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HIGHLIGHTS

e BrGDGTSs were measured under varying
degrees of in-situ warming in a boreal
peatland.

e Depth-specific response of brGDGT
lipids to warming

o The methylation of brGDGTs is affected
strongly by rising soil temperatures.

e Changes in brGDGT signal reflect pre-
dominance of physiological adaptation
of brGDGT- producing bacteria.
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ABSTRACT

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are bacterial membrane lipids whose distribution in
peatland soils serves as an important proxy for past climate changes due to strong linear correlations with
temperature in modern environments. However, commonly used brGDGT-based temperature models are char-
acterized by high uncertainty (ca. 4 °C) and these calibrations can show implausible correlations when applied at
an ecosystem level. This lack of accuracy is often attributed to our limited understanding of the exact mecha-
nisms behind the relationship between brGDGTs and temperature and the potential effect of temperature-
independent factors on brGDGT distribution. Here, we examine the abundance and distribution of brGDGTs in
a boreal peatland after four years of in-situ warming (+0, +2.25, +4.5, +6.75 and +9 °C). We observed that with
warming, concentrations of total brGDGTs increased. Furthermore, we determined a shift in brGDGT distribution
in the surface aerobic layers of the acrotelm (0-30 cm depth), whereas no detectable change was observed at
deeper anaerobic depths (>40 cm), possibly due to limited microbial activity. The response of brGDGTs to
warming was also reflected by a strong increase in the methylation index of 5-methyl brGDGTs (MBT'spe),
classically used as a temperature proxy. Further, the relationship between the MBT'sy. index and soil temper-
ature differed between 0-10, 10-20 and 20-30 cm depth, highlighting depth-specific response of brGDGTs to
warming, which should be considered in paleoenvironmental and paleoecological studies. As the bacterial
community composition was generally unaltered, the rapid changes in brGDGT distribution argue for a physi-
ological adaptation of the microorganisms producing these lipids. Finally, soil temperature and water table depth
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were better predictors of brGDGT concentration and distribution, highlighting the potential for these drivers to
impact brGDGT-based proxies. To summarize, our results provide insights on the response of brGDGT source
microorganisms to soil warming and underscore brGDGTs as viable temperature proxies for better understanding
of climatic perturbation in peatlands.

1. Introduction

Northern peatlands store a significant fraction of terrestrial soil
carbon, estimated at one-third of the global soil carbon pool (Gorham,
1991; Bridgham et al., 2006; Yu, 2012). This results from the slow
process of organic matter accumulation that has been taking place over
millennia under predominantly waterlogged conditions and minimal
bioturbation (Moore and Basiliko, 2006; Yu et al., 2010). However,
there is considerable concern that climate-driven changes are likely to
modify carbon storage (Bradford et al., 2016; Gallego-Sala et al., 2018),
but the underlying mechanisms and their interactions, particularly those
resulting in increased organic matter decomposition, are still unknown
(Gauthier et al., 2015; Chaudhary et al., 2020). An improved under-
standing of peatland response to environmental perturbations and
future dynamics of these ecosystems is possible from studying their
Holocene history. In particular, peat archives have been used to recon-
struct climatic changes throughout the Holocene using a wide array of
proxies including plant macrofossils, pollen, and organic biomarkers (e.
g., Pancost et al., 2002; Charman et al., 2013; Nichols et al., 2014; Zheng
et al., 2015; Coffinet et al., 2018; Rao et al., 2021), providing key in-
formation on past and ongoing global changes. Of these biomarkers,
branched glycerol dialkyl glycerol tetraethers (brGDGTs) have emerged
as increasingly popular proxies for understanding past climatic changes,
partly because they are globally ubiquitous in terrestrial and aquatic
ecosystems (Sinninghe Damste et al., 2000; Weijers et al., 2006; Peterse
et al., 2009; Huguet et al., 2013).

BrGDGTs are a suite of membrane-spanning lipids whose structures
consists of two alkyl chains, each containing a variable number (and
position) of methyl groups (2-4) and cyclopentane moieties (0-2), the
latter formed through internal cyclisation (Sinninghe Damste et al.,
2000; Weijers et al., 2006; De Jonge et al., 2013, 2014a; Hopmans et al.,
2016). Studies have shown that the number of alkyl-chain methylations
correlates strongly with temperature on both global and spatial scale
(Weijers et al., 2007; De Jonge et al., 2014a; Naafs et al., 2017; Raberg
et al., 2022). Similarly, a correlation has been observed between pH and
brGDGT cyclopentane ring number (De Jonge et al., 2014a; Naafs et al.,
2017). This has led to the development of empirical indices such as the
methylation index of 5-methyl branched tetraethers (MBT'sye) and
cyclisation ratio of branched tetraethers (CBT) as paleo-environmental
indicators due to strong linear correlations between MBT'sye and
mean annual air temperature and between CBT and soil pH (De Jonge
et al., 2014a; Naafs et al., 2017; Dearing Crampton-Flood et al., 2020).
Subsequent studies have generally upheld these simple (linear) re-
lationships but have also found important differences in the proxies
across ecosystems and regions (Raberg et al., 2022). These discrepancies
have led to the use of Bayesian statistics and machine learning algo-
rithms to investigate the relationship between brGDGTs and tempera-
ture instead of the classically applied linear regressions (Dearing
Crampton-Flood et al., 2020; Véquaud et al., 2022; Haggi et al.,
2023). Nevertheless, despite refinements in the brGDGT-based temper-
ature calibrations, the residual scatter in commonly used brGDGT
models developed for terrestrial settings remains high (>4 °C).

This uncertainty can be attributed partly to our limited under-
standing of the exact mechanism behind the relationship between
brGDGTs and environmental parameters (Sinninghe Damsté et al., 2018;
De Jonge et al., 2019; Raberg et al., 2022; Halamka et al., 2023). While
early studies proposed that the empirical relationships between
brGDGTs and temperature were physiological adjustments of the
membrane lipid composition of source organisms to a changing

environment (Weijers et al., 2007; Véquaud et al., 2021), subsequent
work challenged this view by demonstrating that this relationship could
also reflect restructuring of brGDGT-producer microbial community to a
changing environment (Weber et al., 2018; De Jonge et al., 2019; Wu
et al., 2021; Raberg et al., 2022). Numerous studies have used incuba-
tion and field experiments to test this hypothesis, with varying and often
inconclusive results (Huguet et al., 2013; De Jonge et al., 2019; Liang
et al., 2019; Halffman et al., 2022; Halamka et al., 2023). Some studies
have found that the relative abundance of brGDGTs reflect indirect re-
sponses of microorganisms to changes in resource composition and
supply, whose effects manifest through restructuring of the bacterial
community structure, the so-called “community effect” (Weber et al.,
2018; De Jonge et al., 2019; Wu et al., 2021). Other studies have sup-
ported physiological adaptation of brGDGT source organisms to tem-
perature via change in methylation of 5-methylated brGDGTs but
leaving open the possibility of microbial community-driven pH response
(Naafs et al., 2021; Chen et al., 2022; Halamka et al., 2023). Never-
theless, the hypotheses (physiological adjustment vs. community effect)
remain impossible to ascertain as the brGDGT source organisms remain
incompletely identified and cultured. Based on environmental samples
and cultures it has been suggested that brGDGTs are synthesized by
bacteria, with at least part of them belonging to the phylum Acid-
obacteria (Sinninghe Damsté et al., 2011; Chen et al., 2022; Halamka
et al., 2023). Furthermore, all of the commonly measured 5-methyl
brGDGTs have been detected in two strains of Acidobacteria (Chen
et al., 2022; Halamka et al., 2023), which goes one step further than
before in the identification of the brGDGT source organisms. Never-
theless, it is unlikely that the same species synthesize all the individual
brGDGTs in the different types of terrestrial settings, as the genetic po-
tential to form membrane-spanning lipids is widespread in bacteria
(Zeng et al., 2022).

While temperature exerts a strong influence on brGDGT production
due to a direct influence on the growth environment of the brGDGT
source organisms (De Jonge et al., 2019; Guo et al., 2022), studies have
shown that other environmental factors beyond soil temperature and pH
have potentially important effects on brGDGT distributions (Huguet
et al., 2013; Dang et al., 2016; Liang et al., 2019; Halamka et al., 2021;
Halffman et al., 2022). Confounding factors such as thermal regime
(seasonality), varying pH conditions, water content, vegetation type,
and nutrient status may additionally affect brGDGT distribution, in turn
masking relationships with temperature (Huguet et al., 2013; Dang
et al., 2016; Liang et al., 2019; Halamka et al., 2021; Guo et al., 2022;
Halffman et al., 2022; Rao et al., 2022; De Jonge et al., 2024). Despite
efforts to disentangle the potential impacts of these factors in regulating
brGDGT production and composition (e.g., Huguet et al., 2013; Liang
etal., 2019; Halamka et al., 2021; Halffman et al., 2022; Rao et al., 2022;
De Jonge et al., 2024), to date, only a few field warming studies have
assessed the reliability of brGDGT-based proxies and confounding fac-
tors that, next to temperature, exert an influence on brGDGT distribu-
tions (i.e., Huguet et al., 2013; De Jonge et al., 2019, 2021). These in situ
warming studies report offsets between MBT' sy and temperature when
vegetation, nutrient status, soil moisture, or seasonality change in
peatland (Huguet et al., 2013) and grassland ecosystems (De Jonge
et al., 2019, 2021). Importantly, when applied to peatland ecosystems,
brGDGT-based temperature proxies show very large errors (which can
exceed 10 °C) compared to those of corresponding pollen- and ice core-
based temperature records (Dang et al., 2016), suggesting additional
influences other than temperature (Rao et al., 2022; Liang et al., 2023).
Since key biotic and abiotic factors such as hydrology (water saturation),
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plant and microbial community composition and functioning react
quickly to alterations in peatland temperature (Wilson et al., 2021;
Bucher et al., 2023; Ofiti et al., 2023), it is likely that these confounding
factor(s) have an important influence on brGDGT-based climate proxies.
Consequently, the mechanistic link between these environmental vari-
ables and brGDGTs in peatlands has to be further assessed given the
established significance of peatlands as climate archives (Pancost et al.,
2002; Nichols et al., 2014; Zheng et al., 2015; Rao et al., 2021).

