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A B S T R A C T   

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) have attracted considerable interest from paleoclimate 
researchers due to their temperature sensitivity in modern environments, ubiquity, and preservation in the 
geologic record. BrGDGTs are especially attractive in high-latitude regions where the number of applicable 
proxies is limited. However, the climatic sensitivity of brGDGT assemblages varies between depositional envi
ronments and is uncharacterized for lacustrine systems in Alaska, Yukon, and Northwest Territories. This study 
addresses this knowledge gap by assessing the climate response of lacustrine brGDGTs from a network of lakes (n 
= 67) in Alaska and NW Canada (59.5 to 69.4◦ N). The mean temperatures of months of above freezing (MAF) 
are highly correlated with the fractional abundance of the IIIa brGDGT (Pearson’s coefficient = -0.79, p < 0.001) 
as well as the methylation of branched tetraethers (MBT′

5ME) index (Pearson’s coefficient = 0.75, p < 0.001) 
from Alaska, Yukon, and Northwest Territories. The fractional abundance of the IIIa brGDGT and the MBT′

5ME 
index are subsequently calibrated to climate using traditional ordinary least squares analysis and a user-friendly 
and open-source Bayesian regression analysis that yield comparable results. The climatic sensitivity of lacustrine 
brGDGTs in Alaska, Yukon, and Northwest Territories is unique in comparison to previously reported global 
assemblages and further varies between a subset of interior and coastal sites. The driver of this variability cannot 
yet be constrained, but future applications of brGDGTs as a paleoenvironmental proxy should select calibrations 
that closely resemble the past environment of interest. Wherever possible, paleoenvironments should be 
corroborated using independent proxies.   

1. Introduction 

Branched glycerol dialkyl glycerol tetraethers (brGDGTs; Sinninghe 
Damsté et al., 2000) offer insight into past climatic and environmental 
conditions from a wide variety of depositional environments and are 
quickly becoming a staple paleoclimate proxy (e.g., Bittner et al., 2022; 
Muñoz et al., 2020; Naafs et al., 2018; Peltier, 2015; Wang et al., 2018; 
Willard et al., 2019; Zhao et al., 2021). BrGDGTs are membrane lipids with 
a wide variety of chemical structures that are thought to be synthesized 
exclusively by bacteria (Weijers et al., 2006; Sinninghe Damsté et al., 
2011, 2018; Chen et al., 2022; Halamka et al., 2022), which persist in the 
rock record over million-year timescales (e.g., Naafs et al., 2018; Otiniano 
et al., 2020). Moreover, brGDGTs are ubiquitous having been identified in 
a variety of environments spanning soils, peats, lakes, and marine envi
ronments (Weijers et al., 2007; De Jonge et al., 2014; Naafs et al., 2017b). 

Past studies of brGDGTs relied on global datasets to derive empirical 
relationships between environmental conditions and the respondent 
relative distribution of brGDGT structures (e.g., De Jonge et al., 2014; 
Naafs et al., 2017b; Martínez-Sosa et al., 2021; Raberg et al., 2021; 
Véquaud et al., 2022). These relationships yielded climate re
constructions in agreement with independent analysis, which cumula
tively support the reliability of brGDGTs as an archive of past conditions. 
The environmental dependence likely owes in part to bacteria physi
ology, as inferred from coherent trends between environmental condi
tions and novel brGDGT distributions (based on the degree of 
methylation and cyclization) across a global suite of brGDGT assem
blages from twelve unique archives (Raberg et al., 2022b) as well as 
molecular dynamic simulations (Naafs et al., 2021) and bacterial culture 
studies (Chen et al., 2022; Halamka et al., 2022). However, persistent 
variations in environmental sensitivities at regional and local scales 

* Corresponding author. 
E-mail address: gerard.otiniano@mail.utoronto.ca (G.A. Otiniano).  

Contents lists available at ScienceDirect 

Organic Geochemistry 

journal homepage: www.elsevier.com/locate/orggeochem 

https://doi.org/10.1016/j.orggeochem.2023.104604 
Received 20 September 2022; Received in revised form 6 March 2023; Accepted 27 March 2023   

mailto:gerard.otiniano@mail.utoronto.ca
www.sciencedirect.com/science/journal/01466380
https://www.elsevier.com/locate/orggeochem
https://doi.org/10.1016/j.orggeochem.2023.104604
https://doi.org/10.1016/j.orggeochem.2023.104604
https://doi.org/10.1016/j.orggeochem.2023.104604
http://crossmark.crossref.org/dialog/?doi=10.1016/j.orggeochem.2023.104604&domain=pdf


Organic Geochemistry 181 (2023) 104604

2

indicate additional factors also influence the temperature sensitivity of 
brGDGTs (Bechtel et al., 2010; De Jonge et al., 2019, 2021; van Bree 
et al., 2020). Although the source of this variation is unknown, signifi
cant attention has been paid to community effects wherein distinct as
semblages of brGDGTs are produced in warm and cold regions (De Jonge 
et al., 2019). Moreover, brGDGT distributions in high-latitude regions 
may be biased towards warm season conditions (e.g., Naafs et al., 2017a; 
Cao et al., 2020; Raberg et al., 2021; Zhao et al., 2021), which is 
assumed to be driven by reduced bacterial activity under freezing 
(winter) conditions (e.g., Naafs et al., 2017a). Successful applications of 
brGDGTs to reconstruct past climate conditions in high-latitude regions 
indicate the regional applicability of this climate proxy; however, future 
applications would benefit from region-specific calibrations that reflect 
the unique depositional environment of interest. The focus of this study 
is to derive quantitative relationships between brGDGT distributions 
and climate in sub-Arctic and Arctic lakes in Alaska, Yukon, and 
Northwest Territories (AK-YK-NWT). Here we provide brGDGT assem
blages from a suite of modern lake sediments from Alaska, Yukon, and 
Northwest Territories and compare them to modern climate parameters 
such as mean warm-season temperatures. The relationships between 
brGDGTs and modern climate conditions are explored via traditional 
and more-recently-developed regression techniques with consideration 
paid to geographical variations. 

2. Methods 

2.1. Study sites 

Surface sediments from forty-three lakes were sampled in July of 
2019. In Alaska, 6 lakes were sampled along the Richardson highway, 
ranging in latitude of 63.75◦ to 64.71◦N, and elevation of 161–745 masl 
(Fig. 1). In Yukon and the Northwest Territories, thirty-seven samples 
were collected along the Klondike Highway, Dempster Highway, and the 
Inuvik-to-Tuktoyaktuk Highway, spanning 61.28◦ to 69.36◦ N, and 
elevation from 2 to 1187 masl. Top sediments (upper 5–10 cm below the 
sediment–water interface) were collected from the littoral zone of each 
lake, at ~ 30 cm water depth. The sediments were collected using a 
cleaned trowel, transferred to Whirlpack bags, and then kept in ice- 
cooled field coolers during fieldwork and later chilled to − 20 ◦C at 
camp. The samples were shipped frozen to the University of Toronto, 
Mississauga, and remained frozen until they were processed. In addition 
to the samples collected in 2019, this dataset was supplemented with 24 
previously published brGDGT samples (Fig. 1; Martínez-Sosa et al., 
2021). The surface area of each lake was estimated from satellite im
agery using Google Earth (earth.google.com/web/). 

