Quaternary Science Reviews 336 (2024) 108755

Contents lists available at ScienceDirect

Quaternary Science Reviews

o %

ELSEVIER journal homepage: www.elsevier.com/locate/quascirev

Check for

Changes in Indo-Pacific Warm Pool hydroclimate and vegetation during the &
last deglaciation

Meredith Parish® ", James Russell°, Bronwen Konecky ”, Xiaojing Du ¢, Chengfei He ¢,
Satria Bijaksana ©, Hendrik Vogel '

@ Department of Earth, Environmental, & Planetary Sciences, Brown University, 324 Brook Street, Providence, RI, 02912, USA

b Department of Earth, Environmental, and Planetary Sciences, Washington University in St. Louis, 1 Brookings Drive, St. Louis, MO, 63130 USA

¢ Atmospheric, Oceanic & Earth Sciences Department, George Mason University, 4400 University Dr. Fairfax, VA, 22030, USA

d Rosenstiel School of Marine, Atmospheric, and Earth Science, University of Miami, 4600 Rickenbacker Cswy, Key Biscayne, FL, 33149, USA

¢ Global Geophysics Group, Faculty of Mining and Petroleum Engineering, Institut Teknologi Bandung, 4J66+CQ6, Lebak Siliwangi, Coblong, Bandung City, West Java,
40132, Indonesia

f Institute of Geological Sciences & Oeschger Centre for Climate Change Research, University of Bern, Baltzerstrasse 1+3, 3012 Bern, Switzerland

ARTICLE INFO ABSTRACT
Handling Editor: Dr A. Voelker 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. Re-
Keywords: constructions of precipitation isotopic compositions have emerged as a powerful tool to reconstruct rainfall
Leaf wax amount in many tropical regions, yet it has proven difficult to reconcile precipitation isotope records from the
Indo'PE,lCl.ﬁc Warm pool IPWP with records of widespread drying. To evaluate the signals preserved in precipitation isotope records, we
Deglac1a‘tlon produced new hydrogen and carbon isotope records from Lake Towuti and Lake Matano in Sulawesi, Indonesia
Hydroclimate N X . ) i
Precipitation 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 (§2Hyay), and leaf wax
carbon isotope (8'3Cyay) records in the IPWP. During the last deglaciation, marine runoff and salinity proxies
reveal that precipitation amount began to increase dramatically between ~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
2H-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 613cwax 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.
1. Introduction Reconstructions of precipitation change over the past 30,000 year can
provide valuable evidence to test the ability of global climate models to
The Indo-Pacific Warm Pool (IPWP) is the largest area of ocean with predict regional climate change and to determine the dominant forcings
sea surface temperatures over 28 °C year-round and plays a vital role in of rainfall variations in the IPWP under the changing boundary condi-
shaping global climate. IPWP climate variations are highly consequen- tions from the Last Glacial Maximum (LGM), at 22 ka, to present.
tial to the diverse ecosystems in the region and to the livelihoods of Sedimentological and palynological records have provided qualita-
millions of people living on the Maritime Continent. Despite the region’s tive but critical insights into past rainfall changes over the Maritime
importance, global climate model projections of future precipitation Continent, indicating widespread aridity at the LGM (Costa et al., 2015;
change over the Maritime Continent diverge (Iturbide et al., 2020). Hamilton et al., 2019; Hope, 2001; Reeves et al., 2013; Russell et al.,
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2014; van der Kaars et al., 2000, 2001, 2010; Vogel et al., 2015). Iso-
topic records have provided powerful additional constraints on past
climate. Carbon isotopes measured in leaf waxes (5!3Cyay) generally
show an expansion of C3 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 (§%Hy,y) and oxygen isotopes measured
in speleothems (Slsospeleo) 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;
Waurtzel et al., 2018; Yuan et al., 2023). Precipitation isotopes can 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 pre-
sent discrepancies with simulated precipitation isotopes during the LGM
(Du et al., 2021). It is uncertain whether the differences among pre-
cipitation 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 expo-
sure 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 é‘)l?’CWax 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 recor-
ded by these data. Additionally, 5!3Cyay records enable us to investigate
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changes in vegetation. The regional compilations of runoff, salinity,
slsospeleo, 62Hwax and 613Cwax allow us to constrain the dominant drivers
of hydroclimate and vegetation change in this region.

