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CHAPTER 1

Introduction

Meredith Parish



1. Future climate change in Indonesia and the Indo-Pacific Warm Pool

Human-generated emissions of greenhouse gases (GHGs) into Earth’s atmosphere have
caused the planet to warm. The average global surface temperature from 2011 to 2020 was
~1.1°C above the 1850—1900 average, with a larger increase of ~1.6°C over land (Lee et al.,
2023). This warming is largely the result of increased emissions of carbon dioxide (COz) and
methane (CH4) from human activity (Lee et al., 2023). Atmospheric CO; concentrations have
increased over 47% since 1750 (Lee et al., 2023), reaching 426 ppm in June 2024 (Lan and
Keeling, 2024). According to the IPCC, scientists are ‘very highly confident’ that climate change
has already led to adverse impacts related to water availability, food production, health,
wellbeing, and infrastructure (Lee et al., 2023). Crop production, fisheries yields, infectious
diseases, mental health, displacement, malnutrition, wildfires, and coastal and inland flooding
have all been adversely impacted by anthropogenic climate change in at least one region on
Earth (Lee et al., 2023). The most vulnerable people and systems have already been
disproportionally impacted by anthropogenic climate change (Lee et al., 2023).

One of the most vulnerable countries to climate change is Indonesia, which is the world’s 4%
most populated country (Djalante et al., 2021). Understanding how climate will change in
Indonesia is critically important for the 278 million people who live on its over 17,000 islands
(Indonesia BPS, 2023). Sea level rise and extreme precipitation events are the major climatic
concerns for the country, with the potential to cause inland flooding, coastal flooding, outbreaks
of crop pests, and decreased fisheries yields (Djalante et al., 2021). In 2016, floods caused $275
million USD in infrastructure damage (Djalante et al., 2021), and climate change is expected to

increase the frequency of flooding (Kelley and Prabowo, 2019). Climate change also threatens



ecosystems in Indonesia, which is one of the most biodiverse regions on Earth (Djalante et al.,
2021; Lee et al., 2023).

Indonesia is located within the Indo-Pacific Warm Pool (IPWP), which spans from the Indian
Ocean into the Pacific Ocean and has sea surface temperatures (SSTs) over 28°C year-round. The
high SSTs cause some of the most intense atmospheric convection on Earth, which exports heat
to higher latitudes (Zhou et al., 2019). The IPWP, therefore, plays an important role in regulating
Earth’s climate. Understanding how climate will change in the IPWP is not only important for
the people who live in the region, but for the region’s influence on global climate.

Current global GHG reduction efforts have not proven sufficient to avoid raising global
temperatures by 1.5°C (Lee et al., 2023). Governments are planning and implementing
adaptations to lessen the impacts of this warming (Lee et al., 2023), but require accurate
projections of future climate to adequately prepare. Simulations of future climate change from
global climate models are powerful tools scientists use to predict how temperature and
precipitation will change in response to rising greenhouse gas concentrations. All land area in the
Maritime Continent (MC) is projected to warm by 3°C from the 19862005 baseline by the end
of the century if we continue ‘business-as-usual’ without major emissions reductions (Iturbide et
al., 2020). ~80% of climate models agree on the projected temperature change in the IPWP (Lee
et al., 2023). However, current atmospheric concentrations of CO» are unprecedented for at least
the past 2 million years (Lee et al., 2023), leaving questions about how climate sensitivity could
change across different climate states (Tierney et al., 2020). Temperature changes could
potentially be greater than models predict. Moreover, changes in precipitation over the IPWP are
much more uncertain than temperature change, with less than 80% of climate model projections

agreeing on precipitation increases (Iturbide et al., 2020). Even though these models are an



incredibly useful tool for helping us to prepare for future climate changes, they are not a perfect

representation of the climate system under boundary conditions that are different than today.

2. Paleoclimate of the Indo-Pacific Warm Pool

Reconstructing past climate change across major transitions in Earth’s history is an another
method used to diagnose the controls of climate under boundary conditions that are unlike the
present. During the past one million years, glacial-interglacial cycles transitioned from 41-kyr
cycles to 100-kyr cycles during the Mid-Pleistocene Transition (MPT; ~950 ka; Herbert, 2023),
and the amplitude of glacial-interglacial cycles increased during the Mid-Brunhes Transition
(MBT; ~430 ka; Barth et al., 2018). These transitions were reorganizations of Earth’s carbon
cycle, which enable tests of the impact of CO; on climate in the IPWP. Understanding the impact
of CO2 on climate in the IPWP helps constrain future climate change the region.

Our current understanding of the controls on tropical climate across the MPT and MBT is
informed largely by SST records, as long, highly-resolved records of terrestrial climate are
extraordinarily rare. Tropical SST stacks indicate a cooling across the MPT and an increasing
amplitude of glacial-interglacial changes, which suggest a strong control of CO; on tropical SSTs
(Clark et al., 2024; Herbert et al., 2010). In contrast to most regions, SST records from the [IPWP
do not exhibit a cooling during the MPT nor a significant increase in interglacial temperatures
(Clark et al., 2024). However, the alkenone-based SST records included in the stack suffer from
issues unique to waters as warm as the IPWP; in particular, the chemistry of SST proxies may
limit their fidelity at very high temperatures (Gray and Evans, 2019). A new terrestrial
temperature record from the IPWP would add to the currently-limited slate of terrestrial records,

help reconcile the differences between the IPWP SST stack and global SST, and be used to



estimate the relationships between land and ocean temperatures. The only pre-existing terrestrial
temperature reconstruction from the IPWP, a speleothem-based cave temperature record, only
spans the last deglaciation (Leland et al., 2022) and although this record points to CO; as a
dominant forcing of IPWP temperature (Loland et al., 2022), the record does not span the MPT
and MBT.

Records of hydroclimate in the [IPWP largely come from water isotope records from
speleothems and from leaf waxes preserved in marine sediment. A 450-kyr leaf wax record from
offshore Sumatra (Windler et al., 2019) and a 570-kyr speleothem record from northern Borneo
(Carolin et al., 2016, 2013; Meckler et al., 2012; Partin et al., 2007) indicate hydroclimate in the
IPWP is dominated by 100-kyr glacial-interglacial cycles (Windler et al., 2021). Strong 100-kyr
cycles suggest that the dominant control on IPWP hydroclimate is atmospheric CO», global ice
volume and/or temperature, and/or sea level change, as observed during the last deglaciation
(Windler et al., 2021). An IPWP proxy-model comparison from the Last Glacial Maximum
(LGM; 21 ka) and Pre-Industrial (PI) identified the dominant climate forcing of IPWP climate as
sea level, and in particular the exposure/inundation of the shallow continental shelves of the MC
caused by sea level change (DiNezio et al., 2018). However, carbon isotope records suggest that
the continental shelves were permanently exposed prior to ~250 ka (McGrath et al., 2023; Sarr et
al., 2019), and to the best of our knowledge, the regional climate prior to 250 ka does not
resemble the climate of recent glacial periods when these shelves were exposed. Thus, a forcing
mechanism other than shelf exposure likely causes the 100-kyr cycle in the Sumatra and Borneo
records prior to ~250 ka.

We reconstructed temperature and hydroclimate in Indonesia over the past 1-Myr to diagnose

the dominant controls on IPWP climate, presented in Chapter 4 and Chapter 5. The



reconstructions in this dissertation are the only terrestrial temperature and hydroclimate records
that span both the MPT and MBT in the IPWP. These records allow us to disentangle the effect

of shelf exposure from other forcing mechanisms, such as CO., ice volume, and insolation.

3. Controls on Indo-Pacific Warm Pool climate during the past 1 Myr

During the past one million years there have been ~11 glacial-interglacial cycles that we can
use to test the controls of climate in the [IPWP. The study site featured in this dissertation is Lake
Towuti, which is located on the island of Sulawesi in Indonesia (Figure 1). Lake Towuti is the
ideal location for producing regionally representative records because monthly precipitation is
highly correlated with monthly precipitation in the majority of the MC (Figure 1). Tectonically-
driven subsidence created the Towuti lake basin about one million years ago and sediment has
been steadily accumulating in Lake Towuti since its formation (Russell et al., 2020), preserving
organic biomarkers and locking in a history of past climate. The Towuti Drilling Project
developed a ~1 million year composite sediment stratigraphy from drill cores recovered from
Towuti’s central basin (Russell et al., 2020), allowing us to develop the region’s first, long,
continuous terrestrial climate records.

Before we could reconstruct how climate changed over the past one million years, we first
needed to test the performance of existing organic geochemical proxies for temperature and
precipitation on orbital timescales at our study site. We first tested our proxies by producing
records only spanning the last deglaciation, using samples from a piston core (IDLE-TOW10-

9B) extracted from the center of Lake Towuti's northern basin (Russell et al., 2014, 2020).



3.1 The last deglaciation at Lake Towuti

To reconstruct temperature during the last deglaciation we used glycerol dialkyl glycerol
tetraethers (brGDGTs), which are membrane-spanning lipids. The degree of methylation of these
microbial membrane lipids varies with temperature, enabling paleotemperature calibrations and
reconstructions (Russell et al., 2018; Schouten et al., 2013; Zhao et al., 2023). Even though
global calibrations using modern sediment show a strong correlation between methylation and
mean annual air temperature, we were unsure whether this proxy would work in Lake Towuti,
which has an uncommon, ferruginous chemistry that produces an unusual microbial biosphere
(Russell et al., 2020).

Chapter 2 of this dissertation presents a 60-kyr brGDGT record from Lake Towuti (Parish et
al., 2023). We found that the cyclization of brGDGTs, a proxy for pH, is the dominant mode of
variation in the Lake Towuti brGDGT record. The cyclization of brGDGTs reflects important
changes in the lacustrine biogeochemical environment. However, we were able to separate the
influence of lake chemistry changes from temperature changes on the brGDGT records, and
developed a temperature record spanning the last 60 kyr. We used the temperature reconstruction
to narrow the possible forcing mechanisms of temperature on the MC during the deglaciation.
We compared the timing of the onset of warming in the Towuti record to climate forcings,
finding that the timing of the deglacial warming in our record occurs shortly after the onset of the
deglacial increase in CO: concentrations. The timing of the warming suggests rising GHG
concentrations and the associated radiative forcing may have forced deglacial warming in the
IPWP. The record may also reflect an influence of Northern Hemisphere insolation on land
surface temperature, exhibiting peaks in temperature around 55 ka and 34 ka. We determined that

brGDGTs can be used to reconstruct temperature at Lake Towuti on orbital timescales, giving us



more confidence brGDGTs could be used to reconstruct a 1-Myr record of temperature from the
entire composite record.

To reconstruct hydroclimate during the last deglaciation, we produced hydrogen and carbon
isotope records measured from leaf waxes preserved in Lake Towuti’s sediment. Leaf wax §’°H
(8*Hwax) in the tropics is usually used as a proxy for precipitation amount vis-a-vis the ‘amount
effect’ (Dansgaard, 1964), but questions remain regarding the interpretation of water isotope
records in the IPWP. In addition to reflecting precipitation amount (Krause et al., 2019), studies
from the IPWP suggest water isotope records reflect the strength of large-scale circulation of the
Australian-Indonesian monsoon (Konecky et al., 2016) and atmospheric convergence/divergence
(Du et al., 2021; Konecky et al., 2019). Leaf wax 8'3C (8'3Cyax) reflects the ratio of Cs to Cs
plants and leaf-gas exchange efficiency, which are both influenced by moisture, temperature, and
CO: concentrations (Chikaraishi and Naraoka, 2007; Diefendorf et al., 2010).

In Chapter 3, we evaluate the controls on 8?Hyax and 8'*Cyax in the IPWP on orbital
timescales, using new hydrogen and carbon isotope records from Lake Towuti and nearby Lake
Matano using long-chain n-alkanes spanning the last deglaciation (Parish et al., 2024). We
compared these new records to marine runoff and salinity records in the IPWP. The runoff and
salinity records indicate that precipitation amount began to increase at ~12.3 ka. A compilation
of all water isotope records in the IPWP that span the last delegation indicates a shift from more
2H-enriched to 2H-depleted waxes at ~12.3 ka, consistent with predictions of the ‘amount effect’
and coincident with runoff and salinity proxies, suggesting precipitation isotopes respond
strongly to rainfall amount in this region. The majority of IPWP 8'3Cyax records show increasing
C; plants beginning at about 19.9 ka, prior to the reconstructed increases in precipitation. We

suggest that vegetation shifted in response to the changing seasonality of precipitation, though



this remains challenging to test. This work suggests that 8?Hywax will reflect precipitation amount
on orbital timescales, likely in addition to influence from moisture source and

convergence/divergence.

3.2 I-Myr temperature and hydroclimate records from Lake Towuti

The high-resolution temperature and hydroclimate records from Lake Towuti spanning
the last deglaciation provide the backbone for our interpretations of new million-year records.
These million-year records are the longest terrestrial temperature and hydroclimate records in the
region and are only accompanied by a couple terrestrial temperature (Johnson et al., 2016; Lu et
al., 2022) and hydroclimate (Johnson et al., 2016; Lupien et al., 2021) records with the same
resolution over the past one million years from other regions on Earth.

In Chapter 4, we present a brGDGT-based record of temperature from Lake Towuti that
spans the past one million years to document regional patterns and to constrain the forcings and
amplitude of terrestrial temperature in the region. Unlike the IPWP SST stack (Clark et al.,
2024), terrestrial temperatures from Lake Towuti cool after the MPT, consistent with a global
cooling across the MPT (Clark et al., 2024). The emergence of 100-kyr cycles after the MPT and
increasing interglacial temperatures across the MBT strongly and uniquely track atmospheric
CO; concentrations, suggesting that CO; is the dominant forcing of temperature. We are also able
to provide estimates on the magnitude of terrestrial amplification in the IPWP region, observing
1.45 times as much warming during deglaciations as SSTs over the past 700 kyr, consistent with
existing estimates for tropical terrestrial amplification from the last deglaciation (Seltzer et al.,
2023). The consistency between our terrestrial amplification estimate from the past 700 kyr and

the estimate only from the last deglaciation points to consistent amplification across climate



states. Consistent amplification across climate states suggests that predictions of temperature
change made by climate model simulations are likely fairly accurate. Over a 3°C warming in the
MC, which is predicted by the end century (Iturbide et al., 2020), could have catastrophic
consequences for the 100s of millions of people living on the MC.

Chapter 5 presents orbitally-resolved hydroclimate and vegetation reconstructions that we
used to identify the dominant climate forcing mechanisms in the IPWP. The records suggest that
the MC experienced relative stability in hydroclimate and vegetation prior to the MBT, and a
much more variable climate since. This response suggests strong sensitivity to increased CO»
concentrations and climate warming, though variations in shelf exposure could also play a role.
Significant 41-kyr cycles in 8Hyax and 8'*Cuwax suggest a primary role for ice volume and/or
GHG concentrations in controlling precipitation in the MC. Increased Cs4 plants during the most
recent glacial periods reflect the large impact of shelf exposure during the past ~250 ka.
Insolation has long been presumed as the dominant forcing of hydroclimate in the tropics, yet our
data supports recent studies suggesting glacial-interglacial cycles as the primary forcing of IPWP
hydroclimate (Windler et al., 2021). Our findings highlight the sensitivity of the region to global
forcings, suggesting the MC will experience increased rainfall with increasing atmospheric CO:

concentrations.

4. Conclusion

This dissertation provides a strong framework for interpreting brGDGT, 8*Hyax and
8!3Cyax records from Lake Towuti on orbital timescales (Chapter 2 and Chapter 3). The
framework is then applied to interpreting the 1-Myr records as proxies for temperature,

hydroclimate, and vegetation (Chapter 4 and Chapter 5). The 1-Myr temperature record indicates
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that atmospheric CO; is the primary forcing of temperature in the MC. The record also suggests
terrestrial amplification in the MC is consistent across climate states, possibly validating climate
model projections of temperature change in a higher CO, world. The 1-Myr *Hyax and 8'*Cyax
also point to CO; as a primary forcing of hydroclimate in the MC. This sensitivity could indicate
that increasing future CO> will likely cause increased precipitation in the MC. However, studying
deglaciations is not a perfect analogy for future warming because atmospheric CO»
concentrations have not been this high in the past two million years (Lee et al., 2023). The only
way to prevent the most catastrophic impacts of climate change is to reduce GHG emissions

immediately (Lee et al., 2023).
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Figure 1 — Location of (1) Lake Towuti in Sulawesi, Indonesia, Lake Towuti, (2) MD98-2152
(Windler et al., 2019), (3) the northern Borneo Cave site (Carolin et al., 2016). Field
correlation of the monthly precipitation measured at Lake Towuti from March 2013-
August 2016 with monthly precipitation from The Global Precipitation Climatology Project
(GPCP) monthly precipitation (Adler et al., 2018). Precipitation and the digital elevation
models are plotted using the “raster” package in R (Hijmans et al., 2022).
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Abstract

The tropics exert enormous influence on global climate. Despite the importance of
tropical regions, the terrestrial temperature history in the Indo-Pacific Warm Pool (IPWP) region
during the last deglaciation is poorly constrained. Although numerous sea surface temperature
(SST) reconstructions provide estimates of SST warming from the Last Glacial Maximum to the
Holocene, the timing of the onset of deglacial warming varies between records and inhibits
determining the forcings driving deglacial warming in the [IPWP. We present a 60,000-year long
temperature reconstruction based on branched glycerol dialkyl glycerol tetraethers (brGDGTs) in
a sediment core from Lake Towuti, located in Sulawesi, Indonesia. BrGDGTs are bacterial
membrane-spanning lipids that, globally, become more methylated with decreasing temperature
and more cyclized with decreasing pH. Although changes in temperature are the dominant
control on brGDGTs in regional and global calibrations, we find that the cyclization of the
brGDGTs is a major mode of variation at Lake Towuti that records important changes in the
lacustrine biogeochemical environment. We separate the influence of lake chemistry changes
from temperature changes on the brGDGT records, and develop a temperature record spanning
the last 60,000 years. The timing of the deglacial warming in our record occurs after the onset of
the deglacial increase in CO2 concentrations, which suggests rising greenhouse gas
concentrations and the associated radiative forcing may have forced deglacial warming in the
IPWP. Peaks in temperature around 55 and 34 ka indicate that Northern Hemisphere summer

insolation may also influence land surface temperature in the IPWP region.

Plain Language Summary

The tropics play an important role controlling global climate because
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they export heat to higher latitudes. Even though the tropics are important, we do not actually
know the primary control on tropical temperature. We created a 60,000-year long record of
temperature because this length of record spans large changes in the proposed controls on
tropical climate (greenhouse gas concentrations and incoming solar radiation). We created a
temperature record from a lake sediment core from Lake Towuti in Indonesia. Since sediment
gradually accumulated in the bottom of Lake Towuti for over 60,000 years, we took one sample
from the lake sediment core every 6 cm to give us one sample every 500 years. We measured
different types of molecules that compose the outer protective barrier (membrane) of bacteria
cells. The molecules in the membrane are different in cold than hot environments. We measured
the abundance of hot-adapted and cold-adapted membrane lipids to determine the temperature in
the past. The timing of warming after the last glacial period occurs after the onset of the increase
in CO2 concentrations, which suggests rising greenhouse gas concentrations and the associated

radiative forcing may be the dominant control on temperature over the past 60,000 years.

1. Introduction

Three major zones of deep atmospheric convection energize the Earth's moisture and
energy budgets: tropical Africa, Amazonia, and the Indo-Pacific Warm Pool (IPWP; Figure 1;
Chiang, 2009). The IPWP is by far the largest of these, where sea surface temperatures (SSTs)
above 28°C extend over an area of more than 30 million km?, and the region exerts enormous
influence on global climate through its interactions with the Walker Circulation, the Austral-
Asian monsoons, and the Intertropical Convergence Zone (ITCZ; Chiang, 2009; De Deckker,

2016). Regionally, precipitation is intimately linked to surface temperature over the IPWP with

22



high SSTs generating deep atmospheric convection and some of the highest precipitation rates on
Earth (De Deckker, 2016; Figure 1).

Reconstructing a continuous record of terrestrial temperature spanning the past 60
thousand years (kyr) in the IPWP will provide insight into how changing boundary conditions
(e.g., insolation and CO.) from the Last Glacial Maximum (LGM) to modern (Shakun et al.,
2012) influenced regional climate, how IPWP climate change will interact with global climate
processes in the future, and how increasing anthropogenic CO> emissions will impact Indonesia,
the fourth most populous country on Earth (Current Population, 2022).

The dominant forcing of deglacial warming in the IPWP is debated, due in large part to a
wide range of estimates for the timing of the onset of deglacial warming in the region. The onset
of warming indicated in SST records varies from 20.4 to 17.9 ka among existing SST records
from the IPWP (Bolliet et al., 2011; Fan et al., 2018; Gibbons et al., 2014; Holbourn et al., 2011;
Jian et al., 2020; Levi et al., 2007; Mohtadi et al., 2014; Rosenthal et al., 2003; Schroder et al.,
2018; Setiawan et al., 2015; Steinke et al., 2006; Stott et al., 2007; Wang et al., 2018; Xu et al.,
2008), spanning the onset of deglacial changes in northern hemisphere insolation and the global
onset of increasing CO; concentrations after the LGM. The wide range of ages for the onset of
deglacial warming has led to a variety of hypotheses for the forcings that control regional
temperature, from teleconnections to the northern high latitudes (Stott et al., 2007) to a dominant
control by atmospheric CO» concentrations (Shakun et al., 2012). Furthermore, to date,
temperature reconstructions from this region are almost entirely from marine settings,
complicating assessment of terrestrial temperature change. Terrestrial temperature is of particular

importance in the tropics because convection there is centered over land masses (Chiang, 2009).
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To uncover the forcings of terrestrial temperature in the IPWP, we reconstructed
temperatures using sediment cores from Lake Towuti, Indonesia, spanning the past 60 kyr. This
interval includes the last deglaciation, the most recent time interval when global warming was
accompanied by rising greenhouse gas concentrations. We produced a terrestrial temperature
reconstruction based on the fractional abundances of branched glycerol dialkyl glycerol
tetracthers (brGDGTs), membrane-spanning lipids whose degree of methylation increases with
decreasing temperatures to maintain membrane fluidity (Naafs et al., 2021). The degree of
methylation of brGDGTs in lacustrine sediment samples is highly correlated with mean annual
air temperature (MAAT) in tropical environments (Russell et al., 2018). Although these global
relationships are well-established, Lake Towuti is a relatively unique, ferruginous environment
and its microbial communities are likely not well-represented in existing surface sediments used
in brGDGT calibrations (Martinez-Sosa et al., 2021; Raberg et al., 2021; Russell et al., 2018).
Indeed, the IPWP region is not represented well in existing brGDGT calibrations and regional
temperatures can exceed the limits of currently available temperature calibrations. We therefore
evaluate brGDGTs in this environment to assess the applicability of existing calibrations and the
environmental controls on brGDGT abundances through the 60-kyr record. We then reconstruct
terrestrial temperature from Lake Towuti in Indonesia to evaluate the influences of atmospheric
CO: concentrations and insolation as primary drivers of IPWP terrestrial temperature from the
LGM to modern. As the first quantitative terrestrial temperature reconstruction in the [IPWP

region, our record provides additional constraints on the driving forcing of IPWP climate.

