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ABSTRACT

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) preserved in lake sediments are increasingly
used to investigate past terrestrial temperatures. brGDGTSs are ubiquitous in sedimentary environments,
well-preserved, and the number of methyl groups in different brGDGTs is generally controlled by tem-
perature. Current brGDGT calibrations largely rely on empirical correlations between the relative
abundances of different brGDGTs in surface sediments and either mean annual or warm season air
temperatures. These approaches may introduce complications in global temperature calibrations due to
differences in the seasonality of temperature and variations in brGDGT production with latitude that are
difficult to constrain. Here, we report new brGDGTs data from lake surface sediments obtained
throughout the tropics including South America (n = 57), East Africa (n = 21), and Southeast Asia
(n = 13), and revisit globally distributed brGDGT data. We find a uniform response of brGDGTs to mean
annual air temperature across the tropics despite differences in the environmental and geological con-
ditions in different regions highlighting the dominant influence of temperature on brGDGT distributions.
brGDGTs in mid- and high latitude sediment show a qualitatively similar but quantitatively different
response to those in the tropics. We show that temperature seasonality can partially explain the lat-
itudinal differences, implying the need for latitudinally-dependent brGDGT calibrations and/or improved
observations and models to constrain seasonal effects on brGDGTs. Combining our new data with pre-
viously published brGDGT data, we develop and apply improved temperature calibrations.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

calcium in marine sediments (Lear et al., 2000; Volkman et al.,
1980), fossil pollen and chironomids in lacustrine sediments

Paleoclimate reconstructions provide essential information to
understand Earth's climate. These records allow us to evaluate
climate model simulations under boundary conditions that differ
from today and to develop novel theories on the causes of regional
to global climate variations. Quantitative temperature re-
constructions are particularly important given ongoing and future
anthropogenic warming. To this end, many studies have recon-
structed temperatures using a variety of proxies preserved in nat-
ural archives, such as alkenones and foraminiferal magnesium/
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(Fréchette et al., 2008; Medeiros et al., 2022), and geochemical
approaches such as clumped isotopes (Eiler, 2011). Whereas proxies
for sea surface temperature (SST) are well-developed and can
produce reconstructions with high accuracy and precision (e.g.,
Herbert et al., 2010), an equivalent proxy for terrestrial tempera-
ture, independent of vegetation change, has been lacking.

Lipid biomarkers have produced important insights (Castaneda
and Schouten, 2011; Inglis et al.,, 2022). In particular, branched
glycerol dialkyl glycerol tetraethers (brGDGTs), a suite of bacterial
membrane lipids, have emerged as a potentially valuable and
widely applicable paleothermometer. brGDGTs consist of straight
alkyl core chains with varying structures, including four to six
methyl groups, and zero to two cyclopentyl moieties (De Jonge
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et al,, 2014a; Sinninghe Damsté et al., 2000; Weijers et al., 2007).
When the ambient environment changes, microbes can alter the
compositions of their lipid membranes, including modifications in
the degree of methylation of the lipids, to maintain appropriate
membrane fluidity and permeability (Ernst et al., 2016; Sinensky,
1974; Zhang and Rock, 2008). brGDGTs are ubiquitous in many
terrestrial archives, including soils, peats, loess, lacustrine sedi-
ments, and even fossil bones (Blaga et al., 2009, 2010; Buckles et al.,
2014; Donders et al., 2009; Naafs et al., 2017b; Peterse et al., 2012;
Wang et al., 2020; Weijers et al., 2006, 2007; Zhao et al., 2020).
Variations in their structural chemistry are theoretically controlled
by temperature, and many studies have shown that their relative
abundances can be empirically calibrated to reconstruct past tem-
peratures (De Jonge et al., 2014a; Dearing Crampton-Flood et al.,
2020; Martinez-Sosa et al., 2021; Naafs et al., 2017b; Peterse et al.,
2012; Raberg et al., 2021, 2022; Russell et al., 2018; Zhao et al.,
2021b).

The first brGDGT calibration was reported by Weijers et al.
(2007), who analyzed 130 globally distributed soil samples and
found that changes in the degree of methylation and cyclization of
the brGDGTs were dependent to mean annual air temperature
(MAAT) and soil pH. Specifically, CBT (cyclization of branched tet-
raethers) was correlated with soil pH, and MBT (methylation of
branched tetraethers) was related to both MAAT and soil pH. Thus,
measurements of MBT paired with CBT might be used to determine
past temperatures in sedimentary successions (Weijers et al.,
2007). Further calibration of soil-derived brGDGTs as well as
studies of brGDGT distributions in lake sediment, peats, and other
environments refined the MBT-CBT proxy and broadened its use to
a variety of sedimentary environments (Blaga et al., 2010; Loomis
et al, 2012; Peterse et al., 2009, 2012; Tierney et al., 2010;
Tierney and Russell, 2009; Weijers et al., 2011). De Jonge et al.
(2014a) used an improved high performance liquid chromatog-
raphy (HPLC) method to separate and analyze 5- and 6-methyl
brGDGT isomers (Hopmans et al., 2016), and found that MBT'sg,
which measures the degree of methylation of 5-methyl branched
tetraethers, substantially improved soil brGDGT calibrations (De
Jonge et al,, 2014a; Dearing Crampton-Flood et al., 2020; Naafs
et al., 2017a).

Many studies have successfully applied brGDGTs to estimate
temperature in lakes, peats, and marine sediments (e.g., Dearing
Crampton-Flood et al., 2021; Garelick et al., 2022; B. Zhao et al.,
2022). Among these, brGDGTs in lake sediments have received
the most intensive effort and study. Lacustrine brGDGT calibrations
are particularly important as lakes are widely distributed in the
environment, their sediments accumulate rapidly and often
continuously, and the brGDGTs in well-dated sediment cores can be
used to reconstruct past temperatures assuming the fossil brGDGTs
record ambient temperatures at the time they were deposited.
Initially, lacustrine brGDGTs were thought to derive from terrestrial
input (Hopmans et al., 2004); however, further studies showed that
brGDGTs in lakes derive primarily from in situ production (Bechtel
et al., 2010; Colcord et al., 2015; Loomis et al., 2014b; Miller et al.,
2018; Sinninghe Damsté et al., 2009; Tierney et al., 2010, 2012;
Tierney and Russell, 2009; van Bree et al., 2020; Wang et al., 2012,
2023; Weber et al., 2015, 2018; Zhao et al., 2021b). For example,
stable carbon isotopes of lacustrine brGDGTs are notably more
depleted than those in the catchment soils (Weber et al., 2015), and
the distribution of lacustrine sedimentary brGDGTs are often
considerably different from surrounding soils (Tierney and Russell,
2009). Following the work of De Jonge et al. (2014a), Russell et al.
(2018) analyzed brGDGTs in eastern African lake surface sedi-
ments and produced the first lacustrine brGDGT calibration to
MAAT (Russell et al., 2018). This work showed that, on average, the
lacustrine brGDGT calibration is > 7 °C ‘warmer’ than the soil
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brGDGT calibration (Russell et al., 2018). This finding was in
agreement with previous work that did not separate brGDGT iso-
mers (Loomis et al., 2011; Tierney et al., 2010), demonstrating a
different temperature-brGDGT relationship in soils and lakes (De
Jonge et al,, 2014a; Russell et al,, 2018). Since then, numerous
studies developed lacustrine brGDGT calibrations that could be
applied in situ, regionally or, potentially, globally (Dang et al., 2018;
Feng et al., 2019; Liang et al., 2022; Martinez-Sosa et al., 2021;
Raberg et al., 2021; Wang et al., 2021; Zhao et al., 2021b).

