
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 larg-
est of these, where sea surface temperatures (SSTs) above 28°C extend over an area of more than 30 million km 2, 
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 high SSTs generating 
deep atmospheric convection and some of the highest precipitation rates on Earth (De Deckker, 2016; Figure 1). 
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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 
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Plain Language Summary  The tropics play an important role controlling global climate because 
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.
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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 CO2) 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 CO2 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; Schröder 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 CO2 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 CO2 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).

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 tetraethers (brGDGTs), membrane-spanning lipids whose degree of methylation increases with decreas-
ing 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 environ-
ments (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 (Martínez-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 abun-
dances through the 60-kyr record. We then reconstruct terrestrial temperature from Lake Towuti in Indonesia to 
evaluate the influences of atmospheric CO2 concentrations and insolation as primary drivers of IPWP terrestrial 
tempera ture 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

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 2 island in the center of the IPWP. Lake Towuti has a surface area of 560 km 2 
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 
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and maximum sampling resolution of 3575 years. The mean sampling reso-
lution 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).

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 Al2O3 columns to further separate the hydroxide frac-
tion 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 μm 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) hydro-
philic interaction chromatography (HILIC) 1.7  μm (2.1  mm inner diame-
ter × 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, IIa, 
IIb, IIc, IIIa, IIIb, IIIc) and 6-methyl isomers (IIa’, IIb’, IIc’, IIIa’, IIIb’, IIIc’) 
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 (Loomis et al., 2012, 2014; Martínez-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; Martínez-Sosa et al., 2021; Wu et al., 2021). We used princi-
pal 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 abun-
dances of the major brGDGTs in the Lake Towuti record (Ia, Ib, Ic, IIa, IIa’, IIb, IIb’, IIc’, IIIa’), using the prin-
comp() 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, IIa, IIa’, IIb, IIb’, IIc’, IIIa’).

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’5ME (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’5ME, we used the calibration from Russell et al. (2018) (Equation 2).

MBT′

5ME
=

(Ia + Ib + Ic)

(Ia + Ib + Ic + IIa + IIb + IIc + IIIa)
� (1)

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. 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 (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 (Schröder et al., 2018), 16. SO217-18522 (Schröder 
et al., 2018), 17. SO217-18526 (Schröder et al., 2018), 18. SO217-18540 
(Schröder et al., 2018), 19. TGS-931 (Schröder 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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MAAT = −1.21 + 32.42 × MBT′

5ME� (2)

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 prin-
ciples 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 temper-
ature 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 recom-
mended for samples with limited quantities of IIIb and IIIc 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 IIa and IIIa, 
where fIIa is the fraction of IIa relative to Ia, IIa, and IIIa; and fIIIa is the fraction of IIIa relative to Ia, IIa, and IIIa.

MAF = 26.56 − 34.67
(

f IIa2
meth

)

+ 29.4
(

f IIIa2
meth

)

− 49.43(fIIIameth)� (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., IIa, IIb, IIb’, and 
IIIa), and MAAT increases with increasing tetramethylated brGDGTs (e.g., Ib).

MAAT = 23.04 − 30.09 (IIIa) − 45.31(IIb) − 46.56(IIb’) − 22.65(IIa) + 72.85(Ib)� (4)

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 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 (Martínez-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 CBT5ME index from De Jonge et al. (2014):

CBT5ME = −log((Ib + IIb)∕(Ia + IIa))� (5)

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

CBT′ = −log
((

Ic + IIa′ + IIb′ + IIc′ + IIIa′ + IIIb′ + IIIc′
)

∕(Ia + IIa + IIIa)
)

� (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 (Ia, IIa, IIIa) relative to the amount of branched and 
isoprenoidal GDGTs (isoGDGTs) as indicated by crenarchaeol (IV).

BIT =
([Ia] + [IIa] + [IIIa])

([Ia] + [IIa] + [IIIa] + [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 increas-
ing temperature in both marine and lacustrine settings, and developed the TEX86 index (Equation 8), the ratio 
of isoprenoidal GDGTs with 2–3 rings and the 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 TEX86 
index increases with increasing temperature (Powers et al., 2010; Schouten et al., 2002).

