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Abstract Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are membrane‐spanning lipids
synthesized by bacteria in numerous substrates. The degree of methylation of the five methyl brGDGTs in both
soils and lake sediments, described by the MBTʹ

5Me index, is empirically related to surface atmospheric
temperature. This relationship in lakes is generally assumed to reflect lake surface temperatures captured by
brGDGT production in the water column and exported to lake sediments, and the MBTʹ

5Me index has been
applied to brGDGTs in lake sediment successions to reconstruct changes in temperature through time. We
analyzed the relationship between MBTʹ

5Me and the isomerization of brGDGTs (IR6Me) in globally distributed
surficial lake sediments and demonstrated that the relationship, and calibrations, of MBTʹ

5Me and temperature in
middle and high latitude lakes are sensitive to incompletely understood factors related to IR6Me. IR6Me does not
appear to track a non‐thermal influence of brGDGT methylation in tropical lakes, but this could change as the
data set is expanded. We address ongoing challenges in the application of the MBTʹ

5Me paleothermometer in
middle and high latitude lakes with new MBTʹ

5Me‐temperature calibrations based on grouping lakes by IR6Me.
We demonstrate how IR6Me can distinguish samples with a significant non‐thermal influence on MBTʹ

5Me by
targeting anomalously warm temperatures during the Last Glacial Maximum from newly analyzed piston and
gravity core samples from Lake Baikal, Russia.

Plain Language Summary Branched glycerol dialkyl glycerol tetraethers are fats used by bacteria to
build their cell walls. Bacteria build their cell walls with different kinds of brGDGTs in response to ambient
temperature. BrGDGTs are often preserved in lake sediments, making them a useful tool for reconstructing past
climate. While working on samples from Lake Baikal, Russia, we noticed unexpectedly warm temperatures
during the last ice age estimated from brGDGTs. These warm temperatures coincided with unusually high
relative amounts of 6‐methyl brGDGTs. This observation spurred the analysis of a large data set of published
globally distributed lake brGDGT data. We found that samples from middle and high latitude lakes with
relatively more 6‐methyl brGDGTs tended to have higher than expected brGDGT‐estimated temperatures. We
use our findings to refine the equations that relate brGDGT distributions to surface air temperature in middle and
high latitude lake sediments.

1. Introduction
Paleoclimate data are the only means of testing the performance of models used to simulate Earth's climate under
boundary conditions drastically different from those used today (Braconnot et al., 2012). Temperature is an
essential parameter for such comparisons, capturing the local and global energy balance (Tierney et al., 2020).
Although several methods exist for quantifying past sea surface temperatures, reconstructing terrestrial paleo-
temperatures has proven more difficult. Fossil branched glycerol dialkyl glycerol tetraethers (brGDGTs),
membrane spanning lipids produced by some bacteria (Chen et al., 2022; Halamka et al., 2023), hold great
promise as a paleotemperature proxy biomarker because of their apparently ubiquitous response to temperature
across numerous growth media (Raberg, Miller, et al., 2022). Yet challenges remain in their widespread appli-
cation due to temperature estimates observed for past soils and sediments that sometimes disagree strongly with
other paleoclimate data (Acharya et al., 2023; Cluett et al., 2023; Inglis et al., 2019; Kielhofer et al., 2023; Zhu
et al., 2021).

Structurally, brGDGTs are characterized by straight alkyl core chains with zero to two cyclopentyl moieties and
four to six methyl groups (Damsté et al., 2000; De Jonge et al., 2014; Weijers et al., 2007). The methylation of
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brGDGTs is thought to be altered by bacteria in response to temperature to maintain cell membrane fluidity and
permeability (Naafs et al., 2021; Weijers et al., 2007; Zhang & Rock, 2008). There have been extensive cali-
bration efforts to relate the methylation of brGDGTs to temperature in lakes, peats, and soils (De Jonge
et al., 2014; Dearing Crampton‐Flood et al., 2020; Martínez‐Sosa et al., 2021; Naafs, Inglis, et al., 2017; Peterse
et al., 2012; Raberg, Miller, et al., 2022; Raberg et al., 2021; Russell et al., 2018; Zhao et al., 2021, 2023).
Analyses of the relationship of MBTʹ

5Me to temperature in tropical lakes have produced statistically strong
calibrations (e.g., Russell et al., 2018; Zhao et al., 2023). However, the calibration of brGDGT methylation in
extratropical lakes to temperature has yielded weaker relationships with much higher uncertainty than in tropical
lakes (Cao et al., 2020; Martínez‐Sosa et al., 2021; Raberg et al., 2021; Zhao et al., 2023). The sources of this
uncertainty remain unclear and limit the utility of brGDGT paleotemperature estimates in these regions.

Analytical developments have improved brGDGT calibrations but have not resolved the issues in middle and high
latitude regions. The first generation of brGDGT analyses (Hopmans et al., 2000; Weijers et al., 2007) was unable
to separate the five and six methyl brGDGT isomers. Subsequently, improved methods separated these isomers
(De Jonge et al., 2014; Hopmans et al., 2016), leading to the development of the MBTʹ

5Me index, which describes
the relative abundance of temperature‐sensitive 5‐methyl brGDGTs (De Jonge et al., 2014). Later work linked the
distribution of 6‐methyl brGDGTs, characterized by the isomer ratio of 5‐ to 6‐methyl brGDGTs (IR6Me), and the
associated non‐thermal influence on MBTʹ

5Me with lake water salinity (Kou et al., 2022; Wang et al., 2021),
dissolved oxygen (Wu et al., 2021), and pH (Raberg, Miller, et al., 2022). A subsequent study of Central European
lakes showed a deviation from the expected temperature‐MBTʹ

5Me relationship in sediment samples where IR6Me
was greater than 0.5 (i.e., when 6‐methyl brGDGTs were more abundant than 5‐methyl) (Bauersachs et al., 2024),
similar to earlier findings in a study of global soils (Naafs, Inglis, et al., 2017). Others attempted to deconvolve the
non‐thermal influence on MBTʹ

5Me from tetramethylated brGDGTs thought to be produced in association with
the 6‐methyl brGDGT isomer set rather than the 5‐methyl brGDGT isomer set alone via a two‐endmember mixing
model (Wang et al., 2024). These studies highlight the behavior of the MBTʹ5Me ‐temperature relationship with
changing IR6Me but do not clarify why brGDGT isomerization is associated with aberrant temperature estimates
in some samples or provide a robust mechanism to identify samples that may have non‐thermal influences.

Here, we analyze brGDGT distributions in a compilation of global lacustrine surface sediment data to test whether
IR6Me can improve the MBTʹ

5ME temperature calibration by excluding samples with non‐thermal influences. We
then demonstrate that IR6Me distinguishes between different populations of brGDGTs in new analyses of archived
samples from Lake Baikal, Russia, and present an approach to estimating paleotemperatures in MBTʹ

5Me

timeseries with an apparent non‐thermal influence.

2. Materials and Methods
2.1. Lake Baikal Geologic Setting, Materials, Composite Section, and Age Determination

Lake Baikal, Russia (53°30ʹN, 108°0ʹE), is a rift lake in southern Siberia that formed approximately 30 million
years ago within the Baikal rift zone (Petit & Déverchère, 2006). Today, the climate in the Lake Baikal region is
characterized by high continentality (Colman et al., 1995) with an average annual air temperature range of∼40°C,
with maximum air temperature (15–20°C) in July and minimum air temperature (− 20 to − 25°C) in January
according to ERA‐40 reanalysis data (Kouraev et al., 2007). Surface water temperatures reach a maximum 10–
12°C in August and a minimum in January, when lake surface waters freeze (Hampton et al., 2008). Ice cover
typically persists for 4–6.5 months, depending on a given year's climate conditions and which region of the lake
(north vs. south basin) is considered (Kouraev et al., 2007).