There are a variety of approaches to calibrate brGDGT to tem-
peratures. Experimental data showed that brGDGTs in
temperature-controlled microcosms produced a range of values
consistent with field-based empirical calibrations (Martinez-Sosa
et al,, 2020). In situ calibrations are based on comparisons be-
tween brGDGTs produced in a target lake and corresponding
continuous temperature observations (Zhao et al.,, 2021b) over
seasons to years. Although their use in reconstructing temperature
from broadly distributed lakes is uncertain, and long-term obser-
vations are difficult to obtain in most lakes, in situ studies can help
validate the use of lacustrine brGDGTs to reconstruct past tem-
peratures (B. Zhao et al., 2022). Given the limitations of experi-
mental and in situ studies, most brGDGT calibrations use a space-
for-time substitution in which brGDGT abundances in surface
sediments from numerous lakes are compared with local temper-
atures. Due to a lack of observational lake temperature monitoring,
these studies calibrate brGDGTs to air temperature (Livingstone
et al.,, 1999). Whereas some of these calibrations have been done
regionally (Russell et al., 2018), Martinez-Sosa et al. (2021) pro-
vided a global brGDGT Bayesian calibration including sites from
low-, mid-, and high-latitude regions. Similarly, Raberg et al. (2021)
analyzed brGDGT samples from 43 lakes in Arctic Canada and Ice-
land and combined them with data from previous studies, and
produced several brGDGT-temperature calibrations that could form
the basis for temperature reconstructions in Arctic and near-Arctic
environments.

The development and application of global lacustrine brGDGT
calibrations remain difficult, however, due to several assumptions
and potential biases. Among these, Martinez-Sosa et al. (2021) and
Raberg et al. (2021) emphasized that lacustrine brGDGTs in mid-
and high latitude regions could have seasonal biases, presumably
owing to lower rates of brGDGT production during cold seasons.
They therefore calibrated brGDGTSs to the mean temperature during
the Months Above Freezing (MAF, defined as the average value of
monthly temperatures that are above 0 °C) instead of MAAT. MAF
and MAAT in the tropics are equal because the tropics do not
experience significant seasonal temperature cycles (Martinez-Sosa
et al., 2021; Raberg et al., 2021), allowing integration of samples
from tropical and higher latitude calibrations into global ones.
Whereas monitoring studies have shown that although brGDGT
production is suppressed in mid- and high-latitude lakes in winter,
supporting calibration of brGDGTs to MAF, brGDGTs are produced
in winter in lake water columns (e.g., Loomis et al., 2014b). The
assumption that winter brGDGT fluxes can be ignored in calibra-
tions to MAF is therefore sensitive to the relative summer and
winter production, and could bias temperature estimates in regions
with little seasonality and/or if seasonal brGDGT fluxes and tem-
perature seasonality change through time.

Moreover, in existing global calibrations, the currently available
sites for brGDGT calibration in the tropics are almost entirely from
Africa (Russell et al., 2018), with only four sites from tropical South
America (relative to 73 from Africa) (Martinez-Sosa et al., 2021;
Russell et al., 2018). Although recent research points to brGDGT
production by Acidobacteria (Chen et al., 2022; Halamka et al.,
2023; Sinninghe Damsté et al., 2011, 2018), the organisms respon-
sible for brGDGT production in lakes remain unknown (van Bree
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et al., 2020; Weber et al., 2018). Studies in soils suggest important
controls of microbial community composition on brGDGTs (De
Jonge et al., 2019), and water chemistry could impact brGDGTs in
lacustrine environments (Wang et al., 2021). These observations
suggest that brGDGT-based temperature calibrations might be
improved through more broadly distributed tropical sampling.

Here, we examine brGDGTs in lake surface sediments from pan-
tropical sites, including South America (n = 57), East Africa (n = 21),
and Southeast Asia (n = 13). We reevaluate the current global
calibrations, investigate the impact of seasonality on brGDGT cali-
brations, and establish improved lacustrine brGDGT calibrations for
lakes across the globe.

2. Materials and methods
2.1. Sample collection, lipid extraction, and brGDGT analysis

Surface sediments (within the top 5 cm) were obtained from 91
tropical lakes (Fig. 1). All sediment samples were freeze-dried and
then homogenized. To acquire the total lipid extract (TLE), a Dionex
accelerated solvent extractor (ASE 350) was used with a solution of
dichloromethane (DCM) and methanol (MeOH) (9:1, v/v). All TLEs
were separated into apolar and polar fractions with column chro-
matography using alumina oxide as the stationary phase, and
hexane/DCM (9:1, v/v) and DCM/MeOH (1:1, v/v) as mobile phases.
The polar fractions containing the brGDGTs were dried under
gentle N, flow and dissolved in hexane/isopropanol (99:1, v/v).
Subsequently, the polar fractions were filtered through 0.45 um
PTFE syringe filters, and analyzed on an Agilent/Hewlett Packard
1100 series high-performance liquid chromatograph-mass spec-
trometer (HPLC-MS) at Brown University using the method pre-
sented in Hopmans et al. (2016) to differentiate the 5- and 6-methyl
brGDGT isomers. Mass scanning was conducted in selected ion
monitoring mode for mass/charge ratios of 1302, 1300, 1298, 1296,
1292, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, and 1018.
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2.2. Statistical analyses

We combine the 91 new tropical lacustrine samples with
brGDGT data from previous studies (Baxter et al., 2019; Cao et al.,
2020; Dang et al, 2018; Li et al, 2017; Liang et al., 2022;
Martinez-Sosa et al., 2021; Ning et al.,, 2019; Qian et al., 2019;
Raberg et al., 2021; Russell et al., 2018; Wang et al., 2021; Weber
et al., 2018; Zhao et al., 2021b) to generate a new global dataset
containing 552 sites with 187 tropical sites in total.

We used redundancy analyses (RDA) to evaluate the relationship
between fractional abundances of brGDGTs and explanatory envi-
ronmental parameters, including MAAT, MAF, water depth, and
lake surface area. We performed RDA for brGDGTs from tropical and
mid-to high latitude lakes separately, due to the different brGDGT
patterns that we will discuss below.

To assess the relationship between brGDGT methylation and
temperatures, we used the previously established MBT'5yg index
(De Jonge et al., 2014a) which has been widely used to investigate
past temperatures (e.g., Miller et al., 2018).

MBT'sme = (Ia + Ib + Ic)/(Ia + Ib + Ic + Ila + IIb + Ilc + Ila) (1)

Higher abundances of more methylated brGDGTS (e.g., Ila, Illa)
decrease MBT'sye in environments with a lower temperature,
whereas higher abundances of less methylated brGDGTs (e.g., 1a)
increase the MBT'5pe in warmer climatic conditions.

The MBT'gymg index (Eq. (2)) was defined in Dang et al. (2016),
wherein 6-methyl brGDGTs substitute for the corresponding 5-
methyl brGDGTs in MBT'5p.

