the δD of all individual alkanes). The δDC21 and δDC23 records, therefore,
consist of fewer data points than δDC19 and δDterr.

3.5. Biomass burning biomarkers

The concentration of levoglucosan ranged between 80 and 1100 ng
g− 1 dry sediment, except for one sample at 311–314 cm depth (4.74 ±

0.23 cal ka BP), which had a much higher concentration of levoglucosan
at 14,500 ng g− 1 (Fig. 7). The lowest concentration occurred at 191–194

Fig. 4. Average n-alkane distribution (a) and PCA results from all samples (b). Tables of the loading matrix and supplementary variable coordinates are shown in
Supplementary Table 1. The upper labels in (a) indicate the alkane producers, as further discussed in Section 4.1. Black labels in (b) are PCA loadings for each alkane,
and blue labels are overlaid a posteriori.

Fig. 5. Alkane indexes based on down-core relative abundances for (a) algal,
(b) aquatic, and (c) terrestrial plant derived n-alkanes and (d) leading PC1 al-

kanes representing moisture. The circles show each data point, and the black
lines are calculated as a 5-point running mean.

Fig. 6. δDC19 and δDterr in the Padang peatland. Line plots are calculated as 3-
point running mean, and each data point is shown as black triangles (δDterr) and
blue circles (δDC19).
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cm depth (3.60 ± 0.22 cal ka BP). Mannosan and galactosan concen-
trations were lower than levoglucosan, but indicated the same trends
over the whole record. The relative contributions of levoglucosan,
mannosan and galactosan were around 65, 30 and 5%, respectively
(Supplementary Fig. 5).

4. Discussion

In the discussion we first identify the sources of organic matter,
linking biomass types to isotopic signals and vegetation dynamics in
Sumatra. Next, we synthesize our hydrological results, focusing on
annually integrated time scales. We then disentangle seasonal and
annual hydrological signals and discuss what large-scale paleoclimato-
logical mechanisms may have driven this variability. Lastly, we examine
the implications of our findings for isotopic reconstructions in speleo-
them and leaf wax paleohydrological studies.

4.1. Vegetation and alkane sources

Our alkane compositional and GDGT data are governed by local
vegetation and microbial communities, and therefore reflect local con-
ditions on the Padang peatland (Figs. 4 and 5). Our findings are
consistent with the vegetation described by Morley (1982), i.e., an
herbaceous swamp surrounded by shrubs and forests. The most abun-
dant n-alkanes were C29 and C31, which are commonly produced in high
quantities by terrestrial higher plants (Sachse et al., 2012). Considerable
amounts of C25 and C27, and to a smaller extent C21 and C23, indicate the
presence of aquatic macrophytes, i.e., aquatic plants that can be either
submerged, floating, or emerged (growing below or above the water
table) (Aichner et al., 2010; Ficken et al., 2000). A macrophyte source of
all the mid-chain homologs is supported by that all C21 to C27 alkanes
group together in the PCA on both PC1 and PC2. The high f(C21-C27)
indicates that aquatic plants comprise a large fraction of the peat
vegetation, consistent with over 60% cover of the macrophytic sedge
Machaerina rubiginosa on the site (Morley, 1982).

There is also a significant amount of C19 alkane produced in the peat,
and the C19 concentration reaches 600 ng g− 1 on average, rivaling C25,
C33 and almost C27 in abundance. C19 has previously been found in
aquatic settings (Cranwell et al., 1987; Zhang et al., 2019) but has also
been reported in a tropical peat in Thailand (Yamoah et al., 2016) and in
a subtropical peat in Eastern China (Pang et al., 2022). C19 alkanes have
been found to be produced by green algae or anaerobic bacteria (Han
et al., 1967), but is typically found in lower abundance compared to the
C17 alkane. However, C17 was absent in the Padang core. Finally, C19 is
reportedly also produced by some marine macrophytes (Dahl et al.,
2024), but we are not aware of any reports of plants dominated by C19
alkanes present in tropical wetland ecosystems. The low abundance of
C21 and C23 (produced by macrophytes), much larger abundance of C19,
and different behavior in the PCA (Fig. 4b), suggest that C19 derives from
completely different source organisms than C21 and C23. We therefore
conclude that C19 in the Padang peat core is most likely produced pre-
dominantly by algae, in agreement with the interpretation by Yamoah
et al. (2016). Importantly, we assert that the producers of C19 were
aquatic organisms growing on the peatland during very wet, likely
waterlogged, conditions. That C19 and C21-C27 were produced by aquatic
organisms (algae and macrophytes, respectively) is also supported by

the correlation between their abundances and the precipitation proxies
δDterr and PGDGT (Fig. 4b), i.e., more aquatic alkanes are produced
during wet periods (further discussed in Sections 4.2 and 4.3). There is a
large spread in the PCA among the longest chain n-alkanes, particularly
between C29 and C31 versus C33 and C35. This spread suggests different
sources, which likely represent woody plants (C29 and C31 primarily)
versus a grass source (C33 and C35 primarily) (Diefendorf and Freimuth,
2017). Following this observation, PC2alkanes (Supplementary Fig. 3)
likely represent the variability between grassy and woody vegetation at
the core site. A correlation matrix between alkane concentrations and
alkane δD values is presented in Supplementary Table 3.