We measured brGDGTs in 77 subsamples that cover the past 250 thousand years from cores 333‐PC2, 340‐TC1,
340‐PC1, VER92/2‐GC24 and 12 surficial samples from several multicores and box cores (Carter & Col-
man, 1994; E. Karabanov et al., 2004; Peck et al., 1994; Roberts et al., 2018; Swann et al., 2018) (Figure 1a). Dry
bulk density (DBD) from cores 333‐PC2, 340‐TC1, and 340‐PC1 was correlated to generate a continuous
composite section (Figure S1 in Supporting Information S1) since these cores are all from the Academician Ridge
region of the lake (Figure 1). DBD changes are large and primarily a function of the glacial‐interglacial variations
in diatomaceous ooze and clay content in the Lake Baikal cores, which vary on glacial‐interglacial timescales
(Peck et al., 1994). Magnetic susceptibility profiles (Peck et al., 1994) of cores 333‐PC2, 340‐TC1, and 340‐PC1
placed in our composite section are in good agreement (Figure S2 in Supporting Information S1), indicating that
our correlation of the cores' physical properties is robust. Our 333–340 composite section was then assigned age
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by correlating dry bulk density to the orbitally tuned BDP‐96 biogenic silica record (Prokopenko et al., 2006),
supplemented by published radiocarbon dates (Peck et al., 1994) and an assumed core top age of 0 Ka (Figure S3
in Supporting Information S1). Core VER92/2‐GC24 was assigned age from a highly resolved series of 14C
ages (E. Karabanov et al., 2004). Surficial sample ages are assumed to be late Holocene, which is supported by
210Pb chronologies on adjacent multicores (Roberts et al., 2018; Swann et al., 2018) or 14C ages from the box
cores (Colman et al., 1996).

2.2. Sample Preparation and Analysis

Sediments were freeze dried and weighed prior to homogenization. Since samples from cores 333‐PC2, 340‐TC1,
and 340‐PC1 were archived cubes used for paleomagnetic analysis (Peck et al., 1994), DBD was readily
calculated from sample weight and volume. Lipids were extracted by an accelerated solvent extractor (ASE) 350
using 2:1 dichloromethane: methanol with the following conditions: oven temperature 100°C, heating time to
5 min, 4 × 10‐min static cycles with a rinse volume of 150%, and an N2 purge time to 120 s. We used this more
polar solvent mixture than the typical 9:1 dichloromethane: methanol to recover more polar molecules (e.g.,
saccharides and alcohols) from our sediment samples. The more polar solvent schedule should not influence the
relative distributions of GDGTs in our samples (see Auderset et al. (2020); Powers et al. (2010)).

Figure 1. Distribution of brGDGTs in Lake Baikal sediments. (a) Map of Lake Baikal showing core locations. Contours showmean summer water temperatures reported
by Carrea and Merchant (2019). (b) Mean relative abundances of individual brGDGTs in soils >50°N (Dearing Crampton‐Flood et al., 2020). (c) Mean relative
abundances of individual brGDGTs in Lake Baikal sediments from the last 50 Ka. (d) Mean relative abundances of brGDGTs in Lake Baikal sediments from the 50 to
250 Ka interval.
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Total lipid extracts were spiked with 100 μL of a general recovery standard (20.5 ng/μL 5α‐androstane, 20.5 ng/
μL stearyl stearate, 20.5 ng/μL 1,1ʹ‐binapthyl, 20.5 ng/μL cis‐11‐eicosenoic acid, 20.5 ng/μL 19‐
methyleicosenoic acid, 20.5 ng/μL C20:1 Δ11‐eicosenol, and 20.5 ng/μL 5α‐androstan‐3β‐ol), desulfurized by
sequential addition of activated copper wire, and evaporated under N2 prior to separation on a 0.5 g dry‐packed
LC‐NH2 column to separate neutral (4 mL 2:1 dichloromethane: isopropanol), acid (4 mL 4% acetic acid in
diethyl ether), and polar (4 mL methanol) fractions. Neutral and polar fractions were recombined and again dried
under N2 prior to elution on a wet‐packed silica gel (0.5 g, 60 Å, 70–230 mesh, Millipore) column with 3 mL
hexanes (apolar/aliphatic), 4 mL dichloromethane (semi‐polar/aromatic), and 4 mL methanol (polar/alcohols).
The polar/alcohols (methanol) fraction was further separated over alumina oxide (0.85 g, J.T. Baker, 0537‐01) by
elution of 4 mL 9:1 hexane: dichloromethane, 4 mL 1:1 dichloromethane: methanol (containing GDGTs), and
4 mL 100% methanol. The 1:1 dichloromethane: methanol fraction was then dried over N2 and shipped to Brown
University, where the GDGTs were analyzed on an Agilent/Hewlett Packard 1,100 series liquid chromatograph
mass spectrometer (LC‐MS) using two UHPLC columns (BEH HILIC columns, 2.1 × 150 mm, 1.7 μm, Waters)
in series using the protocol of Hopmans et al. (2016). Prior to analysis, samples were passed through a 0.45 μm
filter and spiked with a known quantity of a C46 glycerol trialkyl glycerol tetraether (GTGT) internal standard
(Huguet et al., 2006). Selective ion monitoring was used to measure m/z 1302, 1300, 1298, 1296, 1292, 1050,
1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018, and 744. Peak areas were quantified manually using the
Chemstation software. Concentrations of individual GDGT molecules are reported in nanograms per gram of
sediment (ng/g sed), assuming a 1:1 relationship between the response factor of the C46 GTGT and the individual
brGDGTs (Huguet et al., 2006). While this assumption may not capture the exact response factors of the indi-
vidual brGDGTs, it is sufficient for understanding the relative concentrations of different brGDGTs in this
sample set.

2.3. Calculations

We describe brGDGT distributions via IR6Me (Equation 1), the isomer ratio of five‐to six‐methyl brGDGTs
(Dang, Xue, et al., 2016; Dang, Yang, et al., 2016). As IR6Me approaches 1, the larger the proportion of six‐methyl
brGDGTs in each sample:

IR6Me =
(IIaʹ + IIbʹ + IIcʹ + IIIaʹ + IIIbʹ + IIIcʹ)

(IIa + IIaʹ + IIb + IIbʹ + IIc + IIcʹ + IIIa + IIIaʹ + IIIb + IIIbʹ + IIIa + IIIaʹ)
(1)

We describe the cyclization of brGDGTs with the CBTʹ index (Equation 2) (De Jonge et al., 2014):

CBTʹ = log10 (
Ic + IIaʹ + IIbʹ + IIcʹ + IIIaʹ + IIIbʹ + IIIcʹ

Ia + IIa + IIIa
) (2)

The degree of methylation of brGDGTs was related to temperature by the MBTʹ
5Me index (Equation 3) (De Jonge

et al., 2014):

MBTʹ5Me =
(Ia + Ib + Ic)

(Ia + Ib + Ic + IIa + IIb + IIc + IIIa)
(3)

We report and analyze the concentration of branched GDGTs in our samples as described by the sum of the
abundances of the branched GDGTs (Equation 4):

∑ brGDGTs = [Ia] + [Ib] + [Ic] + [IIa] + [IIaʹ] + [IIb] + [IIbʹ] + [IIc] + [IIcʹ] + [IIIa]

+ [IIIaʹ] + [IIIb] + [IIIbʹ] + [IIIc] + [IIIcʹ] (4)

We report values of the branched index of tetraethers (BIT) described by Equation 5, which was once considered a
useful metric for identifying terrigenous organic matter input to lacustrine and marine sediments (Hopmans
et al., 2004):

Geochemistry, Geophysics, Geosystems 10.1029/2024GC012069

NOVAK ET AL. 4 of 24

 15252027, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

C
012069 by T

est, W
iley O

nline L
ibrary on [31/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BIT = (Ia + IIa + IIaʹ + IIIa + IIIaʹ)
(Ia + IIa + IIaʹ + IIIa + IIIaʹ + Crenarchaeol)

(5)

Whenever the full suite of isoprenoid and branched GDGTs was quantifiable, we classified sample brGDGT
provenance via the BIGMaC algorithm (Martínez‐Sosa et al., 2023), a machine learning algorithm that classifies
samples as soil, peat, lake, or marine provenance based on the fractional abundances of isoprenoid and branched
GDGTs.