2. Study Site, Materials, and Methods

2.1 Study Site
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Lake Towuti is located near the equator (2.75°S, 121.5°E) in central Sulawesi, Indonesia
at an elevation of 318 m (Figure 1). Sulawesi is a 174,600 km? island in the center of the IPWP.
Lake Towuti has a surface area of 560 km? and a maximum water depth of 203 m. Modern lake
surface temperatures of Lake Towuti range seasonally from 29° to 31°C, with cooler
temperatures in austral winter and spring and the warmest temperatures in austral fall (Russell et
al., 2020). The water column mixes seasonally to ~100 m depth but a permanent thermocline at
100 m depth separates oxic waters at the surface from hypoxic to anoxic waters below (Costa et
al., 2015). The pH is ~7.8 and the lake is ultraoligotrophic. The lake is one of a handful of
ferruginous (high iron-low sulfate) systems that exist on Earth today due to its location within
the East Sulawesi ophiolite (Crowe et al., 2008; Vuillemin et al., 2016). This setting establishes
an uncommon biogeochemical environment within the lake, and the extremely low primary
productivity at Lake Towuti has been attributed to low nutrient delivery from surrounding soil
and phosphate removal related to high iron concentrations (Crowe et al., 2008; Russell et al.,
2020).

The samples analyzed in this study were subsampled from a piston core (IDLE-TOW10-
9B) extracted from the center of Lake Towuti's northern basin (Russell et al., 2014, 2020). We
analyzed 115 samples, spanning the past 60,000 years for an average sampling resolution of
~500 years, with a minimum sampling resolution of 82 years and maximum sampling resolution
of 3575 years. The mean sampling resolution during the last deglaciation (22 to 11.6 ka) is 430
years. There are 23 radiocarbon dates in the top 43-kyr of sediment, which we calibrated to
Intcal20 and used to estimate the age of every centimeter of sediment with Bacon in R (Blaauw

& Christen, 2011).
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2.2 Lipid Extraction and Analysis

Lipids were extracted from sediment using a DIONEX Accelerated Solvent Extractor
using dichloromethane:methanol (9:1). The lipid extract was divided into neutral and acid
fractions using dichloromethane:isopropanol (2:1) and ethyl ether:acetic acid (96:4) over an
aminopropyl silica gel column for previous analyses (Konecky et al., 2016). Silica gel columns
were used to separate lipids within the neutral fraction, using hexane to isolate n-alkanes,
dichloromethane to isolate ketones, and methanol to isolate the remaining hydroxides. We used
AlL>O3 columns to further separate the hydroxide fraction into apolar and polar fractions with the
eluents hexane:dichloromethane (9:1) and dichloromethane:methanol (1:1). The polar fraction
was filtered through 0.45 um PTFE filter in hexane: isopropanol (99:1).

We analyzed the polar fractions using atmospheric pressure chemical ionization/high-
performance liquid chromatography mass spectrometry (APCI/HPLC-MS) with a bridged
ethylsiloxane/silica hybrid (BEH) hydrophilic interaction chromatography (HILIC) 1.7 um (2.1
mm inner diameter X 150 mm length) column using selective ion monitoring mode, targeting
molecules at m/z 1,050, 1,048, 1,046, 1,036, 1,034, 1,032, 1,022, 1,020, 1,018,

1,292, 1,296, 1,298, 1,300, and 1,302 (Hopmans et al., 2016). Ten percent of samples
were run in duplicate to assess the precision of the measurements. We manually integrated peak
areas of both 5-methyl isomers (Ia, Ib, Ic, Ila, IIb, Ilc, IlIa, ITIb, IlIc) and 6-methyl isomers (I1a’,

IIb’, IIc’, Ia’, IIb’, ITlc’) to quantify the relative abundances of the brGDGTs in each sample.

2.3 Analyses of the Fractional Abundances of GDGTs
Empirical studies, theory, and molecular simulations indicate that the number of methyl

branches in brGDGTs increases at decreasing temperatures to maintain cell membrane fluidity
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(Loomis et al., 2012, 2014; Martinez-Sosa et al., 2021; Naafs et al., 2021; Raberg et al., 2021;
Russell et al., 2018; Tierney & Russell, 2009; Tierney et al., 2010). However, water chemistry,
microbial community composition, and other factors may also affect brGDGT relative
abundances (Loomis et al., 2014; Martinez-Sosa et al., 2021; Wu et al., 2021). We used principal
component analysis (PCA) to evaluate the primary modes of variability in brGDGT abundances
in downcore samples from Lake Towuti. We performed a PCA analysis based on the correlation
matrix of the fractional abundances of the major brGDGTs in the Lake Towuti record (Ia, Ib, Ic,
IIa, ITa’, 1Ib, IIb’, IIc’, II1a’), using the princomp() function in the “vegan” package in R
(Oksanen et al., 2020). The nine major brGDGTs each comprised more than two percent of the
total abundance of brGDGTs in at least one sample over the past 60,000 years (Ia, Ib, Ic, Ila, I1a’,
IIb, IIb’, IIc’, 1IIa’).

Many index-based calibrations and multiple linear regression models exist to translate the
signals reflected in changing brGDGT assemblages into paleoenvironmental and paleoclimatic
parameters (e.g., temperature). Index-based calibrations are based on our theoretical and
empirical understanding that brGDGTs with fewer methyl branches increase with increasing
temperature, and brGDGTs with fewer cyclopentane rings are more abundant in environments
with a higher pH (Weijers et al., 2007). MBT’sme (Equation 1) is the ratio of brGDGTs with
four methyl branches or substituted cyclopentane moieties relative to the total abundance of
brGDGTs with 4-6 methyl branches or substituted rings (De Jonge et al., 2013; Russell et al.,
2018) and it increases with increasing temperature. To calculate MAAT from MBT’smE, we used
the calibration from Russell et al. (2018) (Equation 2).

(Ia+1b +Ic)
(Ia +Ib + Ic + lla + IIb + Ic + Illa) (1)

MAAT = —1.21 + 32.42 X MBT <z 2)

MBTISME ==
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In addition to index-based calibrations, there are various multiple linear regression
methods based on the best statistical fits of brGDGT fractional abundances to temperature. These
methods generally confirm the basic principles inherent to index-based calibrations (i.e., the
degree of methylation increases with decreasing temperature), but may include a distinct set of
brGDGTs potentially due to influences of multiple correlated environmental parameters on
brGDGT abundances (Loomis et al., 2014). Among these calibrations, we calculated the
temperature of the months above freezing (MAF) using the stepwise forward
selection/backwards elimination (SFS/ SBE) equation published in the supplement of Raberg et
al. (2021) (Equation 3). We used the calibration recommended for samples with limited
quantities of I1Ib and Illc because these brGDGTs comprised less than 1% of the brGDGTs in all
samples from Lake Towuti. The equation is based on the fractional abundances of Ila and Illa,
where flla is the fraction of Ila relative to Ia, Ila, and Illa; and fllla is the fraction of Illa relative
to Ia, Ila, and Illa.

MAF = 26.56 — 34.67(fllaZ,,.,) + 29.4(flllaZ,,,,) — 49.43(fllla,eer) (3)

We calculated MAAT using the SFS/SBE equation (Equation 4) based on the fractional
abundances of the major brGDGTs in 65 lakes from tropical east Africa (Loomis et al., 2012,
2014; Russell et al., 2018). The SFS/SBE equation shows MAAT decreases with increasing
penta- and hexamethylated brGDGTs (e.g., Ila, IIb, IIb’, and II1a), and MAAT increases with
increasing tetramethylated brGDGTs (e.g., Ib).

MAAT =23.04 — 30.09 (IIla) — 45.31(IIb) — 46.56(1Ib") — 22.65(Ila)

+ 72.85(1b) “)

We also calculated a new SFS/SBE-based MAAT equation with all global lacustrine

samples presented in Martinez-Sosa et al. (2021) and a new SFS/SBE equation based on all
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samples in the global database that have less than 50% hexamethylated brGDGTs. As
hexamethylated brGDGTs are most abundant in cool environments, this restricts the calibration
to warmer climates where calibration to MAAT may be more appropriate. We focus on MAAT
rather than the mean temperature of MAF (Martinez-Sosa et al., 2021; Raberg et al., 2021) in our
choice of calibrations, though MAAT and MAF are equivalent in the tropics due to the lack of
seasonality. These SFS/SBE equations are presented in the results section.

The cyclization of branched tetraethers (CBT) indices (Equations 5 and 6) were
calculated using brGDGTs with varying degrees of cyclization to evaluate variations in lake pH
(De Jonge et al., 2014; Sinninghe Damsté et al., 2012; Tierney et al., 2010; Weijers et al., 2007).
We use the CBTsmE index from De Jonge et al. (2014):

CBTsyr = —log((Ib + 11b)/(Ia + 11a)) (5)

We also use the CBT’ from De Jonge et al. (2014):

CBT' = —log((Ic + Ila’ + 1Ib’ + IIc’ + Illa’ + 11D’ + 1IIc")/(la + lla + [1la))  (6)

We evaluated the branched and isoprenoidal tretraether (BIT) index (Equation 7;
Hopmans et al., 2004; Tierney et al., 2010), which reflects the amount of branched GDGTs (1a,
IIa, II1a) relative to the amount of branched and isoprenoidal GDGTs (isoGDGTs) as indicated

by crenarchaeol (IV).

_ (Ua] + [11a] + [111a])
BIT = ([Ia] + [IIa] + [Il1a] + [IV]) 7

In addition to analyses of brGDGTs, we analyzed the relative abundances of isoGDGTs,
which are produced by Thaumarchaeota. Previous work has shown that the degree of cyclization
of isoGDGTs increases with increasing temperature in both marine and lacustrine settings, and

developed the TEX3ge index (Equation 8), the ratio of isoprenoidal GDGTs with 2-3 rings and the
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regio-isomer of crenarchaeol (IV’) relative to the number of isoGDGTs with 1-3 rings and IV,
to quantify this relationship. The number of rings in isoGDGTs in the TEX3s index increases with

increasing temperature (Powers et al., 2010; Schouten et al., 2002).

—_— ([GDGT2] + [GDGT3] +[IV']) 8
% ™ ([GDGT1] +[GDGT2] + [GDGT3] + [IV']) ”

However, the relative abundances of isoGDGTs may also be influenced by changes in the
relative inputs of terrestrial and aquatic isoGDGTs, as well as other microbial community
changes. Comparison between the BIT index and the TEXss index allows us to test whether
TEXgss reflects changes in soil runoff amount (Sinninghe Damsté et al., 2012) or other

environmental factors (Baxter et al., 2021).

2.4 Changepoint Analysis

We determined the timing of deglacial warming in our temperature record using the
EnvCpt package in R to find significant changepoints in the trend (slope) in the data (Killick et
al., 2021). The changepoints were determined by calculating a stepwise linear function that
minimizes the total residual error. We selected the changepoint detected between 22 and 14 ka as
the timing of deglacial warming. Additionally, we calculated the changepoints of atmospheric
CO; and nearby SST records to compare with the timing of deglacial changes to the Lake Towuti

temperature record using identical methods.

3. Results
3.1 Abundances of Tetra-, Penta-, and Hexa-Methylated brGDGTs Relative to Calibration

Data Sets
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The fractional abundance of brGDGTs from Lake Towuti are dominated by
tetramethylated brGDGTs, with greater than 50% brGDGTs with four methyl groups in every
sample (Figures 2 and 3). After tetramethylated brGDGTs, pentamethylated brGDGTs are the
most abundant brGDGTs in Lake Towuti samples. Hexamethylated brGDGTs make up less than
10% of the total brGDGTs in every sample. Tetramethylated brGDGTs are much more abundant
in almost all samples from Lake Towuti than in samples from tropical southeast Africa (Figure 2;
Russell et al., 2018) and globally (Figure 2; Martinez-Sosa et al., 2021), and although Lake
Towuti samples are in a compositional field that might be expected of a lacustrine setting, they
are primarily outside the range of samples in existing calibration datasets (Figure 2).
Hexamethylated brGDGTs have more methyl branches than tetra- and pentamethylated
brGDGTs, and are found in higher abundance in colder environments. Therefore, the low
abundance of hexamethylated brGDGTs and high abundance of tetramethylated brGDGTs is
consistent with the high mean annual temperatures observed at Lake Towuti relative to the
environments in existing global calibrations.

BrGDGT Ia, containing four methyl groups and zero cyclopentane rings, is the most
abundant brGDGT throughout the past 60,000 years (Figure 3). The highest abundances of Ia
occur around 45 ka and the lowest abundance between 35 and 10 ka. Ib and Ic are the second and
third most abundant brGDGTs, and show the opposite trends as Ia, exhibiting the lowest values
of the record at 45 and 10 ka with sustained high abundances from 35 to 10 ka. IIa shows a
similar pattern as Ia but is less abundant than each of the tetramethylated brGDGTs. IIb is less
variable over the past 60,000 compared to the other brGDGTs due to low abundance. IIb’ varies
similarly to Ic with the highest abundances at 60 ka and between 30 and 10 ka. IIc’ has less than

5% abundance throughout the record with the lowest abundances from 50 to 35 ka and from 15
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ka to present. Ilc, Illa, ITIb, IIIb’, Illc, and I1Ic’ have the lowest abundances (less than 2%) in
every samples during the past 60,000 years. I1la’ comprises over 2% of the total abundance of

brGDGTs in some samples during the past 60,000 years with the highest abundances between 55

and 40 ka.

3.2 PCA of Fractional Abundances of brGDGTs

A PCA reveals two principal components that explain a total of 80% of the variance in
the fractional abundances of brGDGTs. PC1 explains 54% of the variance and PC2 explains 26%
of the variance (Figure 4c). All of the brGDGTs without cyclopentane moieties (Ia, Ila, IIa’, and
II1a’) have positive loadings on PCl1, all of the brGDGTs with one cyclopentane moiety (Ib, IIb,
and IIb’) have negative loadings on PC1, and brGDGTs with two cyclopentane moieties (Ic and
IIc’) have even greater magnitude negative loadings on PC1. The distribution of these brGDGTs
along PCI indicates that PC1 reflects the cyclization of brGDGTs (Figure 4c). PC1 has the
highest component scores at 45 and 10 ka and lowest scores from 60 to 50 ka and between 35
and 15 ka (Figure 4a).

Tetramethylated brGDGTs (Ia, Ib, and Ic) have a positive or zero loading on PC2 (Figure
4c). Pentamethylated brGDGTs (Ila, I1a’, IIb, IIb’, and Ilc’) have negative loadings on PC2. The
only hexamethylated brGDGT with greater than 2% abundance in one sample from the record
(IlTa”) has the greatest negative loadings on PC2, indicating that PC2 reflects the methylation of
brGDGTs throughout the Lake Towuti record. PC2 has the lowest component scores between 50

and 40 ka and at 27 ka, before increasing into the Holocene (Figure 4b).

3.3 Methylation and Temperature
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The MBT’smE -index varies between 0.86 and 0.94 throughout the entire record. These
high values reflect the high proportion of tetramethylated brGDGTs in all samples from Lake
Towuti and therefore predict high temperatures over the past 60,000 years (Figure Sla in
Supporting Information S1). The lowest MBT’sme-values occur between 50 and 40 ka when the
proportion of tetramethylated brGDGTs, driven by Ib and Ic, are at their lowest throughout the
record. MAAT calculated from the MBT’ sme-index is positively correlated with PC2 (Figure 5; R
=0.79, all reported correlation coefficients have a p-value less than 0.01), presumably reflecting
the importance of la and Ib to both PC2 and the MBT’sme-index. Using the Russell et al. (2018)
MBT’sme temperature calibration results in the lowest temperature of the record (26.6°C) at 38
ka and the highest temperature of the record (29.7°C) at 13 ka (Figure Sla in Supporting
Information S1).

The Raberg et al. (2021) MAF SFS/SBE produces temperatures that vary between 24.2°C
and 26.0°C, with the lowest temperatures of the record occurring between 30 and 20 ka (Figure
Slc in Supporting Information S1). The MAF reconstruction is moderately correlated with PC2
(Figure 5; R = 0.67). The MAF SFS/SBE only includes flla and fIlla. [Ila comprises less than
two percent of all samples from Lake Towuti and is therefore not included in the PCA analysis
and Ila only has a weak negative loading on PC2. Therefore, it is not surprising that the
correlation is lower than the MBT sme-MAAT and Russell SFS/SBE MAAT correlation with
PC2 (Figure 5).

The new global SFS/SBE regression calculated using all global lacustrine samples
included in Martinez-Sosa et al. (2021) and identical methods as Russell et al. (2018) is
(Equation 9):

MAAT = 6.04 + 91.93 (Ib) + 22.78(Ia) — 27.59(Il1a) — 25.16(I1la’) ©)
— 72.52(Ic)
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The global SFS/SBE regression using the same method but only including “warm lake” samples
with less than 50% hexamethylated brGDGTs is (Equation 10):

MAAT = 10.63 + 84.23 (Ib) + 18.32(Ia) — 34.71(Ila) — 41.72(11la")

— 78.76(I¢) (10

Stepwise forward selection regressions thus select the same compounds (Ia, Ib, Ic, a,
and II1a’) using global or “warm lake” datasets but differ from the brGDGTs used in SFS/SBE
regression based on tropical East African samples alone (Ib, IIb, IIb’, and Illa; Equation 4;
Russell et al., 2018). Both the global and less than 50% hexamethylated SFS/SBE
reconstructions result in similar temperature records over the past 60,000 years (Figures Sle and
S1g in Supporting Information S1), and are positively correlated with PC2 (R =0.69 and R =
0.67, respectively; Figure 5). Ia and Ib, which are included in the SFS/SBE equations (Equations
9 and 10), have strong positive loadings on PC2 and Ila, and IIla’ have negative loadings on
PC2. Ic, which is also included in the SFS/ SBE equations, has a near zero loading on PC2,
potentially explaining the relatively weak correlations.

The tropical East African SFS/SBE model produces a temperature reconstruction that
indicates relatively high temperatures ca. 55 ka, the lowest temperatures in the record between 50
and 37 ka (Figure 6a), a cool LGM that extends from ~27 to 17 ka and warming from the LGM
into the Holocene. The temperature reconstruction is highly correlated with PC2 (R = 0.93,
shown in Figure 5; R2 = 0.84, shown in Figure 6b). The brGDGTs included in the tropical
African SFS/SBE (Ib, IIb, IIb’, and I11a) all have strong loadings on PC2 with the exception of
IITa, which comprises less than 2% of all samples from the Lake Towuti record. Assuming that

the tropical East African SFS/SBE calibration reflects changing temperature, PC2 reflects
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changes in temperature and therefore that temperature explains approximately 26% of the total
variance in fractional abundances of all major brGDGTs.

The Raberg et al. (2021) calibration is strongly dependent on the fractional abundance of
IITa (Raberg et al., 2021), which has very low abundance in most of the Lake Towuti samples.
The magnitude of LGM to modern temperature change in Lake Towuti produced by this
calibration is less than two degrees, which is inconsistent with nearby SST reconstructions
(Rosenthal et al., 2003; Schroder et al., 2018; Stott et al., 2007). We therefore do not use the
Raberg et al. (2021) calibration in further analyses. We also do not use MBT’smg-based
calibration (Russell et al., 2018) to infer temperature. The PCA of the down-core fractional
abundances of brGDGTs from

Lake Towuti reveals that Ic, which is included in the MBT’sve-index, varies with the
principal component that may reflect lake pH (PC1) rather than lake temperature (PC2). Ic is also
included in the global and “warm lake” SFS/SBE equations. The tropical East African SFS/SBE
temperature reconstruction (Russell et al., 2018), in contrast, is based on brGDGTs that
principally load on PC2, mitigating these effects. In the following analyses and discussion, we
use the tropical African SFS/SBE reconstruction because it has the strongest correlation with

PC2 and thus appears to capture the influence of temperature on the brGDGTs at this site.

3.4 Cyclization, pH, and Isoprenoidal GDGTs

The CBTswme index indicates an interval of abundant cyclized brGDGTs at ~45 ka, a
sustained period of low CBTsme values from 35 to 11 ka, and an abrupt increase to the highest
values of the record around ~10 ka (Figure S2g in Supporting Information S1). CBTswme closely

tracks and is highly correlated with PC1 (R = 0.81, Figure 5), confirming that PC1 primarily
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reflects variations in the cyclization of brGDGTs. Ia and Ila are included in the denominator of
the CBTsme index and have strong loadings on PC1, whereas Ib and IIb are included in the
numerator of the CBTsue index and have negative loadings on PC1. In prior calibration studies
CBTswme has been shown to depend on pH and conductivity (Martinez-Sosa et al., 2021; Raberg
et al., 2021). Although this is not always the case in lacustrine sediment calibrations (e.g.,
Russell et al., 2018), previous studies in Lake Towuti and the surrounding catchment
demonstrated that CBTsme values increased from soils, to river sediments, to lake sediments
associated with decreasing pH in these environments (Tierney & Russell, 2009). We infer that
the strong correlation of CBTsme with PC1 indicates the majority of variation in the fractional
abundances of the brGDGTs that load on PC1 depend on the pH, and potentially conductivity, of
Lake Towuti. Using CBTswme to reconstruct pH using the soil-based calibration from De Jonge et
al. (2014) results in a pH of ~7 from 35 to 11 ka, a sharp drop in pH around 10 ka, before
hovering around a pH of ~6.8 during most of the Holocene (Figure S3 in Supporting Information
S1). The CBT’ index behaves similarly to the CBTsme index, however the peak in CBTswE at 45
ka is much less pronounced in the CBT’ record (Figure S2 in Supporting Information S1). CBT’
is more highly correlated with PC1 (R = 0.83, shown in Figure 5, R2 = 0.69, shown in Figure 7b)
than CBTsme. The lake CBT’-base calibration from Russell et al. (2018) indicates lower pH
values from 35 to 11 ka than from 10 ka, which indicates that Lake Towuti was more acidic at
the LGM. More acidic lake water at the LGM contradicts existing data, which indicate more
basic lake water at the LGM (Costa et al., 2015). However, CBT’ was weakly correlated with pH
in the East African lakes studied by Russell et al. (2018).

Both the BIT index and the TEXss index are significantly correlated with PC1 (R = —0.65

and R = 0.75, respectively; Figure 5). The correlation of both BIT and TEXss with PC1 indicates
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that both indices primarily reflect the cyclization of brGDGTs and likely the lake chemistry. BIT
and TEX3¢ are also negatively correlated with each other (R = —0.73), indicating that TEXsgs may
not reflect temperature and is influenced by the abundance of crenarchaeol (Baxter et al., 2021;
Tierney et al., 2010). These correlations imply that BIT is impacted by lake chemistry,
terrigenous sediment fluxes, or other environmental parameters that influence GDGT sources to

the sediment (Sinninghe Damsté¢ et al., 2012).

