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Impact of non-thermal variables
on hydroxylated GDGT
distributions around Iceland

David J. Harning™* and Julio Sepulveda®?

!Institute of Arctic and Alpine Research, University of Colorado, Boulder, CO, United States,
’Department of Geological Sciences, University of Colorado, Boulder, CO, United States

Archaeal isoprenoid glycerol dibiphytanyl glycerol tetraethers (GDGTs)
preserved in sediments are popular tools for the reconstruction of past
temperature in the global ocean. Whereas the most common GDGTs have been
well studied through environmental and culture studies, their hydroxylated
version (OH-GDGTs) is just emerging as a new proxy. Some empirical
evidence suggests that the distribution of OH-GDGTs may capture sea surface
temperature variability. However, the effects of additional environmental factors
on OH-GDGT distributions have not been rigorously tested, and evidence
suggests that salinity, sea ice, seasonality, terrestrial input, and water depth
may be additional factors in some settings. In this study, we analyzed the
distribution of OH-GDGTs in modern and Holocene marine sediment from
the North Iceland Shelf. By statistically comparing the biomarker datasets
against a collection of modern instrumental and paleoceanographic records,
we separated which environmental variables may be controlling OH-GDGT-
derived proxies around Iceland. In contrast to prevailing theory, we found that
nitrate concentrations and water-column stratification are best correlated to
OH-GDGT distributions, and not temperature. These results hold important
implications for the application of OH-GDGT proxies in high-latitude oceans,
particularly in highly stratified locations, as well as for future studies on the
biological sources and functionality of these lipids. Given the current complexity
of proxy interpretation, we urge caution in the current application of OH-GDGTs
as a tool in paleotemperature reconstructions.

KEYWORDS

Iceland, marine sediment, proxy, lipid biomarkers, GDGTs

1 Introduction

Marine ammonia oxidizing Thaumarchaeota (Marine Group 1.1a, recently reclassified
to Nitrososphaerota; Rinke et al., 2021) are among the most widespread and abundant
organisms in the ocean, accounting for up to 40% of microbial plankton (Karner etal.,
2001; Francis et al., 2005; Konneke et al.,, 2005). Thaumarchaeota play a central role in
the nitrogen cycle by performing the first and rate-limiting step of nitrification, i.e., the
oxidation of ammonium (NH,*) orammonia (NH,) to nitrite (NO, ") (Konneke et al., 2005;
Beman et al., 2008; Newell et al., 2013), and are therefore most abundant near or below
the photic zone (Francis et al., 2005; Church etal., 2010). The predominant membrane
spanning lipids of Thaumarchaeota are isoprenoid glycerol dibiphytanyl glycerol tetraethers
(GDGTs), which contain 0 to 4 cyclopentane rings (GDGT-0 to GDGT-4) as well as an
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additional GDGT than contains four cyclopentane rings and
one cyclohexane ring (crenarchaeol) (Sinninghe Damsté etal.,
2002; Schouten etal,, 2013). Culture experiments of various
Thaumarchaeota taxa show that the degree of cyclization is
controlled by ambient temperature through a process known as
homeoviscous adaptation (Wuchter et al., 2004; Elling et al., 2015),
although other factors such as growth phase (Elling et al., 2014),
oxygen availability (Qinetal, 2015), and ammonnia oxidation
rates (Hurley et al., 2016) can also influence GDGT distributions.
The degree of cyclization, expressed through various iterations of
the TEXy, index (i.e., tetraether index of tetraethers consisting of
86 carbons), has therefore been exploited as a temperature proxy
across a range of geologic periods and geographical settings (e.g.,
Schouten et al., 2002; Schouten et al., 2013).

While widely applied, the uncertainty in global GDGT-
temperature calibrations increases at both the cool and warm ends
of the temperature spectrum (Schouten etal.,, 2002; Kim etal.,
2010). Regional and spatially varying calibrations that can capture
the nuances of local oceanographic regimes have been able to
reduce this uncertainty for some locations (Shevenell et al., 2011;
Tierney and Tingley, 2014; Harningetal,, 2019; Harning et al.,
2023). For polar regions, it has also been noted that a related
class of Thaumarchaeota lipids, i.e., hydroxylated GDGTs (OH-
GDGTs, Lipp and Hinrichs, 2009; Liu et al., 2012a; Elling et al.,
2017; Bale et al., 2019), increase in fractional abundance relative to
low latitude regions (Huguet et al., 2013; Varma et al., 2024a). As
the addition of one hydroxyl group may further reduce membrane
rigidity atlower temperatures (Huguet et al., 2017), the development
of OH-GDGT-based indices that rely on the relationship between
temperature and cyclization (0-2 cyclopentane rings) have been
proposed (e.g., RI-OH and RI-OH; Lii et al., 2015), and may offer
improvements upon TEXg-based temperature proxies at high
latitudes (Fietz et al., 2013; Huguet et al., 2013; Varma et al., 2024a).
However, the effects of additional environmental factors on OH-
GDGT cyclization have not been rigorously tested with cultures,
and empirical evidence suggests that salinity, sea ice, seasonality,
terrestrial input, and water depth may be complicating factors in
some settings (Fietz et al., 2013; Kang et al., 2017; Lii et al., 2019;
Park et al., 2019; Wei etal., 2020; Sinninghe Damsté et al., 2022;
Harning et al., 2023; Xiao et al., 2023; Varma et al., 2024b).

