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Quantitative reconstructions of past continental climates are vital for
understanding contemporary and past climate change. Branched glycerol
dialkyl glycerol tetraethers (brGDGTs) are unique bacterial lipids that have
been proposed as universal paleothermometers due to their correlation
with temperature in modern settings. Thus, brGDGTs may serve as a crucial
paleotemperature proxy for understanding past climate variations and improving
regional climate projections, especially in critical but under constrained regions.
That said, complications can arise in their application due to varying source
contributions (e.g., soils vs. peats vs. lacustrine). As such, this study investigates
brGDGT distributions in Chilean lake surface sediments and corresponding
watershed soils to determine the source of brGDGTs to lake sediments. Global
datasets of brGDGTs in lake sediments and soils were additionally compiled for
comparison. Distinct brGDGT distributions in Chilean lakes and soils indicate
minimal bias from soil inputs to the lacustrine sediments as well as in situ
lacustrine production of brGDGTs, which supports the use of brGDGTs in lake
sediments as reliable paleotemperature proxies in the region. The ΣIIIa/ΣIIa ratio,
initially promising as a brGDGT source indicator in marine settings, shows global
complexities in lacustrine settings, challenging the establishment of universal
thresholds for source apportionment. That said, we show that the ratio can be
successfully applied in Chilean lake surface sediments. Direct comparisons with
watershed soils and further research are crucial for discerning brGDGT sources
in lake sediments and improving paleotemperature reconstructions on regional
and global scales moving forward. Overall, this study contributes valuable
insights into brGDGT variability, essential for accurate paleoreconstructions.
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1 Introduction

Quantitative reconstructions of past continental climates
are crucial for understanding climate change and informing
climate models. Branched glycerol dialkyl glycerol tetraethers
(brGDGTs), cell membrane-spanning lipids unique to bacteria,
have been suggested as a universal continental paleothermometer
as they exhibit strong correlations with environmental variables,
especially temperature (e.g., Sinninghe Damsté et al., 2000;
Weijers et al., 2006; Chen et al., 2018; 2022; Halamka et al., 2023).
The responsiveness of these lipids to changing conditions suggests
they can serve as sensitive indicators of past climate variations,
allowing for quantitative reconstructions of temperature changes.
In particular, brGDGTs preserved in lake sediments offer high-
resolution records of past temperature changes (Castañeda
and Schouten, 2011; Schouten et al., 2013). Initially, it was
thought that these compounds were derived from watershed
soils and transported to lakes via erosion and runoff but in
situ production in lakes is now evident (Tierney and Russell,
2009; Tierney et al., 2012; Wang et al., 2012; Buckles et al., 2014a;
Buckles et al., 2014b; Loomis et al., 2014; Peterse et al., 2014;
Weber et al., 2015; Hu et al., 2016; Qian et al., 2019; Yao et al.,
2020; Wu et al., 2021; Zhang et al., 2021; Zhao et al., 2021;
Raberg et al., 2022).

Differences in how brGDGTs respond to temperature in lakes,
compared to soils and peats, have led to the development of
lake-specific temperature calibration models (Tierney et al., 2010;
Zink et al., 2010; Pearson et al., 2011; Sun et al., 2011; Loomis et al.,
2012; Wang et al., 2016; 2021; Dang et al., 2018; Russell et al.,
2018; Martínez-Sosa et al., 2021; Raberg et al., 2021; Lei et al., 2023;
O’Beirne et al., 2023; Zhao et al., 2023). These calibrations aim to
account for the unique responses of brGDGTs within lacustrine
environments. That said, the lack of a robust lacustrine end-
member brGDGT signal means that the relative contributions
of lake and soil sources to lacustrine sedimentary lipid pools
remain uncertain (e.g., Tierney et al., 2012; Buckles et al., 2014a;
Wang et al., 2023). Consequently, the potential for calibration biases
due to different sources of brGDGTs poses a significant challenge
for the application of brGDGT-based paleothermometry. Indeed, it
has long been known that soil-based calibrations do not accurately
reconstruct temperature from lake sediments (Blaga et al., 2010;
Tierney et al., 2010; Sun et al., 2011; Loomis et al., 2012). Thus,
there is a need to understand the relative contributions of in situ
lacustrine production and soil input, as well as how varying source
contributions may impact the use of brGDGTs as temperature
proxies in lakes.