3.5 Timing of Temperature Change

Changepoint analysis of the temperature reconstruction from Lake Towuti based on the
East African lake SFS/ SBE indicates that deglacial warming begins at 17.5 ka (Figure 8), over
1,000 years after the onset of deglacial increase in CO> at 18.7 ka as indicated by identical
changepoint detection methods applied to the West Antarctic Ice Sheet (WAIS) Divide CO>
record (Marcott et al., 2014). Application of the changepoint analysis to nearby SST records
indicates deglacial warming starts at a wide range of times. The SST record off the coast of
Sumatra has the latest onset of deglacial warming at 16.2 ka (SO189-39KL; Mohtadi et al.,
2014), whereas the earliest deglacial warming occurs at 20.6 ka in the Makassar Strait (SO217-
18519; Schroder et al., 2018). The timing of deglacial warming indicated in the Lake Towuti
records lies exactly on the median timing of warming of all the SST records included in our

analysis.

4. Discussion

4.1 Variations in brGDGTs in Sediments From Lake Towuti
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Previous work investigating brGDGTs in Lake Towuti, inflowing rivers, and surrounding
soils has demonstrated in-situ production of brGDGTs in Lake Towuti (Tierney & Russell, 2009),
suggesting changes in the fractional abundances of brGDGTs depend on environmental variables
in the lake rather than surrounding soil. Temperature explains the majority of variance in the
fractional abundances of brGDGTs in global lacustrine samples (Martinez-Sosa et al., 2021) and
in tropical East Africa (Russell et al., 2018). Globally, pH explains only 12% of the variance in
the abundances of brGDGTs (Martinez-Sosa et al., 2021) and in tropical East Africa lake water
pH does not cause significant variation (Russell et al., 2018). In contrast to brGDGTs in these
global datasets, we observe that cyclization, which is most dependent on the pH of the lake water
in which the brGDGTs were produced (Martinez-Sosa et al., 2021; Raberg et al., 2021), explains
the majority (54%) of the variance in the fractional abundances of brGDGTs in the Lake Towuti
record (Figure 4¢). Changes in methylation of the brGDGTs is the second mode of variation,
explaining 26% of the variance in the brGDGT assemblages (Figure 4c). PC1 is strongly
correlated with the CBTsme index and PC2 correlates with the temperature record reconstructed
using the East African SFS/SBE from Russell et al. (2018).

Prior sedimentological studies of Lake Towuti support the inference that changes in PC1
through time reflect changes in lake water chemistry. Lake Towuti experienced very large
changes in sediment composition during the LGM that reflect increased mixing, oxygenation,
and pH that resulted in substantially higher oxidized metal and carbonate mineral inputs to the
sediment, among other shifts (Costa et al., 2015; Russell et al., 2014, 2020). During the LGM,
decreased temperatures and increased aridity led to lake surface cooling, increased lake mixing,
and thereby oxygenation of the lake water column. This resulted in increased burial of reactive

iron (Russell et al., 2020). At the same time, authigenic carbonate in the form of siderite
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increased during this interval, potentially reflecting increased pH and the burial of reactive iron
in the surface sediments (Russell et al., 2020). Reconstructing pH with a soil calibration (De
Jonge et al., 2014) indicates higher pH values at the LGM than modern. The pH values were
~7.0 at the LGM, whereas the most modern reconstructed value was 6.6 (Figure S3 in
Supporting Information S1). It should be noted that the most modern reconstructed pH value is
well below the measured modern pH (7.8); however, the trend in pH values reconstructed from
the cyclization index are consistent with previous climatic inferences. These biogeochemical
changes were used to infer a more prolonged dry season at the LGM, which could cause
increased evaporation and longwave heat loss that increased lake mixing, increase lake water pH,
and increased Fe burial (Costa et al., 2015).

Iron measured in Lake Towuti's sediment is negatively correlated with PC1 (R =—0.73;
Figure 5; Costa et al., 2015), and authigenic carbonate content of the sediment rises during the
interval of high Fe. High Fe and carbonate mineral concentrations are consistent with the higher
pH values inferred from CBTsmE values (Costa et al., 2015; Russell et al., 2020). Field and
experimental studies have shown that brGDGT assemblages depend on dissolved oxygen content
and the pH of lake water (Martinez-Sosa & Tierney, 2019; Stefanescu et al., 2021; Tierney et al.,
2012; Yao et al., 2020). Although it remains difficult to quantify changes in these variables
through time, our results show that they can have substantial impacts on brGDGT abundances in
tropical lake settings.

The changes in cyclization of brGDGTs recorded by PC1 and CBT’ are consistent with
elevated pH values during the LGM (Figure 7a), but it is unclear why these biogeochemical
changes in the lake and shifts in cyclization dominate the variation in brGDGTs in Lake Towuti,

in contrast to globally distributed lakes. Ferruginous lakes are uncommon on Earth today, and
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our study could suggest that the microbes that produce brGDGTs in these systems have different
sensitivities to pH and temperature than in other tropical lakes.

Principal component analysis reveals the orthogonal behavior of cyclization and
methylation of the fractional abundances of the brGDGTs (Figure 4). Changes in methylation of
brGDGTs represented by PC2 explain 26% of the variance in the fractional abundances of
brGDGTs over the past 60,000 years. PC2 and the East African SFS reconstruction are highly
correlated, and PC2 is orthogonal to PC1, giving us confidence in our ability to fully separate the
influences of chemical changes in the water of Lake Towuti from the changes in temperature
captured by the degree of methylation. Lake Towuti has mostly tetramethylated brGDGTs
throughout the past 60,000 years, indicating that the lake experienced higher temperatures than
the surface samples included in the tropical African surface sample calibration (Russell et al.,
2018). The highest MAAT in the tropical African data set is 26.8°C, which is more than 3°C
colder than the modern MAAT at Lake Towuti. Because Lake Towuti's modern MAAT is outside
the range of the tropical East African SFS/SBE calibration we apply, we hesitate to make
inferences based on the absolute values of the reconstructed temperatures. Indeed, the most
modern reconstructed temperature value in the Lake Towuti record is ~34°C at 0.347 ka, which
is three degrees warmer than the warm season recorded in measured lake surface temperature at
Lake Towuti, again suggesting the absolute reconstructed values are inaccurate. Therefore, we do
not interpret the reconstructed values as actual temperature, and instead focus on the timing and
structure of the Lake Towuti MAAT record.

We use the East African SFS/SBE equation to reconstruct MAAT; however, the
assemblage of brGDGTs is likely more highly correlated with lake water temperature, not air

temperature. We are unable to determine whether the reconstructed temperature reflects bottom

40



water temperature or surface water temperature. As in many tropical lakes, there is a weak
temperature gradient between the surface and bottom water, with 28.4°-30.5°C surface water and

28.0°C bottom water in modern measurements (Costa et al., 2015).

4.2 Comparison to Regional LGM Temperature Records

The Lake Towuti record indicates a terrestrial temperature change from the LGM to the
Holocene of 3.6°C. Although we hesitate to trust the absolute value of the reconstructed
temperatures, the record may still capture the amplitude of the changes in temperature with time
assuming the brGDGT-MAAT relationship is linear. Indeed, 3.6°C is within the range of
deglacial warming inferred from regional palynological records, which estimate the LGM was
2°—4°C cooler than modern. At this time, lowland rainforest decreased, grassland expanded, and
high-elevation plant taxa shifted downslope (Reeves et al., 2013). Another nearby pollen record
from South Sulawesi was used to infer a 2.5°C temperature change from the LGM to modern
(Hope, 2001), though the chronology of this record is highly uncertain. The magnitude of
temperature change indicated in our temperature reconstruction is also consistent with SST
records from the region. Nearby SST reconstructions from the IPWP indicate 2°—4°C of
deglacial warming (Rosenthal et al., 2003; Schrdder et al., 2018; Stott et al., 2007). Because of
the higher heat capacity of the ocean relative to the continent, the magnitude of terrestrial
temperature change is expected to be greater and more variable than changes in SSTs (Clement et
al., 2004).

Changepoint analysis of Lake Towuti temperatures indicates deglacial warming began at
17.5 £ 0.33 ka. Atmospheric CO2 concentrations and their associated radiative forcing began

increasing at 18.7 ka (Figure 8; Marcott et al., 2014; Schilt et al., 2010). Warming in Lake Towuti
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thus began ~1 kyr after the onset of the deglacial increase in CO> concentrations, though this lag
could narrow (or widen) given the 0.33 kyr uncertainty of the Lake Towuti age model at 17.5 ka.
The timing of the onset of deglacial warming thus considerably lags changes in global forcings,
such as CO2, and occurs well in advance of more regional climate forcings, such as Sunda Shelf
inundation. The lag in deglacial warming in the Lake Towuti record behind the deglacial increase
in CO; points to greenhouse gas forcing as the primary driver of the [IPWP temperature as
observed in temperature records globally (Shakun et al., 2012).

All but two of the existing SST records from the IPWP show warming coincident with or
after the deglacial increase in COz, in support of the timing we infer from Lake Towuti (Figure
8). However, the wide range of timing of deglacial warming in IPWP SST records remains
difficult to explain and does not exhibit clear patterns that might relate to ocean circulation. SST
records from the Makassar Strait (SO217-18519) and the Timor Sea (MDO01-2378) show
deglacial warming began prior to increasing atmospheric CO; concentrations (Schroder et al.,
2018; Xu et al., 2008; Figure 8), as does warming in the Sulu Sea record (MD97-2141) as
described in the original publication (Rosenthal et al., 2003). Our method does not indicate
deglacial warming in the Sulu Sea record until ~16.5 ka, but may be sensitive to the hiatus in
sedimentation from 27.2 to 21.8 ka. Warming was reported to begin at 20 ka by Rosenthal et al.
(2003).

Exposure of the Sunda and Sahul Shelves is often invoked to explain deglacial changes in
hydroclimate proxies from the LGM to modern in the IPWP (DiNezio et al., 2016, 2018;
DiNezio & Tierney, 2013; Griffiths et al., 2013; Windler et al., 2019, 2020), potentially due to
changes in surface temperatures marked by cooling over exposed shelf areas. The flooding of the

Sunda and Sahul Shelves began at 15.5 ka (Pico et al., 2020), lagging the onset of deglacial
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warming in the Lake Towuti and marine temperature reconstructions by ~2 kyr. The onset of
warming before the inundation of the Maritime Continent shelves indicates that the flooding of
the shelves did not cause warming on Sulawesi. These results do not necessarily contradict the
hypothesis that shelf exposure affected regional precipitation patterns, as modeling studies
suggest the cooling associated with shelf exposure is modest and largely restricted to exposed
shelf areas (DiNezio et al., 2018).

The Lake Towuti temperature record shows considerable orbital-scale temperature
variations in addition to the last deglaciation. Our MAAT reconstruction indicates peaks in
temperature at 55, 34, and 11 ka, similar to the timing of peaks in both Northern Hemisphere
summer insolation and local winter insolation (Figure 9b). Both summer insolation from 30°N
and local (2.75°S) winter insolation exhibit peaks roughly around 58, 34, and 11 ka, and troughs
around 47, 22, and 0 ka (Figure 9c). A temperature reconstruction from Lake Tanganyika in East
Africa, located at 6.55°S, also shows peaks in temperature around the same time as summer
insolation from 30°N (Tierney et al., 2008) and local winter insolation (Figure 9b). A correlation
between temperature and local winter insolation could imply a seasonal bias in our temperature
reconstruction likely due to excess winter production of brGDGTs. Excess winter production of
brGDGTs is plausible because winter is the mixing season and flux studies suggest increase
brGDGT productions after lake mixing seasons (van Bree et al., 2020).

However, due to the lack of seasonality near the equator, we suggest that it is more likely
that temperature at Lake Towuti is related to Northern Hemisphere summer insolation due to the
influence of Northern Hemisphere insolation on the tropical monsoon (Guo et al., 2012;
Ruddiman, 2003; Ruddiman & Raymo, 2003). Feedbacks between temperature and the

hydrological cycle have been shown to be important in tropical Africa on orbital timescales (Dee
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et al., 2021; Gasse, 2000). The covariance between Northern Hemisphere insolation and
temperature at Lake Towuti appears to break down during the Holocene, similar to the
observation that methane from the Greenland Vostok ice cores diverges from Northern
Hemisphere summer insolation at ~5 ka that has been attributed to forest clearance and rice
cultivation (Ruddiman, 2003). The breakdown of the covariance between temperature and
Northern Hemisphere summer insolation when greenhouse gas concentrations are high further

highlights the importance of greenhouse gas concentrations for controlling IPWP climate.

5. Conclusions

The onset of deglacial warming at 17.5 ka indicated in the Lake Towuti temperature
reconstruction provides support for CO> as the primary mechanism forcing IPWP temperature
from the LGM to modern. Northern Hemisphere summer insolation also appears to influence
temperature in the [IPWP and southeast Africa. The primary control of greenhouse gas
concentrations on temperature in the [IPWP raises concerns that greenhouse gas-forced climate
changes in the IPWP could pose a threat to a region already experiencing frequent floods and

landslides that are attributed to anthropogenic climate change.
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Figure 1. Lake Towuti (2.75°S, 121.5°E) is located in central Sulawesi, Indonesia, at an
elevation of 318 m, shown with a diamond. The map also shows nearby SST records that
span the last deglaciation, numbered as follows: 1. GeoB10043 (Setiawan et al., 2015), 2.
GeoB10069 (Gibbons et al., 2014), 3. MDO01-2378 (Xu et al., 2008), 4. MD01-2386 (Jian et
al., 2020), 5. MD01-2390 (Steinke et al., 2006), 6. MD06-3067 (Bolliet et al., 2011), 7. MD97-
2141 (Rosenthal et al., 2003), 8. MD98-2161 (Fan et al., 2018), 9. MD98-2165 (Levi et al.,
2007), 10. MD98-2178 (Fan et al., 2018), 11. SO139-74KL (Wang et al., 2018), 12. SO185-
18460 (Holbourn et al., 2011), 13. SO189-119KL (Mohtadi et al., 2014), 14. SO189-39KL
(Mohtadi et al., 2014), 15. SO217-18519 (Schroder et al., 2018), 16. SO217-18522 (Schroder
et al., 2018), 17. SO217-18526 (Schroder et al., 2018), 18. SO217-18540 (Schroder et al.,
2018), 19. TGS-931 (Schroder et al., 2018), and 20. Lake Towuti (this study). Mean annual
precipitation per day is shown based on 1991-2021 precipitation reanalysis data (Kalnay et
al., 1996). Precipitation and the digital elevation models are plotted using the ‘raster’
package in R (Hijmans et al., 2022).
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Figure 2. The average fractional abundances of the individual brGDGTs in all samples
from the past 60,000 years from Lake Towuti, plotted as the mean + 2 standard deviations.
A ternary diagram of the fractional abundances of summed tetramethylated,
pentamethylated, and hexamethylated brGDGTs in all samples from Lake Towuti relative
to modern samples from East African lakes (Russell et al., 2018) and global lakes
(Martinez-Sosa et al., 2021). The ternary diagram is plotted using the ‘ggtern’ package in R
(Hamilton, 2022).
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Figure 3. Percent of total tetramethylated (blue), pentamethylated (purple), and
hexamethylated (green) brGDGTs in downcore samples from Lake Towuti. The fractional
abundance data is plotted using the strat.plot() function in the ‘Rioja’ package in R
(Juggins, 2022).
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Figure 4. Principal component analysis based on the correlation matrix of the fractional
abundances of brGDGTs which comprised more than two percent of the total abundance of
brGDGTs in at least one sample over the past 60,000 years (Ia, Ib, Ic, IIa, I1a’, IIb, IIb’,
II¢’, I1Ia’), made using the princomp() function from the ‘vegan’ R package to calculate the
principal components based on the correlation matrix of the fractional abundances of the
major brGDGTs. (a) PC1 scores of every sample, (b) PC2 scores of every sample, and (c¢)
the loadings of the major brGDGTs on PC1 and PC2.
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Figure 5. Correlation matrix showing Pearson’s R between PC1 and PC2; Iron measured in
the Lake Towuti sediment core (Costa et al., 2015); indices based on the fractional
abundances of GDGTs in the Lake Towuti record, including: BIT, CBTsvg, TEXg6, and
MBT’sme-based MAAT (eq. 2; Russell et al., 2018); SFS/SBE-based reconstructions using
published equations from global (eq. 3; Raberg et al., 2021) and East African lake sediment
samples (eq. 4; Russell et al., 2018); and new SFS/SBE equations presented in this study
from all global lake sediment samples published in Martinez-Sosa et al. (2021) (eq. 9) and
samples with less than 50% hexamethylated brGDGTSs, representing hotter environments
(eq. 10). All reported Pearson correlation coefficients are significant at 99% confidence
level (p<0.01, n=115), except correlation coefficients with a black x that indicates a p-value
greater than 0.01. The correlation matrix is plotted using the ‘corrplot’ package in R (Wei
et al., 2021).
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Figure 7. (a) The CBT’ index based on the fractional abundances of brGDGTs in the Lake
Towuti record (green) and PC1 from the principal component analysis shown in Figure 4
(black). The Pearson correlation coefficient is 0.83, shown in Figure 5. (b) Linear
regression between the CBT’ and PC1, and the associated R2.
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Figure 8. IPWP SST records, numbered as follows: 1. GeoB10043 (Setiawan et al., 2015), 2.
GeoB10069 (Gibbons et al., 2014), 3. MD01-2378 (Xu et al., 2008), 4. MD01-2386 (Jian et
al., 2020), 5. MD01-2390 (Steinke et al., 2006), 6. MD06-3067 (Bolliet et al., 2011), 7. MD97-
2141 (Rosenthal et al., 2003), 8. MD98-2161 (Fan et al., 2018), 9. MD98-2165 (Levi et al.,
2007), 10. MD98-2178 (Fan et al., 2018), 11. SO139-74KL (no deglacial changepoint
detected; Wang et al., 2018), 12. SO185-18460 (Holbourn et al., 2011), 13. SO189-119KL
(Mohtadi et al., 2014), 14. SO189-39KL (Mohtadi et al., 2014), 15. SO217-18519 (Schroder
et al., 2018), 16. SO217-18522 (Schroder et al., 2018), 17. SO217-18526 (no deglacial
changepoint detected; Schroder et al., 2018), 18. SO217-18540 (Schroder et al., 2018), 19.
TGS-931 (no deglacial changepoint detected; Schroder et al., 2018), and our MAAT
reconstruction, 20. Lake Towuti (this study). The vertical lines indicate the timing of all the
changepoints detected using the ‘EnvCpt’ package in R (Killick et al., 2021), and the gray
shading around the vertical lines shows the age uncertainty from the record. The boxplot
shows the median, minimum, maximum, and interquartile range of all the SST deglacial
changepoints and the changepoint detected in the Lake Towuti record. The timing of the
deglacial changepoint detected using identical methods in the WAIS Divide ice core (WDC)
CO: record (Marcott et al., 2014) is plotted in teal.
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Figure 9. (a) Atmospheric CO: concentrations (black; Marcott et al., 2014), and radiative
forcing of atmospheric carbon dioxide (gray; Schilt et al., 2010). (b) The reconstructed
temperature from Lake Towuti (teal; this study) and the reconstructed lake surface
temperature from Lake Tanganyika (green; Tierney et al., 2008), both plotted with a 1,500-
yr moving average. (¢) June 21 insolation from 30°S (black; Berger & Loutre, 1991) and
June 21 insolation from 2.75°S (gray; Laskar et al., 2004).
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Figure S1. (a) Mean annual air temperature (MAAT) based on the MBT sy, calibration
from Russell et al. (2018) (purple). (¢) Mean temperature of the months above freezing
(MAF) calculated using the calibration from Raberg et al. (2021) for use in samples with
small abundances of IIIb (purple). (d) SFS/SBE MAAT based on all global lacustrine
samples from Martinez-Sosa et al. (2021) (green) and SFS/SBE MAAT based only on
surface samples with less than 50% hexmethylated brGDGTs (green). (g) SFS/SBE MAAT
based on all samples from Russell et al. (2018) (blue). PC2 from the principal component is
shown in black in all panels. (b, d, f, and h) Linear regressions between the index or
reconstructed temperature and PC2.
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Figure S2. (a) Iron content from the Towuti lake sediment core (Costa et al., 2015). (c) Lake
Towuti BIT index. () TEXgs. (g) The CBT index. (i) The CBT’ index. Panels on the right (b,
d, f, h, and j) show R? values from linear regressions between the variables on the left and
PC1 from the principal component analysis shown in Figure 4 (black).
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Figure S3. Reconstructions of pH using the CBTSME-based calibration (black) and the
CBT’-based calibration (teal).

CBTsyr = —log((Ib + 11b)/(Ia + I1a)) De Jonge et al. (2014)

pH = 7.84 —1.73 X CBTsyg De Jonge et al. (2014)

CBT' = —log((Ic + Ila' + 1Ib" + Iic' + 1lla’ + 11D’ De Jonge et al. (2014)
+ 11Ic")/(Ia + Ila + 11]1a))

pH = 8.95 + 2.65 X CBT' Russell et al. (2018)
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Abstract

Drying across much of the Indo-Pacific Warm Pool (IPWP) during the Last Glacial
Maximum (LGM) has been widely recognized from interpretations of sedimentological,
geochemical, and paleoecological records. Reconstructions of precipitation isotopic compositions
have emerged as a powerful tool to reconstruct rainfall amount in many tropical regions, yet it has
proven difficult to reconcile precipitation isotope records from the IPWP with records of
widespread drying. To evaluate the signals preserved in precipitation isotope records, we produced
new hydrogen and carbon isotope records from Lake Towuti and Lake Matano in Sulawesi,
Indonesia using long-chain n-alkanes. We then compared these new records to existing n-alkanoic
acid records from the same lakes and compiled available marine runoff, salinity, leaf wax hydrogen
isotope (8”Hwax), and leaf wax carbon isotope (8!°Cyax) records in the IPWP. During the last
deglaciation, marine runoff and salinity proxies reveal that precipitation amount began to increase
dramatically at ~12.3 ka at the end of the Younger Dryas. A principal component analysis of
precipitation isotope records indicates a shift from more *H-enriched to H-depleted waxes
at ~12.3 ka as sea level rise inundates most of the Sunda and Sahul shelves, coincident with runoff
and salinity proxies, suggesting precipitation isotopes respond strongly to rainfall amount in this
region. Over 70% of IPWP §'3Cyax records show a transition from more to less '*C-enriched waxes
beginning about 19.9 ka, prior to the reconstructed increases in precipitation. We suggest that
vegetation shifted in response to the changing seasonality of precipitation. The dramatic changes
in the IPWP during the last deglaciation highlight the capacity for the region to experience dynamic

changes in precipitation, vegetation, and atmospheric circulation.
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1. Introduction

The Indo-Pacific Warm Pool (IPWP) is the largest area of ocean with sea surface
temperatures over 28 °C year-round and plays a vital role in shaping global climate. IPWP climate
variations are highly consequential to the diverse ecosystems in the region and to the livelihoods
of millions of people living on the Maritime Continent. Despite the region's importance, global
climate model projections of future precipitation change over the Maritime Continent diverge (
Iturbide et al., 2020). Reconstructions of precipitation change over the past 30,000 year can
provide valuable evidence to test the ability of global climate models to predict regional climate
change, and to determine the dominant forcings of rainfall variations in the IPWP under the
changing boundary conditions from the Last Glacial Maximum (LGM), at 22 ka, to present.

