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Abstract Marine ammonia oxidizing archaea (AOA) produce isoprenoid glycerol dibiphytanyl glycerol
tetraethers (GDGTs) which form the basis of seawater temperature proxy TEXgs. Although most studies use
TEXg for sea surface temperature (SST) reconstructions, maximum GDGT production occurs at and below the
nitracline. Moreover, sedimentary GDGT-2/GDGT-3 values >5 reflect GDGT contributions of a deeper
dwelling (>100 m) clade of AOA, fueling debate on export mechanisms and the water depth of TEXg, proxy
sensitivity. We investigate subseasonal variations in GDGT export depth using 4 new and 19 previously
published marine sediment trap records and compare results to real-time biogeochemical and physical hindcast/
reanalysis model outputs. Due to the complexity of the biological pump and the often short time series of
sediment trap records, no globally consistent pattern emerges. However, GDGT-2/GDGT-3 ratios imply
seasonal changes in GDGT export depth, and often correlate to changes in the depth (negative) or intensity
(positive) of maximum net primary production (NPP). Increased/shallower maximum NPP also correlate
positively with GDGT flux at several sites, indicating that NPP exerts a strong control on GDGT origin depth.
Mechanistically, increased/shallower maximum NPP incorporates relatively more shallow clade GDGTs into
sinking particles, leading to lower GDGT-2/GDGT-3 values. Additionally, GDGT-2/GDGT-3 values correlate
with TEXg¢ in most sediment traps, suggesting that, on sub-annual timescales, mixing of shallow and deep-
clade derived GDGTs rather than SST changes causes variations in TEX,. TEX4-based temperatures are up to
0.5°C lower per unit increase in GDGT-2/GDGT-3, but the North Atlantic deviates from this global trend with a
positive correlation.

Plain Language Summary Variations in the number of rings in archaeal tetraether membrane lipids
present in marine sediments are at the base of a widely used marine paleothermometer. Although this
temperature proxy correlates well with sea surface temperature in modern sediments, the lipids are mostly
produced deeper in the water column (>50 m). In addition, two depth-differentiated groups of archaea produce
these lipids. The lipids produced by deeper dwelling (>100 m) archaea do not relate to temperature but can
influence the proxy. Therefore, the water column depth at which sedimentary lipids were originally produced,
and thus the temperature signal they preserve, is unclear. We here show that the origin depth of the lipids
captured in a global set of sediment traps catching sinking particles often relates to net primary production. This
suggests that changes in the depth and amount of phytoplankton production influence lipid distributions, in
addition to temperature. For paleoclimate studies, this means that productivity-related variations in the origin
depth of these lipids through time should be considered when interpreting reconstructions from ancient
sediments in a paleotemperature context.

1. Introduction

Ammonia oxidizing archaea (AOA) of the order Nitrososphaerales (formerly Thaumarchaeota and Cren-
archaeota) are ubiquitous in Earth's oceans, accounting for ~20% of the prokaryotic cells in the water column
(Karner et al., 2001; Konneke et al., 2005; Wuchter, Abbas, et al., 2006). Marine Nitrososphaerales produce
isoprenoid glycerol dibiphytanyl glycerol tetraethers (isoGDGTs), a suite of recalcitrant membrane-spanning
lipids (Wuchter et al., 2004). These molecules contain 0-4 cyclopentane moieties (referred to as GDGT-n,
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where n is the number of cyclopentane moieties), or one cyclohexane and four cyclopentane moieties (cren-
archaeol (cren) and its isomer (cren’)). GDGT-0, -1, -2, -3, cren and cren’ are commonly detected in marine
sediments (De Rosa & Gambacorta, 1988; Schouten et al., 2000). Globally, the number of rings incorporated in
GDGTs measured in marine surface sediments correlates to sea surface temperature (SST) (Schouten et al., 2002).
This led to the development and use of a GDGT distribution-based SST proxy termed TEXg, which is defined as:

GDGT — 2 + GDGT — 3 + Cren’

TEX,, =
% = GDGT — 1 + GDGT — 2 + GDGT — 3 + Cren’

(1

(Schouten et al., 2002). Mesocosm and culture studies have confirmed that Nitrososphaera adapt the molecular
composition of their membranes to temperature, where GDGTs with more rings form at higher temperatures,
although different strains vary in the exact adjustment of GDGT distributions to changes in growth temperature
(Elling et al., 2015; Wuchter et al., 2004). Despite use as an SST proxy, maximum GDGT production is not
necessarily in the photic zone, but slightly deeper in the water column, near the nitracline (typically ~40-250 m
depth), reflecting the ammonia oxidizing role of Nitrososphaera (Hernandez-Sanchez et al., 2014; Hurley
et al., 2018; Sinninghe Damsté et al., 2002; Turich et al., 2007). Moreover, TEXg, values in marine surface
sediments correlate not only to SST, but also to shallow subsurface (100 m depth) temperature (Schouten
et al., 2002). Although this has been attributed to the close correlation between shallow subsurface temperatures
and SSTs (Schouten et al., 2002), the origin depth of sedimentary GDGTs and, therefore, the exact temperature
signal they reflect remains a subject of extensive debate (Ho & Laepple, 2016; Hurley et al., 2018; Schouten
et al., 2002; Taylor et al., 2013; Tierney & Tingley, 2014; van der Weijst et al., 2022). As a result, the currently
most frequently applied calibrations in paleotemperature studies relate TEXg to both SST (mixed layer) and
integrated 0—200 m temperatures (Kim et al., 2008, 2010; Tierney & Tingley, 2014, 2015). Other studies suggest a
deeper GDGT origin depth because of the scarcity of iso0GDGT production in the mixed layer (Hurley et al., 2018;
Sinninghe Damsté et al., 2002), and calibrate TEXg to for example, 100-250 (Fokkema et al., 2023) or 100—
350 m (van der Weijst et al., 2022) for a conservative endmember.

In addition, Nitrososphaera can be divided into two clades, one of which inhabits the uppermost water column
(shallow clade, ~0-200 m) while the other resides in deeper waters (deep clade, >100 m), with overlapping
habitat depth (Besseling et al., 2019; Francis et al., 2005; Villanueva et al., 2015). Shallow and deep waters
contain GDGTs in distinct distributions, which is most pronounced in the ratio between GDGT-2 and GDGT-3
(Besseling et al., 2019; Hernandez-Sanchez et al., 2014; Rattanasriampaipong et al., 2022; Taylor et al., 2013). In
a study quantifying both genetic material and GDGT distributions in the water column, the change in dominant
AOA clade coincides with changes in GDGT-2/GDGT-3 (Besseling et al., 2019). Water profile studies examining
GDGTs in suspended matter indicate that this ratio increases with water depth, reflecting an increasingly higher
contribution of GDGTs produced by the deep clade (e.g., Hernandez-Sanchez et al., 2014; Hurley et al., 2018;
Kim et al., 2015). The presence of GDGT-2/GDGT-3 ratio values >5 in surface sediments, which is especially
common in sediments >1,000 m water depth, is considered an indication that GDGTs from the deep clade
substantially contribute to the total GDGT pool stored in sediments (Taylor et al., 2013). Furthermore, compound-
specific radiocarbon measurements have shown that sedimentary GDGTs originate, at least in part, in subsurface
waters (Shah et al., 2008). While the shallow clade appears to adjust the distribution of GDGTs in their cell
membranes in response to temperature, core lipid GDGTs from below 100 m water depth do not show this
temperature relationship (Herndndez-Sanchez et al., 2014; Hurley et al., 2018; Schouten et al., 2002; Taylor
et al., 2013; Turich et al., 2007; Wuchter et al., 2005; Zhu et al., 2016). Although TEXg, values in SPM >100 m
depth can be similar to those near the sea surface, suggesting little influence of deep clade archaea on TEXg,
values (e.g., Hernandez-Sanchez et al., 2014; Schouten et al., 2002), GDGTs from deep clade archaea have been
shown to greatly influence sedimentary TEXg¢ values in the Mediterranean Sea (Besseling et al., 2019; Kim
et al., 2015). Consequently, (large) contributions of deeper clade GDGTs may therefore alter the temperature
signal of shallow clade-GDGTs preserved in marine sediments.