The North Iceland Shelf is one of the most studied regions in
North Atlantic Holocene paleoceanography and hosts a diversity
of proxy records for temperature, salinity, and nutrient availability
(e.g., Kristjansdottir etal., 2017). In addition to a network of
modern surface sediments that support many of the local downcore
proxy interpretations (e.g., Helgadottir, 1997), these records provide
important opportunities to cross-validate each another and better
inform the functionality of individual proxies. In this study, we take
advantage of modern surface sediments and Holocene sediment
records previously analyzed for isoprenoid GDGTs (Harning et al.,
2019) and present new corresponding data for OH-GDGTs. To
better understand which environmental factor(s) may drive OH-
GDGT distributions on Iceland’s insular shelves, we statistically
compare modern surface sediment samples with instrumental
datasets as well as Holocene sediments with independent proxy
records that capture physical-chemical parameters. Collectively,
our analyses demonstrate that OH-GDGT distributions around
Iceland may be influenced by nutrient availability and water column
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stratification, and that caution should be exercised when applying
OH-GDGT-derived indices to reconstruct past temperature in some
high-latitude regions.

2 Methods
2.1 Marine sediment samples

We investigated marine surface sediments (n = 11) and Holocene
sediment cores (n = 2) from Iceland’s insular shelves that have
previously been analyzed for isoprenoid GDGTs (Harning et al.,
2019). Marine surface sediments were collected in July 1997
during the cooperative United States/Icelandic Bjarni Semundsson
(B997) research cruise (Helgadottir, 1997) and span a gradient
of oceanographic conditions around Iceland today (Figure 1) and
range from 112 to 658 m below sea level (mbsl) (Harning etal.,
2019). Holocene sediment core MD99-2269 (66.63 °N, 20.85 °W;
365 mbsl) is located on the western North Iceland Shelf and
under the primary influence of the North Iceland Irminger Current
(NIIC, Atlantic Water) whereas core JR51-GC35 (67.33 °N, 16.70
°W; 420 mbsl) lies on the eastern North Iceland Shelf and is
mainly influenced by the East Iceland Current (EIC, Arctic Water,
Figure 1). MD99-2269 features a robust Holocene age model derived
from 27 AMS C dates, marker tephra layers (volcanic ash),
and paleomagnetic secular variation (Kristjansdottir et al., 2007;
Stoner et al., 2007), of which 20 AMS *C dates cover the last 8,000
years. JR51-GC35’s age model is based on 10 C dates, of which
eight span the last 8,000 years (Bendle and Rosell-Melé, 2007).
Given that sedimentation rates are nearly linear at both locations
over the last 8,000 years, we do not present proxy records as mass
accumulation rates.

2.2 Archaeal hydroxylated GDGTs
(OH-GDGTs)

We extracted and analyzed all samples as detailed in
Harning et al. (2019). Briefly, we extracted B997 surface sediments
three times on a Dionex accelerated solvent extractor (ASE 200)
using dichloromethane:methanol (9:1, v/v) at 100°C and 2,000
psi (Harningetal, 2019), whereas samples from MD99-2269
(n = 53) and JR51-GC35 (n 18) sediments were extracted
via ultrasonication using dichloromethane:methanol (2:1, v/v)
(Harning et al., 2021). We then dissolved a 50% TLE aliquot of
each sample in hexane:isopropanol (99:1, v/v), followed by filtration

using a 0.45 um polytetrafluoroethylene (PTFE) syringe. Prior
to instrumental analysis, we spiked samples with 10 ng of the
C46 GDGT internal standard (Huguet et al., 2006). We identified
and quantified OH-GDGTs on a Thermo Scientific Ultimate
3,000 HPLC system interfaced to a Q Exactive Focus Orbitrap-
Quadrupole MS (Harning et al., 2019) using modified methods of
Hopmans et al. (2016) and characteristic mass spectra and retention
times (Liu et al., 2012a; Liu et al., 2012b).

