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Abstract Archaea are single-celled microorganisms that are abundant in marine environments and play a
key role in the carbon and nitrogen cycles. Archaea can biosynthesize a wide variety of isoprenoid membrane
lipids, including isoprenoid glycerol dibiphytanyl glycerol tetraethers (isoGDGTs). Experimental and empirical
evidence demonstrates that the number of cyclopentane moieties in iso0GDGTs is related to growth temperature,
leading to the formulation and development of the TEXg, ocean temperature proxy. The TEXg4 proxy has been
widely applied to marine sediments spanning the last 190 million years and has revealed unique insights into the
evolution of ocean temperatures over diverse timescales. Other indices have been developed using archaeal
lipids to reconstruct ecological and biogeochemical processes that operate within the marine realm. However,
several knowledge gaps (e.g., depth of export production, non-temperature controls, application in non-
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analogue climates) limit the application of archaeal lipid-based proxies in modern and ancient marine
environments. In this review, we critically assess the utility of archaeal lipids as tracers for (paleo)
environmental change, with an emphasis on the TEXg¢ paleotemperature proxy.

Plain Language Summary Archaea are single-celled microbes that thrive in the ocean. The cell's
outer layer consists of a lipid membrane. Archaea modify the molecular composition of their lipid membranes in
response to changing environmental conditions, notably the temperature of the seawater in which they grow.
This led scientists to express the distribution of these lipids as a ratio (TEXg¢) which is calibrated with
temperature through studies of modern ocean sediments. These calibration equations can be used to reconstruct
past ocean temperatures. Archaeal lipids have also helped scientists understand other environmental and
ecological changes in past marine environments. However, many questions about the application of archaeal
lipid-based ratios in marine environments remain unanswered. For example, where are these lipids produced in
the ocean? Is temperature the only control on the TEXg4 ratio? Can we apply calibration equations based on
modern climate to all past climate states? This review examines the utility of archaeal lipids for reconstructing
environmental change in the ocean and suggests directions for future research.

1. Introduction

Following their recognition as a separate domain of life in the late 1970s (Woese & Fox, 1977), archaea were
thought to be confined to (hyper)thermophilic and hypersaline environments (Woese et al., 1978). However,
nearly two decades later archaea were found to be ubiquitous in mesophilic marine environments
(e.g., DeLong, 1992; Fuhrman et al., 1992) and have subsequently been identified in a diverse range of non-
marine environments (e.g., mineral soils, peat, lakes; for reviews see Baker et al., 2020; Schleper et al., 2005).
Archaea biosynthesize unique glycerol ether membrane lipids that are composed of isoprenoid alkyl chains
connected by ether bonds to one or two terminal glycerol moieties (De Rosa & Gambacorta, 1988; Koga &
Morii, 2005). These exist as intact polar lipids (IPLs) consisting of a polar headgroup connected to a core lipid
(Gambacorta et al., 1995) in living cells or as core lipids after cell lysis and degradation (e.g., Harvey et al., 1986;
Lengger et al., 2012). There are two main core lipid structures: (a) isoprenoid glycerol diphytanyl diethers
(comprising two phytanyl, i.e., C,,, chains linked to a single glycerol unit) and (b) isoprenoid glycerol dibi-
phytanyl glycerol tetraethers (comprising two biphytanyl, i.e., C4,, chains linked to two glycerol units;
isoGDGTs). In marine sediments, isoGDGTs are typically much more abundant than archaeal diether lipids
(Hingley et al., 2024; Lipp & Hinrichs, 2009; Liu et al., 2012a). Multiple groups of planktonic archaea have been
proposed to contribute iso0GDGTs to the sedimentary isoGDGT pool (e.g., Lincoln et al., 2014b, 2014a; Ma
et al., 2020; Schouten et al., 2000, 2014; Turich et al., 2007). However, isoGDGTs in marine sediments are now
thought to dominantly derive from planktonic ammonia-oxidizing archaea (Zeng et al., 2019, 2022), which are
taxonomically affiliated with the class Nitrososphaeria within the phylum Thermoproteota (Oren & Garr-
ity, 2021; Rinke et al., 2021), and were previously called Thaumarchaeota (Brochier-Armanet et al., 2008) or
marine Crenarchaeota (DeLong, 1992; Fuhrman et al., 1992).

IsoGDGTs can contain up to eight cyclopentane moieties (e.g., De Rosa, De Rosa, Gambacorta, Minale, &
Bu'Lock, 1977) and early studies demonstrated that the number of cyclopentane moieties in isoGDGT's increased
with growth temperature in thermophilic archaeal cultures (e.g., De Rosa, Esposito, et al., 1980; Trincone
et al., 1989). This relationship has been expressed using the ring index (RI; Pearson et al., 2004), which is the
weighted average of cyclopentane or cyclohexane moieties, where “isoGDGT-X" is an isoGDGT with X
cyclopentane moieties (note that variations to this formula are used in the literature):

[isoGDGT — 1] + 2 X [isoGDGT — 2] + 3 X [isoGDGT — 3] + ... n X [isoGDGT — n]

== . . . . (1
[isoGDGT — 0] + [isoGDGT — 1] + [isoGDGT — 2] + [isoGDGT — 3] + ... [isoGDGT — n]

In marine mesophilic environments, isoGDGTs contain up to four cyclopentane moieties. Sinninghe Damsté
et al. (2002) identified an isoGDGT with a unique structure of four cyclopentane moieties and one cyclohexane
moiety (crenarchaeol). Sinninghe Damsté et al. (2002) also identified an isomer of crenarchaeol which possibly
represents a biological adaptation to higher temperatures (e.g., Bale, Palatinszky, et al., 2019; Sinninghe Damsté
etal., 2018). Schouten et al. (2002) observed that the number of cyclopentane moieties for isoGDGTs preserved in
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marine surface sediments increased with increasing sea surface temperature (SST). This was expressed in a ratio,
the TetraEther indeX of tetraethers consisting of 86 carbons (TEXg):

[isoGDGT — 2] + [isoGDGT — 3] + [crenarchaeol isomer]

TEXge =
86 [iso0GDGT — 1] + [isoGDGT — 2] + [isoGDGT — 3] + [crenarchaeol isomer]

2

TEXg values of a set of globally distributed marine surface sediments were highly correlated with SST and, to a
lesser extent, shallow subsurface temperature (i.e., 100 m), which was explained by the notion that these sedi-
mentary isoGDGTs were derived predominantly from archaea thriving in (sub)surface waters of the ocean
(Schouten et al., 2002). The abundant isoGDGT-0 and crenarchaeol were excluded from TEXg as they mask the
temperature-dependent variability of the minor isoGDGTs (i.e., isoGDGT-1 to isoGDGT-3). IsoGDGT-0 was
also excluded because it can be derived from multiple archaeal sources that do not necessarily respond to tem-
perature in the same way as Nitrososphaeria, such as sedimentary methanogenic archaea (Schouten et al., 2002).

TEXge captures millennial-scale SST changes during the Last Glacial Maximum (29,000-19,000 years ago;
Huguet et al., 2006c¢), glacial-interglacial SST changes during the Quaternary (2.58 million years ago (Ma) to
now) and Pliocene (5.3-2.6 Ma; Huguet et al., 2011; Lopes dos Santos et al., 2013; Thomas et al., 2014), and
astronomical-scale SST changes during the Pliocene and beyond (Fokkema, Brinkhuis, et al., 2024; Lawrence
et al., 2020). These and many other studies have demonstrated that TEXgs-based SSTs have a strong coherence

with SSTs derived from other organic (e.g., the alkenone UK’ 37 proxy; e.g., Lawrence et al., 2020; Lopes dos
Santos et al., 2013; Naafs et al., 2020) and inorganic paleothermometers (e.g., Mg/Ca; Crouch et al., 2020; Zachos
et al., 2006)—this observation is found within different oceanic basins and across different timescales. TEXg is
particularly useful when other temperature proxies cannot be applied, such as in carbonate-poor marine sediments
lacking planktonic foraminifera (e.g., Jenkyns et al., 2012; Sluijs et al., 2006), when alkenones are absent

(e.g., Petrick et al., 2023; Zhang et al., 2014), or when temperatures exceed the alkenone-based UK,37 paleo-
thermometer upper limit of 29°C (Miiller et al., 1998; Prahl et al., 1988). A recent ~485-million-year recon-
struction of Earth's surface temperature (Judd et al., 2024) demonstrates that TEXgs plays a key role in
reconstructing ocean temperatures over the past 190 million years (Figure 1), especially during the Mesozoic
(~190-66 Ma) and Paleogene (~66—23 Ma) where there are fewer methods available to reliably reconstruct SST
(e.g., Auderset et al., 2020; Forster et al., 2007; Inglis et al., 2015a; Jenkyns et al., 2004; O’Brien et al., 2017;
Robinson et al., 2017; Schouten et al., 2003b). For example, TEXgs-based temperature estimates revealing
tropical SSTs >30°C during past greenhouse climates have helped refute the “tropical thermostat” hypothesis
(Forster et al., 2007; Pearson et al., 2007; Schouten et al., 2003b). It has also been an indispensable proxy in the
high-latitudes where there are fewer methods available to estimate SST (see Hollis et al., 2019 and ref. therein)
and revealed that the pole-to-equator temperature gradient was reduced during past episodes of warm climate
states (e.g., Jenkyns et al., 2004; Sluijs et al., 2006).

Applications of TEXg, now span from the Early Jurassic (i.e., 190 Ma) to present and thousands of data points
have been added to publicly available repositories since 2002 (Figure 1; Judd et al., 2022). Yet, despite its
widespread application in marine paleo-environments, various questions remain. Firstly, the TEXg4 proxy implies
that isoGDGTs in marine sediments are derived from a single group of archaea (Nitrososphaeria) living in the
upper ocean. While this is supported by the similarity between isoGDGT distributions in surface sediments and
those in Nitrososphaeria cultures (Sinninghe Damsté et al., 2002) molecular evidence shows that Nitrososphaeria
occur throughout the water column (e.g., Karner et al., 2001; Schattenhofer et al., 2011; Teira et al., 2006). This
implies that the sedimentary isoGDGT pool may include contributions from non-surface dwelling Nitro-
sosphaeria living in the subsurface and/or deep ocean (e.g., Ho & Laepple, 2016; Kim et al., 2012a; Schouten
et al., 2002; Taylor et al., 2013; Tierney & Tingley, 2015; van der Weijst et al., 2022), although the exact
contribution remains debated. Secondly, the membrane lipid composition of Nitrososphaeria may be influenced
by various other ecological and physiological factors besides temperature (e.g., nutrient availability and com-
munity composition; Elling et al., 2015; Hurley et al., 2016; Qin et al., 2015; Rattanasriampaipong et al., 2025).
Thirdly, the TEXg-SST relationship from globally-distributed marine surface sediments carries uncertainties at
both temperature extremes. At low temperatures (<~15°C), the relationship shows poor temperature sensitivity
(i.e., polar regions; Fietz et al., 2016, 2020; Ho et al., 2014; Kim et al., 2010, 2012a; Seki et al., 2014). At high
temperatures (>~30°C), it requires extrapolating the TEX4-temperature relationship beyond the modern cali-
bration range. Various attempts to extend the TEXgq-temperature relationship >30°C have been made
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Figure 1. TEX, paleotemperature data cover most of geological time since the Jurassic. The panel on the left shows the temporal coverage of TEX data sets published
in each year between its first application in 2003 and 2021. Some data sets were updated since their first publication and appear in their most recent publication in this
figure. The panel on the right shows the number of TEXg4 data points published each year. Compiled from the PhanSST database (Judd et al., 2022).

(e.g., O'Brien et al., 2017; Schouten et al., 2007b; Tierney & Tingley, 2014). However, the mathematical rela-
tionship between TEXg, and SST >30°C (i.e., linear vs. exponential) is unclear and different calibrations lead to
markedly different reconstructed temperatures, especially during greenhouse periods (Inglis & Tierney, 2020).

In 2023, the 2nd International workshop on GDGTs was held at ETH (Zurich, Switzerland) to discuss the steps
forward in proxy understanding, development and application. As an outcome of this workshop, Bijl et al. (2025)
recently summarised the best practices for generating GDGT data. In this review, we critically assess the utility of
isoGDGTs as tracers for marine environmental change, with an emphasis on the TEXg¢ proxy. We describe the
structural diversity, biosynthesis, and biological source(s) of archaeal membrane lipids in marine settings (Sec-
tions 2—4). We then outline the fundamental principles that underpin the TEXgzs SST proxy (Section 5) and
summarize potential confounding factors (e.g., seasonality, export production, non-thermal controls; Sections 6-8)
and diagenesis (Section 9). We also highlight the role that archaeal lipids can play in studying aspects other than
temperature (e.g., archaeal ecology, the deep biosphere, carbon cycling; Section 10). We conclude by identifying
key knowledge gaps in archaeal lipid research and provide recommendations moving forward (Sections 11 and 12).

2. Structural Diversity of Archaeal Membrane Lipids

Numerous archaeal membrane lipids have been identified in archaeal cultures and marine environments
(Figure 2). Below, we summarize the structural diversity and source of archaeal lipids (tetraethers and diethers).
For the extraction and analysis of archaeal core lipids and IPLs, commonly used methods are described in
Schouten et al. (2007a, 2013a), Huguet et al. (2006a, 2010), Becker et al. (2013), Hopmans et al. (2016), Wormer
et al. (2013, 2015), Zhu et al. (2013), and references cited therein.
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Figure 2. Structures of archaeal lipids commonly found in marine environments. The most common archaeal core lipids are isoprenoid glycerol dibiphytanyl glycerol
tetraethers (isoGDGT) and glycerol diphytanyl diethers (archaeol, AR). Archaeol derivatives may contain one or two extended sidechains (ext-AR and 2ext-AR), one or
two additional hydroxyl groups at different positions (sn-2-OH-AR, sn-3-OH-AR, or 2-OH-AR), or a methoxy group at the sn-1 position of the glycerol moiety (MeO-
AR). IsoGDGTs may contain up to four cyclopentane moieties (isoGDGT-0 to -4) or one cyclohexane and four cyclopentane moieties (crenarchaeol and its isomer).
IsoGDGTSs may also contain one (OH-isoGDGT) or two (20H-isoGDGT) additional hydroxyl groups and zero to four cyclopentane moieties in the biphytanyl side
chain (OH-isoGDGT-0 to -4). Other derivatives are isoprenoid glycerol monoalkyl glycerol tetraethers (isoGMGTs), isoprenoid glycerol dibiphytanol diethers
(isoGDDs), isoprenoid butanetriol dibiphytanyl glycerol tetraethers (isoBDGTs), and isoprenoid pentanetriol dibiphytanyl glycerol tetraethers (isoPDGTs) as well as
isoGDGTs containing a methoxy group at the sn-1 position of the glycerol moiety (MeO-isoGDGT). Isoprenoid glycerol trialkyl glycerol tetraethers (isoGTGTs) likely
are biosynthetic intermediates or side products. Archaeal intact polar lipids consist of one or two glycosidic or glycophosphatidic headgroups attached to the glycerol sn-
1 hydroxyl position of an archaeol or iso0GDGT core lipid. Only some representative headgroups are shown (i.e., hexose, dihexose, phosphohexose and hexose-
phosphohexose), and headgroup structural diversity in the environment may be higher. Structural assignments such as glycerol configuration, ring position, position of
hydroxyl groups in the biphytanyl moieties of isoGDGTs, and the crosslink between biphytane chains in isoGMGTs have been determined only for some of the
displayed compounds (De Rosa, Gambacorta, et al., 1980; Ferrante et al., 1988; Galliker et al., 1998; Grither & Arigoni, 1995; Holzheimer et al., 2021;
Langworthy, 1977; Liu et al., 2012c; Morii et al., 1998; Sinninghe Damsté et al., 2002).

2.1. Frequently Occurring Tetraether Lipids

Although archaeal lipids like archaeol have been known since the early 1960s (Kates et al., 1963; Sehgal
etal., 1962), the first reports of isoGDGTs, discovered in cultures of extremophilic archaea, date back to the 1970s
(Chappe et al., 1979; De Rosa, De Rosa, Gambacorta, Minale, & Bu'Lock, 1977; De Rosa & Gambacorta, 1988;
Heathcock et al., 1985; Langworthy, 1977; Langworthy et al., 1982). IsoGDGTs possess zero to eight cyclo-
pentane moieties (Figure 2), but isoGDGT-5 to isoGDGT-8 are absent in non-hydrothermally influenced marine
sediments (Schouten et al., 2013b, and references therein). There are also various minor isomers associated with
isoGDGT-1 to isoGDGT-4 and crenarchaeol (Becker et al., 2013; Elling et al., 2017; Hopmans et al., 2016;
Sinninghe Damsté et al., 2002). Becker et al. (2013) and Hopmans et al. (2016) speculated that these minor
isomers may represent either regioisomers or structural isomers, which is supported by the observation that the
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Figure 3. Occurrence of membrane lipid types among archaea. The panel on the left shows the occurrence of lipid types among archaea clustered at the class level next to
a phylogenomic tree (concatenated proteins, see below; DPANN and Asgardarchaeota clustered at superphylum/phylum level). The inset shows the occurrence of lipid
types in Nitrososphaeria (next to a 16S rRNA gene phylogenetic tree), the dominant source of isoGDGTSs to marine mesophilic sediments. Occurrence was indicated as
“detected” when the lipid type was detected in at least one cultivated representative of the class/phylum. Lipid occurrence data was compiled from 70 studies using
different extraction and analysis methods and covering 131 strains (Elling et al., 2026). The phylogenomic tree is based on 695 archaeal genomes, with one
representative genome per family of archaea randomly picked from the Genome Taxonomy Database (Parks et al., 2022), plus all available genomes from species with
studied lipid composition. Marker proteins were identified, concatenated, and aligned using GTDB-Tk (v2.2.5 with reference data version r207; Chaumeil et al., 2022)
and the tree was calculated using IQTREE v2.2.0.3 (Nguyen et al., 2015). The phylogenetic tree of Nitrososphaeria is based on full-length or near full-length 16S rRNA
gene sequences, aligned using MAFFT v7.388 (Katoh & Standley, 2013) and the tree was calculated as described above. Nitrosotalea devanaterra is shown as
belonging to Group I.1a, as a simplification of the status of the SAGMGCI group adjacent to Group I.1a. Circles show >90% ultrafast bootstrap support for 1000
replicates. Abbreviations: AR, archaeol; 0, isoGDGT-0; 1-4, isoGDGT-1 through isoGDGT-4; 5-8, isoGDGT-5 through isoGDGT-8; Cren, crenarchaeol and isomer;
OH, hydroxy isoGDGT, Me, methylated isoGDGT; MeO, methoxy isoGDGT; isoBDGT, butanetriol dibiphytanyl glycerol tetraether; isoPDGT, pentanetriol
dibiphytanyl glycerol tetraether; isoGMGT, glycerol monoalkyl glycerol tetraether.

isomers do not simply represent different combinations of biphytanes (Keller et al., 2025a). IsoGDGTs are
widespread among cultivated archaea, but only a subset of these produce isoGDGTs with cyclopentane moieties
(Figure 3). In contrast, crenarchaeol is a unique isoGDGT because it possesses a cyclohexane moiety in addition
to four cyclopentane moieties (Sinninghe Damsté et al., 2002). After this initial structural characterization, the
assignment of one of its 23 chiral centers has recently been adjusted based on its total synthesis (Holzheimer
et al., 2021). It was originally identified in Cenarchaeum symbiosum, a sponge-symbiotic marine archeon
belonging to the class Nitrososphaeria (Sinninghe Damsté et al., 2002) and is now considered as a specific
biomarker for this class (Figure 3). Crenarchaeol has two major isomers, which were recently characterized as
stereoisomers rather than regioisomers as previously thought (Liu et al., 2018; Sinninghe Damsté et al., 2018).
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Lipp and Hinrichs (2009) and Liu et al. (2012c¢) identified isoGDGTs with one to two additional hydroxyl groups
on tertiary carbon atoms (Figure 2). These hydroxylated isoGDGTs (OH-isoGDGTSs) commonly contain up to
four cyclopentane moieties (Elling et al., 2017; Kurth et al., 2019; Liu et al., 2012c; Sollai et al., 2019a) and rarely
four cyclopentane moieties and one cyclohexane moiety (Zhang et al., 2023). Like isoGDGTs, OH-isoGDGTs are
abundant in sediments from the open ocean (Huguet et al., 2013; Varma et al., 2024b) and brackish marginal seas
(e.g., the Baltic Sea; Kaiser & Arz, 2016; Sinninghe Damsté et al., 2022), where they comprise up to ~20% of the
combined isoGDGT and OH-isoGDGT pool (Fietz et al., 2013, 2016; Huguet et al., 2013; Kaiser & Arz, 2016;
Sinninghe Damsté et al., 2022). In cultures, OH-isoGDGTs have been found in a small subset of archaea,
including all mesophilic group I.1a Nitrososphaeria (Bale, Palatinszky, et al., 2019; Elling et al., 2017; Varma
et al., 2024a) as well as a thermophilic methanogen from the class Methanococci (Liu et al., 2012¢) and a
freshwater methanotroph from the class Methanosarcinia (Figure 3; Kurth et al., 2019). The elevated abundance
of OH-GDGT-0 in marine methane seeps further suggests that other, potentially methanotrophic, archaea may
produce OH-GDGTs (Guan et al., 2024).

2.2. Infrequently Occurring Tetraether Lipids

In addition to the aforementioned tetraether lipids (isoGDGTs, OH-isoGDGTs), a wide range of other archaeal
tetraether lipids are found in marine settings (Figure 2). These tetraethers are modified either in their side chain or
glycerol moieties. Isoprenoid glycerol monoglycerol tetraethers (isoGMGTs), previously known as “H-shaped”
isoGDGTs, have an additional covalent bond between both biphytanyl moieties (Figure 2; Morii et al., 1998).
These molecules were originally thought to represent an adaptation to (hyper)thermophilic conditions (Baumann
et al., 2018; Jaeschke et al., 2012; Pan et al., 2016; Sollich et al., 2017; Tourte et al., 2022; Umoh et al., 2020).
However, isoGMGTS are also abundant in mesophilic marine and estuarine sediments lacking hydrothermal
inputs (de Bar, Rampen, et al., 2019; Li et al., 2024; Schouten et al., 2008a; Umoh et al., 2022). The distribution of
isoGMGTs (Figure 3) and isoGMGT biosynthesis genes in specific environments and archaea suggests that these
lipids are restricted to anaerobic archaea (Garcia et al., 2024; Li et al., 2024).