MBT'eme = (Ia + Ib + Ic)/(Ta + Ib + Ic + Ila' + IIb' + IIc’ + IlIa") (2)

MBT'spme was found to correlate with temperature in some
alkaline lakes (Dang et al., 2018; Liang et al., 2022), although it has
not been widely applied worldwide.

The isomer ratio (IRgmg, Eq. (3)) is an index commonly used to
evaluate the relative abundances of 5- and 6-methyl brGDGTs (De
Jonge et al, 2014b; Yang et al, 2015). The strong correlation
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Fig. 1. Global map with all locations of brGDGTs discussed in the text. The red circles represent the samples from our study. Grey circles represent the samples from previous studies
(Baxter et al., 2019; Cao et al., 2020; Dang et al., 2018; Li et al., 2017; Liang et al., 2022; Martinez-Sosa et al., 2021; Ning et al., 2019; Qian et al., 2019; Raberg et al., 2021; Russell et al.,
2018; Wang et al., 2021; Weber et al., 2018; Zhao et al., 2021b). brGDGTs from the lakes located between both the thick dashed lines (<23.5° N and >23.5° S) are used to calculate the

pan-tropical calibrations.
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between IRgpme and pH was found first in soils (De Jonge et al.,
2014a). Recent studies show that IRgyE is potentially controlled
by pH or salinity in lake environment (Raberg et al., 2022; Wang
et al.,, 2021).

Reme = (12’ + 1Ib' + I’ + MMla’ + b’ + TIIc")/(lla
+ 11’ + IIb + IIb" + IIc + IIC’ + Ila + Ma’ + 1lIb + IIb’ 4 IlIc + I1ic")(3)

We explored the use of several existing lacustrine calibrations to
estimate temperatures from brGDGT distributions in our samples.
The first one is based on the relationship between MBT'5ye from a
suite of East African lakes and MAAT (Russell et al., 2018):

MAAT = — 1.21 + 32.42 x MBT'spe (4)

Raberg et al. (2021) developed new calibrations of brGDGTs to
MAF (instead of MAAT) using both “Meth set” and “Full set”
brGDGTs. By grouping brGDGTs with the same number of cyclo-
pentane rings and the same methylation positions, the “Meth set”
was designed to solely reflect the degree of methylation (Raberg
et al,, 2021). The fractional abundances were calculated within
the “Meth set” and then correlated quadratically against MAF
(Raberg et al., 2021). The Meth set calibration is:

MAF = 92.9 (+15.98) + 63.84 (+15.58) x fIb%yietn — 130.51
(+30.73) x flbpeth — 28.77 (+5.44) x flla%yern — 72.28

(+17.38) x flIb?peth — 5.88 (£1.36) x flic%mern + 20.89

(+7.69) x fllla’yen — 40.54

(+5.89) x flllapeth — 80.47(+19.19) x flllbpetn (5)

The “Full set” calculation used all 15 isomers without grouping
brGDGTs by isomer, cyclization, or methylation (Raberg et al.,
2021). Similar quadratic regression was performed and the Full
set calibration is:

MAF = — 8.06 (+1.56) + 37.52 (+2.35) x flapui — 266.83
(+98.61) x flb?py + 13342 (x£19.51) x flbgy + 100.85
(+9.27) x flla%py + 5815 (+10.09) x flllaZpy + 12.79
(+2.89) x flllapyy. (6).

We also tested the global Bayesian calibration for lacustrine
brGDGTs (BayMBT) using the MATLAB function developed by
Martinez-Sosa et al. (2021).

In this study, we use linear regression model to explore the
relationship between temperature and MBT'sye. Such regression of
temperature on MBT'syg may be affected by ‘regression dilution’,
where errors in the independent variable may bias the slope to-
wards zero (Dearing Crampton-Flood et al., 2020; Naafs et al.,
2017a). Applying Deming regression may help alleviate this bias
(Naafs et al., 2017a); however, this approach requires knowledge of
(or assumptions for) the uncertainties in both temperature and
MBT'5pe. Temperature uncertainties are not well constrained in the
temperature dataset we use for this study (Fick and Hijmans, 2017).
The analytical errors of MBT'sye are hard to estimate since the
brGDGT data we use here are generated by different labs across the
globe. Although assessment of the effects of regression dilution
would be ideal, our approach should give unbiased predictions of
temperature if we assume the errors of the independent variable
are the same as the ones in the predictive model (Carroll et al.,
2006).

2.3. Environmental data

Temperatures in previous calibrations were derived from a va-
riety of sources including observations, local models, and gridded
climate data products. To avoid potential biases from mixed data
sources, air temperatures at all lakes analyzed in this study are
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obtained from the Worldclim dataset (version 2.1) (Fick and
Hijmans, 2017). The Worldclim dataset provides monthly average
temperatures from 1970 to 2000 CE with a horizontal resolution of
30 s (~1 km) (Fick and Hijmans, 2017). Air temperature data were
obtained not only for the 91 new lakes analyzed for this study but
also for all previously published studies (Cao et al., 2020; Dang
et al., 2018; Li et al., 2017; Liang et al., 2022; Martinez-Sosa et al.,
2021; Ning et al,, 2019; Qian et al.,, 2019; Raberg et al., 2021;
Russell et al., 2018; Wang et al., 2021; Weber et al., 2018; Zhao et al.,
2021b). We note that the Worldclim data have been successfully
used in some previous studies, for example in Raberg et al. (2021),
Wang et al. (2021), and Liang et al. (2022). We obtained MAAT (the
average of the temperatures for a total of 12 months) as well as MAF
(the average of the monthly temperatures that are above zero). For
the tropical lakes, the Worldclim temperature data show a signifi-
cant correlation to the observed MAAT in the previous studies
(Loomis et al., 2014a; Russell et al.,, 2018) with a small RMSE of
1.04 °C (Fig. S1), validating the usage of the Worldclim temperature
data in our study.

Lake water depths, and surface area for all lakes are acquired
from the original references (Dang et al., 2018; Liang et al., 2022;
Loomis et al., 2014a; Martinez-Sosa et al., 2021; Raberg et al., 2021;
Wang et al., 2021; Weber et al., 2018; Zhao et al., 2021b) and the
references therein.

2.4. Nonlinear modeling of lacustrine brGDGTs

To investigate the potential impacts of seasonality on brGDGT-
based temperature calibrations, we used the nonlinear modeling
framework previously applied to soil brGDGTs by ]. Zhao et al.
(2022). This framework assumes that brGDGTs in soils accumu-
late over a relatively long time span, that the rate of their produc-
tion has a nonlinear relationship with temperature, and that
environmental factors such as soil moisture and pH could
contribute to the brGDGT distribution changes as well. This model
explicitly incorporates the influences of temperature seasonality,
seasonal growth, and/or preservation on changes in the MBT'5yg
index (Zhao et al., 2022). This model is consistent with lab exper-
iments and shows promise in reducing the uncertainty in soil-
based brGDGT calibrations and applications (Zhao et al., 2022).