Here, we investigate the dependency of brGDGTSs on peat soil tem-
perature and clarify the potential effect of temperature-independent
factors on brGDGTs in a boreal peatland characterized by waterlogged
conditions, low temperatures, and acidic pH. Specifically, we assessed
the abundance and distribution of brGDGTs following four years of
warming at one of the first multi-year, in-situ peatland manipulation
experiment (SPRUCE: Spruce and Peatland Responses Under Changing
Environments). The experiment is unique in that it provides a powerful
climate change gradient that incorporates above- and belowground
warming (whole-ecosystem warming; +0, +2.25, +4.5, +6.75, +9 °C
above ambient) (Hanson et al., 2017). Given that experiments directly
manipulating above- and belowground temperatures are rare, and most
studies only allow 1-2 °C warming (Gill et al., 2017), this unique setup
of increasing temperatures allows for the evaluation of both direct and
indirect effects of temperature on brGDGTs across mild to extreme
scenarios for warming. To date, findings at the SPRUCE experiment
suggest that warming has resulted in lower water levels during summer
dry periods (Hanson et al., 2020) and increased fine-root growth (Mal-
hotra et al., 2020). However, the bacterial community composition has
been generally unaltered (Kolton et al., 2019; Wilson et al., 2021). In
this study, we utilized datasets from the SPRUCE experiment on vege-
tation, soil moisture, and bacterial community composition coupled
with brGDGT lipid analyses to fully assess the basis for the brGDGT
responses to changes in temperature and the applicability of the
brGDGT-based temperature proxy in peatlands.

2. Materials and methods
2.1. Study site and experimental setup

The Spruce and Peatland Response Under Changing Environments
(SPRUCE) is a multifactorial peatland experiment located on the Marcell
Experimental Forest in northern Minnesota, at the southern boundary of
the boreal region (47°30'20.5"N, 93°27'12.6"W; http://mnspruce.ornl.
gov/). The site has a mean annual air temperature and precipitation of
3.4 °C and 780 mm, respectively (1961-2010) (Sebestyen et al., 2011).
This ombrotrophic peatland has accumulated over the last 11,000 years
to peat depths of 2-3 m, with a pH ranging from 4.1 to 5.1 (in water
solution) (Parsekian et al., 2012; McFarlane et al., 2018). The bog has a
typical microtopography (hummock and hollow) and a perched water
table. The nominal boundary between the acrotelm (surface aerobic
layer) and catotelm (anoxic layer below the water table) fluctuates
about 10-20 cm above the hollows after snowmelt, receding deeper later
in the growing season (Tfaily et al., 2014; Hobbie et al., 2016; Iversen
et al., 2018). The experiment consists of ten octagonal open-top enclo-
sures, 12 m in diameter and 7 m in height installed around existing
vegetation dominated by overstory trees, Picea mariana and Larix lar-
icina, and ericaceous shrubs, Rhododendron groenlandicum and Chamae-
daphne calyculata, above a bryophyte layer, primarily Sphagnum mosses.
The enclosures are maintained at a series of increasing temperatures to
five warming levels (+0, +2.25, +4.5, +6.75 and +9 °C) down to a
depth of ~3 m using concentric arrays of electrical resistance heaters
installed into peat and forced air warming (Hanson et al., 2017). Peat
warming was initiated in 2014, while air warming was established in
August 2015, thereby achieving whole ecosystem warming.
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2.2. Peat sampling and characterization

In August 2018, two peat cores were taken at random locations
within each of the plots in hollow microtopography where the surface of
the hollow was defined as 0 cm. Surface samples (0-30 cm) were cut
using a stainless-steel knife and extracted by hand, while a Russian peat
corer (7.5 cm diameter) was used to sample deeper peat (30-200 cm).
Once collected, duplicate cores from the same plot were sectioned by
depth (into 10 cm increments over O to 50 cm depth and 25 cm intervals
from 50 to 200 cm), homogenized and combined to form a mixed
sample. The samples were placed into plastic bags and stored frozen at
—20 °C immediately after sampling. Peat samples were then freeze-
dried, passed through a 5 mm sieve to remove larger litter fragments
and ground to a homogenous powder using a ball mill (MM400, Retsch,
Haan, Germany). Overall, organic carbon concentration increased with
increasing depth from 44.0 % at the surface to 52.5 % at 2 m depth, but
there was no effect of temperature on the carbon concentration at any
soil depth (Ofiti et al., 2022). The pH of the peat samples was measured
in duplicates (at Oak Ridge National Laboratory) on 1 g of milled peat in
both 0.01 M calcium chloride solution (Table 1) and water solution
(1:2.5 weight ratio) (mean measurement error was 0.01 pH units)
(Hanson et al., 2016).

2.3. Branched GDGT extraction and analysis

Solvent extractable compounds (total lipids) were first extracted
from ~2 g of milled peat material using standard Soxhlet extraction with
dichloromethane (DCM):methanol (MeOH) (93:7; v/v) (Wiesenberg and
Gocke, 2017). An aliquot of the total lipid extract was kept for GDGT
analyses. Branched GDGTs were separated from total lipids as described
by Coffinet et al. (2014). Briefly, total lipid extracts were sequentially
separated using column chromatography into apolar and polar fractions
using an activated aluminium oxide (AlyO3) column, by eluting
consecutively with hexane:DCM (9:1; v/v), and DCM:MeOH (1:1; v/v),
respectively. The polar fraction, containing the brGDGTs, was re-
dissolved in hexane:isopropanol (99:1; v/v) and centrifuged. Prior to
analysis, C4¢ GDGT standard was added to the supernatant as an injec-
tion standard (Huguet et al., 2013). The GDGTs were analysed using
high performance liquid chromatography (HPLC) coupled to mass
spectrometry (HPLC-MS) equipped with an atmospheric pressure
chemical ionization source (HPLC-APCI-MS, Shimadzu LCMS 2020,
Shimadzu Corp.) as described by Huguet et al. (2019). Individual GDGT
compounds were identified, integrated and semi-quantified as previ-
ously described (Huguet et al., 2013; Coffinet et al., 2014). Overall,
analytical errors of the whole process (extraction, separation, and
analysis) were typically <10 % based on replicate analysis. The con-
centrations of the 15 brGDGT lipids are represented as fractional
abundances in Fig. S1.

The brGDGT distribution patterns were further summarized using
brGDGT-based proxies (De Jonge et al., 2014a; Naafs et al., 2017). The
degree of methylation of 5-methyl brGDGTs (MBT'sye) and 6-methyl
brGDGTs (MBT'gpe) were calculated following De Jonge et al. (2014a)
(Egs. (1) and (2)).

, [Ia] + [Ib] + [Ic]
MBTsite = [1a] 5 [1b) + [ic] + [{la] + [11b) + [{Ic] + [{ila] L)
MBTyg. — [Ta] + [Ib] + [Ic] @

[Ta] -+ [Ib] + [Ic] 4 [IIa] + [[Ib] + [IIc] +- [IIIa]

The mean annual air temperature was reconstructed using the global
soil calibration by De Jonge et al. (2014a) (Eq. (3)). The air temperature
was further reconstructed using the only currently available peat-
specific calibration (Naafs et al., 2017) (Eq. (4)).

MAT = —8.57+31.45 x MBTspe 3)


http://mnspruce.ornl.gov/
http://mnspruce.ornl.gov/

Table 1

Environmental conditions in the experimental enclosures. Fractional abundance (%) of brGDGTs present across all samples, and summed concentration of all brGDGTs (ug g~ * soil). BrtGDGT-based climate ratios 5-methyl

(MBT'spe), the relative abundance of 6-methyl versus 5-methyl brGDGTs (IReye) and the cyclization of branched tetraethers index (CBT).

