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A B S T R A C T   

The distribution of brGDGT lipids produced by soil bacteria has been used to reconstruct temperatures in marine 
and terrestrial settings as far back as the Cretaceous period. However, modern calibrations of this proxy have 
primarily relied on air rather than in situ soil temperatures, which can differ by more than 10 ◦C. Furthermore, 
the influence of other parameters such as temperature seasonality and soil chemistry on brGDGT lipids is not 
fully understood. We measured brGDGT distributions, in situ soil temperatures, pH, soil water content, and 
electrical conductivity on soils from the Eastern Canadian Arctic and Iceland. We compiled our results with those 
of published soil brGDGT studies that also provide in situ soil temperatures and ancilliary measurements and 
generated global temperature and pH calibrations from the resulting dataset. Soil temperatures outperformed air 
temperatures in these calibrations, with mean summer soil temperature providing the highest-performing fit 
among the 10 tested soil temperature parameters. When applied to a loess/paleosol sequence from the Chinese 
Loess Plateau, these new calibrations produced paleotemperature and paleo-pH histories consistent with the 
results of previous studies, encouraging the application of our new calibrations on a broader scale. We also 
detected 7-methyl and IIIa’’ brGDGT isomers in our Eastern Canadian Arctic and Iceland soils, which have been 
shown in lakes to relate to salinity and anoxia, respectively. While neither correlated with bulk soil properties 
such as conductivity, soil water content, or pH, these brGDGT isomers did correlate with seasonality and winter 
soil temperature. We hypothesize that these compounds are generated in winter by bacteria in habitable niches 
of more saline, sometimes anoxic liquid water in the otherwise frozen soil matrix. Finally, we report the presence 
of overly branched GDGTs with m/z = 1064 and suggest that these heptamethylated tetraethers should be 
investigated as a potential tool for improving brGDGT calibrations. Overall, our results expand our under
standing of the seasonality of brGDGT production, especially at high latitudes, and provide in situ soil tem
perature and pH calibrations for global use.   

1. Introduction 

As temperatures rise globally due to anthropogenic climate change 
(IPCC, 2022), our ability to constrain future climate regimes can be 
greatly aided by reconstructing those of the past (Tierney et al., 2020). 
Lipid biomarkers are a useful tool in such pursuits due to their high 
preservation potential and abundance in nature (e.g., Sachs et al., 2013; 
Inglis et al., 2022). Of these, branched glycerol dialkyl glycerol 

tetraethers (brGDGTs) have shown promise as a quantitative terrestrial 
paleotemperature proxy. The structure of these lipids, which are bac
terial in origin (Weijers et al., 2006), has been shown in environmental 
(e.g., Weijers et al., 2007b; Tierney et al., 2010; Zhao et al., 2020; 
Raberg et al., 2022b), laboratory (Chen et al., 2022; Halamka et al., 
2022), and simulation (Naafs et al., 2021) studies to encode temperature 
through the variable number of methylations on their alkyl backbone. 
This relationship has been quantified with increasing precision in an 
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ever-growing number of samples through statistical and methodological 
advancements over the past ~15 years (e.g., in soils: Peterse et al., 2012; 
De Jonge et al., 2014; Naafs et al., 2017; Dearing Crampton-Flood et al., 
2020; Dugerdil et al., 2021; Véquaud et al., 2022; Zhao et al., 2022). 
Such calibration efforts have paved the way for terrestrial paleo
temperature reconstructions from soil brGDGTs in near-shore marine 
sediments (e.g., Weijers et al., 2007a; Weijers et al., 2007c; Pancost 
et al., 2013; Kemp et al., 2014; Tibbett et al., 2022) and terrestrial se
quences, including loess, paleosol, and bone (e.g., Schreuder et al., 
2016; Dillon et al., 2018; Super et al., 2018; Lu et al., 2022; Fuchs et al., 
2022). Correlations between brGDGTs and soil pH (e.g., Peterse et al., 
2012; De Jonge et al., 2014) further expand the utility of these lipids for 
paleoenvironmental reconstructions (e.g., Peterse et al., 2014; Sun et al., 
2019). Still, uncertainties remain that complicate the use of soil-derived 
brGDGTs as an accurate paleoenvironmental proxy. 

A key challenge in the development of brGDGT calibrations is 
determining specifically which temperatures are most closely reflected 
in the lipids’ distributions. Traditionally, air temperatures have been 
used for brGDGT soil calibrations, due in part to their wide availability 
from metereological stations. However, air temperatures are themselves 
only a proxy for the soil temperatures experienced by a brGDGT- 
producing bacterium and are thus not ideal for calibration efforts 
(Molnar, 2022). In fact, air and soil temperatures can be offset by as 
much as 10–20 ◦C (Zang et al., 2018; Lembrechts et al., 2020) due to 
effects such as snow cover (e.g., Evans et al., 2022; von Oppen et al., 
2022), vegetation cover (e.g., Lu et al., 2019; Liang et al., 2019; von 
Oppen et al., 2022), and aridity/relative humidity (e.g., Pérez-Angel 
et al., 2020; Wang and Liu, 2021). The use of in situ soil temperatures 
instead of air temperatures has been shown to improve brGDGT cali
bration performance (Anderson et al., 2014; Wang et al., 2016; Nieto- 
Moreno et al., 2016; Pérez-Angel et al., 2020; Wang et al., 2020; 
Wang and Liu, 2021). However, datasets containing both brGDGT dis
tributions and continuous records of corresponding soil temperatures 
are relatively rare. 

The seasonality of the temperature signal recorded by brGDGTs 
presents another challenge for calibration efforts. Initially, mean annual 
temperatures were used for global-scale calibrations (e.g., Weijers et al., 
2007b). However, it was demonstrated that in regions with substantial 
seasonality brGDGTs more accurately reflect warm-season rather than 
annual temperature averages (e.g., Rueda et al., 2009; Peterse et al., 
2012; Naafs et al., 2017; Dearing Crampton-Flood et al., 2020). It has 
been posited that this seasonal bias is due to bacterial growth being 
slowed at cold or freezing temperatures (e.g., Weijers et al., 2007c). 
Indeed, the mean temperature of months above freezing (MAF) has 
recently emerged as the highest performing air temperature index in 
global brGDGT datasets for both soils (Dearing Crampton-Flood et al., 
2020) and lake sediments (Raberg et al., 2021a; Martínez-Sosa et al., 
2021). 

Additionally, other effects can convolute the link between brGDGTs 
and temperature. Soil chemistry (De Jonge et al., 2014; Halffman et al., 
2022), salinity (Zang et al., 2018), soil water content (SWC; Dang et al., 
2016), oxygen availability (Weber et al., 2018), and changes in bacterial 
community composition (De Jonge et al., 2019) may all influence the 
relationship between brGDGTs and temperature, though the basic 
relationship between the two appears to be nearly universal (Raberg 
et al., 2022b). In lake sediments, the influences of some of these pa
rameters on brGDGT distributions were deconvolved by grouping the 
lipids into “structural sets” based on their variations in methylation 
number, methylation position, and cyclopentane ring number (Raberg 
et al., 2021a). Using these groupings, the temperature influence was 
shown to be encoded almost entirely by brGDGT methylation number, 
while pH and conductivity were linked to ring number and methylation 
position. However, this approach has yet to be applied to soils. 

Furthermore, a multitude of brGDGT isomers and related tetraethers 
exist that have only recently become methodologically resolvable (e.g., 
Liu et al., 2012; De Jonge et al., 2013; Ding et al., 2016). Our 

understanding of the role these compounds play in the relationship 
between brGDGTs and environmental parameters is constantly evolving. 
For example, the relative abundance of 5- and 6-methyl brGDGT isomers 
has been linked to aridity and pH (e.g., Xiao et al., 2015; Dang et al., 
2016), while the more recently characterized 7-methyl isomers have 
been shown to relate to salinity in lakes (Wang et al., 2021; Kou et al., 
2022). Additionally, a mixed 5-, 6-methyl isomer of brGDGT IIIa, named 
IIIa’’, was found to have methanogenic origins in anoxic lake bottom 
waters (Weber et al., 2015; Weber et al., 2018). Furthermore, a suite of 
sparsely and overly branched GDGTs (SB- and OB-GDGTs) have been 
characterized (Liu et al., 2012), but their environmental and/or phylo
genetic controls have been relatively underexplored. 