TEX86 =

(

[GDGT2] + [GDGT3] +
[

IV′
])

([GDGT1] + [GDGT2] + [GDGT3] + [IV′])
� (8)

However, the relative abundances of isoGDGTs may also be influenced by changes in the relative inputs of terres-
trial and aquatic isoGDGTs, as well as other microbial community changes. Comparison between the BIT index 
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and the TEX86 index allows us to test whether TEX86 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 CO2 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

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 

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 (Martínez-Sosa et al., 2021). The ternary diagram is plotted using the 
“ggtern” package in R (Hamilton, 2022).
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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; Martínez-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 through-
out 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 ka to present. IIc, IIIa, IIIb, IIIb’, IIIc, and IIIc’ 
have the lowest abundances (less than 2%) in every samples during the past 60,000 years. IIIa’ 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 abun-
dances 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, IIa, IIa’, and IIIa’) have positive loadings on PC1, 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 PC1 indicates that PC1 reflects the cyclization of brGDGTs (Figure 4c). PC1 has  the 

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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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). Pentamethyl-
ated brGDGTs (IIa, IIa’, IIb, IIb’, and IIc’) have negative loadings on PC2. The only hexamethylated brGDGT 
with greater than 2% abundance in one sample from the record (IIIa’) 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

The MBT’5ME-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 S1a in Supporting Information S1). The lowest MBT’5ME-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’5ME-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 Ia and Ib 
to both PC2 and the MBT’5ME-index. Using the Russell et al. (2018) MBT’5ME 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 S1a in Supporting Information S1).

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, IIa’, IIb, IIb’, IIc’, IIIa’), 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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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 S1c in Supporting Information S1). 
The MAF reconstruction is moderately correlated with PC2 (Figure 5; R = 0.67). The MAF SFS/SBE only 
includes fIIa and fIIIa. IIIa comprises less than two percent of all samples from Lake Towuti and is therefore 
not included in the PCA analysis and IIa only has a weak negative loading on PC2. Therefore, it is not surpris-
ing that the correlation is lower than the MBT’5ME-MAAT and Russell SFS/SBE MAAT correlation with PC2 
(Figure 5).

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, 
CBT5ME, TEX86, and MBT’5ME-based MAAT (Equation 2; Russell et al., 2018); SFS/SBE-based reconstructions using 
published equations from global (Equation 3; Raberg et al., 2021) and East African lake sediment samples (Equation 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) (Equation 9) and samples with less than 50% hexamethylated brGDGTs, representing hotter 
environments (Equation 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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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(IIa) − 25.16
(

IIIa′
)

− 72.52(Ic)� (9)

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(IIa) − 41.72
(

IIIa′
)

− 78.76(Ic)� (10)

Stepwise forward selection regressions thus select the same compounds (Ia, Ib, Ic, IIa, and IIIa’) 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 IIIa; Equation 4; Russell et al., 2018). Both the global and less than 50% hexam-
ethylated SFS/SBE reconstructions result in similar temperature records over the past 60,000  years (Figures 
S1e 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 IIa, and IIIa’ 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; R 2 = 0.84, shown in Figure 6b). The brGDGTs included 
in the tropical African SFS/SBE (Ib, IIb, IIb’, and IIIa) all have strong loadings on PC2 with the exception of IIIa, 
which comprises less than 2% of all samples from the Lake Towuti record. Assuming that the tropical East Afri-
can SFS/SBE calibration reflects changing temperature, PC2 reflects 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 IIIa (Raberg et al., 2021), 
which has very low abundance in most of the Lake Towuti samples. The magnitude of LGM to modern temper-
ature change in Lake Towuti produced by this calibration is less than two degrees, which is inconsistent with 
nearby SST reconstructions (Rosenthal et al., 2003; Schröder 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’5ME-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’5ME-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.