Plot#  Nominal Depth Soil BrGDGT fractional abundance (%) BrGDGT (pg-g~* MBT'sme  CBT IR 6me
warming (cm) pH soil)
cQ -) Ia b Ic Ila 1Ib Ilc IlTa 1IIb Illc 1Ia' 1’ Iic 1IIa’ b’ 111’
6 +0 0-10 3.55 60.41 2.18 1.83 30.77 0.95 0.72 1.81 b.d. b.d. 0.90 0.00 0.00 0.44 b.d. b.d. 0.62 0.65 —1.47 0.04
1 1 1 1
6 +0 10-20 3.31 58.60 0.96 0.72 33.31 0.63 0.36 3.82 0.01 b.d. 1.41 0.03 0.01 0.10 b.d. 0.03 39.06 0.61 —-1.62 0.04
1 1
6 +0 20-30 3.08 57.89 1.07 0.68 32.56 0.60 0.49 4.37 b.d. 0.01 2.09 0.02 0.04 0.12 0.01 0.04 80.66 0.61 -1.5 0.06
1
6 +0 30-40 3.05 58.48 1.20 0.54 35.85 0.12 0.09 2.39 b.d. b.d. 1.22 0.00 0.00 0.11 b.d. b.d. 265.06 0.61 -1.71 0.03
1 1 1 1
6 +0 40-50 3.04 58.79 2.39 1.68 31.26 0.42 0.42 1.99 0.01 0.01 2.76 0.05 0.05 0.14 0.01 b.d. 467.79 0.65 -1.29 0.08
1
6 +0 50-75 3.03 60.18 2.59 1.49 30.71 0.58 0.39 2.02 0.01 0.01 1.77 0.03 0.01 0.18 0.02 0.01 447.13 0.66 —1.42 0.06
20 +2.25 0-10 3.49 65.68 1.35 0.82 27.71 0.45 0.35 1.61 0.34 b.d. 1.28 0.13 0.14 0.14 b.d. b.d. 3.17 0.69 —1.58 0.05
1 1 1
20 +2.25 10-20 3.38 60.73 0.82 0.57 32.25 0.46 0.27 3.15 0.03 b.d. 1.51 0.02 0.01 0.14 0.01 0.03 40.75 0.63 —-1.62 0.05
1
20 +2.25 20-30 3.11 60.02 0.79 0.67 32.10 0.60 0.39 3.78 0.02 b.d. 1.42 0.02 0.01 0.16 b.d. 0.01 96.22 0.63 -1.62 0.04
1 1
20 +2.25 30-40 3.04 60.11 1.29 0.84 32.32 0.53 0.41 2.76 0.01 0.01 1.36 0.10 0.06 0.18 0.01 0.03 292.25 0.63 -1.57 0.05
20 +2.25 40-50 3.03 62.97 1.88 1.74 30.19 0.44 0.40 1.60 0.01 0.01 0.59 0.02 0.01 0.14 b.d. b.d. 560.53 0.67 —1.58 0.02
1 1
20 +2.25 50-75 3.05 58.36 2.30 1.37 32.35 0.73 0.42 2.67 0.01 0.01 1.53 0.06 0.01 0.15 0.01 0.01 539.57 0.63 —-1.47 0.05
13 +4.5 0-10 3.60 68.73 0.66 0.40 28.04 0.22 0.17 0.79 0.17 b.d. 0.63 0.06 0.07 0.07 b.d. b.d. 6.48 0.7 -1.9 0.03
1 1 1
13 +4.5 10-20 3.37 62.60 1.24 0.57 32.42 0.39 0.20 1.91 0.04 b.d. 0.49 0.03 0.00 0.11 b.d. b.d. 41.94 0.65 -1.9 0.02
1 1 1
13 +4.5 20-30 3.38 61.77 1.29 0.82 31.42 0.58 0.55 2.81 0.02 b.d. 0.59 0.00 0.02 0.13 b.d. b.d. 93.49 0.64 -1.79 0.02
1 1 1
13 +4.5 30-40 3.28 60.56 0.95 0.95 32.02 0.57 0.53 3.41 0.02 b.d. 0.89 0.01 0.01 0.08 b.d. b.d. 288.71 0.63 -1.69 0.03
1 1 1
13 +4.5 40-50 3.23 62.74 1.42 1.49 27.09 0.43 0.36 2.17 0.02 0.01 4.06 0.07 0.05 0.07 0.01 0.02 465.67 0.69 -1.2 0.12
13 +4.5 50-75 3.27 60.93 2.56 1.49 30.51 0.54 0.41 2.00 0.01 0.01 1.34 0.03 0.01 0.15 0.01 0.01 481.34 0.66 -1.49 0.04
8 +6.75 0-10 3.36 68.68 0.94 0.74 25.89 0.46 0.24 1.79 b.d. b.d. 1.14 0.03 0.03 0.06 b.d. b.d. 18.25 0.71 —1.68 0.04
1 1 1 1
8 +6.75 10-20 3.23 62.17 0.97 0.65 30.85 0.64 0.29 2.99 b.d. b.d. 1.24 0.03 0.02 0.11 b.d. 0.05 71.68 0.65 —1.66 0.04
1 1 1
8 +6.75 20-30 3.14 61.58 1.02 0.81 30.28 0.69 0.41 3.65 b.d. b.d. 1.26 0.03 0.12 0.13 b.d. 0.03 104.41 0.64 -1.6 0.04
1 1 1
8 +6.75 30-40 3.17 60.19 1.51 1.01 32.76 0.54 0.41 2.80 0.01 b.d. 0.65 0.02 0.01 0.10 b.d. b.d. 342.23 0.63 -1.73 0.02
1 1 1
8 +6.75 40-50 3.15 62.72 1.21 1.10 29.74 0.52 0.49 2.68 0.01 0.01 1.35 0.05 0.00 0.10 0.02 0.00 551.04 0.66 -1.56 0.04
8 +6.75 50-75 3.12 64.60 2.76 1.75 25.98 0.72 0.45 1.71 0.02 b.d. 1.75 0.03 0.00 0.22 b.d. b.d. 577.83 0.71 -1.39 0.06
1 1 1
17 +9 0-10 3.38 70.31 1.40 0.96 23.99 0.54 0.33 1.65 b.d. b.d. 0.72 0.03 0.02 0.05 b.d. b.d. 17.18 0.73 -1.73 0.03
1 1 1 1
17 +9 10-20 3.25 63.64 1.02 0.68 29.48 0.58 0.31 3.18 b.d. b.d. 1.01 0.02 0.01 0.06 b.d. b.d. 74.93 0.66 -1.73 0.03
1 1 1 1
17 +9 20-30 3.14 61.91 1.07 0.81 31.32 0.65 0.42 3.09 0.06 b.d. 0.48 0.03 0.01 0.16 b.d. b.d. 119.98 0.64 -1.81 0.02
1 1 1
17 +9 30-40 3.14 60.14 1.71 1.47 32.89 0.49 0.44 2.20 0.01 b.d. 0.54 0.02 0.01 0.10 b.d. b.d. 488.49 0.64 —1.65 0.02
1 1 1
17 +9 40-50 3.12 61.52 2.40 1.51 30.56 0.57 0.44 2.00 0.01 b.d. 0.77 0.03 0.01 0.16 b.d. b.d. 676.81 0.66 —1.58 0.03
1 1 1
17 +9 50-75 3.15 61.38 2.41 1.22 29.64 0.68 0.34 2.21 0.01 0.01 1.74 0.05 0.01 0.26 0.02 b.d. 520.56 0.66 -1.45 0.06

Note: b.d.] = below detection. Soil pH was measured in 0.01 M CaCl,.
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MAT = 52.18 x MBTsy; — 23.05 @

Additionally, Bayesian regression models (BayMBT) (Dearing
Crampton-Flood et al., 2020) and machine learning algorithms (FROG)
(Véquaud et al., 2022) were used to investigate the relationship between
brGDGTs and measured peat temperature instead of the classically
applied linear regressions (see Fig. S2).

The relative abundance of 6-methyl versus 5-methyl brGDGTs
(IRgme) Was calculated as De Jonge et al. (2014b) (Eq. (5)):

[Ila] + [IIa]

IReye = [1la] + [IITa] + [Ha] + [IH&]

(5)

The degree of cyclization of brGDGTs is captured by the cyclization
of branched tetraether index (CBT’) and it was used to reconstruct soil
pH as previously defined by De Jonge et al. (2014a) (Egs. (6) and (7)).

W (Ic] 4 [Ma] + [IIb] + [Iic] + [IIIa] +- [IIIb] + [IIc]

CBT = [la] + [Ila] + [IITa]

(6)

pH = 7.15 + 1.59 x CBT )

In the above equations the roman numerals refer to the different
GDGT molecular structures presented by De Jonge et al. (2014a) and the
square brackets indicate the fractional abundance of brGDGTs. The 6-
methyl brGDGTs are denoted by an apostrophe after the Roman nu-
merals for their corresponding 5-methyl isomers (De Jonge et al., 2014a;
Naafs et al., 2017).

2.4. Data analyses

We evaluated the effects of measured soil temperature and peat
depth on the abundance and distribution of brGDGTs using general
linear mixed-effect models. The regression models included plot as a
random effect, and all other predictor variables (soil temperature and
peat depth) as fixed effects. In the models, we used the actual temper-
ature measured at —0.3 m below the hollows averaged over the period
2016 to 2018 (Table S1). We used soil temperature measurements rather
than air temperature since the offset between soil and air temperature
does not contribute to significantly more accurate temperature re-
constructions (see Fig. S3). We verified for bivariate relationships be-
tween all variables to ensure that a linear model was appropriate.
Normality and homoscedasticity were checked in all models using re-
siduals and Q-Q plots and adjusted when needed to fit parametric as-
sumptions using log transformation. When significant differences among
depths were detected, we conducted pairwise comparisons using
Tukey’s honest significant difference test.

To assess the relationship between bacterial community and
brGDGTs, we compared changes in the operational taxonomic unit
(OTU) distribution with those in brGDGT distributions following the
approaches of Weber et al. (2018) and Liang et al. (2023) using OTUs
(sequence data) produced by Wilson et al. (2021). We performed a
nonmetric multidimensional scaling (NMDS) analysis (package “vegan”)
on the OTUs based on Bray-Curtis distances. The score on NMDS axis 1
were used in the follow-up analyses as an estimate of the similarity of the
bacterial community composition. To further summarize the variability
of brGDGT distributions, Pearson correlations were performed between
brGDGT relative abundances and possible environmental predictors
including soil organic carbon, nitrogen concentrations, carbon:nitrogen
ratio (Ofiti et al., 2022), net primary productivity (Hanson et al., 2020),
root biomass, fine-root biomass (Malhotra et al., 2020), air temperature,
soil temperature, growing season temperature (temperature above
freezing), volumetric water content, water table depth (Hanson et al.,
2016), and bacterial community (OTUs) (Wilson et al., 2021) (Table S1,
S2). We performed redundancy analysis (package “vegan”) before con-
straining the fraction of the variance in brGDGTs explained by envi-
ronmental variables. Only non-redundant environmental variables
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which carried significantly different information were selected. A prin-
cipal component analysis (PCA) was conducted to visualize the variance
in the standardized fractional abundance of brGDGT lipids (package
“stats”). BrGDGT compounds that were often below detection limit
(brGDGTs IIIb, IlIc, IIIb’ and I1ic’) were excluded from the PCA analysis.