Here, we report brGDGTs distributions from 68 soils from the Eastern 
Canadian Arctic (ECA) and Iceland. For 51 of these samples, we addi
tionally measured in situ soil temperatures for 1–2 years. We compile our 
results with those of other calibration efforts in China (Wang et al., 
2020; Wang and Liu, 2021), Iceland (De Jonge et al., 2019), Scandinavia 
(Halffman et al., 2022), and Colombia (Pérez-Angel et al., 2020) to 
generate global, in situ soil temperature calibrations for brGDGTs. We 
further examine the links between brGDGTs and pH, SWC, and electrical 
conductivity using both the 15 commonly measured brGDGTs and the 
more recently reported 7-methyl and IIIa’’ isomers. We find that the 15 
commonly measured brGDGTs most accurately reflect mean summer 
soil temperature (MSST) and pH, while the 7-methyl and IIIa’’ isomers 
provide insight on seasonal soil microenvironments. We also report the 
presence or absence of a heptamethyated GDGT with m/z = 1064 (OB- 
GDGT1064) and discuss its potential utility in future calibration efforts. 
Finally, we test our new calibrations on a previously published loess/ 
paleosol sequence (LPS) from the Chinese Loess Plateau (CLP; Lu et al., 
2019; Zeng and Yang, 2019) and find that our reconstructions are 
consistent with the known climate history of the area. 

2. Materials and methods 

2.1. Study regions and sampling 

We collected soil samples at 0–10 cm depth from the Eastern Cana
dian Arctic (ECA; n = 44) and Iceland (n = 24) in the summers of 
2015–2019 (Fig. 1). For 27 soil sites in the ECA and all soil sites in 
Iceland, we deployed in situ soil temperature loggers (Thermochron 
DS1925L or DS1922L iButtons, Maxim Integrated Products, accuracy ±
0.5 ◦C from −40 ◦C to +85 ◦C) at 10 cm depth for 1 to 2 years (362 – 727 
days). All loggers had a 1- to 3-hourly sampling interval except for four 
deployed at sites CF3 and CF8 in the ECA, which had a 6-hour sampling 
interval. Monthly averages for each logger were computed using the full 
available date ranges. To ensure that the 6-hour sampling interval of 
some ECA samples was sufficient to reliably calculate monthly temper
ature averages, we applied the following method. We selected all soils 
from the ECA with hourly sampling resolution. We then generated 6 
subsets of this temperature data at 6-hourly resolution (offset from one 
another by 1 h) and calculated monthly averages from each of these 
subsets. Monthly averages calculated from the hourly and 6-hourly 
datasets had a mean offset of no more than 0.001 ± 0.08 ◦C, with a 
maximum offset of 0.13 ◦C (BIR Soil 9, August 2019). These offsets are 
well within the accuracy of the temperature loggers (±0.5 ◦C). A subset 
of the soil temperature data for 22 soils from the ECA was the subject of a 
previous study (Evans et al., 2022). Raw soil temperature data has been 
previously archived (Raberg et al., 2021b; Raberg et al., 2022c). 

We measured the pH of all ECA and Iceland soils using an Oaktan pH 
150 m with a WD-35614-30 probe. Soil pH was measured using milli-Q 
water in a 1:2.5 (w:w) soil:water ratio. New containers were used for 
each soil and the pH meter was calibrated using pH 4.00, 7.00, and 
10.00 buffer solutions every 5–10 samples. Electrical conductivity was 
measured with a SevenEasy conductivity meter (Mettler Toledo) at a 1:5 
(w:w) soil:water ratio, with a calibration solution checked every 15–20 
samples. SWC, calculated as the percent of the sample mass that was lost 
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after freeze drying (SWC = (mass wet soil − mass dry soil)/mass
dry soil × 100), was measured for all soils from Iceland and 15 soils from 
the ECA. 

To supplement the ECA and Iceland datasets, we also compiled re
sults from published studies containing soil brGDGTs with associated in 
situ soil temperatures (Fig. 1). These include 37 soils from altitudinal 
transects in Scandinavia (Halffman et al., 2022), 30 soils from 
geothermal transects in Iceland (Sigurdsson et al., 2016; De Jonge et al., 
2019), 12 soils from an altitudinal transect in China (Mt. Laji; Wang and 
Liu, 2021), 30 soils from an altitudinal transect in the tropical Andes of 
Colombia (Pérez-Angel et al., 2020), and 149 soils from a regional study 
in China (Wang et al., 2020). Where data were available (n = 97), 
monthly mean soil temperatures were calculated from hourly data that 
was either previously published (Sigurdsson et al., 2016; Halffman et al., 
2022; Halamka et al., 2022) or provided through personal communi
cation with the authors (L. Pérez-Angel; C. de Jonge). Monthly, seasonal, 
or annual soil temperatures for the remaining samples were compiled as 
available from published studies and through personal communication 
with the authors (H. Wang and W. Liu). 

Where data were available, we calculated mean annual soil tem
perature (MAST), the mean soil temperature of all months above 
freezing (MAFS), mean summer soil temperature (MSST, defined as the 
mean temperature of the warmest quarter or, due to data availability 
constraints, the mean of June, July, and August for sites at Mt. Laji, 
China), mean winter soil temperature (MWST, defined as the mean 
temperature of the coldest quarter or the mean of December, January, 
and February for sites at Mt. Laji, China), the warmest month soil tem
perature (WMST), the coldest month soil temperature (CMST), the soil 
summer warmth index (SWIS, calculated as the sum of all monthly soil 
temperature means above freezing), and the soil temperature season
ality (calculated as the difference between the WMST and CMST 
(Kwiecien et al., 2022)). Where sub-daily soil temperature data were 
available, we additionally calculated the mean soil temperature of all 
days above freezing (DAFS) and growing degree days above 0 ◦C 
(GDD0S, calculated as the sum of all mean daily soil temperatures above 
freezing). The resulting dataset consists of 326 samples. Of these, 309 
have an associated MAST, 172 have associated seasonal temperatures (e. 
g., MSST), 160 have associated monthly mean soil temperatures, and 
117 have soil temperatures at sub-daily resolution. 

Finally, we generated monthly air temperatures for all ECA and 
Icelandic sites in this study following the methods of Raberg et al. 
(2021). Briefly, for soils from six lakes in the ECA (BIR, BRO, QPT, CF8, 
ARQ, and SAL), we used a transfer function to convert 2 m air temper
atures recorded by iButton temperature loggers to 30-year climate 

normals (1971–2000) using data from nearby meteorological stations 
(Department of Environment, Government of Canada). For all other 
samples, we used the WorldClim database (Fick and Hijmans, 2017) to 
generate 30-year (1970–2000) air temperature climate normals. For 
each soil temperature parameter above, we calculated an analogous air 
temperature parameter (e.g., mean annual air temperature (MAAT)). 

2.2. BrGDGT extraction, characterization, and definitions 

Soil samples (1.0–10.0 g) were freeze dried and extracted using a 
modified Bligh and Dyer method (Bligh and Dyer, 1959; Wörmer et al., 
2013; Raberg et al., 2022a). Briefly, soils were first vortexed and soni
cated in solvent Mix A (dichloromethane (DCM):methanol (MeOH):50 
mM phosphate buffer (aq., pH 7.4) [1:2:0.8, v:v:v]). The mixture was 
then centrifuged and the supernatant collected. The process was 
repeated once more with Mix A, followed by two iterations with Mix B 
(DCM:MeOH:5% trichloroacetic acid buffer (aq., pH 2) [1:2:0.8, v:v:v]) 
and one with Mix C (DCM:MeOH [1:5, v:v]). The supernatants were 
combined and separated into organic and aqueous phases using a sep
aratory funnel and equal additions of HPLC-grade water and DCM. The 
organic fraction was then dried under a gentle stream of N2 and aliquots 
were redissolved in 99:1 (v:v) hexane:isopropanol and filtered (0.45 μm, 
PTFE) before analysis. 