2.4. Previous Temperature Calibrations

We utilized several published methods to translate MBTʹ
5Me or the relative abundances of brGDGTs in Lake

Baikal samples to temperature. First, we used the Bayesian calibration of MBTʹ
5Me in lake sediments to mean

months above freezing temperature (MAF) by Martínez‐Sosa et al. (2021).

MBTʹ5Me = 0.030(±0.001)MAF + 0.075(±0.012) (6)

In addition, we used the full set calibration of Raberg et al. (2021), which estimates months above freezing
temperature from the fractional abundances of select brGDGTs calculated from the full suite of brGDGT
molecules.

MAF = − 8.06(±1.56) + 37.52(±2.35) [Ia] − 266.83(±96.61) [Ib]2 + 133.42(±19.51) [Ib]

+ 100.85(±9.27) [IIaʹ]2 − [IIaʹ]2 + 58.15(±10.09) [IIIaʹ]2 + 12.79(±10.09)[IIIa] (7)

We also applied the methylation set calibration of Raberg et al. (2021), which incorporates the fractional
abundances of select individual brGDGTs calculated within sets of brGDGTs with the same number of cyclo-
pentane rings and the same methylation positions in a multivariate regression to months above freezing
temperature.

f xymeth =
xy

∑III
n=I ny

; f xyʹ
meth =

xyʹ

∑III
n=II nyʹ

(8)

MAF = 92.9(±15.98) + 63.84(±15.58) [Ibmeth]2 − 130.51(±30.73) [Ibmeth] − 28.77(±5.44) [IIameth]2

− 72.28(±17.38) [IIbmeth] − 5.88(±1.36) [IIcmeth]2 + 20.89(±7.69) [IIIameth]2

− 40.54(±5.89) [IIIameth] − 80.47(±19.19) [IIIbmeth] (9)

We also used the mixing model approach proposed by Wang et al. (2024) to reconstruct the bacterial growth
temperature in samples with mixed contributions of brGDGTs from 5‐methyl and 6‐methyl brGDGT‐producing
bacteria.

([Ia] + [Ib] + [Ic]) =
A × T + B

1 − (A × T + B)
([IIa] + [IIb] + [IIc] + [IIIa] + [IIIb] + [IIIc])

+
C × T + D

1 − (C × T + D)
([IIaʹ] + [IIbʹ] + [IIcʹ] + [IIIaʹ] + [IIIbʹ] + [IIIcʹ]) (10)

A, B, C, and D are constants derived from lacustrine suspended particulate matter data sets and T is the growth
temperature (Wang et al., 2024).

2.5. Compilation of Existing brGDGT and Environmental Data

We leveraged the recent global brGDGT lacustrine surface sediment data set of Zhao et al. (2023), who compiled
data from Baxter et al. (2019), Cao et al. (2020), Dang et al. (2018), Li et al. (2017), Liang et al. (2022), Martínez‐
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. (2021). We expanded the Zhao et al. (2023) data set with
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subsequently published brGDGT measurements from lakes in Switzerland and Alaska (Bauersachs et al., 2024;
Otiniano et al., 2023). In addition, we utilized the soil brGDGT data set assembled by Dearing Crampton‐Flood
et al. (2020), who compiled data from De Jonge et al. (2014), Ding et al. (2015), Lei et al. (2016), Wang
et al. (2016), Xiao et al. (2015), and Yang et al. (2015). We also incorporated published paired data sets from lake
sediments and lake catchments (Raberg, Flores, et al., 2022; Wang et al., 2023; Weber et al., 2018; Zhao
et al., 2021) alongside a lake sediment and catchment data set we assembled from our own measurements of
surface sediments at Lake Baikal and published data from moss polsters (Dugerdil et al., 2020) and riverine
suspended particulate matter (De Jonge et al., 2015) in Lake Baikal's catchment. All compiled data were collected
using protocols that separate 5 ‐and‐6‐methyl brGDGTs (De Jonge et al., 2013; Hopmans et al., 2016).

We assigned months above freezing (middle and high latitude lakes) and mean annual surface air temperatures
(tropical lakes) to the new samples in the global lacustrine brGDGT surface sediment data set from theWorldClim
version 2.1 30‐s resolution data set (Fick & Hijmans, 2017), which incorporates data from the years 1970–2000,
following the method of Zhao et al. (2023). We consider middle and high latitude lakes to be all lakes outside
30°S–30°N and tropical lakes as all lakes within 30°S–30°N. Since there are not surface air temperatures in the
WorldClim data set over Lake Baikal, our surface sediment samples were excluded from the lacustrine tem-
perature calibration data set (12 of 648 samples excluded).

3. Results
3.1. Branched GDGT Distributions in Lake Baikal Sediments

The distribution of brGDGTs in Lake Baikal sediments is dominated by IIIa and IIIaʹ (Figures 1c and 1d, IIIaʹ

refers to the 6‐methyl brGDGT isomer). We did not observe IIIaʹʹ in Lake Baikal sediments. IIIa is expected to be
abundant given the cold climate of the Lake Baikal region and the inverse temperature dependence of the
abundance of brGDGT IIIa found by previous studies (De Jonge et al., 2014; Russell et al., 2018; Zhao
et al., 2023). Greater abundance of brGDGT IIIaʹ is primarily associated with decreasing pH in soils (De Jonge
et al., 2014).

We were not able to quantify the full suite of isoprenoid GDGTs in all samples from Lake Baikal necessary for
application of the BIGMaC algorithm due to the low concentration of iGDGTs in many samples. However,
samples in which all the iGDGTs and brGDGTs were quantifiable were classified as lacustrine in origin by
BIGMaC (Martínez‐Sosa et al., 2023).

We observed changes in MBTʹ
5Me in Baikal sediments that correlate with climate‐driven lithologic variations.

The dry bulk density of Lake Baikal sediments primarily reflects its biogenic silica content (Figure S3a in
Supporting Information S1), which is an indicator of relative climate change at Lake Baikal (Colman et al., 1995;
Prokopenko et al., 2006; Williams et al., 1997). Diatomaceous ooze, characterized by high biogenic silica content
and lower dry bulk density, was deposited during warm periods, while silty clay with higher dry bulk density and
low biogenic silica content was deposited during cold periods (Figure S3a in Supporting Information S1). Prior to
50 Ka, highMBTʹ

5Me values and warm reconstructedMAF paleotemperatures in Lake Baikal sediments tended to
co‐occur with diatomaceous oozes and lower MBTʹ

5Me values and cold reconstructed MAF paleotemperatures
with clays (Figures 2a and 3a). However, in the last 50 Ka, there are many highMBTʹ

5Me values that coincide with
clays, suggesting anomalously warm conditions during the Last Glacial Maximum (Figures 2a and 3a, 29–14 Ka).
These high MBTʹ

5Me values are accompanied by relatively low brGDGT concentration (Figure 2b), high IR6Me
(>0.4, Figure 2c) and high CBTʹ (Figure 2d) values but do not appear different from the older samples in their BIT
values or when applying the BIGMaC algorithm (Figure S4 in Supporting Information S1). Samples IR6Me > 0.4
occur in cores 333‐PC2, 340‐TC1, and VER92/2‐GC24 (Figure S5 in Supporting Information S1).