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 (Fig. 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 sourced
from the northwest (Konecky et al., 2016). Rainfall during the dry sea-
son (August to October), brought by winds from the southeast associated
with the Asian summer monsoon, still averages over 50 mm of precip-
itation 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 Al).

3. Methods
3.1. Modern precipitation isotopes

Konecky et al. (2016) presented monthly rain gauge and precipita-
tion isotope measurements from 2013 to 2015. Here we present addi-
tional 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
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Fig. 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),
6.50189-2_039 KL (Mohtadi et al., 2014), 7. SO189-2_119 KL (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 (Schroder 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. S018515 (Wicaksono et al., 2017), 19. SO189-144 KL (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 to 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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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 calcu-
lated 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 (CAM5.3),
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 ob-
servations 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.

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:iso-
propanol (2:1) and ethyl ether:acetic acid (96:4) over an aminopropyl
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 Cyg, C31, C33 n-alkanes using a gas chromatography flame
ionization detector (GC-FID), and measured §°H and §'°C of Co9, C31,
and Cg3 n-alkanes using a gas chromatography isotope ratio mass
spectrometer (GC-IRMS). 52H was measured in triplicate and §!°C was
measured in duplicate on an Agilent 6890 GC with an HP1-MS column
(30 m x 0.25 mm x 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 instru-
ment 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, span-
ning 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 Mat-
ano, we measured 31 samples over the past 32 kyr, resulting in an
average sampling resolution of one sample every 986 years. The mini-
mum sampling resolution was 314 years and the maximum sampling
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resolution was 2172 years. We measured 5'3Cyyax in both Towuti and
Matano at about half the resolution of the §?Hyax 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 §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 C3; 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 frac-
tionation. Because different plants have different apparent fraction-
ation, it is common to correct the measured 62Hwax for changes in
apparent fractionation to estimate the §2H of the precipitation (82Hpre,
cip) (Konecky et al., 2016; Lupien et al., 2021). Changes in apparent
fractionation are often estimated from 613CwaX values, which primarily
record the relative abundances of plants that use the C3 and C4 photo-
synthetic pathways. Although this approach is common in the literature,
we examined the apparent fractionation of C3; 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 C3
and C4 plants (Konecky et al., 2016; Figure A2). It is possible that a
larger modern Cs; alkane 52H dataset could document a larger apparent
fraction in C3 plants; however, the existing Cs; alkane data indicates C3
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 C3 and C4 plants, rather than using an endmember mixing model, to
estimate 62Hprecip. The average fractionation of all tropical C3 and C4
plants is —135%o for C3; alkanes (Sachse et al., 2012). The Towuti Cag
alkanoic acid 8?Hy,ax record was corrected using a constant offset of
—129%o, which is the average apparent fraction of all tropical Cz and C4
plants for Cy7 alkanes (Sachse et al., 2012)

To help visualize changes in SZHPrecip attributable to rainfall amount
and atmospheric circulation, we corrected the 62Hprecip for changes in
seawater 52H by interpolating the global benthic §'80 stack (Lisiecki and
Raymo, 2005) to the resolution of our measurements. To do so, we
scaled the 5'80 stack values to account only for the change attributable
to changing ice volume (Schrag et al., 1996), converted §'%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 SZHprecip.