The ΣIIIa/ΣIIa ratio was initially proposed to distinguish the
origins of brGDGTs in marine sediments. In a global analysis,
90% of soils had a ΣIIIa/ΣIIa ratio below 0.59, while 90% of
marine sediments had a ratio exceeding 0.92 (Xiao et al., 2016).
This contrast highlights the potential for identifying the origins
of brGDGTs in aquatic environments. The ΣIIIa/ΣIIa ratio was
first applied to Lake St. Front sediments and watershed soils
(Martin et al., 2019) where it was found to be a reliable indicator
for tracking the varying abundances of soil-sourced brGDGTs using
the ratio cutoff values established for marine sediments (Xiao et al.,
2016).The ratio has since been applied in LakeHöglwörth, Southern
Germany, although without additional comparison of surrounding

watershed soils (Acharya et al., 2023). This ratio clearly offers
promise but needs to be further tested to assess its reliability
before it is widely applied to lake sediments as a brGDGT
source indicator.

In this regard, we analyzed the distributions of brGDGTs in
15 lake surface sediments and corresponding watershed soils from
central-south Chile—a region with limited availability of historical
climate observations where proxies and paleoclimate records thus
become crucial in understanding past climate variability. We
also compare the validity of the established marine thresholds
of the ΣIIIa/ΣIIa ratio when applied to 1) the Chilean samples;
2) samples from four previously published studies from China
and the Eastern Canadian Arctic and 3) samples in a global
compilation of 692 lake surface sediment samples and 773
soil samples.

2 Materials and methods

2.1 Study location and sample collection

Fifteen paired (30 total) lake surface sediment (0–1 cm)
and corresponding watershed soil (0–5 cm) samples were
collected in January 2017, 2018, and 2019 from central-
south Chile, spanning a latitudinal range from 38° to
44°S (Figure 1). Coordinates for sampling sites are available
in Supplementary Table S1.

2.2 Sample preparation and instrumental
analysis

Lake surface sediments and soils (with prior sieving,
2 mm mesh, of soils) were freeze-dried, homogenized, and extracted
to obtain extractable lipids. To obtain the Total Lipid Extract
(TLE) samples were extracted either via Automated Solvent
Extractor (Dionex ASE 350) at the University of Pittsburgh
or via Microwave Assisted Extractor (Milestone Ethos Easy)
at the Universidad Católica de la Santísima Concepción. The
TLE were then separated by Solid Phase Extraction using
aminopropyl columns as described in Russell and Werne (2007),
and the neutral fraction further separated by alumina column
chromatography, following the procedures outlined in Powers et al.
(2004). Polar fractionswere filtered via 0.45 mmPTFEfilters prior to
instrumental analysis.

The analysis of brGDGTs involved high-performance liquid
chromatography-atmospheric pressure chemical ionization-mass
spectrometry (HPLC-APCI-MS), as detailed in Hopmans et al.
(2016). In brief, a Thermo Ultimate 3000 series LC with a silica
pre-column and two HILIC silica columns (BEH HILIC, 2.1
× 150 mm x 1.7 µm; Waters) in series, maintained at 30°C,
was coupled to a Thermo TSQ triple quadrupole MS with
an APCI source. The positive ion APCI settings included
sheath gas (N2) at 20 AU, auxiliary gas (N2) at 2 AU, ion
transfer tube temperature at 275°C, and vaporizer temperature
at 375°C. Mass scanning ranged from 700 to 1300 m/z at a
scan rate of 500 Da/s, with a Q1 resolution of 0.7 full width
at half maximum.
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FIGURE 1
Map of sample locations in Chile. (A) West coast of South America with the country of Chile highlighted in black. (B) Zoom in on sample locations. The
letters A–O correspond to panels in Figure 2.