Stepwise multiple linear regression with Akaike Information Crite-
rion (AIC) as the model selection condition was used to test whether
variables net primary productivity, root biomass, soil pH, volumetric
water content, water table depth, and bacterial community (in addition
to the mean annual soil temperature) can result in a better regression
with brGDGT relative abundances. Only variables showing correlations
of p < 0.1 were included in the model. After the establishment of re-
gressions, candidate models were carefully investigated for collinearity
among the selected predictors and assumptions of normality by calcu-
lating variance inflation factors (a cut-off value of 1 when collinearity
was considered not to exist) and graphically examining plots of re-
siduals. In the model, environmental predictors were standardized when
needed to fit parametric assumptions. The global model contained the
following potential explanatory variables: soil temperature, soil pH,
water-table depth, and root biomass (Table S3).

Overall, the chosen level of significance was 5 % (p < 0.05) in all
statistical tests (unless stated otherwise). All data analysis was per-
formed using the R v.3.6.3 (R Core Team, Vienna, Austria) using the
RStudio interface v. 1.2.5033 (RStudio Team, PBC, Boston, MA).

3. Results
3.1. Molecular composition of brGDGTs in response to warming

Fifteen brGDGTSs were present across all samples, with brGDGTs IIIb,
IlIc, IIIb' and III¢’ being either below detection limit or present in trace
abundances (Table 1). The majority of brGDGTs were the acyclic ho-
mologues, tetramethylated (Ia) and 5-methyl penta- (Ila) and hexame-
thylated (IIIa) brGDGTs (up to 99 % of total brGDGTs) (Fig. 1; Fig. S1).
BrGDGT Ia dominated the brGDGT distribution and showed the widest
range in fractional abundance (56-72 % of total brGDGTs), while the
fractional abundance of brGDGTs Ila and IIIa varied between 24-34 %
and 0.9-4.5 % respectively (Fig. 1). BrGDGTs containing cyclopentane
moieties (cyclic brGDGT; Ib, Ic, IIb, Ilc, IIIb) as well as 6-methyl
brGDGTs (Ila/, IIb', 1Ic/, Illa), Ilic)) were less abundant than acyclic
brGDGTs (Table 1; Fig. S1). We also examined the response of individual
brGDGTs to increasing soil temperatures (Fig. 1). Warming altered the
molecular composition of brGDGTs, although not all homologues
responded in the same way (Table 1; Fig. S1). The relative abundance of
acyclic brGDGT Ia increased significantly with warming in the surface
peat ? = 0.29, p = 0.02; 0-30 cm; Fig. 1). In contrast, the relative
abundances of brGDGTs Ila and Ila’ decreased significantly with
increasing temperatures in the surface peat (> = 0.23, p = 0.04, and r*
= 0.22, p = 0.04, respectively; 0-30 cm; Fig. 1), whereas the rest of
brGDGT homologues did not respond significantly to warming (Fig. 1;
Fig. S1). It is important to note that the relationships between brGDGTs
Ia, and ITa and the soil temperature differed between 0-10, 10-20 and
20-30 cm depths (Fig. 1). Furthermore, the above responses in brGDGTs
to warming were much greater in the surface peat (0-30 cm) than at
deeper depths (>30 cm) (Table 1; Fig. S4). We also assessed how
warming altered the summed concentrations of all brGDGTs (Fig. 2a).
We observed increased concentrations of total brGDGTs under warming
in the surface peat specifically at 0-10, 10-20 and 20-30 cm depths (2
=0.76, p = 0.03, > = 0.65, p = 0.06, and r* = 0.87, p = 0.01, respec-
tively; Table 1; Fig. 2a). It is noteworthy that in addition to brGDGTs
compounds, we separated and integrated 6 isoprenoid GDGT
(isoGDGTs) compounds, with isoGDGT4, crenarchaeol, and cren’ being
either below detection limit or present in trace abundances (Table S4).
However, we did not observe significant changes in total isoGDGTs or
individual isoGDGTs homologues (including isoGDGTO, isoGDGT1,
isoGDGT2, and isoGDGT3) under warming (Table S4; Fig. S6). We
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Fig. 1. Fractional abundances of selected brGDGT lipids. Relative proportion of brGDGTs Ia, IIa, Illa and Ila’ in the surface peat (0-30 cm depth) following 4 years of
warming. The fractional abundances are plotted against average soil temperature measured at 0.3 m below the hollow surface from 2016 to 2018. Depth increments
are separated into statistically different groups due to a significant interaction between temperature and depth (p < 0.05). For instances in which differences among
depths are not significant, we evaluated regression against temperature for 0-30 cm depth (regression is shown in grey). Colours represent different sampling depths;
0-10 cm (green), 10-20 cm (orange), and 20-30 cm (purple). Lines indicate significant treatment effects p < 0.05. Linear regression with 95 % confidence intervals is
shown in grey. The absence of a line and/or confidence intervals indicates no significant trend. The roman numerals refer to the different brGDGT molecular
structures presented by De Jonge et al. (2014a). Note the different y-axis scales. Also, the fractional abundances of individual brGDGT lipids in the deeper peat (>40
cm depth) did not differ significantly with increasing temperatures (see Table 1 and Supplementary Fig. S4).

further examined the response of brGDGTs to soil pH (Fig. 2b; Fig. S5).
The abundance of total brGDGTs decreased significantly with increasing
soil pH in the surface peat ( = 0.69, p = 0.00007; 0-30 cm; Fig. 2b).
However, the relative abundances of individual brGDGTs did not differ
with soil pH (Fig. S5a—c).

3.2. Responses of brGDGT-based indices to warming

BrGDGT distribution was further summarized using the degree of
methylation of 5-methyl (MBT'spe) and 6-methyl brGDGTs (MBT gpe),
the relative abundance of 6-methyl versus 5-methyl brGDGTs (IRgpe)
and the cyclization index of branched tetraethers (CBT') (Fig. 3). Vari-
ations in the abundance of individual brGDGT compounds translated
into MBT'spe index which ranged between 0.61 and 0.73 and increased
weakly but significantly with increasing temperature in the surface peat
(*=0.22, p = 0.047; 0-30 cm; Fig. 3a). Furthermore, the MBT s index
differed between 0-10, 10-20 and 20-30 cm depths following the
warming treatment = 0.96, p = 0.002, = 0.89, p = 0.009, and =
0.72, p = 0.036, respectively; Fig. 3a). Similarly, the MBT gy index
increased significantly with increasing temperature in the surface peat
(r? = 0.35, p = 0.01; 0-30 cm; Fig. 3b). By contrast, the IRgy index was
very low (0.02-0.06), indicating the large predominance of 5-methyl vs.
6-methyl brGDGTs, and it decreased significantly with increasing tem-
perature in the surface peat (% = 0.26, p = 0.03; 0-30 cm; Fig. 3c). The

CBT index decreased significantly with increasing temperature in the
surface peat (* = 0.27, p = 0.03; 0-30 cm; Fig. 3d) but showed no
variation with soil pH (Fig. S5). Notably, the MBT gy, IRgMe and CBT
index did not differ between 0-10, 10-20 and 20-30 cm depths under
warming (Fig. 3). The distinct behavior of MBT'spe values vs. depth
resulted in a wide range of reconstructed temperatures (Fig. 4; Fig. S2).
The reconstructed brGDGT temperature estimates generally over-
estimate measured soil temperature by ~4.0 °C. The MBT spe-derived
temperature estimate was 12.1 + 2.2 °C and 10.9 + 0.6 °C based on De
Jonge et al. (2014a) and Naafs et al. (2017) calibrations respectively,
whereas the average measured soil temperature value was 7.7 + 1.2 °C
(Fig. 4; Fig. S2). We note that the use of measured air temperature rather
than soil temperature did not contribute to significantly more accurate
temperature reconstructions (Fig. S3).

3.3. Controls on brGDGT response to warming

To further constrain the fraction of the variance in brGDGTs
explained by environmental variables, brGDGT relative abundances
were summarized using Pearson correlations and principal component
analysis (PCA; Fig. 5). In the PCA, the two axes explained 72.1 % of the
variance of brGDGT molecules (Fig. 5b). The first principal component
(PC1; 44 % of variance) reflected brGDGTs Ib, Ic, IIb, and Ilc, relative to
the brGDGTs Ila, Illa and IIa. The second PC2 (28 % of variance)
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Fig. 2. The concentration of total brGDGT lipids. Scatterplot of the total sum of brGDGT compounds against a) soil temperature and b) soil pH in the surface peat
following 4 years of warming. The total brGDGT lipids are plotted against average soil temperature measured at 0.3 m below the hollow surface from 2016 to 2018.
Depth increments are separated into statistically different groups due to a significant interaction between temperature and depth (p < 0.05). For soil pH, the total sum
of brGDGT compounds was evaluated against soil pH measured in 0.01 M calcium chloride solution (regression is shown in grey). Colours represent different
sampling depths; 0-10 cm (green), 10-20 cm (orange), and 20-30 cm (purple). Lines indicate significant treatment effects p < 0.05. Linear regression with 95 %

confidence intervals is shown in grey.

reflected brGDGTs Ia, IIb, and IIc’ (Fig. 5b). Furthermore, we performed
stepwise multiple linear regression model to explain dependency of
brGDGTs on the environmental parameters (Fig. 5a; Table S3). Several
brGDGT molecules showed significant correlations with geochemical,
biological and climate variables (p < 0.05; Fig. 5; Table 2). We observed
significant correlations between soil pH and brGDGTs IIb, and IIb' (p =
0.02 and p = 0.03 respectively; Fig. 5a). We also obtained moderate
correlations between water table depth and brGDGTs Ia (r = 0.50, p =
0.01), Ila (r = —0.45, p = 0.01), Ilc (r = —0.37, p = 0.03), and IIa' (r =
—0.50, p = 0.02; Fig. 5a), whereas vegetation parameters including root
biomass negatively correlated with brGDGT IIa, IIc, 11, ITla’ (p < 0.05;
Fig. 5a) whereas net primary productivity positively correlated with
brGDGT Ila and Ila’ (p < 0.05; Fig. 5a). In an attempt to inform on the
possible producers of brGDGTs, changes in the soil bacterial community
composition were compared with those in brGDGTs. Previous field
studies have described the microbial diversity at the SPRUCE experi-
ment (Kolton et al., 2019; Wilson et al., 2021), with the peat microbial
communities being predominated by Acidobacteria and Proteobacteria
(~70 % relative abundance of overall sequence abundance), Actino-
bacteria (~2 %), Bacteroidetes (~2 %), Nitrospirae (~2 %), and Ver-
rucomicrobia (~1 %). Of these phyla, only Proteobacteria and
Nitrospirae showed a clear correlation with brGDGT abundances (p <
0.05; Fig. 6a). Among the Acidobacteria, subgroup Holophagales posi-
tively correlated with brGDGT Ia (r = 0.58, p = 0.04), but negatively
correlated with brGDGTs IIb, Illa, and IIa’ (p < 0.05; Fig. 6b). Similarly,
subgroup Solibacterales positively correlated with brGDGTs IIb" and II¢’
but negatively correlated with brGDGTs Ib and IIb (p < 0.05; Fig. 6b).
We further observed significant correlations between subgroup 12 and
18 and brGDGT IIa’ (p < 0.05; Fig. 6b).