3.5. Proxy record synthesis

We compiled all regional runoff, 5'80 of sea water (Slsosw),
slsospeleo, 62Hwax, and Slgcwax records in the IPWP that span the last
deglaciation. We only included records that had at least three age con-
trols between 20 and 12 ka and that span 21 ka to 2 ka. 61805w records
were produced using identical methods as Gibbons et al. (2014). Briefly,
sea surface temperatures (SST) were used to convert the 5180 alcite TE-
cords to §'804, using the following equation, wherea =16.5+0.2°C, b
= —4.80 4+ 0.16 °C, and T is the measured SST:

51805w = - T/b + a/b + 6wocalcite

Then, a 0.27%0 adjustment was used to convert the records from
VPDB to VSMOW, and isotopic changes in seawater driven by ice vol-
ume were removed. SISOspeleo measurements were converted to 8°H
values assuming Slsospeleo directly record precipitation isotopes, with
no impact of changes in cave temperature, and scaling the slsospeleo
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Fig. 2. A) Monthly rain gauge and precipitation isotope data from Lake Towuti from 2013 to 2016. B) Linear regression of the monthly precipitation amount and
5%H. C) Linear regression of the average monthly precipitation amount and weighted §*H from 2013 to 2015 measurements from the rain gauge.

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 513C composition of C3
and C4 plants calculated from the n-alkanes of tropical plants were used
as the endmembers in the mixing model. In the tropics, Cz plants have a
median 5'3C of C31 n-alkanes of —35.9 + 2.2%o (median + standard
deviation, n = 20) and C4 plants have 5'3C of C3; n-alkanes of —22.1 +
2.6%o (median + standard deviation, n = 12; Figure A2; Sachse et al.,
2012).

3.6. Changepoint detection

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; Fig. 2B). Precipitation
amount and its isotopic composition are highly correlated when aver-
aging the monthly values from the entire study (R = 0.79; p < 0.01;
Fig. 2C). The positive correlation between 2013 and 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 corre-
lated 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, but with an ASO dry season, similar to the modern observations
(Fig. 3C). The monthly precipitation modeled by the PI iTRACE simu-
lation is moderately correlated with 62Hprecip (R? = 0.31; p = 0.06;
Fig. 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 Sszredp is strongly
correlated with the average from the modern 4-yr study (R? = 0.69; 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 (Fig. 3G). The isotopic
composition of precipitation has a similar seasonality to the observa-
tions 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;
Fig. 3H). The iTRACE-simulated Early Holocene precipitation shows
precipitation maxima in June and December-January (Fig. 3E). Pre-
cipitation amount is only moderately correlated with the isotopic
composition of rainwater during the Early Holocene (R? = 0.32; p <
0.01; Fig. 3F). Precipitation during the dry season greatly increased
during the Early Holocene, compared to at the LGM (Fig. 3). The tran-
sient 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 (Fig. 3I).

4.3. Lake Towuti and Lake Matano leaf-wax isotope records

Variations in the relative abundance of different n-alkanes can pro-
vide information about the sources of these lipids. The carbon prefer-
ence index (CPI) can be used to assess the state of 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 Cyg, C31, C33 SZHWax records (not corrected for vegetation
and ice volume) show 2H-enrichment at the LGM relative to the 2H-
depletion in the Holocene (Fig. 4A). All of the homologues show a
similar structure and amplitude of change. C3; 2Hyax is positively
correlated with Cyg 62Hwax ®R? = 0.64; p < 0.01) and C33 SZHWaX ®R? =
0.30; p < 0.01). The greatest differences between homologues occurs
between 30 and 26 ka, when Cyg 62Hwax is more 2H-depleted than C3;
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Fig. 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.

and C33 E‘SZHWax (Fig. 4A). Like Towuti, the uncorrected Cs3; 62HWax re-
cord from Lake Matano shows 2H-enrichment at the LGM and 2H-
depletion during the Holocene, but the shift is smaller than observed at
Lake Towuti (Fig. 4C). The uncorrected Matano Cag 52Hyyax record shows
the greatest magnitude of change from the LGM to the Holocene. The Cz3
§%Hyax record has considerable 2H-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).