To analyze brGDGTs, we used a Thermo Scientific UltiMate 3,000 
high-performance liquid chromatography instrument coupled to a Q 
Exactive Focus Orbitrap-Quadrupole high-resolution mass spectrometer 
(HPLC-MS) in full scan mode. We used a slightly modified version 
(Raberg et al., 2021a) of the chromatographic methods established by 
Hopmans et al. (2016), and identified brGDGTs based on their charac
teristic masses and elution patterns. We added a known quantity (1 μg) 
of C46 GDGT internal standard (Huguet et al., 2006) to the extracts 
quantify brGDGT yields. 

In addition to the 15 commonly measured brGDGTs, we integrated 
peaks corresponding to 7-methyl brGDGTs (Ding et al., 2016) and IIIa’’ 
(Weber et al., 2015). The 7-methyl brGDGTs co-elute with common 
lower mass brGDGTs. The naturally occurring heavier isotopes of these 
lower mass compounds can therefore contribute to the 7-methyl isotope 
peaks, necessitating a correction be applied (Wang et al., 2021). How
ever, the high mass accuracy of the Orbitrap MS used in our study allows 
us to distinguish the 7-methyl isomers from the naturally occurring 
heavy isotopes of other brGDGTs. Specifically, IIIa7 and the heavy iso
topes of IIIb’ overlap chromatographically, but their masses differ by ≥
9.5 ppm. IIIb7 and the co-eluting heavy isotopes of IIIc’ differ by ≥ 5.8 
ppm. Finally, IIa7 and the co-eluting heavy isotopes of IIb differ by ≥

Fig. 1. Map of sites included in this study. Green and blue: Canada and Iceland (this study; see insets); pink, n = 28: de Jonge et al. (2019); yellow, n = 30: Pérez- 
Angel et al. (2020); brown, n = 37: Halffman et al. (2021); purple, n = 149: Wang et al. (2020); orange, n = 12: Wang and Liu (2021). All sites have associated in situ 
soil temperature measurements (circles) except for 17 sites in Canada (triangles). 
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5.9 ppm. As we performed peak integrations with a mass tolerance range 
of ± 5 ppm, the heavy isotopes of IIIb’, IIIc’, and IIb were already 
excluded from the integrations and no correction was necessary. We also 
reported the presence or absence of overly branched GDGT with a mass 
of 1064 (OB-GDGT1064; Liu et al., 2012), but did not quantify this 
compound due to the complexity of its chromatogram (Fig. S1; Section 
3.2). 

Fractional abundances (FAs) for each of the structural sets were 
defined according to Raberg et al. (2021a). Briefly, brGDGTs were 
grouped according to the three primary observed structural variations: 
number of methylations, position of methylations, and number of 
cyclopentane rings. FAs were then calculated within each of these 
resulting structural sets. For example, grouping brGDGTs by cyclo
pentane ring number generates the three subgroups containing com
pounds with zero, one, or two rings, respectively. FAs calculated within 
these subgroups highlight variations in methylation number and posi
tion while holding cyclopentane ring number constant. Taken together, 
these subgroups thus form the Meth-Isom Set and its FAs (e.g., fIaMI). A 
full guide of the Structural Sets and equations for calculating their FAs 
has been previously published (Raberg et al., 2021a). 

We used the following definitions for the brGDGT-based indices 
MBT’5Me and CBT’ (De Jonge et al., 2014), IR6Me (Dang et al., 2016), and 
IR7Me (Martin et al., 2019): 

MBT′
5Me =

(Ia + Ib + Ic)

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

CBT′ = − log
(

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

Ia + IIa + IIIa

)

(2)   

2.3. Statistical methods 

Calibrations were performed following the methods of Raberg et al. 
(2021a) and Pérez-Angel et al. (2020). Briefly, FAs were first calculated for 
each structural set (Raberg et al., 2021a). For each in situ soil temperature 
variable (and for pH, SWC, and conductivity), two methods were used to 
construct multiple linear and quadratic regressions: 1) a stepwise forward 
selection/backwards elimination (SFS/SBE) method using the MASS 
package (Venables and Ripley, 2002) and 2) a combinatoric approach 
using the leaps package (Lumley, 2020), both performed in R (Team R 
Development Core, 2021). We evaluated the fits using the Bayesian in
formation criterion (Schwarz, 1978), adjusted R2, and the normalized root 
mean squared error (NRMSE, calculated as the RMSE divided by the range 
of the fitting parameter). We applied the additional criterion that each 
fitting variable in the regression must be significant (p < 0.01; Pérez-Angel 
et al., 2020). Finally, we calculated the skewness using the moments 
package (Komsta and Novomestky, 2022) in R. 

Data points with residuals greater in magnitude than 3 times the 
RMSE were considered outliers. Different temperature parameters (e.g., 

MAST and MSST) produced different outliers. Rather than exclude all 
outliers from calibration efforts, we used the following method. First, 
calibrations were generated using all samples in the compiled dataset 
(Dataset S1). The top fits for the top 5 temperature variables all iden
tified Iceland ForHot Soil 5F as an outlier, while two additionally 
identified ForHot Soil 3F as an outlier. We then reran the calibrations 
excluding Soil 5F and retested for outliers. The top fits for the top 5 
temperature variables then all identified Soil 3F as an outlier. When we 
reran the calibrations again without Soil 3F, some samples were iden
tified as outliers in 3 of the 5 top calibrations, but no sample was 
identified by more than one calibration. Therefore, we continued with 
the dataset, excluding only ForHot Soils 3F and 5F. 

2.4. Estimating modern values for the Xifeng loess/paleosol sequence 

To test the calibrations generated in this study, we used published 
data from the Xifeng LPS (Lu et al., 2019; Zeng and Yang, 2019). The 
MAAT at the Xifeng section is 8.5 ◦C and the July air temperature is 
21 ◦C (Zeng and Yang, 2019). To convert these values to soil tempera
tures, we generated linear regressions of MAAT versus MAST (adj R2 =

0.97, p ≪ 0.01) and warmest month air temperature versus MSST (adj. 
R2 = 0.92, p ≪ 0.01) using only the Chinese soils in this dataset. We then 
applied the resulting linear equations to generate a modern MAST of 
11.3 ◦C and MSST of 21.8 ◦C at Xifeng. To estimate the modern pH, we 
selected the subset of modern soils from the compiled dataset that fell 
within the CLP (latitude between 35 and 37 ◦N; longitude between 105 
and 110 ◦W; coordinates based on map in Zeng et al. (2019); n = 6) and 
averaged their pH values. The resulting estimated modern pH was 7.84 
± 0.26. 

3. Results 

3.1. Soil temperatures of the Eastern Canadian Arctic and Iceland 

Samples from the ECA formed the cold end members of the compiled 
dataset, with a minimum and maximum MAST of −8.8 ◦C and 3.2 ◦C, 
respectively. In contrast, MAST in Iceland was warmer and had a smaller 
range, spanning 1.6 to 5.0 ◦C. Summer temperatures also ranged widely 
in the ECA, with MSST going from 2.8 ◦C to 12.2 ◦C. In Iceland, MSST 
values had a smaller range, with a minimum MSST of 6.7 ◦C and a 
maximum of 12.2 ◦C. Icelandic soils generally stayed close to 0 ◦C during 
the winter, while soils in the ECA often experienced extreme negative 
temperatures (e.g., Fig. 2), with CMSTs as low as −27 ◦C. Soil temper
atures also had high spatial variability in the ECA. The soils with both 
the lowest and highest MSST in the entire 1400 km transect of the ECA 
dataset, for example, were found at Birch Lake (BIR), just 400 m apart 
(Fig. 2). 