Importantly, a mechanism which allows for large proportions of GDGT export from the deep clade remains
unclear. Archeal cells are small and neutrally buoyant and require packaging into larger particles to sink.
Although some fecal pelleting occurs in the ocean's twilight zone, most sinking particulate organic matter
originates in the euphotic zone (typically <100 m) in the form of phytoplankton remains, marine snow aggregates,
and fecal pellets (Turner, 2002). Remains of picophytoplankton in the same size range as AOA (0.2-2 pm) can be
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exported through these mechanisms, and can comprise a large proportion of organic matter export (Close
etal., 2013; Richardson, 2019; Richardson & Jackson, 2007). In fact, studies on GDGTs in sediment trap material
note relationships between GDGT flux and remains of primary producers as indicated by phytol (Wuchter,
Schouten, et al., 2006), carbonate (Chen et al., 2016; Mollenhauer et al., 2015; Park et al., 2019; Yamamoto
et al., 2012), and opal (Chen et al., 2016; Mollenhauer et al., 2015; Park et al., 2018, 2019), suggesting that the
majority of the GDGTs are packaged in the euphotic zone prior to export. However, particle (re-)packaging at
depths below 100 m could lead to enhanced export of deep clade-derived GDGTs. Despite the limited under-
standing of GDGT export mechanisms, notably the most important factor determining export depth, a systematic,
large-scale study on GDGT export is still lacking.

We hypothesize that the biological pump controls GDGT export dynamics, and specifically that the GDGT export
production depth and the quantity of GDGTs exported is related to the depth and quantity of net primary pro-
duction (NPP). Because NPP quantifies the export of primary producers in the upper ocean, it may also reflect the
proportion of GDGTs from shallow clade archaea incorporated into sinking particles. To test this hypothesis, we
compiled GDGT data from 4 new and 19 previously published globally distributed sediment trap sites (Table 1;
Figure 1). Multiple (2-10) years of data are available for 7 sites, allowing for robust statistical assessment of
seasonal variability. In addition, sediment traps were moored at multiple depths at 11 sites (3 of which are also
multi-year sites), allowing for comparison between trap depths as particles sink through the water column. We use
the GDGT-2/GDGT-3 ratio as an indicator of changing GDGT export production depth (hereafter origin depth)
and compare it with real-time model-based NPP and nitrate concentrations. Doing so allows us to test whether, on
seasonal time scales, GDGT origin depth reflects the depth of GDGT production, as indicated by the depth of the
nitracline or the nitrate concentration at the nitracline, or the depth of particle aggregation, as indicated by the
amount and depth of maximum NPP. Subsequently, we examine spatial patterns in the correlations between
TEXgs and GDGT-2/GDGT-3 in sinking and suspended particles to understand to what extent and under which
conditions contributions of GDGTs from the deep clade might impact TEXg4-based temperatures in sediment.

2. Materials and Methods
2.1. Site Selection and GDGT Analysis

We analyzed the distribution and absolute abundances of GDGTs in settling particles collected by sediment traps
moored in the eastern Mediterranean Sea, under seasonal sea ice in the Ross Sea, and at two locations with
differing trophic states in the western tropical South Atlantic. We further compiled previously published GDGT
distributions in sinking particles at 19 sites across the globe (Figure 1, Table 1).

Full details on depths, timings, buffering, and poisoning of the newly reported sediment trap samples are pre-
sented in Table S1 in Supporting Information S1.

2.1.1. Eastern Mediterranean Sea

Sediment traps were moored in the eastern Mediterranean Sea at Bannock Basin (34.37°N, 20.04°E) at three water
depths in the oxic portion of the water column (~800, 2,000, and 3,000 m; Table S1 in Supporting Information S1)
between 1999 and 2011 and at the MedDust site (34.97°N, 18.03°E) at 2,340 m between 2017 and 2018. Collected
material was split eight ways after recovery, where two splits on glass fiber filters were used for lipid extraction.
Material collected at the MedDust site was split five ways, where one split was used for lipid extraction. The
sediment trap material as well as surface sediment (0-0.5 cm) from box core SL139BC5 (34.27°N, 19.83°E) was
freeze-dried and extracted in DCM:methanol 9:1 using a microwave extraction system. The resulting Total Lipid
Extracts (TLEs) were passed over a Na,SO, column with DCM:methanol 9:1. Most TLEs (aside from NU series
samples, June 2004 to September 2005) then underwent acid hydrolysis and methylation. Acid hydrolysis was
performed using 2M HCl in methanol for 2 hours at 70°C. After cooling, 1 mL MilliQ was added. Hydrolyzed TLEs
were extracted three times with DCM, dried, and passed over a second Na,SO, column with DCM:methanol 9:1.
Hydrolyzed TLEs were then methylated in DCM:methanol 1:1 with 10 pL 0.2 M trimethylsilyldiazomethane for
30 min. The methylated TLEs were dried, dissolved in ethyl acetate, and eluted over a column of non-activated
silica gel topped with Na,CO;. Finally, methylated TLEs were separated into three fractions with increasing po-
larity (apolar, ketone, and polar) using an aluminum oxide column and hexane:DCM (9:1), hexane:DCM (1:1), and
DCM:methanol (1:1), respectively. A known amount of C,, GTGT standard was added to the polar fraction for
quantification of GDGTs. The polar fraction was dissolved in hexane:isopropanol (99:1) and filtered using a
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Table 1
Overview of New and Reviewed Sediment Trap Locations
Mooring  Lati- Longi- Sample
Site ID Site name (this study) name tude tude Depth Date start Date end count® Source
APF Antarctic Polar Front PF3 -50.13 5.83  614; 3,196 1989-11-10 1990-12-23 17,8 Park et al. (2019)
AS Arabian Sea MS-3 17.2 59.6 500; 1,500; 1994-11-11 1995-12-24 13, Wuchter,
3,000 13, 15 Schouten, et al. (2006)
BS® Baltic Sea - 57.305 19.88 198 2010-05-01 2011-01-31 17 Wittenborn et al. (2022)
CB Cape Blanc CBeu 20.75 —18.7 1,296 2003-07-15 2007-03-23 71 Mollenhauer et al. (2015)
CrB® Cariaco Basin Trap A/ 10.5 —64.67 275; 930 1999-05-01 2003-07-01 49, 53  Turich et al. (2013)
Trap B
CTNA  central tropical M2 13.81 —37.82  1,235; 3,490 2012-10-19 2013-11-07 24,24 de Bar et al. (2019)
North Atlantic
EMS Eastern Mediterranean BB 34.37 20.04  ~800; 2,000, 1999-09-15 2011-04-21 132,  This study
3,000 197,
196
EMS Eastern Mediterranean MedDust  34.96 18.03 2,340 2017-04-14 2018-05-19 40 This study
ETNA  eastern tropical North Atlantic M1 12 -23 1,150 2012-10-19 2013-11-07 24 de Bar et al. (2019)
FS Fram Strait FEVI16 79.02 4.35 1,296 2007-07-23 2008-06-30 16 Park et al. (2019)
GB Guinea Basin GBN3 1.8 —11.13  853;3,921 1989-03-01 1990-03-16 20,19 Park et al. (2018)
GoC Gulf of California - 27.88 —111.67 500 1996-02-11 1997-01-19 11 McClymont et al. (2012)
GoM Gulf of Mexico - 27.5 -90.3 700 2010-01-10 2013-12-09 105  Richey and Tierney (2016)
MC Mozambique Channel - —-16.8 40.8 2,250 2003-11-23 2009-01-04 58 Fallet et al. (2011)
NC Namibian Coast Lz —25.28 13.05 960 2000-02-17 2001-01-28 18 Park et al. (2018)
NEA northeast Atlantic L2 47.833 —19.65 3,500 1992-05-06 1992-11-25 10 Auderset et al. (2019)
NWP northwest Pacific WCT-2 39 147 1,350; 2,800, 1997-11-19 1999-08-10 38, Yamamoto et al. (2012)
4,750 24, 36
RSP Ross Sea Mooring —76.68 169.02 392; 789 2008-02-01 2009-02-01 9,9  This study
A
SBB Santa Barbara Basin - 3423 —120.03 490 1995-12-30 1997-12-25 23 Huguet et al. (2007)
SNA subpolar North Atlantic Stl 62.00 —16.00 1,850 2011-07-15 2012-07-15 21 Rodrigo-Gamiz et al. (2015)
SoJ South of Java JAM2 —8.29 108.03 2,200 2001-12-14 2002-11-15 20 Chen et al. (2016)
WTNA western tropical North Atlantic M4 12.06 —49.19 1,130; 3,370 2012-10-19 2013-11-07 24,23 de Bar et al. (2019)
WTSA1 western tropical South Atlantic 1 WA9 -7.5 —28.1 591; 4,456 1996-03-23 1997-02-26 13, 16  This study
WTSA2 western tropical South Atlantic2 WABI —11.53 —28.52 727, 4,515 1997-02-27 1998-05-19 16,9  This study
3Count of samples with all GDGTs above the detection limit. Where multiple numbers are present, these correspond to different trap depths. *All GDGT-2/GDGT-3
values <5.
0.45 pm PTEE filter prior to HPLC-MS analysis, which was performed using an Agilent 1260 Infinity ultra-high-
performance liquid chromatographer coupled to an Agilent 6130 single quadrupole mass detector according to the
method of Hopmans et al. (2016). Chromatograms resulting from selected ion monitoring of m/z 744, 1,302, 1,300,
1,298, 1,296, and 1,292 were used to quantify the GDGT standard, GDGT-0, GDGT-1, GDGT-2, GDGT-3, and
crenarchaeol and cren’, respectively.
2.1.2. Ross Sea
Mooring A was deployed in the southernmost part of the Joides Basin (76.68°S, 169.02°E, water depth ~800 m)
with sediment traps at 392 and 789 m in the water column. Sinking particulate matter collected by the trap was
centrifuged and decanted, where decanted fluid was passed over a glass fiber filter to ensure no loss of material.
Both filters and centrifuged sample pellets were freeze-dried and pellets were crushed prior to 40-hr Soxhlet
RICE ET AL. 4 of 21
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iﬁ{This study