After correcting the 82Hyax values for ice volume and the isotopic
fractionation by plants, the resulting 62Hprecip indicates similar isotopic
compositions during the LGM and Holocene with the most 2H-

enrichment occurring at 12 ka (Fig. 5A). Using an end-member mixing
model (Konecky et al., 2016), rather than our constant apparent frac-
tionation, to estimate apparent fractionation and to correct the 5%Hyyax to
ZHprecip does not considerably impact the 62Hpmip records (Figure A7).
The Towuti n-alkane-based 62Hprecip record and the n-alkanoic acid
based 62Hpredp record (Konecky et al., 2016) share common trends
(Fig. 5A). Both records are slightly more ?H-depleted during the LGM
and during the Holocene and more 2H-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 2000-yr moving averages to
smooth the data results in a stronger correlation (R? = 0.36; p = 0.02).

The similarity between the alkane 62HpreciP record from nearby Lake
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Fig. 4. A) Uncorrected 5?Hy,ay of Cgo, C31, and Cgz alkanes measured from Lake Towuti. B) 8'3Cyay 0f Ca9, C31, and Csz alkanes measured from Lake Towuti. C)
Uncorrected 82Hyax Of Cag, C31, and Css alkanes measured from Lake Matano. D) §!3Cyy.x of Co9 and Cs; alkanes measured from Lake Matano.

Matano and the Lake Towuti SZHPrECip 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 Cyg n-acid (van Bree et al., 2018). In prin-
ciple, 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 2H-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 m 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%. more depleted
than n-acids (Chikaraishi and Naraoka, 2007; Hou et al., 2008). How-
ever, in samples from the Amazon and Andes there is not a significant
difference between C3( acids and Cyg 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 Cgg n-acid to tropical
lake sediments (van Bree et al., 2018).

The Cao, C31, Cs3 5'3C records from Towuti show shifts from '3C-
enrichment at the LGM to '3C-depletion during the Holocene. Cyg 8'3C
shows a ~6%o shift from —27 to —33%o, C31 513C shows a ~7%o change
from —26 to —33%o, and Cs3 8'3C shows a ~8%o change from —24 to
—32%o (Fig. 4B). 8'3C 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 (Fig. 5B). At Lake
Matano, the Cs; 5'3C record shows a ~9%o change, from —24%o at the
LGM to —35%o in the Holocene, and the Cyg 5'3C record shows a slightly
smaller amplitude change (Fig. 4D). The structure of LGM-to-Holocene

change in the Matano Cy9 and Cg; §'3C records is similar to the Cag
and Cog 5'3C records from Matano (Fig. 5¢; Wicaksono et al., 2015).
However, the Cyg and Cyg n-acids from Matano are more 13C—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 §'3C is greater than n-alkanes at Towuti and less than n-al-
kanes at Matano (Fig. 5B and C). 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).

5. 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 vegetation to
rainfall. We rely on indicators of precipitation change other than pre-
cipitation isotopes and vegetation to help elucidate rainfall history and
its influences on IPWP precipitation isotopes and ecosystems. Specif-
ically, 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 et al., 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
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Fig. 5. A) Lake Towuti 62Hprecip of C3y n-alkanes (purple) and Sszrecip of Cyg n-
acids (pink) corrected for changes in ice volume and vegetation. The solid line
is a 2000-yr moving average. B) Lake Towuti 8'>C of Cg; n-alkanes (purple) and
Cog n-alkanoic acids (pink). C) Lake Matano 8'3C of Cs; n-alkanes (purple) and
Cog n-alkanoic acids (pink).

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; Fig. 10).

There are 12 §'%0y, 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., 2002, 2007; Visser et al., 2003; Xu et al., 2008). 61805‘,,, 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; Fig. 10).