4. Discussion
4.1. Depth-specific response of brGDGTs to warming

The unique SPRUCE experiment enabled us to demonstrate a clear
shift in the abundance and distribution of brGDGTs for an ombrotrophic

peatland in a hypothetical warmer future. We observed increased con-
centrations of total brGDGTs and higher relative abundance of acyclic

brGDGT Ia with warming, whereas the relative abundances of brGDGTs
Ila, Ilc and IIa’ decreased with warming in the surface peat (Figs. 1-2;
Fig. S1; 0-30 cm depth). We further observed the dependency of
brGDGTs on soil temperature, where the MBT'sy index increased
significantly at higher temperatures (Fig. 3a; 0-30 cm depth). The more
pronounced responses of brGDGTs to warming could be explained by the
higher activity of brGDGT-producing bacteria with warming in the
periodically aerobic surface peat (Huguet et al., 2017). At SPRUCE, the
water table typically fluctuates about 10-20 cm above the hollows after
snowmelt, receding deeper later in the growing season (Tfaily et al.,
2014; Hobbie et al., 2016). Nevertheless, warming has resulted in a
water level drawn down to about 30 cm depth (below the hollow) in the
warmer plots during summer dry periods (Table S1; Hanson et al.,
2020), with strong precipitation events representing the only transient
perturbation to this pattern. We thus postulate that warmer tempera-
tures did not simply induce changes in water-table depth but changed
the subsurface environment from anaerobic to aerobic (oxygenated).
Such changes likely created a geochemical environment that favored the
production of specific brGDGT lipids (Halamka et al., 2023), the signals
of which were integrated in surface aerobic layers of the acrotelm (0-30
cm depth) within a four-year timescale. In our results, water table depth
was correlated with brGDGTs Ia, Ila, and I1a’ (Fig. 5; Table 2), suggesting
that brGDGT production is closely related to water saturation and, in
turn, likely to the oxygen content as previously suggested (Huguet et al.,
2017; Halamka et al., 2021; Wu et al., 2021). However, it is worth noting
that previous studies at SPRUCE have not yet observed a direct effect of
warming on soil moisture (Hanson et al., 2020).

We further observed that the relationship between brGDGTs and soil
temperature differed between 0-10, 10-20 and 20-30 cm depth
(Figs. 1-3), likely due to changes in brGDGT-producing bacterial com-
munities with depth and seasonal variations in water table depth (Kolton
et al., 2019; Hanson et al., 2020) and thus oxidizing and reducing con-
ditions at the respective depths (Yang et al., 2019; Pei et al., 2021).
Numerous environmental studies have highlighted that brGDGTs-
producing bacterial communities, and therefore brGDGT distributions
can respond to variations in soil redox state and dissolved oxygen con-
centration (e.g., Weber et al., 2018; Wu et al., 2021). For example,
Huguet et al. (2013) demonstrated how a short duration of warming (26
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Fig. 3. BrGDGT-based temperature indices. Scatterplot of the measured soil temperature values against a) degree of methylation of 5-methyl brGDGTs (MBT'sp), b)
6-methyl brGDGTs (MBT epe), ¢) the relative abundance of 6-methyl versus 5-methyl brGDGTs (IRgpe) and d) the cyclization of branched tetraethers index (CBT') in
the surface peat (0-30 cm depth) following 4 years of warming. BrGDGT-based indices are plotted against average soil temperature measured at 0.3 m below the
hollow surface from 2016 to 2018. We evaluate regression against temperature for 0-30 cm depth (regression is shown in grey) for MBT gpe, IRgme, and CBT because
differences among depth increments were not significant. For the MBT'sy, we also evaluated regression against temperature for 0-30 cm depth (regression is shown
in grey). Colours represent different sampling depths; 0-10 cm (green), 10-20 cm (orange), and 20-30 cm (purple). Lines indicate significant treatment effects p <

0.05. Linear regression with 95 % confidence intervals is shown in grey.

months) resulted in ~9 % increase in brGDGT Ia production in the
surface peat as a result of changes in environmental conditions (at least
moisture content). Our depth-specific responses of brGDGTs IIa, IIc and
IIa’ (also summed concentrations of all brGDGTS) to soil warming (0-10,
10-20 and 20-30 cm; Figs. 1-3) add a new dimension to previous ob-
servations that brGDGT-producing bacteria are likely more active in
surface soils exposed to warming (e.g., Huguet et al., 2013; De Jonge
et al., 2019). Further, our results suggest promoted growth of brGDGT-
producing bacteria communities that have varying oxygen preferences
(Halamka et al., 2021), driven by low water tables and changes in
bacterial community composition with depth (Wilson et al., 2016, 2021;
Kolton et al., 2019; Hanson et al., 2020). However, as brGDGTSs (core
lipids) reflect a time-integrated signal of dead cells (fossil lipids) (Gocke
et al., 2017), it is likely that different fossil lipid distributions across
depths also contributed to the depth-specific responses of brGDGT to
warming. Nevertheless, these findings emphasize the critical interactive
impact of temperature and water level in regulating the abundance and
distribution of brGDGTs in peatlands and support previous studies that
hypothesized a change in the production of brGDGTs due to the growth
of brGDGT source microorganisms in the periodically aerobic part of the
acrotelm (e.g., Huguet et al., 2017).

We note that four years into the treatment, the abundance and dis-
tribution of brGDGTs in deeper anoxic layers of the catotelm appears
largely unaltered (Fig. S4; >40 cm depth). This is likely due to a com-
bination of limited microbial activity and slower production rate of

brGDGTs in deep vs. surficial peat (Bragazza et al., 2013; Waddington
et al., 2015; Huguet et al., 2017). The lower response of brGDGTs at
deeper depths to warming is incongruent with the higher abundance of
brGDGTs usually observed in deeper horizons of peat bogs (Weijers
et al., 2006; Huguet et al., 2010), but may be explained by the retarded
degradation of brGDGTs at depth and thus slower turnover under
favourable, anoxic conditions (Peterse et al., 2010; Weijers et al., 2010;
Huguet et al., 2013). Four years into the treatment, it remains unclear at
what time-frame deeper anoxic layers of the catotelm will show signif-
icant changes in the abundance and distribution of brGDGTs. Together,
our results suggest that warming induce depth-dependent brGDGT re-
sponses, which should be carefully assessed to improve our mechanistic
understanding and predictions of brGDGT-based temperature proxies in
peatlands.

4.2. Influence of temperature on brGDGT concentrations and proxies

We tested the hypothesis that warming would favour the growth of
brGDGT source microorganisms, thereby enhancing the production of
brGDGTs as temperatures rises (Huguet et al., 2013; Chen et al., 2018;
De Jonge et al., 2019). Our results support this hypothesis and provide
evidence that warmer temperatures led to changes in the fractional
abundance of the three most abundant brGDGTs that determine varia-
tion in the MBT sy (i.e., brGDGT Ia, Ila) in surface aerobic parts of the
acrotelm (Figs. 1-2; Fig. S2; 0-30 cm depth). We observed increased
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Fig. 4. BrGDGT-based temperature reconstruction. Scatterplot of the measured soil temperature values against reconstructed MBT'sy-based temperatures using
global calibrations from a) De Jonge et al. (2014a) and b) Naafs et al. (2017) in the surface peat (0-30 cm depth) following 4 years of warming. BrGDGT-based
reconstructions are plotted against average soil temperature measured at 0.3 m below the hollow surface from 2016 to 2018. Depth increments are separated
into statistically different groups due to a significant interaction between temperature and depth (p < 0.05). Colours represent different sampling depths; 0-10 cm
(green), 10-20 cm (orange), and 20-30 cm (purple). Lines indicate significant treatment effects p < 0.05. Linear regression with 95 % confidence intervals is shown in
grey. The absence of a line and/or confidence intervals indicates no significant trend. The 1:1 line between reconstructed brGDGT-based temperatures and measured
soil temperature is plotted with a grey dotted line. Note that we also used Bayesian statistics and machine learning algorithms (Fig. S2), measured mean annual air
temperature (Fig. S3), and growing season temperature (soil temperature above 0 °C) (Fig. S7) to reconstruct MBT'sy.-based temperatures.
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Fig. 5. Correlations (r) between brGDGT lipids and biogeochemical drivers. a) Pearson correlations between individual brGDGT lipids and biogeochemical predictors
soil and air temperature, soil pH (Hanson et al., 2016), soil organic carbon concentration (SOC; mg g peat’l), carbon:nitrogen ratio (C/N) (Ofiti et al., 2022), net
primary productivity (NPP; g C m~2 year’l) (Hanson et al., 2020), root biomass (g m~2) (Malhotra et al., 2020), water table depth (maximum distance from surface
to the water table; cm) (Hanson et al., 2016), and bacterial community (Wilson et al., 2021), and b) principal component (PC) analysis based on the standardized
fractional abundances of 12 abundant brGDGTs in the surface peat (0-30 cm depth). The score on NMDS axis 1 (nonmetric multidimensional scaling based on Bray-
Curtis distances) was used as an estimate of the similarity of the bacterial community composition. In the PC, mean annual air temperature (MAAT), soil temperature
(Tsoil), temperature above freezing (Tsoil above freezing), soil pH, soil organic carbon (SOC), carbon:nitrogen ratio (soil C/N), net primary productivity (NPP), root
biomass, water table depth, and bacterial community were plotted a posteriori in the ordination space. Correlated significance at p < 0.05 is represented with *, p <
0.01 is represented with **, and p < 0.001 is represented with ***.
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Table 2