2.2. GDGT extraction and quantification 

For each sample, a total lipid extract (TLE) was prepared from 

Fig. 1. Location of sampled lakes in Interior Alaska (red) and Interior Yukon (blue) as well as supplemental lakes from Coastal Alaska (yellow; Martínez-Sosa et al., 
2021) and northern Alaska (black; Martínez-Sosa et al., 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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approximately 6 g lyophilized sediment by microwave assisted (Ethos 
Up Microwave) solvent extraction with 25 mL of 9:1 (v: v) dichloro
methane (DCM): methanol (MeOH). The TLE was centrifuged at 3500 
rpm for 15 min and then the supernatant was decanted. To ensure a 
maximized yield, the DCM: MeOH extraction was repeated twice more 
followed by centrifuging, and the TLE was then condensed under a 
gentle stream of high-purity dry nitrogen gas. The TLE was split into a 
polar and low-polarity or neutral fraction by column chromatography 
with an aminopropylsilyl-gel stationary phase packed in a 5.5-inch bo
rosilicate pipette. The neutral fraction was eluted using a 2:1 (v: v) DCM: 
IPA mobile phase repeated three times, and the polar fraction was eluted 
with 4% formic acid in diethyl ether repeated three times. Both fractions 
were evaporated under nitrogen gas. The brGDGTs were isolated from 
the neutral fraction by column chromatography with a stationary phase 
of 5% water deactivated 100–200 mesh silica, and increasingly polar 
mobile phases of hexane, DCM, and MeOH, each repeated three times. 
The eluant was condensed under nitrogen gas and subsequently stored at 
− 20 ◦C. Prior to analysis, the purified samples were brought to room 
temperature, dissolved in 99:1 (v: v) mixture of hexane: isopropanol, 
passed through a 0.45 μm PTFE membrane filter, and stored in auto
sampler vials. 

BrGDGT targeted analysis was accomplished by ultra-high- 
performance liquid chromatography - mass spectrometry using an Agi
lent Technologies 1290 Series II UHPLC coupled to an AB Sciex 4500Q 
triple quadrupole mass spectrometer. Analytical conditions were based 
on Hopmans et al. (2016) and Otiniano et al. (2020). Briefly, the UHPLC 
was fitted with two 2.1 mm × 150 mm BEH HILIC (1.7 μm) columns 
connected in series. A 2.1 mm × 5 mm precolumn of the same sorbent 
was replaced regularly. Positive mode atmospheric pressure chemical 
ionization conditions were as follows: temperature 450 ◦C, ionization 
voltage +5500 V, nebulizer current of 3 μA, declustering potential +50 
V. Data were acquired at unit resolution with a dwell time of 20 ms per 
ion. Quantification of brGDGTs was done by selected ion monitoring of 
[M + H] + quasimolecular ions at m/z 1018 (brGDGT-Ic), 1020, 
(brGDGT-Ib), 1022 (brGDGT-Ia), 1032 (brGDGT-IIc), 1034 (brGDGT- 
IIb), 1036 (brGDGT-IIa), 1046 (brGDGT-IIIc), 1048 (brGDGT-IIIb), and 
1050 (brGDGT-IIIa). 

2.3. GDGT indices 

Fractional abundances of the individual brGDGT structures were 
used to calculate several environmentally sensitive indices defined by 
De Jonge et al. (2014) including the methylation of branched tetraethers 
(MBT′

5ME) index (Equation (1)), the cyclization of branched tetraethers 
(CBT′) index (Equation (2)), and the isomer ratio (IR6ME) index (Equa
tion (3); Dang et al., 2016): 

MBT’5ME =
Ia + Ib + Ic

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

CBT’ = log10
Ic + IIa’ + IIb’ + IIc’ + IIIa’ + IIIb’ + IIIc’

Ia + IIa + IIIa
(2)   

Analysis of GDGT relative abundance, index calculations, and cor
relations to varying environmental and climatic variables were per
formed using Python 3.8.5 and the packages NumPy (Harris et al., 
2020), Pandas (Reback et al., 2022), Math, and SciPy (Virtanen et al., 
2020). A principal component analysis (PCA) using the Python scikit- 

learn 1.0.2 package was also carried out. 

2.4. Bayesian modeling 

The relationship between GDGT indices and climate parameters are 
investigated via frequentist and Bayesian methods. The former is 
approached with a traditional ordinary least squares (OLS) linear 
regression. The latter follows the dual-application of the Bayes rule 
(Tierney and Tingley, 2018), which has been employed in subsequent 
brGDGT calibrations (e.g., Dearing Crampton-Flood et al., 2020; Mar
tínez-Sosa et al., 2021). The first application of the Bayes rule regresses 
environmental conditions against a brGDGT index, which yields an 
etiologically correct distribution of regression parameters. The posterior 
distributions of the regression parameters are then incorporated as 
priors into a second Bayes formula, which inverts the linear regression to 
estimate the initial predictor variable (e.g., temperature) from the initial 
responding variable (e.g., MBT′

5ME). 
The previous instances of Bayesian regression techniques in the 

brGDGT community ultimately estimated the posterior predictive dis
tributions of temperature associated with a given brGDGT parameter via 
a custom package, which incorporated a set of hard-coded prior distri
butions and sampling method (Gibbs sampler) for the first, and therefore 
second, implementation of the Bayes rule (Tierney and Tingley, 2018). 
In comparison, this study utilizes a more flexible approach to tune and 
calibrate brGDGT parameters to modern environmental conditions, 
wherein the user can more easily employ alternative sampling tech
niques and distributions. This degree of control is made possible by the 
comparatively user-friendly and open-source package, Bayesian Model- 
Building Interface (Bambi 0.90; Capretto et al., 2022), which sits atop 
the Bayesian statistical modelling package, PyMC (3.11.5; Salvatier 
et al., 2016). The PyMC packages offer a wide-variety of prior distri
butions and sampling techniques, the selection of which can be auto
mated or specified via the user-friendly environment afforded by Bambi 
(Salvatier et al., 2016; Capretto et al., 2022). In combination, these 
packages offer users a uniquely accessible opportunity to explore and 
become familiar with the increasingly popular field of Bayesian analysis. 

The etiologically correct regression of brGDGT assemblages and 
environmental conditions is configured through Bambi where the 
regression equation is defined using the observed and predictor variable 
(e.g., MBT′

5ME ~ mean temperature of months above freezing; MAF). 
The associated prior distributions of the regression parameters (slope 
and intercept) are either user-dictated or can be automatically defined 
by Bambi. For this study, the slope is defined by a Gaussian distribution 
while the intercept is defined by a Gamma distribution given that 
brGDGT indices and fractional abundances must exist between 0 and 1. 
The mean and uncertainty parameters of these distributions are defined 
using the parameters from the initial OLS regression. The Bambi package 
recognizes the use of two variables as a linear regression and with the 
priors, outputs a model, which is then fitted to output a posterior dis
tribution of the model parameters using a user-identified number of 
chains and draws via a sampling method configured by Bambi to best 
represent the data. The user then defines the inverse calculation of the 
linear model as a second formula and defines the associated model- 

priors using the estimated model-parameters from the first instance of 
the Bayes rule. A second model is then developed and fitted, again using 
the calibration dataset. From the posterior distribution of this fitted 
model, estimated MAF values are sampled to illustrate and assess the 
precision of the model. MAF values can be predicted from unknown 

IR6me =
IIa’ + IIb’ + IIc’ + IIIa’ + IIIb’ + IIIc’

IIa + IIa’ + IIb + IIb’ + IIc + IIc’ + IIIa + IIIa’ + IIIb + IIIb’ + IIIc + IIIc’
(3)   
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brGDGT samples by resampling the second model with model parame
ters dictated by the final calibration step. Access to the code utilized in 
this study is available on GitHub (https://github.com/GerardOtiniano). 