Given the correspondence of high MBTʹ
5Me (>0.4), IR6Me (>0.4), and CBTʹ (>0) values during the past 50 Ka at

Lake Baikal (Figure 2a), we attempted to reconstruct paleotemperatures using methods that account for the
potential influence of 6‐methyl brGDGTs on temperature estimates (Raberg et al., 2021; Wang et al., 2024). A
mixing model method (Wang et al., 2024) and “full set” and “methylation set” calibrations (Raberg et al., 2021)
yielded anomalously warm paleotemperatures of the past 50 Ka (Figures 3c, 3e, and 3g, note glacial temperatures
equivalent to much of the Holocene). For the mixing model and full set methods, paleotemperature estimates vary
with IR6Me: samples with IR6Me ≤ 0.4 have significantly lower reconstructed paleotemperatures than samples
with IR6Me ≥ 0.55 in both glacial clays and interglacial diatomaceous oozes (Figures 3d and 3h, compare to
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MBTʹ
5Me in Figure 3b). Although the methylation set method addresses this issue, this method instead increases

the apparent amplitude of glacial‐interglacial temperature change in samples with high IR6Me (Figure 3f and
Figure S6 in Supporting Information S1). When viewed in timeseries, this gives the impression of a far larger
reconstructed MAF paleotemperature difference between the Last Glacial Maximum and Holocene than MIS 6
and 5 (Figure S7 in Supporting Information S1), which we suspect is unlikely in view of the global similarity of
these glacial‐interglacial climate cycles (Lisiecki & Raymo, 2005) and previous studies of this interval at Lake

Figure 2. BrGDGT indices from Lake Baikal over the last 250 Ka. (a) Timeseries of dry bulk density (black line) and
MBTʹ5Me values (gray circles) from Lake Baikal covering the past 250 Ka. (b) The total concentration of brGDGTs.
(c) IR6ME values. (d) CBTʹ values. Note the coincidence of high MBTʹ5Me, low concentration of brGDGTs, high IR6Me, and
high CBTʹ.
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Figure 3. Lake Baikal brGDGT paleotemperature estimates using the methods of Martínez‐Sosa et al. (2021), Raberg et al. (2021), and Wang et al. (2024).
(a) Timeseries of reconstructed paleotemperatures using the MBTʹ5Me calibration of Martínez‐Sosa et al. (2021). (b) Box and whisker plots of paleotemperatures
reconstructed with the method of Martínez‐Sosa et al. (2021). Samples are grouped by IR6Me as in (a) and separated by lithology as a proxy for climate state, with
samples of a dry bulk density ≥0.4 g*cm− 3 classified as clays. (c) Same as (a) using the full set method of Raberg et al. (2021). (d) Same as (b) using the full set method
of Raberg et al. (2021). (e) Same as (a) using the methylation set calibration of Raberg et al. (2021). (f) Same as (b) using the methylation set calibration of Raberg
et al. (2021). (g) Same as (a) using the mixing model method of Wang et al. (2024). (h) Same as (b) using the mixing model method of Wang et al. (2024). In (a–h),
samples are grouped by IR6Me: gold—IR6Me ≤ 0.4; gray—IR6Me > 0.4 & <0.55; blue—IR6Me ≥ 0.55. In (a, c, e, g), shading shows the 95% uncertainty in estimated
paleotemperatures. In (b, d, f, and h), line, box, and whiskers indicate the median, 1st and 3rd quartiles and minimum and maximum values within 1.5 times the
interquartile range, with outliers (>1.5 times the interquartile range) shown as individual points. * t‐test p‐value<0.05, ** t‐test p‐value<0.01, *** t‐test p‐value<0.001
where the alternative hypothesis is that estimated temperatures in clays are less than those in diatomaceous oozes.
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Baikal based on pollen and bulk sedimentology (BDP‐99 Members, 2005; Colman et al., 1995; E. B. Karabanov
et al., 2000; Khursevich et al., 2001; Peck et al., 1994; Prokopenko et al., 2006; Tarasov et al., 2005, 2009).
Notably, each method reconstructs significant differences in MAF paleotemperatures between glacial clays and
interglacial diatomaceous oozes in samples grouped by IR6Me (Figure S8 in Supporting Information S1).

MBTʹ
5Me is moderately related to IR6Me in sediment core and surface sediment samples at Lake Baikal (Figure 4a;

r = 0.77, p < 0.001, df = 84). IR6Me and the concentration of branched GDGTs in Lake Baikal samples are
significantly anticorrelated (Figure 4b; Spearman's ρ = − 0.63, p < 0.001 in surface sediments and diatom oozes;
Spearman's ρ = − 0.84, p < 0.001 in clays). The samples separate into two distinct populations based on lithology
and brGDGT concentration: clays (Figure 4b, diamonds) and diatomaceous oozes and surface sediments
(Figure 4b, circles and squares). We also observed a significant relationship between MBTʹ

5Me and CBTʹ in Lake
Baikal sediments (Figure S9 in Supporting Information S1, adj. r2= 0.42, r= 0.65, p < 0.001, df= 84). We see no
clear clustering or correlation between individual brGDGTs and individual iGDGTs (Figure S10 in Supporting
Information S1).

3.2. Branched GDGT Distributions in Globally Distributed Lakes

We analyzed the relationship between IR6Me and MBTʹ
5Me in the global lacustrine surface sediment data set

(Figure 5). There is a weak but significant correlation betweenMAF temperature and IR6Me in globally distributed
lake surface sediments in which IR6Me is likely to be higher with warmer MAF temperatures (adj. r

2 = 0.09,
r = 0.31, p < 0.001, df = 635, Figure 5b). In regressions of MAF on MBTʹ

5Me, there is a group of samples with
IR6Me ≥ 0.55 between 5 and 15°C MAF that have MBTʹ

5Me values that are higher than expected from the MAF
and line of best fit (Figure 5c black arrow) as predicted by Wang et al. (2024). This group of samples is only a
subset of the larger group of samples with IR6Me ≥ 0.55 (Figure 5c). We also observed a large cluster of inter-
mediate and high IR6Me lakes in midlatitude Asia, North America, and equatorial East Africa (Figures 5a, Figures
S11b and 11c in Supporting Information S1).

The group of samples with IR6Me ≥ 0.55 and MBTʹ
5Me values 0.2–0.4 higher than expected (Figure 5c arrow) led

us to systematically investigate whether the relationship between MBTʹ
5Me and environmental temperature varies

in samples with different IR6Me values. Data from tropical and middle to high latitude lakes were analyzed
separately because of the differing temperature seasonality in the low versus middle to high latitudes that could
lead to different calibration relationships (Cao et al., 2020; Raberg et al., 2021; Zhao et al., 2023). We grouped
samples by IR6Me into bins 0.2 IR6Me units wide and iteratively regressed the binned samples to MAF, which in

Figure 4. IR6Me is correlated with MBTʹ5Me and branched GDGT concentration in Lake Baikal sediments. (a) Correlation
between IR6Me and MBTʹ5Me in downcore and core top sediments. (b) Correlation between IR6Me and the sum of the
concentration of the branched GDGTs. Samples with a dry bulk density ≥0.4 g*cm− 3 are classified as clays.
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the tropics is equivalent to mean annual air temperature (MAAT). The bin of samples was shifted by 0.01 IR6Me
units at each iteration, generating a continuous profile of regression parameters across the lacustrine surface
sample data set (Figure 6). The uncertainty in the regression parameters (Figure 6, light blue shading) increases
with a smaller sample number or with a weaker fit to the data.