Methylated isoGDGTs (Me-isoGDGTs) and methylated isoGMGTs (Me-isoGMGTs) contain one to three
additional methyl groups in the biphytanyl or monoalkyl moieties, whose exact positions have not been deter-
mined except for the acyclic mono-methylated biphytane (Figure 2; Galliker et al., 1998; Knappy et al., 2015; Liu
etal., 2012a; Lutnaes et al., 2007; Zhu et al., 2014b). Although these additional methyl groups have been proposed
to represent an adaptation to low temperature (Knappy et al., 2015; Zhou & Dong, 2024), the occurrence of
methylated isoGDGTs and isoGMGTSs in hyperthermophilic archaea (Garcia et al., 2024; Liu et al., 2012a;
Sollich et al., 2017) and their temperature-dependent distribution in hydrothermal sediments suggest that they
might reflect an adaptation to high temperatures (Sollich et al., 2017). Methoxy isoGDGTs contain a methylation
at the sn-1 hydroxyl group on one or two of the glycerol moieties (Figure 2; Elling et al., 2014; Zhu et al., 2014b).
Although methoxy isoGDGTs can represent artifacts from acid hydrolysis using methanol (Ekiel & Sprott, 1992;
Ferrante et al., 1988), they also occur in sediments and non-hydrolyzed Nitrososphaeria biomass (Figure 3); their
roles in membrane homeostasis remain unknown (Elling et al., 2014; Zhu et al., 2014b).

Unsaturated isoGDGT's contain one to eight double bonds in the biphytanyl side chains and have been found only
in anoxic marine sediments and water column as well as seep sediments (Zhu et al., 2014a, 2016), suggesting an
anaerobic archaeal origin. Isoprenoid glycerol trialkyl glycerol tetracthers (isoGTGTSs) have one biphytane and
two phytane moieties, with isoGTGT-0 as the most common homolog (Figure 2; e.g., De Rosa et al., 1983;
Hopmans et al., 2000). They have been detected in cultures (e.g., De Rosa et al., 1983; Elling et al., 2014;
Schouten et al., 2008b; de la Torre et al., 2008) and marine sediments (Liu et al., 2012a); a role as an intermediate
or side product in isoGDGT biosynthesis has been suggested (e.g., Lloyd et al., 2022).

Finally, isoprenoid butanetriol and pentanetriol dialkyl glycerol tetraethers (isoBDGTs and isoPDGTs) have one
butanetriol and one pentanetriol moiety, respectively, replacing one of the isoGDGT glycerol moieties (Coffinet
et al., 2020; Knappy et al., 2014; Zhu et al., 2014b). They have so far only been found in one pure culture, a
methanogen (Figure 2; Becker et al., 2016; Coffinet et al., 2020) as well as an enrichment culture of Bathy-
archaeia (Dong et al., 2025). Their distribution in the environment further supports Bathyarchaeia as a source of
these lipids (Coffinet et al., 2020; Meador et al., 2015). Replacement of glycerol by butanetriol and pentanetriol
also occurs in iSoOGTGTs and isoGMGTs, which have so far only been reported from a few marine sediments (de
Bar, Rampen, et al., 2019; Knappy et al., 2014).
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2.3. Diether Lipids

The first descriptions of archaeal diether lipids date back to the 1960s (De Rosa & Gambacorta, 1988; Kates
etal., 1965; Sehgal et al., 1962). The most abundant and widespread diether lipid is archaeol (Figure 2), consisting
of one glycerol moiety and two C,, isoprenoidal (phytanyl) chains. It occurs in all or nearly all cultivated archaea,
at least in trace amounts (Figure 3; Elling et al., 2017). Archaeol can include a methoxy group (Elling et al., 2014,
2015, 2017), one to two hydroxyl groups (Ferrante et al., 1988; Hinrichs et al., 2000; Rossel et al., 2008), and one
to eight double bonds (e.g., Dawson et al., 2012; Hafenbradl et al., 1993; Zhu et al., 2016). Other common diether
lipids include extended archaeol (De Rosa et al., 1982), which occurs prominently in alkaliphilic archaea but also
some mesophilic and thermophilic archaea (e.g., Bale, Sorokin, et al., 2019; Becker et al., 2016; Dawson
et al., 2012; Morii et al., 1999; Tindall et al., 1984; Yao et al., 2023). Extended hydroxylated archaeol is found in
methanotrophic archaea (Stadnitskaia et al., 2008), macrocyclic archaeol with or without cyclopentane moieties is
found in hyperthermophilic and methanotrophic archaea (Comita & Gagosian, 1983; Stadnitskaia et al., 2003),
and acetylated archaeol in halophilic archaea (Kropp et al., 2022).

Isoprenoidal glycerol dibiphytanol diethers (isoGDDs) are ubiquitous in marine sediments (Hingley et al., 2024;
Knappy & Keely, 2012; Liu et al., 2012b) and cultures of Nitrososphaeria and other GDGT-producing archaea
(Bauersachs et al., 2015; Becker et al., 2016; Elling et al., 2015, 2017; Liu et al., 2012b; Meador et al., 2014). In
comparison to isoGDGTs, they lack one glycerol moiety (Figure 2). IsoGDDs exhibit various structural modi-
fications including the addition of one to two hydroxyl groups, an additional covalent bond between both dia-
lkanol moieties, and/or butanetriol and pentanetriol derivatives (Bauersachs & Schwark, 2016; Becker
et al., 2016; de Bar, Rampen, et al., 2019; Liu et al., 2012a, 2016).

2.4. Intact Polar Lipids

Intact polar lipids (IPLs) occur in living cells and consist of a core lipid (either a diether or tetraether) attached to one
or two polar headgroups (Figure 2; e.g., Sturt et al., 2004). These headgroups typically consist of either a phos-
phatidic, glycosidic, or combined glycosidic-phosphatidic moiety (e.g., Kogaetal., 1993b, 1993a; Udaetal.,2001;
Yoshinaga et al., 2011). Commonly observed phosphatidic headgroups include phosphatidylglycerol, phospha-
tidylethanolamine and phosphatidylserine (e.g., Koga & Morii, 2005; Sturt et al., 2004; Yoshinaga et al., 2011).
Glycosidic headgroups typically comprise one to three glycosidically linked hexoses but can rarely also contain
heptose moieties (Beckeretal., 2016; Kogaetal., 1993b; Koga & Morii, 2005). Combined glycosidic-phosphatidic
headgroups typically are composed of a phosphate moiety bound to the lipid and one or more glycosidic moieties
bound to the phosphate (e.g., Pitcher et al., 2011a; Shimada et al., 2002; Swain et al., 1997; Yoshinaga et al., 2011).
Due to the large diversity of head groups among archaea, there are many combinations of head groups and core
structures, and thus a large variety of IPLs is possible. In contrast, IPL assemblages in the marine water column are
typically dominated by IPL-isoGDGTs and archaeols with monoglycosidic (1G), diglycosidic (2G) moieties, and
sometimes triglycosidic (3G) headgroups (e.g., Lengger et al., 2012; Schubotz et al., 2009; Sturt et al., 2004).
IsoGDGTs with phosphatidic and glycophosphatidic headgroups such as hexose-phosphohexose (HPH) are also
abundant in seawater and marine sediments. Although IPL headgroup types can vary systematically on a taxonomic
level in some archaeal clades (e.g., Kogaetal., 1993b, 1993a; Koga & Morii, 2005), individual IPL headgroups can
usually not be considered as associated with a specific clade. One exception is the use of HPH-crenarchaeol as a
marker for living Nitrososphaeria, due to the specificity of the crenarchaeol core lipid (e.g., Lengger et al., 2012;
Pitcher et al., 2011c). More diverse IPL assemblages are typically found in anoxic sediments and anaerobic zones
such as in the Black Sea, which for example may contain abundant phosphatidic IPLs (e.g., Sollai et al., 2019b,
2019a; Yoshinaga et al., 2015; Zhu et al., 2024; Zhuang et al., 2016).

3. Biosynthesis of Archaeal Lipids
3.1. Biosynthesis of Diether and Tetraether Lipids

Pioneering early studies into the biosynthesis of archaeal membrane lipids focused on sn-2,3-di-O-phytanyl
glycerol, that is, archaeol (Kates, 1993; Kates & Kushwaha, 1978). The biosynthesis of archaeol is now relatively
well constrained (Jain, 2014; Koga & Morii, 2007; Villanueva et al., 2014; Figure 4). By contrast, significant
progress has only recently been made in understanding the biosynthetic pathway of membrane-spanning
isoGDGTs. The early hypothesis was that two archaeol diether lipids were combined to form a tetraether
isoGDGT with 86 carbon atoms (Langworthy et al., 1982; Nemoto et al., 2003). This process involves the
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formation of two sequential C—H activations on the terminal sp> carbons and requires challenging radical
chemistry that was not known to occur in biological systems. The recent identification of Tetraether synthase
(Tes), a radical SAM enzyme catalyzing the formation of membrane-spanning isoGDGTs through the combi-
nation of two archaeol molecules, has confirmed this mechanism (Figure 4; Lloyd et al., 2022; Zeng et al., 2022).

De Rosa, De Rosa, and Gambacorta (1977) originally proposed that the formation of cyclopentane moieties
occurred via the internal cyclization of a methyl group with an sp>-hybridized carbon atom. This idea has recently
been confirmed by the discovery of the two isoGDGT ring synthases (Zeng et al., 2019). One synthase (GrsA) leads
to the formation of up to four cyclopentane moieties resulting in the formation of isoGDGT-1 to -4. The second
enzyme (GrsB) acts after GrsA and catalyzes formation of cyclopentane units resulting in isoGDGT-5 to -8
(Figure 4).

Despite recent progress, many gaps exist in our understanding of iso0GDGT biosynthetic pathways. For example,
the order of biosynthetic steps such as saturation of double bonds by geranylgeranyl reductase (GGR) has not been
established past the formation of archaeol (Figure 4). Although downstream enzymes such as Tes could poten-
tially function with saturated precursors as suggested by Lloyd et al. (2022), experimental evidence suggests that
Tes acts on terminal double bonds (Eguchi et al., 2003). Further, the biosynthetic pathway of various compounds
such as OH-isoGDGTs, isoBDGTs and isoPDGTs remains unknown. Finally, the pathway for the formation of
the cyclohexane moiety in isoGDGTs, leading to the formation of crenarchaeol (Sinninghe Damsté et al., 2002)
and its isomer(s) (Liu et al., 2018; Sinninghe Damsté et al., 2018), remains unconstrained. However, as the
stereochemistry of the four cyclopentane moieties in crenarchaeol is the same as in isoGDGT-4, the latter could be
a biosynthetic precursor of crenarchaeol, through an additional internal cyclization reaction of one of the
biphytanyl chains (Sinninghe Damsté et al., 2002) catalyzed by an, as yet, unknown enzyme.

3.2. Biosynthesis of Intact Polar Head Groups

Archaea produce a wide variety of polar headgroups (e.g., Koga et al., 1993b; Lipp & Hinrichs, 2009; Sturt
et al., 2004) that have been suggested to modulate membrane properties (Gabriel & Chong, 2000). However, the
biosynthetic pathways of intact polar lipids in archaea remain largely unconstrained. Only a few proteins have
been characterized, with most studies characterizing enzymes catalyzing the biosynthesis of polar headgroups of
archaeols (Jain et al., 2014; Morii et al., 2009; Morii & Koga, 2003). The biosynthesis of only one isoGDGT
headgroup has been characterized so far, which is limited to the Sulfolobales, an order of thermoacidophilic
archaea (Zeng et al., 2018). However, none of these specific headgroups occur in marine Nitrososphaeria (Elling
et al., 2017; Pitcher et al., 2011a; Schouten et al., 2008b). Therefore, the biosynthetic pathways of polar head-
groups found in these marine planktonic archaea remain to be identified.

4. Biological Sources of Tetraether Lipids in Ocean Waters
4.1. Archaeal Diversity in the Modern Ocean

There are four known major clades of planktonic archaea in today's oceans (Santoro et al., 2019). As reported
taxonomic names of these marine archaeal groups frequently change due to updated phylogenies (Adam
et al., 2017; Rinke et al., 2019; Spang et al., 2017), we use taxonomic names based on the genome taxonomy
database (Parks et al., 2022) and summarize the original and new taxonomic classifications of archaeal groups
related to marine planktonic archaea in Table 1. The major clades of marine planktonic archaea are generically

Figure 4. Biosynthesis pathway of archaeal diether (archaeols; ARs) and tetraether core lipids (isoGDGTs). Names of substrates and products are given in normal font;
names of enzymes are in italics where blue color indicates known enzymes and purple color indicates unknown enzymes. Uncharacterized steps are marked with
question marks. The sequence of biosynthetic steps from Tes onwards has not been constrained, in particular the saturation of double bonds by GGR and cyclization by
GrsAB. Therefore, saturated instead of unsaturated precursors are possible. Note that lipid structural modifications may be combined, for example, methylated cyclized
isoGMGTs or cyclized hydroxylated isoGDGTs. Abbreviations: IPP, isopentenyl-diphosphate; DMAPP, dimethylallyl pyrophosphate; DHAP, dihydroxyacetone
phosphate; G1P, glycerol-1-phosphate; GGPP, geranylgeranyl diphosphate; GGGP, geranylgeranyl glycerol-1-phosphate; FGPP, farnesylgeranyl diphosphate;
DGGGP, sn-2,3-di-O-geranylgeranyl glycerol-1-phosphate; CDP-AR, cytidine diphosphate archaeol; OH-AR, hydroxyarchaeol; Ext-AR, extended archaeol; Me-
isoGDGT, methylated isoGDGT; isoBDGT, butanetriol dibiphytanyl glycerol tetraether; isoPDGT, pentanetriol dibiphytanyl glycerol tetracther; iso0GMGT, glycerol
monoalkyl glycerol tetraether (also called H-isoGDGT); Me-isoGMGT, methylated isoGMGT; OH-isoGDGT, hydroxylated isoGDGT; GGR, geranylgeranyl
reductase. Individual biosynthetic steps are described in previous publications (Chen & Poulter, 1993; Garcia et al., 2024; Hemmi et al., 2004; Jain, 2014; Jain

et al., 2014; Kakinuma et al., 1990; Li et al., 2024; Lloyd et al., 2022; Matsumi et al., 2011; Mori et al., 2015; Murakami et al., 2007; Tachibana et al., 1993, 2000;
Villanueva et al., 2014; Zeng et al., 2019, 2022; Zhang & Poulter, 1993).
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Figure 5. Conceptual water column profiles showing the distribution of Marine Group (MG) 1.1a Nitrososphaeria and MG-1I Euryarchaeota in the pelagic ocean.
(a) Distribution for an idealized oxic water column, with MG-I.1a residing below the deep chlorophyll maximum at the base of the photic zone (0.1% surface
photosynthetically active radiation, SPAR) near the primary nitrite maximum. MG-I.1a are further subdivided into water column cluster A (WCA) dominant in shallow
waters and water column cluster B (WCB) dominant in deep water. Note that the relative and absolute depths of all features may vary strongly with oceanographic
settings. (b, ¢) Distribution of MG-I.1a and MG-II as well as bacterial denitrifiers/anaerobic ammonium oxidizers (anammox) across an anoxic marine zone (oxygen
minimum zone with anoxic core; e.g., eastern tropical Pacific; panel b) and an anoxic basin (e.g., Black Sea; panel c), where MG-I.1a predominantly occur in the suboxic
transition zones. Figure based on Elling (2015) with data from (Belmar et al., 2011; Karner et al., 2001; Lam & Kuypers, 2011; Pitcher et al., 2011c; Podlaska

et al., 2012; Schattenhofer et al., 2009; Sintes et al., 2016; Sollai et al., 2019a; Teira et al., 2006; Ulloa et al., 2012).

referred to as Marine Group I (MG-I), affiliated with the class Nitrososphaeria, and three lineages affiliated with
the phylum Euryarchaeota: Marine Group Il (MG-I1, syn. Candidatus Poseidoniales), Marine Group III (MG-III),
and Marine Group IV (MG-1V). MG-I is further subdivided into various subgroups, of which Group I.1a is
dominant in the ocean, but also occurs in soils and freshwater. All cultivated MG-I are aerobic, chemoautotrophic
nitrifiers (Santoro et al., 2019; Stahl & de la Torre, 2012), although some uncultivated lineages have been suggested
to include heterotrophs (Aylward & Santoro, 2020). Specifically, MG-I oxidize ammonia into nitrite using O, as a
source of energy, which is the first step in the biogeochemical process of nitrification, and use bicarbonate for
carbon fixation (Konneke et al., 2005, 2014; Wuchter et al., 2003, 2006a). Studies on abundances of key archaeal
genes in oxic marine water columns, for example, 16S rRNA and ammonia monooxygenase (amoA; encoding part
of the enzyme mediating ammonia oxidation), revealed that MG-I.1a Nitrososphaeria (Syn. Nitrosopumilales)
occupy the entire depth range in oxic water columns (Figure 5; e.g., Francis et al., 2005; Karner et al., 2001;
Nunoura et al., 2015; Wuchter et al., 2006a). However, peak abundance of MG-I.1a is observed in the upper
mesopelagic zone (i.e., near the base of the euphotic zone), where remineralization and ammonia release are highest
(Santoro et al., 2019). MG-II Poseidoniales predominantly occupy the euphotic zone (for a review, see Santoro
etal., 2019). In contrast to MG-I and MG-II archaea, the abundance and ecology of MG-III and MG-IV archaea is
unclear. Genomic analyses of the physiology and metabolisms of MG-1I, MG-III, and MG-IV suggest an aerobic,
heterotrophic, and particle-attached lifestyle (Iverson et al., 2012; Martijn et al., 2020; Orsi et al., 2015).

MG-1.1a Nitrososphaeria are further subdivided into two depth-related phylogenetic clusters (Figure 5):
“shallow” (Water Column Group A; WCA) and “deep” (Water Column Group B; WCB), based on amoA gene
phylogenies (Francis et al., 2005; Sintes et al., 2013). The “shallow” clade (WCA) is generally present throughout
the water column with the highest abundance in the epipelagic (0-200 m water depth) or upper mesopelagic
(200-500 m water depth) waters (Figure 5a), and is thought to represent a high-ammonia concentration ecotype
(Francis et al., 2005; Sintes et al., 2013). Species related to the genus Nitrosopumilus are sometimes included in
the WCA cluster or separated into a third group related more closely to WCA than WCB. They are particularly
abundant in environments with relatively high ammonia flux such as coastal regions (e.g., Hollibaugh et al., 2011,
2014) and brackish marginal seas (e.g., Labrenz et al., 2010; Wittenborn et al., 2023), but also hypersaline basins
(Ngugi et al., 2015). The “deep” clade (WCB) dominates the meso- (200—1,000 m water depth) and bathypelagic
(1,000—4,000 m water depth) zones and is thought to represent a more oligotrophic, low-ammonia concentration
ecotype (Alves et al., 2018; Beman et al., 2012; Francis et al., 2005; Santoro et al., 2010; Sintes et al., 2013, 2016).
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Although this depth zonation appears to be a consistent feature across ocean basins (Santoro et al., 2019), the
depth of the transition between WCA versus WCB is spatially variable, likely due to large-scale features affecting
water column structure, such as photic zone depth, upwelling zones, and subtropical gyres (e.g., Besseling
et al., 2019; Santoro et al., 2017; Sintes et al., 2016).

Archaeal diversity and depth habitats in suboxic or anoxic water columns (Figure 5b) substantially diverge from
those of oxic water columns (Figure 5a). In oxygen minimum zones (OMZs), MG-I.1a Nitrososphaeria are
abundant across the oxic-anoxic transition but are absent within anoxic zones (Belmar et al., 2011; Bertagnolli &
Stewart, 2018; Sollai et al., 2019b; Ulloa et al., 2012). Similarly, basins with euxinic conditions, such as the Black
Sea, sub-basins within the Baltic Sea, and the Cariaco Basin, feature pronounced maxima in MG-I.1a Nitro-
sosphaeria abundance and metabolic activity within the oxic-anoxic transition zone (e.g., Coolen et al., 2007;
Labrenz et al., 2010; Pitcher et al., 2011c; Sollai et al., 2019a; Wakeham et al., 2004, 2007; Wittenborn
et al., 2023). In these environments, MG-I.1a Nitrososphaeria are typically absent from the anoxic zone, whereas
other archaea including methanogens and anaerobic methanotrophs can be abundant. The influence of anoxic
marine zones (oxygen minimum zones with an anoxic core) and euxinic conditions upon the relative distribution
of WCA versus WCB clades remains understudied (Lu et al., 2019).

4.2. Planktonic Nitrososphaeria—The Primary Source of Tetraether Lipids in the Modern Ocean

The diversity of marine archaea has resulted in a long-standing debate on the sources of isoGDGTs in the water
column and consequently, marine sediments (e.g., Lincoln et al., 2014b, 2014a; Schouten et al., 2014; Turich
et al., 2007). After early characterization of isoGDGTs from the sponge-symbiont Cenarchaeum symbiosum
(DeLong et al., 1998; Sinninghe Damsté et al., 2002), studies of pure and enrichment cultures confirmed that (a)
all MG-I.1a Nitrososphaeria of the Nitrosopumilus cluster and (b) the only available culture from the WCA
cluster (Ca. Nitrosopelagicus brevis) biosynthesize isoGDGTs with zero to four cyclopentane moieties as well as
crenarchaeol, its isomer and OH-isoGDGTs (DeLong et al., 1998; Elling et al., 2015, 2017; Pitcher et al., 2011a;
Qin et al., 2015; Santoro et al., 2021; Schouten et al., 2008b; Sinninghe Damsté et al., 2002; Figure 3). Due to a
lack of cultures, the lipid composition of WCB remains unknown.