O Previously published
O Single-year record
O Multi-year record

Figure 1. Sediment trap locations with abbreviations used in this study as in Table 1 (Auderset et al., 2019; Chen et al., 2016;
de Baretal., 2019; Fallet et al., 2011; Huguet et al., 2007; McClymont et al., 2012; Mollenhauer et al., 2015; Park et al., 2018,
2019; Richey & Tierney, 2016; Rodrigo-Gamiz et al., 2015; Turich et al., 2013; Wuchter, Schouten, et al., 2006; Yamamoto
et al., 2012).

extraction with DCM:MeOH 7.5:1. An 80% aliquot of the lipid extract was used to for further analysis and
separated into apolar and polar fractions using an aluminum oxide column and hexane:DCM (9:1) and DCM:
methanol (1:1) for the two fractions, respectively. An internal C,, GTGT standard was added to the polar fraction
for quantification. The resulting residue was dissolved in hexane:isopropanol (99:1) and injected into an Agilent
1100 series LC coupled to a HP 1100 APCI-MS according to Schouten et al. (2007) with minor modifications.
GDGT abundances were quantified as above.

2.1.3. Western Tropical South Atlantic

Two moorings (WTSA1 and WTSA?2) were deployed in the central Brazil Basin, equipped with Kiel-type 0.5 m?
sediment traps. Sediment trap material was split into 5 parts, and 5-160 mg of this material, as well as surface
sediment (GeoB 5,201-8; 28.5°W, 11.5°S) collected at the WTSA?2 trap location was selected for lipid analysis.
An internal C,; GTGT standard was added to each sample prior to ultrasonic extraction (3x) with DCM:MeOH
(9:1). The resulting extracts were saponified with 1 mL 0.1 M KOH in methanol:water (9:1) at 80°C for 2 hours.
Neutral lipids were recovered in hexane and then separated into apolar, ketone, and polar fractions using a
deactivated silica gel (1% wt) column and eluting with 2 mL hexane, 4 mL hexane:DCM (2:1), and 4 mL DCM:
methanol (9:1), respectively. The polar fraction was dissolved in hexane:isopropanol (99:1) and filtered using a
0.45 pm PTEE filter prior to GDGT analysis using an Agilent 1200 Series high performance liquid chroma-
tography system with an Agilent 6210 quadrupole mass spectrometer using atmospheric pressure chemical
ionization, following the method of Schouten et al. (2007). GDGTs were quantified as detailed above.

2.1.4. Data Comparison Across Analytical Methodologies

The compilation presented here contains GDGT distributions produced through several different extraction,
workup, and analytical procedures. Based on interlaboratory comparison studies, differences in extraction
methods do not significantly impact GDGT distributions (De Jonge et al., 2024; Schouten et al., 2013). However,
harsh extraction techniques, or gentle extraction techniques combined with the use of acid or base hydrolysis
could impact GDGT distributions by resulting in measurement of a mixture of core lipid and intact polar lipid
(IPL) GDGTs (Text S1 in Supporting Information S1; Huguet et al., 2010; Lengger et al., 2012). The possible
impact of acid hydrolysis on GDGT distributions was evaluated for the eastern Mediterranean Sea sediment trap,
but this did not reveal substantial offsets (Figure S1 in Supporting Information S1). Furthermore, differences in
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GDGT distributions between sites do not show a consistent pattern that can be related to differences in meth-
odology. The methodology used at each site is compiled in Table S2 of Supporting Information S1.

Notably, differences in analytical methodology can affect GDGT quantification. For example, the Arabian Sea
data set was produced using the total ion chromatograms, rather than extracted ion chromatograms, leading to
greater uncertainty in the GDGT quantification at this site. Furthermore, interlaboratory comparison studies have
shown that quantification of GDGTs in the same sample material can differ by over three orders of magnitude
between laboratories (De Jonge et al., 2024; Schouten et al., 2013). Among the 18 sites included in this study for
which GDGTs are quantified, the GDGT flux varies by seven orders of magnitude (Table S3 in Supporting
Information S1). Given that the maximum range of variation in the 10-year timeseries for the Eastern Mediter-
ranean Sea is four orders of magnitude, we refrain from directly comparing fluxes between sites. Instead, we focus
on comparing the timing and relative amplitude of GDGT fluxes at each site. During data compilation, units of the
reported GDGT distributions were retained, except where raw integrated peak areas were provided, which were
converted to flux where sufficient information allowed for quantification, or else to fractional abundances of the
six isoprenoid GDGTs. For quality control, GDGT distributions which were considered unreliable following
community agreement guidelines (Bijl et al., 2025) were flagged. Information on the reliability and inclusion of
the GDGT data in the further analysis and plots is given in Table S3 of Supporting Information S1.

2.2. Nutrient Concentrations and NPP Time Series

Although depth habitat of ammonia oxidizing archaea would ideally be compared with ammonia concentrations,
globally consistent hindcast data for ammonia are not available. Therefore, nitrate concentrations are used to track
the depth of the nitracline and to indicate the depth of greatest GDGT production. In addition, NPP and the depth
of maximum NPP, which indicate the depth of particle packaging, are used to describe the strength of the bio-
logical pump.

Nitrate concentrations and NPP in the 0-500 m water column of each sediment trap site were obtained from a
biogeochemical hindcast model with daily, 0.25° resolution (E.U. Copernicus Marine Service Information
(CMEMS), n.d.-a). The depth of the nitracline was determined as the depth interval with the greatest change in
nitrate concentration per meter. The depth of the nitracline and the nitrate concentration at the nitracline were used
to indicate changes in the nitracline. The depth of maximum NPP and the quantity of NPP at this depth were used
to indicate changes in NPP. A physical reanalysis model (E.U. Copernicus Marine Service Information
(CMEMS), n.d.-b) was used to obtain in situ temperatures at depths of 0, 25, 56, 78, and 110 m, with daily, 0.25°
resolution. For correlation between model data and data derived from sediment traps, the modeled variables were
averaged over the bottle open time assuming no time lag due to the fast sinking speed (>200 m/d) of most
particulate organic matter (Wakeham et al., 2009). Pearson correlation coefficients were calculated and reported
where they are significant at the 95% confidence level.