Soil temperatures were closely related to air temperatures in Iceland, 
but not in the ECA. For example, MSST was well correlated with MAAT 

IR6Me =
(IIa′ + IIb′ + IIc′ + IIIa′ + IIIb′ + IIIc′)

(IIa′ + IIb′ + IIc′ + IIIa′ + IIIb′ + IIIc′ + IIa + IIb + IIc + IIIa + IIIb + IIIc)
(3)   

IR7Me =
(IIa7 + IIIa7 + IIIb7)

(IIa′ + IIb′ + IIc′ + IIIa′ + IIIb′ + IIIc′ + IIa + IIb + IIc + IIIa + IIIb + IIIc)
(4)   
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in Iceland (adj. R2 = 0.85, p value << 0.01), but the two were uncor
related in the ECA (p > 0.05; Fig. 3). Similarly, winter air temperatures 
were better predictors of MSST than summer air temperatures in Iceland 
(adj. R2 = 0.87 and 0.70, respectively, p << 0.01 for both). In contrast, 
neither summer nor winter air temperatures were significantly corre
lated with MSST in the ECA (p > 0.05). Finally, winter soil temperatures 
were moderately well correlated with winter air temperatures in the 
ECA (adj. R2 = 0.51, p ≪ 0.01), but weakly correlated in Iceland (adj. R2 

= 0.14, p < 0.05). 

3.2. BrGDGT distributions 

All 15 commonly measured brGDGTs were detected in the Icelandic 
and ECA datasets (Fig. 4a). IIa and Ia were the most abundant brGDGTs, 
followed by IIIa and IIa’. In comparison to the other samples in the 
combined dataset, the Icelandic and ECA soils had a greater proportion 
of brGDGTs IIIa and IIa and a lower proportion of brGDGT Ia. 

BrGDGT IIIa’’ was present (Fig. 4b) in 21 of 69 soils, and it exhibited 
a FA (of all compounds) ≥ 0.01 in 7 of them. The compound was most 

abundant in soils characterized by high exposure (i.e., little vegetative 
or topographic shielding from sun or wind), high seasonality, and low 
vegetation cover; 4 of top 5 FAs were from poorly vegetated ridge tops. 
The compound was also only present in soils that froze (CMST < 0 ◦C). 
For those samples without in situ soil temperatures, it was only detected 
in 7 of the 8 highest latitude (>72 ◦N) soils, where the coldest month air 
temperatures were all < −31 ◦C. However, not all samples that froze 
contained IIIa’’ and it was not limited to these most extreme settings; it 
was also present in a forested ECA site (3LN Soil 4) and the warm 
endmember of the entire ECA-Iceland dataset, a soil site in southern 
Iceland (VGHV Soil 1). The compound was slightly more common in 
ECA (16 of 45 soils, 36 %) than Iceland (5 of 24 soils, 21 %). 

7-methyl isomers (IIa7, IIIa7, and IIIb7; Ding et al., 2016) were also 
common in the soils of both Iceland and the ECA. These compounds 
were similarly associated with barren, high exposure (e.g., ridgetop) 
settings, but were also present in well-developed organic soils. For soils 
from the ECA in which 7-methyl compounds were detected, IR7Me values 
ranged from 0.002 to 0.4, with a mean and standard deviation of 0.05 ±
0.08. In Iceland, these values were lower, ranging from 0.003 to 0.02 
with a mean and standard deviation of 0.008 ± 0.002. These are similar 
to values reported for soils in Mongolia (0.07 ± 0.05; n = 15; Dugerdil 
et al., 2021) and France (0.02 ± 0.007; n = 10; Martin et al., 2019). 

Neither IR7Me nor fIIIa’’ were significantly correlated with bulk soil 
pH, electrical conductivity, or SWC (p > 0.05) and were only weakly 
correlated with temperature parameters (adj. R2 ≤ 0.37 and 0.31, 
respectively). However, the natural log of IR7Me did correlate with soil 
temperature seasonality (adj R2 = 0.65, p << 0.01; Fig. 5a) and cold 
season soil temperatures (e.g., CMST; adj. R2 = 0.58, p << 0.01). 
Notably, though the natural log of IR7Me was correlated with cold season 
soil temperatures, it did not correlate with either MSST or WMST (p >
0.05). The relationship linking IR7Me and soil temperature seasonality in 
this study is provided in Eq. (5) (RMSE = 5.80 ◦C, adj. R2 = 0.65, n =
51): 

Seasonality (
◦ C) = 48.7 + 7.24 × ln(IR7Me) (5) 

Additionally, for samples in which IIIa’’ was detected, the natural log 
of fIIIa’’ was correlated with IR7Me (adj. R2 = 0.84, p << 0.01; Fig. 5b), 
soil temperature seasonality (adj. R2 = 0.76, p < 0.01), MAFS (adj. R2 =

0.74, p < 0.01), and SWC (adj. R2 = 0.71, p < 0.01), and was more 
weakly correlated (adj. R2 < 0.71) with other environmental 
parameters. 

Finally, compounds were also detected in the mass range and ex
pected retention time window for OB-GDGT1064 (Liu et al., 2012; 
Fig. S1). This compound and/or its isomers was detected in 20 of 44 
samples from the ECA and in all 24 samples from Iceland, often in 
greater abundance than other commonly measured brGDGTs, such as Ic 
and IIIb. Due to the complex structure of the peak (presumably due a 

Fig. 2. Representative in situ soil temperature time series from the Eastern Canadian Arctic and Iceland.  

Fig. 3. Mean summer soil temperature (MSST) versus mean annual air tem
perature (MAAT) for the Eastern Canadian Arctic and Iceland. The two are 
highly correlated in Iceland (adj. R2 = 0.85, p ≪ 0.01) but have no significant 
relationship in the Eastern Canadian Arctic (adj. R2 = 0.02, p > 0.05). 
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high number of possible isomers; Fig. S1), we did not integrate the 
compound at this time and report only its presence/absence. Though 
OB-GDGTs have been associated with anoxia in marine (Xie et al., 2014; 
Liu et al., 2014) and terrestrial (Lü et al., 2019) environments, its 
presence here was independent of IIIa’’. 

3.3. Soil temperature and pH calibrations 

We regressed each temperature variable against the structural set 
FAs (Raberg et al., 2021a) and MBT’5Me. DAFS and GDD0S produced the 
highest-performing fits in terms of NRMSE, while their monthly coun
terparts, MAFS and SWIS, produced the highest-performing fits in terms 
of adjusted R2. However, examination of these fits showed them to be 
highly skewed towards the cold end (e.g., Fig. 6a–b), making them 

sensitive to a limited number of warmer soils and decreasing their ability 
to distinguish between soils in colder regions. In contrast, temperature 
variables such as MSST, MAST, and WMST were more evenly distrib
uted, with lower skewness values and greater separation of cold soils (e. 
g., Fig. 6c). Taking the natural logarithm of GDD0S, DAFS, SWIS, and 
MAFS decreased their skewness substantially and produced calibrations 
on par with other top performing fits. However, as an exponentiation of 
the model output is then required, these calibrations were found to 
produce highly variable and unrealistic results. We therefore excluded 
these logarithmic calibrations and focused on temperature variables 
with a skewness less than 1 for this study. 

The highest performing remaining fit, both in terms of NRMSE and 
adjusted R2, was for MSST using the Meth-Isom Set FAs (RMSE =

2.07 ◦C, adj. R2 = 0.89, n = 164; Fig. 7): 

Fig. 4. A) Bar plot of fractional abundances (FAs), including IIIa’’ and the 7-methyl isomers identified thus far. Note that FAs in the plot include all measured 
compounds, while FAs in the calibrations exclude IIIa’’ and 7-methyl brGDGTs. B) Extracted ion chromatogram of brGDGTs with a mass-to-charge ratio (m/z) of 
1050, including the putative lacustrine anoxic biomarker, IIIa’’, from a representative soil sample. 

