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GEOLOGY

Near-universal trends in brGDGT lipid

distributions in nature

Jonathan H. Raberg’?*, Gifford H. Miller', Aslaug Geirsdéttir?, Julio Sepulveda’

Bacterial brGDGT lipids are a prevalent tool in studies of terrestrial paleoclimate. Their distributions correlate
empirically with environmental temperature and pH, and their ubiquity in terrestrial, freshwater, and marine
environments gives them wide applicability. Whether correlations with temperature and pH emerge due to a physio-
logical response of source organisms and/or a shift in bacterial community composition remains an open question
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with important implications for proxy development and application. We applied a newly described technique for
grouping brGDGTs to a globally compiled dataset (n =3129) consisting of all modern sample media known to host
brGDGTs. We found strong resemblances in the relationships between brGDGT fractional abundances and both tem-
perature and pH across nearly all sample types examined. We also found near-universal connections between the
brGDGTs themselves. Given the markedly different bacterial communities expected to inhabit these settings, these
widespread relationships may suggest physiological and/or biochemical bases for observed brGDGT distributions.

INTRODUCTION

Lipid biomarkers preserved in sedimentary archives are an invaluable
tool in studies of Earth’s past climates. Of these, bacterial branched
glycerol dialkyl glycerol tetraethers (brGDGTs) have quickly become
one of the most popular proxies for reconstructing temperature and
pH, partly because they are nearly ubiquitous in the natural world.
BrGDGTs have been measured in more than a dozen of different
sample media from the high Arctic (I) to the deepest ocean trenches
(2), including in soil (3), peat (4), groundwater (5), hot springs (6),
eolian particulate matter (7), marine hydrothermal (8) and methane
cold seep (9) carbonate, fossil bone (10), speleothem (11), serpentinite-
hosted ecosystems (12), and sediment and suspended/settling par-
ticulate matter (SPM) from lacustrine, riverine, and marine settings
(13-16). This ubiquity, along with a preservation window of at least
tens of millions of years (17), makes brGDGT's applicable in a wide
variety of sedimentary archives over geologic time scales, even when
other proxies may be absent (18-23). However, longstanding questions
exist in brGDGT research that complicate their use as reliable,
quantitative paleoclimate proxies.

The origin of the connection between brGDGT distributions and
environmental parameters is one such pertinent question. Drawing
analogies to other bacterial membrane lipid classes, early studies
posited that the empirical relationships between brGDGTs and
environmental parameters were physiological adaptations of source
organisms to variations in external temperature and pH (24). Sub-
sequent studies have since shown that changes in brGDGT distribu-
tions are also accompanied by shifts in the composition of the associated
microbial community, indicating that the empirical correlations be-
tween the lipids and environmental parameters may be indirect in
nature (25-29). Whether the variation in a brGDGT paleorecord is
due to the direct physiological response of microbes to a changing
environment or the indirect restructuring of a microbial community
has important implications for its interpretation and fidelity (28).
Unfortunately, brGDGT-producing source organisms remain incompletely
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identified and cultured (30), limiting our ability to test these hypotheses
through controlled laboratory experimentation; to date, only two
strains of Acidobacteria have been shown to produce just one of the
15 commonly measured brGDGTs (31, 32). However, some insight
can be gained by other means. Mesocosm studies of both incubated
soils (33) and lake waters (34) have suggested a bacterial community
influence. Molecular dynamics simulations have recently produced
a split result, supporting the physiological explanation for the brGDGT
paleothermometer but leaving open the possibility of a community-
driven pH response (35). Here, we take an alternate approach in
addressing this long-standing question by compiling the large and
diverse body of existing lipid and environmental data and revisiting
the empirical trends that exist in nature.