Analysis of marine suspended particulate matter (SPM), particularly when coupled to marker gene abundances,
revealed that isoGDGTs in marine environments are largely derived from MG-IL.1a Nitrososphaeria. First,
profiles of core- and IPL-isoGDGT abundance in SPM (and particularly IPL-crenarchaeol abundance, the most
specific lipid biomarker for this group) show maxima below the photic zone (e.g., Basse et al., 2014; Coolen
et al., 2007; Pitcher et al., 2011c; Wuchter et al., 2005), where ammonia oxidation rates are highest (Hurley
et al., 2016). Second, isoGDGT abundances are correlated with MG-I.1a 16S rRNA gene abundance (Coolen
et al., 2007; Pitcher et al., 2011c; Schouten et al., 2012; Sollai et al., 2019a, 2019b). Third, the major IPL-
isoGDGTs in SPM are 1G-, 2G- and HPH-isoGDGTs, which are also the main IPLs in cultured MG-I.1a
(Elling et al., 2017; Pitcher et al., 2011a; Schouten et al., 2008b).

While MG-I.1a Nitrososphaeria are clearly the dominant iso0GDGT producers in oxic waters, the potential
contributions of other planktonic archaeal groups have been debated. Unlike MG-I.1a, other planktonic archaeal
groups such as MG-II, MG-III and MG-IV have not been cultured and, thus, their capacity to produce isoGDGTs
in the marine water column is poorly constrained. Still, based on water column studies, MG-1I Poseidoniales have
been proposed as an additional source of isoGDGTs in the ocean water column (e.g., Lincoln et al., 2014b, 2014a;
Turich et al., 2007; Wang et al., 2015). MG-II Poseidoniales are related to archaeal lineages with cultured rep-
resentatives known to biosynthesize cyclopentane-containing isoGDGTs, such as the thermoacidophilic Ther-
moplasmatales (e.g., Uda et al., 2001) and the methanogenic Methanomassiliicoccales (e.g., Becker et al., 2016),
suggesting that MG-II could be able to produce isoGDGTs. The observation that the IPL-derived isoGDGT
concentration correlates with MG-II cell abundances in some areas, also suggested that MG-II are an additional
source of isoGDGTs in marine waters (Li et al., 2021; Lincoln et al., 2014a, 2014b; Ma et al., 2020; Turich
et al., 2007). However, this interpretation has been challenged (e.g., Schouten et al., 2014), and other studies of
IPL-isoGDGTs from marine waters dominated by MG-II suggests that MG-II do not contribute to the sedi-
mentary record of isoGDGTs (Besseling et al., 2020; Villanueva et al., 2017). Absence of isoGDGT production in
MG-II is further supported by recent insights based on isoGDGT biosynthetic genes. First, the Tes homolog is
absent in metagenome-assembled genomes (MAGs) of MG-II (except for a single MG-II MAG), suggesting that
they mostly do not produce isoGDGTs (Zeng et al., 2022). Second, grsA, the gene responsible for the biosynthesis
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of isoGDGT's with 0—4 cyclopentane moieties (see Figure 4), is present in MG-I but absent from MG-II and MG-
III MAGs, suggesting that neither produces isoGDGTs with cyclopentane moieties (Zeng et al., 2019). Although
the presence of isoOGDGT biosynthetic genes in MG-IV has not been studied, this group is very rare throughout the
ocean (e.g., Besseling et al., 2019; Lopez-Garcia et al., 2001). Collectively, these observations indicate that MG-
II, MG-III, and MG-IV are unlikely to be (significant) sources of cyclized isoGDGTs in the ocean.

Although MG-I.1a are the dominant producers of isSoGDGTs in the oxic marine water column, WCA and WCB
clusters may differ in the relative proportions of individual isoGDGTs in their membranes (e.g., Besseling
et al., 2019; Hernandez-Sanchez et al., 2014). For example, a globally observed increase in the isoGDGT-2/
1soGDGT-3 ratio in SPM below a water depth of ~200 m is commonly attributed to a higher proportion of
isoGDGT-2 produced by WCB (e.g., Besseling et al., 2019; Hernandez-Séanchez et al., 2014; Kim et al., 2016;
Rattanasriampaipong et al., 2022). Although most studies on isoGDGT-2/isoGDGT-3 ratios did not provide
genetic data to support a causal link between isoGDGT-2/isoGDGT-3 ratios and WCB abundance, Besseling
etal. (2019) showed that an increase in the isoGDGT-2/isoGDGT-3 ratio in the Mediterranean Sea coincides with
higher relative abundance of WCB. Villanueva et al. (2015) suggested that distinct sequence motifs found in the
biosynthesis protein DGGGP synthase (producing the isoGDGT precursor archaeol) found below 500 m water
depth could also explain the observed elevated isoGDGT-2/isoGDGT-3 ratios due to a genetic control of lipid
composition. Yet, it remains unclear why isoGDGT-2/isoGDGT-3 ratios in water depths below ~200 m vary
strongly in magnitude across different ocean basins (summarized by Besseling et al., 2019).

In anoxic or euxinic settings, isoGDGTs may be produced by additional groups of archaea. The best-studied
example is the modern Black Sea (Figure 5c), where anaerobic archaea including methanotrophs produce
isoGDGTs with up to 4 cyclopentane moieties in the anoxic part of the water column (e.g., Schubert et al., 2006;
Schubotz et al., 2009; Sollai et al., 2019a; Wakeham et al., 2003, 2004), in addition to other diether and tetracther
lipids (e.g., Sollai et al., 2019a; Zhu et al., 2016, 2024). This is also found in other euxinic basins and open-ocean
oxygen minimum zones (e.g., Sollai et al., 2019b; Wakeham et al., 2004, 2012; Xie et al., 2014; Zhu et al., 2016).
For the Black Sea and Cariaco Basin, compound-specific 8'*C analysis of isoGDGT-derived biphytanes indicate
that the overall contribution of these anaerobic isoGDGT producers to the sedimentary signal is limited, possibly
due to inefficient export to sediments (Wakeham et al., 2003, 2004; see Section 6).

In summary, while anoxic and euxinic environments may have additional archaeal sources of isoGDGTs, the
analysis of core- and IPL-isoGDGTs from cultures and SPM indicates that the sedimentary isoGDGT record in
most marine settings, and thus TEXg, is primarily contributed by planktonic MG-I.1a Nitrososphaeria in the
overlying oxic water column (discussed in detail in Sections 6-8).

5. IsoGDGT-Based Marine Temperature Proxies
5.1. IsoGDGTs as Marine Temperature Proxies

Schouten et al. (2002) first demonstrated that the weighted average number of cyclopentane moieties found in
isoGDGTs in marine surface sediments had a strong relationship (» = 0.8) with annual mean SST (derived from
the nearest one-degree grid in the 1998 World Ocean Atlas; WOA9S; Levitus et al., 1998). This relationship was
substantially improved (i.e., to r = 0.96) by using the TEXg, ratio (Equation 2), which includes the crenarchaeol
isomer but is not a direct reflection of the number of cyclopentane moieties found in isoGDGTs. Using a global
surface sediment database (n = 44), TEXg was calibrated to SST and subsurface (i.e., at 100 m) temperature
using a linear regression model (Schouten et al., 2002). Kim et al. (2008) expanded the original surface sediment
data set (n = 223) and identified a non-linear relationship between TEXgz, and SST in polar regions. To resolve
this, the TEXg,-SST relationship was recalibrated using a linear regression model without sites where SST was
<5°C (Kim et al., 2008). This calibration also excluded samples from the Red Sea, a narrow, semi-enclosed basin
characterized by high temperatures and salinity that contains a unique endemic archaeal population (Ionescu
et al., 2009; Qian et al., 2011). In the Red Sea, TEXg( values are anomalously high (Kim et al., 2008; Trommer
et al., 2009) and surface sediments contain a higher relative abundance of crenarchaeol isomer compared to other
sites from similar latitudes.

A number of non-linear calibrations were subsequently proposed (e.g., Kim et al., 2010; Liu et al., 2009). The
most widely used non-linear calibration, TEXg" (Kim et al., 2010), uses a revised formulation of TEXg:
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[isoGDGT — 2] + [isoGDGT — 3] + [crenarchaeol isomer]

3
[isoGDGT — 1] + [isoGDGT — 2] + [isoGDGT — 3] + [crenarchaeol isomer] ®

TEXjs = logg

The TEX ' calibration assumes an exponential relationship with SST (i.e., TEX g, becomes less sensitive at higher
SSTs) and employs a common logarithmic (log,) transformation (Kim et al., 2010). This calibration, with a re-
sidual error of 2.5°C, excludes surface sediments from the Red Sea and those from areas where SST <5°C. In the
modern surface sediment calibration range (~5-30°C) linear (e.g., Kim et al., 2008; Schouten et al., 2002) and non-
linear calibrations (e.g., Kim et al., 2010) reconstruct similar temperatures, but they increasingly diverge when they
approach the upper limit of the modern calibration range (i.e., instrumental SST >30°C). Several indicators for a
non-linear relationship between temperature and iso0GDGT distributions exist in the core-top surface sediment data
set (e.g., Cramwinckel et al., 2018; Dunkley Jones et al., 2020; Fokkema, Agterhuis, et al., 2024; Kim et al., 2010).
As such, a non-linear exponential relationship has often been used for temperature reconstructions during the
Neogene (23-2.6 Ma), Paleogene (66-23 Ma) and Cretaceous (145-66 Ma; e.g., Linnert et al., 2014; Littler
etal., 2011; Liu et al., 2009; van der Weijst et al., 2022). Several studies have shown that the temperatures derived
from non-linear calibrations often agree more closely with SST estimates from independent inorganic proxies,
which may support a non-linear relationship between temperature and TEX g, (e.g., de Bar, de Nooijer, et al., 2019;
Cramwinckel et al., 2018; Frieling et al., 2017; Liu et al., 2009; Woelders et al., 2018). However, those studies also
show that non-linear calibrations yield lower (sub)tropical SSTs than linear models, further flattening equator-to-
pole SST gradients during past warm climates. As marine sediments of Paleogene and Cretaceous age are often
characterized by very high TEXg values, they require extrapolation far beyond the modern surface sediment
calibration data set and require careful consideration of the most appropriate calibration model(s).

Kim et al. (2010) also introduced another index, TEX86L, which excludes isoGDGT-3 from the numerator and
excludes the crenarchaeol isomer entirely. TEXg" assumes an exponential relationship with SST, but unlike
TEXg4', was based on the entire surface sediment data set (except the Red Sea) available at that time. TEX g™ was
initially suggested for application in colder climates (i.e., where SST <15°C). This approach has been applied in
high-latitude environments (e.g., Harning et al., 2019; Meyer et al., 2016; Sangiorgi et al., 2018; Vorrath
et al., 2023) and sites where the relative abundance of the crenarchaeol isomer is low and the water column is
shallow (i.e., the Baltic Sea; Kabel et al., 2012; Wittenborn et al., 2022). Low relative abundance of the cren-
archaeol isomer in the Baltic Sea is likely related to its endemic population of Nitrososphaeria (Berg, Listmann,
et al., 2015, Berg, Vandieken, et al., 2015; Labrenz et al., 2010; Wittenborn et al., 2023). However, as TEXgq"
excludes isoGDGT-3 from the numerator, it is more sensitive to changes in iSoGDGT-2/isoGDGT-3 ratios
(Taylor et al., 2013). Application of TEXg" is therefore not recommended outside the Baltic Sea and caution is
needed when applying this proxy to polar regions (Bijl et al., 2025; Fietz et al., 2020).

Tierney and Tingley (2014) noted that the (non-linear) Kim et al. (2008, 2010) calibration models exhibited large
residuals, resulting in overestimation of temperatures at high latitudes and underestimation at low latitudes. This
is because these calibrations were affected by regression dilution bias (Tierney & Tingley, 2014) owing to the
treatment of TEXge as an independent variable rather than a dependent variable. Large residuals >>1c are
observed for some locations in a greatly expanded data set (n > 2000; Figure 6). For example, sediments from
many tropical localities have residuals that are as high as found in surface sediments from the Red Sea, suggesting
that excluding the Red Sea from global calibrations may be somewhat arbitrary. It is evident from the latitudinal
distribution of TEX, values and residuals that regressions with strongly diverging slopes could be constructed for
different latitudinal bands or regions (Figures 6b and 6c¢). Building on such observations, Tierney and Ting-
ley (2014) proposed a spatially-varying Bayesian regression model (BAYSPAR). This approach assumes a linear
relationship between TEXg¢ and SST but takes into account all data from the surface sediment data set except data
>70°N (including the Red Sea; Tierney & Tingley, 2014) and varies the regression slope and intercept across
space to account for regional differences in ecological and environmental factors. To quantify past temperatures,
BAYSPAR searches the modern surface sediment data set for TEXg, values that are similar to the measured
TEXge value within a user-specified tolerance and draws regression parameters from these modern “analogue”
locations. This approach also yields uncertainty bounds that reflect spatial differences in the slope and intercept
terms and the error variance of the regression model and can be used to estimate uncertainty beyond the modern
calibration range. BAYSPAR assumes a linear correlation beyond the modern-calibration data set (>30°C) and as
such can result in very high (>40°C) SST estimates during past greenhouse climates (O'Brien et al., 2017). For a
given TEX g4 value, BAYSPAR will often yield higher SSTs than TEX™ but lower SSTs than other linear TEX g
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Figure 6. (a) Location of surface sediments used for TEXg, calibrations (n = 2082; compiled by Rattanasriampaipong et al., 2025) and core sites used for TEXg, SST
reconstructions compiled in the PhanSST database (Judd et al., 2022). Surface sediments represent individual modern sediments whereas the PhanSST entries represent
core locations from which time-resolved downcore records have been generated for paleo-SST reconstructions. (b) Correlation of TEX, in surface sediments with SST
using an exponential regression (SST obtained from the nearest World Ocean Atlas 2023 SST data point for each location; Locarnini et al., 2024). Data are colored by
latitudinal bands (Arctic: >66.5°N; Antarctic: >66.5°S; Southern Mid-Latitudes: 44—66.5°S; Northern Mid-Latitudes: 40-66.5°N; Southern Subtropics: 23.5-40°S;
Northern Subtropics: 23.5-40°N; Tropics: 23.5°S-23.5°N; Red Sea plotted separately). (¢) Standardized residual temperatures ([SST 1pxgs-SST,cqua] divided by
standard deviation of residuals) based on the global logarithmic regression from panel (b). Surface sediment data are divided into those published up to 2010 and
therefore included in the original TEX,¢" and TEX4" calibrations (Kim et al., 2008, 2010; Schouten et al., 2002) and those published since 2010 (Ceccopieri
etal., 2018; Chen et al., 2018; Hagemann et al., 2023; Harning et al., 2019, 2023; Jaeschke et al., 2017; Kaiser et al., 2015; Kim et al., 2015; Kusch et al., 2016; Lamping
etal., 2021; Lo et al., 2018; Pan et al., 2016; Rattanasriampaipong et al., 2025; Richey & Tierney, 2016; Rodrigo-Gamiz et al., 2015; Schukies, 2018; Sinninghe Damsté
et al., 2022; Tierney et al., 2015; Tierney & Tingley, 2014, 2015; Varma et al., 2024b; Wei et al., 2020; Yang et al., 2018). The data set was not filtered but quality
metrics (BIT, MI, %isoGDGT-0, ARI) are provided in Figure 14 and in the original data set of Rattanasriampaipong et al. (2025).

calibrations applied in greenhouse climates (i.e., TEXg¢-linear; see Inglis & Tierney, 2020 for further discussion;
O'Brien et al., 2017).

A recent machine learning approach (OPTiMAL) takes into account all six major isoGDGTs (including
isoGDGT-0 and crenarchaeol; Dunkley Jones et al., 2020). Using a Gaussian processes (GP) emulator to optimize
temperature estimation from previous surface sediment calibration data sets (e.g., Kim et al., 2010; Tierney &
Tingley, 2015 and references therein) this approach avoids the dimensionality reduction of standard indices and
ratios (Dunkley Jones et al., 2020). The approach requires no a priori assumption about the form of the isoGDGT-
SST relationship, which is optimized with a set of learned functions across the modern calibration. OPTiMAL can
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evaluate how a fossil isoGDGT assemblage compares to the modern calibration set by using its learned Gaussian-
process (GP) functions to compute a temperature-sensitivity weighted distance in isoGDGT space. The distance
of closest approach between a fossil isoGDGT assemblage and any modern isoGDGT assemblage is termed
D carest- Assemblages with D > 0.5 are considered outside the calibration envelope and are not used for SST
estimation by OPTiMAL. OPTiMAL has been applied to estimate SST during the late Pleistocene to Holocene
(last 11,700 years) and Paleocene-Eocene Thermal Maximum (~56 Ma; Dunkley Jones et al., 2020). However,

neares

the OPTiMAL approach is fundamentally constrained within the parameter space of the modern calibration and
has very little-to-no predictive power outside of the modern calibration data (i.e., >30°C).

With the exception of upwelling zones and polar regions, SST and subsurface temperatures are closely related in the
modern ocean, implying that TEX4 could also be calibrated to subsurface temperatures (Schouten et al., 2002).
TEXqg'" and TEX g4~ have both been calibrated to shallow subsurface temperature and assume constant production
within the top 200 m of the water column (Kim et al., 2008, 2010, 2012a). TEX4 has also been calibrated to shallow
subsurface temperatures (0200 m) using a Bayesian approach (BAYSPARsubT; Tierney & Tingley, 2015). This
calibration uses the original TEX g index but assumes maximum isoGDGT export occurs at ~50 m water depth. Ho
and Laepple (2016) recalibrated TEXg, to subsurface temperature but unlike the calibration models described
above (Kim et al., 2008, 2010; Tierney & Tingley, 2015), this calibration (HL16) represents an ensemble of re-
gressions that include isoGDGT export at deeper water depths (up to 950 m; Ho & Laepple, 2016). However, both
Tierney et al. (2017) and Ho and Laepple (2016, 2017) emphasized that any chosen subsurface calibration needs to
be adequate for the water depth of the paleorecord it is applied to, as applying a deep water calibration to shallow
water paleorecords may lead to erroneous results. Moreover, as isoGDGT concentration typically peaks at and/or
below the nitracline (~50-250 m depth) and that the majority of isoGDGT export likely occurs in the surface ocean
(see Section 6.2), substantial deep export (i.e., up to 950 m or deeper) is unlikely.

The aforementioned subsurface temperature calibrations are thus based on temperatures from a fixed depth range
(e.g., 0-200 m) and do not account for spatial variability in the depth of the surface mixed layer and thermocline,
which are important variables determining the niche of Nitrososphaeria in the marine water column. Changes in the
niche of Nitrososphaeria can bias temperature estimates—yielding artificially low values in upwelling regions
where the thermocline is shallower, and overly high values in subtropical gyres where the thermocline extends well
below 200 m (Rattanasriampaipong et al., 2025). To ascertain whether a surface or subsurface calibration is more
appropriate, we require an improved mechanistic understanding of isoGDGT export production (see Section 6).
Although TEXg, in globally distributed marine surface sediments is correlated with sea surface temperature as well
as subsurface temperatures, large residuals with uncertain origins remain (Figure 6¢). These residuals are poten-
tially due to spatially varying patterns in community composition, physiological factors, exogenous sources, and
water-depth dependent production and export, that are explored further below (see Sections 6-9).

5.2. Hydroxylated isoGDGTs as Marine Temperature Proxies

A major uncertainty in the global surface sediment TEXg calibration is the weak relationship between TEXg, and
SST at lower (typically <10°C) temperatures (e.g., Ho et al., 2014; Kim et al., 2008, 2010; Tierney & Ting-
ley, 2015), limiting the application of TEXg in polar regions (Fietz et al., 2020). While TEXg¢" (Kim et al., 2010)
was originally used to reconstruct SST in colder polar regions, this index is no longer recommended except in
specific environments (e.g., the Baltic Sea; see Section 5.1).

More recently, alternative temperature metrics have been developed using hydroxylated isoGDGTs (OH-
isoGDGTs). OH-isoGDGTs are particularly abundant (relative to all isoGDGTs) in polar sediments (Fietz
etal., 2013, 2020; Harning et al., 2023; Harning & Sepulveda, 2024; Huguet et al., 2013; Varma et al., 2024b) and
may represent a mechanism for membrane adaptation at low temperatures (Fietz et al., 2013, 2020; Huguet
et al., 2013). OH-isoGDGTs are so far known to be biosynthesized by a small subset of archaea, including all
mesophilic group I.1a Nitrososphaeria (Bale, Palatinszky, et al., 2019; Elling et al., 2017; Varma et al., 2024a), but
also a thermophilic methanogen (Liu et al., 2012c) and a freshwater methanotroph (Figure 3; Kurth et al., 2019).

The abundance of OH-isoGDGTs relative to non-hydroxylated isoGDGTs in marine surface sediments increases
at lower temperatures (Figure 7a; Fietz et al., 2013, 2020; Harning & Sepilveda, 2024; Harning et al., 2023;
Huguet et al., 2013; Lii et al., 2015) and there is a negative correlation between OH-isoGDGT-0 and SST (Fietz
etal., 2016; Varma et al., 2024b). This led to a revised formulation of TEX, that includes OH-isoGDGT-0 in the
denominator (Figure 7b; Varma et al., 2024b):
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Figure 7. OH-isoGDGTs in global surface sediments plotted against annual mean sea surface temperature (n = 872). (a) relative abundance of OH-isoGDGTs (%OH),
(b) TEX86OH (c) ring index of OH-isoGDGTs (RI-OH), (d) modified RI-OH (RI-OH’). OH-isoGDGT data from (Fietz et al., 2013, 2016; Huguet et al., 2013; Kaiser &
Arz, 2016; Lamping et al., 2021; Lii et al., 2015; Varma et al., 2024b; Wei et al., 2020; Yang et al., 2018). Sea surface temperature data from (Locarnini et al., 2019).
Data are colored by latitudinal bands (Arctic: >66.5°N; Antarctic: >66.5°S; Southern Mid-Latitudes: 44—66.5°S; Northern Mid-Latitudes: 40-66.5°N; Southern
Subtropics: 23.5-40°S; Northern Subtropics: 23.5-40°N; Tropics: 23.5°S-23.5°N; Red Sea plotted separately).