Fig. 5. A) Relationship between seasonality (range of monthly soil temperature averages) and the natural log of IR7Me. B) Relationship between the natural logs of 
fIIIa’’ and IR7Me. Samples with fIIIa’’ = 0 are represented with open circles were removed from the correlation in B), along with one outlier. P values were ≪ 0.01 for 
both plots. 

MSST(
◦

C) = 16.9 − 23.5 × fIa2
MI + 33.7 × fIaMI − 52.8 × fIIa’2

MI + 31.1 × fIIa’
MI + 86.8 × fIIa2

MI

−69.8 × fIIaMI − 7.0 × fIIc2
MI + 136.5 × fIIIa2

MI − 42.2 × fIIIaMI
(6)   
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The Meth-Isom Set FAs generated a fit for WMST that performed only 
marginally worse than that for MSST (RMSE = 2.15 ◦C, adj. R2 = 0.88, n 
= 154): 

Residuals for the MSST and WMST fits showed no significant corre
lation with pH, conductivity, or SWC (p > 0.05). 

For MAST, the Meth-Cyc, Meth, and Meth-Isom Sets all produced 
similarly well-performing calibrations (RMSE = 3.21, 3.24, and 3.28 ◦C, 

respectively; adj. R2 = 0.85 for all). However, biases were present in the 
residuals of the Meth-Cyc Set calibration that could cause it to over
estimate temperatures at the cold end of the spectrum and underesti
mate those at the warm end. We therefore excluded this calibration. The 

Meth Set calibration (RMSE = 3.24 ◦C, adj. R2 = 0.85, n = 272) per
formed slightly better than that of the Meth-Isom Set (RMSE = 3.28 ◦C, 
adj. R2 = 0.85, n = 291). However, it was more sensitive to lower 
abundance compounds such as IIIb’ and IIc and may not be appropriate 

Fig. 6. Estimated versus measured temperatures for three soil temperature variables, showing differing degrees of skewness. A-B) Soil growing degree days above 
0 ◦C (GDD0S) and months above freezing in soils (MAFS) have high adjusted R2 values, but are highly skewed. C) In contrast, mean annual soil temperature (MAST) 
has a lower adjusted R2 value but is more evenly distributed. 

Fig. 7. A) Performance (evaluated using the normalized root mean squared error, NRMSE) of all fits generated using the seven structural sets and MBT’5Me for all 
tested temperature variables. Fits that were highly skewed (skewness > 1) are shown as unfilled points. The top performing remaining fit (Meth-Isom Set, mean 
summer soil temperature (MSST); Eq. (6)) is marked with a red diamond in (A) and plotted in (B). “Est. MSST” is the MSST estimated using this fit. 

WMST(
◦

C) = 23.5 + 5.0 × fIcMI + 45.9 × fIIa2
MI − 43.8 × fIIaMI − 7.4 × fIIb2

MI + 26.5 × fIIc′
MI

+111.0 × fIIIa2
MI − 47.3 × fIIIaMI#

(7)   
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for applications where these compounds fall below the detection limit. 
We therefore present both calibrations: 

BrGDGTs were not as good of a predictor of winter soil temperatures 
(CMST, adj. R2 = 0.75; MWST, adj. R2 = 0.74) or any air temperature 
parameter (highest performing fit: MAF, adj. R2 = 0.85). 

Calibrations for SWC and conductivity were weak (adj. R2 = 0.28 and 

0.36, respectively; Fig. 8). However, strong fits were produced for soil 
pH using the Full, Cyc-Isom, and Isom Sets (adj. R2 = 0.91, 0.90, and 

0.89, respectively; Fig. 8). The Isom Set calibration relied on low 
abundance compounds such as IIIb’ and IIIc’ though, limiting its utility. 
Thus, we report the calibrations for Full (RMSE = 0.39, adj. R2 = 0.91, n 
= 312) and Cyc-Isom (RMSE = 0.41, adj. R2 = 0.90, n = 312) Sets: 

Fig. 8. A) Performance (evaluated using the normalized root mean squared error, NRMSE) of all fits generated using the seven structural sets and defined ratios 
(CBT’, IR6Me, and CBT’ + IR6Me; points labeled on plot) for pH, electrical conductivity, and soil water content (SWC). Fits that were highly skewed (skewness > 1) are 
shown as unfilled points. The Cyc-Isom Set fit for pH (Eq. (11)) is marked with a red diamond in (A) and plotted in (B). “Est. pH” is the pH estimated using this fit. 

MASTMeth(
◦

C) = 16.3 + 10.6 × fIb2
Meth − 15.1 × fIc2

Meth + 16.3 × fIcMeth − 35.1 × fIIaMeth − 10.3 × fIIcMeth

+23.8 × fIIIa’2
Meth − 28.3 × fIIIa’

Meth − 14.4 × fIIIb’2
Meth + 12.7 × fIIIb’

Meth + 12.7 × fIIb2
Meth

(8)   

MASTMI(
◦

C) = 5.5 − 39.9 × fIa2
MI + 60.6 × fIaMI − 12.8 × fIc2

MI + 12.9 × fIcMI + 98.4 × fIIa2
MI − 88.1×

fIIaMI − 12.3 × fIIcMI + 100.9 × fIIIa2
MI

(9)   

pHFull = 18.8 − 13.9 × fIaFull − 29.8 × fIb2
Full − 9.2 × fIIa’

Full + 7.4 × fIIa2
Full − 18.6 × fIIaFull − 13.7×

fIIb’
Full − 18.8 × fIIbFull − 10.7 × fIIIa’

Full − 11.2 × fIIIaFull + 3012.8 × fIIIb’2
Full − 68.3 × fIIIb’

Full
(10)   

pHCI = 10.1 + 2.1 × fIIa’2
CI − 1.9 × fIIa2

CI − 11.6 × fIIcCI + 2.2 × fIIIa’2
CI − 4.5 × fIIIa’

CI

−2.2 × fIIIaCI − 1.4 × fIa2
CI

(11)   

J.H. Raberg et al.                                                                                                                                                                                                                               



Geochimica et Cosmochimica Acta 369 (2024) 111–125

119

We also found that both CBT’ and IR6Me were good predictors of soil 
pH, particularly when the two are used in a linear combination (RMSE =
0.44, adj. R2 = 0.88, n = 312): 

pHCBT’ ,IR6Me = 5.51 + 0.55 × CBT’ + 2.41 × IR6Me (12) 

However, we note that biases in the residuals for the pH fits appear 
below pH ~ 4.6 that would cause the calibration to overestimate pH (e. 
g., Cyc-Isom Set; Fig. 8b). Therefore, caution should be taken in applying 
these calibrations at low pH (< ~ 4.6). 

As reported for lake sediments (Raberg et al., 2021a), methylation 
number was identified as the key structural variable responsible for the 
temperature dependence of brGDGTs in soils; holding methylation 
number constant, as in the Cyc, Isom, and Cyc-Isom Sets, greatly reduced 
calibration performance (Fig. 7a). Similarly, methylation position, 
captured either by the Isom Set or IR6Me, was the most important 
structural variable in pH calibrations, followed by ring number, as 
captured by the Cyc Set and CBT’ (Fig. 8a). Combining the two via the 
Cyc-Isom Set or a linear combination of CBT’ and IR6Me provided the 
strongest pH fits. Methylation number, in contrast, was a poor predictor 
of pH (Meth Set in Fig. 8a). These results were in agreement with lake 
sediment calibrations (Raberg et al., 2021a) and broader trends across 
global sample types (Raberg et al., 2022b). 