2.5. Modern Climate 

Modern climate conditions from high-latitude North America were 
calculated from the Copernicus Climate Change Service information 
2021 using the ERA5 dataset from 1991 to 2020 (Copernicus Climate 
Change Service, 2019). The dataset included monthly temperatures (2 m 
above the surface) and precipitation (Muñoz-Sabater, 2021), which 
were obtained from the Climate Data Store on January 1, 2022. Across 
our study sites, mean annual temperatures range from − 9.5 to − 2.0 ◦C 
(mean − 6.2 ± 2.9 ◦C) and mean annual precipitation ranges from 240 to 

623 mm (mean 364 ± 91 mm). This data is accessible via the Polar Data 
Catalogue (https://doi.org/10.21963/13282). The MAF parameter was 
calculated by taking the average of all months above freezing between 
the years 1991 and 2020. 

3. Results and Discussion 

BrGDGTs were detected and quantified in forty-three samples from 
the interior Alaska, Yukon, and Northwest Territories dataset. A global 
calibration of lacustrine brGDGTs offer the opportunity to expand this 
dataset with surficial-lake-sediment samples from nineteen lakes in the 
coastal Alaska region in addition to five samples from the northern 
margin of the Brooks Range (Fig. 1). In combination, these data offer a 
total sample set of sixty-seven datapoints that cover a large portion of 

Fig. 2. The mean fractional abundance of the 15 brGDGT structures from (top to bottom) the interior Alaska sites (n = 6) and Yukon and Northwest Territories sites 
(n = 37) from this study, the coastal Alaska sites (n = 19) and interior Alaska sites (n = 5) from Martinez-Sosa et al. (2021), as well as the combined dataset (n = 67). 
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the northwestern North American Arctic region. 

3.1. Regional brGDGT distributions and temperature sensitivity 

Within the combined dataset, uncyclized brGDGTs are the most 
abundant structure. BrGDGT IIIa represents the greatest proportion of 
brGDGTs with a fractional abundance of 0.23 ± 0.1 (mean ± 2 σ), fol
lowed by IIa with a fractional abundance of 0.23 ± 0.08, and Ia with a 
fractional abundance of 0.17 ± 0.06 (Fig. 2). High relative abundances 
of uncyclized brGDGT structures are also observed in the greater-global 
lacustrine dataset (Martínez-Sosa et al., 2021), which includes a suite of 
65 East African lake samples (Russell et al., 2018). Unlike the AK-YK- 
NWT dataset, however, the global dataset displays a greater abun
dance of brGDGT Ia (Martínez-Sosa et al., 2021). The differences in the 
fractional abundance of brGDGTs between the AK-YK-NWT dataset and 
the global dataset are to be expected given that higher Ia relative 
abundances are associated with higher temperatures just as higher IIIa 
fractional abundances are associated with lower temperatures (e.g., De 
Jonge et al., 2014). 

Dimension reduction offers a clear illustration of the correlative re
lationships between brGDGT structures. A PCA of the combined brGDGT 
dataset yielded a first principal component that explains 44% of the 
variance within the data (Fig. 3) and is most dominantly influenced by 
positive loadings of penta- and hexa-methylated 6-methyl brGDGTs with 
one cyclopentane moiety (Table 1). Principal component two explains 
19% of observed variability and is positively influenced by hexame
thylated 5-methyl brGDGTs and negatively influenced by tetramethy
lated 5-methyl brGDGTs (Table 1). 

We next carried out a direct gradient analysis of independent envi
ronmental variables to gain further insight into the distribution of 
brGDGT loadings within the PCA. The MAF parameter is described by a 
vector that plots in line with brGDGT IIIa (Fig. 3). The parallel rela
tionship of these vectors infers a correlative relationship (Pearson’s 
coefficient = -0.79, p < 0.01; Fig. 3). In contrast, the MAF vector plots 
orthogonal to brGDGTs IIa and Ia, which indicates a noncorrelative 
relationship (Pearson’s coefficient = -0.02, p = 0.87 and Pearson’s co
efficient = 0.15, p = 0.22, respectively; Fig. 3). It is also important to 
consider the vector magnitude. For example, the magnitude of the MAF 
vector is larger than that of MAT, which indicates a comparatively 
stronger correlation to principal components one and two and therefore 
the dataset (Fig. 3). 

The greater sensitivity of brGDGTs from the AK-YK-NWT dataset to 

Fig. 3. Principal component analysis of the combined dataset displaying the score plot of regions for the first two components (left) and the loadings for the brGDGT 
and environmental variables (right), which include brGDGT structures (blue), mean annual precipitation (MAP, yellow), as well as mean annual temperatures (MAT) 
and mean monthly temperatures above freezing (MAF), (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 1 
BrGDGT loadings for components one and two form a principal component 
analysis performed in this study.  

PC1  PC2  

brGDGT Score brGDGT Score 
IIb′ 0.36 IIIa 0.49 
IIIb′ 0.34 IIIb 0.47 
IIa − 0.34 Ib − 0.39 
IIIa′ 0.33 Ia − 0.29  

Fig. 4. AK-YK-NWT dataset displaying frequentist (black, dashed) and 
Bayesian linear regressions for the high-latitude lake dataset (grey, solid, 0.05 
credible interval; grey, dashed, 0.95 credible interval). The similarity of the 
frequentist and Bayesian models result in overlap of the OLS regression line 
above the 0.05 CI. Also included is the recalibrated global dataset (0.5 credible 
interval, fuchsia; Martínez-Sosa et al., 2021) between MAF (◦C), the fractional 
abundance of the IIIa brGDGT (left) and the MBT′

5ME index (right). 
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warm-season temperatures relative to MAT is unsurprising given that 
winter months in high-latitude regions are below freezing temperatures, 
which should minimize brGDGT-producing bacterial activity and bias of 
the brGDGT record toward warm season temperatures (e.g., Naafs et al., 
2017a). Indeed, a warm season bias is supported by previous reports of 
brGDGT distributions at high-latitudes and cold regions (Dang et al., 
2018; Raberg et al., 2021; Zhao et al., 2021). Accordingly, brGDGTs 
from this study’s complete network of lakes can be employed to 
reconstruct past warm season temperatures via mean temperature of 
months above freezing (MAF; Equation (4); Fig. 4).  

MAF(◦C) = − 13.29 × IIIa + 11.30                                                   (4) 

(n = 67, adjR2 = 0.62, p < 0.001, RMSE 1.01 ◦C) where IIIa refers to 
the fractional abundance of the IIIa brGDGT. 

The linear regression model for the AK-YK-NWT sites explains less 
variance, as interpreted from the adjusted coefficient of determination 
value, in comparison to previous global-scale studies by Martínez-Sosa 
et al. (2021; R2 = 0.85) and Raberg et al. (2021; R2 = 0.91). However, 
the comparatively high variance of the AK-YK-NWT dataset is typical of 
high-latitude regions (e.g., De Jonge et al., 2014; Dearing Crampton- 
Flood et al., 2020). In contrast, standard deviation of the prediction 
errors (RMSE) of the IIIa AK-YK-NWT model is low in comparison to 
previous models (e.g., Dang et al., 2018; Martínez-Sosa et al., 2021; 
Raberg et al., 2021; Russell et al., 2018) and further supports the 
applicability of the fractional abundance of the IIIa brGDGT as a high- 
latitude MAF temperature proxy. 

