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ARTICLE INFO ABSTRACT

Communicated by Steven John Rowland Glycerol dialkyl glycerol tetraethers (GDGTs) are microbial membrane-spanning lipids that are produced in a
variety of environments. To better understand the potentially confounding effect of soil chemistry on the tem-
perature relationship of branched GDGTs (brGDGTs), isoprenoid GDGTs (isoGDGTs) and GDGT-based proxies
MBT’spg and TEXgg, soils from 6 elevation transects (mean annual air temperature 0 — 26 °C, n = 74) were
analyzed. Corroborating earlier work, the MBT 5y index correlates well with mean annual air temperature in
the low pH (pH < 7), non-arid soils under study (r = 0.87, p < 0.001). However, a clear over-estimation of
reconstructed temperature in the lowest pH (<3.5) soils is observed, explained by the correlation between
brGDGT Ia and free acidity. TEXge also shows a significant correlation with mean annual air temperature (r =
0.45, p < 0.001), driven by temperature dependent concentration changes of isoGDGTs 3 and cren’. However, an
overarching correlation with P/E values dominates concentration changes of all supposed Thaumarchaeotal
isoGDGTs lipids (GDGT1-3, cren and cren’), implying a potential impact of soil moisture on TEXge values. In
addition to identifying the impact of these confounding factors on the temperature proxy, GDGT ratios that can
be used to constrain changes in soil chemistry, specifically exchangeable Ca®*, sum of basic cations,
exchangeable Fe3* and sum of soil metals are proposed (0.53 < 2 < 0.68), while existing ratios for soil moisture
availability are tested for the first time in a dataset of non-arid soils. While the impact of soil chemistry on GDGTs
may complicate the interpretation of their temperature proxies, our proposed GDGT ratios can potentially be
used to constrain a subset of soil chemistry changes through time.

1. Introduction abundant lipids produced by a possibly large diversity of bacterial
producers (e.g., Sinninghe Damsté et al., 2018; De Jonge et al., 2019;

GDGTs are membrane-spanning lipids that are produced in a variety Guo et al., 2022). Based on both environmental distributions (Weijers

of environments. In soils, branched GDGTs (brGDGTs; Supp. Fig. 1) are et al.,, 2009) and cultured representatives (Sinninghe Damsté et al.,
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2011, 2014, 2018; Halamka et al., 2021, 2023; Chen et al., 2022),
Acidobacteria are proposed as important producers in soils. Contribu-
tions from other soil bacteria can however not be ruled out, as the ge-
netic potential to form membrane-spanning lipids is widespread in
bacteria (Sahonero-Canavesi et al., 2022; Zeng et al., 2022). On a global
scale, a relative increase of brGDGT Ia and decrease of brGDGT Ila and
IIIa (Supp. Fig. 1 for structures) is observed with increasing temperature,
which forms the basis of the paleotemperature proxy MBT (methylation
index of branched tetraethers; Weijers et al., 2007), MBT’ (simplified
MBT; Peterse et al., 2012) and the modified MBT’ 5y, that has been
correlated against mean annual air temperature (Air MAT; e.g., De
Jonge et al., 2014a) or Air MAT based on days without freezing
(BayMBT, calibrated against MATy; Dearing Crampton-Flood et al.,
2020). In addition, temperature calibrations can be based on a linear
combination of the fractional abundance of brGDGTs (e.g., Raberg et al.,
2021; Véquaud et al., 2021).

Elevation transects, that cover a large temperature range over a
smaller spatial scale, have been used extensively to test the performance
of the MBT®) and MBT sy temperature proxies. Significant correlations
between elevation (or temperature) and i) the brGDGT ratios MBT®)/
CBT (where CBT stands for Cyclization of Branched Tetraether index;
Weijers et al., 2007; Sinninghe Damsté et al., 2008; Peterse et al., 2009;
Yang et al., 2010; Loomis et al., 2011; Liu et al., 2013; Ernst et al., 2013;
Coffinet et al., 2014, 2017; Anderson et al., 2014; Yang et al., 2015a;
Wang et al., 2017a), MBT sug (Yang et al., 2015b; Wang et al., 2018;
Duan et al., 2020; Véquaud et al., 2021), or ii) the reconstructed mean
annual temperature values using MATy,, (Nieto-Moreno et al., 2016;
Jaeschke et al., 2018; Kirkels et al., 2020) based on a multiple linear
regression (De Jonge et al., 2014a) and the BayMBT, (van der Veen
et al., 2020) are reported. Still, several studies report offsets between
MBT ratios and temperature and/or elevation when vegetation, soil
type, soil moisture, seasonality or slope aspect changes (Sinninghe
Damsté et al., 2008; Peterse et al., 2009, Loomis et al., 2011; Anderson
et al., 2014; Wang et al., 2017a; Wang et al., 2018; Duan et al., 2020).
Also, while the proposed pH proxy CBT generally traces pH well, it has
also been observed to change with elevation (r* < 0.50) independently
of soil pH (Coffinet et al., 2014). This suggests that unknown edaphic
parameters influence brGDGTs. We hypothesize that soil chemistry pa-
rameters can be a confounding factor, as their impact on GDGT con-
centrations and ratio values is generally not tested in these settings. This
hypothesis reflects the recent insight that MBT 5y values in soils can be
directly influenced by uniquely pH (De Jonge et al., 2021), or both
temperature and pH (Dearing Crampton-Flood et al., 2020; Véquaud
et al., 2021; Halffman et al., 2022). So far, only two elevational transect
studies have included soil chemistry parameters, and both concluded
that soil pH has a direct impact, firstly on temperature-sensitive
brGDGTs in the French Alps (Véquaud et al., 2021, 3.6 < pH < 7.6)
and secondly on MBT sy values in subarctic low pH soils (3.3 < pH <
5.7, Halffman et al., 2022).

A second group of compounds, isoprenoid GDGTs (isoGDGTs), are
produced by archaea. Individual isoGDGTs have a wide or narrow
taxonomic specificity: isoGDGTs with zero to three cyclopentane moi-
eties (GDGT 0-3), are compounds produced by a wide diversity of
archaea (excluding halophilic Archaea; Schouten et al., 2013), while
crenarchaeol, containing one cyclohexane and four cyclopentane moi-
eties, is a specific marker for Thaumarchaeota (Sinninghe Damsté et al.,
2002). In most soils, the phylogenetic Thaumarchaeotal lineage I.1b is
dominant over the lineage I.1a (Auguet et al., 2010; Bates et al., 2011).
As Thaumarchaeota are dominant ammonia oxidizers in low pH soils
(Ammonia-Oxidizing Archaea: AOA, Nicol et al., 2008), their lipids can
potentially be used to quantify the abundance of ammonia oxidizers
(Leininger et al., 2006). IsoGDGTs have been used only sparsely as
environmental proxies in soils, although they are at the base of the
popular TEXgg proxy (tetraether index of 86 carbon atoms) for sea sur-
face temperature (Schouten et al., 2002; Tierney and Tingley, 2015). In
spite of the lower research intensity, TEXgg values in soils have also been
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found to vary with Air MAT, decreasing with elevation at Mt. Xiangpi
and Mt. Jianfengling in China (Liu et al., 2013; Yang et al., 2010; 2016),
at Mt. Rungwe in Tanzania (Coffinet et al., 2014), along Mt. Tienshan
and in Northern Iran (Duan et al., 2022), and on a global scale with Air
MAT and/or soil moisture (Yang et al., 2016). This temperature de-
pendency in globally distributed soils matches temperature-driven
changes in TEXge values in cultures of soil-derived archaeal strains
(Sinninghe Damsté et al., 2012). However, Dirghangi et al. (2013) and
Yang et al. (2016) illustrate across three climatic transects in China and
USA that TEXgg and Air MAT are not always correlated significantly,
with changes in the archaeal community (reflecting either oxic or anoxic
soil conditions) proposed to be a confounding factor (Duan et al., 2022).

Based on global or local calibrations, both branched and isoprenoid
GDGT distributions, sampled from loess-paleosol sequences (e.g.,
Peterse et al., 2011; Duan et al., 2022), paleosol (Yamamoto et al., 2016)
and lignite archives (e.g., Inglis et al., 2017; Lauretano et al., 2021),
have been used to reconstruct local changes in temperature, soil pH and/
or soil moisture. To test the hypothesis that soil chemical parameters
influence the distribution of GDGTs, the effect of soil chemistry and
temperature on the concentration and distribution of 15 brGDGTs and 6
isoGDGTs was investigated in a dataset of 6 globally distributed eleva-
tion transects.

Here, we expand on the approach to use elevation transects to cap-
ture large temperature gradients, while also accounting specifically for
changes in soil chemistry across and between transects. Based on this
dataset, we identify which GDGTs and ratios are influenced by soil
chemistry. To potentially constrain large changes in soil chemistry
through time, new GDGT ratios for selected soil parameters -mean
annual precipitation (MAP), sum of exchangeable base cations
(including exchangeable calcium) and exchangeable metals (including
iron)- are proposed. Development of these ratios will enable us to
recognize large changes in soil chemistry over time that may alter the
temperature relationship of the GDGTs, and ultimately improve the
reliability of the MBT 5y and TEXgg proxies in paleosol and lignite
archives.