Figure 6.  (a) Mean annual air temperature (MAAT) as reconstructed by the SFS/SBE equation based on the fractional abundances of the major brGDGTs in 65 lakes 
from tropical east Africa published in Russell et al. (2018) (teal). PC2 from the principal component analysis shown in Figure 4 (black). The Pearson correlation 
coefficient between MAAT and PC2 is 0.93, also shown in Figure 5. (b) Linear regression between MAAT and PC2, and the associated R 2.
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3.4.  Cyclization, pH, and Isoprenoidal GDGTs

The CBT5ME index indicates an interval of abundant cyclized brGDGTs at ∼45 ka, a sustained period of low 
CBT5ME 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). CBT5ME closely tracks and is highly correlated with PC1 (R = 0.81, Figure 5), 
confirming that PC1 primarily reflects variations in the cyclization of brGDGTs. Ia and IIa are included in the 
denominator of the CBT5ME index and have strong loadings on PC1, whereas Ib and IIb are included in the 
numerator of the CBT5ME index and have negative loadings on PC1. In prior calibration studies CBT5ME has been 
shown to depend on pH and conductivity (Martínez-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 CBT5ME 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 CBT5ME 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 CBT5ME  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 CBT5ME index, however the peak in 
CBT5ME 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, R 2 = 0.69, shown in Figure 7b) than CBT5ME. 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 TEX86 index are significantly correlated with PC1 (R = −0.65 and R = 0.75, respec-
tively; Figure 5). The correlation of both BIT and TEX86 with PC1 indicates that both indices primarily reflect 
the cyclization of brGDGTs and likely the lake chemistry. BIT and TEX86 are also negatively correlated with 
each other (R = −0.73), indicating that TEX86 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 CO2 at 18.7 ka as indicated by identical changepoint detection methods applied to the West Antarctic 
Ice Sheet (WAIS) Divide CO2 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 

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 R 2.
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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; Schröder 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.

Figure 8.
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4.  Discussion
4.1.  Variations in brGDGTs in Sediments From Lake Towuti

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. Temper-
ature explains the majority of variance in the fractional abundances of brGDGTs in global lacustrine samples 
(Martínez-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 (Martínez-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 (Martínez-Sosa et al., 2021; Raberg et al., 2021), explains the majority (54%) of the variance in the frac-
tional abundances of brGDGTs in the Lake Towuti record (Figure 4c). 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 CBT5ME 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 increased during this interval, poten-
tially reflecting increased pH and the burial of reactive iron in the surface sediments (Russell et al., 2020). Recon-
structing 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 consist-
ent 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 CBT5ME 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 (Martínez-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 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.

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 (Schröder et al., 2018), 16. SO217-
18522 (Schröder et al., 2018), 17. SO217-18526 (no deglacial changepoint detected; Schröder et al., 2018), 18. SO217-18540 (Schröder et al., 2018), 19. TGS-931 
(no deglacial changepoint detected; Schröder 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) CO2 record (Marcott et al., 2014) is plotted in 
teal.
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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 recon-
structed 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 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 esti-
mate 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; Schröder 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. Atmos-
pheric 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 thus began ∼1 kyr after the onset of the deglacial 
increase in CO2 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 CO2 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 CO2, 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 
(MD01-2378) show deglacial warming began prior to increasing atmospheric CO2 concentrations (Schröder 
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).
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Exposure of the Sunda and Sahul Shelves is often invoked to explain deglacial changes in hydroclimate prox-
ies 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 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). 

Figure 9.  (a) Atmospheric CO2 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-year moving 
average. (c) 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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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 et al., 2021; Gasse, 2000). The covariance between Northern Hemisphere insolation and temper-
ature 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 CO2 as the primary mechanism forcing IPWP temperature from the LGM to modern. Northern Hemi-
sphere 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.

Data Availability Statement
The radiocarbon ages, fractional abundances of brGDGTs, and the temperature reconstruction are available in the 
PANGEA data repository (Parish, 2022).
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