Furthermore, f(C21-C27) correlates with GDGT derived pH, i.e., more
acidic conditions prevail when macrophytes and algae were more
abundant. This pH – vegetation relationship is consistent with the
expectation that organic acids builds up under waterlogged conditions,
and conversely, pH increases during drier periods when the peat may be
more oxygenated. Likewise, δ13C also correlates with f(C21-C27)
(Fig. 4b), which agrees with the findings that macrophytes and algae
have higher δ13C values than terrestrial plants. We note, however, that
the δ13C variability is small (~1‰), suggesting generally stable wetland
vegetation.

4.2. Annual hydroclimate

Precipitation water isotopes have previously been found to correlate
predominantly with regional climate, reflecting convection strength,
moisture sources and circulation patterns (Kurita et al., 2009; Konecky
et al., 2016; Belgaman et al., 2017). The isotopic signature of the source
water available for primary production is subsequently affected by
evapotranspiration which causes enrichment of the heavy isotopes,
especially during dry periods (Sachse et al., 2012). Since C29 and C31 are
mostly produced by terrestrial perennial (multi-year growth) vegetation
(Malhi et al., 2014b), we interpret the δDterr to be indicative of an
annually integrated isotopic signal (Sachse et al., 2012; Feakins et al.,
2016), in agreement with findings in tropical Africa by Griepentrog et al.
(2019). While a seasonal component of our δDterr is possible (Feakins
et al., 2016; Konecky et al., 2016; Sachse et al., 2012, 2015), its
contribution is likely small relative to the 43‰ range in δDterr shifts over
the Holocene, since plant growth in Sumatra occurs over the whole year.
Dry season evaporation may cause increased δDterr in a more seasonally
dry climate, causing a strengthened drying signal (Sachse et al., 2012),
but whether this effect had a significant impact on our Sumatran
reconstruction is challenging to quantify without multi-year monitoring
of how δDwax responds to seasonal changes. However, a significant bias
towards the wet season can probably be ruled out – in which case δDterr
would be more similar to δDC19. Likewise, a significant dry season bias in
our δDterr data seems unlikely, as that would be at odds with the climate
model simulation data and our understanding of a positive relationship
between precipitation and insolation (see section 4.4). Additionally, our
δDterr and δDC19 interpretations are supported by our independent
multiproxy data both in terms of annual and seasonal wetness (see
below), indicating that our interpretation is robust.

δDterr decreases after 7 cal ka BP (Fig. 6), indicating increasingly
strong convection and wetter conditions reaching peak precipitation
between 4.5 and 3 cal ka BP. After this wettest period, rapid drying is
indicated by rising δD values. The δDC19 record, based on algal alkanes,
also indicates wetter conditions after 7 cal ka BP and the same distinct
drying after 3 cal ka BP. However, the pattern for δDC19 is different from
δDterr, with a faster decrease, indicating an earlier precipitation
maximum, and overall lower values than δDterr until ~2.5 cal ka BP. The
mid-chain (C25, C27) n-alkanes exhibit values that are in between those
of δDterr and δC19 (Supplementary Fig. 4 for δD signals from all indi-
vidual alkanes). During the Late Holocene, δDC19 and δDterr are in gen-
eral agreement in terms of absolute values. The explanation for the
different evolution of the δDterr and δC19 records must lie in a changing
distribution of precipitation throughout the year, combined with a

Fig. 7. Levoglucosan concentrations in the Padang peat core. Note that the
scale is logarithmic.
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changing degree of isotope enrichment caused by evapotranspiration, i.
e., a change in the seasonality of rainfall amount and convective activity,
and length and/or intensity of dry season (further discussed in Section
4.3).

More insight into hydroclimate dynamics can be gained by evalu-
ating the non-isotopic aspects of our multi-proxy record. The first
principal component (PC1alkanes) in the PCA of the alkane distributional
data mainly reflects the abundance of mid-chain n-alkanes (C21-C27) and
C19 relative to the longer n-alkanes (C29, C31 and C33) (Fig. 4). We
interpret this to be a local moisture signal reflecting the abundance of
organisms requiring wet conditions (aquatic macrophytes and algae)
versus terrestrial plants which are not as sensitive to drying. PC1alkanes is
therefore a proxy for the wetland water balance at the site, with positive
values indicating wet, and negative values indicating dry conditions
(Figs. 4 and 8). PC1alkanes indicates the wettest conditions occurred be-
tween 4.5 and 3 cal ka BP, in agreement with δDterr. Based on the
recently suggested PGDGT index (De Jonge et al., 2024), the GDGTs also
indicate wetter conditions between 4 and 3 cal ka BP, and drier condi-
tions during the early stages of the Mid-Holocene and the Late Holocene.
Our multi-proxy results therefore confirm that the PGDGT index works as
proxy for wetness, and is, in addition to soils, also applicable to peat
records. The PGDGT index suggests the wettest overall conditions at ~3.8
cal ka BP, similar to the PC1alkanes and δDterr.

Our multi-proxy approach thereby yields three independent esti-
mates of annually integrated humidity, namely, PGDGT, PC1alkanes, and
δDterr. In synthesis, peak humidity occurred between 4.5 and 3 cal ka BP,
and significantly drier conditions prevailed between 8 and 6 cal ka BP
and during the Late Holocene (from ~2.8 cal ka BP) (Fig. 8). The con-
sistency between these three proxies gives high confidence that they

reflect the trends of precipitation on Sumatra over the Holocene. Our
record is in general agreement with major trends reconstructed at other
equatorial sites in the IPWP (Dang et al., 2020; Wurtzel et al., 2018;
Partin et al., 2007; Yuan et al., 2023; Konecky et al., 2016). However, an
offset in the timing of peak precipitation is observed compared to spe-
leothem records (Fig. 9 e, f, g), which is further discussed in Section 4.5.