The first principal component (PC1) and the mean of the 16 z-scored
runoff and §'80,, records indicate two pulses of decreased precipitation
at ~16 and ~12.5 ka, followed by a shift to increased precipitation
during the Holocene (Fig. 6C). Although the LGM is characterized by
depleted isotopic compositions and decreased runoff relative to Heinrich
Stadial 1 (~19-15 ka) and the Younger Dryas (~12.9-11.7 ka), there is
an overall shift to more depleted 5'%04,, and increased runoff from the
LGM to the Holocene that may be attributed to increased precipitation.
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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 produc-
tion and preservation of calcium carbonate, the main source of Ca to
sediment. 61805W 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 520y, should pri-
marily trace rainfall amount. The amplitude of shifts toward enriched
5180y, during Heinrich Stadial 1 and the Younger Dryas are very large,
and could mask the transition from the LGM to the Holocene. However,
the SIBOSW records still indicate that the LGM is saltier (more enriched)
than the Holocene.

5.2. Precipitation isotope records

61805pele0 and 62Hwax 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;
Waurtzel et 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 5%Hyayx and 61803pe1e0 records 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 (Fig. 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 62Hwax records (excluding the 618Ospeleo records) results in PC1
with a nearly identical structure as when the speleothem records are
included (Figure A5), though the first principal component only explains
48% of the variance in the 5?Hyay records. Change point analysis of
individual records also indicates an earlier shift around ~14.5 ka, dur-
ing Heinrich Stadial 1, in four of the records in addition to the shift at
~12.3 ka (Fig. 10).

The timing of the shift in precipitation isotope records, at 12.3 ka
(Fig. 7) coincides with the deglacial shift indicated in runoff and sea
surface salinity proxies (Fig. 10). The agreement between precipitation
isotope records and other precipitation amount proxies may indicate
that 62Hyyay and speleothem Slsospeleo 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 re-
cords coincides with flooding of the Sunda and Sahul shelves (Pico et al.,
2020). Existing studies have observed the similar timing of shelf inun-
dation and precipitation amount, as inferred from Slgospele0 records
(Krause et al., 2019). However, §°Hyayx and speleothem 61805peleo re-
cords may also be affected by changes in moisture source, cloud type,
convergence/divergence, and/or moisture transport, many of which
also change with Sunda and Sahul shelf inundation (Du et al., 2021;
Konecky et al., 2016, 2019).



M. Parish et al.

Table 1

Quaternary Science Reviews 336 (2024) 108755

All IPWP records included in compilation. Deglacial changepoints as detected by detected using the “EnvCpt” package in R (Killick et al., 2021).

