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Abstract. Gram-negative bacteria produce specific mem-
brane lipids, i.e. 3-hydroxy fatty acids with 10 to 18 C
atoms. They have been recently proposed as temperature
and pH proxies in terrestrial settings. Nevertheless, the ex-
isting correlations between pH or temperature and indices
derived from 3-OH FA distribution are based on a small
soil dataset (ca. 70 samples) and only applicable region-
ally. The aim of this study was to investigate the applica-
bility of 3-OH FAs as mean annual air temperature (MAAT)
and pH proxies at the global level. This was achieved using
an extended soil dataset of 168 topsoils distributed world-
wide, covering a wide range of temperatures (5 to 30 ◦C)
and pH (3 to 8). The response of 3-OH FAs to tempera-
ture and pH was compared to that of established branched
glycerol dialkyl glycerol tetraether (GDGT)-based proxies
(MBT’5Me/CBT). Strong linear relationships between 3-OH-
FA-derived indices (RAN15, RAN17 and RIAN) and MAAT
or pH could only be obtained locally for some of the indi-
vidual transects. This suggests that these indices cannot be
used as palaeoproxies at the global scale using simple lin-

ear regression models, in contrast with the MBT’5Me and
CBT. However, strong global correlations between 3-OH FA
relative abundances and MAAT or pH were shown by us-
ing other algorithms (multiple linear regression, k-NN and
random forest models). The applicability of the three afore-
mentioned models for palaeotemperature reconstruction was
tested and compared with the MAAT record from a Chi-
nese speleothem. The calibration based on the random forest
model appeared to be the most robust. It generally showed
similar trends with previously available records and high-
lighted known climatic events poorly visible when using lo-
cal 3-OH FA calibrations. Altogether, these results demon-
strate the potential of 3-OH FAs as palaeoproxies in terres-
trial settings.
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1 Introduction

Investigating past climate variations is essential to under-
stand and predict future environmental changes, especially in
the context of global anthropogenic change. Direct records of
environmental parameters are available for the last decades,
the so-called “instrumental” period. Beyond this period,
proxies can be used to obtain indirect information on envi-
ronmental parameters. A major challenge is to develop re-
liable proxies which can be applied to continental environ-
ments in addition to marine ones. Indeed, available prox-
ies have been mainly developed and used in marine settings
as the composition and mechanism of formation of marine
sedimentary cores are less complex than in continental set-
tings, which are highly heterogeneous. Several environmen-
tal proxies based on organic (e.g. the alkenone unsaturation
index (Uk

′

37; Brassell et al., 1986) and inorganic (Mg/Ca ra-
tio and 18O/16O ratio of foraminifera; Emiliani, 1955; Erez
and Luz, 1983) fossil remains were notably developed for the
reconstruction of sea surface temperatures.

Some of the existing proxies are based on membrane lipids
synthesized by certain microorganisms (Eglinton and Eglin-
ton, 2008; Schouten et al., 2013). These microorganisms are
able to adjust the composition of their membrane lipids in
response to the prevailing environmental conditions in order
to maintain an appropriate fluidity and to ensure the optimal
state of the cellular membrane (Singer and Nicolson, 1972;
Sinensky, 1974; Hazel and Williams, 1990; Denich et al.,
2003). The structure of glycerol dialkyl glycerol tetraethers
(GDGTs), which are membrane lipids biosynthesized by ar-
chaea and some bacteria, is especially known to be related to
environmental conditions. Archaeal GDGTs are constituted
of isoprenoid alkyl chains ether-linked to glycerol, whereas
bacterial GDGTs are characterized by branched alkyl chains
instead of isoprenoid ones. The latter compounds are ubiqui-
tous in terrestrial (Weijers et al., 2007; Peterse et al., 2012;
De Jonge et al., 2014; Naafs et al., 2017) and aquatic envi-
ronments (Peterse et al., 2009; Tierney and Russell, 2009;
Sinninghe Damsté et al., 2009; Loomis et al., 2012; Peterse
et al., 2015; Weber et al., 2015). These branched GDGTs
(brGDGTs) are produced by still unidentified bacteria, al-
though some of them may belong to the phylum Acidobacte-
ria (Sinninghe Damsté et al., 2011, 2014, 2018). The analysis
of brGDGTs in a large number of soils distributed worldwide
showed that the relative distribution of these compounds is
mainly related to mean annual air temperature (MAAT) and
soil pH (Weijers et al., 2007; Peterse et al., 2012; De Jonge
et al., 2014). Even though brGDGT proxies were largely in-
vestigated over the last 10 years (De Jonge et al., 2014; Dear-
ing Crampton-Flood et al., 2020) and were applied to various
palaeorecords (e.g, Coffinet et al., 2018; Wang et al., 2020),
new molecular proxies, independent of and complementary
to brGDGTs, are needed to improve the reliability of temper-
ature reconstructions in terrestrial settings.