We observed a systematic change in the values of both the intercept and slope of MBTʹ
5Me‐temperature re-

gressions in middle and high latitude lakes with IR6Me (Figures 6a and 6b). When the IR6Me bin midpoint is less
than approximately 0.4, the regression intercept is relatively low (∼2–3°C) and the slope is relatively high (∼15–
20°C/MBTʹ

5Me) (Figures 6a and 6b). Conversely, when the IR6Me bin midpoint is greater than approximately
0.55, the regression intercept is relatively high (∼5–6°C) and the slope low (∼10°C/MBTʹ

5Me) (Figures 6a and
6b). We did not observe the same systematic change in the regression coefficients in tropical lakes (Figures 6c and
6d) except for a small group of samples with IR6Me of 0.6–0.7. We tested the robustness of this finding by

Figure 5. Branched GDGT distributions in globally distributed lacustrine sediments. (a) Map showing locations of brGDGT
lacustrine sedimentary surficial samples. Basemap is from the M_Map MATLAB package (Pawlowicz, 2020).
(b) Scatterplot of MAF temperature and IR6Me. (c) Scatterplot of MAF temperature and MBTʹ5Me. The red dashed line is the
fitted line determined by Ordinary Least Squares regression. Black arrow shows a cluster of higher‐than‐expected MBTʹ5Me
values with IR6Me > 0.55. Data point colors in b and c correspond to the IR6Me values in (a).
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leveraging the strong correlation between IR6Me and CBTʹ (Figure S12 in Supporting Information S1) to conduct
a parallel analysis of how MBTʹ

5Me‐temperature regression parameters change with variations in CBTʹ (Figure
S13 in Supporting Information S1). While we observe analogous changes in MBTʹ

5Me‐temperature regression
parameters with increasing CBTʹ in middle and high latitude lakes (Figures S13a and S13b in Supporting In-
formation S1), we do not observe such systematic changes in tropical lakes (Figures S13c and S13d in Supporting
Information S1). Regression slopes inferred in the middle and high latitude lakes data set are never equivalent to
the slopes of the tropical lakes data set (Figure S14b in Supporting Information S1) and the regression intercepts
are only within error of each other within the 0.6–0.7 IR6Me range (Figure S14a in Supporting Information S1).

Principal component analysis (PCA) of the global lacustrine surface sediment data set provides further insight
into the extent to which the middle to high latitude and tropical lakes brGDGT samples exhibit non‐thermal
influences on brGDGT methylation (Figure 7). PC1 explains 45.8% and PC2 33.8% of the variance in the
middle and high latitude lakes data set (Figure 7a). Middle and high latitude lake PC1 is correlated to MAF
temperature (r = 0.93) and MBTʹ

5Me (r = 0.96), while PC2 is correlated to IR6Me (r = − 0.85) and CBTʹ

(r = − 0.97, Figure 7b). By comparison, PC1 explains 77.6% of the variance in the tropical lakes data set and is

Figure 6. MBTʹ5Me‐temperature regression coefficients with IR6Me in mid to high latitude and tropical lakes. (a) Change in
MBTʹ5Me‐MAF regression intercept (blue line and shading) with IR6ME (gray points) in mid and high latitude lakes. Blue
triangle shows the intercept of the regression between MBTʹ5Me and MAF in all mid and high latitude lakes. (b) Change in
MBTʹ5Me‐MAF regression slope with IR6Me in mid and high latitude lakes. (c) Change in MBTʹ5ME‐MAAT regression
intercept in tropical lakes. Blue triangle shows the intercept of the regression between MBTʹ5Me and MAAT in all tropical
lakes. (d) Change in MBTʹ5Me‐MAAT regression slope with IR6Me in tropical lakes. Shading in (a–d) shows 1σ standard
error of the regression coefficients. Blue triangles in each panel show the value of the MBTʹ5Me‐MAF or MAAT regression
slope or intercept for all the samples in that panel.
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correlated with MAAT (r = − 0.85) and MBTʹ
5Me (r = − 0.92), while PC2 explains 14.5% of the variance and is

correlated to IR6Me (− 0.94) and CBTʹ (− 0.78, Figures 7c and 7d). In both the data sets, it appears that PC1 reflects
temperature or methylation while PC2 reflects isomerization, and cyclization or the process(es) controlling those
aspects of brGDGT distributions (cf. Parish et al., 2023). The lower explanatory power of PC1 (temperature) and
greater explanatory power of PC2 (possible drivers discussed in Section 4.1) in the middle and high latitude lakes
data set compared to the tropical lakes data set supports the idea that the middle and high latitude lakes surface
sediment brGDGT data are more prone to non‐thermal influences than the tropical lakes data.

Figure 7. Principal component analysis of the global lacustrine surface sediment data set. (a) Loadings of individual
brGDGTs on PC1 and PC2 in middle and high latitude lakes. (b) Correlation matrix showing Pearson's r between PC1, PC2,
MAF temperature, and brGDGT indices in the middle and high latitude lakes data set. (c) Loadings of individual brGDGTs
on PC1 and PC2 in tropical lakes. (d) Correlation matrix showing Pearson's r between PC1, PC2, MAAT, and brGDGT
indices in the tropical lakes data set.
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Our observations suggest that brGDGT isomerization (IR6Me) characterizes processes that influence the rela-
tionship between MBTʹ

5Me and temperature (Figure 6). This may account for the group of samples with
IR6Me > 0.55 and highMBTʹ

5Me between 5 and 15°CMAF contributing to scatter in the regression betweenMAF
and MBTʹ

5Me in global lakes (Figure 5c). Cyclization (CBTʹ) of brGDGTs also appears to capture this process
(Figure S13 in Supporting Information S1), which is expected since IR6Me and CBTʹ are strongly related in
lacustrine sediments (Figure S12 in Supporting Information S1, adj. r = 0.78, see also Dang, Xue, et al., 2016;
Dang, Yang, et al., 2016; Raberg et al., 2021).

3.3. Filtering Samples by IR6Me Improves MBTʹ
5Me Temperature Calibrations

We focused our subsequent data analysis on IR6Me because the middle and high latitude lake MBTʹ
5Me data are

more evenly distributed in IR6Me space, enabling a more thorough investigation of the IR6Me binning exercise in
Figure 6 than the CBTʹ binning exercise in Figure S13 in Supporting Information S1. In particular, we tested
whether grouping lake sediment samples by IR6Me improves the statistical strength of lacustrine MBTʹ

5Me‐
temperature calibrations. The correlation statistic (adjusted r2) of the regression between MBTʹ

5Me and MAF
temperature in middle and high latitude lakes systematically improves when imposing a lowering IR6Me cutoff
threshold on the data until an IR6Me value of 0.27 (Figure 8a), at which point the sampled MAF temperature range
narrows and the degrees of freedom are reduced (Figure 8a, Figure S15 in Supporting Information S1). By
comparison, there is relatively little change in the regression parameters betweenMBTʹ

5Me and MAAT in tropical
lakes with different IR6Me values (Figure 8b).

This analysis and our investigation of the variation of MBTʹ
5Me‐temperature regression coefficients with IR6Me

suggest that removing samples with high IR6Me will improve the statistical power of the MBTʹ
5Me‐MAF tem-

perature calibration in middle and high latitude lakes (Figures 6 and 8). We chose an IR6Me cutoff threshold of 0.4
as a conservative value based on our analysis of slope/intercept variability (Figure 6) and regression fit (Figure 8).
This cutoff minimizes any potential non‐thermal influence on the global MBTʹ

5Me‐temperature calibration; it is
possible that a higher or lower IR6Me cutoff value may be more appropriate on a regional or lake system basis
(e.g., Bauersachs et al., 2024 who used an IR6Me cutoff value of 0.5). We observe a substantial improvement in the
regression statistics between MBTʹ

5Me andMAF temperature in the combined mid and high latitude lakes data set
when samples with an IR6Me > 0.4 are removed (Figures 9a and 9c, adj. r2= 0.51 vs. 0.73); there is relatively little
improvement in the regression parameters between MBTʹ

5Me and MAAT in tropical lakes (Figures 9d and 9f, adj.