Paper Proxy Location Core/Cave Deglacial changepoint Age uncertainty at changepoint
(ka) (ka)
Mohtadi et al. (2011) Ln(Ti/Ca) South of East Java GeoB10053-7 13.0 0.4
Hollstein et al. (2018) Ln(Ti/Ca) North of New GeoB17419-1 9.1 0.9
Guinea
Fraser et al. (2014) Log(Fe/Ca) Offshore MDO06-3075 12.6 0.9
Mindanao
Costa et al. (2015) Ti Lake Towuti TOW9B 14.7 0.9
Mohtadi et al. (2014) 5" 0calcite Offshore Sumatra $0189-2.119 KL 14.7 0.7
Mohtadi et al. (2014) 580 alcite Offshore Sumatra $0189-2.039 KL 15.2 and 11.5 0.2 and 0.2
Sarnthein et al. (2011) and Xu et al. 580 calcite Timor Sea MDO01-2378 Not detected NA
(2008)
Schroder et al. (2018) 580 alcite Makassar Strait GIK18526-3 10.9 0.4
Schréder et al. (2018) 5"®0catcite Makassar Strait GIK18519-2 Not detected NA
Schroder et al. (2018) 5'%0calcite Makassar Strait GIK18522-3 11.8 0.2
Fan et al. (2018) 5'%0calcite Makassar Strait MD98-2178 11.4 0.3
Stott et al. (2007) 8'%0calcite Offshore West MD98-2176 Not detected NA
Papua
Stott et al. (2002) 5'%0calcite Offshore Mindanao ~ MD98-2181 12.9 0.2
Gibbons et al. (2014) 5" 0calcite Savu Sea GeoB10069-3 12.4 0.5
Levi et al. (2007) 5"®0catcite Offshore Flores MD98-2165 12.7 0.4
Visser et al. (2003) 5" 0calcite Makassar Strait MD98-2162 10.8 0.6
Ruan et al. (2019) Csy n-alkane 5°H Offshore Java GeoB10053-7 13.4 0.3
This study Csy n-alkane 5°H  Lake Towuti TOWO9B 9.5 0.6
Konecky et al. (2016) C28 n-acid 8°H Lake Towuti TOW9B 11.3 0.4
This study Cs n-alkane °H  Lake Matano IDLE-MAT10-2B 12.0 2.2
Wicaksono et al. (2017) €28 n-acid 5°H Mandar Bay S018515 10.8 0.4
Niedermeyer et al. (2014) €30 n-acid 5°H Offshore Sumatra S0189-144 KL Not detected NA
Krause et al. (2019) Speleothem Sulawesi Gempa Bumi Cave 14.4 and 12.4 0.1and 0.2
5'%0
Partin et al. (2007) Speleothem Borneo Snail Shell and Bukit Assam 14.6 and 12.3 0.1 and 0.1
5'%0 caves
Ayliffe et al. (2013) Speleothem Flores Liang Luar Cave 11.5 0.1
5'%0
Yuan et al. (2023) Speleothem Sulawesi Southwest Sulawesi caves 14.7 and 10.5 0.2 and 0.2
5'%0
Dubois et al. (2014) €30 n-acid 5'°C  Offshore Borneo 91GGC Not detected NA
Niedermeyer et al. (2014) C30 n-acid 3'*C  Offshore Sumatra S0189-144 KL Not detected NA
Dubois et al. (2014) €30 n-acid §'3C Offshore Java GeoB10069-3 19.8 0.7
Wicaksono et al. (2017) C28 n-acid §'°C Mandar Bay S018515 19.8 0.5
Ruan et al. (2019) Cs; n-alkane Offshore Java GeoB10053-7 19.5 0.5
53¢
This study Cs; n-alkane Lake Towuti TOWO9B 22.3 0.8
313C
Konecky et al. (2016) C28 n-acid 5'3C  Lake Towuti TOW9B 17.2 0.6
This study Cs; n-alkane Lake Matano IDLE-MAT10-2B 20.8 1.4
53¢
Wicaksono et al. (2015) C28 n-acid $'*C  Lake Matano IDLE-MAT10-2B Not detected NA

5.3. Leaf wax isotope records of vegetation change

5'3Cyay 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., 2015, 2017; Windler et al., 2019; Wurster et al., 2019).
A PCA of all marine and lacustrine IPWP 613CWaX 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 (Fig. 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 SO189-144 KL from offshore Sumatra (Niedermeyer
et al., 2014). The 13C.enrichment at the LGM ranges from 2 to 9%o
heavier than the mean 613Cwax between 10 and 8 ka in each record,
excluding 91GGC and SO189-144 KL (Table Al; Fig. 8B). Changepoint
analysis reveals that the records begin to become more '*C-depleted
between 22.3 and 17.2 ka with an average of 19.9 ka (Table 1; Fig. 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 8'3Cyyay records from the IPWP results in a
~4%o shift, from —28 to —32%o, from the LGM to the Holocene (Fig. 8C).

The largest shifts in 5'3Cyax occurred at the sites with the highest
modern mean annual precipitation (Fig. 9B); however, modern mean
annual precipitation is not significantly correlated with the magnitude
of the LGM-Holocene shift in §'3Cyax (RZ = 0.19; p > 0.05).