Recent studies have unveiled the potential of another fam-
ily of bacterial lipids – 3-hydroxy fatty acids (3-OH FAs) –
for temperature and pH reconstructions in terrestrial (Wang
et al., 2016, 2018; Huguet et al., 2019) and marine (Yang
et al., 2020) settings; 3-OH FAs with 10 to 18 carbon
atoms are specifically produced by Gram-negative bacteria
and are bound to the lipopolysaccharide (LPS) by ester or
amide bonds (Wollenweber et al., 1982; Wollenweber and
Rietschel, 1990). Three types of 3-OH FAs can be distin-
guished with either normal chains or branched chains, iso or
anteiso.

The analysis of 3-OH FAs in soils showed that the ratio of
C15 or C17 anteiso 3-OH FA to normal C15 or C17 3-OH FA
(RAN15 and RAN17 indices, respectively) were negatively
correlated with MAAT along the three mountains investi-
gated so far: Mt. Shennongjia (China; Wang et al., 2016),
Mt. Rungwe and Mt. Majella (Tanzania and Italy, respec-
tively; Huguet et al., 2019). This suggests that Gram-negative
bacteria producing these fatty acids respond to colder tem-
peratures with an increase in anteiso-C15/C17 vs. n-C15/C17
3-OH FAs in order to maintain a proper fluidity and opti-
mal state of the bacterial membrane, the so-called homeo-
viscous adaptation mechanism (Sinensky, 1974; Hazel and
Eugene Williams, 1990). Nevertheless, the relationships be-
tween RAN15 and MAAT along the three mountain transects
showed the same slopes but different intercepts (Wang et al.,
2016; Huguet et al., 2019), suggesting that regional or local
RAN15 relations may be more appropriate to apply for tem-
perature reconstructions in terrestrial settings. In contrast, a
significant calibration between RAN17 and MAAT could be
established using combined data from the three mountain re-
gions (Wang et al., 2016; Huguet et al., 2019).

Another index, defined as the cologarithm of the sum of
anteiso and iso 3-OH FAs divided by the sum of normal
homologues (RIAN index), was shown to be strongly nega-
tively correlated with soil pH along the three aforementioned
mountains (Wang et al., 2016; Huguet et al., 2020), reflect-
ing a general relative increase in normal homologues com-
pared to branched (iso and anteiso) ones with increasing pH.
This mechanism was suggested to reduce the permeability
and fluidity of the membrane for the cell to cope with lower
pH (Russell et al., 1995; Denich et al., 2003; Beales, 2004).

For the first time, 3-OH FA indices were recently applied
to the reconstruction of the temperature and hydrological
changes over the last 10 000 years in a speleothem from
China (Wang et al., 2018), showing the potential of 3-OH
FAs as independent tools for environmental reconstruction
in terrestrial settings. A very recent study based on marine
sediments from the North Pacific Ocean suggested that the
distribution of 3-OH FAs could also be used to reconstruct
sea surface temperature (Yang et al., 2020).

Even though these results are promising, the linear regres-
sions between pH or MAAT and 3-OH FA indices in terres-
trial environments are still based on a rather small dataset
(ca. 70 soil samples; Wang et al., 2016; Huguet et al., 2019).
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