2. Materials and methods
2.1. Elevation transects and climate parameters

The six elevation gradients under study are located in 5 different
countries: Austria, Mt Rauris (nsamples = 12); Bolivia, Mt Zongo (Nsamples
= 8); China, Mt. Gongga (Nsamples = 8); Indonesia (2 transects: Mt.
Singgalang (SG, Nsamples = 24) and Transect to Coast (TC, Ngamples = 14))
and Tanzania, Mt. Kilimanjaro (nsamples = 8). In addition to being
located in different climate zones (temperate to tropical), the elevation
differences (Supp. Table 1) covered at each location add additional
temperature variation. Most of the higher elevations are dominated by
grassland, while the lower elevation areas are dominated by forest,
except for Tanzania, where the lower elevation area was dominated by
savanna (Supp. Table 1). An exception is the Indonesian transect (TC
and SG transects), which is forested along the complete elevation tran-
sect (Hallberg et al., 2023). Soil moisture at the time of sampling had not
been quantified, but descriptions reflect soils that were neither dry nor
waterlogged during sampling and are not characterized as peats. As soils
from Austria, Bolivia, China and Tanzania are collected through the
regional Technical Cooperation Project INT5153, from the International
Atomic Energy Agency (IAEA), they are referred to as “IAEA” soils in the
methods section.

Mean annual air temperatures (Air MAT) for each sample location
have been extracted from the CHELSA database (long-term annual
means (1973-2013) downscaled at a 1 km resolution, Karger et al.,
2017). In addition, the Growing Season Temperature (Air GST) was
extracted, which reflects the air temperature of the growing season,
whose length is constrained by snowpack and drought (Treelim, based
on WorldClim 1970-2000 climate data; Paulsen and Korner, 2014). As
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the GDGT producers experience soil temperature, which can be offset
from air temperature (Wang et al., 2020; Halffman et al., 2022; Lem-
brechts et al., 2022), mean annual soil temperature (Soil MAT) and
mean soil temperatures of the warmest quarter (i.e., soil mean summer
temperature, Soil MST) are extracted from the SoilTemp database
(reflecting measurements done between 2000 and —2020; Lembrechts
et al., 2022), both for the top 5 cm of the soil column. For the Indonesian
Singgalang transect, that is located along a very steep gradient, the
spatial resolution in CHELSA and SoilTemp was insufficient, and we
performed a correction of the air and soil temperatures based on
elevation (Supp. Fig. 2). The resulting CHELSA-derived Air MAT lapse
rate (0.55 °C per 100 m) is close to published lapse rates at this location
(0.56-0.58; Nishimura et al., 2006), indicating that our approach cap-
tures the temperature variability along Mt. Singgalang accurately. Mean
monthly precipitation (MMP) and actual evapotranspiration (AET) at
each location was extracted from the TerraClimate database (4 km
resolution, period between 1958 and 2021; Abatzoglou et al., 2018) and
averaged to get a yearly mean. The ratio calculated and reported here
(MMP/AET = P/E) is interpreted as an indicator for soil moisture
availability (Hobbins et al., 2016).

2.2. Soil chemistry parameters

All soils were sieved over a 2 mm sieve and homogenized in a ball
mill, before subsampling for EA-IRMS. For the Indonesian soils, the total
carbon (TC), total nitrogen (TN), 5'3C and 8'°N were measured on an
Elemental Analyzer (Flash-EA 1112, ThermoFisher Scientific) coupled
to an isotope ratio mass spectrometer (IRMS, Delta V, ThermoFisher
Scientific) at the Geological Institute, ETH Ziirich. TC and TN contents
are reported in percent (%) of dry weight soil. As the contribution of
inorganic carbon is negligible in non-arid and low pH soils (Lal, 2017),
TC and TOC are considered equal for the purpose of this study. For 513c
and !°N, calibration was done using atropine (5'3C = -21.4; §'°N =
-2.9), peptone (613C = -15.64, 515N = 6.67) and nicotinamide (613C =
-42.2, 8'°N = -1.99) standards with known carbon and nitrogen content
and isotopic composition. The reproducibility of the isotope measure-
ments was better than 0.2 %o for both elements. The IAEA soils were
measured on an elemental analyzer (ANCA-GSL, SerCon) interfaced
with an IRMS (20-22 with SysCon electronics, SerCon) using a SerCon
soil as standard (accepted value 5'3C VPDB = -22.69 + 0.3 %o and §'°N
AIR = +7.81 £ 0.2 %o) at ISOFYS, Ghent University. Again, TC and TN
contents are reported in percent (%) of dry mass soil.

For all sieved soils (2 mm sieve), pH was measured in a 1 M KCIl
solution (soil: solution ratio, 1:5, w/v) after 10 min of shaking and 1 h of
sedimentation. Exchangeable cations were measured after extraction of
the milled soil in 1 M ammonium acetate (pH = 7). The titration curve
was determined using 50 mL of 1 M ammonium acetate at pH 7 and
subsequent titration with 0.1 N acetic acid while noting the decrease in
pH. The concentration of free hydrogen ions (free acidity) was calcu-
lated back based on a titration curve (Brown, 1943). Exchangeable
cations: K, Na©, Mn?*, Ca®*, Mg?", AI®*, Fe®', were measured using
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).
The Cation Exchange Capacity (CEC) is calculated as H'+ Na®™ + K* +
2Ca?" + 2 Mg?* + 3A1%* (all in cmolc kg soil 1), Ebases is calculated as
Na™ + K" JrzMg2+ +2Ca%* (all in cmolc kg soil ™). Emetals is calculated
as 3Fe®" + 2Mn?* + 3A13F (all in cmolc kg soil’l), while base saturation
(%) is calculated as ((Na™ + K* + 2Ca?* + 2 Mg?* (all in cmolc kg™?
so0il))/CEC)*100.

2.3. GDGT extraction and analysis

Between 1 and 5 g of dry IAEA soil was extracted using an Energized
Dispersive Extraction (EDGE) instrument, using dichloromethane
(DCM): methanol (MeOH) 9: 1 (v/v) at 110 °C to obtain a total lipid
extract (TLE). After addition of 100-200 ng of internal standard (Huguet
et al., 2006), the TLEs were subsequently dried under a gentle N5 stream
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and separated into apolar, ketone and polar fractions by passing them
over an activated Al,O3 column using hexane: DCM (9: 1, v/v), hexane:
DCM (1: 1, v/v) and DCM: MeOH (1: 1, v/v), as elution solvents,
respectively. The polar fractions, containing GDGTs, were dried under a
Nj stream and re-dissolved into a hexane: isopropanol (99: 1, v/v) so-
lution, and filtered through a 0.45 pm PTFE filter. The GDGTs were
analyzed with an Agilent 1260 Infinity ultra high performance liquid
chromatograph (viz by UHPLC), coupled to an Agilent 6130 single
quadrupole mass spectrometer, using the method described in Hopmans
et al. (2016), with the modification that columns are kept at 45 °C. This
allowed separation and integration of 6 isoprenoid GDGTs (m/z 1300,
1298, 1296, 1292), 15 brGDGT compounds (m/z 1022, 1020, 1018,
1036, 1034, 1032, 1050, 1048, 1046), and an internal standard (m/z
744). Concentrations are based on the peak areas of individual GDGTs
and the internal standard, corrected for g of soil extracted. Based on a
long-term laboratory standard the analytical uncertainty is 0.02 for
MBT’ syg and 0.03 for IR values.

For the Indonesian transects SG and TC, 1-2 g of freeze-dried and
ground soil was extracted by over-night acid hydrolysis (45 °C), using a
mixture of MeOH and hydrochloric acid (HCI, 35 % w/w) (1:3 v/v). The
lipids were recovered from the organic phase after addition of equal
amounts of DCM and pre-extracted Milli-Q water, followed by sonicat-
ion (15 min), centrifugation and pipetting off the organic DCM layer
(3x). The TLE was acid neutralized by adding a scoop of NayCO3 and
dried under a gentle N stream, redissolved into DCM and adsorbed to a
small amount of silica gel (deactivated with 5 % H30) which was sub-
sequently air-dried and placed on top of a silica gel column. The TLE was
fractionated into an apolar and a polar fraction by eluting with hexane
and DCM: MeOH (1: 1, v/v), respectively. After drying, the polar frac-
tion was redissolved in hexane: isopropanol (99: 1 v/v) which was
filtered through a 0.45 pm PTFE filter. GDGTs were analyzed using the
method described by Hopmans et al. (2016), except for using a flow of
0.3 mL min~! and a slightly adjusted solvent gradient, on a Dionex/
Thermo Scientific UltiMate3000 HPLC (equipped with two Acquity
UPLC HILIC columns, 2.1 x 150 mm) connected to a TSQ Quantum
Access Max Triple Quadrupole mass spectrometer and APCI ion source.
GDGTs were scanned using m/z windows 1017-1023, 1031-1037,
1045-1051 and 1290-1304. The relative abundances of isoprenoid and
branched GDGTs were manually integrated using the Xcalibur software
package. To validate the extraction protocol described above, eight soils
were also extracted in a similar way to the IAEA soils, by sonication with
DCM: MeOH 9: 1 (v/v) without prior acid hydrolysis, and this gave no
significantly different results.