TEXgH!

_ [isoGDGT — 2] + [isoGDGT — 3] + [crenarchaeol isomer]

" [is0GDGT — 1] + [isoGDGT — 2] + [isoGDGT — 3] + [crenarchaeol isomer] + [OH — isoGDGT — 0]
(C))

This new index improves the temperature sensitivity in regions with mean annual SST between 5 and 15°C and in
polar regions (Varma et al., 2024b). The mechanism that underpins the empirical correlation between TEX O™
index and SST is uncertain. However, molecular dynamics simulations suggest that the additional hydroxyl
group(s) form hydrogen bonds with adjacent lipid sugar headgroups and water, enlarging the polar headgroup
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area. Hydroxylation also perturbs chain packing, with disorder propagating along the alkyl chains, increasing
membrane fluidity (Huguet et al., 2017).

In marine surface sediments, the weighted average number of cyclopentane moieties of OH-isoGDGTs also
varies as a function of temperature (expressed via the ring index of hydroxylated tetraethers; RI-OH and RI-OH’;
Figures 7c and 7d; Fietz et al., 2013; Lii et al., 2015; Varma et al., 2024b):

[OH — isoGDGT — 1] + 2 X [OH — isoGDGT — 2])
[OH — isoGDGT — 1] + [OH — isoGDGT — 2]

RI-OH = 5)

[OH — isoGDGT — 1] + 2 X [OH — isoGDGT — 2])

RI-OH’ =
[OH — isoGDGT — 0] + [OH — isoGDGT — 1] + [OH — isoGDGT — 2]

(©)

RI-OH is suggested for use when SSTs >15°C, while RI-OH’ is more suitable in colder and polar environments
where SST <15°C (Lii et al., 2015). Both RI-OH and RI-OH’ have been increasingly applied to diverse marine
environments, especially over Quaternary timescales (i.e., 2.58 Ma to present; e.g., Davtian et al., 2019, 2021;
Kremer et al., 2018; Morcillo-Montalba et al., 2021; Santos et al., 2026; Suzuki et al., 2025; Vorrath et al., 2023),
where their records often show good correspondence with other paleotemperature proxies. OH-isoGDGTs are
thought to be relatively labile and may be more susceptible to degradation compared to isoGDGTs. However, the
oldest known occurrence of OH-isoGDGTs is currently ~94 Ma (Connock et al., 2022), implying that OH-
isoGDGT-based proxies warrant further attention in Mesozoic and early Cenozoic environments.

Unlike TEXg4 (see Sections 7 and 8), relatively little is known about non-thermal effects on OH-isoGDGT
proxies. Culture experiments support a relationship between temperature and the relative abundance of OH-
isoGDGTs as well as their relative number of cyclopentane moieties (Varma et al., 2024a). However, strong
differences in the OH-isoGDGT content between closely related strains suggest additional factors exert a control
besides temperature (Elling et al., 2015, 2017; Varma et al., 2024a). Furthermore, correlations of OH-isoGDGT
cyclization with temperature in cultures are strongly offset from global marine surface sediment calibrations
(Varma et al., 2024a). Environmental factors such as nitrate concentrations (as a possible indicator of nutrient
levels), dissolved oxygen levels, and water-column stratification have been identified as controls on OH-
isoGDGT distributions in the subpolar North Atlantic (Harning & Sepilveda, 2024). Similarly, salinity has
been suggested to strongly influence OH-isoGDGT cyclization in Baltic Sea surface sediments and paleorecords,
potentially due to an effect of salinity on MG-I.1a community composition (Sinninghe Damsté et al., 2022). Like
TEXgs, OH-isoGDGT-based proxies may be affected by water depth, although data to support this is currently
limited (Fietz et al., 2016; Varma et al., 2024b, 2024c; Xiao et al., 2023b). Such an effect of water depth was
observed for TEXg"™ in sediments from the Mediterranean Sea and Red Sea, suggesting an influence of
community composition on TEX°™ (Varma et al., 2024c). However, RI-OH and RI-OH’ ratios were not
affected by water depth in either Red Sea or Mediterranean sediments (Varma et al., 2024b, 2024c¢). Terrigenous
input (Varma et al., 2025) and/or input of additional archaeal groups besides Nitrososphaeria such as metha-
nogens and/or methanotrophs (Guan et al., 2024) may contribute to the sedimentary OH-isoGDGT pool, but their
contributions and impacts on OH-isoGDGT proxies are currently unconstrained.

In summary, OH-isoGDGTs are a promising approach that can be employed alongside TEX;4 to reconstruct
surface ocean temperatures, especially in the low temperature range (<10°C) where TEXg¢ has traditionally
struggled. However, the impact of non-thermal factors and community composition on OH-isoGDGT-derived
temperature estimates requires further work.

6. isoGDGT Production and Export Depth
6.1. Evaluating isoGDGT Production and Export Using SPM and Sediment Traps

Constraining the depth of archaeal lipid export production in the water column is essential for applying isoGDGT-
based paleoclimate proxies (e.g., TEX¢) in marine sediments and exploring whether sea surface temperature or
subsurface temperature calibrations are more appropriate (see Section 5). Suspended Particulate Matter (SPM)
profiles of IPL and core lipids suggest that isoGDGT production occurs throughout the marine water column, but
isoGDGT concentrations typically peak near the base of the photic zone, at and/or below the nitracline
(~50-250 m depth; Figures 8 and 9; Basse et al., 2014; Besseling et al., 2019; Coolen et al., 2007; Guo
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Figure 8. Examples of the co-variation of IPL-crenarchaeol concentrations (summed monoglycosyl-, diglycosyl-, and
hexose-phosphohexose-crenarchaeol), MG-I.1a abundance (16S rDNA copies; only Arabian Sea) and TEX86H—derived SST
in suspended particulate matter with oceanographic parameters in the Eastern Tropical North Pacific (a—c; Xie et al., 2014;
Zhu et al., 2016), the Arabian Sea oxygen minimum zone (d—f; Pitcher et al., 2011c; Schouten et al., 2012), and the equatorial
Atlantic Ocean upwelling zone (g—i; Hurley et al., 2018). Note that these data were generated using different extraction and
analytical methods and that crenarchaeol concentrations may therefore not be comparable between sites.

et al., 2024; Hernandez-Sanchez et al., 2014; Hurley et al., 2018; Ingalls et al., 2012; Jia et al., 2017; Schouten
et al., 2012; Spencer-Jones et al., 2021; Wittenborn et al., 2023; Wuchter et al., 2005; Xie et al., 2014). At most
locations studied so far, SPM-based TEXg values are correlated with in situ temperatures only in the uppermost
water column (i.e., within the photic zone) where MG-I.1a and isoGDGTs are of relatively low abundance. In
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Figure 9. Conceptual figure of isoGDGT abundance (a), isoGDGT-2/3 ratios (b) and relative calibration weights (c) of three
commonly used subsurface calibration models Bayspar-SubT (Tierney & Tingley, 2015), TEXSGH-SubST (Kim
et al., 2012b), and HL16-SubST (Ho & Laepple, 2016). Panel (c) after van der Weijst et al. (2022).

contrast, SPM-based TEXgs-derived temperatures are higher than in situ temperatures in shallow and deep
subsurface waters where MG-I.1a and isoGDGTs are more abundant (Figure 8; Basse et al., 2014; Besseling
et al., 2019; Coolen et al., 2007; Guo et al., 2024; Herndndez-Sanchez et al., 2014; Hurley et al., 2018; Jia
et al., 2017; Schouten et al., 2012; Spencer-Jones et al., 2021; Wittenborn et al., 2023; Wuchter et al., 2005; Xie
et al., 2014). These observations could be explained by differences in seasonality (e.g., Herfort et al., 2007;
Pitcher et al., 2011b), variations in export efficiency of isoGDGTs with changing water depth (e.g., Huguet
et al., 2007; Wuchter et al., 2006b), and/or changes in MG-I.1a metabolic activity (Hurley et al., 2016, 2018).

Due to neutral buoyancy of single celled microorganisms, lipids (including isoGDGTs) must either be incor-
porated into larger particles (i.e., marine snow, fecal pellets, or phytoplankton aggregates; e.g., Huguet, Cartes,
et al., 2006; Wuchter et al., 2005) or advected downward by a downwelling water mass in order to sink and
become deposited at the seafloor and buried in sediments. This leads to a possible difference between the depth
and timing of isoGDGT production versus export production, with the latter being recorded in the sediment.
Disentangling production and export in modern systems is complicated by the timescales of modern isoGDGT
measurements, where different approaches capture different time-averaged signals. SPM primarily captures a
snapshot of in situ production, but may include downward flux of GDGTs in the subsurface, whereas sediment
traps show seasonal and inter-annual changes in sinking particulate matter, and surface sediments can reflect
years-to-several-millennia of isoGDGT accumulation and are subject to post-depositional mixing, winnowing,
and/or drilling disturbance (Mekik & Anderson, 2018) and oxidation (cf. Huguet et al., 2009). Further, isoGDGTs
in suspended and sinking particles may originate from a mix of both recently living and older cells and may be
associated with different size fractions (Ingalls et al., 2012). Comparing data from different sample types is
therefore not straightforward and understanding variations in isoGDGT production and export depth through time
and across sites requires thoughtful comparison of the available data types.

Radiocarbon (**C) measurements of isolated and purified isoGDGTSs or isoGDGT-derived biphytanes in sedi-
ments can indicate whether isoGDGTs originate in the near-surface or in deeper layers. In some regions
(e.g., Santa Monica Basin), '*C values of isoGDGTs are lower than the local surface water dissolved inorganic
carbon values, interpreted as a subsurface origin of isoGDGTs or an origin from a benthic boundary layer
(Pearson et al., 2001). However, in other regions, there are no significant '“C offsets between phytoplankton lipids
(e.g., alkenones) and isoGDGTs (Kusch et al., 2016; Smittenberg et al., 2004). Lateral sediment transport of pre-
aged lipids (see also Section 8.6; Mollenhauer et al., 2007, 2008; Shah et al., 2008) complicates the interpretation
of radiocarbon values of isoGDGTs in sediments. As a consequence, radiocarbon contents of isoGDGTs are not
always a direct reflection of radiocarbon contents of dissolved inorganic carbon at the habitat, and hence export
depth. Moreover, due to the analytical challenges associated with compound-specific '*C measurements, these

ELLING ET AL.

21 of 62

5UB01 SUOWILLIOD BAIRR.D @(qed!jdde au) Aq peuenoh a1e sapie O 88N JO S9N 1o} ARIqIT8UIIUO /B]IM U (SUORIPUOD-PUE-SLLIRILI0D A8 1M ARRIq 1 [BUIIUO//Sd1U) SUORIPUOD Pue SULB L 83 885 *[9202/60/80] U0 Aiq1T8UIIUO AB]IM ‘(PePILES 2P OLIBISIUIN) UOKINOIJ [RUO RN BURILD0D USIURdS AQ £.€500VdSZ0Z/620T OT/10p/wod A |im Ateiqieu uo'sqndnBe//sdny wioiy pepeojumoq ‘L ‘9202 'S2ah2LSe



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2025PA005373

conclusions are based on very sparse data, and additional observations may help constrain export and lateral
transport of isoGDGTs.

Variations in isoGDGT fluxes have also been related to changes in the fluxes of biogenic silica, calcite, organic
carbon, chlorins and thus, net primary production (Fietz et al., 2011; Huguet et al., 2007; Mollenhauer et al., 2015;
Park et al., 2018; Rice et al., 2026; Wittenborn et al., 2022; Wuchter et al., 2006b; Yamamoto et al., 2012) and
recent work by Rice et al. (2026) demonstrates that increased/shallower maximum net primary production cor-
relates positively with GDGT flux at several sites. As isoGDGT export is tied to primary production and likely
relies on incorporation into larger particles (potentially due to aggregation or grazing; Huguet, Cartes, et al., 2006;
Wauchter et al., 2005), export efficiency may decrease with depth of isoGDGT production. Therefore, isoGDGT
export may be most efficient from surface waters even though higher isoGDGT concentrations are found in
subsurface waters (Figures 8 and 9). Power law models similar to those for understanding particulate organic
carbon export (Martin et al., 1987) may serve as a starting point to understand how the likelihood of export varies
with depth (cf. Hurley et al., 2018; Rice et al., 2026). Such models could integrate a variety of factors, including
isoGDGT abundance, TEXg, and isoGDGT-2/isoGDGT-3 ratios (Figures 9a and 9b). Constraining the export
depth range of the sedimentary TEXg4 signal will help to parameterize the vertical weighting function implicit in
subsurface TEX calibrations (Figure 9c) and would reduce the bias associated with applying a calibration that is
systematically too shallow or too deep for the dominant GDGT export depth.

IsoGDGT concentrations in both SPM and sediment trap samples also exhibit seasonal (or sub-annual) vari-
ability. Near-surface MG-I.1a archaea are typically most active in winter, with diminished seasonality in deeper
waters (Church et al., 2003; Hugoni et al., 2015; Parada & Fuhrman, 2017; Tolar et al., 2020). However, most
sediment trap studies with >2 year observation periods show irregular patterns in the isoGDGT flux, with some
years exhibiting a clear maximum, while other years exhibit none (Fallet et al., 2011; Huguet et al., 2007
Mollenhauer et al., 2015; Rice et al., 2026; Richey & Tierney, 2016; Turich et al., 2013; Yamamoto et al., 2012).
Although peak flux generally occurs in the same season at a given site, typically the season of highest net primary
production (Rice et al., 2026), sediment trap data suggest there is no globally consistent bias in isoGDGT export
production to a specific season. Crucially, whilst isoGDGT concentrations can vary seasonally, TEXgc-based
temperatures in SPM and sinking particles typically exhibit little seasonal variability (Chen et al., 2016; Fallet
et al., 2011; Huguet et al., 2007; McClymont et al., 2012; Mollenhauer et al., 2015; Park et al., 2018, 2019; Rice
et al., 2026; Richey & Tierney, 2016; Wittenborn et al., 2022).

6.2. Re-Evaluating Subsurface isoGDGT Production on Sedimentary isoGDGT Ratios

Most TEXge estimates from sediments of Palaeogene and Cretaceous age are derived from sites with at least
~500 m water depth (Judd et al., 2022). Therefore, a deep-water (i.e., >200 m) source of isoGDGTs could bias
TEXgs signals recorded in marine sediments and challenge the interpretation that TEXg is a proxy for the
temperature of the surface or shallow subsurface ocean (i.e., upper 250 m; Besseling et al., 2019; Kim et al., 2015,
2016; Taylor et al., 2013). Based on isoGDGT distributions in globally distributed surface sediments (Kim
et al., 2010), Taylor et al. (2013) suggested that the iS0GDGT-2/isoGDGT-3 ratio reflects the contribution of
WCA MG-I.1a versus WCB MG-I.1a clades. Kim et al. (2015) demonstrated that the different isoGDGT
composition of WCA and WCB (see Section 4.1 for details) can be used to trace their relative contributions to the
sedimentary isoGDGT signal. This is based on the observations that in SPM and marine surface sediments
collected from different regions, the iso0GDGT-2/isoGDGT-3 ratio generally increases with water depth (Her-
nandez-Sanchez et al., 2014; Kim et al., 2015, 2016; Taylor et al., 2013). This ratio is expected to increase with
increasing depth and decreasing temperature in the water column due to thermal adaptation, which would increase
isoGDGT-2 relative to isoGDGT-3 (e.g., Rattanasriampaipong et al., 2022; Taylor et al., 2013). However, in pure
cultures of marine mesophilic Nitrososphaeria, temperature does not systematically affect the isoGDGT-2/
isoGDGT-3 ratio (Elling et al., 2026), while the expected effect is visible when a wider range of archaea is
considered (Rattanasriampaipong et al., 2022). In the currently available data sets, the observed increase in
isoGDGT-2/isoGDGT-3 ratio with depth is greater than expected based on thermal adaptation alone
(e.g., Rattanasriampaipong et al., 2022; Taylor et al., 2013). Generally, shallow subsurface SPM (0-200 m water
depth) exhibits isoGDGT-2/isoGDGT-3 values below 5, whereas much higher values (typically ~10-25, but
maxima as high as 50) are observed in deeper water. In the expanded global surface sediment data set, the
correlation of isoGDGT-2/isoGDGT-3 values with water depth is weak, but statistically significant (r = 0.54;
p < 0.001; Figure 10b).
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However, if the fractional abundances of iso0GDGT-2 and isoGDGT-3 could be used to represent the linear mixing
of two end-members (WCA vs. WCB), a normalized ratio scaling from O to 1 would more intuitively represent the
contributions of WCA versus WCB to the isoGDGT pool and would be applicable to samples where isoGDGT-3
is 0 (e.g., if isoGDGTs is below the level of detection or quantification). Therefore, we recommend using the
normalized abundance of isoGDGT-2, that is, isoGDGT-2/(isoGDGT-2 + isoGDGT-3; Behrooz et al., 2024;
Rice et al., 2026), resulting in a scaling from 0 to 1 (Figure 10c). The ratio varies significantly, but on average is
lower in shallow water sites with average values of 0.71 £ 0.08 (10) and 0.72 %+ 0.08 (1o) for sites with a water
depth between 0-200 m and 200-500 m, respectively (Figures 10d and 10e). The isoGDGT-2/(isoGDGT-
2 + isoGDGT-3) ratio for these shallow water sites with 0-200 m and 200-500 m are statistically not different
(p = 0.26). Deeper sites have higher values of 0.79 = 0.07 (lo), 0.84 = 0.06 (lo), and 0.89 £+ 0.05 (1o),
respectively for water depths between 500 and 1,000 m, 1,000-2,000 m, and >2,000 m. These higher values
found in the deeper sites are statistically different (p << 0.0001) from those found in shallow (0-200 m) water
sites (Figure 10), indicating WCB contributions in deep water sites. Diminishing increases in isoGDGT-2/
(isoGDGT-2 + isoGDGT-3) at sites deeper than 500-1,000 m indicates a stabilization of WCB contributions in
deeper water, potentially due to low activity of WCB and inefficient export of their biomass at depth.

Although large proportions of GDGTs from WCB—as indicated by high isoGDGT-2/isoGDGT-3 values—can
impact TEXge, changes in the fractional abundances of all other isoGDGTs included in TEXg4 are correlated
with this ratio and can lead to biases of TEX4 (Auderset et al., 2019; Kim et al., 2015, 2016). Given that half of all
TEXgs paleorecords are derived from water depths below ~1,500 m, many published TEXg4 paleotemperature
records (and calibrations) likely include contributions from WCB. Indeed, 20 of 23 modern sediment trap records
yield isoGDGT-2/isoGDGT-3 values >5 at some time of year, implying that some export of WCB-derived
isoGDGTs occurs in most marine settings (Rice et al., 2026). On a regional scale, WCB contributions have
been shown to bias sedimentary TEXgg, particularly in areas such as in the Mediterranean Sea and along the
Portuguese continental margin (Kim et al., 2015, 2016). However, a study on the Chilean and Angolan continental
margins found no difference in reconstructed temperatures from sediment cores obtained from different water
depths, despite distinct iso0GDGT-2/isoGDGT-3 ratios (Varma et al., 2023). On a global scale, normalized
isoGDGT-2 abundances are not correlated with TEX4 residual temperatures in surface sediments (Figure 11b),
suggesting no consistent global bias of deep water-derived isoGDGTs on TEXg, measured in sediments. Still,
including only deep water sites from the global data set (>2,000 m) in the surface sediment calibration, increases
the correlation coefficient with SST (r = 0.91, p < 0.001; Figure 11a) compared to a calibration using only
shallow sites (r = 0.81; Figure 11a) or the full calibration data set (r = 0.84, p < 0.001; Figure 6b). On a regional
scale, alternative calibrations including only surface sediments from specific depth ranges could limit the impact
of WCB contributions on TEXgs (Kim et al., 2015, 2016; van der Weijst et al., 2022). Similarly, individual
sediment trap records indicate that WCB contributions impact TEXg values of sinking particulate matter on
seasonal timescales, though isoGDGT flux is biased overall to relatively higher contributions from WCA (Rice
et al., 2026). Collectively, these observations indicate that contributions from WCB to sediments are less than
from WCA, yet still substantial enough to be recorded in the sedimentary isoGDGT pool (Figure 10) and hence
can affect TEXgq records. The impact of WCB on TEXg varies regionally and is difficult to constrain from the
relative abundance of isoGDGT-2 and isoGDGT-3, both in the modern and during past climate states.

Figure 10. (a) Water depth distribution (kernel density estimation) of modern surface sediments and the PhanSST database (estimated paleodepth) against the
hypsometric curve (water depth distribution of the modern ocean based on the 15-arc s global terrain model GEBCO 2024). PhanSST data are not included in panels
(b—d). (b) isoGDGT-2/isoGDGT-3 versus water depth in surface sediments (data source as in Figure 6). Values above 25 (n = 3) are not shown. (c) Standardized residual
temperatures against water depth in surface sediments. (d) Normalized isoGDGT-2 abundance (isoGDGT-2/[isoGDGT-2+isoGDGT-3]) versus water depth in surface
sediments. (e) Data visualization of all sedimentary isoGDGT-2/[isoGDGT-2+isoGDGT-3] values from the global core top database, separated across a range of water
depth intervals (0-200 m; 200-500 m; 500—1,000 m; 1,000-2,000 m; and >2,000 m. Box and line represent interquartile range, meaning 25th and 75th percentile as well
as the median (50th percentile). Whiskers represent 1.5 X interquartile range. ns = not significant. **** = p value < 0.0001. Data in panels (b—d) are colored by
latitudinal bands (Arctic: >66.5°N; Antarctic: >66.5°S; Southern Mid-Latitudes: 44—66.5°S; Northern Mid-Latitudes: 40-66.5°N; Southern Subtropics: 23.5-40°S;
Northern Subtropics: 23.5-40°N; Tropics: 23.5°S-23.5°N; Red Sea plotted separately). Water depth for surface sediments is the modern water depth at the sampling
location. Water depth for PhanSST data is the estimated paleo water depth, which was manually curated from the literature and was available for most, but not all, sites.
All data are available in Elling et al. (2026).
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Figure 11. (a) Correlation of TEX4 and sea surface temperature for surface sediments from water depths <2,000 m (gray circles and regression line) and >2,000 m
(circles colored by latitudinal band; black regression line). (b) Standardized residual temperature (calculated using global calibrations from panel a) versus normalized
isoGDGT-2 abundance (isoGDGT-2/[isoGDGT-2+isoGDGT-3]). Data from depths >2,000 m are colored by latitudinal bands (Arctic: >66.5°N; Antarctic: >66.5°S;
Southern Mid-Latitudes: 44—-66.5°S; Northern Mid-Latitudes: 40-66.5°N; Southern Subtropics: 23.5-40°S; Northern Subtropics: 23.5-40°N; Tropics: 23.5° S-23.5°N;
Red Sea plotted separately). All data are available in Elling et al. (2026).