Real-time model data were available for all but three sediment traps (Antarctic Polar Front, Guinea Basin,
Northeast Atlantic), which were operating prior to the 1993 start date of model data availability. Model data was
only available for part of the year at two high-latitude sites (Fram Strait, Ross Sea) which were, therefore,
excluded from comparison with model data. Furthermore, sites in which measured GDGT-2/GDGT-3 values
were always <5 (Baltic Sea, Cariaco Basin, Ross Sea) were excluded in the assessment of factors that drive
seasonal changes in shallow versus deep clade export.

3. Results

A large number of statistical tests (n = 749; Table S4 in Supporting Information S1) were performed, which could
lead to numerous significant but spurious correlations. To avoid false positives and to obtain an overall 95%
confidence, correlations are only presented here when present and in the same direction (either positive or
negative) at a minimum of three sites with 95% significance. Due to the nature of statistical tests, the data-rich
multi-year sites (7/23 sites) are more likely to yield significant correlations. As a result, significant findings
often occur at relatively few sites (Table S4 in Supporting Information S1), but may nonetheless be globally
important.
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3.1. Patterns in GDGT Distributions and Fluxes in Sediment Traps

GDGT-2/GDGT-3 ratio values vary seasonally in 20 out of 23 sediment trap series (Figure 2ab; Figure S2 in
Supporting Information S1). The seasonal variability in GDGT-2/GDGT-3 ratio values is largest in the eastern
Mediterranean Sea, Cape Blanc, and the Gulf of Mexico, where the typical seasonal ranges are 10-18, 612, and
4-12, respectively. Notably, the use of the GDGT-2/GDGT-3 ratio can complicate the intuitive interpretation of
ratio values. When considering this ratio as an indicator of end-member mixing, this ratio diminishes changes in
GDGT distributions at lower (<5) ratio values and exaggerates changes in GDGT distributions at higher (>10)
ratio values. A form of this ratio that yields a linear mixing line, that is, GDGT-2/(GDGT-2+GDGT-3) would
resolve this issue. Although the GDGT-2/GDGT-3 ratio is used here to facilitate comparison with the literature,
GDGT-2/(GDGT-2+GDGT-3) values for each site are shown on in Figure S2 in Supporting Information S1. In
addition, the timing of high and low GDGT-2/GDGT-3 is not consistent across sites: low GDGT-2/GDGT-3
values occur in boreal/austral winter, spring, and summer without a clear spatial trend. TEXg values in sinking
particles at a given site typically vary seasonally by either >0.1 units (i.e., Arabian Sea, Cape Blanc, northwest
Pacific) or <0.05 units (Figure 2c). Significant correlations between GDGT-2/GDGT-3 and TEXg4 occur at 11
out of 20 sediment trap sites, although these correlations are positive at 6 sites and negative at 5 sites (Figure 3;
Table S4 in Supporting Information S1). There also is a negative correlation between the GDGT flux and GDGT-
2/GDGT-3 values at 8 out of 17 total sites (Figure 3; Table S4 in Supporting Information S1). Correspondingly,
flux-weighted GDGT-2/GDGT-3 values are lower than sample-averaged GDGT-2/GDGT-3 values at these lo-
cations (Table S5 in Supporting Information S1). Notably, at the 11 sites with sediment traps moored at multiple
depths, the flux-weighted (10/11 sites) and sample-averaged (9/11 sites) GDGT-2/GDGT-3 values show little
change (<1.5) with depth (Table S5 in Supporting Information S1). However, the comparison between surface
sediments and flux-weighted averages of sediment trap material yields mixed results; At 4/9 locations for which
surface sediment data is available GDGT-2/GDGT-3 values in surface sediments are similar (<0.5 ratio values
different) to flux-weighted average values in the sediment trap. At another 4/9 locations, GDGT-2/GDGT-3
values in sediments are 1.1-2.6 ratio values lower than sinking flux in the sediment trap, and at the remaining site
(eastern tropical North Atlantic), the surface sediment GDGT-2/GDGT-3 value is 11 ratio values lower than the
flux-weighted average in the sediment trap (Table S5 in Supporting Information S1). TEXg¢ values can also differ
between sediments and flux-weighted average sediment trap values (Table S5 in Supporting Information S1). At
4/9 locations TEXg¢ values are >0.01 units higher in sediments than the flux-weighted average value in the
overlying sediment trap. At 4 sites the sedimentary value differs <0.01 units, and at the remaining site (eastern
tropical North Atlantic) the sedimentary TEXg, value is 0.04 units lower than the flux-weighted average in the
sediment trap.

At eight sites GDGT flux data were available for multiple depths (Table S6 in Supporting Information S1). At six
of these sites, the GDGT flux increases with depth. At 4/6 sites which show an increase in GDGT flux with depth,
total mass flux also increases with depth.

3.2. Comparison of GDGT Distributions and Fluxes With Hindcast Model Outputs

Hindcast model output was compared with GDGT distributions at 16 sites for which hindcast model data was
available for the full time series and GDGT-2/GDGT-3 values were above 5 at some time of year; and with GDGT
fluxes at 13 sites for which GDGT flux was also quantified (Figure 3; Table S4 in Supporting Information S1).
Notably, the data from the biogeochemical hindcast model can result in spurious correlations, for example, when
cyclic changes in environmental variables are not truly independent of one another. Depending on the timing of
their cyclicity, they may be closely related or out of phase, which can result in non-causative correlation when
comparing these parameters with seasonal patterns in the GDGT data. Specifically, NPP and nitracline variables
exhibit both positive and negative correlations with one another (Figure 3; Table S4 in Supporting Informa-
tion S1), suggesting that some correlations between GDGT distributions and environmental variables may be
incidental, rather than causative. Therefore, we here aggregate results from several sites to identify the causative
variable explaining variations in GDGT distributions and fluxes. Importantly, modeled nitracline depth and ni-
trate concentration at the nitracline are closely positively correlated, so we do not consider these variables to be
independent. Similarly, the depth of the NPP maximum and the maximum NPP are negatively correlated and not
independent (Figure 3; Table S4 in Supporting Information S1). As a result, we do not discuss the depth and
concentration variables separately, but consider significant results when they occur in either variable at a given
site.
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Figure 2. Time series of GDGT indices and modeled variables at global sediment trap sites, with site abbreviations as in Table 1 (a) GDGT-2/GDGT-3 (left axis) and
depths of the nitracline and maximum NPP (right axis); (b) GDGT-2/GDGT-3 (left axis) and nitrate concentration at the nitracline and NPP concentration (right axis);
and (c) model- and TEX4-based temperatures (left axis; Kim et al., 2008) and TEXg, values (right axis). Note that the time axes for multi-year sites (CB, CrB, EMS,
GoM, MC, NWP, and SBB) are exaggerated by 75% relative to single-year sites. Ticks on the date axis mark the first day of the year. Significant correlations are noted
when present for any sediment trap depth at that location. Minimum GDGT-2/GDGT-3 values in shallow (<100 m) SPM are shown in (a) and (b) for sites CB (Basse

et al., 2014), CrB (Wakeham et al., 2004), and EMS (Besseling et al., 2019).
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Figure 2. (Continued)
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Figure 2. (Continued)

Significant correlations (95% confidence level; Figures 2a and 2b; Figure 3; Table S4 in Supporting Informa-
tion S1) occur between GDGT-2/GDGT-3 and the nitracline depth (presumed depth of maximum GDGT pro-
duction), the nitrate concentration at the nitracline, the depth of maximum NPP (presumed depth of particle
packaging), and the quantity of NPP provided by the hindcast model. Both positive (4/16 sites total) and negative
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Figure 3. Pearson correlation results aggregated per site. Count of sites tested
(excluding low GDGT-2/GDGT-3 sites) is shown in the upper right, and
proportion of positive, negative, and no significant correlation (p > 0.05)

shown in the bottom left.

Nitracline NOs (mg/m?)