The GDGT ratios are calculated following De Jonge et al., 2014a
(MBT’spmE, CBT’) and De Jonge et al., 2014b (IR [Isomer Ratio]), while
the DC’ (Degree of Cyclization) is modified after Sinninghe Damsté
etal., (2009). flapjeth, fIbyveth and flcyer, are calculated after Raberg et al.
(2021). IsoGDGT ratios are calculated after Schouten et al. (2002)
(TEXge) and Baxter et al., 2021 (ffCREN’]). To allow comparison of
isoGDGT and brGDGT concentrations, the BIT (Branched and Isoprenoid
Tetraether) index follows Hopmans et al. (2004), explicitly including 6-
methyl brGDGTs, and the Ri/b is calculated as in Xie et al. (2012). GDGT
structures are shown in Supp. Fig. 1:

MBT’smg = (Ia + Ib + Ic)/(Ta + Ib + Ic + Ia + IIb + Ilc + Ila) [Eq. 1]
CBT’ = "Ylog((Ic + IMa'+1Ib'+TIc'++TTa'++IITb'+IT1c')/(Ta + Tla + IMla))[Eq. 2]
[Eq. 3]
[Eq. 4]

IR = (Ila'+11Ia")/(Ia + Ila + Ia'+1Ia’)
DC’ = (Ib + IIb + IIb')/(Ia + Ila + Ila'+Ib + IIb + IIb")

flxpmern = Ix/(Ix 4 IIx + IIIx), with x denoting either a, b or ¢ compounds
(Supp. Fig. 1) [Eq. 5]

TEXgs = (GDGT2 + GDGT3 + cren’)/ (GDGTI + GDGT2 + GDGT3 +
cren’) [Eq. 6]
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f[CREN’] = cren’/(cren’+cren) [Eq. 7]

BIT = (Ia + Ia + Illa + IIa’+IIIa’)/(Ia + Ila 4 IIla + ITa’+1I1a’+cren)[Eq.
8]

Ri/b = XisoGDGTs/ZbrGDGTs [Eq. 9]

The performance of modified temperature calibrations proposed in
this manuscript (Calibration A-D and Eq. 10) is tested using a dataset of
global soils and peats published by Dearing Crampton-Flood et al.
(2019). MBT’smE, IR and Air MAT values are extracted from the same
database, Air GST values are extracted from CHELSA, based on the
published coordinates.

2.4. Statistical approaches
To describe environmental drivers on concentration changes, linear

correlations coefficients (pearson r-value) are reported for those corre-
lations with p < 0.05. An unconstrained principal component analysis

Table 1
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(PCA), based on standardized fractional abundances of i) 11 brGDGTs
(excluding compounds IIc, IIc’, ITIc and IIIc’) or ii) 6 isoGDGTs, is used to
visualize explained variance. Environmental variables are plotted a
posteriori in the ordination space. A redundancy analysis (RDA), in
combination with an automatic stepwise model building approach is
used to determine the environmental variables that explain a significant
amount of the GDGT variance, and the unique fraction of variance
explained by each of these parameters is determined using a partial RDA
(pRDA). The accuracy of calibration is reported using the RSME (re-
sidual standard mean error) and the squared Pearson correlation coef-
ficient. To correct for the influence of pH on the temperature
dependency of the MBT sy values, the IR (a brGDGT-based ratio that
correlates with soil pH), is included as a second explanatory variable in
the multiple linear regression model of the form MAT = a + b*MBT s5yg
+ c*IR. The statistical approach to find the lipid ratios that correlate best
with environmental variables, is outlined in Peterse et al. (2012) and De
Jonge et al., (2014a). Here, brGDGTs Illc and Illc’ were excluded, as

Correlation between air mean annual temperature (Air MAT), air growing season temperature (Air GST), soil mean annual temperature (Soil MAT), and soil mean
summer temperature (Soil MST), climate (MMP: mean monthly precipitation), AET (actual evapotranspiration), P/E (precipitation/evaporation ratio) and chemical

variables.
Air MAT (°C) Air GST (°C) Soil MAT (°C) Soil MST (°C) Air MAT (°C)

Air MAT (°C) / <0.001 <0.001 <0.001 /
range: 0.3-26.4 / 0.94 0.98 0.84 /
Air GST (°C) <0.001 / <0.001 <0.001 <0.001
range: 5.0-27.0 0.94 / 0.97 0.94 0.94
Soil MAT (0-5 cm, °C) <0.001 <0.001 / <0.001 <0.001
range: 1.0-25.0 0.98 0.97 / 0.92 0.98
Soil MST (0-5 cm, °C) <0.001 <0.001 <0.001 / <0.001
range: 6.0-25.3 0.84 0.94 0.92 / 0.84
MMP (mm/month) <0.001 <0.001 <0.001 <0.001 <0.001
range: 60-326 0.58 0.63 0.54 0.39 0.58
AET (mm/month) <0.001 <0.001 <0.001 <0.001 <0.001
range: 32-113 0.91 0.84 0.86 0.66 0.91
P/E <0.05 <0.05 <0.05
range: 1.1-4.3 —0.27 —0.26 —0.27
Soil pH <0.05 <0.01 <0.01 <0.001 <0.05
range: 2.5-6.7 0.23 0.32 0.31 0.44 0.23
35N (%0)
range: —1.5-8.5
8"3C (%o) <0.01 <0.01 <0.01 <0.05 <0.01
range: —29.9- —18.4 0.36 0.36 0.38 0.28 0.36
TC (%) <0.05
range: 0.1-45.4 —0.26
TN (%)
range: 0.1-2.3
C/N <0.05
range: 2.3-44.2 —0.24
H' (cmolc kg™1) <0.05
range: 0-61.3 —0.24
K* (cmolc kg™)
range: 0.1-2.0
Na* (cmole kg ™) <0.01 <0.01 <0.01 <0.01 <0.01
range: 0.01-0.89 0.33 0.35 0.36 0.37 0.33
Mn?** (cmolc kg™?)
range: 0.01-0.7
Ca*" (cmolc kg™ <0.01 <0.01 <0.01 <0.01 <0.01
range: 0.1-20.9 0.33 0.33 0.34 0.37 0.33
Mg?" (cmolc kg™1) <0.05 <0.05 <0.01 <0.01 <0.05
range: 0.1-6.6 0.30 0.26 0.30 0.33 0.30
AT (cmolc kg™)
range: 0.0-3.2
Fe®* (cmole kg’l)
range: 0.0-0.3
CEC <0.05 <0.05
range: 2-78 0.23 0.23
Zbases <0.01 <0.01 <0.01 <0.01 <0.01
range: 1-48 0.33 0.32 0.34 0.37 0.33
Smetals
range: 0.01-10
Basesaturation (%) <0.01 <0.05 <0.001
range: 3-100 0.34 0.26 0.46
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they are often below detection limit. To allow the calculation of the
ratios, the fractional abundance of lipids that are present below detec-
tion limit have been replaced by a random number between 0.0001 and
0.0002. For all calculations, R (version 4.2.2, R Core Team, 2021) and
the package vegan (Oksanen et al., 2022) were used.

3. Results and discussion

3.1. Comparing variation in soil chemistry and temperature with global
variability

The soil chemistry variability of the soils under study (n = 74),
represents the lower range of soil pH present on a global scale (pH < 7;
Slessarev et al., 2016). Especially the Indonesian soils can be charac-
terized by very low pH values (pH < 3), and high amounts of soil carbon
and free acidity (Supp. Fig. 3). As expected, low pH soils (3 < pH < 4)
show increased concentrations of exchangeable A1** and Fe3* (typically
Tanzania and Indonesia SG soils; for AI** see Supp. Fig. 3) while higher
pH soils (4 < pH < 7) show increased amounts of exchangeable bases
(typically soils from the Indonesia TC, and China transect, for Ca®* see
Supp. Fig. 3). The Air MATs extracted from CHELSA encompass a large
range, reflecting the different climate zones and elevations covered in
Austria (0.3-6.1 °C), Bolivia (4.6-20.3 °C), China (3.2-12.0 °C),
Indonesia (10.8-26.4 °C) and Tanzania (8.1-22.9 °C). As expected, Air
MAT correlates with mean Air GST (r = 0.94, p < 0.001; Table 1), Soil
MAT (r = 0.98, p < 0.001) and Soil Mean Summer Temperature (Soil
MST, r = 0.84, p < 0.001). In addition, mean monthly precipitation and
actual evaporation correlate with Air MAT (r = 0.58 and 0.91, respec-
tively, p < 0.001), resulting in a weak trend between Air MAT and the P/
E ratio (r = -0.27, p < 0.05; Table 1).