Our goal in using this model is to test the effects of temperature
seasonality on brGDGTs in lake sediments. We therefore simplified
the model by removing the effects of moisture and pH:

1 2 3
In(————1) =mg+m; (AT) + my, (AT)* +m3 (AT
(Rigr o~ 1) = mo-+ mi (AT) 4+ my (4T)2 s (4T
+ mg Ty
(7)

where my, my, my, ms, and mg are unknown parameters to be fitted
to data and AT and Ts describe different aspects of temperature that
explain MBT'spe. Unlike MAF, which removes all months with a
temperature below 0 °C, we use a modified MAAT (MAATmodified)
that assigns a value of 0 °C to all months with a temperature below
0 °C. This assumes that brGDGT production in lake water columns
continues near freezing in months with average air temperatures
below freezing. AT is MAAT modified — To and Tp was adopted as 10 °C
according to ]. Zhao et al. (2022). Temperature seasonality is
modeled as a seasonal sinusoid which has an amplitude of T;. It
should be noted that T is near zero in both tropical and polar re-
gions because temperature seasonality is naturally weak in the
tropics and the seasonal temperature amplitude is reduced by us-
ing 0 °C for winter months in the Arctic. Thus, T; is largest in mid-
latitude regions.
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Table 1
Parameter values for the nonlinear lacustrine brGDGT model parameter.
To (°C) mo my (°C71) my (°C ) ms (°C 3) mg (°C )
10 3.88 x 107! —~7.96 x 1072 1.86 x 1072 —433 x 1074 —-3.08 x 1072

The model was trained with brGDGTs in global lake surface
sediments (n = 552) including our new and previously published
data and paired modified MAAT (Table 1). To assess the influences
of nonlinear temperature effects and seasonality, we calculated a
linear regression between MBT'spe and MAATmodified, as Well as a
nonlinear model without temperature seasonality (Ts).

3. Results
3.1. brGDGT distributions

brGDGTs were found in all 91 lake surface sediment samples we
analyzed. In all samples, brGDGT-la dominates the distribution
with a mean fractional abundance of 0.59 (Fig. 2a). brGDGTs-Ila, I1a’,
Ib, Illa, 1IIa’, IIb, 1Ib’, and Ic are found in most of the samples with
mean fractional abundances of 0.12, 0.08, 0.07, 0.05, 0.03, 0.02, 0.02,
and 0.02, respectively. Other brGDGT compounds (brGDGT-IIc, IIc/,
IlIb, 1Y, llc, and IlIc’) were present in measurable quantities only
in some samples and their fractional abundance is lower than 0.01.
The relative abundances of tetramethyl, pentamethyl, and hexam-
ethyl brGDGTs vary in our samples following a pattern that is
similar to the global lacustrine brGDGT distributions (Fig. 2b).

Since more than 50% of the 187 tropical lake sediment samples
do not contain one or more of brGDGT-IIIb, IIb, Ilic, IlIc’, IIc, and IIc’,
these compounds were removed from the data. We then calculate
the fractional abundances (f(x)) of the remaining nine brGDGTs
(which constitute 99.3% of the brGDGTSs), i.e., the fractional abun-
dance of brGDGT-Ia is written as f{Ia) prior to statistical analysis
(RDA and regression). MBT'5e and the fractional abundances of
brGDGT la and Ib, have strong positive scores on the first axis of the
Principal Component analysis (PC1), which explained 84.47% of the
variance in the brGDGT data (Fig. 3a). brGDGT Ila and Illa exhibit
strong negative scores on PC1. Meanwhile, MAAT has the strongest
positive score of the environmental variables on PC1. Limnological

parameters (depth and surface area) show more variance on the
second axis of the Principal Component analysis (PC2) (Fig. 3a). In
mid- and high latitude lakes (Fig. 3b), fractional abundances are
calculated based on all 15 brGDGTs. MBT'syg and brGDGT Ib, Ic, 11a’,
IIb, and Illa have strong positive scores on PC1 while brGDGT Illa
shows a distinct negative score on PC1. Both MAAT and MAF have
positive scores on PC1, and MAF has a stronger positive score.
Limnological parameters, including depth and surface area, are
more connected to PC2. Thus, the RDA of tropical and mid-to high
latitude lakes show generally similar patterns and suggest a strong
influence of temperature on brGDGT distributions.

3.2. Models and calibrations for brGDGTs

Application of the global calibrations (Martinez-Sosa et al.,
2021; Raberg et al., 2021) to the tropical lake dataset shows that
although the predicted temperatures track trends in observed
temperatures (Fig. 4a, ¢, and e), the models generally overestimate
temperatures (Fig. 4b, d, and f), particularly in the coldest tropical
lakes (Fig. 4). Observed temperatures are generally lower than the
brGDGT-inferred temperatures based on the Bayesian, Meth set,
and Full set calibrations (Martinez-Sosa et al., 2021; Raberg et al.,
2021) applied to our tropical lake sediment samples. This bias is
most apparent in the Full set calibration, which overestimates
temperatures at both cold and warm lakes, but is also present in the
application of the BayMBT and the Meth set calibrations (Fig. 4b, d).
The warm bias reaches a maximum of 9.7 °C when the Bayesian
calibration was applied to the surface sediments from Lake Pro-
greso in South America (Fig. 4b). The Meth Set calibration has the
smallest bias.

Application of the non-linear model also reveals differences in
the response of MBT'spE to temperature. The nonlinear and linear
models are generally similar, with RMSEs (root mean square error)
of 0.111 and 0.116, respectively (Fig. 5b). The “full model”, which
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incorporates both non-linear and seasonal effects, better captures 4. Discussion
variations in MBT'sye than the linear and non-linear models.
Analysis of residuals indicates that temperature bias increases as a 4.1. Lacustrine brGDGTs from different regions have varying
function of seasonality (Ts, Fig. 5¢). Parameters for the full model are responses to temperatures
given in Table 1.
The application of global brGDGTs calibrations to predict
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temperatures (Martinez-Sosa et al., 2021; Raberg et al., 2021) in our
new tropical lake dataset revealed a notable warm bias. The bias is
especially notable for high-elevation cold lakes, although the Full
set calibration seems to over-predict the temperatures for the
entire dataset (Fig. 4b, d, and f). The estimated temperatures did
generally track the observed temperatures, indicating that the
calibrations qualitatively captured the gradients in temperature
between sites (Fig. 4). These global calibrations generally used MAF
instead of MAAT. The use of MAF as a calibration target assumes
that lacustrine brGDGTs are mainly produced in summer and thus
reflect summer temperatures, whereas cold season production and
temperatures (air temperature below 0 °C) suppress brGDGT pro-
duction enough to make the contributions negligible. This
assumption was likely justified in many soils, where frozen con-
ditions would limit bacterial activity. Data to test this assumption in
lakes is limited, but studies of Lower King Pond, and Basin Pond in
Northeast USA, and Lake Igaliku in southern Greenland (Loomis
et al., 2014b; Zhao, 2021; Zhao et al., 2021a) analyzed monthly
brGDGT fluxes in the settling particulate matter in lake water col-
umns and observed brGDGT fluxes to the sediment in winter under
the ice when air temperatures averaged less than 0 °C. This suggests
that winter brGDGTs should not be completely ignored in
calibrations.