In terms of mechanisms for maximum annual precipitation in
Sumatra between 4.5 and 3 cal ka BP, a reorganization of the Asian
monsoon system is a likely candidate. A collapse of the Asian Summer
Monsoon (ASM) over mainland southern Asia has been suggested
around 4.3 cal ka BP (Griffiths et al., 2020), which is synchronous with
the onset of peak precipitation in Sumatra. Multiproxy stacks reflecting
the EASM and EAWM (Fig. 9p and q) in China (Kaboth-Bahr et al., 2021)
show an inverse pattern to Sumatra, with much weaker monsoonal ac-
tivity synchronous with peaking Sumatran precipitation. The monsoon
stacks closely mirror the precipitation and humidity proxies we recon-
struct in Sumatra (Fig. 9a–p and q). Griffiths et al. (2020) suggest that
the collapse of the ASM (Fig. 9o) was tied to the end of the African
Humid Period and the collapse of Green Sahara (Fig. 9k), based on
climate model simulations and the speleothem record in Laos. This
collapse led to cooling of the Indian Ocean and consequently weakened
monsoonal precipitation in the northern hemisphere, causing a south-
ward shift of boreal monsoon precipitation and a contracted ITCZ
(Fig. 9r) (Griffiths et al., 2020; Yuan et al., 2023). A southward shift of
the precipitation due to a collapse of the ASM and contraction of the
ITCZ, causing a concentration of precipitation towards the equator,
therefore provides potential mechanisms for the overall wetter condi-
tions recorded in our core between 4.5 and 3 cal ka BP. This is in
agreement with the increased ITCZ driven precipitation caused by

Fig. 8. Synthesis of the hydroclimatological data from the Padang wetland and orbital insolation at 2 ◦S. Indicators for seasonality in a–e: (a) crenarchaeol fractional
abundance, (b) levoglucosan concentration, (c) algae/aquatic n-alkane ratio, (d) ΔδDterr-C19, (e) insolation difference between September to December and January to
April at 2 ◦S (Laskar et al., 2004). Indicators for more annually integrated precipitation or humidity in f–i: (f) δDterr, (g) October to November insolation at 2 ◦S, (h)
PC1alkanes reflecting aquatic n-alkanes, and (i) PGDGT, precipitation proxy based on GDGTs. A three-point smoothing is applied to the isotopic records (ΔδDterr-C19,
δDterr), and a five-point smoothing is applied to cren, algae/aq, PC1alkanes and PGDGT.
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heating of the eastern parts of the IPWP reconstructed and simulated by
Dang et al. (2020). They attribute the warming and wetting in the IPWP
to a strengthening of the Pacific Walker Circulation in the Mid-Holocene
driven by autumn insolation. A stronger Walker Circulation increased
the Pacific Ocean temperature gradient, warmed the West Pacific Ocean
temperatures and caused increased convection over the IPWP.

Rapid drying in the IPWP region has been recorded around 2.5 cal ka
BP in several records: Sumatra δD (this study), Sumatra speleothem δ18O
(Wurtzel et al., 2018), Borneo (Partin et al., 2007) and on Sulawesi
(Konecky et al., 2016; Parish et al., 2024) (Fig. 9 a, b, d-g) and according
to a climate model simulation and seawater δ18O (Dang et al., 2020).
The drying occurred when the IASM weakened(Steinke et al., 2014) and
the boreal monsoons re-strengthened (Griffiths et al., 2020; Kaboth-Bahr
et al., 2021), i.e., humidity was exported northward from the equator. At
the same time, the ITCZ rapidly shifted southwards and expanded to an
extent more similar to the present climate due to cooling in the northern
hemisphere (Griffiths et al., 2020; Yuan et al., 2023). The expansion and
southward shift of the ITCZ and equatorial drying also shifted the pre-
cipitation further south to Flores (8 ◦S), which became wetter at the
same time as the rest of the region dried (Griffiths et al., 2013). The
Pacific Walker Circulation also became weaker during the Late Holo-
cene, causing a weaker ascending branch of the Walker Circulation and
lower convection over the IPWP (Dang et al., 2020). Notably, this rapid
drying occurs simultaneously with the strengthening of ENSO variability
over the Pacific region (Carré et al., 2021; Emile-Geay et al., 2016). This
suggests important interdependencies between the IPWP and
Asian-Australian monsoon systems, and the Walker Circulation, but
these relationships lie outside the scope of this study.