The upper limit of MAF temperature sensitivity of the fractional 
abundance of IIIa, also identified by an absence of the IIIa brGDGT, is 
11.6 ◦C. This dataset offers good coverage of the lower MAF limit (a 
minimum IIIa fractional abundance of 0.03), and the consistent linear 
behaviour of the IIIa-MAF relationship (Fig. 4) supports the applicability 
of a linear model for the full range of IIIa values reported here, from 0.03 
to 0.32. In contrast, a theoretical sample composed entirely of brGDGT 
IIIa yields a lower MAF temperature limit of − 2.8 ◦C, which contradicts 
the defined MAF parameter. It is possible that the irreconcilable lower 
temperature limit of this model owes to nonlinear behaviour of the IIIa 
brGDGT. For example, a global dataset of lacustrine brGDGTs yields an 
exponential relationship between MAF and the fractional abundance of 
global IIIa brGDGTs with respect to uncyclized brGDGTs (Raberg et al., 
2021); however, the AK-YK-NWT are linearly distributed. Alternatively, 
a purely IIIa brGDGT distribution may not be possible. Indeed, a global 
distribution of lacustrine brGDGT distributions displays a maximum IIIa 
fractional abundance of 0.58 (Martínez-Sosa et al., 2021), while a 
composite dataset of high-latitude lakes in northeastern Canada and 
Iceland yields a maximum value of 0.62 (Raberg et al., 2021). In the 
context of the AK-YK-NWT calibration dataset, these maximum values 
equate to MAF temperatures of approximately 3.60 and 3.06 ◦C, 
respectively. However, no limiting factor to the production of the IIIa 
brGDGT has been identified. Further insight into the upper limit of 
brGDGT IIIa production would be made possible by additional sampling 
of high-latitude lakes under comparatively cooler conditions in this re
gion. Until that time, the overall linearity of this calibration supports 
application of the MAF transfer function (Equation (4)) and any esti
mated MAF temperatures below 0 ◦C should be met with caution. Such 
scenarios would also benefit from the employment of an independent 
warm-season temperature proxy (e.g., pollen). 

The temperature sensitivity of individual brGDGTs varies between 
the AK-YK-NWT dataset and the global lake dataset (Martinez-Sosa 
et al., 2021). For example, the global dataset displays an only moder
ately negative correlative relationship between temperature and 
brGDGT IIIa (Pearson’s coefficient = 0.53) as well as brGDGT IIa 
(Pearson’s coefficient = 0.3; Martínez-Sosa et al., 2021). Moreover, the 
global lake dataset displays a comparatively strong positive relation
ships between temperature and brGDGTs Ia (Pearson’s coefficient =
0.57) and Ic (Pearson’s coefficient = 0.48). Despite these differences, the 

global dataset and the AK-YK-NWT dataset display comparable regres
sion parameters between MBT′

5ME and MAF temperatures (Fig. 4). As 
such, lacustrine brGDGTs offer a robust estimate of MAF conditions in 
the AK-YK-NWT region (Equation (5); Fig. 4).  

MAF(◦C) = 14.75 × MBT’5me + 3.74                                                (5) 

(n = 67, adjR2 = 0.56, p < 0.001, RMSE 1.16 ◦C). 
The MBT′

5ME-MAF transfer function from the AK-YK-NWT dataset is 
associated with slightly smaller precision in comparison to that of the 
IIIa brGDGT calibration, as indicated by the slightly higher RMSE; 
however, this calibration offers a wider range of temperatures with a 
lower bound of 3.74 to 18.49 ◦C. Of particular interest is the smaller 
temperature range of both AK-YK-NWT calibrations in comparison to 
that of the global lacustrine calibration of MAF temperatures via the 
MBT′

5ME index, which spans 0 to 28.1 ◦C (Martínez-Sosa et al., 2021). 
The tighter range of predicable temperatures using the AK-YK-NWT 
MAF calibration likely owes to a suite of factors known to drive vari
ability in brGDGT distributions (Section 3.3), such as microbial com
munity changes (e.g., Chen et al., 2022) and lake water chemistry (e.g., 
Martínez-Sosa et al., 2021; Raberg et al., 2021; Halamka et al., 2022). 

3.2. Bayesian regression analysis and model comparison 

3.2.1. Validating open-source methods of Bayesian analysis 
The proposed development of a Bayesian regression model using the 

Bambi and PyMC3 packages is validated by repeating the calibration 
and then comparing the validation parameters to the original global lake 
calibration (Martínez-Sosa et al. 2021). To maintain consistency, the 
original dataset and climate regression parameters are incorporated into 
the verification model (Fig. 4; Martínez-Sosa et al. 2021). Indeed, the 
coefficient of determination (R2 = 0.83) and RMSE (2.6 ◦C) are com
parable to those from the original calibration, 0.85 and 2.7 ◦C, respec
tively (Martínez-Sosa et al. 2021) and therefore validate the proposed 
open-access approach to Bayesian regression as an efficacious method of 
calibrating brGDGT indices to modern climate conditions. 

The revised Bayesian calibration of high-latitude lacustrine IIIa and 
MBT′

5ME values against MAF offers comparable performance results to 
the OLS linear regression model, with adjusted R2 values of 0.62 and 
0.56, and RMSE values of 1.01 ◦C and 1.08 ◦C, respectively (Fig. 4; 
Fig. 5). Similarly, the IIIa-MAF and MBT′

5ME-MAF calibrations offer 
respective ranges of estimable MAF temperature from 0 to 11.30 ±
1.01 ◦C and 3.74 to 18.50 ± 1.08 ◦C, both of which are within error of 
the OLS calibration models. 

The similar performance of the OLS and Bayesian methods do not 
suggest a superior method of regression analysis for calibrating brGDGTs 
to modern climate in this region. Moreover, both methods offer unique 
advantages such as the comparatively low-barrier-to-entry of the OLS 
regression and the ability to conduct etiologically correct regression via 
Bayesian analysis. Additional comparative analyses are needed to test 
this similarity in other regions and the open-source methods of Bayesian 
applications reported here will improve accessibility for these efforts. 

3.2.2. Model comparison 
The MBT′

5ME regression models from this study are of higher sensi
tivity in comparison to the global calibration model (Martínez-Sosa 
et al., 2021; Fig. 4) as interpreted from the comparatively steep slope of 
the AK-YK-NWT models. This relationship is also observed when plot
ting the actual MAF temperatures against the model-estimated temper
atures (Fig. 5). For true MAF temperatures above ~ 8 ◦C, the MBT′

5ME 
and IIIa regression models produce values that are within error that are 
systematically underestimated (Fig. 5). For true MAF temperatures 
below 8 ◦C, the regression models yield values that are within error that 
are systematically overestimated (Fig. 5). This underestimation and 
overestimation of temperatures above and below ~ 8 ◦C is exaggerated 
by the Bayesian global lake calibration (Fig. 5). This finding is especially 
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noteworthy when considering that Bayesian regression analysis was 
initially employed in part to address regression attenuation observed in 
calibrations of brGDGTs (Naafs et al., 2017a; Dearing Crampton-Flood 
et al., 2020). The factors driving this perceived regression dilution and 
the subsequent underestimation of temperatures in high-latitude regions 
are yet to be identified but likely owe to multiple unconstrained factors 
(Section 3.3). 