16 16 16 13 16 16 (5/16 sites total) correlations are found between GDGT-2/GDGT-3 and the

nitracline depth and/or nitrate concentration at the nitracline (Figure 3; Table

6 16 13 16 16 S4 in Supporting Information S1). So, a shallower nitracline can lead to either

[ 6 13 16 16 lower or higher GDGT-2/GDGT-3 values, depending on the site. In addition,
3/13 sites have a positive correlation between GDGT flux and nitrate con-
= - 13 16 16 centration at the nitracline (Figure 3; Table S4 in Supporting Information S1).
] 17 17 Increased/shallower maximum NPP is negatively correlated to GDGT-2/
GDGT-3 at 7/16 sites (Figure 3; Table S4 in Supporting Information S1). This
_— == 20 indicates that increased/shallower maximum NPP often leads to lower
GDGT-2/GDGT-3 values. Furthermore, GDGT flux is correlated to increased
and/or shallower maximum NPP at 6/13 sites (Figure 3; Table S4 in Sup-
£ = £ g2 & 9 porting Information S1). Although the correlations between GDGT flux and
g £ § 0o & =
S » § a F o increased and/or shallower maximum NPP are sometimes weak (r = £0.20—
) E o O o . . . .
S 4 & x ©) 0.92), their significance suggests that increased primary production leads to
& 2 < g E greater GDGT export.
pd O} . . .
= 8 Variations in TEXg4 are often out of sync with upper 110 m water column

temperatures (Figure 2c). Correlations between TEXg, and modeled in situ
temperatures at 0, 25, 56, 78, and 110 m water depth can be positive or
negative, depending on the site and water depth (range in r from —0.85 to
0.83; Figure 2c; Table S4 in Supporting Information S1). The presence of
both positive and negative correlations indicates that seasonal changes in
TEXge values in sinking particles are not uniformly influenced by in situ
temperatures.

The geographic and oceanographic setting (i.e., Atlantic vs. Pacific, upwelling vs. oligotrophic areas) and
measurement of core versus total lipid GDGTs, do not exert any noticeable influence on whether a significant
correlation occurs between sediment trap and model data in this study. Instead, the data-rich sites (7 multi-year
records) are more likely to yield significant correlations.

4. Discussion

4.1. Contributions of Shallow Versus Deep Clade GDGTs in Sinking Particles Through Time and With
Depth

Assuming that deep clade archaea produce GDGT-2/GDGT-3 in a ratio >5 (Rattanasriampaipong et al., 2022;
Taylor et al., 2013), changes in GDGT-2/GDGT-3 values through time and with depth can indicate changes in the
GDGT origin depth. The GDGT-2/GDGT-3 values in our data compilation suggest that sinking particles at nearly
every sediment trap site globally contain GDGTs derived from the deep clade at some time of year (Figure 2ab;
Figure S2 in Supporting Information S1). Seasonal or intra-annual changes in GDGT-2/GDGT-3 values observed
in all but two sediment trap sites (Baltic Sea and Cariaco Basin; Figure 2ab) indicate temporal changes in GDGT
origin depth at a given site. The overall agreement in GDGT-2/GDGT-3 values (<1.5 change; typically <0.05 for
GDGT-2/(GDGT-2+GDGT-3) values) between trap depths at sites for which GDGT distributions from multiple
depths are available (Table S5 in Supporting Information S1) indicates that there is little or no additional deep
clade contributions from below the shallowest sediment trap (typically ~500 m), or that additional GDGT dis-
tributions are nearly identical to those captured in the shallowest sediment trap, confirming previous suggestions
(Hurley et al., 2018; Schouten et al., 2002; Wuchter, Schouten, et al., 2006). Notably, at five sites, the flux of
GDGTs increases below 500 m depth (Table S6 in Supporting Information S1), which could suggest that archaea
contribute to the GDGT flux below 500 m. However, at these sites the total mass flux also increases below 500 m,
or is similar between 500 and 4,500 m (Table S6 in Supporting Information S1), counter to expected and typical
trends (i.e., Honjo et al., 2008). An increase in the total mass flux to the deeper sediment traps suggests that the
deeper traps may be subject to sediment focusing (Siegel & Deuser, 1997) or receive resuspended sediments
containing GDGTs (i.e., Mollenhauer et al., 2007), or that the upper sediment trap may have lower trapping
efficiency than the deeper trap (i.e., Buesseler et al., 2007). Given the similar trends in GDGT and total mass
fluxes through depth at these sites, we cannot conclude that GDGT export below 500 m contributes significantly
to sedimentary GDGT distributions.
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4.2. Linking Net Primary Production to the Origin Depth of GDGTs in Sinking Particles

We find a positive correlation between modeled NPP variables and GDGT flux to several sediment traps
(Figure 3; Table S4 in Supporting Information S1). This is consistent with previous studies that found positive
correlations between the fluxes of GDGTs and remains of primary producers in sediment traps (Chen et al., 2016;
Mollenhauer et al., 2015; Park et al., 2018, 2019; Wuchter, Schouten, et al., 2006; Yamamoto et al., 2012) or with
total mass flux (Huguet et al., 2007; Mollenhauer et al., 2015; Park et al., 2018; Rodrigo-Gamiz et al., 2015;
Wauchter, Schouten, et al., 2006; Yamamoto et al., 2012). We also find that the depth of maximum NPP (posi-
tively) and amount of NPP (negatively) correlates to GDGT-2/GDGT-3 values (Figure 2ab; Figure 3; Table S4 in
Supporting Information S1). This implies that NPP imposes controls on the origin depth of GDGTs in sinking
particles on the studied time scales.

4.2.1. Correlations Between NPP and GDGT-2/GDGT-3

The amount of NPP and the depth of maximum NPP cannot be statistically distinguished in the present work,
indicating that either or both could be the mechanism behind seasonal changes in GDGT-2/GDGT-3. Decreased/
deeper maximum NPP implies deeper particle packaging, which could lead to increased incorporation of deep
clade GDGTs and relatively higher GDGT-2/GDGT-3 values. However, the depth of maximum NPP is typically
shallower than the presumed deep clade habitat of >100 m, while GDGT-2/GDGT-3 values >5 in all but three
sediment traps indicate that these traps have received contributions of deep clade archaea (Figure 2a). Impor-
tantly, GDGT-2/GDGT-3 values that are >5 years-round at many sites suggest an input of deep clade GDGTs at
all times of the year. This indicates that the GDGT export depth range extends into the deep clade habitat
(>100 m), and is often deeper the depth of maximum NPP, year-round over much of the global ocean. It is thus
possible that there is a continuous “background” export of GDGTs from the deeper clade, which is overprinted
with shallow clade GDGTs by varying degrees.

4.2.2. GDGT-2/GDGT-3 as an NPP Proxy?

Because NPP variables and GDGT-2/GDGT-3 values are correlated at several sites, one might expect that
GDGT-2/GDGT-3 could be applied as a proxy for NPP or the depth of maximum NPP. However, the relationship
between the model depth of maximum NPP to GDGT-2/GDGT-3 cannot be directly, globally scaled. For
example, GDGTs in sediment traps from Cape Blanc and the Gulf of Mexico have similar ranges in GDGT-2/
GDGT-3, but the depth of maximum NPP is often much deeper in Gulf of Mexico (040 m vs. 0-100 m;
Figure 2a). The different scaling per site is likely because GDGT distributions, and therefore GDGT-2/GDGT-3
values, are subject to several factors, such as temperature, pH, and the species/strains of GDGT producers (Bale
et al., 2019; Elling et al., 2015; Rattanasriampaipong et al., 2022; Schouten et al., 2002). Seasonal and spatial
differences in shallow clade GDGT production due to competition with Euryarchaeota and phytoplankton in the
mixed layer (Lincoln et al., 2014; Wan et al., 2018) may also lead to differences in GDGT-2/GDGT-3 values.
Furthermore, we have greatly simplified the complexities of the biological pump by using NPP as a descriptor of
export processes. Export processes can be complicated by factors such as differences in mineral ballast between
different groups of primary producers (Balch et al., 2010), ballasting due to dust deposition (Armstrong
et al., 2001), and seasonality of the amount and depth of zooplankton fecal pelleting (Turner, 2002). Although
each of these factors is related to NPP, they can impact NPP to varying degrees seasonally at a given site and
between different sites. Variability in these aspects of the biological pump, which also lead to spatial variability in
the data-model fit (E.U. Copernicus Marine Service Information (CMEMS), n.d.-a) could also lead to the mixed
results found in this study. Future research into GDGT export could consider more sophisticated export models in
which particle packaging below 100 m is quantified, rather than relying on NPP as an indicator of export.