Sedimentological and palynological records have provided qualitative but critical insights
into past rainfall changes over the Maritime Continent, indicating widespread aridity at the LGM
(Costa et al., 2015; Hamilton et al., 2019; Hope, 2001; Reeves et al., 2013; Russell et al., 2014;
van der Kaars et al., 2000, 2001, 2010; Vogel et al., 2015). Isotopic records have provided
powerful additional constraints on past climate. Carbon isotopes measured in leaf waxes (8'*Cyax)
generally show an expansion of Cs plants during the last deglaciation, which has been attributed
to extended and/or more arid dry seasons and/or reduced annual precipitation at the LGM relative
to modern (Dubois et al., 2014; Ruan et al., 2019; Russell et al., 2014; Wicaksono et al., 2015,
2017; Windler et al., 2019; Wurster et al., 2019). Hydrogen isotope records from leaf waxes
(3*Hwax) and oxygen isotopes measured in speleothems (8'®Ospeico) show more heterogeneous
changes (Ayliffe et al., 2013; Griffiths et al., 2009; Konecky et al., 2016; Krause et al., 2019;
Niedermeyer et al., 2014; Partin et al., 2007; Ruan et al., 2019; Tierney et al., 2012; Wicaksono et

al., 2017; Windler et al., 2019; Wurtzel et al., 2018; Yuan et al., 2023). Precipitation isotopes can
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be directly simulated by isotope-enabled climate models and therefore provide a more direct test
of paleoclimate model simulations, yet the existing isotope records from the [IPWP show diverse
patterns and present discrepancies with simulated precipitation isotopes during the LGM (Du et
al., 2021). It is uncertain whether the differences among precipitation isotope records indicate
complications with the proxies, or whether they arise from actual regional heterogeneity in
precipitation isotopes across the IPWP. For instance, n-alkanoic acids have been used to
reconstruct precipitation isotope at several sites in the region but could derive from aquatic as well
as terrestrial sources (van Bree et al., 2018). However, paleoclimate model simulations suggest
precipitation isotopes may vary substantially within the Maritime Continent and may record
processes other than precipitation amount, due in part to exposure of the Sunda and Sahul shelves
during times with lower sea level than the present day (Du et al., 2021). Unraveling the signals
embedded in precipitation isotope records in this region thus requires careful interrogation of the
proxies themselves, as well as local and regional changes in atmospheric circulation during the
LGM and the ensuing glacial termination.

This study assesses differences between leaf-wax isotope records based on n-alkanoic acids
and n-alkanes preserved in sediments from Lakes Towuti and Matano, Indonesia, and evaluates
the spatiotemporal patterns in precipitation isotope records, marine runoff and sea surface salinity
records, and 8'3Cyax records across the Maritime Continent. We use runoff and salinity records to
estimate the timing and patterns of precipitation change, and compare these to water isotope
records to investigate the atmospheric circulation and water cycle changes recorded by these data.
Additionally, §!3Cyax records enable us to investigate changes in vegetation. The regional
compilations of runoff, salinity, 8'®Ospeico, 8*Hwax and 8'3Cyax allow us to constrain the dominant

drivers of hydroclimate and vegetation change in this region.
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2. Regional Setting

Lake Towuti is a 560 km? lake located near the equator (2.75°S, 121.5°E) in central
Sulawesi, Indonesia, a 174,600 km? island in the center of the IPWP (Figure 1). Lake Towuti is at
318 m elevation, receives ~2700 mm of precipitation per year, and has a ~1644 km? watershed (
Konecky et al., 2016; Russell et al., 2020). The majority of precipitation falls from February to
May during the Australian-Indonesian summer monsoon season, with over 200 mm of
precipitation per month from the austral Asian monsoon sourced from the northwest (Konecky et
al., 2016). Rainfall during the dry season (August to October), brought by winds from the southeast
associated with the Asian summer monsoon, still averages over 50 mm of precipitation per month
(Konecky et al., 2016). Lake Matano (2.5°S 121.3°E) is also located in Sulawesi, 10 km north of
Lake Towuti. It is the deepest lake in Indonesia with a maximum depth of 590 m (Wicaksono et
al., 2015). The catchment area has a mean altitude of 650 m and a lake-surface area of 276 km? (
Wicaksono et al., 2015). HYSPLIT4 back-trajectory analysis indicates that air masses originate
from the southeast during the June through October dry season and from the northwest in the
November through May wet season, in addition to precipitation events sourced over local oceans
(Konecky et al., 2016). Regionally, precipitation maxima migrate from northern Australia in
December through January to southeast Asia in March through November (Figure Al).
Precipitation minima migrate from southeast Asia in Boreal Winter to northern Australia in Austral

Fall and Winter (Figure A1).

3. Methods

3.1 Modern precipitation isotopes
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Konecky et al. (2016) presented monthly rain gauge and precipitation isotope
measurements from 2013 to 2015. Here we present additional monthly modern isotope and rain
gauge data, extending the study period from the beginning of the study in January 2013 into August
of 2016. The rain gauge measurements and water samples were collected approximately ~8 km
west of Lake Towuti in the village of Wawondula. Precipitation was collected as described by
Konecky et al. (2016) and the amount was measured every day with a Stratus RG202 Professional
rain gauge. The water samples were sealed, refrigerated, and analyzed on a Picarro L1102-I
Isotopic Water Liquid Analyzer at Brown University. We averaged the monthly rainfall over the
entire study period and calculated the average isotopic composition of the rainwater by weighting

the isotopic composition by the precipitation amount.

3.2 LGM, Early Holocene, and Pre-Industrial climate simulations

iTRACE is performed with the isotope-enabled Community Earth System Model version
1.3 (iCESM) (Brady et al., 2019), which is composed of the Community Atmosphere Model
version 1.3 (CAMS.3), the Community Land Model version 4 (CLM4), Parallel Ocean Program
version 2 (POP2), and Los Alamos Sea Ice Model, version 4 (CICE4). Here we used simulated
precipitation amount and isotopic precipitation at the LGM (20.0-19.9 ka), the Early Holocene
(11.1-11.0 ka), and Pre-Industrial (PI; 1850 CE) from the isotope-enabled Transient Climate
Evolution (iTRACE) experiment, as described in Du et al. (2021) and He et al. (2021), to compare
with our proxy record and instrumental observations from Lake Towuti. The Lake Towuti and
Matano region is defined as extending from 1°S to 4°S and 120°E—123°E, which includes two

grids cells that we averaged.
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3.3 Sample preparation and analysis

The samples from Lake Towuti were taken from a piston core (IDLE-TOW10-9B)
recovered from the center of Towuti's northern basin (Russell et al., 2014, 2020). There are 23
radiocarbon dates in the top 43 kyr of sediment (Russell et al., 2014), which we calibrated to
Intcal20 and used to develop an age-depth model with Bacon in R (Blaauw and Christen, 2011) as
described in Parish et al. (2023). Samples from Lake Matano were collected from IDLE-MAT10-
5A. There are 10 radiocarbon dates in the top 46-kyr of sediment (Wicaksono et al., 2015), which
we calibrated to Intcal20 and used to develop an age-depth model with Bacon in R (Blaauw and
Christen, 2011).

Previous work (Russell et al., 2014; Wicaksono et al., 2015) extracted lipids from these
sediments using a DIONEX Accelerated Solvent Extractor using dichloromethane:methanol (9:1).
The lipid extract was divided into neutral and acid fractions using dichloromethane:isopropanol
(2:1) and ethyl ether:acetic acid (96:4) over an aminopropy] silica gel column. Whereas prior work
(Russell et al., 2014; Wicaksono et al., 2015) analyzed the isotopic composition of n-alkanoic
acids, we focused on analysis of n-alkanes. To do so, we used silica gel columns to separate lipids
within the neutral fraction, using hexane to isolate n-alkanes. We used silver thiolate columns to
remove unsaturated compounds (Garelick et al., 2021; Ruan et al., 2019). We quantified the
abundance of Cag, C31, C33 n-alkanes using a gas chromatography flame ionization detector (GC-
FID), and measured 8°H and 8'3C of Cay, C31, and Cs3 n-alkanes using a gas chromatography
isotope ratio mass spectrometer (GC-IRMS). 8*H was measured in triplicate and 8'3C was
measured in duplicate on an Agilent 6890 GC with an HPI-MS column
(30 m x 0.25 mm % 0.25 um), coupled to a Thermo Delta Plus XL IRMS with a reactor

temperature of 1425 °C for hydrogen and 1000 °C for carbon. A mixture of n-alkane standards
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from Arndt Schimmelmann (Indiana University) was injected every six samples to test for
instrument drift and was used to correct the measured values to Vienna Standard Mean Ocean
Water (VSMOW). The H3 factor was ~2 and stable during the analyses, suggesting no or minimal
fluctuation in IRMS performance. Measured isotopic values were accepted if the voltage was
between 3 and 8 V. From Lake Towuti, we analyzed 55 samples, spanning the past 30,000 years
for an average sampling resolution of 1 sample every 567 years, with a minimum sampling
resolution of 121 years and maximum sample resolution of 2197 years. From Lake Matano, we
measured 31 samples over the past 32 kyr, resulting in an average sampling resolution of one
sample every 986 years. The minimum sampling resolution was 314 years and the maximum
sampling resolution was 2172 years. We measured 8'*Cyax in both Towuti and Matano at about
half the resolution of the 8*Hwax data. From Lake Towuti we measured 31 samples and we

measured 14 samples from Lake Matano.

3.4 Leaf wax isotope corrections and interpretations

The 8°H of long-chain n-alkanes preserved in lake sediment generally reflects the isotopic
composition of precipitation (Sachse et al., 2012). Longer chain length n-alkanes such as
Cs1 alkanes are more likely to be derived from terrestrial leaf waxes than shorter chain length n-
alkanes or n-alkanoic acids (Sachse et al., 2012; van Bree et al., 2018). Terrestrial plants take up
meteoric water, derived from precipitation, to synthesize these epicuticular waxes, with an
apparent fractionation between water and wax related primarily to evapotranspiration and
biosynthetic fractionation. Because different plants have different apparent fractionation, it is
common to correct the measured 6*Hywax for changes in apparent fractionation to estimate the 5°H

of the precipitation (8*Hprecip) (Konecky et al., 2016; Lupien et al., 2021). Changes in apparent
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fractionation are often estimated from 8!°Cyax values, which primarily record the relative
abundances of plants that use the Cs and C4 photosynthetic pathways. Although this approach is
common in the literature, we examined the apparent fractionation of Cs; alkanes in plants using
the C3 and C4 photosynthetic pathways from Sachse et al. (2012) taken within 30° of the equator
and found no significant difference between C; and Cs4 plants (Konecky et al., 2016; Figure A2).
It is possible that a larger modern Cs; alkane 8°H dataset could document a larger apparent fraction
in C; plants; however, the existing Cs; alkane data indicates Cs plants have a smaller (but not
significantly different) mean apparent fractionation than C4 plants (Hutchings and Konecky, 2020
,2022). Because we are unable to determine the apparent fractionation from existing data, we
therefore used the average apparent fractionation of both Cs; and C4 plants, rather than using an
endmember mixing model, to estimate 8*Hprecip. The average fractionation of all tropical Cs and
Csplants is —135%0 for Csjalkanes (Sachse et al., 2012). The Towuti Cos alkanoic
acid 8*Hywax record was corrected using a constant offset of —129%o, which is the average apparent
fraction of all tropical C3 and C4 plants for Cz7 alkanes (Sachse et al., 2012).

To help visualize changes in 6*Hprecip attributable to rainfall amount and atmospheric
circulation, we corrected the 8?Hprecip for changes in seawater 8°H by interpolating the global
benthic 8'%0 stack (Lisiecki and Raymo, 2005) to the resolution of our measurements. To do so,
we scaled the 8'%0 stack values to account only for the change attributable to changing ice volume
(Schrag et al., 1996), converted 3'%0 to hydrogen space using the global meteoric water line, and
subtracted the effect of the change in the isotopic composition of global seawater from the

measured 3*Hprecip.

3.5 Proxy record synthesis
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We compiled all regional runoff, 330 of sea water (8%0sw), 8'®Ospeico, 8*Huwax,
and 8!3Cyax records in the IPWP that span the last deglaciation. We only included records that had
at least three age controls between 20 and 12 ka and that span 21 ka to 2 ka. §!80s records were
produced using identical methods as Gibbons et al. (2014). Briefly, sea surface temperatures (SST)
were used to convert the 8'8Ocaicitc records to 880y using the following equation, where
a=165+02°C,b=-4.80+0.16 °C, and T is the measured SST:

8"80sw = -T/b + a/b + "8 Ocalcite

Then, a 0.27%o adjustment was used to convert the records from VPDB to VSMOW, and isotopic
changes in seawater driven by ice volume were removed. 8'®Ospeico measurements were converted
to 8°H values assuming 8'¥Ospeieo directly record precipitation isotopes, with no impact of changes
in cave temperature, and scaling the 8'80peico using the global meteoric water line. To detect the
dominant modes of variability in the data, we performed both a principal component analysis
(PCA) and stacking (averaging) of each set of proxy records after interpolating all records to a
common timestep. The timestep was the mean resolution of all the records.

Using the 8'3Cyax we calculated the percentage of Cs plants contributing to the sedimentary
leaf wax pool using the mixing model described in Konecky et al. (2016). The median §'*C
composition of C; and C4 plants calculated from the n-alkanes of tropical plants were used as the
endmembers in the mixing model. In the tropics, C3 plants have a median 8'3C of C3; n-alkanes of
—35.9 £ 2.2%o (median + standard deviation, n = 20) and Cs plants have 8'3C of C3; n-alkanes of

—22.1 £ 2.6%o0 (median + standard deviation, n = 12; Figure A.2; Sachse et al., 2012).

3.6 Changepoint detection
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We used the EnvCpt package in R to identify changepoints in the trend (slope) in all of the
compiled hydroclimate records (Killick et al., 2021). The changepoints were determined by
calculating stepwise linear functions that minimize the total residual error. We interpret the
changepoint detected between 22 and 8 ka in each set of records as the timing of a deglacial
changepoint, confirmed by visual inspection of the proxy data. We determined the uncertainty of
the timing of each changepoint, using Bacon to recalibrate the published radiocarbon dates to

IntCal20 and calculate the age uncertainty (Blaauw and Christen, 2011).

4. Results
4.1 Modern climatology and precipitation isotopes

From January 2013 to August 2016, the individual monthly isotopic composition of the
collected precipitation is correlated, albeit weakly, with precipitation amount (R? = 0.25; p<0.01;
Figure 2B). Precipitation amount and its isotopic composition are highly correlated when
averaging the monthly values from the entire study (R? = 0.79; p<0.01; Figure 2C). The positive
correlation between 2013-2015 rain gauge measurements from Lake Towuti and precipitation data
from the region (Konecky et al., 2016) indicates that precipitation at Lake Towuti is representative
of central Sulawesi precipitation, which itself is correlated to precipitation variations over a large

region of central and southern Indonesia (Konecky et al., 2016).

4.2 Simulated LGM, Early Holocene, and PI climatology and precipitation isotopes
In the iTRACE simulation, the seasonal patterns of precipitation are somewhat similar to
modern observations, though iTRACE simulates substantially less seasonality during the PI than

we observe during the present-day. The model simulates wet conditions through much of the year,
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but with an ASO dry season, similar to the modern observations (Figure 3C). The monthly
precipitation modeled by the PI iTRACE simulation is moderately correlated with 8*Hprecip
(R?=0.31; p=0.06; Figure 3D). The monthly precipitation amount simulated with the PI
iTRACE simulation is not strongly correlated with the modern 4-yr average (R> = 0.27; p = 0.09).
The simulated 8*Hprecip is strongly correlated with the average from the modern 4-yr study
(R2=10.69; p<0.01). Although the seasonality of precipitation is not simulated well in the area
around Lake Towuti, the model's performance is satisfactory across the larger Asian monsoon
region (He et al., 2021). During the LGM, the model simulates substantially less precipitation than
in the modern, with a particularly large reduction in precipitation during the ASO dry season
relative to preindustrial (Figure 3G). The isotopic composition of precipitation has a similar
seasonality to the observations in the PI, Early Holocene, and LGM, and it is positively correlated
with precipitation amount in the LGM simulation (R? = 0.76; p < 0.01; Figure 3H). The iTRACE-
simulated Early Holocene precipitation shows precipitation maxima in June and December—
January (Figure 3E). Precipitation amount is only moderately correlated with the isotopic
composition of rainwater during the Early Holocene (R? = 0.32; p < 0.01; Figure 3F). Precipitation
during the dry season greatly increased during the Early Holocene, compared to at the LGM (
Figure 3). The transient iTRACE simulations shows that the percent of dry season (ASO)
precipitation on Sulawesi increases from ~15% at the LGM to ~18% in the Early Holocene

and ~35% in the PI (Figure 3I).

4.3 Lake Towuti and Lake Matano leaf-wax isotope records
Variations in the relative abundance of different n-alkanes can provide information about

the sources of these lipids. The carbon preference index (CPI) can be used to assess the state of
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preservation of the alkanes, wherein fresh vegetation can have a CPI of 6 or higher and a CPI of
~1 indicates that the hydrocarbons in a sample are highly degraded and potentially from oil (Bray
and Evans, 1965). The average carbon preference index (CPI) value of the Towuti samples was
3.3, with a maximum of 4.8 and minimum of 2.6. The average CPI value from Matano was 4.0,
with a maximum value of 5.8 and a minimum value of 2.6. Overall this indicates the n-alkanes
were well-preserved. The average chain length (ACL) calculated for C25 to C33 from Towuti was
29.5, with a maximum of 30.0 and a minimum of 28.5. The average ACL from Matano was 29.7,
with a maximum of 30.5 and a minimum of 27, indicating the n-alkanes are most likely derived
from terrestrial plants.

The Towuti Ca9, C31, C33 8*Hwax records (not corrected for vegetation and ice volume) show
’H-enrichment at the LGM relative to the H-depletion in the Holocene (Figure 4A). All of the
homologues show a similar structure and amplitude of change. C3i 8*Hyax is positively correlated
with C29 8*Hwax (R? = 0.64; p<0.01) and C33 8?Hyax (R? = 0.30; p<0.01). The greatest differences
between homologues occurs between 30 and 26 ka, when Ca9 8*Hyax is more 2H-depleted than Cs;
and C33 8®Hwax (Figure 4A). Like Towuti, the uncorrected C3i 8*Hwax record from Lake Matano
shows H-enrichment at the LGM and *H-depletion during the Holocene, but the shift is smaller
than observed at Lake Towuti (Figure 4C). The uncorrected Matano Cz9 8*Hwax record shows the
greatest magnitude of change from the LGM to the Holocene. The Cs3 8*Hwax record has
considerable *H-depletion at ~9.5 ka, which is not reflected in the other homologues. The shift to
2H-depleted values in the Holocene in all of the homologues occurs about 12 ka, more than 5 kyr

after the onset of deglacial warming on Sulawesi recorded from this same set of samples in Lake

Towuti (Parish et al., 2023).
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After correcting the 8?Huwax values for ice volume and the isotopic fractionation by plants,
the resulting 8*Hprecip indicates similar isotopic compositions during the LGM and Holocene with
the most *H-enrichment occurring at 12 ka (Figure 5A). Using an end-member mixing model
(Konecky et al., 2016), rather than our constant apparent fractionation, to estimate apparent
fractionation and to correct the 8?Hywax to 2Hprecip does not considerably impact the 8?Hprecip records
(Figure A.7). The Towuti n-alkane-based &*Hprecip record and the n-alkanoic acid based 8?Hprecip
record (Konecky et al., 2016) share common trends (Figure 5A). Both records are slightly more
2H-depleted during the LGM and during the Holocene and more H-enriched between 17ka and
10 ka. The n-alkane and n-acid records are not strongly correlated when including all individual
measurements (R?=0.08; p>0.05). However, calculating the correlation between the 2,000-yr
moving averages to smooth the data results in a stronger correlation (R?=0.36; p=0.02).

The similarity between the alkane 8*Hprecip record from nearby Lake Matano and the Lake
Towuti 8*°Hprecip record supports the interpretation that the records reflect the isotopic composition
of the rainwater received by terrestrial plants over the past 30 kyr. The different absolute values
between the alkane and acid records at Lake Towuti may be due to aquatic contributions to Cag n-
acid (van Bree et al., 2018). In principle, if the n-alkanoic acids were produced by aquatic plants
that reflect the isotopic composition of the lake water, we might expect the n-alkanoic acids to be
more H-enriched than the terrestrial n-alkanes, particularly in samples from the LGM when the
region experienced drying (Russell et al., 2014) and the lake level was ~30 meters lower than
present (Vogel et al., 2015). However, we do not observe “H-enrichment of acids relative to alkanes
during the LGM compared to the Holocene. Temperate sites have reported n-alkanes that are 30%o
more depleted than n-acids (Chikaraishi and Naraoka, 2007; Hou et al., 2008). However, in

samples from the Amazon and Andes there is not a significant difference between Cso acids and
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Cy9 alkanes (Feakins et al., 2016). The differences between the n-acid and n-alkane records may
be due to differences in apparent fractionation for which we cannot account, particularly given the
uncertainty in sources for Cag n-acid to tropical lake sediments (van Bree et al., 2018).

The Ca9, C31, C33 8'3C records from Towuti show shifts from '3C-enrichment at the LGM
to 13C-depletion during the Holocene. Ca9 8'C shows a ~6%o shift from -27 to -33%., C31 8'°C
shows a ~7%o change from -26 to -33%o, and C33 8!°C shows a ~8%o change from -24 to -32%eo
(Figure 4B). 8'°C n-alkane and n-acid records from Lake Towuti are similar throughout the past
30 kyr, though the n-acid record is more depleted during the Holocene than the alkane record
(Figure 5B). At Lake Matano, the C3; 8'3C record shows a ~9%o change, from -24%o at the LGM
to -35%o in the Holocene, and the Cz 8'°C record shows a slightly smaller amplitude change
(Figure 4D). The structure of LGM-to-Holocene change in the Matano Cay and C31 8'°C records is
similar to the Ca¢ and Cas 8'*C records from Matano (Figure 5¢; Wicaksono et al., 2015). However,
the Ca6 and Cag n-acids from Matano are more '*C-depleted for the last 20 kyr than at Towuti and
show a smaller amplitude of change from the LGM to the Holocene. It is unclear why the n-acid
amplitude of change in 8!°C is greater than n-alkanes at Towuti and less than n-alkanes at Matano
(Figure 5B and 5C). The acid record may have non-terrestrial contributions (van Bree et al., 2018).