Based on these studies, MAF calibrations could ignore a poten-
tially important flux of “cold brGDGTs” to the sediments. Omitting
the winter brGDGT fluxes and associated temperatures would thus
result in the calibration of the integrated annual flux of brGDGTSs to
temperatures warmer than the brGDGT producers experienced.
This bias, in turn, could result in an overestimation of MAAT in sites
in the tropics, where MAF is equivalent to MAAT, explaining the
patterns we observe in our tropical samples. Related to this MAF
bias, in global lacustrine brGDGT calibrations (Martinez-Sosa et al.,
2021; Raberg et al., 2021), the warmest sites are mostly from East
Africa (Russell et al., 2018), whereas cold sites are a combination of

the high elevation tropical lakes, also mostly in East Africa, and
lakes located at high latitudes (e.g., Raberg et al., 2021). This
geographic sampling bias could explain the trends in the residuals
of the global calibrations in our study samples (Fig. 4b, d). The bias
for the low elevation tropical sites is relatively small (Fig. 4b, d), as
samples from the warm sites in the global calibrations are primarily
derived from tropical sites (mainly Africa) and are not ‘mixed’ with
mid- and high latitude sites in which brGDGTs carry strong sea-
sonality effects.

To further investigate the ‘warm bias’ in our tropical brGDGT
data, we examined the brGDGT distributions and the correspond-
ing temperatures from tropical lakes that have a MAAT (equivalent
to MAF) lower than 10 °C and in Arctic lakes north of 60° N (Table 2,
Fig. 6). The brGDGTs from the Arctic and the high elevation tropics
represent the majority of the cold sites in previously published
global calibrations of brGDGTs to MAF (Martinez-Sosa et al., 2021;
Raberg et al., 2021). The slope of MAAT against MBT'syg becomes
nearly vertical, suggesting MBT'spg may be ineffective for MAAT
reconstruction in the Arctic (Fig. 6a), where the MBT'syg generally
shows better correlations with MAF (Fig. 6b). Nevertheless,
although the cold sites do not have identical ranges of MAAT or
MAF, the relative abundances of group I, II, and III brGDGTs are
generally similar (Fig. 6¢c and d), suggesting a similar mechanism for
the response(s) of the relevant bacteria to changing temperatures
(Raberg et al., 2022).

Using MAF instead of MAAT clearly improves the calibration of
brGDGTs in high latitude lakes (e.g., Raberg et al, 2021).
Microorganismally-based paleothermometers, like brGDGTs,
almost certainly have a warm season bias in high latitude regions
because of enhanced microbial activity when the temperature and
biological productivity are higher (Duguay et al., 2003; Hamilton
et al,, 2001; Shanahan et al., 2013; Zhao et al., 2021b). Using MAF
helps to correct this seasonal bias and reconcile poor correlations
between brGDGTs and MAAT in these settings. However, the means
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Table 2
Temperature and elevation information for the tropical and the Arctic lakes shown in Fig. 6.
Regions Numbers MAAT (°C) MAF (°C) Elevations (m) Sources
Tropical 54 52 52 4132 This study,
Russell et al. (2018),
Baxter et al. (2019),
Martinez-Sosa et al. (2021)
Arctic 69 24 59 303 Raberg et al. (2021),

Martinez-Sosa et al. (2021),
Zhao et al. (2021b)

of tropical and Arctic MAF temperatures (Table 2) are significantly
different at the 0.05 level according to the one-way ANOVA analysis
and tropical lakes tend to have slightly higher MBT 5y values at a

given MAF (Fig. 6b). A unified calibration of MBT'5pg

to MAF would

thus overestimate temperature in the tropical sites as observed in
our data (Fig. 4). Meanwhile, on the cold end, this approach likely
underestimates temperatures from Arctic lakes. Although using
MAF could introduce artifacts, it significantly reduces uncertainties
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in temperature calibrations in the mid- and high latitude lakes
(Martinez-Sosa et al., 2021; Raberg et al., 2021).

4.2. Determining the brGDGT bias due to temperature seasonality

While temperature is arguably the dominant factor controlling
MBT'spE, the response of MBT'sye to temperature varies among
different climatic regions with different mean annual and seasonal
temperatures. To investigate these relationships, we use a
nonlinear lacustrine brGDGT model that explicitly models the ef-
fects of temperature seasonality in the global lacustrine brGDGT
data (Fig. 5). The model indicates that strong temperature season-
ality will cause bias in the temperature reconstructions, especially
in mid-latitude regions.

Previous application of the model in soil samples showed that
temperature seasonality plays an important role in explaining
variation in MBT'sye in soil samples (Zhao et al., 2022). We find
similar patterns in our global lake dataset. For the lakes that have a
relatively small amplitude of temperature seasonality, i.e. most

lakes located in the regions with MAATmodified below 5 or above
20 °C, the linear and nonlinear models of MBT'5pig on MAAT modified
have similar slopes and intercepts (Fig. 5). There is a more sub-
stantial difference in lakes with temperatures between ~10 and
20 °C, which are mostly mid-latitude lakes where seasonality is
highest. Notably, including T; improves model performance at the
cold sites, and eliminates the bias between observed and estimated
temperatures at sites with seasonal temperature amplitudes of less
than 5 °C (tropical and many Arctic sites). At sites with a temper-
ature seasonality of 15 °C, the predicted MAATdified May be biased
by more than ~10 °C (Fig. 5¢). These results suggest that if sea-
sonality is not taken into consideration, MBT'sye inferred temper-
ature records from lakes with large seasonal temperature changes
(10—15 °C) may have a substantial warm bias of ~5—10 °C (Fig. 5¢).

The temperature seasonality term ms; has a value
of —3.08 x 1073, indicating a large component of seasonal tem-
perature fluctuation is included in the full model (Table 1). For
comparison, m; has a value of —1.84 x 1073 in the nonlinear soil
brGDGT model (Zhao et al., 2022), implying the temperature
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seasonality has a stronger influence on the lacustrine MBT'syg in-
dex than soil MBT'sg when the Ts values in soils and lakes at the
same latitudes are similar. Notably, at high latitudes the T of soils
are greater than those of lakes because the lake water buffers
against the negative air temperatures. Taking the product of ms and
Ts, as done in the calibration, seasonal temperatures play a more
important role in explaining variations in soil MBT'sye at high
latitudes.

The nonlinear full model applied to our lake samples has a
different curvature than the nonlinear soil brGDGT model (Zhao
et al., 2022). For soil brGDGTs, the relationship between MBT'5pg
and MAAT becomes saturated at the coldest and warmest tem-
peratures (Zhao et al., 2022) whereas for lacustrine brGDGTs, the
model predicts a distinct ‘plateau’ at sites with temperatures
ranging from 10 to 20 °C (Fig. 5a). This finding suggests the sensi-
tivity of MBT'sg could be limited in mid-latitude lakes. Interest-
ingly, the most recent culture experiments demonstrate that
MBT's5)\g is sensitive at temperatures from 10 to 25 °C in lab settings
(Chen et al., 2022), similar to the soil brGDGTs. This mismatch
implies that other factors potentially alter lacustrine MBT sy sig-
nals in addition to temperature. One possibility is that the lacus-
trine model assumes that brGDGT production is evenly distributed
each month throughout the year. However, field observations show
that a high fraction of lacustrine brGDGTs are produced when lakes
experience mixing events as biological productivity peaks (e.g.,
Loomis et al., 2014b). This could bias the temperature estimates
toward an average mixing temperature, often 4—8 °C in mid-
latitudes, suppressing the MBT'sye response. However, field ob-
servations of seasonal brGDGT fluxes are limited, suggesting the
need for future work to explore the relationship between seasonal
temperatures and brGDGT production, especially in mid-latitude
lakes where mixing dynamics and temperatures have substantial
seasonality (Liang et al., 2022).