Early studies of brGDGTs in soils found that the number of
methyl groups and cyclopentane rings on the lipids’ alkyl backbone
were empirically correlated with temperature and pH, respectively
(24). Subsequent studies have generally upheld these basic relation-
ships but have also found important differences in their details across
sample types and regions. These discrepancies have led to indepen-
dent modern calibrations for different sample types [e.g., soils and
peats (36), lacustrine sediments (37) or SPM (38), bones (39), speleothems
(40), and marine sediments (23)] and regions [e.g., East Africa (41)
and China (42)] and have necessitated much effort to disentangle
the allochthonous versus autochthonous sources of brGDGTs to
sedimentary archives (2, 23, 43-48). Further complicating the matter,
brGDGT distributions are affected by a wide array of other environ-
mental parameters, including oxygen levels (26, 27, 29, 49-54),
salinity/electrical conductivity (55, 56), seasonality (27, 36, 46, 57),
nutrient availability (58, 59), and soil chemistry (28), which can mask
or override relationships with temperature or pH. Last, an observed
bias in brGDGT-derived temperatures toward warmer seasons has
proven difficult to quantify, with various studies finding summer air
temperature (60), the mean air temperature of months above freezing
(MAF) (36, 37, 55), growing degree days above freezing (61), or other
temperature indices to provide the strongest correlations in modern
training sets. These discrepancies might be expected, as these air
temperature indices are themselves only proxies for the in situ tem-
peratures that are relevant for brGDGT-producing microbes. A growing
body of in situ temperature studies [e.g., in lakes (38) and soils (62, 63)]
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show promise, but the vast majority of published works currently
rely on air temperatures, which are more readily available.

BrGDGT studies have traditionally relied on fractional abun-
dances (FAs) calculated by dividing the compound of interest by the
sum of all 15 commonly measured brGDGTs (“Full Set FAs”; fig.
S1G and table S1). By mathematically mixing these compounds in
the denominator, this approach risks convoluting the influences of
multiple environmental parameters on lipid distributions and obscuring
individual compounds’ trends. We recently proposed an alternative
approach in which FAs are calculated within structurally based brGDGT
subgroups (fig. S1 and table S1) (55). These “structural sets” de-
convolved relationships among the lipids and temperature, pH, and
conductivity in a global lake sediment dataset (55). Specifically,
variations in methylation number, as isolated by the Meth Set (fig.
S1A), captured the entirety of the brGDGT temperature response.
Similarly, the pH response was fully captured by variations in cycliza-
tion number and isomer abundance, as quantified by the Cyclization-
Isomer (Cyc-Isom) Set (fig. S1E). These clarified connections between
lacustrine brGDGTs and their environment encourage application of
the structural set approach to other sample types.

Here, we leverage the ubiquity of brGDGTSs in nature and the
clarifying capacity of the structural set methodology to determine
whether evidence exists for a physiological basis underlying empir-
ical temperature and pH trends. To this end, we compile a dataset
(n = 3129) of all available modern sample media known to contain
brGDGTs (Fig. 1 and table S2; see Materials and Methods). The wide
range of sample types in the compiled dataset can be expected to
host a correspondingly wide range of bacterial life (e.g., soil versus
marine). If the relationships between brGDGT's and temperature/pH
are physiological in origin, then they should supersede these taxo-
nomic differences and produce similar trends across sample types.
If, instead, bacterial community composition drives the link between
brGDGTs and their environment, then different sample types should
exhibit different environmental dependencies and coherent trends
should not emerge. Here, we find that the structural set approach

reveals relationships between brGDGTSs and temperature and pH
that are nearly universal across the diverse sample types in our com-
piled dataset. This result supports a physiological origin for the em-
pirical connections between brGDGTs and their environment. We
also find strong correlations [correlation coefficient (r) = 0.89]
between pairs of brGDGT FAs and discuss their biochemical impli-
cations. Last, we note that, while physiology-driven trends emerge
at a global scale, substantial variation persists at the regional or site-
specific level, indicating that community composition and/or envi-
ronmental factors outside of temperature and pH remain important
controls on brGDGT distributions.

RESULTS

To determine whether evidence exists for a physiological brGDGT
temperature response, we compared the relationships between brGDGT
FAs and temperature across the sample types of the compiled data-
set. These sample types do not always share the same temperature
parameter [e.g., air temperature for soils versus sea surface tem-
perature (SST) for marine sediments] due to inherent differences
between sample types and data availability constraints (see Materials
and Methods and Supplementary Text for details). However, trends
can still be evaluated at the qualitative and semiquantitative levels to
determine whether the brGDGT temperature response is similar
across sample types.