BrGDGTs were identified by comparing their relative
retention times and mass spectra with published reference values
(e.g., De Jonge et al., 2013; Hopmans et al., 2016). The areas
corresponding to individual brGDGTs were integrated from
the total ion chromatogram (TIC) using Xcalibur software with
Genesis integration. Peak areas were integrated with a minimum
signal-to-noise ratio (S/N) cutoff of 3:1 to ensure data integrity.

Analysis of n-alkanes was described in Contreras et al. (2023).

2.3 Ratio calculations

The fractional abundance (fA) of each of the brGDGTs
was calculated according to Eq. 1 and are available in
Supplementary Table S1.

fAx =
(x)

(ΣbrGDGTs)
(1)

where x = the integrated peak area of an individual brGDGT.
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The ΣIIIa/ΣIIa (Xiao et al., 2016) was calculated using the fAs of
brGDGT IIIa and IIa isomers (Eq. 2).

ΣIIIa
ΣIIa
=
(IIIa+ IIIa′)
(IIa+ IIa′)

(2)

The Methylation of 5-Methyl Branched Tetraethers (MBT’5ME)
ratio was calculated (Eq. 3) using the fAs of the corresponding
brGDGTs (De Jonge et al., 2014).

MBT′5ME =
(Ia+ Ib+ Ic)

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

2.4 Published datasets of brGDGTs in lake
surface sediments and soils

Data from four studies (Yao et al., 2020; Wu et al., 2021;
Raberg et al., 2022; Wang et al., 2023) was compiled, focusing on
paired lake surface sediment and corresponding watershed soil
samples. In all four studies, it was observed that brGDGTs in
lake surface sediments predominantly originated from lacustrine
sources. Yao et al. (2020) studied lake surface sediments and
soils in northeastern China. Wu et al. (2021) focused on Lake
Yangzonghai and its surrounding watershed soils in southwestern
China and found that the distribution of lacustrine brGDGTs
correlated significantly with bottom water dissolved oxygen
(DO) concentration, which is in turn linked to water depth.
Raberg et al. (2022) examined lakes in the Eastern Canadian Arctic.
Wang et al. (2023) investigated paired lake surface sediments and
soils across China.

Global lake surface sediment brGDGT data was compiled from
several previously published studies and includes 65 samples from
Russell et al. (2018), 35 samples from Dang et al. (2018), 36 samples
from Weber et al. (2018), one sample from Miller et al. (2018), one
sample from Qian et al. (2019), one sample from Ning et al. (2019),
one sample from Cao et al. (2020), two samples from Dugerdil et al.
(2021), 43 samples from Raberg et al. (2021), 157 samples from
Martínez-Sosa et al. (2021), 107 samples from Kou et al. (2022), 102
samples from Lei et al. (2023), 91 samples from Zhao et al. (2023),
and 50 samples from O’Beirne et al. (2023).

Global soil brGDGT data was downloaded as
Supplementary Material from Véquaud et al. (2022). The dataset
includes 128 samples from De Jonge et al. (2014), 76 samples
from Dearing et al. (2020), 27 samples from Xiao et al. (2015), 26
samples from Yang et al. (2015), 44 samples from Lei et al. (2016),
148 samples from Wang et al. (2016), 27 samples from Ding et al.
(2015), 11 samples from Huguet et al. (2019), 52 samples from
Véquaud et al. (2021a), and 49 samples fromVéquaud et al. (2021b).

2.5 Data analysis

Data analysis was completed using the free and open-source
software R (v. 4.3.1; R Core Team, 2023) and RStudio (v.
2023.9.1.494; Posit team, 2023). Principal Component Analysis
(PCA)was applied to the fAs of brGDGTs to uncover any underlying
structure or patterns in howbrGDGTswere distributed between lake
surface sediments andwatershed soils. PCAwas completed using the

statspackage (v. 4.3.1; RCoreTeam, 2023) and plotted using ggplot2
(v. 3.4.3; Wickham, 2016). Data was scaled and centered before
running the PCA. Additional statistical analyses were completed
using the ggstatsplot package (v. 0.12.0: Patil, 2021).