Accordingly, the GDGT origin depth appears dynamic, and can vary by location and through seasonal and
interannual changes in productivity and other controls on export depth. Although changes in the depth of
maximum NPP can favor a shallower or deeper GDGT origin depth range, NPP is not the sole control on GDGT-
2/GDGT-3 values when comparing sites. GDGT-2/GDGT-3 values may be useful as a qualitative proxy for
GDGT origin depth at a given site. However, because the shallow clade endmember GDGT-2/GDGT-3 value is
temperature-dependent (Rattanasriampaipong et al., 2022), independent estimates of productivity should be used
when the proxy record indicates changes in temperature.
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4.2.3. GDGT Sinking Rates

The correlations in this study were performed assuming that the response between NPP variables and GDGT-2/
GDGT-3 occur with no or little time lag. This assumption suggests that increased maximum NPP leads to organic
matter packaging and high sinking speeds. Rapid export is consistent with the association of core lipid GDGTs
with larger particles in SPM (Ingalls et al., 2012), since larger particles generally sink more quickly (e.g., All-
dredge & Silver, 1988). Correlation between increased/shallower maximum NPP and a higher flux of GDGTs
(Table S4 in Supporting Information S1) further points to rapid sinking of GDGTs, since larger particles are more
likely to form under higher-productivity conditions supported by high nutrient levels (Alldredge & Silver, 1988;
Guidi et al., 2009; Turner, 2002).

However, GDGT incorporation into fast-sinking particles is at odds with the long lag time (804 days) previously
found to occur between TEXgq in sinking particles and instrumental SSTs at the Cape Blanc site (Mollenhauer
et al., 2015), or satellite-based SSTs at Fram Strait and subpolar North Atlantic sites (Park et al., 2019; Rodrigo-
Gamiz et al., 2015). Without lag, TEXg4 values and upper ocean temperature are as likely to be positively as
negatively correlated (Figure 2c). For a temperature control on seasonal variations in TEXg¢ values, having both
positive and negative correlations would require that GDGTSs sink at vastly different rates at different sites.
Instead, the correlation between TEXgs and GDGT-2/GDGT-3 values at 11 out of 20 sites in our compilation
suggests an ecological rather than thermal control on TEX¢ values in sinking particles. If this is the case, the long
lag times and slow sinking speeds calculated using TEXg4 and upper ocean temperatures may be based on an
erroneous assumption. So, rather than the slow sinking speeds and long lag time required to explain TEXg¢
variations in sinking particles at some sites, GDGTs are likely incorporated into relatively large, fast-sinking
particles, and changes in GDGT distributions in sinking particles through the seasonal cycle are primarily
related to seasonal changes in the GDGT origin depth at most studied sites. Direct testing with sinking velocity
sediment traps (Wakeham et al., 2009) could better resolve the sinking speed of GDGT-containing particles.

Alternatively, long lag times between in situ temperatures and TEXg response could also arise from a time lag
between GDGT production and particle packaging, rather than lag due to sinking. In this scenario, archaeal cells
may remain suspended in the water column for extended periods prior to export. We cannot exclude this scenario
entirely, however, progressive degradation of older particles would remove them from the water column, likely
favoring export of “fresh” GDGTs. Studies of intact polar lipids in sinking particles could yield further insight
into GDGT packaging and export dynamics, and the timescale between GDGT production and export.

Nonetheless, export of GDGTs produced by deep clade archaeca (GDGT-2/GDGT-3 > 5) occurs at some time of
year on a near-global scale (Figure 2ab), albeit associated with lower GDGT flux (Table S4 in Supporting In-
formation S1). The little export of GDGTs produced by deep clade archaea that does take place could possibly be
regulated by their association with particles forming under lower-productivity conditions, which are often smaller
and sink more slowly. These slow-sinking particles would allow more time for incorporation of GDGTs from
deep archaea. Speculatively, coprophagy in deep waters may also incorporate deep clade GDGTs into sinking
particles.

4.2.4. Nitracline Impact on GDGT-2/GDGT-3 Values

In contrast to NPP variables, a lack of consistent directionality in the correlation between GDGT-2/GDGT-3 and
nitracline variables indicates that depth of maximum GDGT production (i.e., the nitracline) is not consistently
correlated to the origin depth of GDGTs in sinking particles on seasonal time scales (Figure 2ab; Figure 3; Table
S4 in Supporting Information S1). Instead, the apparent relationships may arise in part from correlation between
nitracline variables and other environmental parameters, including NPP. Alternatively, nitracline variables may
be locally important for the GDGT origin depth. Regardless, this finding suggests that approaches to under-
standing the GDGT origin depth in sediments from GDGT-2/GDGT-3 and GDGT concentrations in SPM, where
maximum GDGT concentrations occur at and below the nitracline (e.g., Guo et al., 2024; Hernandez-Sanchez
et al., 2014; Hurley et al., 2018) may not be globally applicable.

4.3. Implications for Sedimentary GDGT Distributions

GDGT-2/GDGT-3 values >5 at some time of year in most sediment trap sites point to a near-global presence of
deep clade GDGTs in sinking particles. However, lower GDGT-2/GDGT-3 values occur during periods of higher
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GDGT flux, leading to a shallower flux-weighted GDGT origin depth. This is further reflected in surface sedi-
ments, where the GDGT-2/GDGT-3 values are similar to or lower (by up to 11 ratio values) than the flux-
weighted average values in sediment traps at half of the locations for which sediments were analyzed (Table
S5 in Supporting Information S1). Taken together, deep clade GDGTs are exported in most marine environments,
but GDGT export mechanisms favor export of shallow clade GDGTs, in agreement with previous work (Shah
et al., 2008), which is reflected in accumulated sediments.

Globally pervasive export of deep clade GDGTs is consistent with the widespread impact of deep clade GDGTs
on GDGT distributions in global surface sediments, as indicated by high (>5) GDGT-2/GDGT-3 values in 360/
611 surface sediments (van der Weijst et al., 2022). Although GDGT-2/GDGT-3 values in surface sediments
correlate with water depth, there is large scatter in this relationship (Taylor et al., 2013). Variability in particle
packaging processes between locations may help to explain this scatter, where some deep (>1000 m) surface
sediments exhibit low (<5) GDGT-2/GDGT-3 values, and some shallow (<500 m) surface sediments have high
GDGT-2/GDGT-3 values. Moreover, assuming that sedimentary GDGT-2/GDGT-3 values can be linked to the
biological pump would imply that past global variability in the strength of the biological pump is profound, which
may have implications for GDGT origin depth and TEXg values archived in the sedimentary record.

Based on GDGT-2/GDGT-3 values, surface sediments have an overall shallower GDGT origin signal than
suggested by flux-weighted values in sediment traps, indicating that either the sediment trap series do not
adequately describe GDGT flux or that some post-depositional processes may impact GDGTs. Exceptional flux
events not captured in the sediment trap series could favor export of shallow GDGTs, in line with organic carbon
export processes which favor large flux events (Cael et al., 2021) such as those resulting from short-term bloom
events. Lower GDGT-2/GDGT-3 values in sediments could also occur due to a preservation bias in which
GDGTs in larger, faster-sinking, shallower origin particles or aggregates are less susceptible to post-depositional
degradation.

In downcore records, increases in GDGT-2/GDGT-3 values could be indicative of deeper maximum NPP and/or a
deeper nitracline. Both are typically linked to (thermal) stratification, where nutrient-depleted surface waters
drive primary producers deeper into the water column (e.g., Richardson & Bendtsen, 2019), likely leading to
greater incorporation of GDGTs from the deep clade into sinking particles. Notably, for GDGTs derived from
shallow clade archaea, GDGT-2/GDGT-3 values decrease with increasing temperature, which is the expected
thermal dependence of GDGT-2/GDGT-3 (Rattanasriampaipong et al., 2022). However, this is the opposite of
what occurs in the global surface sediment data set (Taylor et al., 2013) and several downcore records (i.e.,
Auderset et al., 2019; Hou et al., 2023; van der Weijst et al., 2022), where higher values of GDGT-2/GDGT-3 are
associated with higher TEXg, values. This indicates that warmer climates could lead to the export of a larger
relative proportion of GDGTs from the deep clade. However, a recent compilation of GDGT data over the past
192 My indicates that contributions of deep clade GDGTs were suppressed during periods with greenhouse
climate conditions prior to the Eocene-Oligocene Transition (Rattanasriampaipong et al., 2022). Thus, the
complexity of the biological pump, in addition to other controls on GDGT-2/GDGT-3 values (including tem-
perature), may obscure a relationship between GDGT-2/GDGT-3 values and stratified conditions in the paleo
domain.