We explore two OH-GDGT temperature indices developed for
relatively warmer and cooler regions, respectively (Lii et al., 2015):

[OH - GDGT - 1] + 2x[OH - GDGT - 2]

RI-OH= ,
[OH- GDGT - 1] + [OH- GDGT - 2]
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FIGURE 1

Overview map of Iceland and its insular shelves. The locations of B997 marine surface sediments are shown with gray circles, where hatched line

circles and site names with asterisks denote samples without all OH-GDGTs present. The locations of the two Holocene marine sediment core records
(MD99-2269 and JR51-GC35) are shown with red circles. The main ocean currents are the Irminger Current (IC, Atlantic Water) and the East Icelandic
Current (EIC, Arctic Water). Base map from Ocean Data View software (Schlitzer, 2021) and displays ocean temperatures (°C) at 50 mbsl from May 2014.
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[OH - GDGT - 1] +2x[OH - GDGT - 2]
[OH - GDGT-0] + [OH - GDGT - 1] + [OH - GDGT - 2]’

RI-OH' =

and convert to temperature using the following global
calibrations after Varma et al. (2024a):

RI-OH =0.018xSST + 1.12 (n = 744, error notreported)

RI-OH’ =0.040xSST + 0.003 (n = 759, error notreported)

We note that OH-GDGT indices are adaptations of the Ring
Index, which reflects the weighted average of cyclopentane moieties
in isoprenoid GDGTs (Zhang et al., 2016).

We also explore two temperature indices that combine
GDGT and OH-GDGT distributions (Fietzetal., 2016;
Varma et al., 2024a):

B [GDGT - 2]+ [GDGT - 3] + [cren' ]| - [OH — GDGT - 0]
~ [GDGT~— 1] + [GDGT - 2] + [GDGT - 3] + [cren' | + [OH— GDGT—0]
+[OH-GDGT-1] + [OH - GDGT-2],

C

EXOH _ [GDGT - 2] + [GDGT - 3] + [cren’ ]
% " [GDGT-1] +[GDGT - 2] + [GDGT - 3] + [cren'] + [OH - GDGT - 0]

and convert to temperature using the following global
calibrations after Varma et al. (2024a):

OH® = 0.043xSST—0.53 (n = 555, error notreported)

TEX%H =0.021xSST + 0.08 (n = 599, error notreported)

2.3 Statistical analyses

To explore environmental factors that may influence Icelandic
OH-GDGT distributions, we statistically compared %OH, RI-OH,
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RI-OH, OHC, and TEX°! sedimentary values against modern
instrumental data as well as sediment proxy datasets. For the modern
surface sediment samples, we used instrumental World Ocean Atlas
2018 (WOA18) decadal mean datasets from 1995 to 2004 CE.
Specifically, we compared OH-GDGT distributions against annual
and seasonal depth integrations (every 10 m between 0 and 100
mbsl and every 25 m between 100 and 200 mbsl) for the following
annual variables: temperature (Locarninietal., 2018), salinity
(Zweng et al., 2018), dissolved oxygen concentration (Garcia et al.,
2018a), and nitrate concentration (Garcia et al., 2018b) (Figure 2).
WOA18 temperature and salinity are provided at “%-degree pixels
and oxygen and nitrate concentrations at 1-degree pixels. We
also calculated a water column stratification index based on the
difference between 10 m water depth temperature and that of
every depth below down to 200 m water depth (Locarnini et al.,
2018). We assessed correlation significance using t-tests, where we
define significance as p-values <0.05. For the Holocene sediment
records, we compared OH-GDGT distributions from MD99-2269
with published proxy datasets from the same sediment core (n
= 17, Table I; Supplementary Figure S1). All datasets were first
collapsed to the lowest common resolution leaving 47 data points
per time series with an average resolution of 167 years over the
last 8,000 years. Each time series was then normalized according
to their mean and standard deviations. Finally, we performed
hierarchal clustering using the ‘stats’ package in the open-source
environment R (R Core Team, 2022).

3 Results
3.1 Modern surface sediments

We found OH-GDGTs in all 11 marine surface sediments,
but only eight samples contain all three common OH-GDGTs

(OH-GDGT-0, -1, and —2) above the detection limit required to
calculate associated indices (Figure 1, gray circles). Correlations of
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FIGURE 2
World Ocean Atlas 2018 (WOA18) mean annual decadal (1995-2004) data for each surface sediment site where all OH-GDGTs are present (see
Figure 1). (A) temperature (Locarnini et al., 2018), (B) salinity (Zweng et al., 2018), (C) dissolved oxygen concentration (Garcia et al., 2018a), and (D)
nitrate concentration (Garcia et al., 2018b) against depth in meters below sea level (mbsl). The blue bars highlight the deepest extent of the annual
mixed layer in the water column down to ~90 mbsl, which is characterized by vertical gradients in all four variables averaged across the seasons.