The relationship between temperature and a representative
compound, brGDGT-Ia, is shown in Fig. 2 for all sample types with
associated temperatures in the compiled dataset. When the FA of
brGDGT-Ia was calculated using all 15 commonly measured
brGDGTs (Full Set; flapyy; Fig. 24, fig. S1, and table S1), a weak cor-
relation was observed across the dataset (r = 0.48; Fig. 2A), and linear
fits of the six major sample types (soil, peat, lacustrine sediment,
lacustrine SPM, marine sediment, and bone) varied widely in slope
and intercept (Fig. 2B). However, when the FA of brGDGT-Ia was
calculated in the Meth Set (flapetn), which allows only methylation
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Fig. 1. Map of samples included in the compiled dataset. Number of samples (n) per sample type is given in the parentheses for a total of n=3129.
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number to vary by holding cyclization number and isomer designa-
tion constant (schematic at top right of Fig. 2, fig. S1, and table S1),
a common temperature relationship emerged across sample types.
The four sample types with existing global- or large-scale calibrations
(soil, peat, lacustrine sediment, and bone) displayed similar functional
forms with temperature, with linear slopes and intercepts often within
uncertainty (Fig. 2D and fig. S2) and broad agreement overall (r =
0.79; Fig. 2C). Linear fits of marine sediments and lacustrine SPM,
for which only smaller scale or site-specific calibrations have been
generated (23, 38), agreed with those of the major sample types
(Fig. 2E), with fitting coefficients again often falling within un-
certainty (Fig. 2F and fig. S2). Limited datasets of low dissolved oxygen
(DO) lacustrine SPM (separated from other lacustrine SPM samples
due to the marked influence of oxygen levels on brGDGT distribu-
tions), lacustrine meso/microcosm, and groundwater generally plotted
within trends defined by the major sample types, resulting in a co-
herent temperature relationship across the dataset (r = 0.79; Fig. 2E).

The agreement in temperature trends across sample types was
not limited to brGDGT-Ia. Rather, near-universal temperature trends
were a common feature of the Meth Set (Fig. 3). The six major sam-
ple types again displayed visibly similar functional forms for all
15 compound FAs, with linear or quadratic fitting coefficients often
falling within uncertainty (fig. S2). Notable deviations were visible
for low DO SPM (e.g., Fig. 3E), groundwater (e.g., Fig. 3G), and
marine samples (e.g., Fig. 3]) along with some soils and peats
(e.g., Fig. 3A). Asin Fig. 2, the Meth Set FAs unanimously provided

stronger correlations than the standard Full Set FAs and better agree-
ment across sample types (fig. S3).

To test the sensitivity of these results to our choice of tempera-
ture parameters, we repeated the above analysis using alternate
associated temperatures for the four primary sample types (soil,
peat, lacustrine sediment, and bone). When the same temperature
parameter was used for all four sample types, the overall correlations
and agreement between intercepts decreased slightly, while agree-
ment between slopes was generally improved in comparison to the
results in Fig. 3 (see Supplementary Text and a representative anal-
ysis in fig. $4).

To determine whether near-universal pH trends were also a fea-
ture of the compiled dataset, we examined the relationships between
pH and brGDGT FAs calculated in the Cyc-Isom Set (fig. S1E and
table S1). The Cyc-Isom Set, which holds the methylation number
constant while allowing cyclization number and isomer designation
to vary, was shown to best capture both the pH and conductivity
dependencies of brGDGTs in lacustrine sediments (55). While pH
is often measured in studies of brGDGTs, conductivity/salinity data
are not widely available. We therefore compared trends in Cyc-Isom
Set FAs with pH while noting that conductivity/salinity may addi-
tionally affect these FAs (e.g., for marine samples).

The relationships between Cyc-Isom brGDGT FAs and pH showed
strong similarities across multiple sample types. Soils, peats, and
lacustrine sediments and SPM exhibited compound-specific rela-
tionships with similar functional forms (Fig. 4) and linear slopes
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Fig. 2. Temperature trends across sample types for a representative compound, brGDGT-la. Relationship between temperature and the FA of brGDGT-la calculated
in the (A and B) Full Set (flag,); schematic at top left; fig. S1G and table S1) and (C to F) Meth Set (flametn; schematic at top right; fig. S1A and table S1). *Temperatures are
(necessarily) different for different sample types (see Materials and Methods) and are as follows: warmest month air temperature (soil, peat, and bone), mean air tempera-
ture of months above freezing (lacustrine sediment), sea surface temperature (marine sediment), and in situ water temperature (SPM, meso/microcosm, and groundwater).
Overall correlation coefficients (r) are provided for the n samples in (A), (C), and (E). Linear fits for the major sample types are plotted in (B), (D), and (F). Points and fits

from (C) and (D) are plotted in gray in (E) and (F). P < 0.01 for all fits.
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Fig. 3. Relationships between temperature and brGDGT FAs for each compound (A to L) in the Meth Set. The Meth Set is formed by grouping brGDGTs by cyclization
number and isomer designation (schematics at top); FAs are calculated within each group (55). Plots of 1a’, IIb’, and lic’ exactly mirror those of llla’, IlIb’, and llic’, respectively,
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marked with an asterisk. Open circles denote points with FA=0 or 1. These points were primarily clear outliers originating from samples with low concentrations of

brGDGTs and were excluded from statistical analyses (see Materials and Methods).