3 Results and discussion

3.1 Contrasting brGDGT distributions in
lake surface sediments and watershed soils

In both lake surface sediments and watershed soils five of the
fifteen commonly reported brGDGTs (IIc’, IIIb, IIIb’, IIIc, and
IIIc’) were below detection (Figure 2), which is not uncommon
in lake systems (Lei et al., 2023; O’Beirne et al., 2023). The
distributions of the ten detected brGDGTs in lake surface sediments
and corresponding watershed soils display distinctly different
distributions (Figure 2). The most striking difference among the
distributions of brGDGTs between lake surface sediments and their
watershed soils is the predominance of brGDGTs IIIa and IIIa’ in
lake surface sediments and brGDGT Ia in soils. This distinction is
further emphasized in the PCA on combined lake and soil samples,
where soils cluster predominantly in quadrant I, aligned with
brGDGT Ia, while lake surface sediments cluster in quadrant III,
associated with brGDGTs IIIa and IIIa’ (Figure 3A). The contrasting
distributions of brGDGTs between lake surface sediments and their
corresponding watershed soils shows that there is in situ production
of brGDGTs in lakes (Figures 2, 3A). Even though lake sediments
comprise both soil and lacustrine sourced brGDGTs, the prevalence
of brGDGTs IIIa and IIIa’ in lake surface sediments, juxtaposed
with the dominance of brGDGT Ia in soils, signifies that lakes
and soils in Chile have distinctly different brGDGT distributions.
We hypothesize that this observation is likely due to distinct roles
and processes governing brGDGT production and preservation in
these two environments, especially because this pattern is consistent
with observations from diverse locations (e.g., Tierney et al., 2010;
Buckles et al., 2014a; Buckles et al., 2014b; Loomis et al., 2014;
Weber et al., 2015; Hu et al., 2016; Li et al., 2017; Yao et al., 2020;
Wang et al., 2021).

The clear differences in brGDGT distributions between Chilean
lake surface sediments and soils indicate that we can potentially
distinguish between these two sources in lake sediment records.This
capability would enable us to track the changing contributions of
each source over time and, if needed, adjust for minor inputs from
one source if we can establish appropriate proxies.

3.2 Comparison of the ΣIIIa/ΣIIa ratio in
lakes and soils

The ΣIIIa/ΣIIa ratio in Chilean soils follows the thresholds
established in marine sediments for soil- and marine-sourced
brGDGTs (Figure 4A). Notably, all the soil samples fall below the
ΣIIIa/ΣIIa threshold of 0.59, a criterion typically used to identify
soil-derived brGDGTs (Xiao et al., 2016). Further, all but two
lake surface sediment samples have ΣIIIa/ΣIIa values above the
0.59 threshold of soils. Even so, the ΣIIIa/ΣIIa values of the lake
surface sediments and soils of these two samples (Cipreces and
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FIGURE 2
Fractional abundances of brGDGTs from lake surface sediments and their respective watershed soils. (A–O) Sampling sites from north to south in Chile.

Cajunco) are distinctly different (Table 1). Further, a within subjects
robust t-test reveals that the ΣIIIa/ΣIIa ratios between each of the
paired lake surface sediment and soil samples are significantly
different (tYuen (8) = 9.13, p = 1.66e-05, δ̂AKP