sedimentary OH-GDGT indices with annual WOA18 instrumental
data show that the RI-OH index has moderate correlations
with nitrate concentration (max correlation at 50 mbsl, R?
= 0.56, Figures3B, 4A) and temperature stratification (max
correlation at 80 mbsl, R* = 0.54, Figures 3E, 4B), and weak
to no correlations with temperature (Figure3A), dissolved
oxygen (Figure 3C), and salinity (Figure 3D). The RI-OH’ index
shows moderate correlations with temperature (max correlation
at 200 mbsl, R? = 0.45, Figure 3A), nitrate (max correlation at 30
mbsl, R?> = 0.48, Figure 3B), dissolved oxygen (max correlation at
150 mbsl, R? = 0.64, Figure 3C), and salinity (max correlation at
175 mbsl, R* = 0.43, Figure 3D), but not temperature stratification
(Figure 3E). The OHC index shows moderate correlations with
temperature (max correlation at 200 mbsl, R? = 0.42, Figure 3A)
and dissolved oxygen (max correlation at 200 mbsl, R?> = 0.45,
Figure 3C), and weak correlations with nitrate (max correlation at
200 mbsl, R? = 0.28, Figure 3B), salinity (max correlation at 90 mbsl,
R? = 0.38, Figure 3D), and temperature stratification (Figure 3E).
The TEXg ! index is like the OH® index but with generally weaker
correlations. TEXg“™! shows weak correlations with temperature
(max correlation at 10 mbsl, R?> = 0.37, Figure 3A), nitrate (max
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correlation at 200 mbsl, R* = 0.30, Figure 3B), dissolved oxygen
(max correlation at 200 mbsl, R? = 0.39, Figure 3C), salinity (max
correlation at 90 mbsl, R?> = 0.33, Figure 3D), and temperature
stratification (Figure 3E).

Seasonal integrations of WOA18 instrumental data (i.e., winter,
spring, summer, and fall) generally show similar correlations to
GDGT and OH-GDGT indices as the annual WOA18 instrumental
data does (Supplementary Figures S2-S5). While R? values vary
to some degree between seasons, the relative correlations trends
between environmental data and temperature, dissolved oxygen,
and salinity are similar between seasons, with TEXg" typically
featuring the highest R* values and RI-OH the lowest R* values
(Supplementary Figures S2-55). On the other hand, correlations
between seasonal nitrate and temperature stratification and
biomarker indices differ to a greater degree between seasons
(Supplementary Figures S2-55). These seasonal differences are
most notable for the RI-OH index, whereas TEXg", %OH, RI-
OH;, OHC, and TEXg,°™ tend to feature similar correlation patterns
with seasonal nitrate and temperature stratification data. For RI-
OH and nitrate concentrations, correlations are weak in winter
(R* < 0.26, Supplementary Figures S2B), moderate in spring (R?
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TABLE 1 Summary of the 17 proxy records from core MD99-2269 used in hierarchal cluster analysis and their typically inferred environmental driver(s).

Proxy Environmental driver(s) References

Diatom SST Summer SST Justwan et al. (2008)
Foraminifera SST Annual SST Harning et al. (2021)
TEXge" Annual subT Harning et al. (2021)

C. neoteretis Atlantic bottom water

Harning et al. (2021)

C. reniforme Arctic bottom water Harning et al. (2021)
1. norcrossi Arctic bottom water Harning et al. (2021)
N. pachyderma Arctic surface water Harning et al. (2021)

N. labradorica Arctic Front productivity

Harning et al. (2021)

T. quinqueloba Arctic Front productivity

Harning et al. (2021)

1P,5 Seasonal sea ice Cabedo-Sanz et al. (2016)

HBI III Arctic Front productivity Cabedo-Sanz et al. (2016); Harning et al. (2021)
N. pachyderma §180 SST and salinity Kristjansdottir et al. (2017)

Cspy Salinity Kristjansdottir et al. (2017)

Uk, Summer SST Kristjansdottir et al. (2017)

Quartz wt% Sea ice Moros et al. (2006)

Calcite wt% Nutrients, SST Moros et al. (2006)

Coccolithophores Nutrients, SST Giraudeau et al. (2004)

See Supplementary Figure S1 for individual proxy timeseries.

< 0.36, Supplementary Figures S3B), moderate in summer (R
< 0.37, Supplementary Figures S4B), and moderately strong in
fall (R? < 0.63, Supplementary Figures S5B). For RI-OH and
temperature stratification, correlations are weak in winter (R* <
0.25, Supplementary Figures S2E), moderate in spring (R* < 0.33,
Supplementary Figures S3E), moderate in summer (R* < 0.39,
Supplementary Figures S4E), and moderately strong in fall (R
< 0.65, Supplementary Figures S5E).