Linear correlations allow determination of which climate and soil
chemistry parameters covary with Air MAT, prior to interpreting cor-
relations with individual GDGTs. Soil TC (0.1-45.5 %), TN (0.1-2.3 %),
derived C/N ratios (w/w: 2.3-44.2) and bulk 8'°N (-1.5-8.5 %) show a
large variability that shows no or weak correlations with temperature
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parameters (Table 1). Bulk 813C (-29.9 - —18.4 %o), increases in this
dataset with temperature (0.28 < r < 0.38, p < 0.05). Furthermore, soil
pH generally increases with temperature parameters (0.23 < r < 0.44, p
< 0.05), as well as the exchangeable soil cations Nat, Ca?* and Mg?*
(0.26 < r < 0.37, p < 0.05; Supp. Fig. 3 for Soil MST). This results in a
statistically significant correlation between the soil chemical parameter
Ybases and temperatures (0.32 < r < 0.37, p < 0.01; Table 1). These
interdependencies will be considered when discussing the climate and
soil chemistry drivers on GDGT concentrations. However, the in-
terdependencies are unique to the mountain transects under study, and
should not be extrapolated to low-altitude soils on a global scale, as soils
in low-relief tropical landscapes generally have a lower pH and con-
centration of exchangeable cations, compared to mid- and high-latitude
soils (Slessarev et al., 2016). As vegetation and soil granulometry are not
included as parameters in this dataset, their proposed effect on soil
GDGTs (e.g., Liang et al., 2019) cannot be tested. However, large scale
changes in vegetation type and amount are captured indirectly by 5'3C,
C/N and TOC values.

3.2. Influence of soil chemistry and temperature on brGDGT
concentrations and proposed mechanisms

All 15 brGDGTs are encountered in the soils (Supp. Table 1), where
brGDGT Ia is the most abundant compound (fractional abundance,
28-89 %). 5-methyl brGDGTs Ila, IIb, Ilc, Illa, IIIb, IlIc (1.5-56 %) are
generally present in higher abundance than their 6-methyl counterparts
IIa’, IIb’, IIc’, IIIa’, IIIb’, IlIc’ (0.3-29 %). The summed concentration of
brGDGTs (only quantified in the 36 IAEA soils samples) varies between
160 and 5000 ng g soil~!. The concentration of individual brGDGTs,
normalized per g soil, is governed by one of three sets of drivers (Fig. 1A,
Supp. Table 2): (i) brGDGTs Ia, Ib, Ic, IIa, IIb, IIc and Ilc’ increase with
TN, TC content and free acidity, (ii) brGDGTs Ila and especially Illa and
Illc decrease with temperature, while (iii) the concentrations of
brGDGTs Ib, IIb, IIa’ and IIb’ increase with the concentration of
exchangeable cations (summarized as CEC and Xbases). After

Cc 1soGDGT (ng*g” soil) D IsoGDGT (ng*g’ TC)
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Fig. 1. Visual representation of the significant (p > 0.05) linear correlations between brGDGT (A-B) and isoGDGT (C-D) concentrations and environmental variables,
where colors indicate the value of the Pearson r-value. Concentrations are normalized either per g soil (A, C) or per g C (B, D). Environmental variables are Air MAT
= air mean annual temperature, Air GST = air growing season temperature, Soil MAT = soil mean annual temperature, Soil MST = soil mean summer temperature,
MMP = mean monthly precipitation, AET = actual evapotranspiration, P/E = precipitation/evaporation ratio, soil pH, 8'°N and 8'3C on bulk soils, total carbon (TC),
total nitrogen (TN), ratio of TC over TN (C/N), free acidity (H"), exchangeable cations K*, Na*, Mn?*, Ca?*, Mg?*, AI>* and Fe®*', and derived ratios Cation Ex-
change Capacity (CEC), sum of bases and metals (Zbases and Tmetals, respectively) and base saturation (Basesaturation).



C. De Jonge et al.

normalization on TC, brGDGT concentrations still respond to two of
these drivers, i.e., temperature and exchangeable cations, as the first set
(TN, TC and free acidity) strongly correlates with TC. Importantly, the
same compounds respond to temperature and exchangeable cations
when evaluating either concentration per gram soil, or TC-normalized
concentration, although the latter generally show slightly higher cor-
relation coefficients (Supp. Table 2). First, the total and TC-normalized
concentrations changes are discussed to identify potential mechanisms
(specifically, bacterial community change or membrane adaptation)
that drive the production of brGDGTs. Here, the shared increase in
concentration per g soil of tetramethylated and 5-methyl penta- and
hexamethylated brGDGTs with TN content (Fig. 1A) can be explained if
all of these compounds are produced by the same bacterial species (or
group of bacteria), that can potentially be active in the N cycle, as mi-
crobial biomass active in organic N mineralization has been observed to
increase with N content in several soil grain sizes (Hassink, 1995). Given
that the capacity to depolymerize organic N is especially strongly
expressed in the phylum Acidobacteria (Nguyen et al., 2019), which has
been proposed to host the producers of brGDGTs, we suggest that the
producer(s) of brGDGTs function(s) as generalists (i.e., mineralizing
organic N). Superimposed on the observed increase with TN, the con-
centration of the major brGDGT Ia shows an increase with free acidity. A
previous study has linked this to a change in the bacterial community
composition (Halffman et al., 2022), where amidst several clades an
increase in Acidobacteria subgroups 1 and 3 is observed. The concen-
tration increase of brGDGT Ia in soils with free acidity potentially re-
flects a contribution of an additional bacterial producer in these low pH
soils as well.

Based on our data, collected along 6 elevation transects, a direct
impact of temperature on the concentration of brGDGT Ia is thus not
supported (Fig. 1A; Supp. Table 2). Specifically, we found no link be-
tween the concentration of brGDGT Ia with either temperature param-
eters or the P/E ratio, indicating that free acidity, or another, untargeted
soil parameter, is the main driver of the production of brGDGT Ia in the
soils along the elevation transects. Instead, brGDGT Ila, Illa and Illc
show a temperature response, decreasing in concentration in warmer
soils (Fig. 1A-B). The concentration of brGDGT Ila seems to be influ-
enced both by pH and temperature (high values only in acid soils, and
low values generally in warm alkaline soils), while IIla only shows a
temperature effect (Fig. 1A-B). Culture studies have shown the increase
in fractional abundance of brGDGTs Ila and Illa in cold growth envi-
ronments (Chen et al., 2022; Halamka et al., 2023), which indicates that
a membrane adaptation potentially explains the variation in brGDGTs
IIa and Illa. However, as temperature-driven concentration changes of
individual brGDGTs in cultures have not been reported, it is not a
conclusive explanation for the observed concentration changes in soils
yet.

The concentration changes of two other groups of compounds, pen-
tamethylated 6-methyl brGDGTs Ila’, IIb’ and IIc’, as well as the
cyclopentane-containing brGDGTs (Ib, Ic, IIb, Ilc, IIIb) show subtle dif-
ferences that can be related to a change in bacterial producer (Fig. 1A-B,
Supp. Table 2). Specifically, 6-methyl brGDGTs (Ila’, IIb’, IIc’) show
strong correlations with cation concentrations (Fig. 1A-B), while
cyclopentane-containing tetramethylated and 5-methyl GDGTs (Ib, Ic,
IIb, Ilc, IIIc), correlate mainly with TN, similar to the major brGDGTs Ia
and Ila. Their shared correlation with cations becomes more apparent
after TC-normalization (Fig. 1A-B). A separate bacterial source for 6-
methyl brGDGTs is supported by work with pure cultures (Sinninghe
Damsté et al., 2018), where 6-methyl brGDGT precursors are so far
encountered exclusively in Acidobacteria subgroup (SG) 6. In addition,
environmental studies have linked 6-methyl GDGT concentrations to
increases in the relative abundance of Acidobacteria SG 4 and 6 (De
Jonge et al., 2021). Although GDGT-based ratios based on these com-
pounds are calibrated against soil pH on the global scale (De Jonge et al.,
2014a; Xiao et al., 2015), soil pH shows a weaker correlation with the
concentration of these compounds compared to Mn?" and Ca?'. In
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Fig. 2. PCA based on standardized fractional abundances of brGDGTs. Envi-
ronmental variables (plotted a posteriori) are Air MAT = air mean annual
temperature, Air GST = air growing season temperature, Soil MAT = soil mean
annual temperature, Soil MST = soil mean summer temperature, AET = actual
evapotranspiration, MMP = mean monthly precipitation, PE = precipitation/
evaporation ratio, total carbon (TC), total nitrogen (TN), §'3C and §'°N on bulk
soils, free acidity (H"), exchangeable cations K*, Na*, Mn?*, Ca®*, Mg?*, AI>*
and Fe3+, and derived ratios Cation Exchange Capacity (CEC), base saturation
(BS) and sum of bases and metals (Xbases and metals, respectively).

natural settings, a direct response of 6-methyl brGDGTs to increasing
concentration of exchangeable Ca?* has been observed by Halffman
etal. (2022). Similar to their interpretation, we propose that an increase
in Ca?*, a known driver of increases in Acidobacteria SG 4, 6 and 7 (in
addition to Mg2+; Kielak et al., 2016), caused the increased abundance
of 6-methyl brGDGTs Ila’, IIb’ and IIc’. Mn2+, a redox-sensitive cation, is
not identified as a driver of GDGT distributions along a single altitudinal
transect by Halffman et al. (2022), nor is it known as a strong driver of
bacterial community changes (Navarrete et al., 2013). Still, based on the
observed correlations it should be considered as a possible driver for the
production of 6-methyl and cyclopentane-containing brGDGTs (0.35 < r
< 0.70, p < 0.05; Fig. 1A-B, Supp. Table 2B) in soils.
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Fig. 3. Fractional abundance (%) of A) brGDGT Ia, B) IIa and C) Illa. Plotted vs Air MAT (left panels) and soil pH (measured in 1 M KCl; right panels). The black line

plots the regression line for significant correlations (r-value reported).