4.3. Seasonality

We interpret δDterr as an annually integrated signal, while δDC19
predominantly reflects the water isotopic signal from the wettest season
(boreal autumn to winter; Fig. 1) with a flooded peat surface with
favorable conditions for algal blooms. During the rainy season, heavy
rainfall may also bring nutrients to the wetland from surrounding soils
as a result of erosional transport, further supporting algal growth. To
quantify the differences between the annual and wet season signals, we
calculate ΔδDterr-C19 (Eq. (8)):

ΔδDterr− C19= δDterr − δDC19 (8)

The ΔδDterr-C19 index reflects qualitative changes in the difference
between precipitation from the entire year and the rainy season (Fig. 8d
and 9h). Positive values of ΔδDterr-C19 indicate a bias towards low
δDprecip values in the wet season. Moreover, the annual signal from δDterr

(caption on next column)

Fig. 9. Regional proxy comparison, including our reconstructions, other δDwax
reconstructions, speleothem δ18O and monsoon stacks. Records (a) and (b) are
the n-alkane δDterr and δDalgae from Sumatra (this study). c) shows the insola-
tion at 2 ◦S during October and November, and SOND-JFMA. d) is a δDwax from
lake Towuti on Sulawesi (Konecky et al., 2016). e) Borneo speleothem (Partin
et al., 2007). f) Sumatran speleothem (Wurtzel et al., 2018). g) Sulawesi spe-
leothem (Yuan et al., 2023). h) ΔδDterr-C19 seasonality index reconstructed in
Sumatra (this study). i) equatorial insolation in September (Laskar et al., 2004).
j) Chinese speleothem stack (Yang et al., 2019) k) Australian speleothem
(Denniston et al., 2013). l and m) seasonal droughts and floods in Sumatra (this
study). n) Vietnam speleothem, indicative of Asian winter monsoon precipita-
tion (Wolf et al., 2023). o) Laos speleothem, processed with a linear detrend,
indicative of Asian summer monsoon precipitation (Griffiths et al., 2020). p)
and q) East Asian winter and summer monsoon stacks (Kaboth-Bahr et al.,
2021). r) and s) ITCZ variability position and width (Yuan et al., 2023). A
three-point smoothing is applied to the n-alkane isotopic records (δD Towuti
(Konecky et al., 2016) and δDC19, ΔδDterr-C19, δDterr from this study) and the
EAWM/EASM stacks (Kaboth-Bahr et al., 2021) and a five-point smoothing is
applied to cren, algae/aq, PC1alkanes and PGDGT, and a ten-point smoothing was
used on all speleothem records. Different smoothing windows were used due to
the differences in temporal resolution between records.
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should experience a stronger influence from deuterium isotope enrich-
ment during the dry season, leading to a higher ΔδDterr-C19 in a seasonal
climate. The ΔδDterr-C19 is a proxy for seasonality, where high values
indicate a large difference in precipitation between the wet and dry
seasons, and low values indicate a more equable hydroclimate
throughout the year. The ΔδDterr-C19 curve (Fig. 8d) indicates high
seasonal differences during the Mid-Holocene, which gradually de-
creases over the Holocene, with the lowest values towards the present
day. This isotopic index indicates that seasonal differences peaked
around 6 cal ka BP.

We further explore seasonality signals in our multi-proxy dataset in
terms of alkane composition. As discussed earlier, C19 is most likely
produced by algae, which mainly grows during the wet season, poten-
tially during flooding and input of nutrients. Interestingly, f(C19) peaks
earlier than the three annual wetness proxies discussed in Section 4.1,
even though they all, including f(C19), are driven by varying aspects of
moisture. Aquatic macrophytes, which produce C21 to C27 in this setting,
are perennial and grow throughout the year and, therefore, require
extended periods of wet conditions to thrive, rather than just during
shorter periods of standing water, like algae. Although f(C19) and f(C21-
C27) generally correlate in our core (Figs. 4 and 5), there is a ~1.5 kyr
offset when they peak, with higher f(C19) abundances when f(C21-C27)
are still relatively low in concentration (Fig. 5). We analyze the differ-
ences in f(C19) and f(C21-C27) by calculating the algae/aq ratio (Eq. (9)).

Algae
/
aq=

[C19]
∑

[C19 to C27]
(9)

This index quantifies the ratio between algal and macrophyte alkane
concentrations, and thereby reflects the seasonal wetness (flooding
alternated by drier conditions) versus long term humid conditions. The
algae/aq ratio (Figs. 8c and 9m) is, therefore, a seasonality proxy in-
dependent from theΔδDterr-C19 index discussed above. Algae/aq shows a
clear trend towards more seasonal flooding in the Mid-Holocene
compared to the Late Holocene. In particular, algal production peaks
prominently between ~5.8–4.2 cal ka BP, a period otherwise charac-
terized by relatively low macrophyte production (Fig. 5), and is high in
the entire period 8–4.2 cal ka BP. This suggests at least seasonally
relatively dry conditions interrupted by seasonal flooding during which
algae were produced.

Furthermore, crenarchaeol, interpreted as a proxy for dry conditions
(Hällberg et al., 2023), peaks between 5.8 and 4.2 cal ka BP, i.e., at
exactly the same time as the algae/aq ratio suggests seasonal flooding.
We therefore have evidence for synchronous seasonal flooding and
seasonal droughts co-occurring in the Mid-Holocene – i.e., a highly
seasonal climate with enhanced rainfall during the wet season and
increasing dry conditions in the dry season – in line with the inferred
increased seasonality of the ΔδDterr-C19 record.

The presence of levoglucosan, and the other monosaccharide anhy-
drides, throughout the record indicates that biomass burning occurred in
the region throughout the investigated period. These compounds can
travel long distances as aerosols and are not very stable in oxygenated
soils (Norström et al., 2021), and we therefore argue that it has a
dominantly aeolian origin. The around 20 times higher levoglucosan
concentration found at 4.7 cal ka BP compared to the rest of the period
indicates a local biomass burning event. This event coincides with the
slightly higher mineral content of the peat, which leads us to speculate
the area did burn locally, and that this disturbance led to some erosion
from the surrounding area onto the peatland, likely aided by the
stronger seasonality of this period. The lowest levoglucosan concentra-
tion was observed around 3.6 cal ka BP, when the hydroclimate had just
shifted to being less seasonal although still very humid (Fig. 8b), which
is unfavorable for biomass burning. The levoglucosan results thus
corroborate the other proxies for seasonality.