3.2 Holocene sediment records

We found all three common OH-GDGTs (OH-GDGT-0, -1, and
-2) above the detection limit in sediment samples from the two
Holocene records. While sampling resolution is higher for MD99-
2269 (n = 53) compared to JR51-GC35 (n = 18), both records
show comparable trends for RI-OH, RIOH, OHEC, and TEX%OH
proxies at the millennial scale but with slightly lower inferred
temperatures in JR51-GC35 (Figure 5). In the higher resolution
MD99-2269, centennial scale variability is noisy with incremental
samples often reflecting changes on the order of 1°C in all four
indices (Figure 5). Similar trends and variability are also observed
for %OH, which is the percent abundance of OH-GDGTs to
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total GDGT and OH-GDGTs (Huguet et al., 2013), however, we
do note that both records have similar %OH ranges (Figure 5).
For the RI-OH index, reconstructed SSTs generally increase before
reaching a maximum between ~3,200 and 2,400 BP, after which
inferred SSTs decline towards present (Figure 5). For the RI-OH,
OHC, and TEX°" indices, the two records show a pattern of
slightly increasing SSTs towards present, with two millennial scale
peaks between ~6,500 and 4,100 BP and ~2,700 and 700 BP
(Figure 5). Hierarchal clustering analysis shows that the RI-OH
index clusters with % calcite and coccolithophore concentrations
(purple, Figure 6A) and that the RI-OH, OH®, and TEX,H
indices cluster separately (orange, Figure 6A). The %OH clusters
with Polar foraminifera Nitrosopumilus pachyderma §180, and do
a lesser degree, alkenone related proxies C37:4 and Uy’37 (gray,
Figure 6A). Importantly, another cluster with no OH-GDGT indices
is characterized by established local temperature proxies derived
from TEXg" and diatom and foraminifera assemblage transfer
functions, as well as two foraminifera species (C. reniforme and
Nitrosopumilus quinqueloba) related to Arctic Water masses and
fronts (red, Figure 6A). Similarly, sea ice and polar related proxies
(ie., quartz, IP,;, and N. pachyderma foraminifera), which are
inherently related to temperature through the advection of Polar
Water masses, also cluster together (blue, Figure 6A).
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FIGURE 3
Correlations (shown as the R? value vs. depth) between modern surface sediment sample GDGT and OH-GDGT indices and annual WOA18 instrumental

datasets for (A) temperature, (B) nitrate concentration, (C) dissolved oxygen concentration (DO), (D) salinity, and (E) temperature stratification, at
various water depths (mbsl). For (E), temperature stratification is calculated as the difference between 10 m and the depth (mbsl) indicated by the data
point. The blue bars highlight the deepest extent of the annual mixed layer present in the water column down to ~90 mbsl (see Figure 2).

4 Discussion and winter subsurface temperatures (subT, Harning et al., 2019).
However, OH-GDGT indices from the same region do not show

4.1 Influence of non-thermal comparable temperature correlations. For example, the RI-OH
environmental variables on OH-GDGT index’s best correlations are with annual nitrate concentrations at
distributions 50 mbsl (R* = 0.56) and fall temperature stratification between
10 and 60 mbsl (R*> = 0.65), both within the deepest extent

4.1.1 Modern surface sediments of the annual mixed layer that occupies the upper 90 m of
Along with a broader geographic network of sites (Rodrigo-  the water column (Figure 3). Correlations between RI-OH and

Gémizetal, 2015), surface sediment samples from Iceland’s  nitrate concentrations are similarly strong in the fall compared
insular shelf exhibit a strong positive relationship between TEXg"  to annual, whereas correlations between RI-OH and nitrate and
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FIGURE 4

Correlations between modern surface sediment RI-OH values and (A) annual nitrate (umol/kg) at 50 mbsl and (B) fall temperature stratification (A°C)

between 10 and 60 m water depth. p-values for all regressions are <0.05.