3.3. Influence of soil pH and temperature on brGDGT relative
distributions and MBT sy, CBT’, IR, and DC’ proxies

The environmental distribution of the fractional abundances of
brGDGTSs (nsamples = 74) reflects the impact of both temperature and soil
chemistry (Supp. Table 3). To investigate the combined drivers on
brGDGT fractional abundances, a PCA based on the standardized frac-
tional abundance of 11 brGDGTs that are consistently present above
detection limit (excluding compounds Ilc, IIc’, Illc and Illc’) was per-
formed (Fig. 2). An RDA is used to identify the drivers that explain
significant amount of variation in GDGT fractional abundances (Supp.
Fig. 4A). For brGDGTs, 69 % of the variance can be explained by changes
in Air MAT, Air GST, Soil MAT, §'3C, Mg?", pH and K* (Supp. Fig. 4C;
Supp. Table 6), which dominantly reflect those environmental variables
that are driving the concentration changes (Fig. 1A-B).

MBT sy values [Eq. 1] vary between 0.38 and 0.99, which corre-
sponds to 72 % of the full range encountered on a global scale (Dearing
Crampton-Flood et al., 2020). The different impact of Air MAT and soil
pH on the fractional abundance of the three most abundant brGDGTs
that determine variation in the MBT’ sy, i.e., brGDGT Ia, Ila, Illa, has
been visualized in Fig. 3. Here, panel A shows the impact of both soil pH
and Air MAT on brGDGT Ia (|r|>0.47, p < 0.001), while panels B and C
show the temperature dependency on brGDGT Ila and Illa, and no
correlation with soil pH. As the concentration of brGDGT Ia does not
correlate with temperature, this implies that the fractional abundance of
brGDGT Ia (Fig. 3A) only increases with temperature by virtue of
decreasing concentrations of the more methylated GDGTs. This is also
clear from the PCA, where brGDGT Ia plots opposite brGDGT Ila and IIIa
(Fig. 2). Because of the earlier established relationship between brGDGT
Ia and free acidity, a correlation between the fractional abundance of
brGDGT Ia and pH (r = -0.47, Fig. 3A) is observed, which results in high
MBT’ 5 values in low pH soils (Fig. 4A-B). Specifically, acidic soils with

pH < 3.7, generally have a warm to very warm bias in reconstructed
temperature (offset varies between —2.9 to + 10.3, average = +4.2 °C, n
= 23, Fig. 4B). The unique effect of temperature on the fractional
abundance of brGDGT IIla was previously shown across a hydrothermal
warming gradient in soils (De Jonge et al., 2019), and along an altitu-
dinal transect (Véquaud et al., 2021). Furthermore, the dependency of
fractional abundance of brGDGT Ia with soil pH (pH range 2.5-7.6) and
free acidity (range 0-61 cmolc kg™!) remains valid when previously
published data (Halffman et al., 2019 and Véquaud et al., 2021) are
included (Supp. Fig. 5). Importantly, this pH effect is fundamentally
different from the impact of 6-methyl brGDGTs as described in De Jonge
et al. (2021) who showed that the concentration increase in 6-methyl
brGDGTs in high pH soils (pH > 6.3) results in a decrease in the rela-
tive abundances of Ia, Ila and Illa. This impacts the MBT 5y due to a
change in the relative abundances of brGDGT Ia, IIa and IIla between
high and low pH soils. De Jonge et al. (2021) proposed that this change
in relationship with pH occurs at around 6.3 and is potentially caused by
the change in microbial composition that occurs between alkaline and
acid soils. Thus, while across larger pH gradients, pH dependent changes
in the fractional abundance of brGDGT Ila and Illa have been observed
(De Jonge et al., 2021), within low pH soils this effect is expected to be
absent, which is confirmed here, as there is no correlation between the
fractional abundance of IIa and IIla and pH (Fig. 3B-C, Supp. Table 3).
Instead, it is the correlation between Ia and pH that results in a consis-
tent overestimation of MBT sy values in soils with a low pH. Although
the MBT’ 5 was introduced to remove the effect of alkalinity-promoted
6-methyl brGDGTs (De Jonge et al., 2014a), a pH dependency thus still
remains in low pH soils.

Still, a good correlation of the MBT’ 5y index with Air MAT is
observed (r = 0.85, p < 0.001, RSME of reconstructed temperature = 2.7
°C, Fig. 4A), which is similar to the correlation with Air GST (r = 0.86, p
< 0.001) and Soil MAT (r = 0.84, p < 0.001) [Table 2]. The correlation is
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Fig. 4. BrGDGT ratio values plotted against Air MAT (air mean annual temperature; left panels) and pH (measured in 1 M KCl; right panels). A) MBT sy values, B)
offset between measured Air MAT values and reconstructed temperatures (based on De Jonge et al., (2014a) MBT’syg calibration [MATrec = -8.57 +
31.45*MBT 5pe]), C) CBT’ values, D) DC’ values, E) IR values. The black line plots the regression line for significant correlations (r-value reported).

not improved by using alternative GDGT-based ratios. For instance,
Raberg et al. (2021) proposed to use methylation indices, calculated
separately for only the compounds with 0, 1 or 2 cyclopentane groups, as
temperature proxies instead of the MBT’5yg. Although the flayewm, fIb-
Meth and fleyen [Eq. 5] all correlate with Air MAT (r = 0.85,r =0.70,r =
0.62, respectively, p < 0.001, Table 2), fIbyem and flcye also show
correlations with exchangeable cations, that are not present in the
MBT sy and flaye, indicating a confounding effect of soil chemistry
on the former ratios (Table 2).To improve the accuracy of the MBT s5ug
ratio based on this well understood dataset, we test the performance of
two correction factors to the global calibration using the MBT 5yig proxy.
Firstly, we test a correction for the impact of pH on the MBT’ 5y by
establishing a multiple linear regression that includes both the MBT’ 5
and a GDGT-based pH proxy, the same approach that was used for the
MBT’ and CBT model (Weijers et al., 2007; Peterse et al., 2012). This
calibration allows to correct mathematically for an offset in the

reconstructed temperature values. In this dataset, three previously
established ratios (IR, CBT’ and DC’) show a strong correlation with soil
pH (0.78 < r < 0.84, p < 0.001, Table 2). Including IR ratio values in a
multiple linear regression results in a decrease in the RSME from 3.4 °C
(r = 0.85) to 3.1 °C (r = 0.88) on the relationship of brGDGTs with
temperature [Calibration B]. Similar attempts using CBT” or DC’ instead
of IR do not further improve the performance of the model, so only the
variant with the IR is discussed here.

Air MAT = -11.21 + 33.58*MBT’ 5\ [Calibration A, RSME = 3.4 °C, r =
0.85, n = 74]

Air MAT =-10.50 + 30.15*MBT’spmg + 8.44*IR [Calibration B, RSME = 3.1
°C,r=0.88,n =74]

While the pH correction removes the correlation between the re-
sidual and pH (Fig. 4B, Supp. Fig. 6B) and improves the accuracy in the
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Table 2
Correlation between environmental variables and selected GDGT-based ratios MBT sy, CBT’, IR, DC’, flameth, fIbmetn, fICmeth, TEXgs, f{CREN’1, BIT, Ri/b [Eq. 1-91.