Stratification can also occur due to the presence of a shallow, nutrient-rich intermediate water mass, and is a
possible cause of high GDGT-2/GDGT-3 values during late Miocene to Pleistocene cooling in the eastern
equatorial Atlantic (van der Weijst et al., 2022) and during the Eocene-Oligocene transition (Rattanasriampai-
pong et al., 2022). A modern example of a location where oceanography exerts an influence on GDGT origin
depth is the Mediterranean Sea. This basin is characterized by stratified conditions, where nutrient availability in
surface waters is low year-round, and a shallow intermediate water mass is present at the base of the photic zone,
leading to productivity in the lower photic zone near the permanent pycnocline and nitracline (Lavigne
et al., 2015). Such conditions seem to be ideal for export of GDGTs from deep clade archaea, or disadvantageous
for export of GDGTs from shallow clade archaea, resulting in a relatively lower contribution of GDGTs from
shallow clade archaea than in most areas of the modern ocean (Besseling et al., 2019; Kim et al., 2015; Figure 2ab;
Table S5 in Supporting Information S1). Consistently high (>12) GDGT-2/GDGT-3 values in tropical Atlantic
sediment traps (CTNA, ETNA, WTNA, WTSA1, WTSAZ2; Figure 2ab; Table S5 in Supporting Information S1)
suggest that low surface nutrient conditions prompt sub-mixed layer primary production also in other oligotrophic
areas, leading to relatively more export of deep clade GDGTs. Indeed, the western tropical South Atlantic
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sediment traps (WTSA1 and WTSA2) were moored in close proximity, but
the higher GDGT-2/GDGT-3 values at WTSA2 imply less shallow clade-
derived GDGTs (Figure 2ab; Table S5 in Supporting Information S1)
because the NPP maximum at this location is lesser and deeper.

0.0 4.4. Ecological Impact on TEXg,

A Sediment trap Because GDGT-2 and GDGT-3 are in both the numerator and denominator of
O SPM TEXge, changes in GDGT-2/GDGT-3 do not mathematically alter TEXgq
p > 0.05

A p<005 values. Therefore, the impact of contributions from deep-dwelling archaea on

GDGT-based temperature reconstructions has largely been thought to be
100
minimal. This view has been further supported in studies of GDGTs in SPM

depth profiles, which typically show little change in TEX4 values with depth

Figure 4. Map with sediment trap (triangle) and SPM (circle) locations, compared to expected changes based on in situ temperatures (Basse
colored by the Pearson correlation coefficient (r) between GDGT-2/GDGT- et al., 2014; Hernandez-Sanchez et al., 2014; Hurley et al., 2018; Turich

3 and TEXg4. Locations with significant correlations (p < 0.05) are outlined

in black.

et al., 2007; Wuchter et al., 2005). Limited differences in TEXg, were also
found in two sediment core sets from coupled shallow-deep sites with
correspondingly different GDGT-2/GDGT-3 ratios over the last 40 kyr (Varma et al., 2023). However, in this
study we find significant correlations between TEXgs and GDGT-2/GDGT-3 in sinking particles at a given site
(Figure 3; Table S4; Fig. S3 in Supporting Information S1), which indicate that mixing of shallow and deep clade
GDGTs alters the seasonal TEXg¢ signal at many sites. Importantly, the correlation between TEXgq and GDGT-2/
GDGT-3 can be either positive or negative, indicating that increased deep clade influence can either increase or
decrease TEXg values and derived temperatures.

To examine the spatial variability in the direction of the correlation between TEXgs and GDGT-2/GDGT-3, we
use GDGTs in sediment trap material and suspended particulate matter (SPM), where SPM samples were grouped
to have at least three data points within 150 km to check for correlation (Figure 4) (Basse et al., 2014; Besseling
etal., 2019; Guo et al., 2024; Herndndez-Sanchez et al., 2014; Hurley et al., 2018; Jia et al., 2017; Kim et al., 2015,
p- 2016; Rattanasriampaipong et al., 2022; Schouten et al., 2012; Wakeham et al., 2004; Wei et al., 2011; Zell
et al., 2014; Zhu et al., 2016). Although the spatial data coverage is still sparse, the North Atlantic Ocean and its
subbasins (except for the Northeast Atlantic sediment trap), stand out with a positive correlation between GDGT-
2/GDGT-3 and TEXge, while GDGTs at all other sites have a negative or no (significant) correlation between
these ratios. Because the correlations between TEXgs and GDGT-2/GDGT-3 have different directionality and
magnitude of slopes depending on the location, the implications for paleothermometry cannot be globally
generalized (Figure 4; Fig. S3 in Supporting Information S1). Notably, this spatial pattern differs from the spatial
patterns of TEXg residuals in the surface sediment data set used for the calibration of the proxy (Tierney &
Tingley, 2014), which primarily shows latitudinal residual patterns. This indicates that the impact of deep clade
GDGTs is not the controlling factor of the remaining spatially varying calibration uncertainty in the TEX;.

4.5. Recommendations for Paleoclimate Studies

Traditionally, sedimentary GDGT-2/GDGT-3 values <5 are considered “low” and to have little influence from
deep clade archaea (Taylor et al., 2013). As a result, paleoceanographic studies generally consider values near or
below this value to primarily reflect a signal from shallow clade archaea, and thus that the temperature signal
reflected by the GDGTs is reliable. However, GDGT-2/GDGT-3 values do not mix linearly. Therefore, we here
use a mixing model to assess the influence of changing contributions of deep clade archaea to sedimentary
(“mixed”) GDGT-2/GDGT-3 values (Figure 5). For this model, we have used a deep clade endmember GDGT-2/
GDGT-3 value of 50 based on reported GDGT-2/GDGT-3 values >50 or absence of GDGT-3 for SPM from the
deep (>200 m) water column (Basse et al., 2014; Hernandez-Sanchez et al., 2014; Hurley et al., 2018; Turich
et al., 2013). Importantly, however, the mixing model is relatively insensitive to the deep clade endmember value
(Fig. S4 in Supporting Information S1) due to the similarity of high GDGT-2/GDGT-3 values (25, 50, 100) when
translated to the form of GDGT-2/(GDGT-2+GDGT-3) (~0.96, 0.98, 0.99, respectively) which decreases the
sensitivity to low GDGT-3 abundances. In contrast, the model indicates that shallow clade endmember values
have a large influence on the calculated relative contribution of deep clade archaea to the sediment. In general,
shallow clade GDGT-2/GDGT-3 values decrease with increasing temperature (Rattanasriampaipong et al., 2022),
in agreement with the principle that archaea generate relatively more rings under higher temperatures (Schouten
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Figure 5. Theoretical shallow-deep mixing proportion of GDGT-2 and GDGT-3 for shallow endmember GDGT-2/GDGT-3
values from O to 5 and a deep endmember value of 50. The mixed (i.e., what would be measured in sediment) GDGT-2/
GDGT-3 value (left) or GDGT-2/(GDGT-2+GDGT-3) value (right) is on x axis, and the proportion of the shallow
endmember on the y axis. A mixed GDGT-2/GDGT-3 value of 5 as discussed in the text is highlighted for reference. The
mixing model is relatively insensitive to the deep clade endmember value (see Fig. S4 in Supporting Information S1).

et al., 2002). As a result, a GDGT-2/GDGT-3 cutoff value of 5 could correspond to 100% shallow clade derived
GDGTs in sediments from cold regions/climates where shallow clade archaea produce GDGT-2/GDGT-3 with
value of 5, whereas in warm regions/climates a sedimentary GDGT-2/GDGT-3 value of 5 may represent deep
clade GDGT contributions that make up >75% of the GDGT pool when shallow clade GDGT-2/GDGT-3 values
are 0.5 (Figure 5). As a result, prior knowledge of the GDGT-2/GDGT-3 ratio produced by the shallow clade at a
particular location would be necessary to begin to quantify mixing between the clades using this ratio. Since this
information is not available during past climate states, this approach is unfortunately fruitless for paleoclimate
studies, though full mixing models may become possible with future work defining how shallow clade GDGT
distributions themselves vary with temperature.