R‐avg = 2.40, CI95%

[1.89, 5.43], npairs = 15). Given that soils adhere to the established
ΣIIIa/ΣIIa soil threshold, using it as a criterion to evaluate the
influence of soil-sourced brGDGTs on lacustrine paleorecords in
Chilean lakes and, consequently, the effects on paleotemperature
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FIGURE 3
Principal component analysis (PCA) bi-plots of principal component 1 (PC1) and principal component 2 (PC2) showing the scores of each sample (lakes
- blue circles and soils - orange triangles) and the loadings of each brGDGT for each sample set. Vertical and horizontal dashed reference lines indicate
where the x- and y-intercept are 0. (A) Chilean samples. (B) Samples from northeastern China (Yao et al., 2020). (C) Samples from Lake Yangzonghai in
southwestern China (Wu et al., 2021). (D) Samples from the Eastern Canadian Arctic (Raberg et al., 2022). (E) Samples from across China (Wang et al.,
2023). (F) Global compilation of lake surface sediment and soil samples.

reconstruction may be beneficial for the majority of
Chilean lakes.

When we extend our analysis to previously published paired
local and regional datasets as well as the global datasets of lake
surface sediments and soils, the distinction between the two
sources, as indicated by the established marine thresholds of
ΣIIIa/ΣIIa ratio, becomes less clear (Figures 4B–F). Although four
prior studies (Yao et al., 2020; Wu et al., 2021; Raberg et al., 2022;
Wang et al., 2023) investigated paired lake surface sediments and
soils and concluded that brGDGTs in lake sediments primarily
originated from lacustrine sources, the effectiveness of using the
ΣIIIa/ΣIIa ratio to differentiate between sources varies. Specifically,
while the samples from Yao et al. (2020) adhere to the established
threshold for soil-derived brGDGTs, the other three studies do not
(Figures 4B–E). Furthermore, there is significant overlap between
lake surface sediments and soils in the PCA bi-plots for the studies
where the ΣIIIa/ΣIIa ratio fails, i.e., Wu et al. (2021), Raberg et al.
(2022) and Wang et al. (2023) (Figures 3B–E). These observations
provide strong evidence that the established marine thresholds
for aquatic and soil origins are not universally applicable to lake
sediments and relying on this ratio alone may not be enough to
correctly characterize source contributions.

The compilation of globally distributed 692 lake surface
sediments and 773 soils shows that approximately 85% of soil
samples and 49% of lake samples display ΣIIIa/ΣIIa ratios below
the 0.59 threshold of soils (Figure 4F). In contrast, only 35% of
lake samples have ΣIIIa/ΣIIa values exceeding the upper threshold
used to identify marine-derived brGDGTs (i.e., ΣIIIa/ΣIIa >0.92;
Xiao et al., 2016). Not only does this contrast with the findings for
marine sediments where 90% of marine sediments had ΣIIIa/ΣIIa
values >0.92, but also shows considerable overlap between soil
and lake surface sediment samples. This overlap complicates the
use of the ΣIIIa/ΣIIa ratio in lake sediments overall. This presents
two potential scenarios: either 1) almost half of global lakes
are significantly influenced by soil-derived brGDGTs, or 2) the
ΣIIIa/ΣIIa ratio does not offer as distinct a differentiation for lakes
as it does for marine sediments.

The first scenario contradicts a prior study which suggested that
only ca. 10% of global lakes are significantly affected by soil-sourced
brGDGTs, as extrapolated from a calculation based on 26 Chinese
lakes that assumes that crenarchaeol, its isomer crenarchaeol’, and
C33 n-alkane can be used as tracers for soil input of brGDGTs
(Wang et al., 2023). This calculation may be an oversimplification
in certain contexts. Specifically, in our Chilean samples, we did
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FIGURE 4
The ΣIIIa/ΣIIa ratio applied to each sample set. The horizontal dashed line denotes the upper limit of soil-sourced brGDGTs and the solid line denotes
the lower limit of marine/aquatic-sourced brGDGTs as established for marine sediments by Xiao et al. (2016). (A) Chilean samples. (B) Samples from
northeastern China (Yao et al., 2020). (C) Samples from Lake Yangzonghai in southwestern China (Wu et al., 2021). (D) Samples from the Eastern
Canadian Arctic (Raberg et al., 2022). (E) Samples from across China (Wang et al., 2023). (F) Global compilation of lake surface sediment and
soil samples.