Alternatively, different plants produce different relative abundances of alkanes and acids

(Contreras et al., 2023).

S. Discussion
5.1 Surface runoff and precipitation during the deglaciation
Our syntheses of proxy reconstructions of rainfall, precipitation isotopes, and geochemical

records of vegetation provide new insight into IPWP paleoclimate dynamics and the sensitivity of
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vegetation to rainfall. We rely on indicators of precipitation change other than precipitation
isotopes and vegetation to help elucidate rainfall history and its influences on IPWP precipitation
isotopes and ecosystems. Specifically, we synthesized four surface runoff records and 12 salinity
records in the IPWP as recorders of precipitation amount. There are four marine and lacustrine
geochemical runoff records in the IPWP with at least three age controls between 20 and 12 ka and
that span 21 to 2 ka (Table 1; Costa et al., 2015; Fraser et al., 2014; Hollstein et al., 2018; Mohtadi
etal., 2011). The two marine records of In(Ti/Ca) (Hollstein et al., 2018; Mohtadi et al., 2011), one
marine record of log(Fe/Ca) (Fraser et al., 2014), and one lacustrine Ti concentration record (Costa
et al., 2015) included in our synthesis, assume that rainfall is the dominant control on erosion,
which supplies Ti and Fe to sediments. Changepoint analysis of the four runoff records (Killick et
al., 2021) shows that Ti began to increase at between 14.7 and 9.1 ka with an average of 12.4 ka
(Table 1; Figure 10).

There are 12 3'¥Ogy records in the IPWP with at least three age controls between 20 and
12 ka and span 21 to 2 ka (Table 1; Fan et al., 2018; Gibbons et al., 2014; Levi et al., 2007; Mohtadi
et al., 2010; Rosenthal et al., 2003; Sarnthein et al., 2011; Schroder et al., 2018; Stott et al., 2007,
2002; Visser et al., 2003; Xu et al., 2008). 3'®Os is a proxy for sea surface salinity and rainfall
isotopic composition (Gibbons et al., 2014). Changepoint analysis indicates that shift to more
isotopic depletion and likely decreased salinity begins at an average of 12.3 ka, with the earliest
record shifting at 15.2 ka and the latest record shifting at 10.8 ka (Table 1; Figure 10).

The first principal component (PC1) and the mean of the 16 z-scored runoff and 8'¥Osw
records indicate two pulses of decreased precipitation at ~16 and ~12.5 ka, followed by a shift to
increased precipitation during the Holocene (Figure 6C). Although the LGM is characterized by

depleted isotopic compositions and decreased runoff relative to Heinrich Stadial 1 (~19-15 ka) and
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the Younger Dryas (~12.9-11.7 ka), there is an overall shift to more depleted 5'®Osw and increased
runoff from the LGM to the Holocene that may be attributed to increased precipitation. These
observations are supported by increasing mean grain size during the last deglaciation in a marine
record from southern Java, which Mohtadi et al. (2011) interpreted to reflect increased river runoff
in the region from the LGM to the Holocene, with even drier periods than the LGM at Heinrich
Stadial 1 and the Younger Dryas.

There are potential confounding influences on runoff and salinity proxies. Ln(Ti/Ca) can
be affected by changes in sea level and production and preservation of calcium carbonate, the main
source of Ca to sediment. 5'®Osy can reflect the isotopic composition of rainwater in addition to
surface freshwater balance. For instance, Gibbons et al. (2014) suggest that the relatively salty
(enriched) compositions observed during Heinrich Stadial 1 (~19-15 ka) and the Younger Dryas
(~12.9-11.7 ka) were caused by a distinct isotopic composition of precipitation due to shifts in the
position of the ITCZ, in addition to changes in precipitation amount. However, variations in the
isotopic composition of precipitation are likely to be small relative to the isotopic difference
between the ocean and rainfall, such that 8'®Ogy should primarily trace rainfall amount. The
amplitude of shifts toward enriched 8'Osy during Heinrich Stadial 1 and the Younger Dryas are
very large, and could mask the transition from the LGM to the Holocene. However, the 8804

records still indicate that the LGM is saltier (more enriched) than the Holocene.

5.2 Precipitation isotope records
8'80spelco and 3*Hyax records show heterogeneous precipitation isotope changes within the
IPWP (Ayliffe et al., 2013; Griffiths et al., 2009; Konecky et al., 2016; Krause et al., 2019;

Niedermeyer et al., 2014; Partin et al., 2007; Ruan et al., 2019; Wicaksono et al., 2017; Wurtzel et
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al., 2018; Yuan et al., 2023). This heterogeneity may indicate a complex suite of climatic processes
that affect precipitation isotopes in the [IPWP (Konecky et al., 2016, 2019). However, a PCA of all
IPWP water isotope records (excluding the Towuti n-acid record to avoid overly-weighting Lake
Towuti in the mean and PCA), with at least three age controls during the deglaciation, reveals that
65% of the variance in all 8*Hyax and 8'®Ogpeico Tecords can be explained by the first principal
component (PC1). The mean of the records is similar to PC1 and shows a clear shift from more
’H-enriched to more 2H-depleted precipitation centered at ~12.3 ka in most of the records, as
detected by changepoint analysis (Figure 7C; Table 1). These findings are further supported by a
shift in a Sumatran speleothem record at ~12.5 ka (Wurtzel et al., 2018), though the record was
too short to include in the PCA. A PCA of only the 8*Hwax records (excluding the 8'¥Ospeieo records)
results in PC1 with a nearly identical structure as when the speleothem records are included (Figure
A.5), though the first principal component only explains 48% of the variance in the *Hywax records.
Change point analysis of individual records also indicates an earlier shift around ~14.5 ka, during
Heinrich Stadial 1, in four of the records in addition to the shift at ~12.3 ka (Figure 10).

The timing of the shift in precipitation isotope records, at 12.3 ka (Figure 7) coincides with
the deglacial shift indicated in runoff and sea surface salinity proxies (Figure 10). The agreement
between precipitation isotope records and other precipitation amount proxies may indicate that
8?Hwax and speleothem 8'8Ogpeleo respond strongly to, and may be reliable proxies for, precipitation
amount on orbital timescales in the IPWP. Additionally, the timing of the shift in precipitation
isotope records coincides with flooding of the Sunda and Sahul shelves (Pico et al., 2020). Existing
studies have observed the similar timing of shelf inundation and precipitation amount, as inferred
from 8'¥Ogpeico records (Krause et al., 2019). However, 8*Hwax and speleothem 8'8Ogpeico records

may also be affected by changes in moisture source, cloud type, convergence/divergence, and/or
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moisture transport, many of which also change with Sunda and Sahul shelf inundation (Du et al.,

2021; Konecky et al., 2016, 2019).

5.3 Leaf wax isotope records of vegetation change

8!3Cywax records from the IPWP share common trends (Dubois et al., 2014; Niedermeyer et
al., 2014; Ruan et al., 2019; Russell et al., 2014; Wicaksono et al., 2017, 2015; Windler et al., 2019;
Wurster et al., 2019). A PCA of all marine and lacustrine IPWP §'3Cyax records with at least three
age controls during the deglaciation (excluding the Towuti and Matano n-acid records to avoid
overly weighting these sites) results in a PC1 that explains 96% of the variance in all records
(Figure 8). All records show '3C-enrichment during the LGM relative to '*C-depletion during the
Holocene, except for 91GGC from offshore eastern Borneo (Dubois et al., 2014) and SO189-
144KL from offshore Sumatra (Niedermeyer et al., 2014). The !*C-enrichment at the LGM ranges
from 2 to 9%o heavier than the mean 8'3Cyax between 10 and 8 ka in each record, excluding 91GGC
and SO189-144KL (Table A.1; Figure 8B). Changepoint analysis reveals that the records begin to
become more 3C-depleted between 22.3 and 17.2 ka with an average of 19.9 ka (Table 1; Figure
10).

The amplitudes of change suggest variable changes in vegetation, with the largest
amplitudes signaling substantial decreases in the abundance of plants using the C4 photosynthetic
pathway during the deglaciation. Averaging all 8'3Cyax records from the IPWP results in a ~4%o
shift, from -28 to -32%o, from the LGM to the Holocene (Figure 8C). The largest shifts in §'3Cyax
occurred at the sites with the highest modern mean annual precipitation (Figure 9B); however,
modern mean annual precipitation is not significantly correlated with the magnitude of the LGM-

Holocene shift in 8'*Cyax (R?=0.19; p>0.05).
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The 8'3Cyax shift in the records could be explained by changes in water stress and/or by
changes in the ratio of C3 to C4 plants. Fractionation of carbon is dependent on plant moisture
stress, with wetter conditions leading to more efficient leaf-gas exchange and more depleted 5'°C
values (Diefendorf et al., 2010). A shift in §'3Cyax can also be caused by a shift in the ratio of C3
to C4 plants because of their distinct isotopic compositions (Figure A.2). Many, if not most, of the
records in the IPWP likely record both decreasing moisture stress and increasing Cs plants during
the deglaciation, given palynological evidence for decreasing grass abundance in many parts of
the IPWP (Dubois et al., 2014; Hamilton et al., 2019; Hope, 2001; Ruan et al., 2019; van der Kaars
et al., 2010).

The effects of water stress vs. changes in plant photosynthetic pathway can be difficult to
discern, and we can only definitively diagnose increasing Cs plants from 8'*Cyax when there is a
large shift from values within the modern C4 range to values within the C; range beyond that
expected from water stress alone (Figure A.2). To assess the factors influencing 8!°Cyax, we
calculated the percent C; using a mixing model that does not take into account moisture stress
(Konecky et al., 2016). The individual records show that the two sites with highest modern percent
(> 78%) Cs experienced the greatest change in fraction C; over the deglaciation (Figure 9). These
sites — Lake Towuti and Lake Matano — shift from less than 30% C3 plants at the LGM to over
70% C3 plants during the Holocene, suggesting a reduction in the extent of the closed-canopy
rainforests during the LGM. GeoB10053-7 from offshore Java also shows a large magnitude shift
from below 50% Cs at the LGM to over 68% at modern. Of note, the three sites with highest
modern fraction Cs are also the three sites with records based on isotopic analyses of n-alkanes,
rather than n-acids. However, the comparison between alkanes and acids at Lake Towuti and Lake

Matano indicates that the use of n-acids can either amplify or dampen the magnitude of the shift
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in 8!3C compared to alkanes (Figure 5). The two sites with between 50 and 67% Cs in the most
modern samples (91GGC offshore Borneo and SO189-144KL from offshore Sumatra) do not show
a trend from the LGM to the Holocene, hovering around 60% Cs plants throughout the
deglaciation. The lack of trend at the Borneo site is surprising, as a nearby bat guano 8'*C record
from southern Borneo suggested savannah expansion during the LGM (Wurster et al., 2019). The
modern reconstructed 66% Cs plants at Borneo also does not reflect the tropical lowland and
montane rainforest present today (Dubois et al., 2014), which may point to remote aeolian
contributions of n-acids to these sediments. The two sites with less than 30% C; in their most
modern measurements (SO18515 in Mandar Bay and GeoB10069-3 offshore Java) show a clear
change to more negative values during the deglaciation, but the magnitude of change is much

smaller than the sites that are rainforests today.

5.4 Forcings of precipitation change

Precipitation amount is challenging to reconstruct from proxy archives. Precipitation
isotopes, vegetation change, clastic sediment fluxes, and a variety of other proxies have been used
to estimate precipitation amounts in the past, but all of these proxies are influenced by multiple
climatic, ecologic, and/or geologic processes. We rely on runoff records and §'80sw records as
more direct indicators of precipitation change, which point to increasing precipitation amount
during the Younger Dryas in 8 records, although an initial moisture increase is detected during
Heinrich Stadial 1 in three records (Figure 10). The spread in timing may reflect an increase in
moisture during both Heinrich Stadial 1 and the Younger Dryas, potentially in different parts of

the IPWP, but also highlights the continued difficulty in reconstructing precipitation amount.
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PC1 of precipitation isotopes shifts at ~12.3 ka, which could be further evidence for
increasing precipitation amount during the last deglaciation. However, there are many controls on
the isotopic composition of precipitation in the IPWP. A comparison of precipitation amount and
its isotopic composition during the LGM and the Early Holocene in the iTRACE simulations
indicated variable relationships between precipitation amount and isotopic composition, including
regions with both negative (as predicted by the amount effect) and positive (opposite the amount
effect) correlations (Du et al., 2021). The latter occurred at some sites near exposed shelf areas,
potentially due to shifts in moisture source. The iTRACE experiment simulated a SW-NE dipole
pattern of 8*Hprecip anomalies over the IPWP, with the eastern Indian Ocean showing more 2H-
enrichment during the LGM relative to the Holocene, and 2H-depletion at the LGM relative to the
Holocene in Borneo, Sulawesi, and Papua (Du et al., 2021). The enrichment during the LGM was
attributed to increased divergence and subsidence related to shelf exposure, which favor rain re-
evaporation that removes lighter isotopes over the eastern Indian Ocean (Du et al., 2021). Although
the 8*Hyprecip anomaly showed a dipole structure, the first principal component of precipitation
isotope records revealed more ubiquitous >H-enrichment during the LGM relative to the Holocene
across the Maritime Continent (Du et al., 2021).

Despite the varied influences on runoff, salinity, and precipitation isotope proxies, when
taken together, the synchrony of deglacial shifts in runoff, §!80sw, and precipitation isotope records
provide support for increasing precipitation over the IPWP at ~12.3 ka. The shift from a drier LGM
to a wetter Holocene is supported by a variety of other records, though not all agree with the timing
of this change. A compilation of coral, marine sediment, lake sediment, speleothem, and charcoal
was used to infer increasing precipitation in Indonesia starting at ~17 ka (Reeves et al., 2013). This

timing was largely based on increasing lowland rainforest pollen detected in cores from Java and
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Sumatra (Reeves et al., 2013); however, rainforest expansion may be influenced by a variety of
factors including atmospheric CO; concentrations (Kimbrough et al., 2023) and precipitation
seasonality (Dubois et al., 2014) rather than rainfall amount alone. On Sulawesi there is additional
proxy evidence of increasing moisture during the deglaciation, including a lake level
reconstruction from Lake Towuti (Vogel et al., 2015) and a charcoal record from Lake Lantoa
(Hamilton et al., 2019). However, the timing of rising lake levels is difficult to determine, and fire
frequency is influenced by a variety of climatic and ecological processes.

The timing of the shift in our syntheses, at ~12.3 ka, coincides with the timing of the
flooding of the majority of the Sunda and Sahul shelves, when sea levels rose above 50 m below
modern (Du et al., 2021; Lambeck et al., 2014) at ~12.5 ka (Hanebuth et al., 2000, 2011). Climate
models suggest that the exposure of the continental shelves in the IPWP during the LGM induced
anomalous southeasterlies off the coast of Java and Sumatra, which caused increased upwelling
and cooling (DiNezio et al., 2018). Cooling in the eastern Indian Ocean decreased the zonal SST
gradient and weakened Indian Ocean Walker Circulation, leading to atmospheric divergence and
decreased precipitation over the Maritime Continent at the LGM compared to the Holocene
(DiNezio et al., 2018, 2016; DiNezio and Tierney, 2013; Du et al., 2021). In the iTRACE
simulation, the flooding of the Northwestern Australian Shelf, when sea level rose to 65 m below
modern, caused large-scale precipitation change over the tropical Indian Ocean (Du et al., 2021).
In iTRACE, the Northwestern Australian Shelf was inundated at 14 ka, which is the same time sea
level was expected to be 65 m below modern in the Sunda core region (Hanebuth et al., 2011;
Lambeck et al., 2014), but there are no estimates of the timing of this flooding from the
Northwestern Australian Shelf itself (Lewis et al., 2013). The simulation also indicates increased

precipitation over the Maritime Continent with the flooding of the majority of the Sunda and Sahul

90



shelves at 12 ka, but the simulated increase in rainfall at this time does not cover as broad of a
spatial scale as the shelf inundation at 14 ka (Du et al., 2021).

Our reconstructed timing of increased precipitation reflected in runoff, salinity, and
precipitation isotope records at ~12.3 ka, suggests the flooding of the majority of the Sunda and
Sahul shelves at 12.5 ka caused more significant precipitation increase over the Maritime
Continent than the earlier flooding of the NW Australian shelf when sea level rose above 65 m
below modern and caused the large-scale tropical Indian Ocean dipole. Seven records do indicate
increasing precipitation during Heinrich Stadial 1 (Figure 10), when the NW Australian Shelf may
have become inundated. Further work is needed to investigate interactions between flooding of
different parts of the shelves and climate boundary conditions to unravel the causes of these rainfall

changes.

5.5 Causes of vegetation change

Support for decreasing Cs plants — most notably tropical grasses and sedges — during the
deglaciation is apparent in many palynogical records from the IPWP. Decreasing Cyperaceae,
which is mostly C4 in the tropics (Bruhl and Wilson, 2007), and Poaceae was observed at Lake
Lantoa and Wanda Swamp in Sulawesi, offshore Java, and offshore Sumatra (Dubois et al., 2014;
Hamilton et al., 2019; Hope, 2001; Ruan et al., 2019; van der Kaars et al., 2010). Given the range
in the 8'3C of C3 and C4 plants it is difficult to quantify the extent of C4 expansion during the LGM.
Overall the data are consistent with retraction of C4 sedges and grasses during the deglaciation.

Despite this evidence, not all of the change in 8'3Cyax may be attributed to increasing C3
plants during the deglaciation. A shift from more '*C-enrichment at the LGM to more 3C-depletion

during the Holocene could be controlled by water-stress related to rainfall, humidity, or
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temperature, CO, concentration, or precipitation amount. Increased temperature would cause a
shift to more '3C-enriched values after the deglaciation (Pagani et al., 1999), suggesting
temperature is not the primary control on the 3'*Cyax records in the IPWP. As plants are able to
fractionate carbon isotopes more effectively at higher CO; concentrations, rising CO> could
explain the direction of change during the deglaciation. In northwest Africa, for instance, the
composition of savannah ecosystems is influenced by atmospheric CO> concentrations (Kuechler
et al., 2013; O’Mara et al., 2022). However, changepoint analysis of our IPWP data indicates
83Cywax begins to increase at ~19.9 ka (Table 1), prior to the deglacial CO; increase (Marcott et al.,
2014) at 17.5 ka. The earliest that any runoff or salinity record indicates increasing precipitation is
15.2 ka in SO189-2_039KL, and the largest changes appear to occur at about 12.3 ka, well after
the shift in 8'°Cwax. Although increasing precipitation likely contributes to the expansion of
rainforests, the initial transition in 8'3Cywax cannot be explained by annual precipitation amount
alone. Although the increasing CO: concentrations and increasing annual precipitation likely
contributed to changes in 8'*Cywax through increasing carbon use efficiency and decreasing water
stress, the initial shift in §!*Cyax may be primarily related to other factors.

Dubois et al. (2014) showed, in the present day, 8'3Cyax is more strongly correlated to the
severity of the dry season than to mean annual rainfall. Year-round high precipitation rates are
required to maintain closed-canopy rainforest (Dubois et al., 2014), and a drier and/or longer dry
season can reduce the extent of closed canopy forests and favor C4 grass expansion (Dubois et al.,
2014; Jiang et al., 2019). Although precipitation seasonality is very difficult to reconstruct, some
regional records have inferred increased seasonality at the LGM compared to the Holocene in the
Maritime Continent based on 8'*Cwax, with longer, drier dry seasons and shorter, wetter wet

seasons on Sumba and Palawan (Dubois et al., 2014; Ruan et al., 2019).
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The iTRACE simulation indicates increasing dry season precipitation during the
deglaciation (Figure 11). Although dry season rainfall in the simulation begins to increase at 17.2
ka, rather than 19.9 ka as indicated in the leaf wax records, the shift precedes the shelf-flooding
events at 14 and 12 ka that lead to increased annual precipitation (Figure 11; Du et al., 2021). This
suggests that controls on precipitation seasonality and mean annual amount may diverge, so if dry
season precipitation increased during the deglaciation the change could favor Cs plant expansion
before substantial changes occurred in mean annual precipitation. An increase in JJA precipitation
relative to DJF precipitation in the entire Sunda region (3° S—1° N, 100-104° E) was also observed
in the TRACE simulation (Héllberg et al., 2022). The JJA/DJF ratio gradually begins to increase
at the beginning of the simulation, at 20 ka, and rapidly increases at 14.7 ka at the beginning of the
Bolling-Allered (Hillberg et al., 2022).

Although we have no direct proxy evidence to support the simulated changes in
precipitation seasonality, it is difficult to explain the early transitions in 8'3Cyax relative to changes
in rainfall amount, temperature, and atmospheric CO> concentrations. We infer that the transition
in 8'3Cyax may have been initiated by an increase in dry season precipitation. Continued increases
in dry season precipitation, as well as mean annual precipitation and atmospheric CO», likely
contributed to the subsequent expansion of closed-canopy rainforests and C3 plants later during

the deglaciation.