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. Frac-
tionation of carbon is dependent on plant moisture stress, with wetter
conditions leading to more efficient leaf-gas exchange and more
depleted 5'3C values (Diefendorf et al., 2010). A shift in 613CWaLX can also
be caused by a shift in the ratio of C3 to C4 plants because of their distinct
isotopic compositions (Figure A2). Many, if not most, of the records in
the IPWP likely record both decreasing moisture stress and increasing C3
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 di-
agnose increasing Cs plants from §'3C,,,, when there is a large shift from
values within the modern C4 range to values within the Cs range beyond
that expected from water stress alone (Figure A2). To assess the factors
influencing 5'3Cyax, We calculated the percent C3 using a mixing model
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Fig. 6. (A) Map of the location of all the sites included in the synthesis of IPWP 880y, 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., 2011, 2014; Rosenthal et al., 2003;
Sarnthein et al., 2011; Schroder et al., 2018; Stott et al., 2002, 2007; Visser et al., 2003; Xu et al., 2008), colored by their loading on PC1. (B) Z-scores of all the §'%0,,
and runoff records. (C) The mean z-score (orange) and PC1 (black) of the records.

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 C3 over
the deglaciation (Fig. 9). These sites — Lake Towuti and Lake Matano —
shift from less than 30% Cgs 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% C3 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 ana-
lyses of n-alkanes, rather than n-acids. However, the comparison be-
tween 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 in 813C compared to alkanes (Fig. 5). The two sites with between 50
and 67% Cs in the most modern samples (91GGC offshore Borneo and
S0189-144 KL 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 8'3C record from southern Borneo suggested savannah
expansion during the LGM (Wurster et al., 2019). The modern recon-
structed 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% Cj in their most modern
measurements (SO18515 in Mandar Bay and GeoB10069-3 offshore
Java) show a clear change to more negative values during the deglaci-
ation, 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 ar-
chives. Precipitation isotopes, vegetation change, clastic sediment
fluxes, and a variety of other proxies have been used to estimate
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Fig. 7. (A) Map of the location of all the sites included in the synthesis of IPWP &°H,,., and slsospeleo (converted to 8?H-space using the global meteoric water line)
records with at 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 Towuti acid record is excluded to avoid
overly-weighting Lake Towuti in the mean and PCA. (B) The 5°H anomalies from modern. (C) The mean &°H anomaly from modern (pink) and PC1 (black) of

the records.

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 6804, records as more direct indicators of precipi-
tation 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 (Fig. 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.

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
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between precipitation amount and isotopic composition, including re-
gions with both negative (as predicted by the amount effect) and posi-
tive (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 62Hprecip 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
Sszrecip anomaly showed a dipole structure, the first principal compo-
nent of precipitation isotope records revealed more ubiquitous
H-enrichment during the LGM relative to the Holocene across the
Maritime Continent (Du et al., 2021).
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Despite the varied influences on runoff, salinity, and precipitation
isotope proxies, when taken together, the synchrony of deglacial shifts in
runoff, 8'80y,, 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 re-
cords, 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 low-
land rainforest pollen detected in cores from Java and Sumatra (Reeves
et al., 2013); however, rainforest expansion may be influenced by a
variety of factors including atmospheric CO concentrations (Kim-
brough 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 char-
coal record from Lake Lantoa (Hamilton et al., 2019). However, the
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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; Lam-
beck 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., 2016,
2018; DiNezio and Tierney, 2013; Du et al.,, 2021). In the iTRACE
simulation, the flooding of the Northwestern Australian Shelf at 14 ka,
when sea level rose above 65 m below modern, caused large-scale pre-
cipitation change over the tropical Indian Ocean (Du et al., 2021). In
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recalibrating the radiocarbon dates to IntCal20 and determining the uncertainty of the age-models using Bacon (Blaauw and Christen, 2011). A probability density
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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 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
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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 (Fig. 10), when the NW Australian Shelf may
have become inundated. Further work is needed to investigate in-
teractions between flooding of different parts of the shelves and climate
boundary conditions to unravel the causes of these rainfall changes.
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5.5. Causes of vegetation change