Linear correlations of brGDGT lipid indices with selected biogeochemical predictors’ parameters in the surface peat (0-30 cm depth). Pearson correlations were performed between brGDGTs indices including summed

concentration of all brGDGTs (pg g‘1 soil), methylation index of Cs-methyl brGDGT (MBT sp.), the relative abundance of 6-methyl versus 5-methyl brGDGTs (IRgye) and the cyclization of branched tetraethers index (CBT')

and soil parameters (pH, water table depth, soil organic carbon, carbon:nitrogen ratio), temperature parameters (measured mean annual soil and air temperature), soil bacterial community (OTUs), and vegetation
parameters (net primary productivity and fine-root biomass). The Pearson r - value and p - value are reported only for significant correlations (p < 0.05). In the table MAT,,. = reconstructed mean soil temperature and

reconstructed soil pH.

rec —

pH

MAT e PHrec

IR'sme

CBT

MBT'sme

BrGDGT pg-g~! soil

BrGDGT fractional abundance (%)

1IIa’

Iic’

1’

12’

IIla

IIc

IIb

IIa

Ic

Ib

Ia

0.54
<0.05

—0.85

0.58
<0.05

—0.23

Soil pH

0.000

0.06
-0.27

—-0.61
<0.05
—0.58

<0.05

0.51
<0.05
0.51

<0.05

—0.59
<0.05
—0.56

<0.05

—0.60
<0.05

0.52
<0.05

—-0.53
<0.05
—0.53

<0.05

-0.25

—0.49
<0.05
—0.50

<0.05

—0.52
<0.05

0.60
<0.05
0.59
<0.05
0.50
<0.05

Air temperature

0.05
—0.23

0.05
—0.25

p

—0.57
<0.05

0.52
<0.05

—0.53
<0.05

Soil temperature

0.05

0.05

p

—0.61
<0.05

—0.65
<0.01

—0.61

<0.05

0.48
0.05

—0.50
<0.05

—0.49
<0.05

Water table depth

O A N N Y

Soil organic carbon

0.40
<0.05

0.22
0.05

Soil C/N

0.62
<0.05

0.71
<0.01

0.62
<0.01

0.42
<0.05
—0.21

0.41
<0.05

Primary productivity

—0.20
0.05

—0.39
<0.05

—0.51
<0.05

Root biomass

0.05
0.30

<0.05

0.25
<0.05

0.29
<0.05

-0.27
<0.05

—0.25
<0.05

—0.34
<0.05

Bacteria community
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concentrations of total brGDGTs and acyclic brGDGT Ia (Figs. 1-2),
whereas 5-methyl and 6-methyl brGDGTs Ila and Ila’ decreased in
concentration in warmer soils suggesting that the production of
brGDGTs is linked to temperature. However, the relative abundances of
monocyclic and bicyclic brGDGTs remained mostly unchanged despite
temperature increases of up to +9 °C (Fig. 1; Fig. S1), likely due to their
low abundances in peat soils (Naafs et al., 2017; Wei et al., 2022). While
the increase in concentration of acyclic brGDGT Ia support previously
observed temperature dependency of the acyclic brGDGT lipids (Weijers
etal., 2007; De Jonge et al., 2014a; Naafs et al., 2017; Liang et al., 2023),
our study confirms that soil brGDGTs directly respond to soil tempera-
ture variations (Huguet et al., 2013; Chen et al., 2018; De Jonge et al.,
2019).

To further assess the dependency of brGDGTs on soil temperature,
brGDGT distributions were translated into temperature using the clas-
sically applied MBT’sye index and the global transfer functions (De
Jonge et al., 2014a; Naafs et al., 2017), as well as Bayesian regression
models (BayMBT) (Dearing Crampton-Flood et al., 2020) and machine
learning algorithms (FROG) (Véquaud et al., 2022). We observed a
strong shift in brGDGT proxies in response to rising soil temperatures,
where the MBT'sye index increased significantly at higher temperatures
(Fig. 3a; Fig. S2), suggesting that warming, as expected, has a strong
effect on brGDGT methylation (Naafs et al., 2017; De Jonge et al., 2019;
Dearing Crampton-Flood et al., 2020). Comparison of brGDGT-derived
temperatures with the measured mean annual soil temperature
showed that the reconstructed temperatures follow the soil temperature
gradient at SPRUCE (Fig. 4; Fig. S2). Nevertheless, the relation still had a
large error. BrGDGT-based temperature reconstructions overestimated
measured soil temperature to a larger extent at lower warming levels
(residual error ~+6.0 °C; a warm-bias) than at higher warming levels
(residual error ~+2.0 °C), which possibly reflects the heterogeneous
and local response of brGDGT distribution to temperature. The observed
warm-bias in reconstructed temperature at lower warming levels is
larger than the current calibration errors (ca. 4 °C) (De Jonge et al.,
2014a; Naafs et al., 2017; Dearing Crampton-Flood et al., 2020;
Véquaud et al., 2022). The discrepancy between reconstructed and
measured temperatures has been proposed to be caused by confounding
factors such as the offset between soil and air temperature, seasonality,
soil moisture availability, and pH (Dang et al., 2016; De Jonge et al.,
2021; Halffman et al., 2022; Rao et al., 2022). The use of in situ air
temperature measurements as in the global soil calibrations, rather than
soil temperature data, did not substantially reduce the uncertainty
associated with brGDGT-derived temperatures (Fig. S3). Furthermore,
the use of peat calibration (Naafs et al., 2017) or Bayesian statistics and
machine learning algorithms instead of the classically applied linear
regressions (Dearing Crampton-Flood et al., 2020; Véquaud et al., 2022)
did not contribute to more accurate temperature reconstructions
(Fig. 4b; Fig. S4). However, removing the effect of differences in the
seasonal amplitude of soil temperature and limiting the impact of frozen
days (growing season temperatures; above 0 °C) seem to contribute to
more accurate temperature reconstructions (residual error ~2.0 °C;
Fig. S7). This suggests a higher percentage of active brGDGT-producing
bacteria at higher warming levels, thus a warm-bias for reconstructed
temperatures (Huguet et al., 2013; De Jonge et al., 2019; Véquaud et al.,
2022). Alternatively, brGDGT production likely increases during the
summer months (summer bias) (Dearing Crampton-Flood et al., 2020),
particularly due to large seasonal variations in temperature at our
experimental site.

It is noteworthy that we observed a significant decrease in the rela-
tive abundance of 6-methyl versus 5-methyl brGDGTs (IRgye) despite
empirical investigations of peat soils showing no relationships between
IRgme and temperature on a global scale (Naafs et al., 2017; Dearing
Crampton-Flood et al., 2020). This decrease in IRgpe should be inter-
preted with care given that the relation between IRg)e and the measured
soil temperature had a weak determination coefficient and the observed
IRgMe values were generally very low (on average lower than 0.05)
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Bacteroidetes
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Verrucomicrobia

Acidobacteriales
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Fig. 6. Diversity of operational taxonomic units (OTUs) that have strong correlation with brGDGTs. Spearman’s correlation matrix of the predominant bacterial
communities with individual brGDGT lipids in the surface peat (0-30 cm depth). Highly correlated OTUs are displayed at the phylum level for Acidobacteria,
Actinobacteria, Bacteroidetes, Nitrospirae, Proteobacteria, and Verrucomicrobia (a) and as subclasses of phylum Acidobacteria (b). Correlated significance at p <

0.05 is represented with *, p < 0.01 is represented with **, and p < 0.001 is represented with ***. The bacterial community composition datasets are derived from
soil samples taken in 2016-2017 (Kolton et al., 2019; Wilson et al., 2021). Although the DNA and lipid data are derived from soil samples taken a year apart, the slow
turnover time of brGDGTs should result in negligible year-to-year variation (Weijers et al., 2010; Huguet et al., 2017).
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(Fig. 3c), consistent with the previously reported results for global peat
soils (Naafs et al., 2017; Wei et al., 2022). These results highlight the
general characteristic of peat brGDGTs as containing a minor fraction of
6-methyl brGDGTs (<1 %; Table 1), which may be the result of anoxic
conditions during part of the year when the water table is very high
(Hanson et al., 2020), and low soil temperature and pH in boreal peat-
lands (Moore and Basiliko, 2006; Waddington et al., 2015). However, it
is plausible that unaccounted changes in the peat chemistry in our
experiment (stronger decomposition and cycling has led to increased
nitrogen and phosphorus concentration) (Iversen et al., 2022; Ofiti et al.,
2023) is driving IRgpe response, given that this has been observed in
previous independent experiments (De Jonge et al., 2021; Halffman
et al., 2022).