The fractional abundance of the IIIa brGDGT and the MBT′
5ME index 

explains more variability than previous global calibrations of brGDGTs 
for the AK-YK-NWT brGDGT dataset (Fig. 5). In contrast, the MBT′

5ME 
calibrations derived from the AK-YK-NWT explain a similar amount of 
variability relative to the Bayesian MBT′

5ME global lake calibration 
(adjR2 = 0.55, Fig. 5; Martínez-Sosa et al., 2021) and a multilinear 
fractional abundance calibration of brGDGTs differentiated by the de
gree of methylation and cyclization (Eq. 11, adj R2 = 0.55; Raberg et al., 
2021). However, the associated RMSEs of the Bayesian MBT′

5ME global 
lake calibration (1.69 ◦C) and the multilinear fractional abundance 
calibration (1.66 ◦C) are both higher than the RMSE values associated 
with the AK-YK-NWT calibrations. 

The similar adjusted coefficients of determination of the Bayesian 
MBT′

5ME global lake calibration and the AK-YK-NWT calibrations sup
port some global consistency of the index MBT′

5ME to temperature in 
lacustrine datasets but the higher sensitivity of the fractional abundance 
of the IIIa brGDGT to MAF in the AK-YK-NWT illustrates geographic 
heterogeneities in this proxy. This heterogeneity of brGDGT distribu
tions is further highlighted by the low correlation of the fractional 
abundance of the Ia brGDGT from the AK-YK-NWT dataset. In compar
ison, high-latitude and global calibrations of lacustrine brGDGTs typi
cally report the fractional abundance calibration of the Ia brGDGT as the 
most sensitive brGDGT structure, with greater temperature sensitivity 

displayed by the MBT′
5ME index (Martínez-Sosa et al., 2021; Raberg 

et al., 2021, 2022b; Zhao et al., 2021). Moreover, the tetramethylated 
fractional abundance of the Ia brGDGT (IaMeth; Raberg et al., 2021) also 
shows a weaker correlation with MAF (Pearson’s coefficient 0.64, p <
0.001) relative to the fractional abundance of the IIIa brGDGT. As such, 
applications of the brGDGT climate proxy must employ calibrations that 
are environmentally analogous to environment of interest. Determining 
which environmental are important to this decision will be driven by 
future analysis of brGDGT-producing bacteria and variations in their 
response to environmental parameters. 

3.2.3. Model validation by application 
Assessment of a model’s accuracy also typically involves its appli

cation to a previously published dataset. However, the scarcity of 
brGDGT-derived temperature records in the Alaska-Yukon region pre
cludes a local application of the reported temperature calibrations. In 

Fig 5. Comparison of actual and estimated MAF (◦C) for each site in the AK-YK-NWT dataset using the Bayesian and OLS calibrations reported here, Bayesian 
MBT′

5ME global lake calibration (Martínez-Sosa et al., 2021), and the multilinear fractional abundance (FA) calibration (Raberg et al., 2021). 

Table 2 
Minimum, maximum, mean, and standard deviation values from the application 
of the reported OLS and Bayesian calibrations to a record of middle-Pleistocene 
brGDGT distributions (Lindberg et al., 2022).   

Ordinary Least Squares Bayesian  
IIIa (fractional 
abundance) 

MBT 
′5ME 

IIIa (fractional 
abundance) 

MBT 
′5ME 

Minimum (◦C)  4.1  5.5  4.4  5.5 
Maximum (◦C)  11.3  12.0  11.3  10.9 
Mean (◦C)  6.7  7.9  6.6  7.9 
Standard 

Deviation (2 
σ)  

1.1  1.1  1.1  1.1  
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place of local records, Lake El’gygytgyn, Siberia, offers the closest 
analogue to this study region given the relatively close proximity and 
similar modern climate and latitude (67.495 ◦N; Lindberg et al., 2022). 
The similarity of the Lake El’gygytgyn to the AK-YK-NWT region can be 
further justified by focusing on similar-to-modern intervals during 
tectonically recent periods such as the Pleistocene. Consequently, the 
OLS and Bayesian brGDGT climate calibrations are applied to a brGDGT 
record from Lake El’gygytgyn, from 1.00 to 1.15 Ma, a period of 
warmer-than-modern conditions (Lindberg et al., 2022). 

In general, the OLS and Bayesian brGDGT calibrations yielded 
similar results for the subset of measured variables, the fractional 
abundance of the IIIa brGDGT and the MBT′

5ME index (Table 2). This 
similarity is expected given the comparable coefficient of determination 
and root-mean-square error values (Sections 3.1 and 3.2). Likewise, 
intercomparison of the models by indices demonstrates lower temper
ature estimates from the fractional abundance of the IIIa brGDGT in 
comparison to the MBT′

5ME index, which was anticipated by the lower 
slope of models that utilized the fractional abundance of the IIIa brGDGT 
(Table 2). 

The AK-YK-NWT calibrations yield an oscillatory MAF trend, with 
warm periods coinciding with Marine Isotope Stages (MIS) 29, 31, and 
33 (Fig. 6). Warmth during MIS31 is also reported by independent 
climate reconstructions of warm-season conditions from fossil pollen 
assemblages (Melles et al., 2012) and earlier applications of the brGDGT 
climate proxy (de Wet et al., 2016), which reported estimated temper
atures in excess of 15 ◦C. However, such high temperature estimates are 
contentious with research suggesting that temperatures of Lake El’gy
gytgyn during this period should be more similar to the modern 
maximum of 5 to 6 ◦C (Lindberg et al., 2022). This line of reasoning led 
Lindberg et al. (2022) to select the global Bayesian brGDGT calibration 
as the most appropriate calibration for the middle-Pleistocene Lake 
El’gygytgyn record. As such, the coherence between lake El’gygytgyn 
temperature reconstructions derived from the global Bayesian calibra
tion (Martínez-Sosa et al., 2021) and the four AK-YK-NWT lacustrine 
brGDGT calibrations supports the applicability of the OLS and Bayesian 
calibrations reported here. 

3.3. Prospects from potential biases 

3.3.1. Sources of brGDGTs 
Efforts to characterize brGDGTs and the processes that influence 

their distributions in lacustrine environments often utilize sediment 

from the greatest lake-depths possible. Maximizing collection depth, and 
therefore the distance from soil-derived brGDGT reservoirs, should 
thereby offer the most pristine lake-brGDGT signal. This is important 
given observed differences in the sensitivity of brGDGTs to temperature 
in lake and soil sediments (Dang et al., 2018). Indeed, transects of sus
pended particulate within lakes have observed significant correlations of 
the MBT′

5ME index with depth, which is assumedly due to cooler in situ 
temperatures during brGDGT synthesis at depth (e.g., Stefanescu et al., 
2021). In turn, some proportion of variability in brGDGT distributions 
from the littoral AK-YK-NWT dataset reported here likely owes to a 
mixed soil and lacustrine signal. 