As with global lacustrine brGDGT calibrations, lakes with cold
temperatures cluster separately in our nonlinear lacustrine brGDGT
model with and without seasonality (Fig. S2). Although MAAT -
dified is better than MAF in predicting temperature at these sites, the
cold tropical lakes are not fully blended with high latitude lakes
even with a nonlinear model approach (Fig. S2). This implies the
need to analyze brGDGTs based on latitudinal locations to develop
more accurate temperature calibrations.

4.3. Calibrating brGDGTs in tropical lakes to MAAT

Due to the different responses of brGDGTs at sites with different
temperature seasonality, we argue that brGDGTs from tropical and
mid-to high latitude regions should be analyzed and calibrated
separately to generate the most accurate brGDGT calibrations.
Tropical lakes experience minimal temperature seasonality, and
regression analysis indicates that MBT'syg is significantly corre-
lated with MAAT in our tropical lake data (Fig. 7a). We therefore
develop a new brGDGT calibration for reconstructing MAAT in
tropical lakes:

MAAT = — 1.78 (+0.42) + 31.01 (+0.60) x MBT'5mg (8)

This calibration has an RMSE of 2.26 °C (n = 187, r = 0.97, Adj.
R? = 0.93, p < 107 119). This RMSE is smaller compared to the RMSE
of the previous calibration based on East Africa lakes alone
(RMSE = 2.44 °C). Importantly, data from all of our tropical samples
(South America, Africa, and Asia) all display similar responses of
MBT's5)g to temperature, suggesting little to no effect of continental
setting on this relationship.

We also develop a new calibration using best subset selection,
which is a multivariate linear regression (MLR) of individual
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brGDGT abundances on MAAT. The regression starts with all
possible combinations of different brGDGTs and identifies a model
that has the highest correlation coefficient with a minimum
number of predictors in which all coefficients and intercepts pass
both a t-test and F-test. This MLR approach has been shown to
significantly improve the precision and applicability of brGDGT
calibrations (Loomis et al., 2012; Russell et al., 2018). The MLR
calibration is:

MAAT = — 4.11 + 31.63 x f{la) + 64.50 x f{Ib) + 32.28 x f(lla’) (9)

As expected, the MLR calibration shows a smaller RMSE (2.13 °C)
compared to the MBT'sy calibration (Eq. (8)), and the adjusted R?
of the MLR calibration is higher (Adj. R* = 0.94). This indicates that
the MLR model captures more variance in MAAT than the model
based on MBT'syg alone.

We examine the performance of both regression models by
comparing the reconstructed and observed MAAT of the tropical
brGDGTs dataset (Fig. 8). In both calibrations, the residuals (Fig. 8b,
d) generally have less systematic biases compared to temperature
estimates using the global calibrations (Fig. 4b, d, f). This supports
the hypothesis that lacustrine brGDGTs from different climatic re-
gions should be grouped separately due to the important variance
in temperature seasonality. By removing the mid- and high latitude
brGDGT data, our calibrations minimize the systematic bias intro-
duced by calibrations to MAF. The MLR calibration shows slightly
less scatter, as expected from the lower RMSE values.

These new calibrations are consistent with the RDA results. PC1
demonstrates that the degree of methylation of brGDGTs relates to
temperature (Fig. 3a). brGDGT-Ia and Ib load positively on PC1 and
are included in our MLR calibration (Eq. (9)), as well as in the
MBT'spE calibration because those two compounds are essential
parameters in the MBT'sye formula (Eq. (1)). Previous studies
showed that 6-methyl isomers are widely found in lacustrine
brGDGTs and their production is likely related to lake water
oxygenation (Weber et al., 2018). In Fig. 3a, our RDA results show
that brGDGT-IIa’ and IIb’ have strong positive scores on PC2, which
is associated with lake depth and surface area (Fig. 3a). Dissolved
oxygen is not included in our analysis as the data are lacking in
some of our study lakes; however, the RDA results could imply that
in situ brGDGT productions are linked to lake morphometry and
lake chemistry. For example, lake depth should influence hypo-
limnetic oxygenation. The inclusion of Ila’ in our new MLR model
could reflect interactions among these variables and temperature.
More observations of brGDGT abundances and better limnological
datasets are needed to evaluate these relationships.

We test our new calibrations on two previously published
brGDGT records and compare them with the original temperature
reconstructions (Garelick et al., 2022; Parish et al., 2023) (Fig. 9).
The brGDGT records are from two different lakes: Lake Mahoma is
an alpine lake from eastern equatorial Africa, and Lake Towuti is
from Indonesia with an elevation of 318 m a.s.l.. For Lake Mahoma,
reconstructions using MBT'syg calibrations of Russell et al. (2018)
and this study (Eq. (8)), and MLR calibration in this study (Eq. (9))
show similar patterns marked by warming during the last degla-
ciation, a warm early to mid-Holocene, and cooling trend during
the late Holocene (Fig. 9a). It is not surprising that both MBT'5yg-
based temperature reconstructions show identical patterns with a
consistent offset, as our new MBT'syg-based calibration differs only
slightly from that of Russell et al. (2018). The MLR-based re-
constructions also capture a similar set of temperature variations,
though with a smaller warming during the last deglaciation
(Fig. 9a). As discussed in Garelick et al. (2022) and Doughty et al.
(2023), the trends in temperature at Lake Mahoma align qualita-
tively and quantitatively with inferences from tropical mountain
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from mid-to high latitude regions.

glaciers and fossil pollen, supporting the use of our new
calibrations.

The MBT'sye-based temperature reconstructions from Lake
Towuti are relatively flat. As discussed in Parish et al. (2023),
brGDGTs in Lake Towuti appear to respond to both temperature and
water chemistry, requiring the use of calibrations that limit the
effects of brGDGT cyclization. In contrast to the MBT's5yg-based
reconstruction, our new MLR-based reconstructions show a clear
Glacial-Interglacial pattern (Fig. 9b). In particular, we observe a
stable and relatively cool temperature during the Last Glacial
Maximum at around 20 cal ka BP, followed by warming during the
deglaciation and a stable Holocene temperature (Fig. 9b). Our new
MLR-based reconstruction produces temperature estimates that
are less variable and more accurate at Lake Towuti than the pre-
vious multiple linear regression model. Our model estimates late
Holocene temperatures were ~29 °C relative to observed temper-
atures of ~30 °C, whereas the SFS model of Russell et al. (2018)
estimated temperatures of 36 °C. The improved accuracy of our
model could result from incorporation of more warm lakes as well
as sites in Southeast Asia and South America with different water
chemistries than those prevailing in East Africa. Together, these two
case studies demonstrate the robustness and amelioration associ-
ated with our new pan-tropical calibrations.