often within 1 SE (fig. S5). However, unlike for temperature, a con-
sistent offset is visible between the terrestrial (soil and peat) and
lacustrine (sediment and SPM) datasets (Fig. 4). Sample types with
limited datasets—including lacustrine meso/microcosm and low
DO SPM, riverine sediments and SPM, marine sediments, and
groundwater—generally plot within these global trends, with nota-
ble exceptions for low DO SPM, marine sediments, and groundwater
samples (e.g., Fig. 4E). Lower pH microcosm samples also deviated,
potentially due to the death of brGDGT-producing microbes in
these experiments (34), and riverine sediments from an acid mine
drainage (64) were consistent outliers. Again, the Cyc-Isom FAs

Raberg et al., Sci. Adv. 8, eabm7625 (2022) 18 May 2022

provided stronger correlations and better agreement between sam-
ple types than the standard Full Set approach (fig. S6).

In addition to the structural sets, multiple indices have been de-
veloped to highlight brGDGT structural variations. Three of the most
widely applied are MBT's5pme (65), CBT’ (65), and IRgme (66), which
highlight changes in methylation number, cyclization number, and
isomer abundance, respectively. Coherencies in the relationships be-
tween all three indices and temperature or pH were present across
sample types (Fig. 5, A to C), with correlation coefficients as high
as r = —0.85. In addition, linear regressions between MBT’s);. and
temperature were in broad agreement for the six major sample
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types (Fig. 5D). Regressions of the pH indices, CBT’ and IRge, dis-
played larger differences (Fig. 5, E and F), although we note that
most of these sample types do not span the full range of pH values.
Last, we note that the structural set analyses (Figs. 3 and 4) suggest
that the common trends in these widely applied indices originate
from coherencies at the compound-specific level.

In addition to correlations with temperature and pH, we found
multiple near-universal relationships between pairs of brGDGT FAs
(Fig. 6). By partitioning brGDGTs into the structural sets, these pairs
of FAs are guaranteed to be mathematically independent (55). The
FAs of uncyclized and monocyclized tetramethylated brGDGTs
(flapg and fIbyyg; fig. S1D and table S1) were tightly correlated in the
Meth-Isom Set (r = 0.89; Fig. 6A). Similarly, those of 5-methyl pen-
tamethylated and hexamethylated uncyclized brGDGTs (fIlac; and

Raberg et al., Sci. Adv. 8, eabm7625 (2022) 18 May 2022

flllacy; fig. S1E and table S1) were closely related in the Cyc-Isom
Set (r = 0.89, Fig. 6B). Last, 6-methyl isomers of pentamethylated
and hexamethylated uncyclized brGDGTSs (fIla’som and fIIla’som;
fig. S1C and table S1) were present in proportional abundances in
the Isom Set (r = 0.89; Fig. 6C). These relationships were broadly
consistent across sample types, with linear slopes and intercepts often
within error (fig. S7). A comparable analysis is not possible using
traditional Full Set FAs, as they are not mathematically independent
(all compounds appear in the denominator).

While the basic functional forms of the relationships among
brGDGTs, temperature, and pH are in good agreement, differences
may be present in their details. An analysis of the fitting coefficients
for each sample type revealed that they are often but not always
within 1 SE. However, challenges, such as a lack of standardized
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temperature measurements between sample types, limit the utility
of this approach at this point. An expanded discussion of these chal-
lenges is available in Supplementary Text.