In the absence of a universal metric for determining the source 
environment of brGDGTs, past studies have leveraged the relative pro
portions of tetra-, penta-, and hexa-methylated to differentiate or iden
tify similarities between lacustrine and soil brGDGT distributions (e.g., 
Russell et al., 2018; Kusch et al., 2019; Dearing Crampton-Flood et al., 
2021). However, the efficacy of this brGDGT-source differentiation 
method to modern high-latitude soils and lake sediments is yet to be 
explored. The relative proportion of methylated brGDGTs from modern 
high latitude soils (Naafs et al., 2017a; De Jonge et al., 2019, 2021; 
Kusch et al., 2019; Dearing Crampton-Flood et al., 2020; Raberg et al., 
2022b) overlap with brGDGT distributions from modern lake sediments 
in northeastern Canada and Iceland (Raberg et al., 2021), Greenland 
(Zhao et al., 2021), Alaska (Martínez-Sosa et al., 2021), and the littoral 
samples from the AK-YK-NWT dataset (Fig. 7). This overlap reflects the 
complexity of distinguishing lacustrine-derived brGDGTs from soil- 
derived brGDGTs, which likely owes in part to the contribution of 
soils to lake seidments via processes like surface runoff. 

The ternary plot of tetra-, penta-, and hexa-methylated brGDGTs 
from soils show unique regional clusters. For example, a compilation of 
global brGDGT dsitributions in soils (Raberg et al., 2022b) from high- 
latitude (>55 ◦N) Russia and Svalbard (Naafs et al., 2017a; Kusch 
et al., 2019; Dearing Crampton-Flood et al., 2020) yield a unique cluster 
relative to high-latitude soils from Finland, Greenland, Iceland, Norway, 
Scotalnd, Sweden, and the USA (Naafs et al., 2017a; De Jonge et al., 
2019, 2021; Dearing Crampton-Flood et al., 2020; Raberg et al., 2022b). 
Similarly, the littoral AK-YK-NWT dataset reported here indicates higher 
proportions of pentamethylated brGDGTs relative to the coastal and 
interior Alaskan lakes (Martínez-Sosa et al., 2021). Although this dif
ference likely owes in part to differences in lake size as well as varrying 
soil contributions to both lacustrine brGDGT datasets, the similar 
regional difference in high-latitude soils indicate the potential signifi
cance of regionaly variable environmental conditions on brGDGT 
distirbutions. 

Regional variations in brGDGT distirbutions from high-latitude lakes 
and soils are also illuminated using alternative, previously reported 
methods of brGDGT-source differentiation. For example, soil-derived 
brGDGTs are associated with a low ratio of uncyclized penta- to hexa- 
methylated brGDGTs (Σ IIIa / Σ IIa, < 0.59) in contrast to marine- 
derived brGDGTs, which are associated with high (>0.92) Σ IIIa / Σ 
IIa values (Xiao et al., 2016). These boundaries have also been applied in 
the differentiation of soil and aquatic production of brGDGTs archived 
in the sediments of Lake St Front, France (Martin et al., 2019). Soil- 
derived brGDGT distributions from Finland, Greenland, Iceland, Nor
way, Scotland, Sweden, and the USA (Naafs et al., 2017a; De Jonge 
et al., 2019, 2021; Dearing Crampton-Flood et al., 2020; Raberg et al., 
2022b) yield expectedly low mean Σ IIIa / Σ IIa values of 0.33 ± 0.14. In 
comparison, a mean value of 0.90 ± 0.36 is observed in soils from Russia 
and Svalbard (Naafs et al., 2017a; Kusch et al., 2019; Dearing Crampton- 
Flood et al., 2020; Raberg et al., 2022b), which underscores the 
importance of regionally variable drivers of brGDGT distirbutions. 
Meanwhile, high-latitude lakes display comparatively consistent Σ IIIa / 
Σ IIa values. Lake 578, Greenland, yields a mean value of 1.03 ± 0.08 
(Fig. SI; Zhao et al., 2021). Distributions of brGDGTs from lakes in 
Alaska and Iceland from the global Bayesian dataset (Fig. SI; Martínez- 
Sosa et al., 2021) yield a mean Σ IIIa / Σ IIa value of 1.49 ± 0.79 and 

Fig 6. Estimated temperatures of Lake El’gygytgyn during the middle Pleisto
cene from brGDGTs during a subset of the 0.75 to 1.20 Ma record from Lindberg 
et al. (A; 2022) using the global Bayesian calibration (Martínez-Sosa et al., 
2021) in comparison to the AK-YK-NWT Bayesian and OLS calibrations (A) as 
well as temperature estimates from the multilinear fractional abundance cali
bration (B, Eq. 11; Raberg et al., 2021) and lake-water temperatures estimated 
from the Lake 578, Greenland calibration (B, right axis; Zhao et al., 2021). 
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high-latitude Canadian and Icelandic lakes yield a mean value of 1.53 ±
0.61 (Fig. SI; Raberg et al., 2021). In comparison, brGDGT distributions 
from the AK-YK-NWT dataset yield a lower mean Σ IIIa / Σ IIa value of 
0.79 ± 0.24 (Fig. SI), which supports the assumption that soils 
contribute to the littoral AK-YK-NWT dataset. 

The proportion of soil to lake-derived brGDGTs cannot be quantified 
without brGDGT distributions from local soils and deep-lake sediments. In 
contrast, a qualitative comparison of the temperature-driven response of 
soil-derived brGDGTs and lake-derived brGDGTs suggests that AK-YK- 
NWT dataset is dominated by lake-derived brGDGTs. This is best illus
trated by comparing the temperature sensitivities of MBT′

5ME values of 
global soil and lacustrine datasets (Fig. 7). Typically, MBT′

5ME values from 
soils are calibrated to MAT. However, global soil-derived MBT′

5ME values 
(Raberg et al., 2022b) also show a significant linear relationship with MAF 
(Fig. 7; Pearson’s coefficient 0.79, p < 0.001) derived from ERA5 rean
alysis data (Copernicus Climate Change Service, 2019; Muñoz-Sabater, 
2021), which permits a comparison of MBT′

5ME temperature dependence 
from soils and lakes (Fig. 7; Raberg et al., 2022b). Soil derived MBT′

5ME 
values are typically higher than MBT′

5ME values for any given MAF value 
(Fig. 7), which suggests that lacustrine calibrations should overestimate 
MAF from soil-derived brGDGT distributions. In contrast, the AK-YK-NWT 
dataset are accurately estimated using independent lake calibrations of 
MBT′

5ME to MAF and therefore indicate a dominant lacustrine source of 
brGDGTs from the AK-YK-NWT dataset (Fig. 7). A more definitive un
derstanding of brGDGT provenance from the AK-YK-NWT dataset requires 
future characterization of soil and deep-lake sediment from this region. 
Future research that focuses on the signal captured by shallow lake sedi
ments would also provide immense benefit to paleoclimate reconstruction 
efforts that rely on paleo-lacustrine deposits. Regions such as central 
Alaska and Yukon offer paleo-lake sediments that date to the late Miocene, 
but determining the paleodepth of these deposits is not always possible 
(Otiniano et al., 2020). 

Future analysis of littoral brGDGT distributions should incorporate 
additional biomarkers to help assess the contribution of soil-derived 
brGDGTs. For example, the source of brGDGT assemblages in arctic 
lake catchments were differentiated by a high abundance of intact 
brGDGTs with monoglycosyl head groups while lacustrine brGDGTs 
were associated with the dominance of phosphohexose brGDGTs 
(Raberg et al., 2022a). The proportion of soil-derived brGDGTs has also 
been constrained in shallow lacustrine sediments by measuring the 
concentrations of long chain C33 n-alkanes and the isoprenoidal GDGTs 
crenarchaeol and crenarchaeol′ (Wang et al., 2023). Notably, Wang and 
others (2023) observed low (<10%) contributions of soil-derived 
brGDGTs. Future studies that test these methods in the AK-YK-NWT 
region would aid in our understanding of brGDGT sources and eluci
date potential drivers of the apparent regional variations in brGDGT 
assemblages. 