The synthesis of our results (Fig. 8) indicates a relatively dry Mid
Holocene (8–4.2 cal ka BP) with increasing seasonality that peaked
between ~6–4.2 cal ka BP caused both by increasing precipitation but

continued seasonal dryness. The maximum regional precipitation and
wettest peatland conditions throughout the year occurred synchro-
nously between 4.5 and 3 cal ka BP. The regional climate then transi-
tioned relatively fast towards significantly drier conditions in the Late
Holocene, but with more evenly distributed precipitation throughout
the year.

4.4. Mechanisms for precipitation seasonality

It has previously been found that the precessional cycle exerts a
dominant forcing on tropical climate (Mohtadi et al., 2016) and that
precipitation reconstructions from the IPWP closely follow autumn
insolation, i.e., the period with the highest precipitation (Djamil et al.,
2023). This relationship between maximum precipitation and wet sea-
son insolation has been observed in many places, including the IPWP,
China and Australia (Denniston et al., 2013; Partin et al., 2007; Wolf
et al., 2023; Yang et al., 2019; Yuan et al., 2023), and is consistent with
modeling studies (Dang et al., 2020; He, 2011). Dang et al. (2020) found
that insolation was a major driver of rainfall variability in the IPWP over
the Holocene, based on a CESM simulation forced solely by changes in
insolation. Indeed, the maximum precipitation at our site, inferred from
δDterr, PGDGT, and PC1alkanes, occurs when the October–November inso-
lation is at its peak, around 4 cal ka BP (Fig. 8), corresponding to the
onset of the rainy season in the current climate state (Fig. 1).

However, insolation during the spring equinox around March is also
important for the water balance in Sumatra, when a second precipitation
maximum occurs during the northward passing of the ITCZ (Fig. 1). At
present day, the whole period from September through April receives
more rainfall relative to the summer, thus causing a relatively long wet
period, and short dry period during the boreal summer (Fig. 1). How-
ever, in the Mid-Holocene, this was likely significantly altered, with a
more intense wet season, and longer dry season, caused by altered
seasonal distribution of insolation. Insolation at 2 ◦S during the boreal
winter-spring period (JFM) was significantly lower during 8-5 cal ka BP
compared to the present (− 21.8Wm− 2 or -5.0 %) (Fig. 10) (Laskar et al.,
2004). Based on the positive relationship between insolation and pre-
cipitation (Hällberg et al., 2022; Mohtadi et al., 2016), this likely led to
reduced convection and drier conditions in the months leading up to the
dry period of June–August, resulting in a longer and stronger drying of
the peatland, as evidenced by the crenarchaeol drought proxy (Figs. 8
and 9). On the other hand, insolation around the autumn equinox (ASO)
was stronger during this time (+20.2 W m− 2 or +4.8 %), leading to
stronger convection and wetter conditions in autumn causing stronger
flooding of the area, allowing algal growth as evidenced by the f(C19)
record. The difference between the mean monthly insolation during
autumn and spring (ASO- JFM or SOND-JFMA) (Fig. 8e and 9c) follows
the seasonality reconstructed by ΔδDterr-C19. After 4 cal ka BP, the sea-
sonal difference was reduced both by the decrease of autumn insolation
and the increase during spring, leading to a more equal distribution of
rainfall over the entire September–April period we see today (Figs. 1 and
10).

To test the hypothesis that insolation was a key driver of hydrological
changes in Sumatra and the Maritime Continent over the Holocene, we
analyzed the transient MPI-ESM1.2 climate model simulation over the
past 8000 years (Bader et al., 2020; Dallmeyer et al., 2021). The model
reproduces the major trends in annual precipitation reconstructed by
proxies (this study, Wurtzel et al., 2018; Partin et al., 2007; Yuan et al.,
2023): a relatively dry start of the Mid-Holocene, wettest conditions
during the later parts of the Mid-Holocene as wet season insolation
peaked, and drying in the Late Holocene (Fig. 11a and b). However, the
change in annual precipitation is only approximately 100 mm over the
study period, amounting to a ~3 % change. That the amplitude of
simulated rainfall change is relatively minor over the study period is
potentially related to the fact that decreasing autumn precipitation was
compensated by increasing precipitation during spring in the Late Ho-
locene. The annual precipitation trends are also spatially heterogeneous
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over the region, and the timing of simulated peaking precipitation is
earlier if the model data is averaged over a small field in Sumatra
(around 4.5 cal ka BP) compared to a larger field integrated over the
Maritime Continent (4.4–2.2 cal ka BP) (Fig. 11a and b). This is because
the western parts of the Maritime Continent received more rainfall in the
Mid-Holocene, and the eastern Maritime Continent received higher
precipitation in the later parts of the Holocene due to a simulated
eastward shift of deep convection over the study period.