DISCUSSION

Microbial community composition can be expected to vary mark-
edly across the diverse media and environments of the compiled
dataset. The fact that near-universal temperature and pH trends su-
persede these community differences is therefore remarkable and
suggests that either (i) brGDGTs are produced by a small number of
widespread source organisms or (ii) brGDGTs play a fundamental
physiological role for a wide range of bacterial life. In either case, these
near-universal trends have important implications for brGDGT-
based proxies. First, they encourage proxy development beyond the
well-studied soil/peat and lake sediment datasets. In particular, they
support recent work in marine sediments (23, 67, 68), which exhib-
ited the highest compound-specific temperature correlation in our
dataset (flayern; 7 = 0.88), as well as in bones (39) and lacustrine
SPM (38). The widespread trends also suggest that it may be possi-
ble to construct modern calibrations that join multiple sample types
in future studies. Currently, the sample types in the compiled dataset
(necessarily) have different associated temperatures (e.g., air versus
water; see Materials and Methods) and exhibit offsets in pH rela-
tionships (Fig. 4 and fig. S5). While these incongruities preclude the
construction of universal calibrations at this time, advances in
brGDGT research, such as the growing body of in situ (62, 63) and/
or more standardizable (69) temperature measurements, may allow
for such efforts to succeed in the future. Even without these mixed

Raberg et al., Sci. Adv. 8, eabm7625 (2022) 18 May 2022

or universal calibrations, the common functional forms exhibited
by different sample types lend confidence to qualitative trends in
paleoclimate reconstructions from mixed-source archives (provided
that the relative contribution of each source can be constrained).
Furthermore, the commonalities in brGDGT temperature and pH
responses support the use of the proxies in paleoclimate reconstruc-
tions where modern analogs and details of the depositional setting
may be unavailable (e.g., deep time settings).

Correlations between pairs of brGDGT FAs (Fig. 6) revealed
relationships between lipids that spanned nearly every sample type
examined. Such connections may provide insight into the bio-
synthesis and/or biochemical roles of brGDGTs in cells. For example,
the correlated Isom Set FAs of ITa” and IIla’ (Fig. 6C) may indicate
that the same enzyme is responsible for methylating both compounds
and/or that the two lipids perform related functions. Similarly, Fig. 6A
revealed that if the most abundant uncyclized compound is Ia (high
fTapg), then the most abundant monocyclized compound will be Ib
(high fIby). This link may suggest that (i) the enzyme responsible
for altering the methylation number is able to do so regardless of the
presence of a cyclopentane ring, (i) the ring is formed after methylation
number has already been set, or (iii) the two compounds perform a
related function for the cell that is independent of ring number. New
avenues of research based on such observations may provide rare in-
sight into the biochemistry of brGDGTs.

Deviations from the trends described above are nearly as important
as the trends themselves. Samples with low associated DO, such as
groundwater and some lacustrine SPM, show anomalously high
fITapen (Fig. 3G), which would lead to underestimates of tempera-
ture using most brGDGT transfer functions. These samples are also
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(55). Correlation coefficients (r) for linear regressions are provided (P < 0.01 for all). Samples with FA =1 or 0 (open circles) were excluded from statistical analyses [n = 2908,
2557, and 2348 for (A) to (C), respectively]. FAs are calculated as follows (fig. S1 and table S1): flay =1a/(la + lla + llla + lla"+ 11a") and flby = 1b/(Ib + 11b + lllb + 1Ib"+ l1Ib");
fllac = Ma/(lla+1lb + lic + lla’ + 1Ib" + 1Ic’) and flllac; = 1lla/(1lla + b + lllc + lla"+ 1lIb" + 11Ic’); and flla’isom = 1a"/(lla + 11a") and fllla’json, = Il1a'/(Illa + 111a").

associated with narrow pH ranges yet vary widely in cyclization and
isomer abundances (e.g., Fig. 4E), indicating an unconstrained in-
fluence of bacterial community composition, source mixing, or
environmental variables outside of temperature and pH. In addi-
tion, the origin of the offset between the pH responses of terrestrial
and lacustrine samples (e.g., Fig. 4]) is unknown. While it is possible
that this discrepancy represents important differences between
these sample media, it is also possible that bulk pH measurements
do not accurately represent the chemical microenvironments expe-
rienced by brGDGT-producing microbes (e.g., in soils) (70). These
or other possibilities warrant further investigation. Last, we stress
that, while clear trends emerge at the global scale, they do not always
hold at the regional or site-specific level [e.g., (27)], indicating that
microbial community effects and/or environmental forcing outside
of temperature and pH remain as important controls.