Sampling littoral brGDGT assemblages offers unique advantages to 
deep lake sediments. For example, shallow lake sediments circumvent 
complications such as deep-lacustrine anoxia at depth, which is known 
to drive brGDGT methylation of the brGDGT-producing Acidobacterium 
Solibacter usitatus (Halamka et al., 2022). Indeed brGDGT production 
throughout the water column varies with oxygen content, which can 
therefore complicate the interpretation of brGDGT records from strati
fied lakes (e.g., Weber et al., 2018; van Bree et al., 2020). Regardless, 
further assessment of the environmental sensitivity of brGDGT distri
butions in shallow lake sediments is needed to fully appreciate the po
tential of brGDGTs as an archive of past climate. 

3.3.2. Other influences on brGDGT variability 
Although many of the influences on brGDGT distributions will likely 

remain hidden until additional strains of brGDGT-producing bacteria 
are discovered (e.g., Chen et al., 2022), some sources of uncertainty can 
be identified and addressed. For example, calibrations of lake-derived 

Fig. 7. A ternary diagram with axes indicating the proportion of tetra, penta, and hexamethylated brGDGTs from the AK-YK-NWT dataset (this study), high-latitude 
(>55 ◦N) lakes from northeastern Canada and Iceland (Raberg et al., 2021), Lake El’gygytgyn (Lindberg et al., 2022); Lake 578, Greenland (Zhao et al., 2021) and 
high-latitude (>55◦N) soils from Russia and Svalbard as well as Finland, Greenland, Iceland, Norway, Scotland, Sweden, and the USA, as compiled in Raberg et al. 
(2022b) (A). A biplot of MAF (◦C) and MBT′

5ME values illustrates the temperature response of brGDGTs from the littoral AK-YK-NWT dataset and modern soils (red 
triangle) and lake sediments (blue x’s), as compiled in Raberg et al. (2022b) (B). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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brGDGTs commonly employ modelled air temperatures in lieu of water 
temperatures, which contributes to the apparent warm bias (Cao et al., 
2020; Raberg et al., 2021). Within this framework, the smaller lakes of 
the littoral AK-YK-NWT dataset likely warm quicker and to a higher 
temperature than the larger and deeper lakes of the itnerior and coastal 
Alaskan sites (Martínez-Sosa et al., 2021). As such, brGDGTs synthesize 
in the littoral zone reflect a smaller bias between air temperature and 
water, which could partially explain the higher sensitivity of MAF- 
MBT′

5ME calibrations from the AK-YK-NWT dataset relative to the 
Bayesian global lake calribation (Martínez-Sosa et al., 2021). However, 
biases such as this are difficult to constrain as continuous temperature 
measurements from appropriate lake-depths are difficult to coordinate 
and require further comparison of brGDGT distributions from shallow 
and deep-water lakes in this region. 

Biases related to physical and chemical processes of the lake can be 
accounted for with additional sampling. For example, analysis of dis
solved oxygen in a lake may prove beneficial as different regimes of 
dissolved oxygen content in lake water drives distinct bacterial com
munities, which yield distinct brGDGT distributions (Weber et al., 2018; 
Cao et al., 2020; Wu et al., 2021). However, In high-latitudes, the in
fluence of seasonal anoxia as a result of restricted air–water interactions 
from lake ice (e.g., Raberg et al., 2021), may act as another driver of the 
apparent warm season bias (Cao et al., 2020). Moreover, anoxia is an 
unlikely driver of variability in the littoral sediments of the AK-YK-NWT 
dataset. 

Other aspects of water chemistry, such as conductivity, also have 
influences on brGDGT distributions (e.g., Martínez-Sosa et al., 2021; 
Raberg et al., 2021). Similarly, soils of variable cation exchange ca
pacities along a Scandinavian altitudinal transect display variable 
associated temperature sensitives of brGDGTs (Halffman et al., 2022). 
However, we are unable to estimate or account for the influence of these 
properties on the brGDGTs from AK-YK-NWT without the associated 
data. Future analysis of these properties will likely aid in explaining 
variability that is unattributable to climate. 

3.4. Other environmental influences, the community effect, and 
subregional patterns 

The correlative relationships between brGDGT structures throughout 
AK-YK-NWT with MAP mirrors those between the brGDGTs and MAF 
conditions, which are inferred from the oppositely oriented MAP and 
MAF vectors from the gradational analysis (Fig. 3). However, the former 
relationships are comparatively weaker than the latter. For example, 
MAP is most strongly correlated to IIIa with a Pearson’s coefficient of 
0.50 (p < 0.001). A similar trend is observed between MAP and brGDGT 
indices that previous studies typically calibrate to environmental pa
rameters other than temperature, such as CBT′ with pH (e.g., De Jonge 
et al., 2014; Dearing Crampton-Flood et al., 2020). Here the CBT′ index 
ranges from − 1.44 to 0.26 (mean − 0.40) and only weaky correlates with 
MAP (Pearson’s coefficient − 0.28, p = 0.02; Fig. 8). Alternatively, these 
trends could be driven by a gradient of conductivity between the lakes as 
conductivity is known to correlate with MAP and IR6ME (Martínez-Sosa 
et al., 2021). Future analysis of water conductivity and brGDGTs in these 
regions are needed to begin determining the driver of this trend. 

The MAP and CBT′ data are heteroscedastic with greater variance in 
CBT′ when MAP is below 1000 mm per year, and with comparatively 
less variance when MAP is>1000 mm per year (Fig. 8). The cause of this 
trend in variation is best explained by the location of brGDGT synthesis, 
wherein, sites north of the Alaska Range, referred to as interior sites, are 
characterized by dry conditions with mean MAP of 402 ± 108 mm, 
which does not significantly correlate with the associated CBT′ (p =
0.07; Fig. 8) and IR6ME (p = 0.09; Fig. 8) indices. Meanwhile, sites from 
the Gulf Coast of Alaska are characterized by wetter conditions with a 
mean MAP of 1831 ± 795 mm which do significantly correlate with the 
CBT′ (Pearson’s coefficient = -0.65, p = 0.003; Fig. 8), IR6ME (Pearson’s 
coefficient = -0.65, p = 0.003; Fig. 8) and IIa′ brGDGT indices (Pearson’s 

coefficient = -0.66, p = 0.02; Fig. 8). 
Although it is not-yet possible to determine what factor drives the 

geographically asymmetric sensitivity of brGDGT assemblages to MAP 
(Fig. 8), one possible explanation may involve a bacterial community 
effect. Alternatively, this phenomenon could reflect terrestrial contri
butions of brGDGTs into the coastal lacustrine sites. Shallow lake- 
sediments are susceptible to surface processes and may incorporate 
terrestrial material while benthic lacustrine sediments are compara
tively decoupled from surface processes (Weber et al., 2018). Moreover, 
precipitation-dependent brGDGT assemblage have been inferred from 
an indirect relationship of IR6ME on MAP via pH in subtropical Chinese 
soils (Wang et al., 2018). A similar observation of CBT′

5ME values 
varying with precipitation amounts was observed in brGDGT assem
blages from soils northern Iran (Duan et al., 2022). As such, the potential 
uncertainty of terrestrial inputs into shallow lake sediments is incorpo
rated into the lacustrine brGDGT calibration reported here. The incor
poration of this uncertainty is significant as paleodepths are often 
inestimable from of Neogene lacustrine deposits in this region. 