Figure 8. Change in adjusted r2 of MBTʹMe‐temperature regression with IR6Me cutoff. (a) Change in adjusted r
2 of the

regression between MBTʹ5Me and MAF temperature in middle and high latitude lakes with IR6Me cutoff systematically
increased from 0.2 to 1.0. Blue bars show the MAF temperature range sampled by each regression. (b) Change in adjusted r2

of the regression between MBTʹ5Me and MAAT in tropical lakes with IR6Me cutoff threshold. Red bars show the MAAT
range sampled by each regression. In (a and b), adj. r2 values were determined by selecting samples with IR6Me less than the
given cutoff value and then regressing the MBTʹ5Me value of those samples to their assigned temperature. The IR6Me cutoff
was systematically increased by 0.01 at every iteration.
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r2 = 0.91 vs. 0.96). We also note a weak regression between MBTʹ
5Me and MAF temperature in middle and high

latitude lakes with IR6Me ≥ 0.55 (Figure S16a in Supporting Information S1, adj. r2 = 0.09) but a stronger
regression between MBTʹ

5Me and MAAT in tropical lakes with IR6Me ≥ 0.55 (Figure S16 in Supporting Infor-
mation S1, adj. r2 = 0.45).

Analysis of the regression residuals shows that exclusion of high IR6Me samples improves the relationship in
middle and high latitude lakes but has little effect on the tropical lakes data. The distribution of MBTʹ

5Me in the
tropical lake data is somewhat bimodal, which may impact our ability to explore the effects of IR6Me‐binning
(Figure 9d). However, we note the apparent lack of change in the regression parameters in the relationship be-
tween MBTʹ

5Me and MAAT in tropical lakes binned by IR6Me where data density is high (Figures 6c and 6d). We
also observed that eliminating lakes with an IR6Me > 0.4 from the tropical lake calibration data set removed many
samples with small MBTʹ

5Me residuals (Figures 9c–9f). Similarly, we note that middle and high latitude lakes
samples with a higher IR6Me tend to have a larger MBTʹ5Me residual (Figure 9b), while there is only a very slight
trend in the residuals from tropical lakes (Figure 9e). We also observed minimal difference in the statistical power
of regressing global lake MBTʹ

5Me to MAF in samples from all lakes with IR6Me ≤ 0.4 compared to only filtering
middle and high latitude lakes by IR6Me (Figures 10b vs. 10c).

4. Discussion
4.1. IR6Me as an Indicator of Non‐Thermal Influences on MBTʹ

5Me in Lakes

The data suggest IR6Me can detect non‐thermal influences on MBTʹ
5Me in middle and high latitude lakes but not

tropical lakes (see Section 3.2), but the mechanism(s) causing IR6Me variations and the apparent difference in
lakes at different latitudes are unclear. A simple explanation for the differences between the middle to high

Figure 9. MBTʹ5Me temperature calibrations for the mid to high latitudes and tropics are improved by removing samples with high IR6Me. (a) Regression between months
above freezing air temperature and MBTʹ5Me in all middle and high latitude lakes. (b) MBTʹ5Me residuals from the regression in (a) as a function of IR6Me. Red dashed
line and regression statistics show the fit between IR6Me and MBTʹ5Me residuals in samples with IR6Me ≥ 0.55. (c) Regression between months above freezing air
temperature and MBTʹ5Me in middle and high latitude lakes with IR6Me ≤ 0.4. (d) Regression between mean annual air temperature and MBTʹ5Me in all tropical lakes.
(e) MBTʹ5Me residuals from the regression in (d) as a function of IR6Me. Red dashed line and regression statistics show the fit between IR6Me and MBTʹ5Me residuals in
samples with IR6Me ≥ 0.55. (f) Regression between mean annual air temperature and MBTʹ5Me in tropical lakes with IR6Me ≤ 0.4.
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latitude and tropical lakes data sets is the bimodal distribution of MAAT sampled by the tropical lake data set.
Given the nature of how tropical lakes are formed (Löffler, 1964), samples with temperatures from 10 to 20°C are
scarce (e.g., Figures 9d–9f), which is the range of temperatures previously suggested to be most susceptible to
IR6Me‐related changes in MBTʹ

5Me (Wang et al., 2024). Recently, Wang et al. (2024) observed a systematic
change in MBTʹ

5Me‐temperature regression slope and intercept across samples grouped by IR6Me and argued for a
link between MBTʹ

5Me and the 6‐methyl brGDGTs due to the production of tetramethylated brGDGTs by the
bacteria responsible for 6‐methyl brGDGT production (Wang et al., 2024). The hypothesis that 5‐methyl and 6‐
methyl brGDGTs are synthesized by different organisms is supported by cultured bacteria exclusively producing
5‐methyl brGDGTs (Chen et al., 2022; Halamka et al., 2023) and 16S rRNA sequencing of lacustrine suspended
particulate matter (van Bree et al., 2020), perhaps suggesting the apparent differences between the middle to high
latitude and tropical data sets is due to the range of MAATs sampled by the tropical data relative to the
temperature‐dependent differences in brGDGT methylation between bacterial communities (Wang et al., 2024).
However, it is unlikely that generating tropical lake surface sediment data to test this hypothesis will be
straightforward since most montane tropical lakes are at high elevations with MAAT below ∼10°C (cf.
Löffler, 1964).

The improved MBTʹ
5Me‐temperature calibration on low IR6Me samples (Figure 8) is consistent with previous

observations in soil MBTʹ
5Me‐temperature calibration studies that linked high IR6Me values to poor model per-

formance and high pH (Dang, Xue, et al., 2016; Dang, Yang, et al., 2016; Naafs, Gallego‐Sala, et al., 2017).
Perhaps therefore, high lake water pH may be linked to the coincidence of high IR6Me values and MBTʹ

5Me

residuals.

Figure 10. Regressions of MBTʹ5Me to the global lacustrine surface sediment data set. (a) Regression of MBTʹ5Me to MAF in all globally distributed lake surface
sediment samples. (b) Regression of MBTʹ5Me to MAF globally distributed in lake surface sediment samples with IR6Me ≤ 0.4. (c) Regression of MBTʹ5Me to MAF
globally distributed in lake surface sediment samples with IR6Me ≤ 0.4 used as a filter only for middle and high latitude samples. All tropical lake samples are included
regardless of IR6Me. (d) MBTʹ5Me residuals of the regression shown in (a). (e) MBTʹ5Me residuals of the regression shown in (b). (f) MBTʹ5Me residuals of the regression
shown in (c). Note that MAF temperature in the tropics is equivalent to MAAT.
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Other studies have shown a correlation with higher abundances of 5‐methyl and 6‐methyl brGDGTs and lower
dissolved O2 in lakes (Weber et al., 2018; Wu et al., 2021). A microcosm incubation experiment demonstrated a
doubling of brGDGT concentrations under low O2 conditions as compared to oxic conditions (Martínez‐Sosa &
Tierney, 2019), perhaps suggesting that even brief periods of low O2 in lakes could substantially change the
brGDGT distribution integrated into sediments. Some data suggest that oxic conditions result in higher MBTʹ5Me
values when temperature is held constant (Chen et al., 2022), but this is not consistent across experiments (cf.
Chen et al., 2022; Halamka et al., 2023). It is also notable that we observed large variations in IR6Me in Lake
Baikal surface sediments despite the lack of deep water hypoxic or anoxic zones within the lake (Hohmann
et al., 1997; Prokopenko & Williams, 2004; Weiss et al., 1991) (Figure 4a), suggesting that the relationships
between brGDGT isomerization and dissolved O2 observed in some lakes (e.g., Weber et al., 2018; Wu
et al., 2021) are not universal.

Lake water salinity has also been linked to changes in brGDGT isomerization (Kou et al., 2022; Wang
et al., 2021), leading to the hypothesis that IR6Me can be used to quantitatively account for salinity‐driven changes
in MBTʹ

5Me in lakes (Wang et al., 2021). However, multivariate regression of MBTʹ
5Me and IR6Me to MAF

temperature in middle to high latitude lakes did not attribute statistical significance to the IR6Me term and yields an
almost identical correlation coefficient as the regression between MBTʹ

5Me and temperature alone (Figure S17 in
Supporting Information S1). The relative abundances of the 7‐methyl brGDGTs used in the correction proposed
by Wang et al. (2021) are not available in the global data set. Furthermore, Lake Baikal is a freshwater lake with
low salinity between 94.5 and 95.5 mg/kg (Shimaraev et al., 2006) and substantial surficial sediment IR6Me
variation (Figure 4a). Again, the observations suggest that although salinity can be an important driver of IR6Me
variability in some lakes, it is not a universal mechanism.