The MBT'syg calibration is solely based on 5-methyl brGDGTs
(Eq. (1)) while the MLR calibration depends on both 5 and 6-methyl
brGDGTs, especially brGDGT-Ia, Ib, and IIa’. Although the factors
controlling 6-methyl brGDGTs are not well-known, these brGDGTs
were found to be linked with pH (De Jonge et al., 2014a; Naafs et al.,
2017b; Raberg et al., 2022), temperature (Dang et al., 2018; Liang
et al, 2022), and salinity (Wang et al., 2021). Due to a lack of
chemical data in our new lakes, particularly those from tropical
South America, we were not able to examine the response of 6-
methyl isomers to pH and salinity. Our RDA analysis suggests that
MBT'spe has a better relationship with MAAT than 6-methyl iso-
mers and associated indices, such as IRgye or MBT'gpe (Fig. 3a).
However, it is worth noting that 6-methyl brGDGTs can be

1

important for temperature reconstruction in some lakes. For
example, they appear to be crucial for the extraction of a temper-
ature record from Lake Chala (Baxter et al., 2021). Since the MLR
calibration has only a slightly better correlation with MAAT than
MBT'sve alone, we suggest that both calibrations could be applied
in paleoclimate studies. Given that 6-methyl isomers may charac-
terize environmental information other than temperature, we
suggest that the MLR calibration is especially suitable for lakes in
which fluctuations in pH, salinity, oxygenation, and other chemical
variables are expected to be small. Parallel multiproxy re-
constructions, which provide multiple lines of evidence to
constrain paleoenvironmental changes, are helpful to better inter-
pret brGDGT records.

Our MBT'5)g calibration has a very similar slope and intercept
compared to the previous East African brGDGT calibration (Eq. (4))
(Russell et al., 2018). Although slight differences appear, our results
suggest that the relationship between brGDGT distributions and
MAAT is similar and strong across the tropics (Fig. 8). The brGDGT
data are dominantly from Africa and South America (n = 94 and 63,
respectively), where sampling across elevation produces large
temperature gradients. Unfortunately, we do not have enough
brGDGT samples from high elevations to cover a large temperature
gradient in Southeast Asia; the 13 samples we measured from
Southeast Asian lakes have an average MAAT of 24 °C, and the
brGDGT distributions cluster with the African and South American
low elevation lakes (Fig. 8). Despite the different environmental
and geological conditions and potential differences in the microbial
communities that produce the brGDGTs on different continents,
our findings clearly suggest that brGDGTs in tropical lake sediments
are a powerful tool to reconstruct past temperature on all
continents.

It is particularly important to validate the application of
brGDGTs in tropical South American lakes because the Amazon
rainforest plays a key role in carbon stores in ecosystems (Melillo
et al., 1993) and is thus an extremely important region for
climate-related research. Although temperature reconstructions
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from tropical South America are still rare (Baker and Fritz, 2015),
our study indicates the applicability of lacustrine brGDGTs to
reconstruct past temperatures in tropical South America. Such
quantitative temperature records would help to better reveal the
climatic variability and provide fundamental parameters for
climate models, which were thought to be deficient in tropical
South America (Baker and Fritz, 2015). Moreover, our new data
from Amazonia expands the warm end of the previous East African
calibration (Russell et al., 2018), as the warmest Amazon lakes
(MAAT of ~25—28 °C) are warmer than the warmest East African
ones (Fig. 8). Correspondingly, Amazon lakes have even lower
brGDGT-III and brGDGT-II abundances than the East African sam-
ples (Fig. 2b), which yield a high MBT'syg that is very close to
saturation at 1. That said, and in contrast to the saturation of
MBT'5pe at higher temperatures suggested by nonlinear modeling
of brGDGT in soils (Zhao et al.,, 2022), our new data from the
Amazon demonstrates a nearly linear relationship between
MBT'spe and temperature, and the MBT sy calibration will satu-
rate close to a MAAT of 29.23 °C when MBT's5ye reaches 1.

Overall, our new calibrations show better statistical results and
cover more extensive sampling sites, and thus should be used to
reconstruct MAAT with sedimentary brGDGTs from all pan-tropical
lakes.
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4.4. Temperature calibration for mid- and high latitude lakes

A global brGDGT calibration would be valuable to improve the
comparability of reconstructed global temperatures. However,
separating more seasonal sites in the mid- and high latitudes from
tropical sites produces more accurate temperature estimates in
both regions, and therefore should improve global estimates.

brGDGTs from tropical lakes played an important role in previ-
ously published global calibrations (Martinez-Sosa et al., 2021;
Raberg et al., 2021). In the Raberg et al. (2021) calibrations (Egs, (5)
and (6)), East African lakes (Russell et al., 2018) contributed all
brGDGT data at sites with a MAF above 20 °C. In the BayMBT cali-
bration (Martinez-Sosa et al., 2021), 50 tropical brGDGT sites out of
a total of 52 samples had a MAF above 20 °C. Removal of these sites
may limit the range of brGDGT calibrations, but on the other hand,
because the tropical brGDGTs do not experience seasonality,
including tropical brGDGTs could distort the calibrations for mid-
and high latitudes. Indeed, in our global dataset, calibrations of
MBT'spe to MAAT in the tropics (where MAAT will equal MAF) have
a different slope and intercept from calibration of MBT'5pg to MAF
in mid- and high latitudes sites. Combining the two regional
datasets worsens temperature estimates.

Focusing on mid-to high latitude sites, MBT'spg is significantly
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correlated with MAF with a slope that is significantly different from
zero at the 0.05 level (Fig. 7b):
MAF = 3.36 (+0.36) + 17.25 (+0.84) x MBT 5 (10)
This calibration has an RMSE of 2.85 °C (n = 365, r = 0.73, Adj.
R? = 0.53, p < 1075, This equation has a lower correlation coef-
ficient than the global calibrations. The RMSE is slightly better than
the BayMBT (Martinez-Sosa et al., 2021), but higher than the cali-
brations in Raberg et al. (2021). Similarly, the MLR approach was
employed for the mid- and high latitude temperature and brGDGT
data and the calibration for mid- and high latitudes is:

MAF = 1.44
1 15.88 x flla) + 66.92 x f{Ib) + 8.33 x fillad’) + 7.02 x fillla’) (11)

This MLR calibration has a smaller RMSE of 2.27 °C and the
adjusted R? (0.70) is improved compared to the results from Eq.
(10). In Fig. 10a, c, we present the relationship between recon-
structed and observed MAF with both MBT'syg and MLR calibra-
tions. Both calibration approaches produce temperature estimates
that generally track observations (i.e., the data cluster around the
1:1 line) but the MBT'syg calibration displays a trend in the re-
siduals in which it overestimates temperature at the coldest sites
and underestimates temperature at the warmest ones. Overall, the
model based on MBT'5e appears to be less sensitive than the MLR
model. A small trend in residuals is also apparent in the MLR cali-
bration, and the residuals are more symmetric than with MBT s,
especially for the warm regions. Overall, the MLR calibration per-
forms better than MBT'sg from a statistical perspective.