Examination of a given sample in the context of the compiled data-
set may serve as a tool for evaluating brGDGT sources, identifying
uncommon distributions, or determining when other environmen-
tal parameters may be at play. For example, riverine sediment from
an acid mine drainage with water pH of ~2.9 deviated from broader
pH trends (Fig. 4). This deviation may indicate uncommon patterns of
brGDGT production driven by extreme environmental conditions
(64). However, it may also suggest that a substantial percentage of
these brGDGTs are derived from the surrounding soils, whose higher
average pH of ~4.2 would place them in better agreement with global
trends. Marine sediments also showed multiple anomalous relation-
ships with pH (e.g., Fig. 4E). Many of these samples are from coastal
margins near major freshwater outflows, however, where water
chemistry (e.g., salinity, pH, and nutrients) can vary widely with
depth and season [e.g., Svalbard fjords (71) and references within].
Their incongruity thus highlights an opportunity to link marine
brGDGT production to time- and depth-variant environmental
conditions and/or bacterial community compositions. It may also
indicate the need to include brGDGTSs beyond the set of 15 com-
monly measured compounds, such as the salinity-linked 7-methyl
isomers (55, 56). Last, relationships between pairs of brGDGT FAs
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(Fig. 6) may provide a useful tool for highlighting unusual brGDGT
distributions. An outlier from these trends would display a brGDGT
composition that is unique across nearly 3000 samples from one
dozen globally distributed sample types. Such outliers could point
to uncommon brGDGT distributions, functions, or producers in both
modern and ancient samples.

In conclusion, a comparison of 3129 samples spanning one dozen
sample types from across the globe revealed near-universal trends
among brGDGTs, temperature, and pH. Ten distinct relationships
displayed r values with magnitudes between 0.79 and 0.89 across 8
to 12 diverse sample media (Figs. 3A; 4, D, ], and M; 5, A to C; and
6, A to C). Other relationships exhibited weaker, yet significant, cor-
relations but still had similar functional forms (e.g., Fig. 3D). Recent
work has revealed that brGDGT distributions vary in tandem with
bacterial communities (25-29, 34), connecting them only indirectly
to pertinent variables such as temperature and pH. However, given
the wide range of microbial life expected to inhabit the diverse envi-
ronments of the compiled dataset, the coherent trends presented
here suggest at least some physiological basis for the relationships
between brGDGTs and their environment. This observation en-
courages the further development of brGDGT-based proxies, lends
confidence to their continued application, and provides a new frame-
work for investigating controls on brGDGT distributions in the future.

MATERIALS AND METHODS

Experimental design

The objective of this study was to compare how brGDGTs in differ-
ent sample types relate to temperature, pH, and one another. While
brGDGT FAs can be quantitatively compared without trouble, en-
vironmental parameters pose a challenge. First, temperatures asso-
ciated with different sample types are often different (e.g., air versus
water temperature), with seasonality effects further complicating tem-
perature selection (e.g., summer versus mean annual). Furthermore,
many commonly used measurements are themselves only proxies for
the true environmental conditions experienced by brGDGT-producing
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microbes. For example, air temperature is commonly used in place of
in situ soil temperature, although the annual means of the two can
differ by as much as 10°C (72). As a result, it is not possible at this
time to standardize environmental parameters, such that datasets of
different sample types can be fully quantitatively merged. However,
qualitative and semiquantitative comparisons of the ways in which
brGDGTs relate to temperature and pH can still provide meaningful
results with important implications and are worthy of pursuit.

To this end, we compiled the brGDGT FAs and, to the best of
our ability, associated temperature and pH values from previously
published datasets. We selected temperature parameters that were
widely supported in the literature when possible. Where a consen-
sus had yet to be reached (e.g., marine sediments), we selected stan-
dardizable and accessible parameters (e.g., SSTs). These selections
are not intended to opine on these areas of research, only to allow
for broad comparison with other sample types in this study, and
they could be further explored in future studies.