7. Influence of Physiology and Ecology of MG-I.1a Nitrososphaeria on the TEXgq4-
Temperature Relationship

7.1. Impact of Temperature, Salinity and Community Composition on the TEX¢,-Temperature
Relationship

The empirical correlation of temperature and TEXg, in marine surface sediments is supported by experiments
testing the physiological response of MG-1.1a Nitrososphaeria to different temperatures. Incubations of surface
water in a mesocosm, resulting in an enrichment culture of a member of the MG-I.1a Nitrososphaeria, and
subsequent growth experiments at temperatures between 5 and 35°C demonstrated that TEX4 values linearly
increase with growth temperature and this correlation remains linear at temperatures above 30°C (Wuchter
et al., 2004). In an effort to calibrate TEXg4 for tropical oceans of past greenhouse climate states, Schouten
et al. (2007b) performed mesocosm incubations with tropical Indian Ocean waters at temperatures between 25
and 40°C. Also in this case, a positive linear relationship was observed between temperature and TEXgq.
However, in these early experiments, the fractional abundance of the crenarchaeol isomer was much lower than
observed in marine surface sediments, hindering a direct use of these mesocosm calibrations. The reason for the
low abundance of the crenarchaeol isomer is unknown, but could reflect a different archaeal source for isoGDGTs
in marine sediments such as an ecotype not present in the mesocosms.

Pure cultures of Nitrososphaeria spp. also show a lower-than-expected relative abundance of the crenarchaeol
isomer at growth temperatures up to 35°C, but there is a large increase in its abundance above this temperature in
soil and thermophilic Nitrososphaeria spp. (compiled by Bale, Palatinszky, et al., 2019), suggesting a role of the
crenarchaeol isomer in the adaptation to high temperature. When grown between 10 and 50°C, TEXg¢ values in
Nitrososphaeria cultures increase linearly with higher temperatures (n = 11; Figure 12a). This is consistent with
temperature being the first-order control on the formation of cyclopentane moieties in isoGDGTs and on TEXg¢
values. However, closely related strains of cultured Nitrososphaeria within the Nitrosopumilus cluster display
species-specific variations in iSoGDGT distributions (Elling et al., 2015, 2017; Pitcher et al., 2011a; Qin
et al., 2015; Santoro et al., 2021; Varma et al., 2024a) and the relative abundance of IPLs and the composition of
their core lipid components differ systematically between phylogenetic subgroups (Elling et al., 2017; Pitcher
et al., 2011a; Schouten et al., 2008b; Varma et al., 2024a). These species-specific variations result in a relatively
weak TEX4-temperature relationship among cultured Nitrososphaeria (Figure 12a) and suggest that changes in
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Figure 12. Empirical relationship between (a) TEXg, (Schouten et al., 2002) and (b) Ring Index (following the definition of Zhang et al., 2016) with growth temperature
in Nitrososphaeria culture data (Bale, Palatinszky, et al., 2019; Elling, 2015; Elling et al., 2014, 2015, 2017; Pitcher et al., 2011a; Qin et al., 2015; Sinninghe Damsté
et al., 2012b). Regression lines only include marine MG-I.1a (blue circles). For reference, global surface sediment data (gray circles; as in Figure 6;
Rattanasriampaipong et al., 2025) as well as soil (brown circles) and hydrothermal (yellow circles) Nitrososphaeria from the lineage HWCG, SAGMCG, and I.1b are
also shown. All data are available in Elling et al. (2026).

community composition could lead to distinct TEXg4-temperature relationships (Elling et al., 2015). Changing
community composition could be responsible for the spatially-varying TEXg4-temperature relationships observed
in global surface sediments (Figure 6). This may be particularly relevant in restricted basins such as the Medi-
terranean Sea and Red Sea, and brackish environments such as the Black Sea and Baltic Sea, which host endemic
populations of Nitrososphaeria (Ionescu et al., 2009; Labrenz et al., 2010; Qian et al., 2011; Wittenborn
et al., 2023). Such endemic communities may also explain why these environments feature distinct isoGDGT
fingerprints, such as low abundances of the crenarchaeol isomer and high abundances of OH-isoGDGTs observed
in the Baltic Sea (Kabel et al., 2012; Kaiser & Arz, 2016).

Spatial and temporal shifts in archaeal community composition, resulting in changing TEXg4-temperature re-
lationships, have been suggested for the modern Red Sea (Trommer et al., 2009). In the geological record, shifts in
community composition have been suggested as explanations for anomalous isoGDGT distributions in the Early
Cretaceous proto-North Atlantic (~137-125 Ma; Littler et al., 2014), the early Eocene SW Pacific (~56—48 Ma;
Inglis et al., 2015a), the Plio-Pleistocene Mediterranean Sea (~3-0.8 Ma; Polik et al., 2018), and the Quaternary
Iberian Margin (70-0 ka; Darfeuil et al., 2016). Changes in community composition may not only be driven by
geographic isolation but also by changes in physicochemical parameters such as strong changes in salinity and
pH. Although these factors do not impact TEXgs in cultures and mesocosms (Elling et al., 2015; Wuchter
et al., 2004), strong variations in these parameters such as in marginal brackish seas may select for specifically
adapted species with distinct physiology and TEX4-temperature relationships (Elling et al., 2015; Sinninghe
Damsté et al., 2022).

The global TEX4-RI relationship has been used to identify anomalous isoGDGT distributions in sediments that
may be affected by non-thermal effects (see Section 8; Zhang et al., 2016), including community composition
(Polik et al., 2018). The Ring Index (RI) is correlated to (a) TEXg and (b) SST in mesocosms and global surface
sediments (Schouten et al., 2002; Wuchter et al., 2004; Zhang et al., 2016). Here the RI is defined following
Zhang et al. (2016):
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RI =

[isoGDGT — 0] + [isoGDGT — 1] + 2 X [isoGDGT — 2] + 3 X [isoGDGT — 3] + 4 X [crenarchaeol] + 4 X [crenarchaeol isomer]

™

[iso0GDGT — 0] + [isoGDGT — 1] + [isoGDGT — 2] + [isoGDGT — 3] + [crenarchaeol] + [crenarchaeol isomer]

This version of the RI multiplies crenarchaeol (and its isomer) by a factor of four and hence does not take into
account the presence of the additional cyclohexane moiety, ignoring the unique effect the cyclohexane moiety has
on the physical properties of an isoGDGT membrane (Sinninghe Damsté et al., 2002). The latter introduces a
“bulge” into its 3D structure, preventing dense packing of isoGDGTs (Sinninghe Damsté et al., 2002), and its
inclusion would thus be expected to weaken rather than strengthen the RI-SST relationship. However, increases
of Rl in Nitrososphaeria at higher temperatures are driven by higher fractional abundances of crenarchaeol and its
isomer, suggesting that it is involved in adaptation to higher temperature (e.g., Bale, Palatinszky, et al., 2019;
Elling et al., 2015; Qin et al., 2015; Sinninghe Damsté et al., 2018). In pure culture experiments, the relationship
between the RI and growth temperature is statistically stronger (+ = 0.75, p = 6.8 x 1077; Figure 12b) than the
relationship between TEXg and growth temperature (r = 0.47, p = 0.007; Figure 12a). This may be related to
different sensitivities of isoGDGT-1, isoGDGT-2 and isoGDGT-3 to non-temperature effects in culture exper-
iments and/or the low abundance of the crenarchaeol isomer in all currently available cultures (Elling et al., 2015;
Pitcher et al., 2011a; Qin et al., 2015). Although both TEXg, and RI show robust relationships with growth
temperature in culture experiments, temperature is not the sole control and other non-thermal influences are likely
to be important (see Section 7.2 below).

7.2. Impact of Metabolic Activity of Nitrososphaeria on TEXg,

The TEXge proxy is interpreted to mainly reflect changes in ocean temperatures. However, archaeal membrane
lipid distributions can also be influenced by other physiological and environmental controls, potentially influ-
encing paleo-SST estimates. For example, in Nitrososphaeria cultures the number of cyclopentane moieties in
isoGDGT is inversely correlated with substrate availability, either in the form of the electron donor (NH;; Elling
etal., 2014; Evans et al., 2019; Hurley et al., 2016) or the electron acceptor (O,; Qin et al., 2015). Faster ammonia
oxidation rates are associated with lower TEXg4-derived temperatures, while limited substrate availability and
slower ammonia oxidation rates are associated with higher TEXg¢-derived temperatures. This effect is thought to
derive from reduced proton permeability of cellular membranes with a higher degree of isoGDGT cyclization that
promotes energy conservation and increasing growth efficiency at low substrate availability (Hurley et al., 2016),
an effect, that is, also observed in cultures of other archaea (Quehenberger et al., 2020; Zhou et al., 2020).

The dependence of TEXgs on ammonia oxidation rate in cultures is mechanistically consistent with offsets
observed between in situ temperatures and TEXg4-derived temperatures in SPM (e.g., Hurley et al., 2018;
Wouchter et al., 2005; Zhu et al., 2016). In high productivity locations, with presumably higher nitrification (and
hence ammonia oxidation) rates due to elevated remineralization rates, such as the Eastern Tropical North Pacific,
TEXg4-derived temperatures in SPM are lower than in situ temperatures by up to 25°C (Figure 8; Xie et al., 2014).
In both eutrophic (nutrient-rich) and oligotrophic (nutrient-poor) sites, the lowest TEXg¢ values in SPM are often
observed at water depths where ammonia oxidation rates and/or nitrite concentrations (the product of ammonia
oxidation) are highest (Hurley et al., 2016, 2018). This is presumably due to higher ammonia oxidation rates near
the base of the euphotic zone where ammonia is supplied from organic matter remineralization (Hurley
et al., 2016, 2018). Conversely, TEXg4-derived temperatures higher than in situ temperatures are observed in
SPM below the base of the euphotic zone of oxic water columns (Figure 8; e.g., Hernandez-Sanchez et al., 2014;
Hurley et al., 2018; Turich et al., 2007; Wuchter et al., 2005) and align with generally lower ammonia oxidation
rates in this zone (Hurley et al., 2016, 2018). These trends are observed independently of particle size class, and
therefore may represent in situ adaptive responses of Nitrososphaeria rather than a signal derived from admixture
of SPM exported from warmer surface waters (Hurley et al., 2018).

However, it remains unclear how such metabolic effects are reflected in global surface sediments calibrations and
paleorecords. Due to the diverse nutrient regimes covered by the global surface sediment data sets, physiological
factors and changing ammonia oxidation rates may explain some of the non-temperature variability in global
TEX e-temperature regressions. Further, it remains to be tested whether the global calibration data sets are biased

ELLING ET AL.

27 of 62

5UB01 SUOWILLIOD BAIRR.D @(qed!jdde au) Aq peuenoh a1e sapie O 88N JO S9N 1o} ARIqIT8UIIUO /B]IM U (SUORIPUOD-PUE-SLLIRILI0D A8 1M ARRIq 1 [BUIIUO//Sd1U) SUORIPUOD Pue SULB L 83 885 *[9202/60/80] U0 Aiq1T8UIIUO AB]IM ‘(PePILES 2P OLIBISIUIN) UOKINOIJ [RUO RN BURILD0D USIURdS AQ £.€500VdSZ0Z/620T OT/10p/wod A |im Ateiqieu uo'sqndnBe//sdny wioiy pepeojumoq ‘L ‘9202 'S2ah2LSe



A7t |

M\I Paleoceanography and Paleoclimatology 10.1029/2025PA005373

ADVANCING EARTH
AND SPACE SCIENCES

soils, lakes, hot springs,
rivers

TEe]rrestriaI bacteria

Group I.1b (I.1¢c)
(N

Other terrestrial
archaea ??

. MG-Il ?? shallow waters
e
low-oxygen waters

high BIT anaerobic anaerqbic
9 [low 2/3] o0 archaca @ @ 9 bacteria??

deep waters Deep MG-l.1a (WCB)
[ 1 M@

methane seeps

sediment
@ @ ANME \ hydrothermal vents resuspension

-
=
o

£

°
(]
n

Thermophilic

Archaeal isoGDGTs (O-0 ()1-3 @cren & cren’ [IEI(EEER K
Bacterial brGDGTs M brGDGTs (la, lla, llla) Sedimentary lipid pool

Figure 13. Sources of archaeal lipids contributing to the sedimentary lipid pool in the ocean. Also shown are sources of bacterial brGDGTs that are commonly used
alongside archaeal lipid-based proxies. ANME: Anaerobic methanotrophic archaea; MG-I: Marine Group I Nitrososphaeria; MG-11: Marine Group Il Euryarchaeota;
2/3:isoGDGT-2/isoGDGT-3 ratio; BIT: Branched and Isoprenoid Tetraether index; MI: Methane Index; WCA: Water Column Group A; WCB: Water Column Group B.

towards specific nutrient regimes or whether they broadly reflect diverse nutrient regimes. To this end, Ratta-
nasriampaipong et al. (2025) suggested that an effect of the nutrient regime is preserved in sedimentary TEXg¢
records and can be detected after accounting for the thermal signal in global surface sediment data sets, providing
an alternative explanation for anomalous TEXg¢ values in surface sediments such as from the Red Sea.

Anomalous isoGDGT distributions are also observed during past nitrogen cycle perturbations such as during the
Oceanic Anoxic Events of the Cretaceous (~94—-86 Ma; Junium et al., 2018) or during sapropel formation in the
Mediterranean Sea in the Pliocene and Pleistocene (3—0.8 Ma; Menzel et al., 2006; Polik et al., 2018). In the
Mediterranean Sea, TEXg4-reconstructed temperatures during the Pliocene and Pleistocene can vary by up to
20°C, which is implausible given the background climate and other independent proxy records (Menzel
et al., 2006; Polik et al., 2018). Instead, the variations may be related to either (a) a change in habitat depth due to
expansion of euxinia and/or (b) changes in nutrient supply in response to nitrogen cycle perturbation (Menzel
et al., 2006; Obreht et al., 2025; Polik et al., 2018). Similarly, changes in TEXg4 and isoGDGT distributions
towards lower reconstructed temperatures may be related to increased nutrient supply during enhanced upwelling
(Alfken et al., 2020; Rommerskirchen et al., 2011). This mechanism has been invoked to explain anomalously
low TEXgq values in sediments of Miocene-Pliocene age from the eastern Equatorial and southwest Pacific
(~6-3 Ma; Grant et al., 2023; Lawrence et al., 2020), sediments of Miocene-Pliocene age from the southeast
South Atlantic (~14-3 Ma; Rommerskirchen et al., 2011), and sediments of late Eocene age from the eastern
tropical Atlantic (~38-34 Ma; Cramwinckel et al., 2018). However, whether lower-than-expected TEXg¢ values
record changes in (a) metabolic activity, (b) a shift in habitat depth towards colder waters, and/or (c) changes in
thermal structure (thermocline depth, upwelling of cold water) remains to be shown.

8. Additional Sources of isoGDGTs in the Marine Environment

The sedimentary isoGDGT pool in most marine settings is dominated by input from planktonic MG-I.1a
Nitrososphaeria (see Sections 4-7). However, there are other potential sources of isoGDGTs in the marine
environment that may overprint TEXg4 values recorded in sediments. Below we discuss these additional sources
and the extent to which they control the interpretation of paleo-SST reconstructions.

8.1. Input of isoGDGTs by Methanogenic Archaea

Methanogenic archaea (methanogens) from two notable phyla—~Methanobacteriota and Halobacteriota (Syn.
class-level lineages within Euryarchaeota; see Table 1)—are known to biosynthesize isoGDGTs (Zeng
et al., 2022, and references therein) and are abundant in anoxic marine sediments and/or the water column
(Figure 13). Methanogens characteristically biosynthesize archaeols and isoGDGTs with a high relative
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Figure 14. Histogram of (a) %isoGDGT-0 values, (b) Methane Index (MI), (c) delta Ring Index (ARI) and (d) BIT index from modern marine surface sediments (black;
for data sources see Figure 6) and Mesozoic and Cenozoic marine sediments (gray; Judd et al., 2022 and references therein). These data are compiled from a large
number of independent studies that may be subject to various sampling biases, including avoiding surface sediments that may be subject to non-thermal overprints, such
as those from near river mouths or in areas impacted by methane cycling. Although the data may not be fully representative of global marine sediments, it does
encompass all data used for global core-top calibrations and paleotemperature studies.

proportion of isoGDGT-0 (De Rosa & Gambacorta, 1988; Koga et al., 1993b). Thus, the ratio of isoGDGT-
0 versus crenarchaeol (isoGDGT-0/cren), originally proposed by Blaga et al. (2009), and the modified
%isoGDGT-0 index (expressed as [isoGDGT-0]/([isoGDGT-0] + [Cren]) x 100; Inglis et al., 2015b; Sinninghe
Damsté et al., 2012a) are used to identify a high relative contribution of methanogens to the isoGDGT pool in
marine sediments. Pure and enrichment cultures belonging to the family Nitrosopumilaceae yield isoGDGT-0/
cren values <2 and %isoGDGT-0 values <67%, such that an additional, potentially methanogenic, source of
isoGDGT-0 is likely when values exceed these thresholds (Blaga et al., 2009; Inglis et al., 2015b; Naeher
etal., 2014; Sinninghe Damsté et al., 2012a). In open ocean sediments, methanogenic contributions are thought to
be relatively minor (Inglis et al., 2015b), whereas in marginal marine settings (where terrigenous input can be
high) and/or sites characterized by active methane cycling (e.g., cold seeps), methanogenic contributions can be
significant (Aloisi et al., 2002; Pancost & Sinninghe Damsté, 2003; Weijers et al., 2011). However, as most
known mesophilic methanogens do not biosynthesize isoGDGTs with cyclopentane moieties (reviewed in De
Rosa & Gambacorta, 1988; Koga et al., 1993b; Schouten et al., 2013b), the impact of methanogenesis on sedi-
mentary TEXg values (but potentially not RT) may be low and the median %isoGDGT-0 index value in modern
surface sediments (44%; Figure 14a) and Mesozoic-to-Cenozoic (~190 Ma to present) sediments (34%;
Figure 14a) suggests overall limited impact of methanogens on the published paleo-reconstructions.
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As isoGDGT-0 is also biosynthesized by a diverse range of non-methanogenic archaea (see Section 2), it is
unclear whether high isoGDGT-0/cren values truly reflect a contribution from methanogenic archaea. Further, no
empirical study has so far been published that directly relates the abundance (e.g., through DNA-based methods)
of methanogens or other archaea to isoGDGT-0 abundance. Carbon isotopic analysis has however been used to
provide insights into the sources of sedimentary isoGDGT-0. If isoGDGT-0 is predominantly derived from MG-
I.1a Nitrososphaeria, the stable carbon isotopic composition (8'*C) of isoGDGT-0 should be identical or similar
to that of crenarchaeol (Pancost et al., 2008; Pearson et al., 2016; Polik et al., 2018; Schouten et al., 1998),
whereas deviations indicate a different sources of these two compounds and hence a contribution from hetero-
trophic, methanogenic, or methanotrophic benthic archaea. Although the overall data set is currently limited, the
consistently lower 8'°C values of isoGDGT-0 compared to crenarchaeol in modern open ocean sediments suggest
contributions from archaea other than MG-I.1a to the sedimentary isoGDGT-0 pool (Pearson et al., 2016; Zhu
et al., 2021), justifying its exclusion from TEXg.

8.2. Input of isoGDGTs via Anaerobic Methanotrophs and Alkanotrophs

Anaerobic methane-oxidizing (ANME) archaea are phylogenetically related to methanogens and thrive in anoxic
water columns and marine sediments with high methane concentrations, such as cold seeps (for reviews see
Knittel & Boetius, 2009; Wegener et al., 2022). In consortia with sulfate-reducing bacteria, ANME archaea are
responsible for the anaerobic oxidation of methane, a process that is a major sink of methane in marine sediments
(Boetius et al., 2000; Hinrichs et al., 1999; Reeburgh, 1982). To date, three distinct ANME archaeal clusters,
namely ANME-1, ANME-2, and ANME-3, are assigned within order-level lineages of the phylum Hal-
obacteriota. Only ANME-1 archaea are known to biosynthesize isoGDGTs (with the exception of the ANME-2¢
and ANME 2d sub-clusters; Kurth et al., 2019; Niemann & Elvert, 2008, and references therein). ANME-1
archaea predominantly biosynthesize isoGDGT-1 to -4 (Aloisi et al., 2002; Blumenberg et al., 2004; Pancost
et al., 2001; Rossel et al., 2008, 2011; Thiel et al., 2007). However, in hydrothermally influenced sediments,
ANME archaea predominantly produce isoGDGT-4 (Kellermann et al., 2016; Schouten et al., 2003a). A poly-
phyletic group of so-called anaerobic multicarbon alkane-degrading archaeca (ANKA) related to known ANME
archaeal lineages (Wegener et al., 2022) suggest widespread capacity to produce isoGDGT-0, but only one
species was found to produce isoGDGTs with cyclopentane moieties, specifically isoGDGT-1 and isoGDGT-2
(Zehnle, 2023).