To further delineate the influence of temperature on GDGTs, we
assessed whether temperature had an effect on the concentration and
distribution of isoprenoid GDGTs (isoGDGTs). The isoprenoid GDGTs
are characteristic membrane lipids of Archaea (Schouten et al., 2013),
and they have been used to infer the archaeal community structure and
as environmental change proxies (e.g., Coffinet et al., 2014; Yang et al.,
2016; Duan et al., 2022). Although isoGDGTSs were present at concen-
trations of 0-9500 ng g~ * soil, with iso0GDGT4, crenarchaeol, and cren’
being either below detection limit or present in trace amounts
(Table S4), the concentrations of individual isoGDGT homologues
remained unaffected by warming (Table S4; Fig. S6). While these results
are expected given the low abundances of isoGDGTs (Table S4), recent
evidence show that temperature and/or soil moisture have potentially
important effects on isoGDGTs (and proxies) on a global scale (Yang
et al., 2016). To the best of our knowledge, no previous in-situ peatland
manipulation studies have reported on the fate of isoGDGTs under
changing environmental conditions.

4.3. Soil and environmental parameters regulate the abundance and
distribution of brGDGTs

Multiplicity of environmental variables beyond soil temperature may
affect the distribution of bacterial lipids, as previously shown for
brGDGTs (e.g., soil moisture, seasonality, pH conditions, vegetation
type, and nutrient status) (Huguet et al., 2013; Dang et al., 2016; Liang
et al., 2019; Halamka et al., 2021; Guo et al., 2022; Halffman et al.,
2022; Rao et al., 2022; De Jonge et al., 2024), masking or overriding
relationships with temperature. We performed linear correlations and
stepwise multiple linear regressions (Fig. 5; Table S3) to disentangle and
quantify the main drivers of changes in brGDGT distributions. We
explored the possible influence of parameters that covary with soil
temperature including soil moisture availability (water-table depth),
soil pH, vegetation (net primary productivity, root biomass, fine-root
biomass), soil bacterial community, and nutrient status (soil organic
carbon and carbon:nitrogen ratio) on brGDGT fractional abundances
and distributions (Dang et al., 2016; De Jonge et al., 2019). We observed
that soil temperature and water-table depth were positively correlated
with brGDGT Ia (Fig. 5; Table 2), whereas soil temperature, water-table,
and root biomass were significant in explaining variation in the
brGDGTs Ila, IIc and I1a’ (Fig. 5; Table. S3), demonstrating that brGDGT
production is closely related to the oxygen content (Dang et al., 2016;
Halamka et al., 2021) and vegetation dynamics (Gocke et al., 2017;
Liang et al., 2019). Furthermore, soil pH, water-table depth, root
biomass and soil organic carbon were significant predictors of the
variation in the MBT'sye values when considered separately but not
when combined with the soil temperature (Fig. 5; Table S3). As warming
was accompanied by a substantial water level drawdown during summer
dry periods at our experimental site (Hanson et al., 2020), our results
suggest that variation in brGDGTs is not only linked to temperature but
could also result from the response of brGDGT-producing bacteria to
differences in vegetation, redox condition, and water level. Our results
agree with previous studies which suggested that brGDGT lipids can
respond rapidly to changes in biotic and abiotic soil parameters (e.g.,
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Liang et al., 2019, 2023; Halamka et al., 2021; Halffman et al., 2022; De
Jonge et al., 2024). Hence, whereas soil temperature is the main abiotic
factor influencing brGDGT production, other environmental factors
beyond soil temperature have potentially important effects on the
abundance and distribution of brGDGTs (Huguet et al., 2013; Chen
et al., 2018; De Jonge et al., 2019).

We also assessed the dependency between soil pH and brGDGT lipids
following soil warming. We observed strong negative correlations be-
tween brGDGT lipids and soil pH where total brGDGT concentration
decreased with increasing soil pH (Fig. 2b), consistent with previous
studies showing that brGDGT production is favored at low pH (e.g.,
Weijers et al., 2006). Furthermore, brGDGTs IIb and IIb’ significantly
correlated with soil pH (Fig. 5a). Indeed, the stepwise multiple linear
regression model revealed soil pH as one of the factors that was signif-
icant in explaining variation in brGDGTs Ia and Ila (Table S3). We also
observed positive correlations between MBT'sye and soil pH, whereas
CBT index did not correlate with soil pH (Fig. S5d—e; Table. S3),
inconsistent with correlations derived from the global soil dataset (e.g.,
De Jonge et al., 2014a; Naafs et al., 2017). This discrepancy could be due
to the low abundance of cyclopentane-containing brGDGTs used in the
calculation of the CBT index and/or low pH values and range in our
study (Fig. 1; Fig. S1, Table S2), which may increase the scattering of the
data obtained via the pH and CBT relationship (Huguet et al., 2010; De
Jonge et al., 2014a; Raberg et al., 2022). Additionally, our results do not
support the previously observed pH dependency of the fractional
abundance of 6-methyl brGDGTs (De Jonge et al., 2014a), suggesting
that the widely observed environmental relationship between pH and
brGDGTs through the CBT index reflect a response to other environ-
mental parameters that co-vary with pH (Dang et al., 2016; Halffman
etal., 2022; Rao et al., 2022). We propose that the very low abundances
of 6-methyl brGDGTs (including cyclic) and the low range of variation in
soil pH (ApH, ~0.5; Table 1) may cause the lack of pH dependency on
brGDGTs and a bias in CBT-inferred pH (Fig. S5; Table S3) particularly
in peatlands characterized by very low pH (Moore and Basiliko, 2006;
Bragazza et al., 2013).

4.4. Bacterial metabolic response to temperature drives brGDGT
composition

A key outstanding question in brGDGT proxy research is whether the
empirical relationships between brGDGTs and temperature correspond
to membrane adaptation and/or community changes of brGDGT source
organisms to changing environment (Weijers et al., 2007; Liang et al.,
2019; Véquaud et al., 2021; Halffman et al., 2022; Raberg et al., 2022).
However, these hypotheses to-date remain impossible to ascertain as
brGDGT source organisms remain incompletely identified and cultured
(Halamka et al., 2023). In an attempt to identify potential producers of
brGDGTs, we compared changes in bacterial community composition
(operational taxonomic unit (OTU) distribution) with those in brGDGT
distributions (Fig. 6). Similar to previous studies (e.g., Guo et al., 2022;
Liang et al., 2023), we observed correlations between brGDGT lipids and
OTUs belonging to phylum Acidobacteria where subgroup Holophagales
significantly correlated with brGDGTs Ia, IIb, Illa, and Ila’, whereas
Solibacterales correlated with brGDGTs Ib, IIb, IIb’ and IIc/, while Sub-
group 2, 12, and 13 significantly correlated with brGDGTs Ib, IIa/, and
IIa respectively (Fig. 6b). So far, phylum Acidobacteria is considered to
provide some of the potential source organisms of GDGTs as they have
been shown to produce brGDGTs and/or precursor lipids (Sinninghe
Damsté et al., 2011; Halamka et al., 2021; Chen et al., 2022; Zeng et al.,
2022). Our results thus confirm phylum Acidobacteria as a good
candidate for containing brGDGT producers. Of the other five main
phyla present in our samples, only Proteobacteria and Nitrospirae
showed a clear correlation with brGDGT abundances (Fig. 6a). Phylum
Nitrospirae was positively correlated with brGDGT Ia but negatively
correlated with brGDGT Ila’, whereas phylum Proteobacteria was
negatively correlated with brGDGT IlIc (Fig. 6a). Although we cannot
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verify that these bacterial phyla are brGDGT-producers, our results
suggest that along with Acidobacteria, members of the Proteobacteria
and Nitrospirae possibly contribute to brGDGT production. It is impor-
tant to note that neither phyla Acidobacteria, Proteobacteria and
Nitrospirae nor their subgroups showed a clear temperature dependency
in this experiment (Wilson et al., 2016, 2021; Kolton et al., 2019), which
is what we would expect if the relationship between brGDGTs and
temperature corresponds to community changes of brGDGT source or-
ganisms (De Jonge et al., 2019; Wu et al., 2021). As the bacterial com-
munity composition remained largely unaltered, our results suggests
that physiological adaptation of the bacteria producing these lipids
resulted in altered brGDGT abundances with increasing temperatures
(Weijers et al., 2007; Naafs et al., 2021; Véquaud et al., 2021). This
further suggests that physiological plasticity resulted in an increase in
MBT'spe in our study. However, this does not exclude the fact that in
other settings and sites the change in bacterial communities may explain
at least a part of the changes in brGDGT distribution (Weber et al., 2018;
De Jonge et al., 2019; Wu et al., 2021).

We posit three hypotheses to explain correlations between brGDGTs
and phyla Acidobacteria, Proteobacteria and Nitrospirae under warming
(Fig. 6) despite an absence of a temperature response within the bac-
terial communities. The first hypothesis is that other bacterial phyla
could possibly also contain brGDGT producing organisms. Although the
Acidobacteria is currently the only phylum that has been shown to
produce brGDGTs and/or precursor lipids (Sinninghe Damsté et al.,
2011; Halamka et al., 2021; Chen et al., 2022; Zeng et al., 2022), it is
unlikely that the same species synthesize brGDGTs in all types of
terrestrial (and aquatic) settings (Sinninghe Damsté et al., 2018). The
distinct responses of 5 vs. 6-methyl brGDGTs to temperature (Fig. 1;
Fig. S1) agrees with the suggestion that they may be produced by
different bacterial phyla (Sinninghe Damsté et al., 2018; Weber et al.,
2018; De Jonge et al., 2019; Martinez-Sosa et al., 2020). This could also
explain the larger diversity of brGDGT compounds encountered in the
environment (n = 15), compared to only the 5-methyl brGDGTs that
have been so far detected in two strains of Acidobacteria cultures in vitro
(Chen et al., 2022; Halamka et al., 2023). However, we cannot rule out
that responses of 5 vs. 6-methyl brGDGTs to temperature could also be
due to the low abundance of 6-methyl brGDGTs in peat soils (Huguet
etal., 2010; De Jonge et al., 2014a; Raberg et al., 2022). Secondly, either
the source organisms of brGDGTs in peat are low abundant members of
the bacterial community or brGDGTs constitute only a small fraction of
the microbial cell membranes, consistent with the lipid profile of certain
Acidobacteria (Sinninghe Damsté et al., 2011). In this study, brGDGTs
were only actively altered in the surface layers under periodically oxic
conditions (Figs. 1-4). BrGDGT source organisms are thus presumably
aerobes or facultative aerobes (Huguet et al., 2017) that are not the
dominant members of the peat bacterial community as previously sug-
gested (Weijers et al., 2009). They may have been selected for in the
surface peat by fluctuation in the water table. Third, there might be
temporal offsets between the responses captured by brGDGT lipid pool
(i.e., core lipid) and a more recent bacterial DNA signature (Gocke et al.,
2017). Studies have shown that changes in bacterial community
composition can occur over a few years to decades of warming (DeAn-
gelis et al., 2015; Oliverio et al., 2017; Romero-Olivares et al., 2017),
whereas brGDGT lipids integrate microbial and environmental processes
on decadal time scales (Weijers et al., 2010; Huguet et al., 2013, 2017).
Thus, the observed shifts in brGDGTs under warming probably reflect a
transient adjustment period to the application of the experimental
treatments, where microbial growth and traits have not yet reached a
new equilibrium (Ofiti et al., 2022). A more detailed look at the
phylogenetic nature of the shift in the bacterial community coupled with
core lipid brGDGTs (evaluated here) and intact polar lipids, the latter
being assumed to derive from living cells and thus more freshly pro-
duced (Gocke et al., 2017; Naafs et al., 2019), is needed to validate these
hypotheses. Nevertheless, we propose that the dependency of brGDGTs
on soil temperature is caused by the interplay between physiological
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adaptation and the direct impact of environmental factors.