Sample types and associated environmental parameters
Lipid and environmental data were compiled from previously pub-
lished datasets of modern samples that used the most recent chro-
matographic methods that separate 5- and 6-methyl isomers (65).
The compiled dataset (n = 3129; Fig. 1 and table S2) consisted of
bone (n = 202), groundwater (n = 7), lake water meso/microcosm
(n = 36), lake surface sediment (n = 343), lake water SPM [n = 228;
including sediment traps (n = 115) and water filtrates (n = 113)],
low DO lake water SPM [n = 138; including sediment traps (1 = 29)
and water filtrates (n = 109)], authigenic carbonates from a marine
methane cold seep (n = 13), marine surface sediment [n = 325; in-
cluding deep ocean trench sediments (# = 31)], marine SPM (water
filtrates, n = 25), peat (n = 473), riverine surface sediments (n = 71)
and SPM (n = 85; water filtrates), and soil [# = 1183; including per-
mafrost active layer (n = 17)]. Data from other sample media—
including hot springs, speleothems, and hydrothermal vents—could
not be included, as these studies did not separate the 5- and 6-methyl
isomers. All data and references are available in data file S1 and in
(73). FAs were calculated according to fig. S1 and table S1 [see (55)
for further details].

Temperatures associated with each sample type are as follows: mean
air temperature of months above freezing (MAF; lacustrine surface
sediments), warmest month temperature (WMT; soils, peats, and bones),
in situ water temperature [lacustrine SPM (integrated summer wa-
ter column where available for sediment traps, point measurement
otherwise), meso/microcosm, and groundwater], SST of the warmest
month (marine sediments above 72°N), and mean annual SST (all
other marine sediments). These temperatures were primarily based
on previous calibrations and data availability, with some adjustments
as follows.

Lacustrine sediments have recently been shown to correlate with
the MAF warm season air temperature index on a global scale (37, 55).
Soil and peat brGDGT's have also been shown to correlate with MAF
(36). However, we used another warm season temperature index, WMT,
which provided comparable compound-specific correlations and better
overlap with other sample types in this study (see Supplementary Text
and fig. S4). Where these temperature parameters were not published,
we generated monthly air temperature normals (1970-2000) using
the WorldClim database (74).

Although bones were initially calibrated against mean annual
air temperature, a warm season bias was observed in that study (39).
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Because of this bias and to match the soil and peat datasets, we used
WMT values generated with the WorldClim database as above.
Only bones with substantial in situ brGDGT production (isomer
ratio >50%) were included in temperature analyses (39).

Temperature calibrations for brGDGTSs in marine settings are
an active area of research. Thus far, brGDGT production has been
demonstrated in both deep (54) and shallow (75) marine water
columns, and correlations have been found between marine surface
sediment brGDGTs and both sea surface (67, 68) and bottom water
(23) temperatures. Because of these uncertainties and data availability
constraints, we used the SST parameter for marine sediments in this
study. Where published data were not available, we generated SST's
using the Extended Reconstructed Sea Surface Temperature database
(76). We used mean annual SST except for the northernmost sites (>72°N),
which experience substantial sea ice cover, for which we used the SST
of the warmest month. To avoid marine sediments with terrestrial
influence, we excluded those samples with a #ringsera (48) index < 0.7
or (ITa + ITa’)/(ITa + I1a’) < 0.92 from temperature analyses (2, 68).

A calibration has yet to be generated for lake water filtrates; how-
ever, point measurements of water temperature taken at the time of
sampling are widely available and were thus used in this study.
Integrated summer (June, July, and August) water column tempera-
tures were recently shown to correlate well with brGDGTs in high-
latitude sediment traps (38) and were used where available; point
measurements of in situ water temperature were used otherwise.
“low DO” was defined as DO < 1 mg/liter. For the three lakes in this
study without a published DO profile, samples below a reported
redox transition zone were considered as low DO (53, 77).

Where available, in situ pH values were used for all sample types
except riverine and lacustrine surface sediments, for which we used
an average water column pH. For marine sediments, we used an
average ocean pH of 8.1. However, we stress that this is only an ap-
proximation, especially because many sediments in the compiled dataset
are from coastal margins at the outflows of major river systems,
where pH can be both spatially and temporally variable [e.g., (78)].

Statistical analysis

All statistical analyses were performed in R (79). We generated qua-
dratic (Fig. 3, D and G) or linear (all others) regressions for all
relationships herein and in the figures. P values were <0.01 for all re-
gressions in both the figures and the text or else are denoted by an
asterisk (Figs. 3 and 4 and figs. S3 and S6) or an open point (figs. S2,
S5, and S7). Primarily because of the low abundances of some com-
pounds, some samples in Figs. 2, 3, 5A, and 6 displayed an FA =0
or 1. These points, which are denoted by open circles in the plots,
were not included in statistical analyses (r and » values, fitting coef-
ficients, and plotted trend lines).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7625
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