Rather than using a cutoff value of 5, we suggest that future paleoceanographic studies assess the relationship
between ecological and isoGDGT-based proxies to determine whether inputs from deep clade archaea system-
atically influence the reconstructed temperatures. Changes in TEXg4 driven by varying relative contributions of
deep clade GDGTs could bias downcore records to exhibit either more or less variability in temperature than
occurred. Based on the correlations between GDGT-2/GDGT-3 and TEXg, in sediment traps, a hypothetical core
at a location where no change in temperature occurred but with GDGT-2/GDGT-3 ratios varying from 4 to 10
could yield reconstructed temperatures that vary by up to 3°C purely due to shifts in the clade of GDGT producers.
By extension, a larger change in reconstructed temperature (>0.5°C) per unit increase in GDGT-2/GDGT-3 likely
indicates that factors aside from community composition (i.e., temperature or ammonia availability) contribute to
changes in reconstructed temperature.

Investigating correlations between TEXg4 and GDGT-2/GDGT-3 could therefore prove useful in disentangling
temperature from ecologically driven changes in paleorecords. These correlations have previously been inves-
tigated in the Late Miocene to Pliocene part of the record from ODP site 959 in the eastern equatorial Atlantic (van
der Weijst et al., 2022) and in the early Pliocene at DSDP site 609 in the northeastern Atlantic (Auderset
et al., 2019), which are discussed here as examples. At ODP site 959, there is a positive correlation between
GDGT-2/GDGT-3 and TEXg with a slope of ~7°C per unit increase in GDGT-2/GDGT-3 (van der Weijst
et al., 2022). This slope is much larger than that observed in the currently studied sediment traps, where the
maximum change in predicted temperature is ~0.5°C per unit increase in GDGT-2/GDGT-3. The change in
TEX at this site likely indicates a climate signal with relatively minor overprinting from deep clade archaea. By
contrast, the positive correlation at DSDP site 609 in the northeastern Atlantic (Auderset et al., 2019) shows a
change in TEXg4-derived temperatures of ~0.5°C per unit increase in GDGT-2/GDGT-3 when including sedi-
ments with high (>14) GDGT-2/GDGT-3 values, in line with an ecological control on TEXgs. However, after
excluding data with GDGT-2/GDGT-3 values > 14 from this downcore record these two parameters have little
relationship. Furthermore, sediment layers with high GDGT-2/GDGT-3 values at DSDP site 609 have low mass
accumulation rates of GDGTs and alkenones (Auderset et al., 2019), pointing to a weaker biological pump and
little NPP, which could have led to relatively smaller contributions of shallow clade GDGTs with low GDGT-2/
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GDGT-3 values (see 4.2.2). Productivity proxies may provide further insight into GDGT origin depth and are
recommended to constrain downcore changes in the depth of GDGT temperature dependence.

Most importantly, we note the difference between GDGT origin depth and the depth of temperature dependence in
sedimentary GDGTs. The GDGT origin depth range could include depths that are not inhabited by shallow clade
archaea (>200 m). However, SPM profiles indicate that temperature-related changes in TEXg4 values occur in the
upper 100 m (Schouten et al., 2002; Sinninghe Damsté et al., 2002; Turich et al., 2007), where deep clade archaea
are largely absent (Besseling et al., 2019; Villanueva et al., 2015). Although GDGTs with intact diglycosidic
headgroups in SPM below 100 m depth exhibit a TEX4 temperature dependence for in situ temperatures <5°C,
core lipid GDGTs below 100 m depth lack temperature dependence (Zhu et al., 2016). So, although the addition of
deep clade GDGTs can overprint and alter the shallow-derived, thermally influenced TEXg, signal, the lack of
TEXgs temperature dependence in deep clade GDGTs suggests that they do not contribute to the temperature
dependence of TEXgs as stored in sediments. Rather than the deep clade GDGTSs contributing to temperature
dependence (i.e., resulting in lower TEX4-derived temperatures due to a deeper, cooler habitat), we suggest that
the shallow temperature-dependent GDGT pool is mixed with some deep clade endmember that has no effective
thermal dependence for TEXgzs thermometry. Therefore, rather than assuming a deep (>200 m) TEXg, tem-
perature dependence, we recommend using temperature calibrations that do not extend deeper than the shallow
clade habitat (0-200 m), and assessing how GDGT-2/GDGT-3 values may indicate deep clade overprinting.

In addition, quantification of GDGTs using an internal standard could aid in identifying periods of low biological
pump activity when GDGT contributions from the shallow clade are relatively small. Low GDGT mass accu-
mulation rates have sometimes been observed to occur with high GDGT-2/GDGT-3 values (Auderset et al., 2019;
Hou et al., 2023). In a hypothetical marine environment with a constant low-level rain of deep clade GDGTs,
sediments would have high GDGT-2/GDGT-3 values when surface export is minimal (Section 4.2.1). However, a
stronger biological pump leads to relatively greater shallow clade GDGT export and higher GDGT concentra-
tions, and mixing larger proportions of shallow clade GDGTs with low levels of deep clade GDGTs would lead to
lower GDGT-2/GDGT-3 values.

5. Conclusions

We explored the drivers of seasonal variations in GDGT distributions in sinking particles in globally distributed
marine sediment traps. Seasonal changes in TEXg4 are generally small and often out of phase with changes in
water column temperatures. Rather than related to temperature, seasonal variations in GDGT-2/GDGT-3 imply
that GDGT distributions in settling particles are mostly controlled by seasonal changes in GDGT origin depth,
where higher GDGT-2/GDGT-3 values indicate a smaller relative contribution from shallow clade archaea, or a
larger relative contribution from deep clade archaea (e.g., Besseling et al., 2019). These changes are often related
to the depth of maximum NPP or to the quantity of NPP, indicating that the strength of the biological pump
controls the relative proportion of GDGTs exported from the shallow and deep clades. Mechanistically, a stronger
biological pump, as indicated by increased/shallower maximum NPP, would lead to a relatively greater pro-
portion of shallow clade GDGTs in sinking particles. This implies that the origin depth of sedimentary GDGTs is
tightly coupled to export processes rather than to the depth of GDGT production. Combined with correlations to
fluxes of primary producers and little difference in GDGT distributions between sediment traps set at different
depths, this confirms that most GDGTs are exported from the upper water column (<500 m), and that GDGTs
from the shallow clade (<200 m) are typically more abundant in time-averaged (i.e., over time scales relevant to
the sedimentary record) sinking flux relative to the living stock of archaea in the water column. Large spatial
variability in the modern biological pump (e.g., Honjo et al., 2008) may, therefore, contribute to spatial differ-
ences in modern GDGT origin depth; and analogously, changes in the biological pump through geologic time may
lead to changes in GDGT origin depth in a given paleoceanographic record. Short (single-year) time series and the
complexity of the biological pump, which is here simplified as NPP, may have led to the lack of correlation seen
in several sediment trap sites, highlighting a need for long time series and export models that consider particle
incorporation within the deep clade habitat (>100 m). Overall, these results support GDGT origin depths near and
below the depth of maximum NPP, which can vary in depth from the mixed layer to 150 m depth, depending on
the location, nutrient regime, and season. In addition, GDGT-2/GDGT-3 values consistently >5 years-round at
some sites indicate that particle (re)packaging below 100 m is important for GDGT export.
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Furthermore, changes in the contribution of GDGTs produced by shallow and deep clades are strongly correlated
to changes in TEX¢ and can alter TEX44-based temperature reconstructions by up to £0.5°C per unit increase in
GDGT-2/GDGT-3. However, the directionality of this correlation is site-specific, where sites in the North
Atlantic and its subbasins show a positive correlation between TEXgq and GDGT-2/GDGT-3, while other areas of
the globe have the opposite correlation. Future paleoclimate studies should carefully assess the relationship
between these ratios to consider whether changes in ecology may impact paleoclimate reconstructions, and
consider using productivity proxies to better constrain changes in GDGT origin depth. Further work toward
defining how GDGT distributions, rather than indices, vary with temperature could lead to mixing models to
better quantify ecological mixing effects.
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