The meridional location of the annual precipitation maxima is

shifted southwards over the Holocene according to the model results,
consistent with a southward shift in the ITCZ when boreal temperatures
decreased over the Holocene (Kaufman et al., 2020), as also found for
the Flores speleothem reconstruction (Griffiths et al., 2013) and an ITCZ
reconstruction (Fig. 9s: Yuan et al., 2023). Both the eastward shifted
convection center over the Maritime Continent and the southward
shifted ITCZ thereby contributed to the simulated (this study) and
reconstructed (this study, Wurtzel et al., 2018) drying during the Late
Holocene in Sumatra. These two mechanisms resulted in an annually

Fig. 10. Monthly insolation over the past 10 kyr at 2◦ S, showing the different distribution of seasonal insolation over time. The seasonally uneven energy dis-
tribution in the mid-Holocene increases the likelihood for longer dry seasons compared to today even if total annual precipitation is higher. Data derived from Laskar
et al. (2004).

Fig. 11. Simulated annual amount and seasonality of precipitation over the past 8000 years, compared to reconstructed seasonality and insolation. Simulated annual
precipitation for (a) Sumatra and (b) a larger area over the Maritime continent. (c) October and November insolation at 2 ◦S. (d) ΔδDterr-C19 precipitation seasonality
proxy. (e) Insolation difference between autumn (SOND) and spring (JFMA). Simulated precipitation seasonality is expressed via the autumn/spring (ON/MA)
precipitation ratio for (f) Sumatra and (g) the Maritime Continent. The model output of MPI-ESM 1.2 (Bader et al., 2020; Dallmeyer et al., 2021) for Sumatra was
derived from 96 to 107 ◦E, 7 ◦S-3 ◦N, and for the Maritime Continent from 100 to 125 ◦E, 5 ◦S-5 ◦N (see Fig. 12). Insolation for October and November.
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integrated drying caused by IASM weakening at equatorial Sumatra
during the Late Holocene. This is consistent with the reconstructed IASM
weakening in Australia (Fig. 9 k: Denniston et al., 2013).

In contrast to total precipitation, there were significant changes in
the seasonal distribution of precipitation over the study period. These
changes were uniform over most of the Maritime Continent. The Mid-
Holocene was characterized by much stronger precipitation during
autumn (September, October and November) and less precipitation
during spring (March, April, May) than the Late Holocene (Fig. 11c and
d, Supplementary Fig. 6). Both the wet and dry periods, i.e., the IASM
and IAWM were thereby lengthened according to the model results,
consistent with an orbital forcing driver discussed above, and our mul-
tiproxy reconstructions of seasonality. The precipitation for all months is
shown in Supplementary Fig. 6. The orbital forcing exerted by the pre-
cessional cycle thus appears to be a major driver of the seasonal
hydroclimate evolution at our site in Sumatra. This caused a strong
imprint on the annual cycle of the peatland’s water balance, with greater
seasonal differences in the Mid-Holocene compared to today and the
past two millennia.

The increase of seasonal floods we reconstruct in Sumatra between 6
and 4.2 cal ka BP are linked to stronger autumn/winter precipitation due
to an intensification of ITCZ precipitation (Yuan et al., 2023) and
lengthening of wet period associated with the IASM and northeastern
monsoon (NEM) circulation. Wolf et al. (2023) reconstructed the NEM
from Vietnam and found increased precipitation sourced from the South
China Sea and Pacific during the boreal winter months, similar to the
increase in precipitation we reconstruct in Sumatra (Fig. 9 n). The
extension of the NEM into the southern hemisphere in Sumatra is the
IASM which brings most of the boreal autumn/winter precipitation, i.e.,
the wettest season in Sumatra (Wurtzel et al., 2018). The MPI-ESM1.2
model results indicate that the strengthened NEM, recorded in the
Vietnam speleothem, was not associated with a stronger northeasterly
winds and moisture export to Sumatra. In fact, the northeasterly winds
weakened over the South China Sea and the Gulf of Thailand (Fig. 12a).
Instead, the increased precipitation was sourced mainly from the Indian
Ocean (Fig. 12). The IASM circulation transports moist and warm
tropical air from the IPWP to Australia and brings northeasterly winds
and rain across Indonesia and Sumatra. Denniston et al. (2013) reported
large peaks in IASM strength between ~4.8–4.1 ka based on Australian
speleothems (Fig. 9 k). This is synchronous within age model error with
the peaks in flooding recorded in Padang, suggesting a strong link be-
tween IASM strength over Australia and seasonal precipitation in
Sumatra, on short and long timescales.

4.5. Implications for interpretation of isotopic records

Our Sumatran site is located only ~150 km from the Tangga Cave
speleothem (Wurtzel et al., 2018), and we would therefore expect
similar results in reconstructed precipitation. However, as observed with
the various rainfall proxies at our site, the speleothem and biomarker
proxies behave differently. The discrepancy is likely due to different
sensitivity towards different aspects of hydroclimate, i.e., total rainfall,
seasonal drought or seasonal wetness. The Sumatran δ18Ospeleo record by
Wurtzel et al. (2018) follows our δDC19 (and ΔδDterr-C19) seasonality
records closely, but not the δDterr which we interpret to reflect an
annually integrated signal. Following our argument that the δDC19 re-
flects primarily the wet season, we propose that the Sumatran speleo-
them may be more influenced by seasonality over the Holocene than
previously established. Wurtzel et al. (2018) focus mainly on Late
Pleistocene deglacial changes, and interpret their δ18O record to reflect
annually amount weighted average δ18Orainwater as well as from changes
in moisture sources and upstream moisture trajectories. Higher δ18O in
their speleothem was thereby interpreted as drying (amount effect), as
well as shorter moisture trajectories during the boreal summer monsoon
for the deglacial period. Following this reasoning, our data suggests that
during the Holocene, the intensified boreal winter precipitation (IASM)
had the opposite effect, resulting in decreased δ18O in the Mid-Holocene
due to seasonal wetting, i.e., a mix of amount and (seasonal) source
effects.