6. Conclusions
As sea level rose during the last deglaciation, runoff and salinity proxies indicate increasing
precipitation over the Maritime Continent as a result the flooding of large areas of the Sunda and

Sahul shelves at ~12.3 ka. The inundation of the shelves led to a large-scale depletion in the
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isotopic composition of 8?Hwax and 8'8Ospeico at ~12.3 ka in response to increasing precipitation
amount and convergence. 8'3Cyax begins to decrease at ~19.9 ka, well before CO> and annual
precipitation begin to increase, pointing to a change in the seasonality of the precipitation as the
initiator of changing 8'*Cywax through a shift to more C3 plants. The increase in CO and annual

precipitation continue to shift §'*Cyax to more negative values throughout the deglaciation.
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Table 1 — All IPWP records included in compilation. Deglacial changepoints as detected by

detected using the “EnvCpt” package in R (Killick et al., 2021).
g pt_p g

Paper Proxy Location Core/Cave Deglacial Age
changepoint | uncertainty at
(ka) changepoint
(ka)
Mohtadi et al. | Ln(Ti/Ca) South of | GeoB10053-7 | 13.0 0.4
(2011) East Java
Hollstein et al. | Ln(Ti/Ca) North of | GeoB17419-1 | 9.1 0.9
(2018) New Guinea
Fraser et al. | Log(Fe/Ca) Offshore MD06-3075 12.6 0.9
(2014) Mindanao
Costa et al.|Ti Lake TOW9B 14.7 0.9
(2015) Towuti
Mohtadi et al. | §"®Ocacite Offshore SO189- 14.7 0.7
(2014) Sumatra 2 119KL
Mohtadi et al. | §¥Ocalcite Offshore SO189- 15.2 and | 0.2 and 0.2
(2014) Sumatra 2 039KL 11.5
Sarnthein et al. | §'80cacite Timor Sea | MD01-2378 Not NA
(2011) and Xu et detected
al. (2008)
Schroder et al. | §"80calcite Makassar GIK18526-3 | 10.9 0.4
(2018) Strait
Schroder et al. | §'80cacite Makassar GIK18519-2 | Not NA
(2018) Strait detected
Schroder et al. | §'80cacite Makassar GIK18522-3 11.8 0.2
(2018) Strait
Fan et al. (2018) | 8% Ocalcite Makassar MD98-2178 114 0.3
Strait
Stott et al. (2007) | 8'80catcite Offshore MD98-2176 Not NA
West Papua detected
Stott et al. (2002) | 8'80catcite Offshore MD98-2181 12.9 0.2
Mindanao
Gibbons et al. | 830calcite Savu Sea GeoB10069-3 | 12.4 0.5
(2014)
Levi et al. (2007) | 8" Ocalcite Offshore MD98-2165 12.7 0.4
Flores
Visser et al. | §®0alcite Makassar MD98-2162 10.8 0.6
(2003) Strait
Ruan et al. (2019) | C31  n-alkane | Offshore GeoB10053-7 | 13.4 0.3
&*H Java
This study Cs1  nm-alkane | Lake TOWIB 9.5 0.6
&’H Towuti
Konecky et al. | C28  m-acid | Lake TOWIB 11.3 0.4
(2016) 8°H Towuti
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This study Cs1  nm-alkane | Lake IDLE- 12.0 2.2
3*H Matano MATI10-2B
Wicaksono et al. | C28  n-acid | Mandar Bay | SO18515 10.8 0.4
(2017) &’H
Niedermeyer et | C30  m-acid | Offshore SO189- Not NA
al. (2014) 3*H Sumatra 144KL detected
Krause et al. | Speleothem Sulawesi Gempa Bumi | 144  and | 0.1and 0.2
(2019) 3180 Cave 12.4
Partin et al. | Speleothem Borneo Snail  Shell | 14.6  and | 0.1 and 0.1
(2007) 3180 and Bukit | 12.3
Assam caves
Ayliffe et al. | Speleothem Flores Liang  Luar | 11.5 0.1
(2013) 380 Cave
Yuan et al. (2023) | Speleothem Sulawesi Southwest 147 and | 0.2 and 0.2
380 Sulawesi 10.5
caves
Dubois et al. | C30  m-acid | Offshore 91GGC Not NA
(2014) 313C Borneo detected
Niedermeyer et | C30  n-acid | Offshore SO189- Not NA
al. (2014) 313C Sumatra 144KL detected
Dubois et al. | C30  m-acid | Offshore GeoB10069-3 | 19.8 0.7
(2014) d13C Java
Wicaksono et al. | C28  n-acid | Mandar Bay | SO18515 19.8 0.5
(2017) d13C
Ruan et al. (2019) | C31  n-alkane | Offshore GeoB10053-7 | 19.5 0.5
d13C Java
This study Cs1  nm-alkane | Lake TOWIB 223 0.8
d13C Towuti
Konecky et al. | C28  nm-acid | Lake TOWIB 17.2 0.6
(2016) 313C Towuti
This study Cs1  nm-alkane | Lake IDLE- 20.8 1.4
s13C Matano MATI10-2B
Wicaksono et al. | C28  m-acid | Lake IDLE- Not NA
(2015) 313C Matano MATI10-2B detected
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Figure 1 — Lake Towuti and Lake Matano are located on the island of Sulawesi near the
middle of the Indo-Pacific Warm Pool. The map on the left shows nearby hydroclimate
records that span the last deglaciation, numbered as follows: 1. Lake Towuti (this study;
Konecky et al., 2016; Russell et al., 2014), 2. Lake Matano (this study; Wicaksono et al.,
2015), 3. GeoB10053-7 (Mohtadi et al., 2011; Ruan et al., 2019), 4. GeoB17419-1 (Hollstein et
al., 2018), 5. MD06-3075 (Fraser et al., 2014), 6. SO189-2_039KL (Mohtadi et al., 2014), 7.
S0189-2 119KL (Mohtadi et al., 2014), 8. MD01-2378 (Sarnthein et al., 2011; Xu et al., 2008),
9. GIK18526-3 (Schroder et al., 2018), 10. GIK18519-2 (Schrdder et al., 2018), 11. GIK18522-
3 (Schroder et al., 2018), 12. MD98-2178 (Fan et al., 2018), 13. MD98-2176 (Stott et al., 2007),
14. MD98-2181 (Stott et al., 2002), 15. GeoB10069-3 (Dubois et al., 2014; Gibbons et al.,
2014), 16. MD98-2165 (Levi et al., 2007), 17. MD98-2162 (Visser et al., 2003), 18. SO18515
(Wicaksono et al., 2017), 19. SO189-144KL (Niedermeyer et al., 2014), 20. Gempa Bumi Cave
(Krause et al., 2019), 21. Snail Shell and Bukit Assam caves (Partin et al., 2007), 22. Liang
Luar Cave (Ayliffe et al., 2013), 23. SW Sulawesi caves (Yuan et al., 2023), and 24. 91GGC
(Dubois et al., 2014). Mean annual sea surface temperatures (SST) from 1991-2021 from
reanalysis data (Kalnay et al., 1996). SST and the digital elevation models are plotted using
the “raster” package in R (Hijmans et al., 2022).
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Figure 2 — A) Monthly rain gauge and precipitation isotope data from Lake Towuti from
2013-2016. B) Linear regression of the monthly precipitation amount and 8?H. C) Linear
regression of the average monthly precipitation amount and weighted 8*°H from 2013-2015
measurements from the rain gauge.
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Figure 3 — A) Monthly average precipitation and isotopic composition from the 2013-2015
study period and B) the associated linear regression. C) Monthly iTRACE-simulated
difference between precipitation amount and precipitation isotopic composition at the Pre-
Industrial (PI, 1850 CE) and D) the linear correlation, E) Last Glacial Maximum (LGM, 20-
19.9 ka) and F) the linear correlation, and G) the Early Holocene (EH, 11.1-11.0 ka) and H)
the linear correlation. I) The transient evolution of the ASO fraction of annual precipitation
and annual precipitation.
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Figure 4 — A) Uncorrected 8*Hyax of C29, C31, and Cs3 alkanes measured from Lake Towuti.
B) 8!13Cyax of C29, C31, and C33 alkanes measured from Lake Towuti. C) Uncorrected 3?Hyyax
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Figure 6 — (A) Map of the location of all the sites included in the synthesis of IPWP 5!30,,
and runoff records with at least three age controls between 20 and 12 ka (Costa et al., 2015;
Fan et al., 2018; Fraser et al., 2014; Gibbons et al., 2014; Hollstein et al., 2018; Levi et al.,
2007; Mohtadi et al., 2014, 2011; Rosenthal et al., 2003; Sarnthein et al., 2011; Schroder et
al., 2018; Stott et al., 2007, 2002; Visser et al., 2003; Xu et al., 2008), colored by their loading
on PC1. (B) Z-scores of all the 8'8Qsy and runoff records. (C) The mean z-score (orange) and
PC1 (black) of the records.
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least three age controls between 20 and 12 ka (Ayliffe et al., 2013; Griffiths et al., 2009;
Konecky et al., 2016; Krause et al., 2019; Niedermeyer et al., 2014; Partin et al., 2007; Ruan
et al., 2019; Wicaksono et al., 2017; Yuan et al., 2023), colored by their loading on PC1. The
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Appendix

Table A.1 — 813Cyax records included in compilation. Mean annual precipitation from 1992-
2022 from GPCP data with 1° resolution (Adler et al., 2018). Magnitude of deglacial shift in
33 Cyax calculated by subtracting the mean between 10 and 8 ka from the mean between 22
and 20 ka.

Paper Proxy | Location | Core Mean annual | Magnitude
precipitation (mm) of shift (%o)

Dubois et al. | C30 Offshore | 91GGC
(2014) n-acid | Borneo 2817 -1.3
Niedermeyer | C30 Offshore | SO189-
etal. (2014) | n-acid | Sumatra | 144KL 2207 -1.21
Dubois et al. | C30 Offshore | GeoB10069-
(2014) n-acid | Java 3 1032 2.22
Wicaksono | C28 Mandar | SO18515
etal. (2017) | n-acid | Bay 2265 3.87
Ruan et al. | C31 n- | Offshore | GeoB10053-
(2019) alkane | Java 7 2617 3.9
This study Cs1 n- | Lake TOWIB

alkane | Towuti 3114 7.44
This study Cs1 n- | Lake IDLE-

alkane | Matano | MATI10-2B | 3114 9.34
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Figure A.1 — Fraction rainfall in every season across the IPWP using GPCP data (Adler et
al., 2018).
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Figure A.2 — Boxplots of the apparent fractionation of 82H and 8'3C of C3; n-alkanes by all
C3 and C4 plants included in the Sachse et al. (2012) compilation from between 30°S to 30°N.
A t-test reveals that the mean apparent fractionation 2H/H of C3 and C4 plants is not
significantly different (p-value = 0.82), and mean 8'3C is significantly different (p < 0.001).
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Figure A.6 — PCA of all 8*Cyax records from the IPWP (excluding the Matano acid record
to avoid overly weighting Lake Matano in the mean and PCA). The mean resolution of all
the records is 0.8 ka, which was used as the common timestep.
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Figure A.7 — Raw 8*Hyax of Ca9, C31, and C33 alkanes measured from Lake Towuti (black),
vegetation corrected using an end-member mixing model described in Konecky et al. (2016)
(orange), and vegetation and ice volume corrected (purple). 8'3Cyax of Cz9, C31, and Cs3
alkanes measured from Lake Towuti.
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Abstract

The Mid-Pleistocene Transition (MPT, ~950 ka) was a fundamental change in Earth’s
climate, when 100-kyr glacial cycles began to dominate the high latitudes. Though the MPT is
considered a global climate transition, there are few records from the Indo-Pacific Warm Pool
(IPWP) and none from the Maritime Continent (MC). We produced an organic geochemical
record of temperature from Lake Towuti, Indonesia that spans the past one million years to
document regional patterns and to constrain the forcings and amplitude of terrestrial temperature
in the region. Temperatures cool after the MPT, consistent with global patterns, and the
appearance of 100-kyr cycles and increasing amplitude of glacial-interglacial cycles point to CO2
as the dominant forcing of temperature. Significant 41-kyr cycles during the past ~430 kyr point
to an additional role of global ice volume in determining MC temperature through ice sheet
topography and/or sea level effects. Over the past 700 kyr we observe 1.45 times as much
warming during deglaciations as SSTs, consistent with existing estimates from other regions in

the tropics during the last deglaciation.

Plain Language Summary

Over the past one million years the earth has cycled between glacial periods — when all of
Canada, the northern United States, and northern Europe were covered by massive ice sheets —
and interglacial periods like today. These cycles have a global impact in large part because
atmospheric greenhouse gas concentrations cycle with large changes in ice volume, with more
greenhouse gases in the atmosphere during interglacial periods and less greenhouse gases in the
atmosphere during glacial periods. We used these cycles to test the impact of changing

greenhouse gases on climate in Southeast Asia. Ultimately, we hope this will tell us how
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sensitive this region, which has one of the highest populations on Earth, will be to anthropogenic
increases in greenhouse gases. For now, we determined that Indonesia will likely experience 1.5
times as much warming as is predicted for ocean temperatures, which is similar to other regions

in the tropics.

1. Introduction

The Mid-Pleistocene Transition (MPT) at ~950 ka is the most recent major reorganization
of the Earth’s climate, when 100-kyr glacial cycles became the dominant mode of variability
(Herbert, 2023). SST records show that in many regions cooling accompanied the transition to
100-kyr cycles after the MPT. The Indo-Pacific Warm Pool (IPWP) plays a critical role in
shaping global climate through the export of heat to higher latitudes (Zhou et al., 2019), yet
records from this region suggest the IPWP did not cool at the MPT (Clark et al., 2024). However,
this observation is based on very few SST records in the IPWP region (Clark et al., 2024). The
Maritime Continent (MC) lies in the heart of the IPWP, where deep atmospheric convection
delivers heavy rainfall to the islands of Indonesia and exports heat to the high latitudes, yet we
have no temperature records from the MC and very few from other tropical continents that span
the MPT. Thus, we lack adequate data to fully constrain the MC’s role and response to this recent
reorganization of Earth’s carbon cycle.

Existing records indicate that glacial-interglacial cycles in global §'80 covary with
tropical SSTs during the past 3.5 million years, suggesting a dominant role for radiative forcing
of greenhouse gas concentrations (GHGs) on tropical temperature (Herbert et al. 2010). Far less
is known about long-term changes in tropical land surface temperatures. Existing terrestrial

records are sparse and controversial; a 3-Myr record from the Chinese loess plateau (Lu et al.,
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2022) and a 1.3 Myr record from Lake Malawi in East Africa (Johnson et al., 2016) show
warming across the MPT, opposite SST records. Comparisons between SST and terrestrial
records can be used to constrain the degree of terrestrial amplification in response to increasing
GHG concentrations, which is vital for accurate projections of future terrestrial warming (Seltzer
et al., 2023). Existing proxy estimates of terrestrial amplification from the last deglaciation
suggest 1.4 times more terrestrial warming than marine warming, consistent with global climate
models and historical estimates (Lambert & Chiang, 2007; Seltzer et al., 2021, 2023). However,
this analysis only spans the last deglaciation and the estimates of terrestrial amplification are
only from nine records of dissolved noble gases in groundwater (Seltzer et al., 2021), which
show considerably larger changes in temperature than other proxies (Loomis et al., 2017; Powers
et al., 2005; Tierney et al., 2008). Estimates of terrestrial amplification from multiple
deglaciations allows for a more robust quantification of the magnitude of terrestrial warming
relative to marine warming during periods of increasing GHG concentrations.

Here, we present an orbitally-resolved million-year record of terrestrial temperature from
a continuous sediment record from Lake Towuti, Indonesia based on the abundances of branched
Glycerol Dialkyl Glycerol Tetraethers (brGDGTs). The degree of methylation of these microbial
membrane lipids (Schouten et al., 2013) varies with temperature, enabling paleotemperature
calibrations and reconstructions (Zhao et al., 2023). Our new record helps to reconcile
outstanding questions about the pattern of IPWP temperature changes during the mid- to late
Pleistocene and helps to constrain the degree of terrestrial amplification in the MC, with critical

implications for future climate change.

2. Materials and Methods
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Lake Towuti is a 560 km? lake located in a ~1644 km? watershed near the equator (2.75°S,
121.5°E, 318 m above sea level) on Sulawesi, Indonesia in the center of the IPWP (Figure 1;
Konecky et al., 2016; Russell et al., 2020). The temperature of the modern lake surface ranges
from 30.5°C to 28.5° (Costa et al., 2015). We sampled a composite sediment stratigraphy
developed from drill cores recovered from Site 1 in the central basin of Lake Towuti by the
Towuti Drilling Project (Russell et al., 2020). We sampled at a mean resolution of 2.3 kyr, with a
minimum of 0.5 kyr and a maximum of 9 kyr. The most recent 60 kyr of samples are from
IDLE10-TOWO9B with a mean sampling resolution of 0.5 ka (Parish et al., 2023).

To develop the temperature record, we quantified the fractional abundances of brGDGTs in
each sample. See Supporting Information for detailed methods. We calculated MAAT with the
multiple linear regression calibration (Equation 1) developed using 187 tropical lakes (Zhao et
al., 2023), including lakes on Sulawesi.

MAAT =-4.11 +31.63 f(Ia) + 64.50 f(Ib) + 32.28 f(11a’) (1)
The brGDGT-based temperature reconstruction from the most recent 60 kyr that was previously
published in Parish et al. (2023), which used the Russell et al. (2018) East African calibration,
and was updated here to the Zhao et al. (2023) tropical calibration. We also evaluated the
isomerization, cyclization, and microbial community composition to assess possible confounding
changes in microbial community (Figure S2).

The age model for the composite Towuti drill core uses a combination of radiocarbon
dates, magnetic reversals, tephras, and stratigraphic tie points of the temperature record to a
IPWP SST stack (Figure 2; Clark et al., 2024). We used rbacon in R to calibrate the radiocarbon

dates to ‘IntCal20’ and produce the age model for the Towuti drill core (Blaauw & Christen,
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2011). More information about the age control points can be found in the Supporting Information
(Table S1 and Figure S1).

We analyzed the spectral frequencies in the temperature reconstruction using the
Astrochron package in R. We used the ‘eha’ function to perform an evolutive harmonic analysis
to see how the record evolved spectrally over time, the ‘mtm’ function to use the multi-taper
method to determine the significant cycles for the entire record, and ‘bandpass’ to isolated 41-kyr
cyclicity. To test the magnitude of warming during deglaciations over the past 1 million years,
we calculated the difference between the mean of three measured temperatures at the highest
temperature within 20 kyr of the peak of the interglacial detected in the IPWP SST stack and the
mean of three measured temperatures at the lowest temperature within 20 kyr of the glacial

period detected in the IPWP SST stack (Clark et al., 2024).

3. Results
3.1 Chronology

A tephra at 72.93 med in the composite record was dated using “°Ar/*°Ar to 797.3 + 1.7
ka (Russell et al., 2020). Tephrochemistry indicated that the tephra at 53.17 mcd was the
Makalisung Tuff (471 + 6 ka), and the tephra at 25.46 mcd was equivalent to the Tondano area
ignimbrite we are calling the Manado Tuff (Unit G, main ignimbrite, (173.5 + 4.0 ka, 1-sigma
error). Two magnetic reversals were detected in the composite record: the oldest at 90.31 mcd
and the youngest at 72.2 mcd (Figure S1). The stratigraphic position of the reversal at 72.20 mcd
close to the Oldest Toba Tuff is consistent with the Brunhes-Matuyama reversal at 778.0 + 5.0 ka
(Mark et al., 2017). The reversal at 90.31 mcd likely corresponds to the Matuyama-Jaramillo

reversal at 990 + 4 ka (Channell et al., 2020).
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We used the 23 radiocarbon, three tephra ages, and two magnetic reversal ages to produce
a preliminary model using rbacon (Figure 2a; Table S1). Applying this preliminary model to the
brGDGT data, the reconstructed temperature has a significant (95% CL) 41-kyr peak and two
significant peaks straddling the 100-kyr band (Figure 2¢) and orbital-scale variations in the data
align well with an IPWP SST stack, particularly after ~800 ka (Figure 2b; Clark et al., 2024). In
light of this relationship, we identified 32 tie points between the Towuti temperature
reconstruction and the IPWP SST reconstruction (Clark et al., 2024) and produced a final age
model for the 1-Myr Towuti record, which includes the tie points, radiocarbon, tephra, and
magnetic reversals (Figure 2d). None of the tie points shift the age model outside the uncertainty
from the original age model (Figure 2a). The average age uncertainty in the age model is 10.9 ka
and a maximum age uncertainty of 36.4 ka (at the base of the succession at 97 mcd). The final
age model applied to the temperature data aligns the most obvious glacial-interglacial features

(Figure 2e). Spectral analysis shows significant (95% CL) 100- and 41-kyr cycles (Figure 2f).

3.2 Temperature reconstruction

Changes in brGDGT isomerization, cyclization, and abundances do not show obvious
relationships with reconstructed temperatures, and changes in temperature do not appear
coincident with major changes in the lithology of the TDP-1 composite succession. Thus, there is
little evidence for changes in the microbial community structure or brGDGT source that raise
questions about the reliability of the temperature reconstruction (Figure S2).

Between the base of the record at ~1.1 Mya and 800 ka, temperatures averaged ~29 °C.
Glacial-interglacial variations are muted (~1°C) and their structure is less clear than in younger

sediment (Figure 3). IPWP SST variability is also lower during this time period (~1°C), but the
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structure of the cycles are more distinct than in the Towuti record (Clark et al., 2024). A 100-kyr
cyclicity emerges at ~750 ka in the Towuti temperature record, when glacial periods became
much colder. A 41-kyr cycle emerges after 430 ka (Figure 4a), when the amplitude of glacial-
interglacial variations increases further. The magnitude of the temperature changes in the past
700-kyr are greater in our record (~3.2°C) than in the most recent tropical SST stack (~2.2°C;
Clark et al., 2024) and a prior alkenone-based tropical SST stack (~2.3°C; Herbert et al., 2010;
Figure 4).

Interglacial temperatures are warmer after the Mid-Brunhes Transition (MBT; ~430 ka),
when the magnitude of glacial-interglacial cycles increased. The “Super Interglacial” at MIS11
(Melles et al., 2012), which is prominent in the IPWP SST stack (Clark et al., 2024), is not
considerably warmer than other interglacials in the Towuti record. MIS5e (~127 ka), which is a
particularly warm interglacial globally (Pages, 2016), is warmer than MIS7, MIS9, MIS11,
MIS13, and MIS15, and the current interglacial is relatively warm as well. Glacial temperatures
are approximately equivalent during MIS8, MIS10, and the Last Glacial Maximum. Prior to
~750 ka both glacial and interglacial temperatures are consistently warmer and less variable than

after the MPT (Figure 3).

4. Discussion

Our 1-Myr temperature record from Lake Towuti is the first reconstruction of terrestrial
temperature from Southeast Asia that extends beyond the last ice age, and one of only a handful
of terrestrial temperature records from the tropics. The record provides new insights into the
response of MC temperatures to global climate transitions during the mid- to late-Pleistocene,

but also documents puzzling phenomena that do not align with trends in global or tropical SSTs.
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In particular, our record suggests that Maritime Continental temperature underwent a
fundamental transition during the MPT, from an interval of sustained warmth with very limited
glacial-interglacial variability to a period with striking 100-kyr cycles in temperature and strong
cooling during glacials. There is no obvious global forcing for this transition, suggesting it could
stem from regional processes such as tectonically-driven changes in land-sea exposure. Below
we discuss forcings and possible forcings and responses to explain this novel record of terrestrial

temperature.

4.1 The Mid-Pleistocene and Mid-Brunhes transitions in tropical temperature

SSTs across most the oceans cool during the MPT (Clark et al., 2024). This near-global
cooling suggests that gradually declining CO; is the dominant forcing of ocean temperature
during the Pleistocene, and through the impacts of cooling on ice sheet extent, is partially
responsible for the establishment of 100-kyr glacial cycles (Clark et al., 2024). In contrast,
records from the IPWP show no mean cooling (Clark et al., 2024). The absence of cooling during
the MPT in IPWP SST records is curious, and could indicate local forcings or feedbacks that
mitigate the impacts of GHGs on regional temperature (Clark et al., 2024), and could suggest the
region may be relatively insensitive to GHG forcing in the coming century.