The RDA results for mid- and high latitude lakes (Fig. 3b) are
harder to interpret than the data from the tropical lakes, possibly
because the mid- and high latitude brGDGT data contains more
chemically diverse lakes. For example, the data include some
alkaline lakes from China and previous studies found that MBT'guvg
is a better temperature indicator than MBT'syg in those lakes (Dang
et al., 2018; Liang et al., 2022). However, both RDA results share
some similarities, and moreover, the MLR calibration (Egs. (9) and
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(11)) selects most of the same brGDGTs. MBT'spg, fractional abun-
dances of brGDGT Ia, Ib, and Ic have positive scores on PC1, which is
associated with MAF and MAAT, just as in tropical lakes (Fig. 3a).
Interestingly, brGDGT-IIa’, present in both MLR calibrations, shows
different characteristics. In tropical lakes, brGDGT-IIa’ tracks PC2
(Fig. 3a), whereas it is more aligned with PC1 (temperature) in mid-
and high latitude lakes (Fig. 3b). brGDGT-IIIa’ in Eq. (11) tracks PC2
in the mid- and high latitude lake data, and we speculate that in the
mid- and high latitude MLR model, it plays a similar role as
brGDGT-IIa’ in the tropical MLR model. In cold regions, brGDGT
distributions generally have a higher abundance of brGDGT-IIla and
[lIa’ compared to warm settings; the average fractional abundances
of brGDGT-IIIa’ in tropical and mid-to high latitude lakes are 0.04
and 0.12, respectively. This may explain why brGDGT-IIIa’ is present
in Eq. (11) but is absent in Eq. (9).

Whereas our new tropical calibrations have better correlation
statistics than previous calibrations (Martinez-Sosa et al., 2021;
Russell et al., 2018), our calibrations for mid- and high latitude
regions do not. This could be because the brGDGTs in tropical warm
lakes (MAAT >20 °C) show an excellent linear relationship with
MAAT (Fig. 7a), and those brGDGT data anchor the warm end of
previous global calibrations (Martinez-Sosa et al., 2021; Raberg
et al.,, 2021). Although the separation of brGDGTs does not lead to
a regression model with improved statistical results for mid- and
high latitudes, our MBT'spe and MLR calibrations for mid- and high
latitudes are robust and should more accurately capture MAF.

Taking all the above into consideration, we suggest that both
MBT'spe and MLR calibrations are applicable in mid- and high
latitude regions. The MLR calibration may provide a more accurate
and precise reconstruction, but its application should be done with
caution due to our presently insufficient understanding of the in-
fluence of lake environmental parameters lake, such as salinity, pH,
and other variables on individual brGDGTs.

4.5. Global lacustrine brGDGT calibration

The slope of MBT'syg calibrations in tropical and mid-to high
latitude regions are 31.01 and 17.25, respectively (Egs. (8) and (10)).
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It is not surprising that the regression of MAF on global lacustrine
MBT'spe lies between the two calibrations from the tropics and
mid- and high latitude:

MAF = 0.19 (+£0.29) + 26.49 (+0.55) x MBT'5E (12)

This calibration has an RMSE of 3.13 °C (n = 552, r = 0.90, Adj.
R? = 0.81, p < 107299, While it is possible to generate a global
calibration for the global lake dataset, this calibration should be
used with caution and when other calibrations are not applicable.
For example, this calibration could be implemented in deeper time
settings where temperature seasonality is poorly understood.

The differences in the calibrations for mid- and high latitudes
compared to the tropical calibrations (Fig. 7) are puzzling, as there
is no prior reason to expect a different response of brGDGTs to
temperature in the two regions. Correlating MBT s g from mid- and
high latitude lakes against MAAT did not ameliorate this divergence
(Fig. $3); rather, it produced a worse adjusted R> and RMSE (0.34
and 5.63, respectively) compared to the regression model using
MAF (Eq. (10), 0.53 and 2.85, respectively). The difference between
low- and high-latitude calibrations may indicate remaining inac-
curacies and biases through the use of MAF to reflect the temper-
atures experienced by brGDGT producers. In our nonlinear
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lacustrine brGDGT model, we use a MAATmodified in Which 0 °C is
used to replace all monthly temperatures that are below 0 °C to
incorporate brGDGT production in winter. The winter brGDGT
fluxes should reflect winter lake water temperatures that typically
range from O to 4 °C, depending on the date and water depth. We
tested different thresholds from O to 4 °C to see whether we could
improve the correlation between temperatures with MBT 5 in the
mid- and high latitude lakes. The R? increases when the threshold
moves from 0 to 4 °C with an increment of 0.01 °C and reaches the
highest value of 0.477 when 4 °C is picked to be the threshold
(Fig. S4). The slope and intercept covary monotonically with
different thresholds. When the thresholds move from 0 °C to 4 °C,
the slope decreases from 18.24 to 15.40, and the intercept increases
from —0.18 to 2.64 (Fig. S5). The increase in R?> with increasing
temperature could reflect increasing brGDGT production rates with
temperature, but the change in R? is subtle (0.469—0.477), and it is
always smaller than 0.53 when the original MAF was employed. We
therefore recommend reconstructing MAF using Eqs. (10) and (11)
from mid- and high latitude lakes. Although field observations of
brGDGT fluxes are still limited, we speculate that calibrations of
brGDGTs to temperature will be improved by weighting monthly
temperatures to capture varying seasonal brGDGT production in
lakes.
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Field observations have focused on the relationship between
brGDGT distributions and temperatures but more consideration to
water chemistry could substantially improve calibrations and ap-
plications of the proxy. It has been suggested that water column
oxygenation strongly affects brGDGT production, and brGDGT dis-
tributions may vary along the oxygen gradient in lake water col-
umns (van Bree et al., 2020; Weber et al., 2018; Wu et al., 2021).
Although calibration studies suggest these effects are small on the
sedimentary brGDGT pool (e.g., Russell et al., 2018), the oxygen
gradient generally varies with lake depths and mixing regime, and
the latter is linked to temperature making these effects difficult to
parse from surface sediment studies alone. For example, water
chemistry, rather than temperatures, controls the PC1 of 60,000-
year brGDGT records from Lake Towuti, and may impact brGDGT
distributions across the Pleistocene-Holocene transition (Parish
et al, 2023). Long-term observations can help constrain these
various influences on brGDGTs from a temporal perspective, which
is missing in brGDGT temperature calibrations using ‘space-for-
time’ substitution.

5. Conclusions

Using new brGDGT data in surface sediments from lakes across
South America, East Africa, and Southeast Asia, we reexamine
currently available lacustrine brGDGT data and develop regional-
to-global temperature calibrations. We identify key issues that
hinder brGDGT applications, and particularly temperature season-
ality. The use of MAF in high-latitude settings to mitigate the effects
of seasonal production improves temperature calibrations in those
settings but introduces biases in tropical temperature calibrations
and reconstructions. Substantial warm bias may appear if temper-
ature seasonality is not considered in mid-latitude lacustrine
brGDGT applications. Hence, we calibrate MBT'spg to MAAT in the
tropics and MAF in mid- and high latitude regions separately. Both
calibrations are applicable, and our new tropical calibration dem-
onstrates a uniform brGDGT response to temperature across the
tropics. We use multivariate linear regression (MLR) to calibrate
brGDGT distributions to temperature in the tropics and mid-to high
latitudes. Both the MLR calibrations have better statistical fit than
corresponding MBT'sg calibrations, and we show that they hold
promise in applications in sediment sequences from tropical lakes.
However, it should be noted that the MLR regressions lack a well-
defined underlying biophysiological mechanism, and they there-
fore may be more suitable for lakes that do not have extreme values
of physical or chemical parameters.

Our findings substantially improve the brGDGT-based temper-
ature calibration. We stress that future study focusing on temporal
brGDGT fluxes and their linkage to water temperatures is essential.
This could further improve the accuracy of lacustrine brGDGTs-
based temperature reconstructions in the mid-and high latitude
regions.
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