MBTʹ
5Me and IR6Me may also respond to the relative input of soil‐derived brGDGTs to sediments in lakes.

MBTʹ
5Me tends to be lower in lake sediments compared to soils both in the globally distributed lakes and soils data

sets and in paired lake sediments and catchment soils (Figures S18a and S18c in Supporting Information S1). The
apparent “warm bias” in soil brGDGTs (compared to lake sediments) could explain the systematic shift in
regression intercept toward higher values that we observe when regressing mid and high latitude lake MBTʹ

5Me to
MAF temperatures binned by IR6Me (Figure 6a). However, while IR6Me in lake sediments is sometimes lower than
in soils on a broad scale (Figure S18b in Supporting Information S1), there is still substantial overlap between the
lakes and soils in the global data set (Figure S18b in Supporting Information S1). Furthermore, there is no sig-
nificant difference in IR6Me in the paired lake and catchment soils data (Figure S18d in Supporting Informa-
tion S1), suggesting IR6Me is not an accurate metric for inferring a soil source of 6‐methyl brGDGTs to lake
sediments.

In summary, there is no common environmental parameter shared between the lakes with IR6Me > 0.4 that ex-
plains the non‐thermal effects on the MBTʹ

5Me index. Lakes with high IR6Me are found in China, southern Russia,
Central Europe, the continental United States, Alaska, Canada, and the Southern Cone of South America (Figures
S11b and S11c in Supporting Information S1). While many lakes with high IR6Me samples are alkaline (e.g., Dang
et al., 2018; Martínez‐Sosa et al., 2021) and/or saline (e.g., Wang et al., 2021), others are not (e.g., Bauersachs
et al., 2024; Weber et al., 2018). Samples from both deep (>100 m) and shallow (∼30 cm) lakes have high IR6Me
(Bauersachs et al., 2024; Otiniano et al., 2023; Weber et al., 2018), as do samples from both oxygenated and
hypoxic lakes (Wu et al., 2021). Given the diversity of lakes with high IR6Me, we speculate that brGDGT
isomerization may be related to multiple environmental factors (e.g., pH, salinity, O2, brGDGT source) rather
than any single variable. Regardless of the cause, lake sediment samples with high IR6Me have a different and
poorer relationship between MBTʹ

5Me and temperature. Therefore, screening samples based on IR6Me is a useful
approach to identify samples where non‐thermal effects are likely, ultimately improving paleotemperature
reconstructions.

4.2. Insights Into IR6Me and brGDGT Temperature Estimates From the Lake Baikal Record

Our downcore samples from Lake Baikal demonstrate how IR6Me can be used to identify shifts in brGDGT
distributions that impact temperature estimates (Figures 2 and 3). Both the average IR6Me and CBTʹ values and the
pattern of IR6Me and CBTʹ variations between the Last Glacial Maximum and Holocene are the opposite of the
pattern in the 250–50 Ka section of the cores (Figure 2b), perhaps suggesting a change in the bacterial com-
munities producing brGDGTs in Lake Baikal. Our results from core VER 92/2‐GC24 demonstrate that elevated
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IR6Me values of the Lake Baikal GDGTs during the last glacial are observed not only at the distant hemipelagic
sites 333 and 340 but also in the pro‐deltaic depositional settings where sediment accumulation rates are 4 times
higher (Figure 1 and Figure S5 in Supporting Information S1). Thus, deposition of GDGTs with elevated IR6Me
during the last glacial is a basin‐wide phenomenon in Lake Baikal. Yet, a puzzling aspect of the Lake Baikal
brGDGT data set is the absence of a clear event in the lake's geologic history that might have triggered a change in
water chemistry or brGDGT provenance changes that are typically used to explain shifts in brGDGT distributions
(e.g., Acharya et al., 2023; Parish et al., 2023) (Figure 2). For example, there are no obvious changes in sedi-
mentology (Peck et al., 1994) or lake level (Colman, 1998) between these intervals that would correspond to an
increase in lake water pH, salinity, or oxygenation.

Nonetheless, it is in fact possible in the Baikal record to obtain the GDGT‐based LGM temperature estimates
consistent with both local stratigraphy and the reconstructed values of prior Pleistocene glacials when recon-
structing paleotemperature solely from samples with IR6Me ≤ 0.4 (see also Section 4.3). Principal components
analysis of the Lake Baikal data set supports using IR6Me to identify the subset of samples that are suitable for
paleotemperature reconstruction (Figure 11). PC1 explains 62.6% of the variance and is strongly correlated with
IR6Me, CBTʹ, MBTʹ

5Me, and temperatures reconstructed with the full set and mixing model methods
(Figures 11a–11d). The data suggest that PC1 captures a process or processes that drove changes in brGDGT
isomerization and cyclization at Lake Baikal and, in part, methylation (Figure 11b). PC2 explains 13.8% of the
variance and is moderately correlated to MBTʹ5Me and reconstructed temperatures across all methods
(Figure 11b), suggesting that PC2 captures changes related to temperature variations within the Lake Baikal
brGDGT data set. Notably, we found that MBTʹ

5Me is more strongly correlated to PC2 when grouping samples by
IR6Me, especially within the IR6Me ≤ 0.4 and IR6Me ≥ 0.55 groups (Figure 11f). We also observed a shift in the
intercept and shallowing of the slope of the best fit lines between PC2 and MBTʹ

5ME between groups as expected
from our analysis of the global data set (Figures 6a and 6b vs. 11f).

Curiously, despite the poor correlation between MBTʹ
5Me and MAF temperature in middle to high latitude lake

surface sediments with IR6Me ≥ 0.55 (Figure S15a in Supporting Information S1), in Lake Baikal PC2 is
correlated to MBTʹ

5Me in samples with IR6Me ≥ 0.55 (r2 = 0.63, p < 0.001). This observation and the significant
differences in reconstructed MAF temperatures between glacial clays and interglacial diatom oozes (Figure S8 in
Supporting Information S1) perhaps suggest that it is possible for site‐specific calibrations to extract paleo-
temperatures from some lakes in the middle and high latitudes with high IR6Me.

We suggest that the correlation between Lake Baikal IR6Me and sedimentary brGDGT concentrations reflects
mixing between IR6Me endmembers (Figure 4a). The variable expression of this mixing could result from large
changes in the contributions from either source, perhaps supporting a scheme like that proposed by Wang
et al. (2024) in which brGDGT inputs to sediments come from multiple bacterial groups. The anomalously warm
temperatures generated from the Wang et al. (2024) mixing model method may result from different endmember
values or an insufficient number of endmembers for Lake Baikal (Figures 3g and 3h).