ANME archaea are particularly abundant in the deep euxinic waters of the Black Sea. This was originally inferred
via the occurrence of '*C-depleted biphytanes, derived from isoGDGTs (Schouten et al., 2001; Wakeham
et al., 2003; Zhu et al., 2024) and the high relative abundance of isoGDGT-2 (equal to isoGDGT-0) in particulate
organic carbon (POC) collected from water depths >1,000 m. 16S rRNA sequencing later revealed that the Black
Sea archaeal community is dominated by Nitrososphaeria in the upper water column (<105 m) but that the deep
sulfidic waters (>110 m) are dominated by diverse archaeal communities, including those belonging to ANME-
1b (e.g., Coolen et al., 2007; Lam et al., 2007; Schubert et al., 2006; Sollai et al., 2019a). Given the significant
positive correlation (r > 0.99) between ANME-1b archaeal gene reads and IPL-isoGDGT-0 to IPL-isoGDGT-2, it
is highly probable that ANME-1b archaea biosynthesize these isoGDGTs in the Black Sea (Sollai et al., 2019a).
Intriguingly, there is an absence of '*C-depleted biphytanes and ANME-type isoGDGT distributions in Black Sea
sediments. This implies that the water column ANME archaeal signal is not effectively transferred into the
sedimentary record (Schouten et al., 2001; Wakeham et al., 2003) and may explain why the presence of ANME
biomarkers has only rarely been observed in the geological record outside of cold seep areas (e.g., Kim &
Zhang, 2022; Wang et al., 2023).

In contrast to planktonic ANME archaea, benthic ANME archaea and ANKA likely contribute to the sedimentary
isoGDGT records in areas with intensive sedimentary methane cycling (Figure 13). In such settings, significant
isoGDGT contributions by these archaea have been observed both in the modern (e.g., Keller et al., 2025b;
Schouten et al., 2003a; Zhang et al., 2011) and geologic record (e.g., Birgel et al., 2008; Kim & Zhang, 2022),
potentially skewing TEXg estimates from these areas (e.g., Ho et al., 2025; Keller et al., 2025b; Zhang
et al., 2011). The contribution of ANME archaea to marine sediments can be evaluated using isoGDGT ratios
such as the isoGDGT-2/crenarchaeol ratio (Weijers et al., 2011) or via the “Methane Index” (MI; Zhang
etal., 2011), a proxy that evaluates the relative contribution of methanotrophic archaea (represented by elevated
isoGDGT-1, isoGDGT-2 and isoGDGT-3) versus MG-I.1a Nitrososphaeria (represented by elevated cren-
archaeol and its isomer):
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MI = [isoGDGT — 1] + [isoGDGT — 2] + [isoGDGT — 3] ®)
"~ [isoGDGT — 1] + [isoGDGT — 2] + [isoGDGT — 3] + [crenarchaeol] + [crenarchaeol isomer]

High MI values (>0.3-0.5) indicate enhanced contribution from anaerobic methanotrophs to the sedimentary
isoGDGT pool (Kim & Zhang, 2023; Zhang et al., 2011). The median MI value in modern surface sediments
(0.18; Figure 14b) and Mesozoic-to-Cenozoic sediments (0.21; Figure 14b) suggests limited ANME archaea
overprints in published paleotemperature records and the global surface sediment calibrations. The MI has been
employed to reconstruct anaerobic methanotrophic activity and high MI values provide evidence for enhanced
methane oxidation in the Northern Cascadia Margin during the Late Glacial (~20 ka; Kim & Zhang, 2023) and
across the Eocene to Miocene sedimentary succession of the North Atlantic (43—-18 Ma; Wang et al., 2023), and
the SW Pacific Ocean during the Oligocene/Miocene transition (23 Ma; Kim & Zhang, 2022). TEX4 values may
already be biased by contributions from ANME archaea below the MI threshold of 0.3-0.5 (Keller et al., 2025b).
Conversely, when MI values exceed 0.3, the bias on TEXg¢-derived temperatures may not always be as significant
as assumed (Ho et al., 2025). Further, since not all ANME subgroups produce isoGDGTs with cyclopentane
moieties, low MI values do not necessarily indicate the absence of ANME archaea. Therefore, the use of the MI to
reconstruct past changes in sedimentary methane cycling may be more reliable when combined with other
biomarkers and/or the occurrence of a '*C-depleted isotopic signature (e.g., archaeol, isoGDGTS, or isoGDGT-
derived biphytanes; Hinrichs et al., 1999; Naeher et al., 2014; Pancost et al., 2001; Schouten et al., 2003a; Zhang
et al., 2011).

The ARI (Zhang et al., 2016) complements the MI and describes a sample's offset between its RI and its Rl gy
(ARI = Rl gx—RI), with RIgx representing the expected RI based on the sample's TEXg, value and a quadratic
regression of RI with TEXg4 in modern surface sediments (Zhang et al., 2016):

Rlppy = —0.77 X TEXgs 4 3.32 X (TEXge)* + 1.59 )

Marine sediments with a ARI value between +0.3 and —0.3 are generally considered robust for temperature
reconstructions (Zhang et al., 2011). For sediments that lie outside this range, the sedimentary isoGDGT content
is likely impacted by non-thermal factors, including (but not limited to) the contribution from ANME archaea
(Zhang et al., 2016). In modern and deep-time marine sediments used for temperature reconstructions
(Figure 14c), the median ARI value falls within this range (—0.06 and O, respectively) and indicates that the
impact of these non-thermal overprints are generally minor in most settings.

8.3. Input of isoGDGTs via Benthic Non-Methane Cycling Archaea

Besides methanogenic and methanotrophic archaea, sediments host diverse communities of uncultured benthic
archaea with other metabolic strategies, such as benthic Nitrososphaeria and heterotrophic archaea from diverse
lineages (Baker et al., 2020). These benthic archaea could represent a source of isoGDGTs to marine sediments
(Biddle et al., 2006), and this could bias TEXgs records (Lengger et al., 2012; Lipp & Hinrichs, 2009; Liu
et al., 2011; Xiao et al., 2023b). For example, input of OH-isoGDGT-0 from benthic Nitrososphaeria was
suggested to occur in hadal trench sediments, inducing a cold bias in OH-isoGDGT-based proxies (Xiao
etal., 2023b). However, labeling experiments suggest a low activity of aerobic benthic Nitrososphaeria in marine
sediments (Lengger et al., 2014b) and in open marine sediments and methane seep sediments, isoGDGT &'*C
values suggest that heterotrophic benthic archaea make minimal contributions to the isoGDGT pool (Keller
et al., 2025b; Pearson et al., 2016; Zhu et al., 2021). Furthermore, by studying core lipid and IPL-isoGDGTs in
Arabian Sea sediments below the OMZ, Lengger et al. (2012) showed that: (a) benthic isoGDGT lipids were more
susceptible to degradation than fossil isoGDGTs and (b) that benthic IPL-isoGDGTs did not provide a significant
contribution to core lipid isoGDGTs and, hence, did not affect TEXg¢ values. Similarly, IPL- and core-isoGDGT
8'3C values in Black Sea sediments confirm that anaerobic benthic archaea are unlikely to be a major contribution
to the pool of isoGDGTs with cyclopentane moieties, although they may contribute to the isoGDGT-0 pool
(Schouten et al., 2001; Wakeham et al., 2003; Zhu et al., 2024).

Bathyarchaeia are also considered as a source of isoOGDGTSs. Bathyarchaeia are abundant in anoxic subsurface
and marine sediment environments, where they are thought to play important roles in the degradation of diverse
organic matter substrates (Hou et al., 2023). Bathyarchaeia abundance correlates with iso0GDGT concentrations
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in sediments (Besseling et al., 2018; Meador et al., 2015) and the only described enrichment culture of Bathy-
archaeia produces isoGDGTs with up to three cyclopentyl moieties (Dong et al., 2025).

In addition, in estuarine sediments the 8'>C signature of isoGDGTs is lower than expected when assuming input
from planktonic Nitrososphaeria alone (Meador et al., 2015). Analysis of archaeal viruses in sediments also
suggests a high turnover of the benthic archaeal community, resulting in the accumulation of archaeal necromass
(Danovaro et al., 2016), potentially including isoGDGTs. Benthic archaea may also recycle isoGDGTs as an
adaptation to low-energy availability (Takano et al., 2010). However, it remains to be shown how prevalent this
process is and whether recycling exerts an effect on TEXgq.

In summary, the contrasting lines of evidence indicate a need for further studies to assess whether benthic isoGDGT
production can significantly bias sedimentary TEXg4 values. This could potentially be assessed by analyzing
biomarkers specific to benthic archaea such as isoBDGT's and isoPDGTs (Coffinet et al., 2020; Dong et al., 2025).

8.4. Hydrothermal Input and Degradation of isoGDGTs

Diverse and abundant (non-Nitrososphaeria) archaea inhabit marine hydrothermal vents and plumes as well as
proximal sediments (Takai & Nakamura, 2011; Zhou et al., 2022). Archaea inhabiting hydrothermal systems
experience drastically different environmental conditions (e.g., temperature, pH) than those that inhabit mesophilic
marine environments. As such, their lipid composition and adaptation mechanisms differ strongly from those of
mesophilic archaea (e.g., Gibson et al., 2013; Lincoln et al., 2013; Pan et al., 2016; Sollich et al., 2017). These
extremophilic archaeal communities typically produce a distinct biomarker distribution that contains isoGDGTs
and isoGMGTs with up to eight rings, among other lipids (Gibson et al., 2013; Jaeschke et al., 2012, 2014; Lincoln
et al., 2013; Liu et al., 2016; Pan et al., 2016, 2016, 2016; Schouten et al., 2003a; Sollich et al., 2017; Umoh
et al., 2020). Input of isoGDGTs derived from hydrothermal systems could thus influence sedimentary isoGDGT
distributions and bias isoGDGT-derived proxies, including TEXgs. Anomalous isoGDGT distributions have been
found in and near hydrothermal vents and in hydrothermally heated sediments, yielding unrealistic TEXg¢ values
and distinct offsets from the TEX4-RI relationship of marine background sediments (e.g., Lincoln et al., 2013; Pan
et al., 2016). Besides the distinct isoGDGT composition of thermophilic archaea (e.g., Lincoln et al., 2013; Pan
etal., 2016; Schouten et al., 2003a), anomalous TEXg, values in hydrothermal systems have been attributed to the
impact of differential diagenetic and catagenetic degradation of cyclized isoGDGTs in hydrothermally heated
sediments (Bentley et al., 2022; see also Section 9). This influence of hydrothermal communities and catagenetic
processes on sedimentary isoGDGT distributions diminishes with decreasing temperature of hydrothermally
heated sediments and increasing distance from the hydrothermal vents due to dilution by the isoGDGT flux from
mesophilic archaea (e.g., Bentley et al., 2022; Schouten et al., 2003a; Sollich et al., 2017; Umoh et al., 2020).
Evidence from a range of hydrothermal systems has further shown that the effect of isoGDGT input or degradation
may vary on a site-by-site basis (e.g., Bentley et al., 2022; Hu et al., 2012; Pan et al., 2016; Umoh et al., 2020). A
significant contribution from hydrothermal input may be identified by other geochemical hydrothermal vent plume
indicators (e.g., Pan et al., 2016), as well as specific isoGDGT distributions, such as increased fractional abun-
dances of isoGDGT-1 through isoGDGT-3 (and therefore higher MI) and/or the high relative abundance of
cyclized isoGMGTs (e.g., Jaeschke et al., 2014; Pan et al., 2016; Schouten et al., 2003a; Sollich et al., 2017).
Overall, this bias is likely only important very close to hydrothermal vents.

8.5. Terrigenous Input of isoGDGTs

While Group I.1a Nitrososphaeria predominate in mesophilic marine waters and sediments, other Nitro-
sosphaeria as well as other archaea living in lakes, rivers, soils, and peats can produce a similar suite of
isoGDGTs (e.g., Blaga et al., 2009; Elling et al., 2017; Kim et al., 2007; Naafs et al., 2018; Sinninghe Damsté
et al., 2012b). Inputs of these allochthonous (terrigenous) lipids to marine sediments could alter the primary
marine signals and bias reconstructed TEXg4 temperatures (Herfort et al., 2006; Weijers et al., 2006). A way of
tracing terrigenous isoGDGTs is by comparing the abundance of iSoGDGT relative to those of branched GDGTs
(brGDGTs). BrGDGTs, synthesized by Acidobacteria and potentially other bacteria (Chen et al., 2022, 2025;
Halamka et al., 2021, 2023; Sinninghe Damsté et al., 2011), vary in the number of methyl branches and cyclo-
pentane moieties. They are typically much more abundant in the terrestrial environment (Weijers et al., 2007),
although relatively low amounts of brGDGTs (~1-2 orders of magnitude lower than co-occurring isoGDGTSs)
can also be produced in situ in marine surface sediments and the water column (e.g., Hopmans et al., 2004; Liu
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et al., 2014; Peterse et al., 2009; Schmidt et al., 2010; Sinninghe Damsté, 2016; Xiao et al., 2026; Xie et al., 2014;
Zell et al., 2014). The branched versus isoprenoid tetraether index (BIT) was developed to trace terrigenous input
into marine sediments and is defined as (De Jonge et al., 2014; Hopmans et al., 2004):
BIT = [brGDGT —Ia] 4+ [brGDGT —Ila] + [brGDGT — IIa’] 4+ [brGDGT — Illa] + [brGDGT — Illa’] (10)

[brGDGT —Ia] + [brGDGT —IIa] + [brGDGT —1IIa’] + [brGDGT — Illa] + [brGDGT — Illa’] + [crenarchaeol]

where brGDGT-X describes brGDGTs with 4-6 methyl groups in roman numerals and prime symbol () indicates
the 6-methyl isomer(s). BIT ranges from O to 1 and evaluates the relative input of predominantly terrigenous
brGDGTs versus marine-derived crenarchaeol. Although allochthonous brGDGTSs can reach remote ocean en-
vironments via aeolian transport (Fietz et al., 2013), low BIT values are typically observed in sediments from the
open ocean (low terrigenous inputs), whereas higher BIT values are observed in coastal marine sediments, close
to river deltas (e.g., Hopmans et al., 2004; Schmidt et al., 2010; Sinninghe Damsté, 2016; Zell et al., 2014). Early
work, therefore, suggested that marine sediments with BIT values >0.4 should not be used for TEX4 temperature
reconstructions, as above this threshold the error introduced by input of terrigenous isoGDGTs becomes larger
than the analytical error of TEXgs (Weijers et al., 2006). However, this threshold is specific to a single depo-
sitional system (the Congo Fan), and the impact of terrigenous isoGDGTs on reconstructed SST will depend on
the composition of iso0GDGTs in the surrounding (terrestrial) catchment.

The median BIT index value in modern surface sediments (0.06; Figure 14d) and Mesozoic-to-Cenozoic sedi-
ments (0.10; Figure 14d) implies that marine sediments used for the global surface sediment calibrations and
global paleoclimate compilations are largely unaffected by substantial terrigenous overprinting of isoGDGTs.
However, compound-specific 5'>C analysis of isoGDGT-derived biphytanes shows that terrigenous isoGDGTSs
can bias TEXg4 values even when BIT values are <0.3 (Pearson et al., 2016; Zhu et al., 2021). Subsequent studies
show that the BIT threshold for excluding TEXg¢ values varies on a site-by-site basis. For example, Quaternary-
aged sediments from the northwestern Mediterranean are characterized by low BIT values (<0.4), suggesting a
minor impact on TEXgs SST estimates. However, there is a linear relationship between TEXg¢ and BIT values in
these sediments, suggesting an influence of terrigenous iso0GDGTs on TEXge. This approach has been used
elsewhere to assess terrigenous input and can help determine whether to discard TEXg4 values (e.g., Douglas
et al., 2014).

High BIT values may not always bias TEXge. This is evident in ~56 Ma old sediments from Maryland, USA
(covering the Paleocene-Eocene Thermal Maximum), where adjacent downcore sediment samples with high
(>0.6) and low (<0.3) BIT values do not yield markedly different (<1.5°C) TEXg¢-inferred temperature estimates
(Inglis et al., 2023a). In this site, in situ marine production of brGDGTs may skew the BIT index toward higher
values (see also Zhu et al., 2021), as is increasingly reported from modern marine environments (Ceccopieri
et al., 2018; Dearing Crampton-Flood et al., 2019; Fietz et al., 2012; Herfort et al., 2006; Kaiser et al., 2015;
Peterse et al., 2009; Schmidt et al., 2010; Sinninghe Damsté, 2016; Zhu et al., 2011). The production of brGDGTs
in marine sediments and the water column can be identified (including for past environments) by higher relative
abundances of brGDGTs with cyclopentane moieties and other indices (e.g., Liu et al., 2014; Sinninghe Dam-
sté, 2016), which is potentially driven by the higher pH in marine sediments compared to most soils and peats.
Elsewhere, high BIT index values can reflect a low production of crenarchaeol (Sparkes et al., 2015). In addition,
brGDGTs can also be produced within riverine environments, and thus contribute to the brGDGT pool stored in
coastal marine sediments (Dearing Crampton-Flood et al., 2021; French et al., 2015; Zell et al., 2013). Riverine
brGDGTs are typically dominated by 6-methyl isomers compared to catchments soils (e.g., De Jonge et al., 2014),
and their contribution to marine sediments can thus be identified by an increase in these compounds relative to the
5-methyl brGDGTs.

Taken together, this implies that the original threshold for excluding TEXg¢ values (i.e., BIT >0.3 or 0.4) varies
on a site-by-site basis and is not always the appropriate cut-off. In addition, a round-robin study showed large
variation of BIT values reported by different laboratories for the same sediment extracts (up to 0.4 units on a scale
of 0—1; Schouten et al., 2013a) due to different MS tuning (discussed in Bijl et al., 2025). As such, additional
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approaches are needed to assess the impact of terrigenous iSoOGDGTs on TEXgs-based SSTs. For instance, the
recent development of machine learning-based isoGDGT characterization tools has been used to characterize
sources of isoGDGTs in deep-time marine sediments (e.g., the BIGMacC algorithm; Martinez-Sosa et al., 2023).
Application of BIGMaC in sediments across the Paleocene-Eocene Thermal Maximum confirms that the
threshold for identifying sediment samples with high terrigenous iso0GDGT input could be much higher in some
settings (BIT >0.6-0.7; Fokkema, Brinkhuis, et al., 2024; Inglis et al., 2023a), but this has not been investigated
for other time intervals. Moving forward, we suggest using the wide range of indices outlined in Bijl et al. (2025)
to assess the contribution and impacts of terrestrial-derived GDGTs in paleorecords.

8.6. Resuspension and Lateral Advection of isoGDGTs

Downslope transport via mass gravity flows (e.g., turbidites) can influence sedimentary TEXg values. These
processes can mix material from different source regions and/or ages, potentially overprinting the primary TEXg¢
temperature signal (Hartman et al., 2018; Littler et al., 2014). Marine sediments can also be prone to resuspension
and lateral advection by bottom water currents, potentially affecting TEXg¢-derived SST estimates (e.g., Xiao
et al., 2023a). Planktonic foraminifera, due to their relatively large size and density, are less susceptible to lateral
advection than isoGDGTs and other lipids. As such, the radiocarbon (**C) offset between isoGDGTs and
planktonic foraminifera has been used to assess the impact of lateral advection on isoGDGT-based proxies. '*C
ages of iSoGDGTs are typically older than planktonic foraminifera from the same sample, but this offset varies
spatially, with age offsets ranging from 820 + 800 years (Bermuda Rise) to ~1280-1600 years (Santa Monica
Basin; Shah et al., 2008). Mollenhauer et al. (2007, 2008) and Shah et al. (2008) found that the '*C-offset between
crenarchaeol and planktonic foraminifera (950 = 500 years) is much smaller than between alkenones and
planktonic foraminifera (4,000 = 2,000 years) in the same continental margin drift sediments, which was
attributed to the lower preservation potential of isoGDGTs compared with alkenones. This suggests that
1soGDGTs are less affected by lateral transport processes compared to alkenones. This is consistent with a multi-
proxy biomarker (GDGTs, alkenones, n-alkanes) study from the Southern Ocean which suggested that isoGDGTs
are less prone to lateral advection from the strong Antarctic Circumpolar Current than other biomarkers (Kim
et al., 2009b). Visual particle tracking experiments have helped quantify potential isoGDGT transport biases for
TEXgs in the Mediterranean Sea and suggest that any bias arising from lateral advection at this location is small
(<0.85°C) and within the calibration error of TEXg, SST calibrations (Rice et al., 2022).

In summary, in regions with strong currents and drift sites (Xiao et al., 2023a), TEX4 values may be affected by
lateral transport, but overall the impact of lateral advection on TEXg4 appears to be minimal, especially compared
to other temperature-sensitive biomarkers (e.g., alkenones). However, these conclusions are based on a relatively
small number of studies, and thus further research is needed to constrain the effect of lateral transport on TEX,
across a range of depositional regimes.

9. Diagenesis and Preservation Potential of Archaeal isoGDGTs

The oldest sediments reported to contain iso0GDGTs are ~190 Ma old (Early Jurassic; Robinson et al., 2017), but
preservation of isoGDGTs in (early) Mesozoic sediments remains sporadic. The fate of isoGDGTs is dependent
on various dia- and catagenetic processes that begin during cell senescence and continue to take place until
isoGDGT are completely degraded (as explained below; Figure 15a).