4.5. Implications for brGDGT-based indices for climate reconstructions

The unique setup of increasing temperatures at the SPRUCE experi-
ment enabled us to quantify changes in brGDGT abundance and distri-
bution to reveal mechanisms of the dependency of brGDGT on soil
temperature in a boreal peatland. We demonstrate that under scenarios
of water table drawdown, the resulting aerobic conditions and higher
summer temperatures could cause substantial shifts in brGDGT finger-
print (abundance and distribution), at least in the short term. Specif-
ically, MBT'spe responded to the climate-induced warming, whereas
brGDGT-based temperature reconstructions overestimated (residual
error ~+6.0 °C) the measured soil temperature in our experiment
(Figs. 3a, 4). However, removing the effect of differences in the seasonal
amplitude of soil temperature contributed to more accurate temperature
reconstructions (residual error ~+2.0 °C; Fig. S7), highlighting a warm
bias for reconstructed temperatures (Huguet et al., 2013; De Jonge et al.,
2019; Véquaud et al., 2022). Our results thus indicate that a moderate
increase in temperature can be reconstructed using the MBT'spe index.
The relatively high activity of brGDGT source organisms in the surface
peat (acrotelm; 0-30 cm depth) and the associated rapid turnover of
brGDGTs argue for fast response of the surface peat, and thus these
biomarkers integrate microbial and environmental processes on short
time scales (less than a decade) (Huguet et al., 2017; De Jonge et al.,
2019). The strong link between the composition of the bacterial com-
munity and brGDGT lipids (Fig. 5a, 6), in combination with the non-
uniform response of potential brGDGT source organisms to tempera-
ture in our experiment (Kolton et al., 2019; Wilson et al., 2021), tenta-
tively confirms that physiological adaptation of the microorganisms
producing these lipids is partly responsible for brGDGT responses to
changes in temperature in this boreal peatland. Although we observed
pH dependency of the fractional abundance of brGDGT compounds such
as IIb, and IIb’ (Fig. 5), the CBT index did not correlate with soil pH,
likely due to the low pH values and the low range of variation in soil pH
(/\pH, ~0.5; Fig. 2; Fig. S5; Table S2), which might have increased the
scattering of the data obtained via the pH and CBT relationship. We
propose that in soils with low pH (~3.0), and low abundances of cyclic
brGDGTs, the relationship between soil pH and CBT index and their
dependencies should be interpreted with caution as being uniquely
driven by soil pH.

Collectively, our study provides evidence that the MBT'sy index
can’t be used as reliable temperature reconstructions proxy, at least at
this site (2 = 0.22, p = 0.047; Fig. 3a), despite the fractional abundance
of the three most abundant brGDGTs that determine variation in the
MBT'spe, correlating moderately to strongly with temperature. We thus
defined an alternate local scale transfer function based on a linear
combination of the fractional abundance of brGDGT compounds (Eq.
(8); Fig. 7):

MAT = — 38.23 — 8.69 x [Ilc] — 1.31 x [Ila] + 2.40 x [IIIa] + 0.65 x [Ia]
+4.26 x [Ic]

(8

Testing the performance of this new calibration, we observed that
the site-specific calibration had a much higher determination coefficient
and lower RMSE than the global transfer functions derived from the
MBT spe-temperature relationship (Fig. 7¢; n = 30, RMSE = 1.63 °C, r
= 0.50, p = 0.003). Crucially, these results suggest that brGDGTSs can be
used for temperature reconstructions even in highly diverse and con-
trasted environments such as boreal peatlands. Nevertheless, the
implication for the use of brGDGTs as paleoclimate proxy is that
reconstructed temperature should be interpreted with caution, as
changes in environmental factors beyond temperature could strongly
affect brGDGTs production and therefore a change in the brGDGT
signature.
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Fig. 7. BrGDGT-based temperature reconstruction. Scatterplot of the a) measured mean annual air temperature against MBT sy values for soils in the global peat
dataset from Naafs et al. (2017) with samples of the global peat dataset in grey and samples of the current study in black (0-75 cm depth; black line indicate
correlations of the current study, the dotted line indicates the correlation for the whole dataset), b) reconstructed MBT'sy.-based temperatures against measured
mean annual soil temperature for 0-75 cm depth using global linear calibrations (Naafs et al., 2017), Bayesian statistics (Dearing Crampton-Flood et al., 2020), and
machine learning algorithms (Véquaud et al., 2022) (colours represent different global calibrations), and ¢) mean annual soil temperature estimated using new local-
scale calibration based on a linear combination of the fractional abundance of brGDGT compounds (Eq. (6)) vs. measured mean annual soil temperature observed at
SPRUCE (0-75 cm depth; black line indicate correlations) following 4 years of warming. The Roman numerals correspond to the different brGDGT structures
presented in De Jonge et al. (2014a). The 1:1 line between reconstructed brGDGT-based temperatures and measured soil temperature is plotted with a grey

dotted line.

While our results indicate that warming and associated water table
drawdown are the primarily responsible factors for the variability of
brGDGTs lipids (Fig. 5; Table S3), it remains to be seen whether brGDGT
abundance and distribution in deeper anoxic layers of the catotelm will
be responsive to prolonged warming and extended water-table draw-
down. Furthermore, we do not know whether brGDGT signatures will be
affected in the long-run by changes in plant and microbial community
composition as they adapt to warmer temperatures. It is therefore
important to complement our results with long-term, time-resolved
analyses, and to implement our results into revised parameterizations of
brGDGT-based temperature models. Another missing piece in our study
is a more detailed assessment of intact polar lipids (IPLs), assumed to
derive from living bacteria lipids and thus more freshly produced, and
brGDGTs (assessed in the current study), the latter being assumed to
derive from “fossil” lipid pool and a more recent warming-induced lipid
pool (Gocke et al., 2017). The assessment of IPLs is a crucial step in
unravelling whether the responses of brGDGTs to temperature might be
caused by the varying “fossil” brGDGT distributions preserved at
different depths, with an ultimate goal of improving the accuracy of
brGDGT-based proxies. In the meantime, however, our results provide
evidence that warming may favour the growth of brGDGT source mi-
croorganisms and enhance the production of brGDGTs as temperatures
rise. We also highlight a rapid renewal of brGDGTs in response to four
years of warming, consistent with previous studies in peat soils showing
that the turnover of brGDGTs is in the range of 8-41 years (Huguet et al.,
2013). The relatively high activity of brGDGT source organisms (Huguet
et al., 2017; De Jonge et al., 2019) and the associated rapid turnover of
brGDGTs suggest that brGDGTs, and thus studies that implement these
biomarkers, integrate microbial and environmental processes on short
time scales (less than a decade) in peatland environments.

5. Conclusion

Future climate warming is expected to directly affect carbon cycling
in peatlands by provoking a series of responses including changes to the
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community of microorganisms as well as their physiology. Under-
standing the future dynamics of these ecosystems is possible from
studying their Holocene history and previous response to environmental
perturbations. Using one of the first longest running in situ peatland
climate change experiment, we quantified changes in brGDGTs, classi-
cally used for understanding past environmental changes, to reveal
mechanisms of climate change responses in a boreal peatland. Our
unique ecosystem scale study provides experimental evidence for the
direct effect of temperature on brGDGT lipids. We demonstrated that
under scenarios of water table drawdown, the resulting aerobic condi-
tions, and warmer temperatures could cause a rapid turnover of brGDGT
lipids, indicating that the paleoenvironmental signal recorded in peat-
land environments can be altered on short time scales (within a four-
year timescale). Furthermore, we revealed that brGDGT distributions
differed between individual soil depths, highlighting depth-specific
response of brGDGT lipids to warming, which should be considered in
paleoenvironmental studies. This depth-specific response of brGDGTs to
warming reflected changes in brGDGT source organisms and seasonal
variations in water table and thus oxidizing and reducing conditions at
each depth. As the bacterial community composition was generally
unaltered, the rapid changes in brGDGTs rather imply a physiological
adaptation of the microorganisms producing these lipids, driven by
environmental and biotic factors. To conclude, our results reveal new
insights on depth-specific response of brGDGTs and predominance of
physiological adaptation of brGDGT-producing bacteria to environ-
mental changes, and underscores brGDGT as viable paleo-temperature
proxies for better understanding of climatic perturbation in peatlands.
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