4.3. Reconstructing Temperatures From Complex Lacustrine brGDGT Samples

Our observations support restricting paleotemperature reconstructions at Lake Baikal to samples with
IR6Me ≤ 0.4, at least until a more suitable method for extracting paleotemperatures from samples with high IR6Me
can be developed. This approach reconstructs a most recent (2.9 Ka) MAF temperature estimate of 9.3 ± 2.3°C
(equation in Figure 10b), in good agreement with 1998–2016 average summer water temperature (8–11°C;
Figure 1, site 333). Reconstructed Holocene MAF temperatures from samples with IR6Me ≤ 0.4 are broadly in
agreement with those of MIS 5 and 7 (Figure 12). Likewise, the reconstructed Last Glacial period MAF tem-
perature from VER92/2‐GC24 is in agreement with our estimates for MIS 4 and 6 from the Academician Ridge
piston core composite (Figure 12). This result conforms with our expectations based upon both global climate
trends (Lisiecki & Raymo, 2005) and previous qualitative reconstructions of climate at Lake Baikal over this
interval (BDP‐99 Members, 2005; Colman et al., 1995; Karabanov et al., 2000; Khursevich et al., 2001; Peck
et al., 1994; Prokopenko et al., 2006; P. Tarasov et al., 2007; P. E. Tarasov et al., 2005), which are represented
here by our dry bulk density data (Figure 12). The example of the GC‐24 20‐Ka sample shows that when not
associated with high IR6Me, the MBTʹ

5Me temperature index adequately captures glacial‐interglacial temperature
variations in Lake Baikal.
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These observations further support the idea that filtering the GDGT‐based temperature estimates by their asso-
ciated IR6Me values is likely to greatly improve paleotemperature reconstructions both regionally and globally.
We argue that applying an MBTʹ

5Me‐based temperature calibration based on lacustrine surface sediment samples

Figure 11. Principal component analysis of the Lake Baikal brGDGT downcore data set. (a) Loadings of individual brGDGTs
on PC1 and PC2. (b) Correlation matrix showing Pearson's r between PC1, PC2, brGDGT indices, and temperatures
reconstructed with the methods of Raberg et al. (2021) (full set and methylation set) and Wang et al. (2024) (mixing model).
(c) Timeseries of PC1. (d) Correlation between IR6Me and PC1. (e) Timeseries of PC2. (f) Correlation between MBTʹ5Me and
PC2. Samples in (f) are grouped by IR6Me. Red dashed lines are the lines of best fit for each sample group.
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with IR6Me ≤ 0.4 to deeper sediment samples, also with IR6Me ≤ 0.4, restricts lacustrine paleotemperature records
to sample sets similar to the population of surface sediment samples with the strongest calibrated relationship to
MAF temperature (Figure 10). This view is supported by our analysis suggesting that removing samples with
IR6Me > 0.4 from the Lake Baikal paleotemperature record limits temperature reconstruction to a population of
samples with brGDGTs that respond to temperature change similarly (Figure 11).

The strengthening of the middle and high latitude lake MBTʹ
5Me‐temperature calibration suggests that our

approach to reconstructing paleotemperatures at Lake Baikal may prove useful elsewhere (Figure 9). We
recommend screening brGDGT samples by their IR6Me as a first‐order method to limit lacustrine paleotemper-
ature reconstructions to samples with a similar temperature response, albeit at the expense of possibly excluding
many brGDGTmeasurements from the paleotemperature reconstruction, as was the case at Lake Baikal (Figure 2
vs. 12). A more precise understanding of the cause(s) of IR6Me variability is necessary to better predict which
lakes or coring sites are most likely to yield brGDGT distributions useful for paleotemperature reconstruction.

4.4. Role of Seasonality in the MBTʹ
5Me‐ Temperature Calibration

The correct seasonal weighting of temperatures for regression of MBTʹ
5Me in mid and high latitude lakes remains

an ongoing challenge. While IR6Me substantially improves MBTʹ
5Me‐ temperature regressions, it does not address

how seasonality in brGDGT production or differences in air versus lake water temperatures impact the calibration
(Zhao et al., 2023). Limited studies of suspended particulate matter in lakes suggest that the majority of brGDGTs
produced in lakes are synthesized during seasonal mixing, though some proportion of brGDGTs are also produced
during other seasons (Loomis et al., 2014; Miller et al., 2018; Zhao et al., 2021). The large temperature seasonality
of the middle and high latitudes imparts a seasonal mixing regime (often dimictic or cold monomictic) (Wool-
way & Merchant, 2019) that could bias brGDGT production to specific seasons and, therefore, temperatures.
Furthermore, the relationship between air and lake water temperature becomes more complicated with large
seasonal temperature variations; rapidly changing lake energy budgets determine the seasonal progression of lake
water temperature, and cold temperatures are truncated due to the freezing point of water (MacIntyre & Mel-
ack, 2010). The average months above freezing air temperature used here seek to account for lower brGDGT
production during ice‐covered periods and to approximate lake water temperature during ice‐free periods.
However, the progression of lake temperature and brGDGT production during the ice‐free period will be

Figure 12. The IR6Me‐filtered Lake Baikal brGDGT temperature record. H = Holocene. LGM = Last Glacial Maximum.
MIS = Marine Isotope Stage. MIS boundaries are defined by Lisiecki and Raymo (2005).
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modulated by lake volume, basin morphology, overturning dynamics, and epilimnion volume (Toffolon
et al., 2014), factors imperfectly captured in the average months above freezing temperature. Therefore, some of
the scatter in the calibration may simply be the consequence of lake‐to‐lake differences in such factors.

As anticipated from the seasonality of the temperatures used for the regression analysis, there is a difference in the
slope of the temperature calibration equations between the middle and high latitude lakes and tropical lakes
(Figure 9) as also found by Zhao et al. (2023). Furthermore, while the global MBTʹ

5Me temperature regression
statistics are improved by restricting the calibration data set to samples with IR6Me ≤ 0.4 (Figures 10a–10c), the
slope of the best fit line still falls between those of the middle to high latitude and tropical lake regression
equations (Figures 10a and 10b) and a trend in the MBTʹ

5Me residuals between 0 and 10°C persists in both the
global calibrations regardless of how the data are grouped (Figures 10d–10f) and in the middle and high latitude
MBTʹ

5Me temperature regression for samples with IR6Me ≤ 0.4 (Figure S19b in Supporting Information S1).

The different slopes of theMBTʹ
5Me‐temperature regressions in tropical and extratropical settings occur despite the

expectation that similar biochemical or ecological processes are driving the response of MBTʹ
5Me to temperature

(Raberg, Flores, et al., 2022; Raberg, Miller, et al., 2022). Calibration temperatures of tropical and extratropical
lake overlap at lowMBTʹ

5Me values but diverge at highMBTʹ
5Me (e.g., Figures 9a vs. 9d). Therefore, the different

slopes are largely the consequence of data points from higherMBTʹ
5Me (warmer) lakes. Imperfect estimation of the

correct temperature for these lakes is a likely source of this discrepancy (Zhao et al., 2023). For example, cool but
above‐freezing winter temperatures in these lakes will decrease the average air temperature used in the calibration,
while the subzero air temperatures of lakes in colder regions will be excluded from the calibration. If brGDGT
production is more heavily weighted to spring‐summer‐fall, the calibration temperatures of these “warmer”
extratropical lakes will systematically underestimate the brGDGT production temperature (as observed in the
calibration, Figures 9 and 10). The discrepancy between the tropical and extratropical MBTʹ

5Me‐temperature
calibration slopes suggests that further improvements in the calibration are needed to better estimate the tem-
peratures at the time brGDGTs were produced and exported to sediments in extratropical lakes.

5. Conclusions
We presented a new brGDGT record from Lake Baikal, Russia, characterized by anomalously warm recon-
structed paleotemperatures over the last 50 Ka compared to the deeper sediments. These unusually warm
reconstructed temperatures were systematically accompanied by high IR6Me and CBTʹ values. We built upon
previous work investigating the link between brGDGT isomerization and the MBTʹ

5Me index (Bauersachs
et al., 2024; Naafs, Gallego‐Sala, et al., 2017; Wang et al., 2024) by demonstrating that MBTʹ

5Me‐temperature
calibration residuals are correlated to IR6Me in middle and high latitude lakes. We did not observe similar IR6Me‐
related trends in the tropical lakes data set. Restricting the middle and high latitude lakes surface sediment
calibration data set to samples with IR6Me ≤ 0.4 substantially strengthens the correlation between MBTʹ

5Me and
months above freezing air temperature. Likewise, restricting the Lake Baikal downcore data set to samples with
IR6Me ≤ 0.4 appears to eliminate the non‐thermal overprint on the paleotemperature record, at the expense of
rejecting samples from the final paleotemperature timeseries. Our findings point toward brGDGT isomerization
as an important aspect of brGDGT distributions that must be considered when assessing brGDGT methylation as
a temperature proxy in lacustrine sediments.
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