The geographically-variable sensitivity of brGDGT assemblages to 
climate conditions in the AK-YK-NWT dataset is comparable to a dif
ference in temperature sensitivity of brGDGTs collected from different 
thermal regimes at the ForHot research site in Iceland (De Jonge et al., 
2019). The measured brGDGTs distributions displayed a distinct change 
in bacterial community when temperatures increased above 14 ◦C (De 
Jonge et al., 2019). These hot (>14 ◦C) and cold (<14 ◦C) distinctions 
were then applied to a global-distribution of soils, from which hot- and 
cold-derived brGDGTs produced discrete sensitivities to temperature 
and pH (De Jonge et al., 2019, 2021). A similar phenomenon has also 
been observed in lakes where seasonal variations in brGDGT distribu
tions better reflect changes in bacterial communities in comparison to 
the local environment (Bechtel et al., 2010; van Bree et al., 2020). 
Additional field observations (Russell et al., 2018) and laboratory in
cubations (Martínez-Sosa et al., 2020) of lake waters have also inferred 

Fig. 8. Biplots of MAP with the indices CBT′ (A), IR6ME (B) and the fractional 
abundance of brGDGT IIa′ (C) using brGDGT assemblages from interior AK-YK- 
NWT (black ellipse, 95% confidence interval) and coastal Alaska sites (yellow 
ellipse, 95% confidence interval; Martínez-Sosa et al., 2021). (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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an influence of bacterial community changes on brGDGT distributions 
from positive correlations between the IR6ME index and temperature. As 
such, a yet unidentified driver of bacterial communities could be 
responsible for the differential climate responses observed form lacus
trine brGDGTs from in interior AK-YK-NWT and from the coastal Alas
kan region. 

The factor(s) that bear responsibility for driving the differentiated 
MAP sensitivity of lacustrine brGDGTs from interior AK-YK-NWT and 
coastal Alaska may also manifest as a comparatively weak temperature 
sensitivity in the coastal region. The coastal sites (n = 19) display a 
correlation between the IIIa brGDGT and July temperatures (Pearson’s 
coefficient − 0.53, p = 0.02; Table 3) while the MBT′

5ME index does not 
significantly correlate (p > 0.05; Table 3) with any temperature regime. 
The reduced temperature-brGDGT correlation likely owes, at least in 
part, to the region’s narrower range in annual temperatures (21.88 ◦C) 
in comparison to that of the total dataset (33.02 ◦C). From the interior 
AK-YK-NWT region, the MBT′

5ME best correlates with June temperatures 
(Pearson’s coefficient = -0.82, p < 0.001; Table 3), which is unsurprising 
given the high correlation between MAF and June temperatures (Pear
son’s coefficient = 0.96, p < 0.001). In contrast, the fractional abun
dance of the IIIa brGDGT from interior lakes best correlates with October 
temperatures (Pearson’s coefficient = -0.81, p < 0.001; Table 3), which 
share a comparatively weak correlation with MAF (Pearson’s coefficient 
= 0.59, p = 0.007). It is unlikely that the brGDGT-producing bacteria are 
directly responding to October temperatures (mean = -5.10 ± 3.72 ◦C) 
given an assumed reduction of productivity when ambient temperatures 
are below-freezing (e.g., Naafs et al., 2017a). Instead, the shift in 
temperature-sensitivity likely reflects a yet unidentified environmental 
parameter that biases the relative abundance of IIIa brGDGTs in accor
dance with October temperatures. Regardless of this driver, the seasonal 
sensitivity of the IIIa brGDGT reflects the potential for regional varia
tions in the climatic and environmental sensitivity of brGDGTs, which 
must be considered when employing brGDGTs as a tool for paleoclimate 
and paleoenvironmental reconstructions. 

4. Conclusion 

BrGDGT distributions from the littoral zone of small high-latitude 
lake in Alaska and northwestern Canada most closely correlate with 
MAF, which agrees with previous investigations. However, previous 
studies found the MBT′

5ME index to best correlate with temperature 
while the AK-YK-NWT produces a maximum correlation between tem
perature and the fractional abundance of the IIIa brGDGT. Moreover, the 
MBT′

5ME index from lakes in AK-YK-NWT is more sensitive to changes in 
MAF in comparison to global brGDGT behaviour. Differences between 
the distributions of brGDGTs from the AK-YK-NWT dataset and other 
lake studies may owe to multiple factors that include lake size as well as 
hydrological and chemical influences. Soil-derived brGDGTs are likely 
incorporated in AK-YK-NWT dataset. However, soil contributions are 
likely low as the littoral AK-YK-NWT dataset yields an overall MBT′

5ME- 
MAF distribution that is more consistent with a global compilation of 
lakes than soils. Future studies comparing brGDGT distributions from 
soils and maximum lake depths in this region are needed to better 
constrain the amount of soil-derived brGDGTs that may be incorporated 

into these samples. Unique brGDGT sensitivity from the AK-YK-NWT 
dataset is also observed at the sub-regional scale where CBT′ and 
IR6ME index values highly correlate with MAP in lakes from coastal 
Alaska, which is not observed for the interior AK-YK-NWT sites. Simi
larly, coastal Alaskan sites show weak correlation between the fractional 
abundance of the IIIa brGDGT and temperature and no relationship 
between MBT′

5ME and temperature. In comparison, the interior AK-YK- 
NWT sites yield high correlations between the fractional abundance of 
the IIIa brGDGT and October temperatures. The cause of this geographic 
variation in brGDGT sensitivity is unidentified, but similar observations 
of brGDGT behaviour point to regionally variable bacterial communities 
as a potential driver. As such, future employment of brGDGTs as a 
paleoclimate or paleoenvironmental proxy should ensure the employed 
calibrations best reflect the paleo-environment of interest. Environ
mental context could be ascertained using additional geochemical ar
chives of past conditions such as pollen or fossil leaf waxes. 

This study further explored the brGDGT-climate relationship via 
traditional OLS and Bayesian regression methods, which yielded 
concordant model-validation metrics and therefore supports the use of 
either regression technique as valid approach to calibrating brGDGTs. 
Moreover, the presented user-friendly method of Bayesian regression 
model derivation using open-source packages in the Python environ
ment offers an accessible entrance into Bayesian analysis techniques for 
those interested. 
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de Wet, G.A., Castañeda, I.S., DeConto, R.M., Brigham-Grette, J., 2016. A high-resolution 
mid-Pleistocene temperature record from Arctic Lake El’gygytgyn: a 50 kyr super 
interglacial from MIS 33 to MIS 31? Earth and Planetary Science Letters 436, 56–63. 

Dearing Crampton-Flood, E., Tierney, J.E., Peterse, F., Kirkels, F.M.S.A., Sinninghe 
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Miller, G.H., Sepúlveda, J., 2021. Revised fractional abundances and warm-season 
temperatures substantially improve brGDGT calibrations in lake sediments. 
Biogeosciences 18, 3579–3603. 
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