not observe a significant difference in C33 n-alkane concentrations
between lakes and soils (within subjects robust t-test; tYuen (8) =
−1.62, p = 0.14, δ̂AKP

R‐avg = −0.51, CI95% [−1.20, −5.68e-03], npairs
= 15). This suggests that lake sediments may be dominated by
lipids originating from soil sources. However, the distribution of
brGDGTs between the two archives shows significant differences,
contradicting the data on C33 n-alkanes. Consequently, accounting
for the C33 n-alkane in the equationmay lead to an overestimation of
soil-sourced brGDGTs and skew paleotemperature reconstructions
that attempt to account for their influence if applied to Chilean lakes.

A probable explanation for this discrepancy and something to
consider in future attempts at calculating source contributions are
the delivery mechanisms of the two lipid classes. Specifically, leaf
waxes are delivered to lake sediments via three primarymechanisms:
attached to deposited leaves, wind-driven abrasion and deposition,
and the erosion and deposition of soil-derived waxes (Diefendorf
and Freimuth, 2017). In contrast, soil-sourced brGDGTs are mainly
transported to lakes through erosion and runoff (Blaga et al., 2010
and references therein) and to a lesser extent wind (Fietz et al.,
2013; Yamamoto et al., 2016). Changes in the primary delivery
mechanisms of each lipid class would clearly affect the proportions
of each that are measured in lake sediments, as the mechanisms

of each may not be directly comparable to one another in both
contemporary and historical contexts.

Taken altogether, the second scenario offers the most
parsimonious explanation—the ΣIIIa/ΣIIa ratio does not provide
as clear a distinction for lake sediments as it does for marine
sediments. This inference is supported not only by the substantial
overlap observed in the global datasets of lake surface sediments
and soils but is also underscored by the local and regional paired
studies.These studies demonstrated that brGDGTs in lake sediments
originated primarily from lacustrine sources, despite there being
significant overlap between soils and lake surface sediments when
the ΣIIIa/ΣIIa ratio is applied (Figures 4B–D).

3.3 Influences on the ΣIIIa/ΣIIa ratio in lake
sediments

Complications in utilizing the ΣIIIa/ΣIIa ratio to distinguish
between lake surface sediments and soils also arise due to the
influence of water depth on the abundance of brGDGT IIIa
relative to IIa. Previous research (Yao et al., 2020; Stefanescu et al.,
2021) indicates that the abundance of brGDGT IIIa increases
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TABLE 1 ΣIIIa/ΣIIa ratio for Chilean lake surface sediments and
watershed soils.

Map ID Identifier Lake Soil

A Malleco 0.96 0.24

B Verde Tolhuaca 1.08 0.32

C Quepe 1.08 0.26

D Captren 0.88 0.29

E Verde Conguillo 0.84 0.24

F El Toro 1.21 0.39

G Galletué 0.76 0.40

H Cajunco 0.53 0.08

I Rinihue 0.66 0.19

J NN Tantauco 0.59 0.22

K Cipreces 0.35 0.14

L Negra 0.96 0.43

M Claro del Solar 1.62 0.29

N Negro 0.90 0.49

O Berger 0.73 0.24

with greater water depth in lakes. However, in the Chilean
lakes studied, ranging from 6.5 to 41.2 m in depth (mean =
21.02 m; Supplementary Table S1), we found no correlation between
water depth and the fA of brGDGT IIIa (tStudent (13) = 1.52,
p = 0.15, ̂r Winzorized = 0.39, CI95% [−0.15, 0.75], npairs =
15), nor between water depth and the ΣIIIa/ΣIIa ratio (tStudent
(13) = 0.97, p = 0.35, ̂r Winzorized = 0.26, CI95% [−0.29, 0.68],
npairs = 15).