Although there have been numerous studies in the tropics moni-
toring modern cave dripwater δ18O variability (Cobb et al., 2007; Ellis
et al., 2020; Lases-Hernandez et al., 2019; Moerman et al., 2013, 2014;
Ridley et al., 2015) and discussing seasonality and the controls of spe-
leothem δ18O over glacial-interglacial timescales (Krause et al., 2019;
Partin et al., 2007; Theaker et al., 2024; Wurtzel et al., 2018), it has
remained challenging to disentangle seasonal versus annual influences
based on proxy data, in particular over the Holocene. The importance of
seasonality for speleothems is established at some tropical sites (Baker
et al., 2019), and for example Patterson et al. (2023) and Wolf et al.
(2023) interpreted speleothems in Vietnam to be driven by boreal winter
monsoonal water isotope composition, with a negligible input from the
summer monsoon precipitation, but it is low or insignificant at
lower-seasonality sites (Yuan et al., 2023; Theaker et al., 2024).

Cave dripwater δ18O varies in concert with δ18Orainwater, which re-
flects regional convection and precipitation (Moerman et al., 2013; Cobb
et al., 2007; Wolf et al., 2020; Johnson et al., 2006; Belgaman et al.,
2017). Cave dripwater, and thereby speleothem carbonate reflects pre-
cipitation isotopes during recent precipitation on timescales from days
to months, or up to years in caves depending on recharge rates or
reservoir size. Cave water recharge time can accordingly occur at

Fig. 12. Simulated changes in precipitation and surface mean winds between the Mid to Late Holocene for autumn and spring. Difference in precipitation (shaded
colors) and surface winds (vectors) between 6 and 4 cal ka BP and 2-0 cal ka BP during (a) autumn (Oct, Nov) and (b) spring (April, May). Red (blue) colors indicate
that 6-4 cal ka BP was wetter (drier) than 2-0 cal ka BP. Wind vectors pointing northward (westward) indicate strengthened northward (westward) winds, or
weakened southward (eastward) winds at 6-4 cal ka BP relative to 2-0 cal ka BP, i.e., represent the changes in wind strengths. Model data from MPI-ESM (Bader et al.,
2020; Dallmeyer et al., 2021), used in Fig. 11 was derived from Sumatra (small box, solid line) and the Maritime Continent (large box, dashed line) in (a).
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seasonal time scales in the IPWP and South America (Belgaman et al.,
2017; Cobb et al., 2007; Ellis et al., 2020; Jiménez-Iñiguez et al., 2022;
Lases-Hernandez et al., 2019; Moerman et al., 2014). For example, a
3–18-month recharge time has been estimated for three different drips
on Borneo (Moerman et al., 2014; Ellis et al., 2020), and speleothems
can in some cases thereby capture event to seasonal time scale precipi-
tation isotopes. Weather events associated with ENSO and
Madden-Julien Oscillation downpours and droughts cause isotopic ex-
cursions in δ18O of precipitation as well as in cave dripwater on Borneo
(Moerman et al., 2013, 2014), and high resolution sampling of speleo-
them δ18O has thereby been used as a proxy for seasonal ENSO vari-
ability over the Holocene (Chen et al., 2016; Theaker et al., 2024).
During dry periods, speleothem growth may even stop completely
(Chawchai et al., 2021). Thereby, changes in dry season length or wet
season intensity or moisture source changes over millennial time scales
likely affect the integrated δ18O signal recorded by speleothems (see e.g.
Wurtzel et al., 2018).

Several studies suggest a seasonally dominated signal in speleo-
thems, and an important influence of source changes (Liu et al., 2023;
Qiu et al., 2023; Tian et al., 2023; Zhang et al., 2018). In line with orbital
forcing of precipitation in the Asian monsoon system, including in the
IPWP and China, our Sumatran ΔδDterr-C19 seasonality record closely
matches Chinese speleothem records (Yang et al., 2019). In Sumatra, the
precipitation seasonality is much smaller than in China, and the sea-
sonality effect on speleothem growth is therefore likely smaller, but may
explain the ~1500–2000 year offset between our Padang δDterr and the
Tangga Cave δ18Ospeleo. A seasonal effect on speleothem growth is
consistent with dripwater measurements on Borneo, which show a 2–3
‰ δ18Ospeleo seasonal cycle (Moerman et al., 2014; Cobb et al., 2007),
corresponding to ~16–24 ‰ in water δD (based on the meteoric water
line; Kurita et al., 2009). Seasonal bias in the deposition of speleothem
carbonate may occur depending on the variability in calcium saturation
state and cave air and drip water pCO2 over the year (Lachniet, 2009). A
similar offset between δDwax and δ18Ospeleo is also observed on Sulawesi.
A δDwax record based on alkanoic acids from Lake Towuti (Sulawesi, also
at 2 ◦S: Konecky et al., 2016) reproduces the widely seen trend with peak
Mid-Holocene precipitation and drier Late and Early Holocene, and
precipitation peaks at ~3.4 ka, similar to our record and later than
nearby speleothems (Konecky et al., 2016; Krause et al., 2019; Partin
et al., 2007; Yuan et al., 2023). Likewise, a δDwax reconstruction from a
marine core off Sulawesi showed peak precipitation between 6 and 3 cal
ka BP (Wicaksono et al., 2017), similar to the period of increased con-
vection indicated in our record. The interpretation of the Sulawesi δDwax
appears complex, however, based on a recent C31 n-alkane δD record
also from Tuwoti (Parish et al., 2024). Parish et al.’s (2024) record
suggests peaking precipitation around 4 cal ka BP, as well as around 8
cal ka BP, much earlier than the record based on alkanoic acids (Konecky
et al., 2016). Support for a later peak in precipitation compared to what
is indicated from δ18Ospeleo is also indicated from a compilation of Ho-
locene δ18O from seawater in the IPWP, interpreted as annually aver-
aged convection and precipitation. The seawater δ18O compilation also
indicates a later peak in precipitation (3–4 cal ka BP: Dang et al., 2020)
in agreement with our Sumatran δDterr record and the other δDwax re-
cords in the region.