MBT svg CBT’ IR DC’ flameth fibmetn flcmeth TEXge f[CREN’] BIT Ri/b

Air MAT (°C) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.05

range: 0.3-26.4 0.85 0.51 0.85 0.70 0.62 0.44 -0.30

Air GST (°C) <0.001 <0.001 <0.01 <0.001 <0.001 <0.001 <0.001 p < 0.05

range: 5.0-27.0 0.86 0.59 0.32 0.84 0.71 0.66 0.46 -0.27

Soil MAT (0-5 cm, °C) <0.001 <0.001 <0.05 <0.001 <0.001 <0.001 <0.001 <0.01

range: 1.0-25.0 0.84 0.60 0.28 0.83 0.66 0.59 0.47 -0.36

Soil MST (0-5 cm, °C) <0.001 <0.05 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.05

range: 6.0-25.3 0.71 0.28 0.69 0.43 0.70 0.56 0.54 0.49 —0.42 0.27

MMP (mm/month) <0.001 <0.05 <0.001 <0.001 <0.001 <0.01 p < 0.01 <0.001

range: 60-326 0.68 —-0.27 0.68 0.74 0.70 —-0.38 0.32 —0.45

AET (mm/month) <0.001 <0.001 <0.001 <0.001 <0.001 <0.01

range: 32-113 0.82 0.41 0.82 0.77 0.64 0.33

P/E <0.01 <0.05 <0.01 <0.01 <0.001 <0.001

range: 1.1-4.3 —0.32 —0.24 —0.32 -0.35 0.45 —0.55

Soil pH <0.001 <0.001 <0.001 <0.01 <0.01 <0.01

range: 2.5-6.7 0.84 0.79 0.78 0.34 -0.32 0.35

5'°N (%0) <0.01 <0.01 <0.001 <0.001 <0.05 <0.01 <0.001

range: —1.5-8.5 -0.31 —0.30 —0.44 —0.45 0.27 -0.31 0.50

513C (%0) <0.01 <0.01 <0.05 <0.05 <0.05

range: —29.9- —18.4 0.35 0.35 0.28 0.29 —-0.31

TC (%) <0.001 <0.001 <0.001 <0.01 <0.05 <0.05 <0.01

range: 0.1-45.4 —-0.50 —0.46 -0.38 0.32 0.30 0.27 —0.32

TN (%) <0.01 <0.001 <0.01 <0.05 <0.05

range: 0.1-2.3 —-0.35 —0.41 0.30 0.23 —0.24

C/N <0.05 <0.001 <0.01 <0.01 <0.05 <0.01 <0.01 <0.01 <0.05 <0.05 <0.001

range: 2.3-44.2 0.25 —-0.50 —0.34 -0.35 0.27 0.36 0.33 -0.38 —-0.32 0.27 -0.39

H' (cmolc kg™ 1) <0.001 <0.001 <0.001

range: 0-61.3 -0.57 —-0.49 —0.41

K" (cmole kg ™) <0.05 <0.05 <0.05 <0.05

range: 0.1-2.0 0.24 0.24 0.25 —-0.24

Na™ (cmolc kg™!) <0.05 <0.001 <0.001 <0.001 <0.05 <0.05

range: 0.01-0.89 0.24 0.46 0.59 0.42 0.25 -0.28

Mn?* (cmolc kg™1) <0.001 <0.001 <0.001 <0.05

range: 0.01-0.7 0.57 0.46 0.50 0.24

Ca?* (cmolc kg™) <0.001 <0.001 <0.001 <0.01 <0.001

range: 0.1-20.9 0.61 0.67 0.62 0.36 -0.36

Mg*" (cmolc kg ™) <0.001 <0.001 <0.001 <0.01 <0.001

range: 0.1-6.6 0.54 0.58 0.48 0.34 —0.48

AP* (cmole kg ™) <0.05 <0.01 <0.01 <0.05 <0.05 <0.001

range: 0.0-3.2 —-0.27 —-0.33 —0.34 -0.26 -0.29 0.65

Fe** (cmolc kg™) <0.01 <0.001 <0.05 <0.01 <0.05 <0.001

range: 0.0-0.3 -0.35 —-0.39 —0.29 -0.36 -0.25 0.63

CEC <0.05 <0.05 <0.05 <0.01

range: 2-78 0.28 0.27 0.29 0.37

Tbases <0.001 <0.001 <0.001 <0.01 <0.001

range: 1-48 0.60 0.67 0.61 0.37 —0.40

Tmetals <0.05 <0.05 <0.05 <0.05 <0.001

range: 0.01-10 —-0.28 -0.28 -0.28 -0.28 0.67

Basesaturation (%) <0.001 <0.001 <0.001 <0.01 <0.05

range: 3-100 0.71 0.73 0.71 0.29 —0.29

dataset for low pH soils, the reconstructed temperatures in Austria are
still overestimated (Supp. Fig. 6B). In addition, the calibration with pH
correction performs worse on the global scale (Calibration B: RSME of
7.2°C, r = 0.70) compared to the application of the MBT 5y, calibration
without a pH correction (Calibration A: RSME of 5.7 °C, r = 0.79). This
indicates that the environmental conditions in our elevation transects
are not directly comparable to the variability in the global soil dataset,
possibly due to the narrow range of soil pH in this dataset (2.5-6.7).

A next approach in aligning MBT sy values and temperature is to
exclude unfavorable growth conditions for heterotrophic bacteria, i.e.,
when the ground is frozen and dry (Nikrad et al., 2016). Following the
approach of Dearing-Crampton Flood et al. (2020) and Naafs et al.
(2017), we thus calibrate a model that reflects Air GST. Calibrating the
MBT sy with GST, results in a slightly improved fit when compared to
MAT, reducing the RSME to 2.7 °C, r = 0.86 [Calibration C].

Air GST = -4.56 + 26.28* MBT s [Calibration C, RSME = 2.7 °C, r = 0.86,
n = 74]

As the low pH Austrian soils, that showed a large offset with
reconstructed temperatures (Fig. 4B), are frozen part of the year, they
now fit the general trend much better (Supp. Fig. 6D). Although corre-
lation with Air GST has resulted in correcting for the high MBT s5yg
values in the Austrian soils, the low pH Indonesian SG soils are still offset
from the correlation. Since the residuals of this calibration show a strong
relationship with pH, the IR can be included again as a correction. This
results in a calibration that allows to reconstruct Air GST with a RSME of
2.2°C:

Air GST = -3.82 4 22.71 *MBT’ 5y + 8.78 *IR [Calibration D, RSME = 2.2
°C,r=0.91,n=74]

Testing the performance of calibrations C and D on a global scale, the
Air GST is reconstructed with an RSME of 4.0 °C for both (r = 0.79 and
0.72, respectively), compared to RSME of 5.7 °C (r = 0.79) for the
Calibration A. The fit (r-value) between MBT 5y and temperature on
the global scale is thus not improved by using Air GST temperature. The
RSME cannot be compared, as the range in Air GST values (1.7-28.1 °C),
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and thus the associated RSME, is smaller compared to the range in Air
MAT values (-17.7-28.5 °C) used in the original calibration. Evaluating
the performance of calibrations A-D, and knowing that pH is a driving
factor of MBT sy offsets in this dataset (Fig. 4B), the IR-based pH
correction is a valid approach to improve the accuracy in the elevation
transects (Calibrations B and D). Although Air GST does not show a
stronger correlation with GDGT concentrations compared to Air MAT,
employing a calibration against Air GST improves the accuracy of the
calibration. However, this improvement is based dominantly on the low
PH soils that are partly present at a location where soils are frozen part of
the year (Austria). Hence, the improvement of the calibration using GST
should thus in part be attributed to the pH effect. The best understood
and mechanistically supported correction is thus applied in Calibration
B.

Finally, we employ a statistical approach to further improve the
description of the brGDGT-temperature relationship in the elevation
transects (c.f. De Jonge et al., 2014a). The following ratio was found to
correlate best with Air GST (r = 0.90, RSME = 2.2 °C, p < 0.001; Supp.
Table 3), in addition showing a good correlation with Air MAT (r = 0.86,
RSME = 3.3 °C, p < 0.001; Supp. Table 3):

(Illa + IIb + IIb’+ Ia + Ib)/(Illa + IIIa’+ Illc + Ila + IIb + Ia + Ic)(Eq. 10)

The accuracy of this correlation and associated calibration (Supp.
Table 4) is similar to Calibration B, with a slightly increased RSME.
Temperature-dependent variation is caused by the introduction of
brGDGT Ila in the denominator, a compound that decreases in concen-
tration with temperature. On the other hand, several compounds that
are driven by pH appear both in the numerator and denominator, and
the physical basis of the ratio is therefore not yet clear. Looking at the
fractional abundances in the PCA, the incorporation of the compounds
IIa and IIla’ in the denominator, and Ib and IIb’ in the nominator, all
compounds with high loading on PC2 (Fig. 2), match their incorporation
in the temperature proxy. Ic in the denominator on the other hand, is
unexpected, as this compound increases in relative abundance with
temperature. Furthermore, the ratio includes several compounds that
are not present in high abundances, which will make application in
geological archives with low GDGT concentration problematic. As such,
for future studies we recommend to use the MBT 5y, rather than Eq. 10,
for temperature reconstructions. In low pH soils (pH < 6.7), Calibration
B can be applied.

3.4. brGDGT ratios to constrain soil chemistry changes

To increase the reliability of the MBT 5y as a proxy for soil tem-
perature, contemporary changes in soil chemistry need to be constrained
as part of the past environmental reconstruction. For changes in soil pH,
the CBT’, IR and DC’ can be applied. The CBT’ ratio ranges between
—2.0 and —0.3 (Supp. Table 1) and is driven both by the 6-methyl
brGDGTs and cyclopentane-containing brGDGT Ic [Eq. 2]. The IR
(0.01 - 0.73; Supp. Table 1) captures only variation in 6-methyl
brGDGTs [Eq. 3], while the DC’ (0.01 — 0.28; Supp. Table 1) captures
the variation in cyclopentane-containing compounds Ib, IIb and IIb’ [Eq.
4]. The DC’ and IR correlate significantly (Supp. Fig. 7) and all three
ratios show the strongest correlation with soil pH (0.78 < r < 0.84, p <
0.001, Table 2, Fig. 4C-E), although exchangeable bases are interpreted
to be the environmental driver of 6-methyl brGDGTs and cyclopentane-
containing 5-methyl brGDGTs. In addition, these proxies show a corre-
lation with several temperature parameters (Table 2). Although this
indicates a potential confounding effect of temperature, it potentially
reflects the correlation between temperature and soil pH on this scale
(Table 1).