3.4. Application to the Xifeng loess/paleosol sequence 

To test their performance, we applied our calibrations for MSST 
(Eqn. (6), MAST (Eqs. (8) and (9)), and pH (Eqs. (10)–(12)) to the Xifeng 
LPS from the CLP (Lu et al., 2019; Zeng and Yang, 2019; Fig. 9). 
Furthermore, for comparison, we applied a previously published 
regional Chinese MAST calibration (Wang et al., 2020; Fig. 9b). All 
calibrations reproduced inferred modern temperature and pH values 
from modern surface samples (red stars in Fig. 9). Additionally, MSST 
and MAST reconstructions were in good qualitative agreement with one 
another and broadly aligned with key trends observed in previous work 
(Lu et al., 2019), with peak temperatures occurring during the Last 
Glacial Maximum (LGM ~21–17 ka; Fig. 9a–b). Where multiple cali
brations were applied, differences of as much as ~5 ◦C (MAST) and ~1 
unit (pH) were present in the downcore record. A prominent peak in pH 
values (~20–26 ka; gray bar in Fig. 9) was present that slightly led the 
peak temperatures reconstructed during the LGM. 

4. Discussion 

4.1. In situ soil temperatures versus air temperatures 

The soils of the ECA (the coldest end-members) highlighted the 
importance of using in situ soil temperatures instead of air temperatures 
in brGDGT calibrations. Variations in snowpack, microtopography, and 
vegetation cover were likely drivers of the high spatial variability in 
observed soil temperatures (Loranty et al., 2018; Evans et al., 2022; 
Heijmans et al., 2022). Despite having the same air temperature, for 
example, a pair of soils just 400 m apart at Birch Lake had the warmest 
and coldest MSST values in the entire ECA dataset, differing by more 
than 9 ◦C. The offset between these soils was even larger in winter, with 
an MWST difference of 10 ◦C. Such soil-air temperature offsets and 
spatial variability were common in our dataset and highlight the limi
tations of using air temperatures for generating brGDGT soil calibrations 
and in lipid biomarker studies in soils more broadly. 

These soil-air offsets must be taken into consideration not only when 
generating calibrations, but also when applying them in paleoclimate 
reconstructions. For example, MSST was strongly correlated with MAAT 
in Iceland (Fig. 3). Paleotemperatures reconstructed from soil brGDGTs 
in that region could therefore be converted with some confidence to 
MAAT values for comparison with other proxies and/or model outputs. 
However, the same approach could not be taken in the ECA, where MSST 
and MAAT showed no significant relationship (Fig. 3). In mountainous 
regions, such as the Eastern Cordillera of Colombia and Mt. Laji in 
China, soil temperatures were closely linked to air temperatures, but 
with an offset that grew with elevation (Pérez-Angel et al., 2020; Wang 
and Liu, 2021). Finally, in the Xifeng LPS, the warmest soil temperatures 
were counterintuitively produced during the Last Glacial Maximum 
(Fig. 9; see Section 4.4 for discussion). A regional (and temporal) un
derstanding of the connection between soil and air temperatures is thus 
paramount for interpreting paleotemperature records generated from in 
situ soil temperature calibrations. 

Finally, we note that while the soil temperatures used in this and 
other studies are likely to be more representative of the temperature 
regimes experienced by brGDGT-producing bacteria than air tempera
tures, they carry their own sources of uncertainty. Limited (1- to 2-year) 
and often non-overlapping (e.g., 2017–2018 versus 2018–2019) tem
poral ranges make the soil temperature data vulnerable to uncertainties 
associated with interannual variability. Given the roughly decadal 
turnover rates of brGDGTs in soils and peats (Weijers et al., 2010; 
Peterse et al., 2010; Weijers et al., 2011; Huguet et al., 2017), longer- 
term averages of soil temperatures (e.g., 30-year climate normals) 
would be ideal for calibration efforts. However, such records are rare. 
Furthermore, published data currently consist of soil temperatures 
measured at 2, 5, 10, and 50 cm depths. While soil samples taken for 
brGDGT analyses reflect those depths (e.g., Halffman et al. (2022) paired 
2 cm temperatures with soils sampled from 0 to 5 cm), these slight 
methodological differences may contribute to calibration uncertainty. 
Such considerations may help to guide further geochemical studies 
relying on in situ soil temperature measurements. 

4.2. Temperature dependence of brGDGT distributions 

BrGDGT distributions in soils from the ECA and Iceland broadly align 
with global trends, with more highly methylated compounds (hexa- and 
penta-methylated brGDGTs) appearing in greater relative abundance 
than is typically observed in warmer climates. Furthermore, we detected 
an even more highly methylated tetraether in our sample set, OB- 
GDGT1064. As the logical next compound in the Ia-IIa-IIIa series, this 
heptamethylated tetraether could also be renamed “brGDGT-IVa” and 
tested in temperature calibration efforts, especially in cold regions. 
However, the complexity of the detected peak (Fig. S1) calls for careful 
structural and chromatographic characterization before such efforts can 
be undertaken. Additionally, while its structural similarities and 

Fig. 9. Application of new calibrations to the Xifeng loess/paleosol sequence 
(Zeng et al., 2019; Lu et al., 2019). Corresponding equations are as follows: a) 
Eq. (6) (light blue); b) Eq. (8) (yellow), Eq. (9) (light blue), and Wang et al. 
(2020) Eq. (8) (maroon); c) Eqs. (10)–(12) (green, pink, and dark blue, 
respectively). Red stars denote modern values. Error bars (±RMSE) are shown 
for the oldest points. Gray bar marks a peak in pH that slightly leads a peak in 
temperature. 
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association with brGDGTs suggest a similar biological origin (Liu et al., 
2012; Lü et al., 2019), the producers of OB-GDGTs remain unknown. 
Regardless, its presence in the soils of the ECA and Iceland extends the 
known range of this compound beyond the anoxic marine (Xie et al., 
2014; Liu et al., 2014) and wetland (Lü et al., 2019) environments in 
which it has previously been discovered and encourages broader surveys 
of tetraether lipids in soils. 

BrGDGTs recorded warm season soil temperatures in the compiled 
dataset. The Meth-Isom Set FAs produced the highest-performing fits, 
with MSST emerging as the most accurately reproduced temperature 
variable (Fig. 7b). This calibration performed well for the combined 
dataset and was significant when applied to each region independently 
(p < 0.05 for Iceland; p < 0.01 for all other regions). In particular, the 
calibration appears likely to perform well on the cold end of the tem
perature spectrum, with samples from all regions in good agreement and 
well distributed along the calibration one-to-one line (Fig. 7b). The 
warm end of the calibration consisted of fewer samples and had more 
scatter. This may imply that the in situ soil calibration presented here 
could be improved by the addition of samples on the warm end of the 
temperature spectrum or that brGDGTs may more accurately record a 
temperature parameter other than MSST in warm climates. We note that 

tropics-specific soil calibrations have previously been developed for 
such climates (Pérez-Angel et al., 2020). 

The fact that MSST was the highest-performing temperature parameter 
in our study may suggest that soil brGDGT production is biased towards the 
summer. However, it is unlikely that such production is limited to these 
three warmest months of the year. Indeed, previous studies relating soil 
brGDGTs to air temperatures have found the temperatures of the months 
above freezing (i.e., GDD0 and MAF) to provide high performing calibra
tions (Naafs et al., 2017; Dearing Crampton-Flood et al., 2020; Véquaud 
et al., 2022). The analogous soil temperature parameters (GDD0S, SWIS, 
MAFS, and DAFS) provided some of the highest performing fits in this 
study as well (Fig. 7a), but all had a high skewness due to limited data 
availability and were therefore excluded. This gap in the available data 
highlights the need for more paired measurements of brGDGTs and in situ 
soil temperatures, especially from mid-to-low latitudes, and necessitates 
caution when applying our calibrations in these regions. 

Apart from MSST, we also presented high performing fits for WMST 
and MAST, which both had skewness < 1. While these calibrations 
performed slightly worse than that generated for MSST, they may prove 
useful for comparison with other proxies or for converting between 
reconstructed soil and air temperatures (Section 4.1). 