temperature stratification are comparatively weak in the other
seasons (Supplementary Figures S2-S5). This suggests a primarily
fall signal for the RI-OH index. The RI-OH, OH®, and TEX;°"
indices then show generally weak correlations to temperature,
nitrate, dissolved oxygen, and salinity (Figure 3). An exeption
is that correlations between RI-OH’ and annual nitrate are
moderately strong at 40 mbsl, which is similar to RI-OH and
annual nitrate correlation at 50 mbsl (Figure 3B). Seasonally, the
RI-OH’ has relatively strong correlations with fall temperature
stratification in the mixed layer compared to other seasons whereas
OH® and TEXg°" consistently have weak correlations to all
oceanographic variables compared to other biomarker indices
(Supplementary Figures S2-S5). For Thaumarchaeota, the main
product of their ammonia-oxidation is nitrite (Konneke etal.,
2005; Beman etal.,, 2008; Newell et al., 2013), which can then
be subsequently oxidized by bacteria to nitrate (Kuyper etal,
2018). While there is no information on nitrite from Iceland’s
insular shelves, we can only assume that nitrate concentrations
provide indirect evidence for both reactions and that nitrate
concentrations can serve as a proxy for local nitrite production.
While this assumption is subjected to large uncertainty, the
correlations observed with nitrate suggest that nutrient availability
may exert some control on OH-GDGT distributions around
Iceland.

On Icelands insular shelves, salinity, dissolved oxygen and
nutrients (i.e., nitrate, phosphate, and silica) tend to co-vary
with temperature as these variables are primarily influenced
by source waters (Stefinsson, 1968; Stefinsson and Olafsson,
1991). Broadly, Atlantic Water (IC, Figure 1) dominates the west
coast and is warm and saline with higher dissolved oxygen
and nutrient concentrations. In contrast, on the North Iceland
Shelf, Arctic Water (EIC, Figure 1), which is cool, low salinity
and has lower dissolved oxygen and nutrient concentrations,
1962). ‘This
geographically variable oceanography contributes to regional

underlies surface Atlantic Water (Stefansson,

stratification differences that have a strong impact on local primary
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productivity (Thordardottir, 1984; Gudmundsson, 1998). On
the North Iceland Shelf, the earlier seasonal stratification and
stabilization of the water column generally results in an earlier
and shorter phytoplankton bloom compared to the western
shelf where series of blooms occur throughout the spring in
less stratified waters (Gudmundsson, 1998). As a first-order
interpretation, we may therefore expect that the shorter spring
phytoplankton blooms on the North Iceland Shelf would result in
less competition for Thaumarchaeota and ammonium compared
to the western shelf, as Thaumarchaeota are more dominant
when phytoplankton productivity is low (e.g., Pitcheretal,
2011). While we cannot definitively link our GDGT results to
phytoplankton blooms, empirical evidence from water column
measurements south of Iceland demonstrates that ammonia-
oxidation rates increase below the euphotic zone (below 50 m water
depth) in more stratified waters compared to less stratified waters
(Painter, 2011).

Culture experiments of Thaumarchaeota (Nitrosopumilus
maritimus) demonstrate that increased ammonia oxidation rates
(and nitrite production) result in reduced GDGT cyclization
(Hurley et al., 2016). The modern surface sediments from Iceland
show that samples collected from below more stratified waters on
the North Iceland Shelf have lower RI-OH values, particularly in
fall (Figure 4B), which could potentially indicate that the increased
ammonia-oxidation rates in such settings may also lead to reduced
OH-GDGT cyclization. Under these periods of increased ammonia
oxidation, we would also expect that Thaumarchaeota and bacteria
would produce more nitrite and nitrate through nitrification, and
therefore a negative correlation would exist between RI-OH and
nitrate concentrations. However, we observe a positive correlation
between OH-GDGT cyclization and nitrate (Figure 4A). In contrast
to our expectations, Painter (2011) observe lower concentrations
of nitrate under the more stratified Icelandic waters that lead
to increased ammonia oxidation rates. While the mechanisms
behind the relationship between ammonia oxidations rates and
nitrate concentrations are currently unclear, the correlations
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FIGURE 5
Holocene OH-GDGT indices and derived SST records for MD99-2269 (left) and JR51-GC35 (right): %OH (teal), RI-OH and RI-OH’ (purple), and OH®
and TEXge®" (orange). We also show previously published TEXgg" (gray) and UX's,-inferred temperatures (red) from these two sediment records (Bendle
and Rosell-Mel¢, 2007; Kristjansdottir et al., 2017; Harning et al., 2021).

observed between nitrate, water column stratification and RI- on the relative roles of bacteria and archaea in local nitrification
OH values (Figure 4) are consistent with local observations of  will be instrumental to clarify these observations and contribute
water column stratification and nitrogen cycling (Painter, 2011)  to our knowledge of the North Atlantic’s nitrogen cycle which
as well as culture experiments of Thaumarchaeota response to  so far has largely focused on nitrogen fixation [see review by
ammonia oxidation rates (Hurley etal, 2016). Future research Benavides and Voss (2015)].
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4.1.2 Holocene sediments