9.1. Loss of the Polar Head Group

The labile polar head group is prone to diagenesis, with observational and experimental evidence suggesting its
loss on timescales from days to several millennia (Harvey et al., 1986; Lengger et al., 2012, 2014a; Liu
et al., 2016; Xie et al., 2013). Polar head groups are bound via relatively weak linkages, that is, either a phos-
phatidic or a glycosidic bond, and are thus indicators of living or recently living microbial populations (Harvey
et al., 1986; Logemann et al., 2011; Schouten et al., 2010; Xie et al., 2013). The effect of oxic versus anoxic
conditions on the degradation of archaeal IPLs has been studied experimentally for archaeal diether lipids,
showing that oxygen exposure increased the degradation rate compared to anoxic conditions (Harvey et al., 1986;
Xie et al., 2013). For IPL-isoGDGTs, the effect of oxygen exposure has been tested using partially oxidized
organic matter-rich turbidites (Lengger et al., 2013), showing that concentrations of IPL-isoGDGTs decreased by
two to three orders of magnitude upon oxygen exposure. [soGDGTs containing glycosidically bound polar head
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Figure 15. Diagenesis of isoGDGTs. (a) Conceptual model of isoGDGT degradation processes (blue: hydrolysis; red: -oxidation) and products (adapted from Liu
et al., 2016). Abbreviations: GDD, glycerol dibiphytanol diether; GDGTol, glycerol dialkyl glycerol triether alcohol; GMGD, glycerol monobiphytanyl glycerol
diether; GMM, glycerol monobiphytanol monoether; bp-diol, biphytanic diol; GDGTA, glycerol dialkyl glycerol triether acid; GDDAA, glycerol dibiphytanol diether
diacid; GMMA, glycerol monobiphytanol monoether acid; bp-diacid, biphytanic diacid. (b) Conceptualization of iso0GDGT lability, with hexose-phosphohexose (HPH)
being the most labile and monoglycosyl (1G) being the least labile intact polar lipid (IPL) isoGDGTs, OH-isoGDGTs potentially being the most labile core isoGDGTs,
and isoGDGTs containing rings being more labile than isoGDGT-0. Question marks denote that the relative lability of these compounds have not been tested
experimentally. (c) Distribution of core isoGDGTs by IPL headgroup type in an early stationary phase culture of Nitrosopumilus maritimus (Elling et al., 2014), showing
that some isoGDGTs are preferentially bound to specific headgroups (note that IPL quantification is semi-quantitative and may vary between laboratories). Differential
degradation of IPLs could thus impact TEXg, records.

groups are thought to be relatively stable compared to those with phosphatidic head groups and thus better
preserved in marine sediments, although direct experimental evidence is still lacking (Figure 15b; Lengger
et al., 2012). The distribution of core isoGDGTs by IPL headgroup type in cultures of Nitrosopumilus maritimus
and other Nitrososphaeria differs (Figure 15c¢; Elling et al., 2014, 2015; Schouten et al., 2012; Varma
etal., 2024a), suggesting that differential degradation of different IPL headgroup types may affect the distribution
of core isoGDGTs and TEXg values. For example, it has been suggested that a faster degradation rate of
phosphohexose compared to mono- and dihexose headgroups may result in a relatively higher abundance of
iso0GDGT-1 in the core isoGDGT fraction resulting in TEXg" estimates biased toward lower temperatures in the
Baltic Sea water column (Wittenborn et al., 2023).

9.2. Breakdown of Core isoGDGT's

Core isoGDGTs are diagenetically much more stable than IPL-isoGDGTs (Lengger et al., 2013), but diagenetic
and catagenetic processes will eventually lead to their breakdown. Post-depositional exposure of marine sedi-
ments to oxygen leads to a decrease of core isSoGDGT concentrations by two orders of magnitude (Huguet
et al., 2009). As this breakdown may be selective to specific isoGDGTs, substantial post-depositional exposure to
oxygen may impact TEXg, values (Huguet et al., 2009), but this has not been observed in all settings (Kim
et al., 2009a; Lengger et al., 2013). As brGDGTs are better preserved than isoGDGTS, perhaps owing to selective
(mineral) protection, oxic degradation can also lead to an increase of BIT values in marine sediments (Huguet
et al., 2008, 2009; Lengger et al., 2013).

A wide variety of sedimentary components that are structurally related to isoGDGTSs have been identified as
diagenetic by-products and can represent >50% of the pool of isoGDGT-related products (Liu et al., 2016). Apart
from biphytane diols (Hoefs et al., 1997; Schouten et al., 1998) and biphytanic diacids (Meunier-Christ-
mann, 1988) with 0-3 rings, glycerol dialkanol diethers (isoGDDs; i.e., components in which the isoGDGTs lack
one glycerol moiety; Knappy & Keely, 2012; Liu et al., 2012b) were identified as more complex degradation
product. In marine settings, isoGDDs are one order of magnitude less abundant than isoGDGT's and likely have
mixed diagenetic and biosynthetic origins (de Bar, Rampen, et al., 2019; Hingley et al., 2024; Knappy &
Keely, 2012; Liu et al., 2012b, 2016; Meador et al., 2014). IsoGDDs with a monoglycosidic polar head group
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attached to the remaining glycerol moiety have also been identified in sediments and cultures (Meador
et al., 2014) and are presumably derived from preferential cleavage of the ether bond relative to the glycosidic
bond of monoglycosidic isoGDGTs (Zhu et al., 2024).

IsoGDGT-based proxies are used to reconstruct paleotemperatures and ocean biogeochemistry from sediments as
old as ~190 Ma (Early Jurassic), yet their degradation by the hydrolysis of their ether bonds commences on much
shorter timescales. Ether bonds can only be hydrolyzed under strongly acidic conditions and elevated tempera-
tures, yet their presumed hydrolysis products are found in surface sediments (e.g., biphytane diols; Hoefs
et al., 1997) and cultures of Nitrosopumilus maritimus, albeit in small amounts (<2%; Liu et al., 2016). Although
these components could represent biosynthetic products, their accumulation during the stationary phase suggests
a partial enzymatic source during cell senescence rather than formation exclusively via diagenesis. This may
imply that ether bonds are broken by uncharacterized enzymes involved in the microbial degradation of core
isoGDGTs. Liu et al. (2016) presented a diagenetic scheme (Figure 15a) illustrating three key reactions suggested
to play a main role in the process: (a) hydrolysis of ether bonds, (b) oxidation of terminal hydroxy groups, and (c)
a- and p-oxidation resulting in shortening of the biphytane chains. In this way, most of the diagenetic products
encountered could be explained. The timing and conditions at which these reactions occur remain elusive.

During catagenesis, isoGDGTs begin to undergo thermal cracking. Artificial maturation experiments using hy-
drous pyrolysis indicate that isoGDGTs are completely decomposed at 300°C after only 72 hr (Schouten
et al., 2004). When C-C bonds start to break above 240°C, there is preferential degradation of isoGDGTs with
cyclopentane moieties (Figure 15b; Schouten et al., 2004), leading to lower-than-expected TEXg4 values and
reconstructed temperatures (up to 0.25 TEXge units; Schouten et al., 2004). This has been suggested as an
explanation for anomalous TEXg values in Early Cretaceous sediments with elevated thermal maturity (Bottini
et al., 2015). As such, Schouten et al. (2004) recommend using other biomarker proxies to constrain thermal
maturity and hence the potential bias in TEX¢ values. They proposed excluding TEX4 values in sediments with
arelatively high abundance of 22S-hopanes (i.e., 22S/(22S + 22R) hopane ratios >0.2) or off and fo hopanes (i.e.,
hopane BP/(BP + af + Pa) ratios <0.5; Schouten et al., 2004). How artificial maturation experiments, as con-
ducted by Schouten et al. (2004), relate to natural maturation at geological timescales remains unclear, as
sometimes adjacent sediment horizons with different thermal maturity ratios below and above the thresholds have
similar TEXg values (Naafs & Pancost, 2016). In addition, hopane-based thermal maturity ratios may also be
influenced by other processes; for example, transient changes in the input of petrogenic carbon (Hollingsworth
et al., 2024; Inglis et al., 2023a). As such, we recommend using additional thermal maturity indices (such as
vitrinite reflectance, RockEval Pyrolysis, and palynomorph indices) when applying TEX;4 to deep-time sedi-
ments. Despite these caveats, it is clear that the preservation of isoGDGTs in Cenozoic (66—0 Ma) and Mesozoic
(252—-66 Ma) sediments generally occurs in sediments with low thermal maturation (e.g., Mutterlose et al., 2010;
Naafs & Pancost, 2016; Robinson et al., 2017).

Catagenesis results in the breakdown of isoGDGTs into their constitutive hydrocarbons. Head-to-head linked
isoprenoid hydrocarbons—first identified in petroleum by Moldowan & Seifert (1979)—are thought to derive
from archaeal membrane lipids, including isoGDGTs. Rowland (1990) showed that these hydrocarbons could be
produced by laboratory maturation of biomass of methanogenic archaea. Pancost et al. (2008) demonstrated that
isoGDGTs may become kerogen-bound and that artificial maturation using hydrous pyrolysis releases (a)cyclic
biphytanes with a carbon isotopic signature indicative of MG-I Nitrososphaeria. Hence, when exposed to
appropriate conditions, catagenetic reactions, including both ether and C-C bond cleavage, can produce iso-
prenoid hydrocarbons that can be linked back to archaea in the original depositional environment.

The degradation of other isoGDGT derivatives, such as OH-isoGDGTs, has not been studied. It is likely that the
tertiary hydroxyl group of OH-isoGDGTs is relatively labile and may be lost during diagenesis via a reduction
step (Figure 15b). Potentially, this reduction could initially lead to the formation of unsaturated isoGDGTs,
followed by reduction into “regular,” saturated isoGDGTs. OH-isoGDGTs have been reported from sediments as
old as 94 Ma (Connock et al., 2022) but isoGDGTs have been observed in sediments of up to Jurassic age
(190 Ma). Although this age gap could result from underreporting of OH-isoGDGT occurrence, it could also
result from higher diagenetic lability of OH-isoGDGTs. The relative abundance of cyclopentane moieties and the
connected IPL headgroups differ between isoGDGTs and OH-isoGDGTs (e.g., Elling et al.,, 2014; Liu
et al., 2012c; Varma et al., 2024a). Therefore, (differential) degradation of OH-isoGDGTS into unsaturated or
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saturated iSoGDGTs could potentially result in biases of TEXgs and OH-isoGDGT-based proxies. Future studies
should explore the impact of thermal maturation on other isoGDGTs, including OH-isoGDGTs.

10. Other Applications of Archaeal Lipids and Their Isotopes in the Marine Realm
10.1. Insights Into the Ecology and Evolution of Marine Archaea

Beyond ocean temperature reconstructions, archaeal isoGDGTs have provided numerous insights into the
metabolism and ecology of archaea in modern and past marine environments. Changes in the concentration of
isoGDGTs in sediments has been used to infer changes in productivity. For example, concentrations of cren-
archaeol and phytoplankton biomarkers (e.g., chlorins) are positively correlated in marine and lacustrine sedi-
ments, suggesting that productivity of MG-1.1a Nitrososphaeria is dependent on primary productivity (Fietz
et al., 2011; Rice et al., 2026). During anoxic intervals, organic carbon-normalized crenarchaeol concentrations
and mass accumulation rates increase, suggesting expansion of Nitrososphaeria and thus increased nitrification in
response to ocean stratification and primary productivity (e.g., Castaiieda et al., 2010; Elling et al., 2021; van
Kemenade et al., 2025; Kuypers et al., 2001).

Besides productivity, iso0GDGTs have also been used to infer the timing of major archaeal evolutionary events.
The emergence of WCA and WCB ecotypes (see Section 4.1 for details) has been inferred from molecular clock
dating of Nitrososphaeria phylogenies to ~300 Ma, coinciding with enhanced deep ocean oxygenation (Yang
et al., 2021). Building on the observation that modern WCA and WCB have different isoGDGT distributions,
recent work indicates that the shallow water ecotype (WCA) dominated in past warm climates (Ratta-
nasriampaipong et al., 2022). Although it remains debated (see Section 7.1), it has also been suggested that
crenarchaeol biosynthesis emerged as an adaptation to lower temperatures as Nitrososphaeria transitioned from a
thermophilic to mesophilic habitat (Sinninghe Damsté et al., 2002).

10.2. Tracers of Archaea in the Sedimentary Biosphere

Besides water column processes, iSoGDGTs have also been used to explore the dynamics of benthic archaea,
including the sedimentary deep biosphere (often defined as >1 m sediment depth; Teske & Sgrensen, 2008).
Marine sediments comprise one of the largest ecosystems by biomass and host a diverse archaeal community
(Baker et al., 2020). However, the contribution of benthic archaea, particularly in the deep biosphere, to the
sedimentary lipid pool has been controversial (Schouten et al., 2010; Xie et al., 2013). As discussed before
(Section 9.1), IPLs with glycosidic headgroups are thought to be more recalcitrant and are the dominant IPLs in
deeply-buried sediments. In support of this view, phosphatidic isoGDGTs (e.g., HPH-GDGTs) but not glycosidic
isoGDGTs (1G, 2G) are found mostly in surface sediments and degrade quickly with sediment depth (Carr
etal.,2018; Lengger et al., 2012, 2014a). Other phosphatidic isoGDGTs and archaeols are common in energy-rich
benthic systems such as cold seeps or euxinic systems (e.g., Besseling et al., 2018; Kellermann et al., 2016;
Schubotz et al., 2011; Yoshinaga et al., 2015).

Experimental, observational, and modeling studies have suggested that IPL-isoGDGTs detected in marine sedi-
ments (including the deep biosphere) are largely fossilized detrital compounds derived from water column-
dwelling MG-I.1a Nitrososphaeria (Lengger et al., 2012, 2014a; Schouten et al., 2010; Xie et al., 2013). How-
ever, stable carbon isotope analyses provide evidence for benthic archaea contributing to the sedimentary IPL pool.
For example, de novo production of 1G-, 2G- and 3G-isoGDGTs and core isoGDGTs in marine surface sediments
and the deep biosphere was demonstrated using radiotracer techniques (Evans et al., 2019). Intriguingly, Evans
etal. (2019) observed one to two orders of magnitude higher radiotracer incorporation into 2G- and 3G-archaeols,
indicating that glycosidic archaeols may be more suitable markers for benthic archaea than glycosidic isoGDGTs.
Similarly, Lengger et al. (2014b) found low turnover rates of IPL-GDGTs in surface sediments based on low/no
incorporation of '*C label in short-term incubation experiments. Based on the natural abundance of '*C in IPLs and
core lipids, Zhu et al. (2021, 2024) further suggested that benthic archaea contribute isoGDGT-0 but not cren-
archaeol or isoGDGT-1 to isoGDGT-3 to the IPL and core isoGDGT pools. The sources of glycosidic IPLs can be
further elucidated by analyzing the composition and 8'C values of glycosidic head groups (Lin et al., 2010;
Yoshinaga et al., 2015). For example, the dominant types of hexoses of sedimentary glycosidic isoGDGTs (Lin
et al., 2010; Yoshinaga et al., 2015) differ from those found in MG-1.1a Nitrososphaeria pure cultures (Konneke
et al., 2012). Production of glycosidic isoGDGTSs by benthic archaea may also involve the recycling of isoGDGT
core structures, such as crenarchaeol (Takano et al., 2010). In summary, this suggests that glycosidic IPLs in
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sediments may represent a mixture of fossil and in situ contributions. Benthic IPL production could be an
explanation for the presence of diverse lipids with core structures or headgroups not found in MG-I.1a Nitro-
sosphaeria, such as isoBDGTs and isoPDGTs (see also Section 2; Coffinet et al., 2020; Dong et al., 2025; Meador
et al., 2015), 1G-nonitol tetraethers (Lipp & Hinrichs, 2009), as well as unsaturated isoGDGTs (Yoshinaga
et al., 2015; Zhu et al., 2014a) and methylated isoGDGTs (Sollich et al., 2017; Zhu et al., 2014b).

GDGT '*C-labeling tracer experiments have provided further insights into the metabolisms of the benthic archaea
and reveal that archaecal communities in sulfate-bearing sediments are dominated by heterotrophs, which prefer-
entially assimilated acetate over dissolved inorganic carbon into isoGDGTs and archaeols, whereas archaeal
communities in the methane-bearing zone were dominated by autotrophs, specifically hydrogenotrophic metha-
nogens (Evans et al., 2019). Further, Bathyarchaeota were shown to degrade lignin based on label incorporation
into isoGDGTs (Yu et al., 2018). These studies highlight the future potential of isoGDGTs in tracing metabolisms
of benthic archaea and their contribution to biogeochemical cycles and the sedimentary (deep) biosphere.

10.3. Archaeal Lipid Isotopes as Tracers of Hydrology and Diverse Biogeochemical Cycles

The analysis of stable carbon and hydrogen isotopic compositions of isoGDGTs (or isoGDGT-derived biphy-
tanes) and other archaeal lipids is cost- and labor-intensive but can provide key insights into the sources of
isoGDGTs in the marine realm, both in the modern ocean and the geological record. Early studies used the 8'>C
value of isoGDGT-derived biphytanes to track the ancestral expansion of modern MG-I.1a Nitrososphaeria
during transient warming events and revealed that during Oceanic Anoxic Event (OAE) 1b (~111 Ma) up to 80
wt. % of bulk organic carbon was derived from archaeal biomass (Kuypers et al., 2001, 2002). More recently,
'2C analysis of crenarchaeol—in combination with other biomarkers—has revealed the mechanisms responsible
for anoxic water formation during sapropel events in the Mediterranean Sea (Elling et al., 2021). The 8'C value
of isoGDGTs and isoGDGT-derived biphytanes have also been used to identify contributions by methanotrophic
archaea to the modern and ancient sedimentary isoGDGT pool (e.g., Birgel et al., 2006, 2008; Keller et al., 2025b;
Pancost et al., 2000; Zhang et al., 2011; Zhu et al., 2024).

The 8'>C values of isoGDGTs have also been used to trace changes in the global carbon cycle. This is based on the
observation that all cultured MG-I.1a Nitrososphaeria are obligate chemolithoautotrophs using hydrogen bi-
carbonate (HCO;™), the main component of dissolved inorganic carbon (Millero, 1995). Thus, the 8'3C values of
their isoGDGTs should trace the §'*C values of dissolved inorganic carbon. This has been leveraged to quantify
carbon isotopic excursions and refine carbon emission scenarios across the Paleocene-Eocene Thermal Maximum
(Elling et al., 2019; Schoon et al., 2013) and during the Miocene (Sabino et al., 2022). The carbon isotopic
fractionation in MG-I.1a Nitrososphaeria may depend on CO, availability (He et al., 2022; Hurley et al., 2019;
Pearson et al., 2019) and has been proposed as a potential proxy for pCO, (Hurley et al., 2019; Pearson
et al., 2019). However, this approach remains in its infancy and has yet to be applied to the geological record.

The fractionation of the stable hydrogen isotopes in iso0GDGTs has been studied in cultures of two thermophilic
archaea (Harris et al., 2025; Kaneko et al., 2011; Rhim et al., 2024) and one culture of marine mesophilic MG-I.1a
Nitrososphaeria (Leavitt et al., 2023). These studies collectively suggest that 8*H values of isoGDGTs primarily
reflects the 8°H values of the growth water, while the influence of environmental and physiological factors is
smaller than in eukaryotes and bacteria (Harris et al., 2025; Leavitt et al., 2023; Rhim et al., 2024). Therefore, 8’H
values of isoGDGTSs may potentially be used as a future proxy for 8°H values of ocean water. Although the
variability of §?H values of water is low across large parts of the ocean, 5°H values of isoGDGTs may, similarly to
alkenones (e.g., van der Meer et al., 2007), prove useful for reconstructing large changes in salinity and/or
freshwater inflow from rivers or melting sea ice, such as in marginal seas like the Black and the Baltic Sea or the
Arctic Ocean. However, the few available 8%H values of isoGDGTs from marine sediments (Kaneko et al., 2011;
Keller et al., 2025a; Lengger et al., 2021) are more negative than those observed in Nitrososphaeria cultures
(Leavitt et al., 2023), which suggests that additional factors, for example, metabolism (Leavitt et al., 2023; Wijker
et al., 2019), impact the sedimentary &°H values of isoGDGTs. Therefore, proxy applications of 8°H of
isoGDGTs still require verification through additional culture experiments, modern environmental water and
sediment samples, as well as paleorecords.
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11. Workshop Consensus on the Application of isoGDGT Paleothermometers
11.1. Marine Group I Nitrososphaeria Are the Primary Source of isoGDGTs in the Modern Ocean

The TEXgq proxy relies on the assumption that sedimentary isoGDGTs are produced predominantly by plank-
tonic MG-I Nitrososphaeria, but previously it has been argued that other archaea, most notably MG-II Pos-
eidoniales, produce isoGDGTs, including crenarchaeol and its isomer. However, the absence of the required
biosynthetic genes in these archaea imply that Marine Group 1 Nitrososphaeria are the primary source of
isoGDGTs in modern marine water columns (see Section 4), as originally proposed during the inception of the
TEXgs proxy (Schouten et al., 2002). Still, isoGDGTs can have multiple, spatially and temporally varying
sources. Within Marine Group I Nitrososphaeria, different ecotypes (e.g., shallow vs. deep-dwelling) may
contribute differentially to the water column isoGDGT signal (see Sections 11.2 and 11.3). Furthermore, benthic
archaea may contribute iso0GDGTs to the sedimentary signal (see Section 11.6).

11.2. Temperature Exerts First-Order Control on isoGDGT Cyclization

Several studies have highlighted potential non-thermal controls on isoGDGT cyclization (see Sections 6 and 7).
Therefore, existing TEXg4 surface sediment calibrations likely amalgamate a wide variety of other non-thermal
factors (see Section 6), including changes in habitat depth, spatial variability in community composition, sea-
sonality, substrate availability, and changes in export depth or efficiency, some of which were already highlighted
in the first stage of TEX¢ proxy development (Schouten et al., 2002). However, despite these uncertainties, the
empirical correlation between temperature and TEXg4 observed in modern surface sediments and mesocosms is
supported by experiments testing the physiological response of MG-I.1a Nitrososphaeria in culture to different
temperatures (Section 7), indicating that growth temperature exerts first-order control on the number of cyclo-
pentane moieties in iso0GDGTs in the modern realm.