Further, when analyzing data from published studies, we found
no consistent trend. For instance, Yao et al. (2020) observed a
significant positive correlation between water depth and the fA
of brGDGT IIIa (tStudent (11) = 3.75, p = 3.23e-03, ̂r Winzorized
= 0.75, CI95% [0.34, 0.92], npairs = 13), as well as the ΣIIIa/ΣIIa
ratio (tStudent (11) = 5.27, p = 2.63e-04, ̂r Winzorized = 0.85, CI95%
[0.55, 0.95], npairs = 13), in lakes from eastern China. However,
in Lake Yangzonghai (Wu et al., 2021) southwestern China, while
there was a significant positive correlation between water depth
and the fA of brGDGT IIIa (tStudent (33) = 4.90, p = 2.50e-05, ̂r
Winzorized = 0.65, CI95% [0.40, 0.81], npairs = 35), therewas a significant
negative correlation between water depth and the ΣIIIa/ΣIIa ratio
(tStudent (33) = −3.16, p = 3.36e-03, ̂r Winzorized = −0.48, CI95%
[-0.70, −0.18], npairs = 35), contrary to findings from lakes in eastern
China. In a broader study across China (Wang et al., 2023), only
weak correlations were found between water depth and the fA of
brGDGT IIIa (tStudent (73) = 2.43, p = 0.02, ̂r Winzorized = 0.27,
CI95% [0.05, 0.47], npairs = 75], npairs = 75) and the ΣIIIa/ΣIIa ratio
(tStudent (73) = 0.75, p = 0.46, ̂r Winzorized = 0.09, CI95% [-0.14, 0.31],

npairs = 75). These findings suggest that the relationship between
brGDGT IIIa abundance and water depth may be site-specific and
not universal.

Additionally, two of the studies provided dissolved oxygen (DO)
concentrations (Wu et al., 2021; Wang et al., 2023). Correlation
analysis showed a weak positive correlation between DO and the
ΣIIIa/ΣIIa ratio in Lake Yangzonghai (tStudent (33) = 2.28, p = 0.03,
̂r Winzorized = 0.37, CI95% [0.04, 0.62], npairs = 35), but no significant

correlationwas found in lakes from across China (tStudent (73) = 0.89,
p = 0.38, ̂r Winzorized = 0.10, CI95% [−0.13, 0.32], npairs = 75). Thus, it
appears that DO concentrations do not significantly influence the
ΣIIIa/ΣIIa ratio.

3.4 The ΣIIIa/ΣIa ratio as a source indicator

We also explored the potential use of the ΣIIIa/ΣIa ratio (the
sum of the fractional abundances of brGDGTs IIIa and IIIa’ divided
by the fractional abundance of brGDGT Ia) as a source indicator.
This exploration was prompted by the dominance and alignment
of brGDGTs IIIa and IIIa’ in Chilean lake surface sediments and
in other paired studies, contrasting with the prevalent alignment of
watershed soils with brGDGT Ia in the PCA bi-plot (Figure 3A).
The ΣIIIa/ΣIa ratio yields similar outcomes to the ΣIIIa/ΣIIa
ratio in Chilean lake surface sediments and soils, maintaining
a distinct separation between them (Figure 5A). However, when
applied to the other paired studies as well as the global lake
surface sediments and soils, this ratio fails to provide a clearer
distinction than the ΣIIIa/ΣIIa ratio (Figures 5B–F). This lack of
clarity, for both ratios, can be attributed to the greater overlap
in brGDGT distributions between the two archives, as evidenced
in the respective lake surface sediment and soils PCA bi-plot
(Figures 3B–F).

3.5 Implications

The findings of this study provide valuable insights into the
distribution of brGDGTs inChilean lake surface sediments and their
corresponding watershed soils. Understanding these distributions
is essential for interpreting paleoclimatological conditions
accurately.