Hierarchal cluster analysis shows that the RI-OH-inferred SSTs
form a cluster with coccolithophore productivity proxies around
Iceland (Figure 6A 1i.e., coccolith concentrations and biogenic
calcite; Andrews and Giraudeau, 2003). Along with additional
proxy records from the same sediment core, the coccolith and
calcite records from MD99-2269 (Giraudeau etal., 2004) have
previously been interpreted to reflect water column stratification
and nutrient availability over the North Iceland Shelf, where the
Early (11,700-8,200 BP) and Late Holocene (4,200 BP to present)
were more stratified and nutrient limited than the Middle Holocene
(8,200-4,200 BP, Kristjansdottir et al., 2017; Harning et al., 2021).
Early Holocene water column stratification was likely due to
freshwater contributions from residual northern hemisphere ice
sheet melt (e.g., Jennings et al., 2015), and during the Late Holocene,
due to freshwater and Polar water associated with the increased
export of sea ice through Fram Strait (Miiller et al., 2012; Cabedo-
Sanz et al.,, 2016). Like the modern surface sediments, we observe
a negative relationship between RI-OH-inferred SSTs and proxies
reflecting stratification (Figures 6B-D). Following Section 4.1.1, we
hypothesize that the Early and Late Holocene periods of increased
stratification could have resulted in increased Thaumarchaeota
productivity, possibly increased ammonia-oxidation rates, and thus
reduced cyclization of OH-GDGTs (lower RI-OH, Figure 6B).
The reduced productivity of haptophyte algae at these times
(Figures 6C,D) would also reduce competition for ammonia with
Thaumarchaeota, which may have further contributed to increased
ammonia-oxidation rates (lower RI-OH) (Smith et al., 2014).
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Hierarchal cluster analysis shows that the RI-OH; OHC, and
TEXg ! indices are unrelated to other established temperature
proxies from the region (Figure 6A), including GDGT-based
TE)(86L (Harning etal., 2019) and diatom and foraminifera
assemblage transfer functions (Justwan et al., 2008; Harning et al.,
2021). This is supported by the modern surface sediment
samples that generally show weak to moderate correlations
between these indices and temperature as well as the other tested
environmental variables (i.e., nitrate, dissolved oxygen, and salinity,
Figure 3; Supplementary Figures S2-S5). The %OH, which has
been suggested to reflect temperature in some marine settings
(Huguet et al., 2013; Varma et al., 2024a), clusters most closely with
N. pachyderma §'0, and then to a slightly less extent, alkenone
related indices Cs,,, and Uy, (Figure 6A). N. pachyderma §'30 and
the relative abundance of Cs,., have been interpreted to capture local
changes in salinity on Holocene timescales (Kristjansdottir et al.,
2017), and recent evidence from the Canadian Arctic shows that
increased abundance of C;;, is linked to a sea-ice associated lineage
of haptophyte (Isochrysidales) distinct from other known alkenone-
producing (e.g., Emiliania huxleyi and Gephyrocapsa oceanica)
(Wang et al., 2021). Regarding the latter, increased contributions
of Cs;, during the Late Holocene (Kristjansdottir etal., 2017)
likely reflect changes in the local haptophyte community that may
have therefore impacted the U, index, which is typically used a
temperature proxy (e.g., Brassell et al., 1986). This may be one reason
why UX, clusters separately from other temperature proxies,
ie., TEXg! and diatom and foraminifera assemblage transfer
functions (Figure 6A). In any case, the clusters for RI-OH, OHS,
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and TEXg®" and %OH add further evidence that temperature is
not the most significant control of OH-GDGT distributions through
the Holocene.

Quantitative climate histories derived from other Icelandic
paleoceanographic (e.g., Olafsdottir et al., 2010; Jiang et al., 2015;
Moossen et al.,, 2015) and terrestrial records (e.g., Harning et al.,
2020) agree that local Holocene climate was characterized by first
order cooling due to declining Northern Hemisphere summer
insolation. Within the marine realm, these first order changes in
Holocene climate led to changes in water column stratification and
nutrient availability (Giraudeau et al., 2004; Kristjansdottir et al.,
2017), as well as more complex changes in ocean biogeochemistry
related to the migration of the Arctic and Polar marine fronts during
the Middle and Late Holocene (Harning et al., 2021). Yet, despite the
well characterized oceanographic conditions of the North Iceland
Shelf during the Holocene, the changes in the RI-OH, OHS, and
TEXg ™ indices are challenging to reconcile for a couple reasons.
First, their relative patterns generally show increasing temperatures
over the last 8,000 years (Figure 5), which is inconsistent with
northern hemisphere summer insolation, the primary modulator
of North Atlantic climate on millennial timescales (Moros et al.,
2004; Jiang et al., 2015; Kristjansdottir et al., 2017). Second, the two
broad peaks in temperature identified between ~6,500 and 4,100
BP and ~2,700 and 700 BP (Figure 5) occur under contrasting
oceanographic regimes on the North Iceland Shelf. The former
period between ~6,500 and 4,100 BP is characterized by a proximal
Arctic Front that enhanced pelagic productivity, while the latter
period between ~2,700 and 700 BP was characterized by the
presence of sea-ice-bearing Arctic and Polar Water that displaced
the Arctic Front southward resulting in decreased local pelagic
productivity due to nutrient limitation (Harningetal, 2021).
Therefore, while currently unclear, we conclude that due to the
incompatibility with other paleoceanographic and terrestrial climate
proxies around Iceland, the RI-OH, OH®, and TEXg°™ proxies
do not likely reflect SST on the North Iceland Shelf as shown
for the current global dataset, including cooler polar regions
(Varma et al., 2024a).