The δ18Ospeleo on Borneo Gunung Buda (Partin et al., 2007) indicates
that peak precipitation took place between around 4.5–4 ka, which is
more similar but still earlier than our record, and later than the other
speleothem records in the region. Borneo has the lowest precipitation
seasonality in the region in the current climate (Supplementary Fig. 7)
and on last deglaciation-timescales (Hällberg et al., 2022), and this
lower seasonality may explain a lower seasonal effect on the speleothem
growth and isotopic signal, in agreement with dripwater monitoring on
Borneo (Ellis et al., 2020). In summary, it seems that at least some
speleothem records in the IPWP may be more biased towards the rainy
season than δDwax records than previously established. Therefore, the
new data presented here may shed additional light on how to interpret

tropical speleothem records, in particular over the Holocene.
The Holocene seasonality shift may also have impacted the δ18O and

δD of precipitation via source changes, similar to what Konecky et al.
(2016) observed for Sulawesi during the LGM. Spring rainfall moisture
in Sumatra is mostly sourced from the local (short transport) Indian
Ocean, while autumn precipitation has a higher proportion of moisture
sourced from distal sources (long transport) from the Indian Ocean, and
Java Sea (Wurtzel et al., 2018). This likely led to higher values of δ18O
and δD during spring and lower values during autumn via the ‘source
effect’ (Lachniet, 2009), which may partly explain the large difference
between δDterr and δDC19, but we are not able to constrain the extent of
this effect with the data available here. Future research may explore
such potential effects using isotope enabled climate model simulations,
air parcel trajectory analyses and rainwater isotopic measurements, as
well as carbonate and biomarker isotope measurements during different
seasons.

5. Conclusions

We reconstructed a wet season δD signal from an algal lipid, and a
more annually integrated δD signal from terrestrial plants. Our results
show that annual precipitation peaked in Sumatra between 3 and 4.5,
with a relatively dry period 8–4.5 cal ka BP, and rapid drying in the Late
Holocene from ~2.8 cal ka BP. The disentangled wet season signal in-
dicates an intensified seasonal cycle between 8 and 4.2 cal ka BP
compared to the Late Holocene. The seasonality was mainly driven by
seasonal insolation (precession), based on climate model simulation
data from MPI-ESM1.2. Maximum orbital insolation in the boreal
autumn and lowered spring insolation caused higher seasonality in the
Mid-Holocene. As a result, the peatland experienced an enhanced wet
period and an extended dry period relative to today. Furthermore, a
period of alternating floodings, droughts and wildfires on the peatland
occurred between 6 and 4.2 ka. Notably, this period of very high sea-
sonality occurs at the same time as the collapse of a vegetated Green
Sahara, hinting at tropical teleconnection that affected both regions
simultaneously, likely tied to changes in the Walker Circulation.

Our multi-proxy deconvolution of annual and seasonal precipitation
proxies shows that the highest amount of annual precipitation occurred
around 4 cal ka BP, about 1500–2000 years later than indicated by a
previous speleothem δ18O reconstruction from the nearby Tangga cave.
Instead, our data indicate that the speleothem δ18O reflects a seasonally
biased ‘monsoon’ signal, more similar to what is recorded by our algal
δD reconstruction.

Our findings underscore the importance of seasonality in isotopic
rainfall proxies. We suggest that leaf wax and algal δD records provide a
useful complement to speleothem δ18O studies from the same location in
order to disentangle precipitation seasonality and total precipitation.
The contrasting results between our δDC19 and δDterr highlight the need
to thoroughly explore the δD signal of all n-alkane chain lengths
measured, including C17 and C19 where possible, which is rarely done in
the literature. Importantly, our study clearly shows that the δD records
from various organic matter sources of a certain site archive different
information, which allows more detailed insight into the various aspects
of hydroclimate variability than can be gained from a single proxy.
Future research may further improve source constraints and under-
standing of δDwax by analyzing the n-alkane distributions of modern
plants in the tropics, determining the seasonality of leaf wax production
and its relationship to the isotopic composition of rainfall.

Author contributions

Petter L. Hällberg: Conceptualization, Methodology, Investigation,
Writing – original draft, Writing – review & editing, Visualization, Su-
pervision of GJ. Malin E. Kylander: Supervision, Writing – review &
editing. Frederik Schenk: Supervision, Writing – review& editing. Anggi
Hapsari: formal analysis. Jenny K. Sjöström: Formal analysis, review and
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chromatography on GDGT-based palaeoproxies. Organic Geochemistry 93, 1–6.
https://doi.org/10.1016/j.orggeochem.2015.12.006.
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