Fig. 10. Schematic of soil conditions experienced by brGDGT-producing bacteria for a), c) low seasonality and b), d) high seasonality soils in a-b) summer and c-d) 
winter conditions. Salinity is increased in high seasonality soils in both summer (b) and winter (d) by evaporation and freezing, respectively, while pH is likely to be 
unchanged due to buffering. Soil temperatures can be less than air temperatures due to shading (a) or greater than air temperatures due to direct absorption of solar 
radiation (b) or insulation from thick and porous (c) or thin and dense (d) snow cover. Decreased connectivity between the soil and atmosphere in winter can lead to 
oxygen depletion in c) and d). 
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In a previous calibration of brGDGTs in lake surface sediments, it was 
found that the Structural Set approach highlighted the importance of 
brGDGT methylation number in temperature calibrations (Raberg et al., 
2021a). In that study, calibrations constructed from Structural Sets in 
which methylation number was held constant (Cyc, Isom, and Cyc-Isom) 
had lower adjusted R2 values than those generated from sets that 
allowed methylation number to vary (Meth, Meth-Isom, Meth-Cyc, and 
Full). This finding in lake sediments was mirrored in the soils of this 
study; calibrations from the Meth, Meth-Isom, Meth-Cyc, and Full Sets 
outperformed those generated using the Cyc, Isom, and Cyc-Isom Sets 
(Fig. 7a). Though the MBT’5Me index also captures variations in 
methylation number, linear calibrations generated using this index did 
not perform as well as those generating using brGDGT FAs (Fig. 7a). 
Overall, these results support previous work suggesting a physiological 
underpinning to the brGDGT temperature proxy (Raberg et al., 2022b), 
encouraging its application in paleoclimatological studies. 

4.3. Relationships between brGDGTs and soil chemistry 

BrGDGTs showed a strong relationship with soil pH (Fig. 8). This 
relationship was primarily driven by changes in cyclopentane ring 
number and methylation position, as has been observed in previous 
studies for soils and lakes (e.g., Weijers et al., 2007b; Xiao et al., 2015; 
Raberg et al., 2021a; Fig. 8a). While ring number was a stronger pre
dictor of pH in lake sediments, methylation position appeared to be 
more important in soils (Fig. 8a). A combination of the two structural 
variables via the Cyc-Isom Set FAs or a linear combination of the IR6Me 
and CBT’ indices produced the highest performing calibrations in our 
dataset (Eqs. (11) and (12)). 

In addition to bulk soil pH, the properties of seasonal soil microen
vironments may have been recorded in the ECA and Icelandic soils via 
the abundances of 7-methyl brGDGT isomers and IIIa’’. 7-methyl 
brGDGTs in lake sediments have been shown to correlate with lake 
water salinity (Wang et al., 2021; Kou et al., 2022) and sediment pH 
(Ding et al., 2016). In our dataset, however, no significant correlations 
were present for either IR7Me or its natural log with electrical conduc
tivity, pH, or SWC (p > 0.05). This lack of correlation could indicate that 
7-methyl isomers are sensitive to different environmental controls in 
soils and lakes. However, it could also arise due to a mismatch between 
bulk measurements and the actual soil microenvironments inhabited by 
brGDGT-producing bacteria. 

With monthly soil temperature averages as low as −27 ◦C and sea
sonality values as high as 41 ◦C, soils from the ECA were the extreme end 
members of this dataset. Such conditions generally developed in 
conjunction with a lack of vegetation cover; without taller plants like 
shrubs to shield incoming solar radiation in the summer and to hold an 
insulating blanket of snow in the winter, these soils experienced both hot 
and cold temperature extremes (e.g., Zhang, 2005; Kropp et al., 2021; 
Evans et al., 2022; Heijmans et al., 2022; Fig. 10). Under such condi
tions, soil water salinity can fluctuate seasonally. In the summer, the loss 
of water through evaporation can cause an increase in ion concentra
tions (Fig. 10b). In the winter, a similar concentration of ions can occur 
as interstitial soil water freezes, leaving behind thin layers of more saline 
liquid water adsorbed to soil particles (Torrance and Schellekens, 2006; 
Fig. 10d). Even at temperatures well below 0 ◦C, the ratio of unfrozen 
water to dry soil remains between ~0.1 and ~15 % (Romanovsky and 
Osterkamp, 2000; Sparrman et al., 2004; Öquist et al., 2009). Bacteria, 
including acidobacteria and other brGDGT candidate producers (Steven 
et al., 2008; Tuorto et al., 2014), metabolize (Panikov, 2005; McMahon 
et al., 2009; Segura et al., 2019), reproduce (McMahon et al., 2009; 
Tuorto et al., 2014), and construct new lipids (Drotz et al., 2010) in the 
winter by surviving in these unfrozen waters (Panikov et al., 2006; 
Öquist et al., 2009). Thus, high seasonality drives the development of 
more saline microenvironments inhabited by active microbial life in 
both the summer and winter. As the abundance of 7-methyl brGDGTs 
has been previously shown to correlate with salinity in lakes, the 

observed correlation between IR7Me and seasonality in this study may in 
fact reflect the heightened soil water salinity of these seasonal microbial 
niches. This hypothesis is consistent with the results of Dugerdil et al. 
(2021), who observed 7-methyl isomers to be primarily associated with 
steppe or desert landscapes in Mongolia. Finally, in our study, IR7Me was 
correlated with cold season temperatures but not with summer tem
peratures. This may suggest that the concentration of ions during winter 
plays a stronger role in raising soil water salinity than summertime 
evaporation in these high latitude soils. 

The development of seasonal microbial niches may also explain the 
anomalous presence of IIIa’’ in the soils of the ECA and Iceland. IIIa’’ has 
been identified in the sediments of anoxic lakes in Switzerland (Weber 
et al., 2015; Weber et al., 2018) and France (Martin et al., 2019), but was 
notably absent in their surrounding soils. It was further shown to be 
uniquely associated with methanotrophy in anoxic lake bottom waters 
(Weber et al., 2018) and has been used as a proxy for the development of 
anoxia in paleoclimate reconstructions (Martin et al., 2019; Rodrigo- 
Gámiz et al., 2022). Its presence in the soils of the ECA and Iceland was 
therefore unexpected. It is possible that the environmental conditions 
driving its production in soils differ from those in lakes. However, it is 
also possible that the compound is indicative of low oxygen conditions 
via the seasonal development of anoxic microenvironments in otherwise 
well-aerated soils. 

Freezing both hinders the transport of oxygen from the atmosphere 
and concentrates nutrient supplies in surviving pore waters, driving the 
development of anoxic conditions and heightening anaerobic microbial 
activity in soils (Yu et al., 2007). In our dataset, IIIa’’ was only present in 
soils that froze. Furthermore, where IIIa’’ was present, it was highly 
correlated with the log of IR7Me (Fig. 5b). These results are consistent 
with the development of anoxia in isolated niches of habitable water 
within the frozen soil matrix. We also note, however, that not all soils 
that froze and/or had high IR7Me values contained IIIa’’, indicating that 
other environmental factors, such as organic matter availability or mi
crobial community composition, may be pertinent. Finally, given that 
we lack direct measurements of soil oxygen levels in this study, it is also 
possible that IIIa’’ is not in fact linked to anoxia in soils and is produced 
in response to other (unmeasured) environmental conditions entirely, 
motivating further research into the presence of this compound in soils. 

Finally, we note that our hypothesis implies the wintertime pro
duction of soil brGDGTs, in apparent conflict with well-documented 
warm-season biases. The production of brGDGTs in winter would 
imply that some quantity of cold-biased brGDGTs contributes to the 
overall lipid pool, potentially skewing brGDGT-inferred temperatures 
towards the cold end. While it is not possible to quantify this effect in 
this study, the low relative abundance of 7-methyl and IIIa’’ isomers 
(Fig. 4) along with the robust summer temperature calibrations (Fig. 7) 
suggest that this winter contribution is small. 

If our hypothesis is correct, lipids such as these 7-methyl and IIIa’’ 
isomers may also find broader utility in more detailed studies of soil 
microenvironments. Due to their relationships with soil conditions at the 
micro rather than macro scale, these or other recalcitrant lipids could 
potentially be used as biomarkers for probing the (transient) conditions 
experienced by microbes inhabiting small-scale niches in a heterogenous 
soil matrix. 