4.2 Possible implications for biological
source and physiological adaption

Lipidomic studies of thaumarchaeal cultures demonstrate that
all core GDGTs and OH-GDGTs measured in this study can be
derived from Thaumarchaeota Group 1.la (Ellingetal, 2017;
Bale et al., 2019). However, additional archaeal groups have also
been found to produce GDGTs and OH-GDGTs, including the
closely related ammonia-oxidizing SAGMCG-1 (Elling et al., 2017),
a methanogen Methanococcus thermolithotrophicus (Liu et al.,
2012), and an anaerobic methanotroph ANME-2d (Kurth et al.,
2019). Given that the distributions of GDGTs and OH-GDGTs
around Iceland correlate with different environmental factors
(i.e., marine temperature and stratification, respectively), it is
possible that the different lipid classes derive from different
microbial producers including but not limited to those
currently known. Recent evidence using intact polar lipids
and 16S rRNA from the Baltic Sea suggests that in some

marine regions, Nitrosopumilus, one dominant taxa within the
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Thaumarchaeota Group 1.1a phylum, may differ physiologically
from representative taxa in other regions (Wittenborn etal,
2023). In addition, intact polar lipid and genomic studies
also show that the broader GDGT lipidome varies between
epipelagic and deep water-dwelling archaea (Francisetal,
2005; 2006; Huetal, 2011;
2014), where each zone has its own thermal regulation of
GDGTs and OH-GDGTs (Zhu et al., 2016). Without the added

insight from polar headgroup distributions (e.g., Zhuetal,

Hallam et al., Villanueva et al.,

2016), it is not currently possible to attribute Icelandic
GDGT and OH-GDGT distributions
depth habitats.

If the biological producer is the same for both lipid classes

to different archaea

around Iceland, such as Thaumarchaeota Group 1.la from one
depth habitat, our data suggest that the addition of a hydroxyl group
may alternatively be advantageous for non-thermal stressors related
to stratification and nutrient availability. As microbial studies on
Iceland’s shelves are currentlylimited to > C-labeling of sedimentary
Thaumarchaeota (Lengger etal., 2014) and baseline microbial
assemblage inventories (Jégousse et al., 2021; 2022), the reasons
for the differences we currently observe between GDGTs and OH-
GDGTs are largely speculative. Future work combining lipidomics
(including both core and intact polar lipids) and genomics, as well
as culture experiments thatisolate potential drivers, will be required
to yield process-based insight into the functionality of OH-GDGTs
in archaeal lipid membranes and test if varying archaeal lineages
may contribute to their local distribution (e.g., Villanueva and
Coolen, 2022).

5 Conclusion

The application of OH-GDGTs in high-latitude paleoclimate
reconstructions is in a relative state of infancy (Knies et al., 2014;
Kremer et al., 2018; Allaart et al., 2020) despite their widespread
abundance in marine settings (Varma et al., 2024a). This may be
in part due to general uncertainties regarding their functionality
in archaeal cell membranes and response to environmental
stressors (e.g., Fietzetal., 2020). Around Iceland, a wealth of
modern and paleoceanographic data derived from marine sediment
exist to empirically test the control of environmental variables on
local OH-GDGT distributions. In this study, we compared OH-
GDGT distributions in a network of modern surface sediments
with modern oceanographic data, and in two Holocene marine
sediment records with published paleoceanography records. We
found that unlike temperature dependent GDGT-based indices,
nitrate concentrations and thermal water-column stratification are
best correlated to OH-GDGT distributions. These results hold
important implications for the application of OH-GDGTs as
paleotemperature proxies in high-latitude oceans particularly in
regions that experience water column stratification. Specifically, the
data suggest that caution should be exercised when using OH-
GDGTs as temperature indicators in some regions until further
culturing and calibrating work is conducted. In addition, the data
motivate future work on OH-GDGTs as a proxy for stratification and
nitrogen availability.
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