11.3. IsoGDGTs Are Predominantly Exported From <250 m Water Depth

It is now increasingly common for TEXg4 values to be interpreted as subsurface signals (e.g., Lopes dos Santos
etal.,2010; Rommerskirchen et al., 2011; van der Weijst et al., 2022). Consistent with this, iso0GDGT production is
typically highest near the base of the photic zone, at or just below the nitracline (generally ~50-250 m depth;
Figures 8 and 9; cf. Rice et al., 2026). However, it is likely that isoGDGT export is more efficient at shallower
depths due to incorporation of isoGDGTs into larger particles (marine snow, fecal pellets, or phytoplankton ag-
gregates). Because maxima in both in situ iso0GDGT production (~50-250 m) and primary production that can
initiate isoGDGT export (~0-100 m) occur in the upper water column, the origin depth of most sedimentary
isoGDGTs likely lies within the 0-250 m depth range at most sites. In relatively deep environments, as a con-
servative limit, isoGDGT production below 500 m contributes little to export flux, based on converging isoGDGT
distributions in sediment traps below this depth. This is further supported by the lack of exceptionally high
isoGDGT-2/isoGDGT-3 (>25) and isoGDGT-2/(isoGDGT-2+isoGDGT-3) ratios (>0.95) in most marine sedi-
ments (Figure 10). We therefore suggest that future studies that employ subsurface calibrations use those calibrated
no deeper than 250 m depth. Crucially, as shallow subsurface temperature variability typically is strongly coupled
to that of the sea surface, TEXg, can still be interpreted as representing SST variability and trends, assuming that
this relationship holds true in the paleorecords (as argued by Ford et al., 2015; Ho & Laepple, 2015).

When reconstructing absolute SSTs, an assumption must be made about whether TEXg is capturing SST or
shallow subsurface temperature—this could potentially be guided using other temperature indicators such as the

u¥’ 37 SST proxy. However, this may be challenging in sediments where the upper temperature limit of UK’ 3718
close to saturation (Miiller et al., 1998; Prahl et al., 1988), and/or where alkenones are rare or absent (typically in
sediments >50 Ma; Brassell, 2014). In these cases, comparing TEXgs-derived SSTs alongside inorganic
geochemical SST estimates derived from calcite 8'%0, A,;, and/or Mg/Ca measured on various species of
planktonic foraminifera could also help assess whether TEXg is capturing SST or shallow subsurface temper-
ature. This is because different species of planktonic foraminifera calcify at different water depths (e.g., mixed
layer, thermocline, sub-thermocline), such that geochemical analysis of taxa living at different depth habitats can
be used to reconstruct surface ocean temperature profiles (Hertzberg et al., 2016). As the reconstruction of ocean
temperatures from multiple water depths (using 8'%0 and/or Mg/Ca of foraminifera) is increasingly commonplace
(e.g., Frieling et al., 2017; Hertzberg et al., 2016; Inglis et al., 2023b), this could help to reconstruct changes in
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isoGDGT export production depth. However, inorganic geochemical proxies also carry large uncertainties in
deep time (e.g., Mg/Ca composition of seawater, calcite diagenesis etc; Hollis et al., 2019), suggesting this
approach should be only undertaken when these biases can be constrained or excluded.

11.4. Culture Data May Guide the TEX,-SST Response Beyond the Modern Range

Within the modern ocean calibration range (i.e., TEXgs < 0.73), linear and non-linear isoGDGT-based tem-
perature calibrations—most often BAYSPAR and TEXg"generally yield similar SST estimates (Kim
et al., 2010; Tierney & Tingley, 2014) but diverge when TEXg, values exceed the modern range (SST >30°C,
TEXgs >0.73). This has major implications for the application of TEXgs in warmer-than-modern climates,
especially the Eocene (~56-34 Ma) and Cretaceous (~143-66 Ma; e.g., Cramwinckel et al., 2018; Naafs &
Pancost, 2016; O'Brien et al., 2017). Mesocosm and pure culture experiments demonstrate that isoGDGT-
producing archaea can thrive at temperatures beyond those of the present-day ocean and that TEXg, responds
to increasing temperature in the range between 30 and 40°C (see Section 7). However, there are currently few data
points available in this temperature range for both cultures and mesocosms. Further, in both mesocosms and pure
cultures, the fractional abundance of the crenarchaeol isomer was much lower than expected based on the
sedimentary TEXg¢ and temperature correlation (Elling et al., 2015; Qin et al., 2015; Schouten et al., 2007b;
Wouchter et al., 2004). Finally, mesocosm experiments have been performed only for two regions, while culture
experiments cover only a small phylogenetic range, that is, not representative of many marine environments. As
such, mesocosm and culture data have been rarely used as calibrations for paleoclimate reconstructions. Despite
this, the TEXg¢-temperature responses of mesocosms and cultures reflect Nitrososphaeria temperature adaptation
and may help guide extrapolation beyond the calibrated temperature range.

11.5. Re-Evaluating Non-Thermal Overprints and Existing Thresholds

Archaeal-based isoGDGT proxies can be influenced by various non-thermal overprints. However, the criteria for
excluding problematic data vary between studies and are not always well constrained. Terrigenous input of
isoGDGTs can affect TEXg4 values and previous work suggested that marine sediments with BIT values >0.4
should not be used for SST reconstructions. However, this threshold was specific to a single depositional system
(the Congo Fan) and depends on the composition of isoGDGTs in the surrounding catchment (see Section 8),
suggesting that better constraints on the threshold are needed. Thus, we recommend that all TEXg re-
constructions are validated not only using BIT values, but by critically assessing the depositional environment
alongside a comparison with other GDGT-based proxies (e.g., ARI, correlations of TEXg¢ vs. BIT) and/or other
tools (e.g., BIGMaC, compound-specific stable isotopic analysis) to help evaluate the possible terrigenous input
biases in the record (see Section 8.5).

The impact of methanogenesis on sedimentary isoGDGT distributions likely varies by depositional and ocean-
ographic setting. Previous studies used the %isoGDGT-0 (or isoGDGT-0/Cren ratios) as an indicator of
methanogen overprint. Pure and enrichment cultures of Nitrososphaeria produce %isoGDGT-0 up to 67% (see
Section 8.3), suggesting that higher values could indicate exogenous sources of isoGDGT-0. However,
isoGDGT-0 also occurs in a diverse range of non-methanogenic archaea (see Section 2). Therefore, a high
%isoGDGT-0 cannot be taken as direct evidence for methanogen contributions. Furthermore, many mesophilic
methanogens do not biosynthesize cyclic isoGDGTs, suggesting limited impact on TEXg. In contrast, the impact
of anaerobic methanotrophy on sedimentary isoGDGT distributions is more likely to bias TEXg values, but its
impact will vary substantially depending on the environment (e.g., anoxic basin, cold seep; see Section 8.2). We
suggest that samples with MI values >0.3 should be used with caution when estimating SST. Because isoGDGT
distributions may already be impacted at MI values below 0.3, we advocate using other biomarkers and ideally
their stable carbon isotopic composition (e.g., archaeol, isoGDGTs, or isoGDGT/derived biphytanes) to exclude a
significant contribution from anaerobic methanotrophs.

Lateral advection appears to only have a small impact on TEXg, values (<0.85°C) and is only likely to be
problematic in sites characterized by very high energy currents (e.g., drift sediments; see Section 8.6). Similarly,
the impact of benthic production and/or recycling upon isoGDGT-based temperature proxies is also considered to
be limited given that benthic isoGDGT lipids are more susceptible to degradation than fossil isoGDGTs.
However, lateral advection and benthic production has been studied only at few sites and further research is
needed to constrain their impact on TEX, across a broader range of depositional regimes.
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11.6. Best Practices for Studies of isoGDGTs and TEXg,

More than two decades of research on TEX¢ and other isoGDGT-based paleotemperature proxies have led to the
development of diverse tools for interpreting iSoGDGT paleorecords. For example, various indices (e.g., BIT,
ARI, MI) have been used to assess non-temperature effects on TEXgz¢. We recommend the consistent application
of such tools to flag anomalous isoGDGT distributions (see also Bijl et al., 2025). Development of such tools
relies on large databases of isoGDGT and brGDGT distributions as well as metadata. However, many published
paleorecords report TEXg values but do not include isoGDGT fractional abundances, peak areas, or concen-
trations or are missing metadata (e.g., water depth), as do parts of the global surface sediment databases used for
calibrations (Figure 6). Therefore, we recommend reporting all isoGDGT (and ideally brGDGT) data as well as
metadata, ideally in a (community-)curated, centralized database. In deep-time marine sediments with elevated
thermal maturity (mostly limited to Mesozoic sediments), thermal maturity ratios (e.g., hopane af/(af + pa + pp)
and/or 22S/22S + 22R ratios; Schouten et al., 2004) should be reported to evaluate the potential impact of dia- and
catagenesis on TEXg, values. Finally, inclusion of a wider analytical window (i.e., using full scan mode or
including non-TEXg, lipids in single ion monitoring analyses) will help future-proof these analyses and provide
the foundational data for the development of new tools and calibrations. Recommendations for sampling, pro-
cessing, analyses, interpretation, and archiving have recently been published by Bijl et al. (2025).

12. Future Research Directions
12.1. Advances in the Analysis of isoGDGTs

Conventional isoGDGT analysis is based on the extraction of bulk sediment, typically grams of sediment or
milligrams of suspended particulate matter. This limits spatial and temporal sampling resolution. Mass spec-
trometry imaging can overcome this by revealing the micrometer-scale distribution of lipids in a sediment sample
(Alfken et al., 2019) and can resolve up to seasonal variability in laminated sedimentary sequences (Alfken
et al., 2020; Napier et al., 2022). This can provide unique insights into past climate variability but also help better
understand the mechanisms that govern isoGDGT distributions in marine environments (Alfken et al., 2020;
Napier et al., 2022). In addition, mapping the microscale distribution of isoGDGTs in sinking particles may
inform how these compounds are delivered to the ocean floor and incorporated into the sedimentary archive.
However, this approach is unable to differentiate between crenarchaeol and its isomers, and thus currently uses an
alternative temperature index (crenarchaeol-caldarchaeol tetracther index, CCaT) based upon the ratio of
isoGDGT-0 and crenarchaeol, which can be further confounded by the diverse sources of GDGT-0 (see Sections 2
and 8). As mass spectrometry imaging of archaeal lipids has so far mostly been applied to laminated sediments, its
broader applicability in non-laminated or bioturbated settings remains to be tested (Viola et al., 2025).

Apart from core isoGDGTs, a wide variety of archaeal lipids have been detected in marine environments but only
a small selection is currently utilized to study environmental change in the marine realm. Recent advances in high
resolution mass spectrometry have the potential to illuminate an expanded structural diversity of isoGDGTs in
marine environments. Archaeal lipid analysis typically involves manual peak integration of selected compounds.
Automated, “untargeted” methods have recently been developed to identify novel lipid biomarkers in the marine
water column (e.g., Collins et al., 2016; Ding et al., 2021; Kharbush et al., 2016; Zheng et al., 2025). Archaeal
lipids are not typically covered by the publicly available databases and thus generation of new databases rep-
resents a logical next step (Rempfert et al., 2023; Yao et al., 2023; Zheng et al., 2025; Zuffa et al., 2024).

An additional dimension of chemical diversity can be added to the analysis of isoGDGTs by exploring the spatial
arrangements they represent, that is, their different structural and stereoisomers. This can be done by application
of special chemical degradation techniques (Grither & Arigoni, 1995; Liu et al., 2019; Schouten et al., 1998) but
most information is provided by compound isolation and application of 2D NMR (Sinninghe Damsté et al., 2002)
or total synthesis (Holzheimer et al., 2021). Although time-consuming, such studies could significantly advance
the GDGT field. A different approach may involve integrating ion mobility separation into existing (U)HPLC-MS
based protocols to separate isomers, but initial efforts have not been able to achieve this (Law et al., 2021).
Improvements in mass spectrometry technologies, together with strategic efforts of the community to enable
stringent criteria for untargeted lipid analysis, will also be key for advancing our understanding of archaeal lipid
distributions in large environmental data sets and archaeal cultures.
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The carbon and hydrogen stable isotopic compositions of iso0GDGTs can provide insights into the source of
isoGDGTs in the marine realm, and be used to reconstruct changes in the carbon cycle and potentially hydro-
logical changes (see Section 10.3). This information can be obtained from the complete tetraether structure, from
individual biphytanes, and internally via position-specific or moiety-specific signatures. Most studies have used
labor-intensive protocols, including ether cleavage followed by hydrogenation to generate biphytanes amenable
to conventional GC-IRMS analysis of 813¢C (e.g., Hoefs etal., 1997; Lin et al., 2013; Schoon et al., 2013; Schouten
et al., 1998) and 8%H values of bulk isoGDGTs (e.g., Kaneko et al., 2011; Kellermann et al., 2012). Therefore,
applications of isoGDGTs to paleo-records remain rare and have been limited in temporal resolution. Recent
advances have the potential to simplify stable isotope analyses of individual isoGDGTs without the need for
chemical degradation, which allows generation of 8'*C or 8?H records with higher resolution. For example, the
8'2C values of intact isoGDGTs can be obtained by Spooling Wire Microcombustion-isotope ratio mass spec-
trometry (Pearson et al., 2016), whilst the 8?H values of intact isoGDGTSs can be obtained via high-temperature
gas chromatography coupled to pyrolysis/isotope ratio mass spectrometry (Lengger et al., 2021) or by HPLC
purification of isoGDGTs followed by ether cleavage (Keller et al., 2025a). Finally, high resolution mass
spectrometry techniques have recently been developed for the direct isotopic analysis of archaeal lipids and other
compounds by HPLC-MS, although such techniques do not yet reach the analytical precision of conventional GC-
C-IRMS (Groninga et al., 2025; Neubauer et al., 2023). The aforementioned improvements in the throughput and
specificity of archaeal lipid isotopic analysis provide new avenues for their application in paleoenvironmental
reconstruction.

12.2. Biosynthesis-Led Insights to Identify the Sources of Diverse Tetraether Lipids

The recent identification of enzymes responsible for the formation of isoGDGT's has enabled identification of the
sources of isSoGDGTs in the water column (Lloyd et al., 2022; Zeng et al., 2019, 2022; see Section 4). However,
the biosynthesis of crenarchaeol and its isomer remains elusive. Understanding the biosynthesis of crenarchaeol
isomer(s) is additionally important because its relative abundance is used in the TEXg proxy. Such knowledge
could also help refine the evolutionary origins of Nitrososphaeria via a combined approach using the sedimentary
record of crenarchaeol, phylogenetics, and molecular clocks.

The biosynthetic pathways of polar headgroups in (marine) archaea and their role in membrane adaptation should
also be constrained. As the effect of core lipid structures on membrane fluidity is modulated by polar headgroups
(Chong, 2010) membrane adaptation mechanisms can only be fully understood and applied to understand
environmental lipid distributions when the roles of polar headgroups are constrained. With few exceptions
(e.g., Garcia et al., 2024), the enzymes responsible for other isoGDGT modifications such as side chain hy-
droxylation (relevant to OH-isoGDGTs) and (glycerol) methyltransferases (relevant to isoBDGTs and
isoPDGTs) remain unknown. Identification of these enzymes will be required to define sources of these com-
pounds, evaluate their proxy potential, and understand the various mechanisms archaea employ to modulate their
cell membrane.

Recent advances in ultra-high resolution mass spectrometry also have the potential to reveal the internal isotopic
patterning of geobiomolecules and could provide clues on biosynthetic pathways and source organisms. The use
of Fourier transform mass spectrometers, particularly Orbitrap systems, provides sufficient mass resolution to
distinguish between nearly isobaric interferences for compounds containing H, C, N, O, and/or S isotopes (Eiler
et al., 2017). Combined with tandem mass spectrometry, intramolecular carbon isotopic signatures can therefore
become accessible (Neubauer et al., 2023) and shed new lights on biosynthetic pathways.

12.3. Impact of isoGDGT Diagenesis and Catagenesis on isoGDGT Proxies

IsoGDGT-based proxies are used to reconstruct paleotemperatures and ocean biogeochemistry from ~190 Ma
(Early Jurassic) to present. However, isoGDGT degradation products can also be found in recent sediments and
even cultures, implying that isoGDGTs may be enzymatically degraded during early diagenesis (see Section 9).
Experimental evidence to support this is lacking and it is unclear how the differential degradation of glyco-versus
phospholipid isoGDGTs affects the distribution of core isoGDGTs in surface sediments. How early diagenetic
degradation of core and IPL-isoGDGTSs manifests itself in surface sediment calibrations and affects proxy re-
constructions (e.g., TEXge, MI) remains to be studied. OH-isoGDGTs are increasingly used for paleotemperature
reconstruction, but these components contain a labile tertiary hydroxy group that seems prone to early diagenesis
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through a dehydration reaction. Further studies are required to assess how diagenesis affects the distribution of
OH-isoGDGTs, how this impacts isoGDGT-based proxies, and until what diagenetic stage these proxies can be
applied with confidence.

Despite the widespread application of isoGDGT temperature proxies, the effect of (early) catagenesis on
isoGDGTs remains largely unconstrained. For example, we still rely on a relatively simple hydrous pyrolysis
experiment (Schouten et al., 2004) to assess what level of thermal maturity (measured by a hopane isomer ratio)
we can apply isoGDGT proxies with confidence. We recommend that more effort should go into reaching a higher
level of understanding of the effect of dia- and catagenesis on the distribution of sedimentary isoGDGTs. Lab-
oratory incubation and simulation experiments should be conducted to investigate turnover, degradation patterns,
and kinetic behaviors of isoGDGTs.

12.4. Toward a Holistic Understanding of isoGDGTs via Proxy System Models

Conventional paleoclimate reconstructions are based on statistical calibrations that link proxy measurements to
climate parameters (i.e., an inverse modeling approach). However, other proxy communities are now reconsi-
dering the mathematical and statistical approach toward proxy calibration by employing a forward modeling
approach (e.g., Dee et al., 2015; Tierney & Tingley, 2014, 2018). However, this requires a mechanistic under-
standing of how temperature is imprinted into the sedimentary TEXg, signal and will require answering several
long-standing questions.

Firstly, the functional form of the TEXg4-SST relationship remains uncertain beyond the modern temperature
range (>30°C; Section 5). We suggest that new and existing culture data (Figure 12; Section 7.1) could help guide
the SST response beyond the modern range and determine the functional form of the TEX-SST relationship,
especially above 30°C. The influence of spatial and temporal changes in water column structure, affecting both
habitat and export depth, remain uncertain. The choice of calibration model can thus lead to fundamentally
different interpretations of past climate dynamics, and therefore it is common to assume a plausible range of
temperature estimates using multiple calibrations rather than selecting only one.

Secondly, in past warm climates, TEXgs SST estimates can exceed 20°C in the high-latitudes regardless of the
calibration used (e.g., Bijl et al., 2013; Jenkyns et al., 2012; O'Brien et al., 2017; Sliwiriska et al., 2023; Sluijs
et al., 2006, 2020), suggesting a potential seasonal bias. In the modern ocean, Nitrososphaeria growth follows a
seasonal pattern (Section 6) whilst high-resolution orbitally-resolved TEXg¢ SST records exhibit a seasonal bias
in polar environments (Fokkema, Brinkhuis, et al., 2024, Fokkema, Agterhuis, et al., 2024). This potential bias
could be further illuminated by developing similarly high-resolution empirical data sets and/or by culturing
Nitrososphaeria under similar conditions (cf. Schouten et al., 2007b).

Thirdly, we must determine the physiological and ecological processes that operate in different oceanographic
systems, across different timescales, and how these impact isoGDGT-based metrics. However, laboratory ex-
periments linking community composition to isoGDGT distribution are largely based on a narrow range of di-
versity of Nitrososphaeria, representing only the coastal Nitrosopumilus clade (see Section 7.1). Therefore,
cultured isolates representing a greater diversity of ecotypes of Nitrososphaeria, including shallow oligotrophic
(WCA, see also Section 6.2), deep oligotrophic (WCB), polar, and restricted basin (e.g., Red Sea and/or the
Mediterranean Sea), are required to understand how species- and ecotype-specific isoGDGT distributions
contribute to isoGDGTs preserved in marine sediments, potentially using new metrics in addition to isoGDGT-2/
(isoGDGT-2 + isoGDGT-3) ratios. At the community level, controlled mesocosm experiments paired with
community characterization (cf. Schouten et al., 2007b) may help to distinguish the role of community
composition versus environmental (ecophysiological) factors on the distribution of iso0GDGTs—this could also
help investigate the upper and lower limits of the TEXg, proxy. Additionally, expanded spatial and latitudinal
coverage of SPM and sediment trap studies are needed to constrain the ecological and oceanographic controls on
the export depth and subsequent formation of the sedimentary TEXg4 signal. This knowledge is required before
we can begin to quantify the effect of ecophysiological factors on TEXg4 values in the geological past.

Finally, a more comprehensive understanding of archaeal membrane lipid adaptation requires investigating a
wider range of biomolecules, including OH-isoGDGTs. Additional priorities for future work include elucidating
the physiological basis and confounding factors of novel isoGDGT-based proxies, including OH-isoGDGT-based
ratios. For example, comparatively little is known about non-thermal effects on OH-isoGDGT proxies, including
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physiological factors (e.g., growth rate, nutrients) as well as their sources (WCA vs. WCB or other groups of
archaea). Culturing and mesocosm experiments are needed to constrain how non-thermal factors affect OH-
isoGDGTs, while combined genomic and intact polar lipid profiling of SPM and sediments can reveal the
source of OH-isoGDGTs in the marine realm.

Ultimately, we strive toward an approach that embraces all (known) uncertainties and confounding factors in a
proxy system model (Evans et al., 2013). The model would include priors for nutrient supply, the depth/season of
export, dissolved oxygen, and water column structure. These priors can be informed by GDGT-based metrics that
flag non-thermal effects (e.g., BIT, MI) as well as independent proxies for productivity and stratification that help
constrain iIsoGDGT source and non-thermal overprints in the sedimentary record. Several studies have used the
latter approach to assess confounding factors on isoGDGT paleothermometry (e.g., Huguet et al., 2006¢c; Wubben
et al., 2024) and even qualitative constraints can be encoded as weak priors in an inverse framework. Finally,
isoGDGT distributions can be assimilated with other (imperfect) temperature proxies with different sources of
uncertainty in joint proxy inversion systems to reduce uncertainty (Bowen et al., 2020; The Cenozoic CO, Proxy
Integration Project (CENCO2PIP) Consortium, 2023).
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