4.4. Application 

BrGDGTs in the Xifeng loess/paleosol sequence of the CLP have been 
used to reconstruct temperature changes at high resolution over the last 
>160 ka (Lu et al., 2019; Zeng and Yang, 2019). Peak temperatures at 
Xifeng appeared during the Last Glacial Maximum (LGM ~21–17 ka; Lu 
et al., 2019), a seemingly paradoxical result that was explained by the 
development of relatively arid (Youfeng et al., 2008) and sparsely 
vegetated conditions on the CLP during the LGM (Lu et al., 2019). Under 
such conditions, soils on the CLP can be ~10 ◦C warmer than the air in 
July, whereas the offset is close to zero for vegetated areas nearby (Lu 
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et al., 2019). Thus, despite colder conditions globally, land surface 
temperatures, modulated by aridity and vegetation, became warmer on 
the CLP. This land–ocean temperature offset was observed on ~3 Ma 
timescales as well and was linked to the strengthening of the East Asian 
Monsoon (Lu et al., 2022). 

While Lu et al. (2019) recognized that brGDGTs in the Xifeng section 
were likely to be recording warm-season soil temperatures, only air 
temperature calibrations were available at that time. Here, we applied 
our calibrations to directly reconstruct soil temperature at Xifeng. Our 
MSST reconstruction (Fig. 9a) generated an LGM temperature change 
that was similar in timing, structure, and magnitude to that reported by 
Lu et al. (2019), with the onset of warming at ~36 ka, peak tempera
tures ~ 18 ka, and a ~10 ◦C temperature change overall, from ~16 to 
26 ◦C. The modern surface sample matched our inferred modern sum
mer soil temperature at Xifeng, highlighting the relative accuracy of our 
new soil temperature calibrations (red star in Fig. 9a). 

We also applied both the Meth and Meth-Isom MAST calibrations to 
the Xifeng sequence and compared the resulting temperatures to those 
reconstructed using a regional Chinese in situ soil temperature calibra
tion that is well tailored for use on the CLP (Wang et al., 2020; Fig. 9b). 
The three calibrations produced similar temperature trends and all 
reproduced the inferred modern MAST. The fact that the Meth and 
Meth-Isom Set calibrations, which were generated from globally 
distributed samples with a wider temperature range (an extra 6 ◦C on the 
cold end and 1 ◦C on the warm end), produced trends that are consistent 
with the regionally tailored calibration lends confidence to their wide
spread applicability. However, the magnitudes of reconstructed tem
peratures differed to varying degrees throughout the record, with values 
sometimes in agreement and sometimes offset by as much as ~5 ◦C. 
These offsets are generally less than the cumulative RMSEs of the cali
brations (RMSE = 1.8, 3.24, and 3.28 ◦C for the Wang et al. (2020), 
Meth, and Meth-Isom Set calibrations, respectively), but highlight the 
difficulty in determining the most accurate paleoclimate reconstruction 
from statistically similar calibrations. 

BrGDGTs have also been proposed to reflect precipitation/evapora
tion balance on the CLP through their connections with pH or SWC 
(Peterse et al., 2014; Sun et al., 2019; Zheng et al., 2022). We therefore 
applied our three reported pH calibrations (Eqs. (10)–(12)) to the Xifeng 
LPS (Fig. 9c). As in the case of MAST, all three calibrations reproduced 
our inferred modern pH value and showed similar qualitative trends, but 
often differed in magnitude. Despite their differences, all three calibra
tions produce a peak in pH from ~20–26 ka that leads the main peak in 
temperature. Such a decoupling of pH and temperature trends has been 
previously observed from LPSs on the CLP (Peterse et al., 2014; Lu et al., 
2016). As more alkaline soils tend to be associated with more arid 
conditions (e.g., Slessarev et al., 2016), this increase in pH may be 
driven by aridification (Sun et al., 2019). Thus, the high soil tempera
tures and alkaline conditions reconstructed by all calibrations presented 
here are consistent with previous work proposing that more arid and 
sparsely vegetated conditions prevailed on the CLP around the LGM. 

Finally, while 7-methyl brGDGTs were not reported for the Xifeng 
LPS, their connection with seasonality could theoretically provide 
additional insight into the LGM aridification of the CLP. As the land
scape transitioned from being well-vegetated to more barren, the 
accompanying increase in soil temperature seasonality could have 
driven the development of seasonal niches of higher salinity in soil 
microenvironments (Fig. 10b). Additionally, a shift in the precipitation- 
evaporation balance towards more arid conditions would have been 
likely to increase salinity in the soils beyond seasonal effects alone. 
These salinity increases could have led to the heightened production of 
7-methyl isomers, as recorded by the IR7Me index, and will be valuable to 
quantify in future studies. Such potential applications highlight the 
importance of further research into less commonly measured brGDGT 
isomers and their relationships with the environment. 

5. Conclusions 

We measured brGDGT distributions, in situ soil temperatures, pH, 
SWC, and electrical conductivity in soils from the Eastern Canadian 
Arctic and Iceland. We compiled our results with those from other 
studies containing in situ soil temperature measurements and used the 
combined dataset to generate global modern calibrations for brGDGT 
temperature and pH proxies. The highest-performing temperature cali
brations were for warm season soil temperatures, especially Mean 
Summer Soil Temperature (Eqn. (6)), and for pH (Eqs. (10) and (11)). 
Soil temperatures outperformed air temperatures in our calibrations, 
likely due to the large (~10 ◦C) offsets that can arise between the two in 
both summer and winter (Section 4.3, Fig. 10). As has been shown in 
previous studies, methylation number was confirmed to be the most 
important structural variable in these temperature calibrations, while 
pH was most strongly related to cyclization number and methylation 
position. We reported the presence of a heptamethylated tetraether (and 
its isomers), OB-GDGT1064, and suggested that it should be studied for its 
potential to improve brGDGT calibrations, especially in cold regions. 

We additionally applied our new temperature and pH calibrations to 
the Xifeng Loess-Paleosol Sequence on the Chinese Loess Plateau. All 
calibrations reproduced inferred modern soil temperature and pH 
values. Furthermore, they produced qualitatively similar trends across 
the ~160 ka record, which agreed with previously published analyses. 
The agreement of our new global calibrations with the ones tailored for 
the Chinese Loess Plateau encourages their use more broadly. However, 
despite the qualitative agreement, the magnitudes of reconstructed 
values often diverged in the record, highlighting the challenges in 
interpreting paleoclimate records generated from statistically similar 
calibrations. 

Finally, we measured the abundances of the 7-methyl and IIIa’’ 
brGDGT isomers in the ECA and Icelandic soils and hypothesized that 
they are formed in habitable liquid microenvironments in otherwise 
frozen soils. 7-methyl isomers have been shown to relate to salinity in 
lakes (Wang et al., 2021). Though the compounds did not correlate to 
bulk soil properties such as pH, SWC, or conductivity in our study, they 
did show a correlation with seasonality and winter soil temperatures. 
Furthermore, IIIa’’, a putative marker of anoxic lake waters, was present 
in the soils of the ECA and Iceland and was found to correlate strongly 
with IR7Me where it was present. These results may suggest that 
brGDGTs are produced in the wintertime in small, habitable niches of 
more saline, sometimes anoxic, liquid water in an otherwise frozen soil 
matrix (Fig. 10, Section 4.3). 

In conclusion, brGDGT lipids in cold regions record summer soil 
temperatures and bulk soil pH. They may further record the chemistry of 
seasonal soil microenvironments through less commonly measured 
brGDGT isomers. Our findings advance our understanding of the sea
sonality of brGDGT production and provide new in situ soil temperature 
and pH calibrations for global use. These advances encourage the 
continued application and further refinement of paleoenvironmental 
proxies based on soil brGDGT lipids. 
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Brůna, J., Hederová, L., Macek, M., Man, M., Wild, J., Vittoz, P., Pärtel, M., 
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