To assess the impact of soil-sourced brGDGTs on lacustrine
temperature reconstruction in Chile, we employed both lake surface
sediment brGDGTs and soil brGDGTs in five recent lacustrine-
based temperature calibration models (Martínez-Sosa et al., 2021;
Raberg et al., 2021; O’Beirne et al., 2023; Zhao et al., 2023). The
results revealed a significant discrepancy: using soil brGDGTs in
the models led to a substantial overestimation (by > 10°C) of
mean annual air temperature (MAAT) compared to using lake
surface sediment brGDGTs (Figure 6). This finding underscores
the necessity of employing environment-specific calibrationmodels,
as advocated in previous studies (Tierney et al., 2010; Zink et al.,
2010; Pearson et al., 2011; Sun et al., 2011; Loomis et al., 2012;
Wang et al., 2016; 2021; Dang et al., 2018; Russell et al., 2018;
Martínez-Sosa et al., 2021; Raberg et al., 2021; Lei et al., 2023;
O’Beirne et al., 2023; Zhao et al., 2023). Additionally, these results
highlight the necessity of assessing the origin of brGDGTs in
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FIGURE 5
The ΣIIIa/ΣIa ratio applied to each sample set. (A) Chilean samples. (B) Samples from northeastern China (Yao et al., 2020). (C) Samples from Lake
Yangzonghai in southwestern China (Wu et al., 2021). (D) Samples from the Eastern Canadian Arctic (Raberg et al., 2022). (E) Samples from across
China (Wang et al., 2023). (F) Global compilation of lake surface sediment and soil samples.

FIGURE 6
Boxplot distributions of air temperature (in Celsius) sourced from the CR2MET database (https://www.cr2.cl/datos-productos-grillados) for mean
annual air temperature (MAAT) along with temperature reconstructions derived from five recent lacustrine-based temperature calibration models
(Raberg et al., 2021 [Full set]; Martínez-Sosa et al., 2021 [MBT’5ME]; Zhao et al., 2023 [mid-high latitude (MHL) MBT’5ME and MHL multiple linear
regression (MLR); O’Beirne et al., 2023 [cluster-specific random forest (RF)]). In the plot, ‘lakes’ depict the temperature range when brGDGTs from lake
sediments were utilized in the calibration models, while ‘soils’ represent the reconstructed temperature range when corresponding watershed soils
were employed in the calibration models. For the sample locations in Chile, there are no months where air temperature is below freezing, therefore
MAAT is equal to months above freezing (MAF) temperature.
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lake sediments and applying the most appropriate environment-
specific calibration model, as overestimating soil-sourced brGDGTs
in lake sediments could skew temperature reconstructions towards
much warmer temperatures which would lead to incorrect
interpretations—this may be especially important during periods
of significant environmental change, such as glacial-interglacial
transitions, or other periods of vegetation change or human
impacts as noted by Martin et al. (2019). Therefore, it is crucial to
carefully account for source changes in paleorecords and consider
contemporary distribution differences between sources, along with
other proxy data like carbon-to-nitrogen ratios, trace metals, and
sediment grain size to substantiate source change interpretations.

In our Chilean samples, the adherence of soils to established
threshold for the ΣIIIa/ΣIIa ratio supports its use in evaluating
the impact of soil-sourced brGDGTs on lacustrine sediment
core records and brGDGT-based paleotemperature reconstructions.
However, applying these marine thresholds globally presents
challenges, as there is significant overlap between soil and lake
samples, suggesting a potentially significant influence of soil-
derived brGDGTs in almost half of the world’s lakes. The
limitations of established marine thresholds are further highlighted
by several studies showing considerable overlap between paired lake
sediments and soils, despite brGDGTs in lake sediments originating
primarily from lacustrine sources (Yao et al., 2020; Wu et al., 2021;
Raberg et al., 2022; Wang et al., 2023). Hence, caution is warranted
when relying solely on established marine thresholds for discerning
brGDGT sources using the ΣIIIa/ΣIIa ratio. Instead, establishing
local or regional thresholds through direct comparisons between
brGDGT distributions in lakes and corresponding watershed soils
is more advisable.
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