To develop proxies for exchangeable bases in soils, we build on the
observation that exchangeable Ca?t and the Sbases in soils drive the
concentrations of certain cyclopentane-containing brGDGTs (Ib, IIa’,
IIb’: Supp. Table 2). The summed fractional abundance of these
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compounds equals Eq. 11 (Supp. Fig. 8; Supp. Table 4):

(Ib + IIa’+IIb*) / (ZbrGDGTs) [Eq. 11]

Eq. 11 values correlate well with both Xbases (r = 0.73, p < 0.001)
and exchangeable calcium (r = 0.74, p < 0.001). As this ratio is devel-
oped based on soils that cover a large temperature gradient, it can
potentially be applied to reconstruct soil Xbases and exchangeable cal-
cium in different climate regimes. An approach where the statistically
best correlation is determined, results in a ratio that correlates strongly
with both Xbases and exchangeable calcium (r = 0.81 and r = 0.79,
respectively (p < 0.001), Supp. Fig. 8; Supp. Table 4):

(Ib + Ic + ITa + IIb’+1IIa + IIb)/(Ib + Ic + Ila + Ilc + IIla + IIIb + IlIc)[Eq.
12]

This ratio reflects the increase of brGDGTs Ilc and IIlc in soils with
increased exchangeable bases. Despite the better performance of this
ratio, brGDGTs Ilc and Illc are only minor compounds in most soils,
which makes this ratio suitable only for archives with sufficient material
or sufficiently high brGDGT concentrations.

3.5. Influence of soil chemistry and temperature on isoGDGT
concentration, relative abundance and temperature proxies

IsoGDGTs are present at concentrations of 1-1700 ng g*1 soil (Supp.
Table 1). Except for isoGDGTO, the concentration of all isoGDGTs cor-
relates strongest with free acidity and soil TC (Fig. 1C). In the non-arid
soils under study, the isoGDGT1-3, crenarchaeol and cren’ generally
follow the same concentration changes (Fig. 1C; Supp. Table 5), indi-
cating that they are potentially derived from the same source organisms.
As crenarchaeol and cren’ are produced exclusively by Thaumarchaeota,
we propose that isoGDGT1-3 are also dominantly produced by Thau-
marchaeota in the soils under study. This has been identified as an
important prerequisite for the application of the TEXge in the marine
system, as contribution of non-Thaumarchaeotal isoGDGTs makes the
TEXge invalid as a temperature proxy (e.g., Pancost et al., 2001; Zhang
et al., 2011; Wang et al., 2017b). Although the dominant producer of
minor isoGDGTs in these soils is interpreted to be Thaumarchaeota, the
values of the isoGDGTO0/cren ratio in these soils vary between 0 and 112,
which indicates that the producer of GDGTO does not produce minor
isoGDGTs 1-3. However, in specific soils, variations in the concentration
of individual Thaumarchaeotal lipids show a distinct response. Specif-
ically, isoGDGT1 and 2 show the strongest correlation with exchange-
able AI** concentration in soils, and isoGDGT3 and cren’ show the
strongest correlation with high free acidity (Fig. 1C, Supp. Table 5, Supp.
Fig. 9A for isoGDGT?2). Although soil Thaumarchaeota are dominantly
members from the I.1b lineage, potential additional producers of the
Thaumarchaeotal isoGDGTs in high acidity soils (that also have high
amounts of exchangeable AI**) are Thaumarchaeotal group 1.1c, 1.3 or
SAGMCG lineages (Lehtovirta-Morley et al., 2011; Tripathi et al., 2013,
2015; Oton et al., 2016). While archaea from subgroups 1.1c and 1.3 are
uncultured and have not been subjected to lipid profiling, SAGMCG
member Nitrosotalea devanaterra has been shown to produce isoGDGTs
(Lehtovirta-Morley et al., 2016; Elling et al., 2017). Concentration
changes of crenarchaeol, that correlate significantly with MAT, soil CEC
and Xbases (shown for Air MAT in Supp. Fig. 9B), can also potentially be
related to archaeal community change. In soil mesocosms, the relative
contribution of archaeal members from subgroup I.1a and a subset of
members from I.1b has been seen to increase with soil temperature
(Tourna et al., 2008). A change in archaeal community composition,
possibly within subgroup 1.1b, thus possibly drives the increase of the
temperature-sensitive isoGDGT crenarchaeol.

TC-normalization removes the original correlation with H* and AI3*,
where TC-normalized concentrations of isoGDGT1, 2 and 3, cren-
archaeol and cren’ decrease with increasing P/E conditions, reflecting a
relative increase in drier soils (Supp. Table 5B, Supp. Fig. 9B). This is
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Fig. 5. PCA based on standardized fractional abundances of isoGDGTs. Envi-
ronmental variables (plotted a posteriori) are Air MAT = air mean annual
temperature, Air GST = air growing season temperature, Soil MAT = soil mean
annual temperature, Soil MST = soil mean summer temperature, AET = actual
evapotranspiration, MMP = mean monthly precipitation, PE = precipitation/
evaporation ratio (P/E), total carbon (TC), total nitrogen (TN), 5'3C and 5'°N
on bulk soils, free acidity (H"), exchangeable cations K*, Na*, Mn>*, Ca®*,
Mg2+, AI®* and Fe3*, and derived ratios Cation Exchange Capacity (CEC), base
saturation (BS) and sum of bases and metals (Zbases and Zmetals, respectively).

consistent with the largely aerobic niche (Stieglmeier et al., 2014) of
ammonia oxidizing ecology of the 1.1b (and SAGMCG) Thaumarch-
aeotal producer in soils (Pester et al., 2011). Only for crenarchaeol, a
better correlation with temperature is observed. As soils with higher
concentrations of exchangeable cations are present at higher tempera-
tures along the mountain transects in this dataset, TC-normalized
crenarchaeol concentration also correlates positively with exchange-
able bases (Fig. 1D, Supp. Table 5B). Contrasting with previous obser-
vations by Weijers et al. (2006), who proposed a preferred production of
crenarchaeol in soils with pH > 6, crenarchaeol abundance does not
correlate with soil pH values in the aerobic soils under study. It also
differs from the conclusions from Blewett et al. (2020), who reported an
increased concentration of crenarchaeol in wetlands with neutral pore
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water pH (pH = 6.8) compared to more acid wetlands. Instead, in the pH
range of the dataset under study, soil temperature is identified as a
potential driver of crenarchaeol concentration in soils, in addition to soil
moisture availability.

The PCA of the relative abundances of isoGDGTs in the elevation
transects (Fig. 5) illustrates that the fractional abundances of isoGDGTs
are indeed dominantly driven by temperature (PC1, 46 % of the variance
explained) and soil chemistry parameters (PC2, 32 % of variance
explained). The fractional abundances of isoGDGT2 and 3 correlate with
Air MAT and the other temperature parameters on PC1, explaining 46 %
of the variance, which is at the basis of the temperature dependency of
the TEXge. An RDA is performed, revealing that only 36 % of the vari-
ance in isoGDGTs can be explained by the parameters available in the
dataset. Of these, temperature parameters are the most relevant (Supp.
Fig. 4B). A positive correlation between TEXge values in soils and Air
MAT has been observed before (e.g., Yang et al., 2016), and a weak but
positive correlation is observed here with Air MAT (r = 0.45, p < 0.001,
r=0.55, p < 0.001 for TEXge > 0; Supp. Fig. 9C), and a slightly stronger
correlation with Soil MST (r = 0.49, p < 0.001, r = 0.61, p < 0.001 for
TEXge > 0; Supp. Fig. 9C). As the TEXgg includes isoprenoid compounds
that decrease in concentration with an increase in P/E (GDGT1 and 2),
but also compounds that increase with temperature (GDGT3, cren’), the
mechanism of increasing TEXgg values in soils might depend both on
decreasing soil moisture availability, as well as increasing temperatures.
Indeed, when included in a linear model with multiple predictors, P/E is
identified as a significantly contributing variable (p < 0.05), although it
only explains an additional 5 % of variance in the TEXgg values (30 % of
variance explained increases to 35 % explained). The direction of the
effect indicates that the TEXge values at sites with high P/E values
(generally low temperatures in this dataset), will be decreased. In
addition, the PCA reveals that the correlation between crenarchaeol,
cren’ and Xbases is independent from the variation in temperature,
which is confirmed by the RDA (Supp. Fig. 4D). However, bases is not
identified as a confounding factor for TEXgg values in a multiple pre-
dictor linear model.