Unlike IPWP SST records, the Lake Towuti temperature record shows a mean cooling
during the MPT, coincident with a shift to larger variability and distinct glacial-interglacial
cycles (Figure 3). Although we cannot fully explain the divergence between our temperature
record and IPWP SSTs, we note that the cooling in our data is consistent with cooling in most
parts of the oceans outside of the IPWP. The IPWP SST stack may not show cooling due to

saturation of the alkenone paleothermometer above 28 °C (Gray & Evans, 2019), as our record
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suggests a mean of 27°C with interglacial temperatures warmer than 28° C; however, SST
records from the [IPWP based on Mg/Ca also do not cool. Although we cannot explain the SST
patterns, our data suggest the MC responded to and, though its role in latent heat export,
participated in global cooling during the MPT.

Climate models suggest that tropical temperatures are influenced by local insolation, ice
sheet topography, sea level effects of the MC, and the radiative forcing of GHGs (DiNezio et al.,
2018; Otto-Bliesner et al., 2014). SST records are additionally sensitive to heat advection
associated with changes in ocean circulation (Martinez-Garcia et al., 2010). Terrestrial
temperatures estimated from lake records are not directly sensitive to changes in ocean
circulation, providing a powerful proxy to uncover the forcings of temperature in the MC.

Many records suggest radiative forcing by GHGs is the dominant control on tropical
SSTs (Dyez et al., 2016; Herbert et al., 2010; Medina-Elizalde & Lea, 2005). This is indicated by
covariation of the global benthic §'30 stack and tropical SSTs over the past 3.5 Myr (Herbert et
al., 2010), the in-phase relationship between CO> and SSTs in the tropical Pacific during the past
800 kyr (Dyez et al., 2016), and the broad similarity of tropical SST changes in different regions
(Herbert et al., 2010). These relationships are most apparent in the 100-kyr band; in the 41-kyr
band, SSTs in the eastern equatorial Pacific (EEP) are also coherent with high-latitude insolation
and ice volume, but sites in the western equatorial Pacific do not show these relationships (Dyez
et al., 2016). In the 19-23-kyr band, local insolation is directly correlated with EEP SST (Dyez et
al., 2016).

The Towuti temperature record has a significant 100-kyr cycle from ~ 750 ka to present
and a significant 41-kyr cycle from ~500 ka to present (Figure 4a). In contrast, the tropical SST

stacks have significant 41-kyr and 100-kyr cycles over the past 1 million years (Figure S3). For
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instance, the tropical SST stack (Clark et al., 2024) shows a 100-kyr cycle and a 41-kyr cycle
prior to 800 ka which largely disappears from 800 ka to present (Figure 4d). As noted above, our
record indicates 100-kyr temperature cycles emerged later in the MC than in the surrounding
oceans, suggesting the impact of forcings that amplified glacial-interglacial changes in GHGs.
The 41-kyr cycle also emerges relatively late in the Towuti temperature record, and may be
caused by ice volume or high latitude forcing, similar to the EEP, and/or to sea level effects and
land shelf exposure that impact regional temperatures in the MC. Indeed, the combined response
of ice sheet albedo and sea level impacts on land exposure over the MC showed the strongest
proxy-model agreement in a study comparing the Community Earth System Model version 1.2
(CESM1) to SST and hydroclimate proxies at the LGM (DiNezio et al., 2018). If so, the 41-kyr
cycle may emerge in the Towuti temperature because gradual uplift of the Sunda Shelf
established cycles of exposure and submersion during glacial-interglacial cycles after ~500 ka
(McGrath et al., 2023; Sarr et al., 2019). However, the estimated timing of the first submersion
of the Sunda Shelf is uncertain and depends on the estimated subsidence rate of the Sunda Shelf
(McGrath et al., 2023; Sarr et al., 2019).

The 100-kyr cycle emerged at ~750 ka in the Towuti temperature record, a timing similar
to but slightly lagging the establishment of 100-kyr glacial-interglacial periods during the MPT.
The timing of the emergence of the 100-kyr cycle in the Towuti record lags the estimated timing
of the MPT by 50 kyr (von der Heydt et al., 2021), though others do place the timing at 750 ka
(Herbert, 2023). The 100-kyr cycle is evident in the tropical SST stacks and ice volume for the
entirety of the past 1 million years even before the MPT (Figure S3). The absence of this cycle
could reflect the lack of age constraints in the oldest sediments at Lake Towuti. However, the

emergence of this cycle could also reflect a response of MC temperatures to high-latitude forcing
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such as that observed during the last deglaciation (e.g. di Nezio et al., 2018), again implicating
changes in land-sea configuration earlier than predicted by current tectonic models (Sarr et al.,
2019).

Over the past 700 kyr the magnitude of warming in the Towuti record during
deglaciations significantly increases (R = 0.84, P = 0.02; Figure 5), with much of the increase
due to warmer interglacials after the MBT. This transition also occurs in the tropical SST stack
(R=0.80, P=0.03; Clark et al., 2024), but is not significant in the alkenone-based SST stack (R
=0.55, P=0.20; (Herbert et al., 2010). The benthic oxygen isotope stack (Lisiecki & Raymo,
2005) does not exhibit a statistically significant increase in the magnitude of glacial-interglacial
cycles during the past 700 kyr (R = 0.40, P = 0.38), but CO> does show a significant increase in
the magnitude of glacial-interglacial cycles (R = 0.76, P = 0.05; Bereiter et al., 2015). The
increasing magnitude of glacial-interglacial cycles in the Towuti record thus suggests a

dependence of MC temperature on atmospheric pCO2 during the last ~750 kyr.

4.2 Forcings of MC terrestrial temperature

A high-resolution record of temperature from Lake Towuti showed that temperature
change during the last deglaciation is likely forced by CO», inferred by the synchronous onset of
warming and the deglacial increase in CO; (Marcott et al., 2014; Parish et al., 2023). The
increasing magnitude of interglacial temperatures after the MBE in Lake Towuti adds further
support for CO; as the dominant forcing of MC temperature, as does the gradual cooling across
the MPT. However, the absence of clear glacial-interglacial cycles prior to 750 ka, when tropical
SST records showed clear 100- and 41-kyr cycles, suggests MC temperature was relatively

insensitive to GHG forcing during that time. The temperatures during this time sometimes
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exceed 28 °C, near the upper end of the brGDGT calibration range (Zhao et al., 2023), and it is
possible that our proxy is missing large interglacial warmings. It is also possible that consistently
warm, wet (Parish, Chapter 5) conditions and high humidity suppressed the impacts of GHG
forcing, which were likely weaker prior to the MPT. A third alternative, noted above, is that
temperature fluctuations in the MC locked to the beat of glacial-interglacial cycles after the MPT
when the combined effects of multiple forcings, including GHGs, ice volume, and potentially
continental shelf exposure became large enough to impact regional temperature.

The prominent 41-kyr cycle detected in the Towuti record may also point to ice volume,
albedo, and/or sea level effects on shelf exposure as additional forcings of MC temperature. 41-
kyr bandpass-filtering of the Towuti temperature record shows that the amplitude of 41-kyr
cycles increases at ~430 ka, during the MBT (Figure 4c). The 41-kyr bandpass-filtered CO:
record (Bereiter et al., 2015) does not show an increased amplitude until ~350 ka (Figure 4f), but
the global benthic §'30 stack (Lisiecki & Raymo, 2005) does show a simultaneous increase in
the amplitude of 41-kyr cyclicity at ~430 ka with the Towuti temperature record (Figure 4c). This
increase at ~430 ka strongly implicates ice volume forcing, through either topography or sea
level, as a forcing of MC temperature. The appearance of the 41-kyr cycle at ~430 ka could
reflect a threshold in the sensitivity of Maritime temperature to ice volume, where the cycles

have a great enough magnitude to impact MC temperature after the MBT.

4.3 Terrestrial amplification
Existing estimates of glacial-interglacial temperature change from noble gas data indicate
temperatures warmed by 5.8°C during the most recent deglaciation between 45°S and 35°N

(Seltzer et al., 2021). A tropical (30°S-30°N) warming of only 3.9°C during the last deglaciation
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is estimated based on data assimilation and climate reanalysis using SST records (Tierney et al.,
2020). The Towuti temperature change during the last deglaciation has a 6.1°C difference
between the mean glacial and interglacial temperatures, closer to the noble gas-based estimate
than the data assimilation estimate.

The Towuti record provides the opportunity to evaluate amplification over multiple
glacial-interglacial cycles and with varying boundary conditions (CO-, insolation, ice volume).
The median G-IG temperature change in the Towuti temperature record is 1.45 times greater than
the tropical SST stack and 1.39 times greater than the alkenone-based tropical SST stack (Figure
3b). In historical observations, deglacial proxy records, and general circulation models, this ratio
is 1.4:1 to 1.5:1, with terrestrial temperatures experiencing greater change (Lambert & Chiang,
2007; Seltzer et al., 2023). The terrestrial amplification indicated in the Towuti record is 1.45:1,
which is consistent with existing estimates from the last deglaciation. Consistent terrestrial
amplification despite large-scale adjustments such as the MBT, suggests consistent CO; forcing
as interglacial pCOz increases during the past 430 kyr. In projections of future warming, the MC
exhibits muted terrestrial amplification compared to other tropical regions (Iturbide et al., 2020).
Similar terrestrial amplification in the MC to other tropical regions could indicate climate models
have difficulty predicting temperature in such a geographically complicated region and the MC

may warm more than currently anticipated.

5. Conclusions
Our new record from Sulawesi, Indonesia documents long-term trends and glacial-
interglacial variations in temperature during the past 1.1 Ma. We observe cooling during the

MPT, the emergence of strong 100-kyr cycles in temperature at 750 ka, and an increasing
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magnitude in glacial-interglacial temperature change during the past 700 kyr. These changes are
similar to records of tropical sea-surface temperatures and ice-core records of atmospheric pCO-,
and are thus consistent with a dominant influence of radiative forcing from atmospheric GHGs
on tropical terrestrial temperatures. Our record further suggests similar terrestrial amplification in
response to variations in CO> concentrations as observed in other parts of the tropics, suggesting
that despite the complex geography of the MC that the land will likely warm as much as other

regions in the tropics.
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Figure 1 — Lake Towuti is located on the island of Sulawesi, Indonesia. Mean annual sea
surface temperatures (SST) from 1991-2021 from reanalysis data (Kalnay et al., 1996). SST

and the digital elevation models are plotted using the “raster” package in R (Hijmans et al.,
2022).
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Figure 2 — Comparison of the age model with and without tie points. (a) The yellow ribbon
shows the age model based on radiocarbon, tephras, and magnetic reversals (yellow
circles). The tie points that are not included in this age model are shown as purple circles.
(b) The Towuti temperature record on the age model without tie points (yellow) and the
IPWP SST stack (orange, Clark et al., 2024). (¢) Multi-taper method spectral power of 100-
kyr, 41-kyr, 23-kyr and 19-kyr cycles (gray bars). (d) The purple ribbon shows the age
model based on radiocarbon, tephras, magnetic reversals, and tie points. (¢) The Towuti
temperature record on the age model with tie points (purple) and the IPWP SST stack
(orange, Clark et al., 2024). The radiocarbon, tephras, and magnetic reversals are shown in
yellow and the tie points are show in purple circles. (¢) Multi-taper method spectral power
of 100-kyr, 41-kyr, 23-kyr and 19-kyr cycles (gray bars).
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Figure 3 — (a) Temperature anomalies from modern from the Towuti temperature
reconstruction (purple), the tropical SST stack (orange; Clark et al., 2024), and the
alkenone-based tropical SST stack (red; Herbert et al., 2010). (b) The Glacial-Interglacial
temperature change reconstructed at Lake Towuti compared to the temperature change
reconstructed in the tropical SST stack (Clark et al., 2024) during the past 700 kyr. A
paired t-test between the GI-IG temperature changes recorded at Lake Towuti and the
tropical SST stack reveal significant (p=0.016) differences during the past 700 kyr. The G-
IG temperature change is not significantly different between the Towuti record and the
alkenone-based tropical stack (p=0.06). The median G-1G temperature change in the
Towuti temperature record is 1.45 times greater than the tropical SST stack and 1.39 times
greater than the alkenone-based tropical SST stack.
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Figure 4 — (a) Evolutive harmonic analysis and (b) multi-taper method spectral analysis of

the Towuti temperature record. (c) 41-kyr bandpass-filtered Towuti temperature record
and global benthic 3'%0 stack (Lisiecki & Raymo, 2005). (d) Evolutive harmonic analysis

and (e) multi-taper method spectral analysis of the tropical SST stack (Clark et al., 2024).

(f) 41-kyr bandpass-filtered tropical SST (Clark et al., 2024) and the Antarctic CO:

composite (Bereiter et al., 2015).
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Figure 5 — Comparison of the minimum and maximum values of glacial and interglacial
periods from a tropical, SST stack (orange; Clark et al., 2024), an alkenone-based tropical
SST stack (red; Herbert et al., 2010), the Towuti temperature record (purple), the Antarctic
composite CO; record (yellow, Bereiter et al., 2015), and the benthic stack (maroon;
Lisiecki & Raymo, 2005). The middle row shows temperatures during interglacials and
glacials, and the bottom row shows the difference between glacial and interglacial
temperatures during the past 700 kyr.
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Supporting Information
Drill core details

The temperature of the modern lake surface of Lake Towuti ranges from 30.5°C in
March-May to 28.5° in August-October (Costa et al., 2015), when the upper 100 m of the water
column undergo isothermal mixing (Costa et al., 2015). Site 1 was cored four times to capture a
near-continuous sediment record back to ~1.1 million years ago (Ma), when accelerated tectonic
subsidence created a permanent lake basin (Russell et al., 2020). The lithology has been
described in detail in Russell et al. (2020), which characterizes the top ~100 mcd (mean
composite depth) of the core as continuous lake sedimentation. The sediment primarily alternates
between red and green clays, with a couple diatomaceous oozes at 32 and 45 mcd (Russell et al.,

2020; Vuillemin et al., 2022). The pH of Lake Towuti is ~7.8 and the lake is ultraoligotrophic.

brGDGTs

To develop the temperature record, lipids were extracted using a DIONEX Accelerated
Solvent Extractor and the polar fraction was isolated using silica and alumina gel
chromatography. The brGDGT fraction was filtered through 0.45 um PTFE filter in hexane:
isopropanol (99:1) prior to analysis by atmospheric pressure chemical ionization/high-
performance liquid chromatography mass spectrometry (APCI/HPLC-MS) based on methods in

(Hopmans et al., 2016).
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Radiocarbon
23 radiocarbon dates in the top 45-kyr of sediment were correlated from TOW-9 as
described in Russell et al. (2020). The radiocarbon dates were calibrated to IntCal20 using Bacon

(Blaauw & Christen, 2011).

Tephrochronology

There are three tephra that were dated directly or chemo-stratigraphically correlated to
tephras of known age derived from the Tondano Caldera complex in North Sulawesi. The
“0Ar/3°Ar dating method was used to directly date sanidine crystals within the tephra at 72.95
mcd. Two samples were taken from this depth. The methods were described in detail Russell et
al. (2020). In brief, ~100-250 um crystals were hand-picked out of the 60 pm-sieved samples.
The mineral concentrates were irradiated for one hour in the Oregon State University TRIGA
reactor. The neutron fluence monitor was sanidine phenocrysts from the Alder Creek Rhyolite of
California with an age of 1.1848 = 0.0006 Ma (Niespolo et al., 2017). The crystals were analyzed
using single-grain total fusion (SCTF) and single-grain incremental heating (SCIH), with a CO»
laser as the heating instrument. At the Berkeley Geochronology Center, argon gas measurements
were performed on a 5-collector Nu Instruments Noblesse noble-gas mass spectrometer
operating in simultaneous ion-counting mode. The “°Ar/*?Ar dating method resulted in an age of
797.3 £ 1.7 ka, corresponding to the Old Toba Tuff (Russell et al., 2020). Additional dates for

Site 1 was provided by tephrachemistry for the tephras at 25.46 and 53.17 mcd.

Magnetic reversals
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To add additional age constraints, we identified magnetic reversals in the Site 1
composite record. To identify the magnetic reversals, we looked for 180° reversals in the
measured declination that occur during magnetic intensity lows. Magnetic intensity lows were
identified by measuring natural remanent magnetization (NRM) and anhysteretic remanent
magnetization (ARM) in u-channels from the Site 1 cores. Following the methods used for
IDLE-TOW10-9B by Kirana et al. (2018) we used the ratio of NRM to ARM after alternating
field demagnetization to a peak field of 20 mT (NRM20mT/ARM20mT) because it best reflects
the strength of the geomagnetic field. We looked for the reversals in declination with a
demagnetization to a peak field of 20 mT (Dec20mT) to identify the 180° reversals. We looked
for the reversals in Dec20mT in multiple holes (Hole E and Hole F) to avoid problems associated
with core breaks (Figure S1). We only used cores recovered with the hydraulic drill, not an alien
corer, to avoid possible rotations within a core section.

Two magnetic reversals were detected in the composite record: the oldest at 90.31 mcd,
where Dec20mT goes from 100 to 360° in core F and 345 to 59° in core E (Figure S1), and the
youngest at 72.2 mcd, where Dec20mT goes from 341 to 176° in core 1F (Figure S1). The
reversal at 72.2 mcd is also detected in core 1E, where Dec20mT goes from 260 to 86°. The
reversal at 72.20 mcd is stratigraphically close to the Oldest Toba Tuff at 72.93 mcd, which was
dated directly using *°Ar/*°Ar (Russell et al., 2020). The proximity of this reversal to the Oldest
Toba Tuff is consistent with as the Brunhes-Matuyama reversal at 778.0 + 5.0 ka (Mark et al.,
2017). The reversal at 90.31 mcd likely corresponds to the Matuyama-Jaramillo reversal at 990 +

4 ka (Channell et al., 2020).
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Tie points

After generating a preliminary age model for the Site 1 composite using the radiocarbon
ages, magnetic reversals, and tephras, we found a strong 100-kyr cycle in the brGDGT-inferred
temperatures. Based on this finding, we added tie points between the Towuti temperature
reconstruction and a IPWP SST stack (Clark et al., 2024), using the radiocarbon, tephra, and
magnetic reversal ages as guides. We selected 32 tie points between only the most obvious peaks
and troughs, and assigned a 3-kyr uncertainty given the uncertainty of the IPWP SST stack

(Table S1).

Table S1 — Ages used in the age model.

lablD age error | depth
TOW91 930 25 19
TOW92 2150 25 45
TOW93 3460 30 86
TOW94 5730 35 124
TOW95 6700 35 175
TOW96 7980 40 221
TOW97 9180 50 250
TOW98 11460 | 45 274
TOW99 13490 | 65 326
TOW100 14500 | 70 369
TOW101 16760 | 90 412
TOW102 17600 | 70 447
TOW103 19440 | 80 490
TOW104 20740 | 150 521
TOW105 22730 | 220 566
TOW106 24920 | 240 616
TOW107 28300 | 230 692
TOW108 27400 | 180 731
TOW109 30400 | 140 772
TOW110 35580 | 420 806
TOW111 36580 | 620 850
TOW112 38370 | 360 936
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TOW113 41060 | 1000 | 969
Tie1l 85000 | 3000 | 1407.5
Tie2 106000 | 3000 | 1679
Tie3 121000 | 3000 | 2025
Tied 157000 | 3000 | 2282
Tephra correlation 173500 | 4000 | 2546
Tieb 201000 | 3000 | 2661.5
Tie6 211000 | 3000 | 2825.75
Tie7 230000 | 3000 | 2927.25
Tie8 241000 | 3000 | 3134.5
Tie9 251000 | 3000 | 3185.5
Tie10 319000 | 3000 | 3746
Tiel1 326000 | 3000 | 3776.83
Tie12 346000 | 3000 | 4025.83
Tie13 418000 | 3000 | 4557.17
Tie14 436000 | 3000 | 4749.5
Tie15 442000 | 3000 | 4821
Tie16 450000 | 3000 | 5062.5
Tephra correlation 471000 | 6000 | 5317
Tiel7 488000 | 3000 | 5423.5
Tie18 511000 | 3000 | 5542.83
Tie19 526000 | 3000 | 5635.5
Tie20 546000 | 3000 | 5767.25
Tie21 608000 | 3000 | 6192.75
Tie22 645000 | 3000 | 6434.25
Tie23 684000 | 3000 | 6505.5
Tie24 700000 | 3000 | 6678.5
Tie25 724000 | 3000 | 6773
Tie26 742000 | 3000 | 6837.67
Brunhes-Matuyama Reversal | 783400 | 5000 | 7220
40Ar/29Ar 797300 | 1700 | 7293
Tie27 840000 | 3000 | 7714.5
Tie28 855000 | 3000 | 7880.17
Tie29 877000 | 3000 | 8056.2
Tie30 901000 | 3000 | 8127
Tie31 921000 | 3000 | 8301.67
Tie32 956000 | 3000 | 8521
Matuyama-Jaramillo Reversal | 990000 | 4000 | 9031
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Abstract

The past one million years encompasses major changes in the Earth’s glacial-interglacial
cycles, with a shift from 41- to 100-kyr cycles in ice volume and temperature during the Mid-
Pleistocene Transition (MPT). This was followed by an increase in temperature and CO; during
interglacial periods across the Mid-Brunhes Transition (MBT). These reorganizations of the
Earth’s climate and carbon cycle provide natural experiments to test the impacts of CO; on tropical
rainfall and water resources, yet their impacts on tropical hydroclimate are largely unknown. We
produced long, orbitally-resolved hydroclimate and vegetation reconstructions to uncover the
evolution of hydroclimate and its primary climate forcing mechanisms in the Maritime Continent
(MC), a region with global importance through transport of heat to higher latitudes. We show that
the MC experienced hydroclimatic stability during a period of stable, warm temperature prior to
the MBT, followed by increasing orbital-scale instability as interglacial CO concentrations rose
after the MBT, suggesting strong sensitivity to climate warming. We observe prominent 41-kyr
cycles in rainfall, suggesting an important role for ice volume and/or greenhouse gas
concentrations in controlling precipitation in the MC. Insolation has long been presumed as the
dominant forcing of hydroclimate in the tropics, yet our data point to temperature and glacial-

interglacial cycles as the primary forcing of MC hydroclimate.

1. Introduction

The energy export associated with intense convection in the Indo-Pacific Warm Pool
(IPWP) gives the region its title of Earth’s Heat Engine (De Deckker, 2016). Despite the region’s
global significance, consensus on the long-term controls on IPWP hydroclimate has not been

reached. Existing studies have largely focused on changing terrestrial precipitation during the last
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deglaciation, when CO: increased from 195 ppm at the Last Glacial Maximum (LGM) to 275 ppm
during the Holocene (Marcott et al., 2014), yet the primary patterns of rainfall and their associated
forcings are disputed even over this short and relatively well-characterized interval. This
uncertainty limits our understanding of the role of IPWP convection in global climate change, and
our ability to test the results of paleoclimate models to inform our understanding of Maritime
Continent (MC) future climates.