Support for decreasing C4 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 513C of Cs 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 513Chyax may be
attributed to increasing Cs plants during the deglaciation. A shift from
more 13C-enrichment at the LGM to more '3C-depletion during the Ho-
locene could be controlled by water-stress related to rainfall, humidity,
or 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 §'3C,x records in the IPWP. As plants are able to
fractionate carbon isotopes more effectively at higher CO2 concentra-
tions, rising CO2 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 613cwax 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 S0189-2_039 KL, and the largest
changes appear to occur at about 12.3 ka, well after the shift in §'3Cyay.
Although increasing precipitation likely contributes to the expansion of
rainforests, the initial transition in §'3Cy,y cannot be explained by
annual precipitation amount alone. Although the increasing CO2 con-
centrations and increasing annual precipitation likely contributed to
changes in 8'°Cyq. through increasing carbon use efficiency and
decreasing water stress, the initial shift in 5'3Cyax may be primarily
related to other factors.

Dubois et al. (2014) showed, in the present day, 613CWaX 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 Cy4
grass expansion (Dubois et al., 2014; Jiang et al., 2019). Although pre-
cipitation seasonality is very difficult to reconstruct, some regional re-
cords have inferred increased seasonality at the LGM compared to the
Holocene in the Maritime Continent based on §'3Cyyax, 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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Fig. 11. The transient evolution of the ASO fraction of annual precipitation
from iTRACE (orange) and the mean 813CW3X of all IPWP records (pink).
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The iTRACE simulation indicates increasing dry season precipitation
during the deglaciation (Fig. 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 (Fig. 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 (Hallberg et al., 2022). The JJA/DJF ratio gradually begins to
increase at the beginning of the simulation, at 20 ka, and rapidly in-
creases at 14.7 ka at the beginning of the Bglling-Allergd (Hallberg 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 613Cwax relative to changes in rainfall amount, tempera-
ture, and atmospheric CO5 concentrations. We infer that the transition in
5!3Cyax may have been initiated by an increase in dry season precipi-
tation. Continued increases in dry season precipitation, as well as mean
annual precipitation and atmospheric COo, 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 of 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 isotopic composition of §%Hyax and élsospeleo at ~12.3 ka in
response to increasing precipitation amount and convergence. 513Cyyax
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 pre-
cipitation as the initiator of changing 5'3Cyax through a shift to more C3
plants. The increase in COy and annual precipitation continue to shift
513C,yax to more negative values throughout the deglaciation.
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Table A.1
813Cyax records included in compilation. Mean annual precipitation from 1992 to 2022 from GPCP data with 1° resolution (Adler et al., 2018). Magnitude of deglacial
shift in §!3Cyx calculated by subtracting the mean between 10 and 8 ka from the mean between 22 and 20 ka.

Paper Proxy Location Core Mean annual precipitation (mm) Magnitude of shift (%o)
Dubois et al. (2014) C30 n-acid Offshore Borneo 91GGC 2817 -1.3
Niedermeyer et al. (2014) C30 n-acid Offshore Sumatra S0189-144 KL 2207 -1.21
Dubois et al. (2014) C30 n-acid Offshore Java GeoB10069-3 1032 2.22
Wicaksono et al. (2017) C28 n-acid Mandar Bay S0O18515 2265 3.87
Ruan et al. (2019) Cg3; n-alkane Offshore Java GeoB10053-7 2617 3.9
This study Cs; n-alkane Lake Towuti TOW9B 3114 7.44
This study Cs; n-alkane Lake Matano IDLE-MAT10-2B 3114 9.34
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Fig. A.1. Fraction rainfall in every season across the IPWP using GPCP data (Adler et al., 2018).
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Fig. A.7. Raw 62HWax of Cy9, C31, and Csg alkanes measured from Lake Towuti (black), vegetation corrected using an end-member mixing model described in
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