To improve the correlation between TEXgg and temperature in soils,
we used a statistical approach and found that the best ratio that corre-
lated with Air MAT and Air GST was defined as follows:

(GDGT2 + GDGT3)/GDGT1 [Eq. 13]

The correlation coefficients for this ratio with Air MAT (r = 0.56, p <
0.001, RSME = 5.4 °C, n = 68, Supp. Fig. 9C) and Air GST (r = 0.57, p <
0.001, RSME = 4.1 °C, n = 68) are higher than calculated for the TEXgg
(r = 0.45 and 0.46, for Air MAT and Air GST respectively), but the ratio
still performs poorly compared to the brGDGT temperature calibrations
(0.86 > r > 0.71). Eq. 13 reflects the temperature-dependent increase in
TC-normalized concentration of isoGDGT2 and 3, compared to the
variation in isoGDGT1, and excludes cren’. Importantly, not all soils in
the dataset have quantifiable concentrations of isoGDGT1, 2 and 3 (Eq.
13 cannot be determined for six soils), and application of this ratio might
thus be limited to soils with higher concentrations of isoGDGTs.

In addition to the variation explained by temperature and soil
moisture availability (P/E), soil chemistry impacts TC-normalized con-
centrations of isoGDGTs and their distributions, with the TC-normalized
concentrations of GDGT3 and cren’ still showing a weak correlation with
soil exchangeable AI** (Fig. 1D, Supp. Table 5, Supp. Fig. 9B), indicating
that GDGT2, 3 and cren’ are produced in soils with exchangeable A13*.
Crenarchaeol on the other hand, remains low in soils with high
exchangeable aluminium (Supp. Fig 9B). The mechanism that drives the
different behavior of crenarchaeol and its isomer can be elucidated
further using the f[CREN’] ratio [Eq. 7]. While the range of f{CREN’]
ratio values (0.04-0.42) supports the expected dominance of Thau-
marchaeotal group I.1b in these soils (group I.1b cultured members
typically have f[CREN’] values between 0.23 and 0.35; Bale et al., 2019)
we postulate that the synchronous increase of several isoGDGTs in
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response to exchangeable AI** influence f{CREN’] values in this dataset.
A temperature-dependent response of the f{CREN’] ratio as observed in
cultures (Bale et al., 2019) is not observed here. The mechanism of the
variation with AI** is only poorly constrained. For instance, the
isoGDGT producing SAGMCG lineage has been described to produce low
amounts of crenarchaeol and high amounts of GDGT2 and 3 (and also
GDGT 4, which has not been measured in this dataset), which can
explain a change in GDGT distribution. However, specifically the f
[CREN’] value in one cultured SAGMCG member was not high (0.1,
Elling et al., 2017), which would need to be explained before invoking a
SAGMCG GDGT source. If not caused by a change in archaeal commu-
nity composition, the f{fCREN’] can instead increase as a direct response
to soil metal concentrations.

3.6. Developing isoGDGT ratios as soil moisture availability and
exchangeable AI>* proxies

Since AI** or Smetals, and soil moisture availability impact GDGTs
present in the TEXgg, we tried to develop ratios that could be used to
constrain the variability of these parameters in geological archives. For
soil exchangeable AI>* and Tmetals, the statistically best ratio is iden-
tical to the f[CREN’] ratio (Baxter et al., 2021). Its values correlate
strongly with the concentration of AP and Fe3* (Table 2) and Tmetals
(r = 0.67, p < 0.001, r increases to r = 0.83, p < 0.001 when only
samples with f[CREN’] larger than 0 are included, i.e., samples where
cren’ is above detection limit; Supp. Fig. 9C). Importantly, this de-
pendency is driven mainly by Tanzanian soils, and measuring f{CREN’]
values in soils with medium and high amounts of exchangeable metals
will be needed to confirm the interpretation of this ratio.

As the P/E value (soil moisture availability) impacts the TC-
normalized concentration of all thaumarchaeotal isoGDGTs, it was not
possible to develop an isoGDGT ratio that shows a strong correlation
with P/E values (r < 0.40). However, as mean monthly precipitation
(MMP) correlates with crenarchaeol, and does not correlate with
GDGTS3, a ratio based on isoGDGTs can be developed that tracks MMP (r
= 0.61, p < 0.001, RSME = 47 mm month~}, n = 69, Supp. Fig. 8):

MMP (mm month’l) = (GDGT1 + GDGT3)/(GDGT1 + cren) [Eq. 14]

This ratio is driven by the low concentrations and fractional abun-
dances of crenarchaeol in soils that receive substantial precipitation,
while the fractional abundance of GDGTS3 is increased in these soils
(Supp. Table 3). However, as no ratio could be developed tracing P/E
values based on changes in distribution of isoGDGTs, alternative ratios
that compare the abundance of brGDGT and isoGDGTs (Ri/b and BIT
index) are evaluated next.

3.7. Validating Ri/b and BIT indices as soil moisture proxies

Previous studies showed that the BIT index and Ri/b index decrease
and increase respectively with increasing soil aridity, either at a
threshold in MAP (<600 mm yr_l; Xie et al., 2012, <750 mm yr_l;
Dirghangi et al., 2013), or as a continuous response to decreasing soil
water content (SWC; 0-30 % SWC, 2017¢,0-60;Wang et al.,% SWC,
Dang et al., 2016). In this study, isoGDGTs are present in lower con-
centration compared to the brGDGTs, resulting in high BIT and low Ri/b
values (BIT index = 0.75-0.99 [Eq. 8], Ri/b = 0.00-0.52 [Eq. 9]; Supp.
Table 1). The moisture dependency of brGDGT in arid soils observed in
an earlier study (i.e., increase with SWC: Menges et al., 2014; Wang
et al., 2017c) is not observed in our dataset of non-arid soils under study
(MAP > 720-1650 mm yr !, and a P/E ratio > 1). Instead, TC-
normalized concentrations of crenarchaeol, cren’, and isoGDGT1-3 in-
crease with decreasing P/E ratio, which matches the observed concen-
tration increase of crenarchaeol (or isoGDGTs) in low MAP soils as
observed by Xie et al. (2012) and Yang et al. (2014). In the non-arid soils
under study, the correlations between P/E ratio and the BIT index and
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Ri/b ratio (Table 2, 0.45<|r|<0.55, Supp. Fig. 8), thus seem to be driven
dominantly by isoGDGTs. However, as crenarchaeol, a compound that is
also increased in warm soils with high Xbases, is a dominant compound
in the BIT index, this proxy correlates both with the P/E ratio, temper-
ature and Xbases (Table 2). The possible impact of temperature on this
ratio should thus be considered when interpreting it in paleoclimate
records. In our dataset, the Ri/b ratio shows a weak correlation with
temperature, and a stronger correlation with the P/E ratio. As it includes
all isoGDGTs it is less sensitive to the variation in crenarchaeol.
Contingent upon a good understanding of the variation in isoGDGTO, the
Ri/b ratio can be a more accurate proxy for soil moisture, within the pH
and soil moisture bracket of the soils under study. As such, more
research needs to be done before a GDGT-based P/E (as a proxy for soil
moisture availability) correction on soil TEXgg values can be considered
further.

4. Conclusions

The environmental drivers of the concentration and distribution of
brGDGTs and isoGDGTs along six elevation gradients located on four
continents are identified, to determine the mechanism of temperature
dependency and increase the understanding of GDGT based temperature
proxies MBT sy and TEXgg. As the mechanisms described are not
unique to soils located on altitudinal gradients, the interpretations are
also valid for lowland soils. Although both the MBT 5 and TEXge show
significant correlations with temperature, soil chemistry (free acidity or
pH) impacts brGDGT-based MBT 5y values, and soil moisture avail-
ability (approximated here by the P/E ratio) impacts TEXgg values. This
potentially impacts existing MBT’5yg based temperature reconstructions
in non-arid soil profiles where free acidity or pH have changed (pH
range between 2.5 and 6.7), or TEXgg based temperature reconstructions
where soil moisture has varied. To increase confidence in existing and
future GDGT-based temperature proxies, changes in soil chemistry
should be considered, in parallel with temperature. In addition to
traditional pH proxies CBT’ and IR that are usually calibrated against
pH, novel proxies are developed to reflect exchangeable calcium and
Tbases in soils directly. Based on the correlation between exchangeable
iron (and Xmetals) and cren’, it is proposed to use the f{CREN’] ratio to
track this parameter through time. In addition, the Ri/b index is pro-
posed as a ratio for soil moisture availability in non-arid soils. However,
further work is required to establish the proposed impact of soil chem-
istry in low altitude soils, where especially the concentration of
exchangeable cations (soil metals like Fe®* and Al3+, soil bases like Ca®*
and Mg?"), in addition to the known confounding factors pH and soil
moisture content, appear to be a promising target. Following successful
application of these proxies in paleosol settings, this should lead to
improved reliability of the GDGT-based temperature reconstruction in
the terrestrial realm. Ultimately, obtaining a good understanding of the
mechanism of temperature dependency and the variability of the con-
founding factors, is a necessary step in the development of a new gen-
eration of models for GDGT-based temperature reconstruction.
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