Most terrestrial hydroclimate records in the MC indicate the LGM was drier than modern
(Parish et al., 2024), including speleothems (Ayliffe et al., 2013; Carolin et al., 2016; M. L.
Griffiths et al., 2009; Michael L. Griffiths et al., 2013; Krause et al., 2019; Partin et al., 2007), leaf
wax carbon isotopes (Dubois et al., 2014; Y. Ruan et al., 2020; Ruan et al., 2019; Russell et al.,
2014; Wicaksono et al., 2015; Windler et al., 2021), pollen (van der Kaars et al., 2001, 2010), lake
level (Vogel et al., 2015), and other geochemical records (Costa et al., 2015; Russell et al., 2014).
Multiple climate model simulations of LGM climate also show drier conditions than during the
Holocene (DiNezio et al., 2016, 2018; DiNezio & Tierney, 2013; Du et al., 2021). Many different
mechanisms are hypothesized to have caused this relative drying compared to the Holocene,
including local seasonal insolation (Carolin et al., 2016), Sunda and Sahul shelf exposure (DiNezio
et al., 2016, 2018; DiNezio & Tierney, 2013; Krause et al., 2019; Windler et al., 2020, 2021),
Northern Hemisphere ice sheet expansion (Russell et al., 2014), and greenhouse gas (GHG)
concentrations (Mohtadi et al., 2017; Russell et al., 2014), but disentangling these forcings over a
single glacial termination has proven difficult. There are few hydroclimate proxy records from the
MC that span multiple glacial-interglacial cycles, and they also suggest conflicting dominant

hydroclimate controls. A Sumatra 8*Hyax record indicates sensitivity to shelf exposure (Windler et

al., 2020), whereas Borneo 8'%0 speleothem records appear responsive to local insolation (Carolin
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et al., 2016). Neither record captures glacial cycles before the Mid-Pleistocene Transition (MPT),
when glacial-interglacial cycles transitioned from symmetrical, 41-kyr cycles to sawtooth-shaped,
100-kyr cycles at ~950 ka (Herbert, 2023), and only the Borneo speleothem record spans the Mid-
Brunhes Transition (MBT) at ~430 ka, which marks the beginning of higher amplitude glacial-
interglacial changes in CO; (Barth et al., 2018). Both the MPT and the MBT provide experiments
to test how the MC responds to major reorganizations of glacial-interglacial cycles, while orbital
forcings continuously oscillate.

To determine the dominant forcing mechanisms controlling MC hydroclimate on glacial-
interglacial timescales, we produced leaf wax 8*H (8*Hwax) and 8'*C (8'*Cwax) records, as proxies
for hydroclimate and vegetation (Chikaraishi & Naraoka, 2003; Dansgaard, 1964), using long-
chain n-alkanes preserved in a sediment drill-core from Lake Towuti, Sulawesi, Indonesia. The
Lake Towuti sediment record continuously spans the past 1.1 Myr and has high-enough
sedimentation rates to produce a ~3-kyr sampling resolution to capture orbital-scale hydroclimatic
variability (Parish et al., in prep.; Russell et al., 2020). Lake Towuti’s precipitation is regionally
representative of MC precipitation (Konecky et al., 2016; Figure 1), allowing us to determine the

controls on MC hydroclimate on orbital timescales based on the 1 Myr records of 8?Hyax and

313Cyax from Lake Towuti.

2. Study site

Lake Towuti is a 560 km? lake located near the equator (2.75°S, 121.5°E) in central
Sulawesi, Indonesia, a 174,600 km? island in the center of the IPWP. Lake Towuti receives ~2700
mm of precipitation per year, and has a ~1644 km? watershed (Konecky et al., 2016; Russell et al.,

2020). The majority of precipitation falls from November to May during the Australian-Indonesian
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summer monsoon season with over 180 mm of precipitation per month and a northeast moisture
source (Konecky et al., 2016). The dry season from August to October has a southeast moisture
source (Konecky et al., 2016; Parish et al., 2024). The composite record from Lake Towuti consists
of drill cores recovered from Site 1 in the central basin of Lake Towuti during the Towuti Drilling
Project in 2015. Cores from four holes were recovered from Site 1 to capture a near-continuous
sediment record back to 1.1 Ma (Russell et al., 2020). The age model for the Site 1 composite
record includes 23 radiocarbon dates in the top 45-kyr of sediment, two magnetic reversals, three
tephras, and 32 tie points between the Towuti temperature reconstruction and tropical SST (Parish

et al., in prep). The age model is described in detail in Parish et al. (in prep).

3. Methods

We sampled at a mean resolution of 2.7 kyr, with a minimum of 0.1 kyr and a maximum
of 10.5 kyr. The most recent 30 kyr of samples are from IDLE10-TOW9B with a mean sampling
resolution of 0.5 ka, and the 8*Hwax and 8'3C wax records were previously published in Parish et
al. (2024). In the MC, 8*Hyax reflects precipitation amount, moisture transport and source, and
convergence/divergence (Konecky et al., 2016, 2019). The combination of these processes
creates 2H-depletion in wetter climates on orbital timescales (Parish et al., 2024). MC &*Hyax
records from the last deglaciation show a widespread shift to 2H-depleted waxes as precipitation
increased over the MC during the last deglaciation (Parish et al., 2024), suggesting §’Hyax is
sensitive to the amount effect on the MC like observed in other tropical regions (Dansgaard,
1964). 8!3Cyax records reflect the ratio of Cs to Cs4 plants and the leaf-gas exchange efficiency
related to moisture stress (Diefendorf et al., 2010; Sachse et al., 2012). Increased dry season

precipitation can cause a shift to more C3 plants, which are more '3C-depleted than Cs plants
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(Chikaraishi & Naraoka, 2007). Increased precipitation also leads to greater fractionation of
carbon isotopes as water use efficiency decreases (Diefendorf et al., 2010). Taken together, *C-
depletion indicates increased precipitation. During the last deglaciation, 8'*C wax records from the
MC largely reflect a decrease in Cs4 plants in response to a wetter dry season that can support Cs
plant (Dubois et al., 2014), and subsequent increases in precipitation and CO», which continued
to cause '3C-depletion (Parish et al., 2024).

Lipids were extracted from sediments using a DIONEX Accelerated Solvent Extractor
using dichloromethane:methanol (9:1). The lipid extract was divided into neutral and acid
fractions using dichloromethane:isopropanol (2:1) and ethyl ether:acetic acid (96:4) over an
aminopropyl silica gel column. To isolate n-alkanes, we used silica gel columns to separate lipids
within the neutral fraction, using hexane to isolate n-alkanes. We used silver nitrate-impregnated
silica gel columns to remove unsaturated compounds (Garelick et al., 2021; Ruan et al., 2019).
We quantified the abundance of C9, C31, C33 n-alkanes using a gas chromatography flame
ionization detector (GC-FID), and measured 8*H and 8'3C of Ca9, C31, and Cs3 n-alkanes using a
gas chromatography isotope ratio mass spectrometer (GC-IRMS). 8*H was measured in triplicate
and 8'3C was measured in duplicate on an Agilent 6890 GC with an HP1-MS column (30 m x
0.25 mm % 0.25 pm), coupled to a Thermo Delta Plus XL IRMS with a reactor temperature of
1425 °C for hydrogen and 1000°C for carbon. A mixture of n-alkane standards from Arndt
Schimmelmann (Indiana University) was injected every six samples to test for instrument drift
and was used to correct the measured values to Vienna Standard Mean Ocean Water (VSMOW).
The H3 factor was ~2 and stable during the analyses, suggesting no or minimal fluctuation in
IRMS performance. Measured isotopic values were accepted if the voltage was between 3 and 8

V. 8%H is corrected for ice volume’s impact on the isotopic composition of seawater, by scaling

165



the global benthic stack (Lisiecki & Raymo, 2005) to a 1%o change during the LGM (Schrag et
al., 1996).

To determine the controls on MC hydroclimate, we analyzed the dominant spectral
frequencies of the entire 1.1 Myr 8*Hywax and 8'3Cyax records. Using these methods does not allow
us to differentiate between ice volume and GHG forcing because the dominant spectral frequencies

of ice volume and GHG concentrations are similar, and the structure of the full-length records are

similar as well (Bereiter et al., 2015; Lisiecki & Raymo, 2005; McGrath et al., 2021).

4. Results

The mean CPl27.31 of all samples is 3.4, with a maximum of 17.4 and minimum of 1.1
(Figure S1). Since samples with a CPI of 1 may indicate oil, we tested the impact of removing
samples with a CPI»7.31 less than 2, and determined that the structure of the records is not
significantly impacted by the inclusion of samples with low CPI27.31 values (Figure S2).
Additionally, neither CPI nor average chain length are strongly correlated with 8?Hyax (R = -
0.28, and R = -0.16, respectively) or §3Cyax (R = -0.25, and R = -0.12, respectively). We
therefore conclude that 8*Hyax and 8'3Cyax are relatively unaffected by wax source. We focus are
analysis on Cs31 alkanes because they were the most abundant in most samples, but Cz9 alkanes
were also analyzed and have nearly identical values (Figure S3).

The Lake Towuti 8?Hyax record indicates low variability from 1.05 Ma until ~430 ka
(Figure 2a). The largest fluctuations occur from ~430 ka to ~300 ka, when there are large shifts
to 2H-enrichment during glacial periods (MIS10 and MIS12). Multi-taper spectral analysis
reveals significant peaks at 41- and 100-kyr (Figure 2b). Evolutive harmonic analysis shows that

the 41-kyr peak emerges at ~430 ka, when the variability in the record increases (Figure 2c), and
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dissipates around 300 ka. The 100-kyr peak intensifies around ~430 ka in the 8?Hyax record
(Figure 2c). The emergence of the 41-kyr periodicity coincides with the emergence of the 41-kyr
periodicity in the Lake Towuti temperature reconstruction (Figure 2i; Parish et al., in prep),
whereas the emergence of the 100-kyr periodicity in 8*Hyax lags the emergence of 100-kyr
temperature cycles by ~300 kyr. There are not significant 19- or 21-kyr cycles in the record.

Like the Lake Towuti 8*Hyax record, 8!*Cyax from Lake Towuti is relatively stable prior to
~430 ka and less stable after, but the variability continues to increase towards present (Figure
2d). The record has significant 23- and 41-kyr peaks, but the 100-kyr peak is not significant
(Figure 2e). However, in evolutive harmonic analysis, a 100-kyr peak is evident for almost the
entire record (Figure 2f). The 41-kyr peak does not emerge until ~250 ka and persists until
present. Towuti §'*Cywax shows a slight trend to more '*C-enriched over the past 1-Myr (Figure 4).
This trend is even more apparent in the 8'3Cyax records from offshore Sumatra and the Andaman
Sea (Figure 4; McGrath et al., 2023; Windler et al., 2019). This gradual shift towards more '3C-

enirched likely reflects gradual drying in the greater MC region.

S. Discussion
5.1 Long-term trends in MC hydroclimate

The MPT (950 ka) and the MBT (430 ka) represent major reorganizations of the Earth’s
glacial-interglacial cycles. Analysis of the dominant spectral frequencies of the Lake Towuti
8?Hwax and 8'*Cyax records across these transitions allow tests of the forcings of MC
hydroclimate and their dependence on the changing state of glacial cycles. Our data suggest that
climate has gradually dried over the last 1 Ma, as global and regional climate cooled (Clark et al.,

2024; Parish et al., in prep). The Towuti §!*Cyax record shows a 100-kyr cycle for most of the
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past 1 million years with increased variability after ~250 ka, and the 8*Hyax record documents
strong orbital variability after ~430 ka. We see little change across the MPT, and the stability
early in the Towuti record is unlike speleothem and some loess records from Asia, which indicate
wet/dry cycles throughout the past ~650 kyr (Cheng et al., 2016) and 1 million years,
respectively (Sun et al., 2019). The increased variability suggests MC hydroclimate is sensitive

to the increasing amplitude of glacial-interglacial changes in CO: during the past 1-Myr.

5.2 Insolation

Insolation is often invoked as the dominant driver of tropical precipitation (Cheng et al.,
2012), and has been invoked to explain precipitation variations in Borneo (Carolin et al., 2016).
The lack of precession cycles in the Towuti 8?Hywax record suggests local insolation, which is
dominated by orbital precession, is not a dominant driver of MC precipitation. A 8*Hyax record
from offshore Sumatra also does not have dominant precession cycles (Windler et al., 2021),
supporting the inference that insolation is not a primary forcing of hydroclimate in the MC. The
lack of precession cycles also suggests a limited impact of the east Asian Monsoon, as speleothem
records of the east Asian Monsoon are dominated by precession cycles (Cheng et al., 2016). It
should be noted, runoff records from east China do not exhibit the 19-23-kyr cycles of insolation,
raising concerns about the speleothem records as monsoon recorders (Clemens et al., 2018).
Overall, our data challenge the theory that precession dominates MC precipitation, as observed in
higher-latitude monsoon records (Cheng et al., 2012).

A speleothem record from northern Borneo indicates that local precipitation tracks local
September-November insolation, potentially by modulating the strength of Walker Circulation

over the tropical Pacific (Carolin et al., 2016). Precipitation in central Sulawesi is also highly
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sensitive to changes in the strength of the Walker Circulation, and the absence of this signal
suggests that the impacts of insolation on precipitation in Northern Borneo are modulated by other
processes. Indeed, northern Borneo has a different precipitation regime than most of the MC
(Aldrian & Dwi Susanto, 2003) and is sensitive to different climate forcings. Monthly precipitation
measured at Lake Towuti from 2013-2016 is positively correlated with monthly precipitation in
the majority of the MC, but Lake Towuti is not correlated with northern Borneo monthly
precipitation (Figure 1). That said, there are weak, but significant, 21- and 23-kyr cycles detected
in the Lake Towuti 8'*Cywax record (Figure 2e), which may indicate vegetation is sensitive to
insolation through its impact on the seasonality of precipitation. Wetter dry seasons can increase
the percentage of C; plants, leading to '*C-depletion (Dubois et al., 2014; Parish et al., 2024). The
precession cycles in 3'3Cyax may suggest insolation plays a role in determining the seasonality of
precipitation on the MC, without playing a dominant role determining annual precipitation as was

observed during the last deglaciation (Parish et al., 2024).

5.3 Shelf exposure

The exposure of the Sunda, Sahul, and Australian continental shelves during the LGM 1is
thought to have weakened the Indian Ocean Walker circulation and caused decreased precipitation
over the MC, impacting regions as far afield as tropical Africa (DiNezio et al., 2016, 2018; DiNezio
& Tierney, 2013; Du et al., 2021). Model agreement with hydroclimate proxy records indicating
drying at the LGM also provide support for shelf exposure controlling MC hydroclimate on
glacial-interglacial timescales (DiNezio et al., 2018). Lake Towuti 8’Hywax shows slight *H-
enrichment during some glacial periods (Figure 3b), and isotopic enrichment during glacial periods

in an offshore Sumatra 3*Hywax and northern Borneo speleothem 3'%0 record suggests decreased
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precipitation as a possible response to shelf exposure (Carolin et al., 2016; Windler et al., 2021).
However, the water isotope records in the MC show isotopic enrichment during glacial periods
prior to the first submersion of the continental shelves (Carolin et al., 2016; Windler et al., 2019)
which occurred between 400 and 250 ka (Sarr et al., 2019). Assuming this timing is correct, other
glacial-interglacial forcings must impact hydroclimate in the MC prior to the exposure/inundation
cycles.

The Towuti 8'3Cyax record shows a clear shift to ’C-enrichment, indicating more Cs4 plants,
during the last two glacial periods (MIS 2 and MIS 6). There are also smaller amplitude shifts
toward '*C-enrichment during preceding glacial periods, which could reflect more C4 plants or
increased leaf-gas exchange efficiency related to decreased moisture and/or CO; (Diefendorf et
al.,2010; O’Mara et al., 2022; Parish et al., 2024). The high amplitude shifts to increased Cs4 plants
during glacial periods may indicate dry seasons became dry enough to give C4 plants an advantage
during the last two glacial periods (Dubois et al., 2014; Parish et al., 2024; Windler et al., 2019).
These C4 expansions could suggest that shelf exposure impacted the strength of the dry season
enough to allow grassland expansion, as the timing of the high-amplitude '*C-enrichments
postdates the onset of shelf emergence-submergence cycles. 8'3Cyax records from offshore
Sumatra and from the Andaman Sea also show substantial grassland expansion during the two
most recent glacial periods, interpreted to reflect shelf exposure (McGrath et al., 2023; Windler et
al., 2019). However, the shelf was exposed for a prolonged interval prior to MIS 7. McGrath et al.
(2023) suggested that grasses were sourced from shelf area exposed by lowered sea level during
glacial periods, and only the most recent two glacial periods show definitive evidence of grassland
expansion because the continental shelves first submerged around ~250 ka (McGrath et al., 2023;

Sarr et al., 2019). Lake Towuti receives leaf waxes from its hydrological basin and does not receive
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leaf waxes from exposed shelf area. Therefore, Lake Towuti likely only shows C4 expansion when
dry season precipitation is low enough to favor C4 plants in the lake’s watershed.

Although the Lake Towuti 8'*Cyax record shows the most extreme '*C-enrichment during
the two most recent glacial periods, similar to the offshore Sumatra and Andaman Sea 8'*Cyax
records, the duration of the isotopic excursions in the Towuti record are shorter than in the other
records. The shorter duration of the excursion at Towuti could be an artefact of our age model, but
could also reflect different leaf wax source areas, with Towuti only receiving leaf waxes from its
watershed and not the continental shelf. Alternatively, the short duration of the extreme !*C-
enrichment could indicate changes in precipitation at different times at each site. Indeed, a transient
model simulation of the last deglaciation indicates widespread drying over the MC when sea level
falls more than 80 meters, suggesting widespread drought only during the coldest intervals of
recent glacial cycles.

However, shelf exposure cannot explain the gradual trend towards '*C-enrichment during
the past 1-Myr observed in Towuti 3'3Cywax nor can it explain the presence of 100-kyr cycles prior
to the first shelf inundation. A gradual hydrologic shift caused by shelf exposure is difficult to
explain given that Sunda Shelf was likely permanently exposed prior to 400 ka, which should have
caused persistent drying and '*C-enrichment prior to the first inundation. The Towuti 8'*Cyax
record is more ’C-depleted prior to 400 ka (Figure 4) and the 8'3Cywax records from offshore
Sumatra and the Andaman Sea also show a gradual shift to '*C-enrichment across the entirety of
the records, 650 and 450 kyr, respectively (Figure 4; McGrath et al., 2023; Windler et al., 2019).
Decreasing temperature since 1 Ma, and its impacts on the strength of convection and MC rainfall,
could potentially cause the long-term trend towards '*C-enrichment indicated in the records

(Figure 2; Liu and An, 2020). Shelf exposure during the last two glacial periods may have
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amplified '3C-enrichment, but long-term trends and 100-kyr cycles prior to the submersion of the
continental shelves point to global ice volume and GHG concentrations as important forcings of

MC hydroclimate.

5.4 Global ice volume and GHG concentrations

Remote forcing by the large Northern Hemisphere ice sheets and radiative forcing by
GHGs, which vary on ~41- and ~100-kyr cycles, are additional proposed forcings of MC
hydroclimate. The 41-kyr cycle is statistically significant in the Towuti §?Huwax and 8'3Cyax records
(Figure 2). The cycle emerges at ~430 ka in the 8?Hywax record and ~250 ka in the 8'3Cyax record
(Figure 2), and its presence in our records suggests that ice volume and/or GHG concentrations
play an important role controlling MC precipitation. After the MBT (~430 ka), interglacial CO:
gradually increases (Barth et al., 2018). In the evolutive harmonic analysis of the 8?Hywax and
83Cywaxrecords, 41- and 100-kyr cycles emerge around ~430 ka, providing further support for CO,
as a primary driver of MC hydroclimate. 41- and 100-kyr cycles are significant in the Towuti
temperature record (Parish et al., in prep) in addition to being significant in the Towuti 8?Hywax and
83Cywax records (Figure 2). Cross-wavelet spectral analysis indicates that the Towuti 6*°Hyax and
8!3Cyax are highly coherent with Towuti Temperature in the 41-kyr and 100-kyr bands, with 100-
kyr coherence between 8'3Cyax and temperature emerging at the end of the MPT and the 41-kyr
coherence appearing during the MBT for both 8?Hyax and 8'*Cyax (Figure 5). The high coherence
between Towuti temperature and 8*Hwax and 8'°Cwax, may suggest that terrestrial temperature,
hydroclimate, and vegetation are all strongly impacted by the same forcing(s), and that terrestrial
temperature is likely an important driver of terrestrial hydroclimate and vegetation. During the last

deglaciation, analysis of a temperature reconstruction from Lake Towuti indicated that temperature
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change is driven by varying CO» concentrations (Parish et al., 2023). This, combined with the
spectral coherence of temperature and our wax records, supports the hypothesis that GHG
concentrations strongly influence hydroclimate and vegetation on the MC. The Lake Towuti
hydroclimate records add evidence to support precipitation in the MC being predominantly

controlled by GHG concentrations.

6. Conclusions

Hydroclimate and vegetation are relatively stable in the Lake Towuti records prior to the
MBT, suggesting that the MC did not experience the consistent instability with frequent periods
of aridity like observed in other areas of the tropics. The minimal precession forcing indicated in
the MC suggests hydroclimate is not dominantly controlled by local insolation, but rather
suggests precipitation is sensitive to the forcings of ice volume and/or GHG concentrations. The
onset of shelf exposure cycles may have influenced the large shifts in vegetation, but the long-
term trends in hydroclimate do not match the climate changes predicted by shelf inundation.
Strengthened 8?Hywax and 8'*Cyax variability during the MBT and the coherence of 8*Hywax and
8!3Cyax with temperature at Lake Towuti both point to CO> as a primary forcing of hydroclimate

and vegetation during the past 1 Myr.
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Figure 1 — Locations of (1) Lake Towuti, (2), MD98-2152 (Windler et al., 2019), (3) U1446
(McGrath et al., 2021), and (4) U1448 (McGrath et al., 2023). Field correlation of the
monthly precipitation measured at Lake Towuti from March 2013-August 2016 with
monthly precipitation from The Global Precipitation Climatology Project (GPCP) monthly
precipitation (Adler et al., 2018). Precipitation and the digital elevation models are plotted
using the “raster” package in R (Hijmans et al., 2022).
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Figure 2 — (a) Lake Towuti 8*Hyax, (b) multi-taper spectral analysis, and (c) evolutive
harmonic analysis (EHA). (d) Lake Towuti 8!*Cy.y, (¢) multi-taper spectral analysis, and (f)
EHA. (g) Lake Towuti temperature, (h) multi-taper spectral analysis, and (i) EHA.
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Figure S2 — Towuti 8*Hyax and 8"3Cyay, excluding samples with a CPI27.3; less than 2.
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Figure S3 — 83 Cyax and 8’Hyax of C30 and Cy9 alkanes.

190



