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Abstract The TEXg, paleotemperature proxy is widely used to reconstruct ocean surface temperatures over
the past 100 million years. However, archaeal culture experiments show that nutrient stress elevates TEXgg
values by increasing glycerol dialkyl glycerol tetraether (GDGT) cyclization. Here, we demonstrate that this
“nutrient effect” is also recorded in sedimentary GDGTs. Using an expanded core-top database, we find a
significant negative correlation between TEXg¢ and nitrate concentrations (p = —0.31; P < 0.001) once the
thermal effect is removed. There are stronger correlations (p —0.73 to —0.91; P < 0.001) in regions with steep
nitrate gradients. Comparisons between TEXg¢ and U§7/ -based reconstructions from the Arabian Sea and
Tasman Sea suggest that nutrient stress influenced GDGT distributions during glacial-interglacial cycles. Our
findings underscore the need to account for nutrient effects when applying TEXgs paleothermometry.

Plain Language Summary Marine archaea help regulate the global nitrogen cycle, and their
membrane lipids serve as a temperature proxy (TEXgs) both today and in the past. While temperature is the main
driver of lipid changes, lab studies show that nutrient stress also increases lipid cyclization, potentially affecting
TEXg accuracy. Here, we show that this “nutrient effect” is recorded in marine sediments and can be separated
from the temperature signal. This effect may explain discrepancies between TEXgs-based temperature estimates
and other proxies for surface ocean temperature, particularly in regions with strong nutrient variations.
Accounting for nutrient effects is essential to improve TEXgq as a paleotemperature proxy.

1. Introduction

Reconstructing ocean temperatures is essential for understanding Earth's climatic history (Judd et al., 2024;
Tierney et al., 2020). The paleotemperature proxy TEXgs (tetraether index of 86 carbons) is widely applied to
reconstruct surface ocean temperatures throughout the Mesozoic—Cenozoic, particularly during greenhouse in-
tervals (Judd et al., 2022). The proxy is based on the degree of cyclization of archaeal membrane lipids preserved
in marine sediments. These lipids include isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs) containing O—
3 cyclopentyl moieties (commonly referred as GDGT-n, where n denotes the number of internal rings), along with
crenarchaeol (cren) and its isomer (cren’)—two unique GDGTs with four cyclopentyl and one cyclohexyl
moieties (Sinninghe Damsté et al., 2002). Warmer sea surface temperatures (SSTs) generally correspond to a
higher proportion of cyclized GDGTs in surface (core-top) marine sediments, resulting in higher TEXg¢ values, as
defined by Schouten et al. (2002):

[GDGT —2] + [GDGT —3] + [Cren’]
[GDGT — 1] + [GDGT —2] + [GDGT — 3] + [Cren’]

TEX. 86 =

This relationship reflects homeoviscous adaptation, a physical mechanism where the degree of cyclization in
archaeal membrane lipids adjusts to temperature. Experimental evidence, including (hyper)thermophilic (De
Rosa et al., 1980; Uda et al., 2001) and mesophilic (Elling et al., 2015) archaeal cultures, as well as seawater
mesocosms containing mixed marine archaeal populations (Schouten et al., 2007; Wuchter et al., 2004), strongly
supports the use of TEXg4 as a reliable paleothermometer.

Although core-top TEXg correlates strongly with ocean surface temperatures, non-thermal factors such as
archaeal community structure (Hurley et al., 2018; Rattanasriampaipong et al., 2022b; Taylor et al., 2013; van der
Weijst et al., 2022; Villanueva et al., 2015) and biogeochemical conditions that impose energetic stress (Elling
etal., 2014; Qin et al., 2015) also influence GDGT distributions. Notably, the role of nutrient availability remains

RATTANASRIAMPAIPONG ET AL.

1 of 17


https://orcid.org/0000-0002-1425-8737
https://orcid.org/0000-0002-9080-9289
https://orcid.org/0000-0002-2458-8844
https://orcid.org/0009-0000-6380-9788
mailto:ronnakritr@arizona.edu
mailto:rrattan@ucar.edu
https://doi.org/10.1029/2025GL115237
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL115237&domain=pdf&date_stamp=2025-06-21

Ay ]
M\I Geophysical Research Letters 10.1029/2025GL115237
Methodology: underexplored, despite laboratory evidence showing that archaeal growth under conditions with limited electron

Ronnakrit Rattanasriampaipong, Jessica
E. Tierney, Jordan T. Abell

Resources: Jessica E. Tierney, Jordan
T. Abell

Software: Ronnakrit Rattanasriampaipong
Supervision: Jessica E. Tierney
Validation: Jessica E. Tierney
Visualization:

Ronnakrit Rattanasriampaipong
Writing — original draft:

Ronnakrit Rattanasriampaipong
Writing — review & editing:
Ronnakrit Rattanasriampaipong, Jessica
E. Tierney, Jordan T. Abell

donors (i.e., limited substrate availability; Elling et al., 2014; Hurley et al., 2016; Evans et al., 2018) or acceptors
(i.e., low oxygen conditions; Qin et al., 2015) can enhance GDGT cyclization in archeal cultures. Observations
from both modern water columns (e.g., Hurley et al., 2018) and paleoclimate records (e.g., Junium et al., 2018;
Polik et al., 2018) further suggest that nutrient availability may shape TEXgq signals, potentially through its
influence on archeal metabolism and GDGT production.

Marine archaea are key ammonia oxidizers in today's oceans (Francis et al., 2005; Karner et al., 2001; Wuchter
et al., 2006), playing a central role in ocean nitrification by converting ammonia to nitrite, which is subsequently
oxidized to nitrate by nitrifying bacteria. The availability of these bioavailable nitrogen species regulates surface
ocean productivity (Tyrrell, 1999; Yool et al., 2007) and influences archaeal metabolism (Martens-Habbena
et al., 2009; Peng et al., 2016; Proctor et al., 2023; Ward, 2008, 2011). While direct indicators of archaeal
ammonia oxidation, such as ammonia oxidation rates, ammonia/ammonium concentrations, or nitrite concen-
trations, would provide the best constraints on archaeal growth conditions (cf. Beman et al., 2008; Qin et al., 2015;
Sintes et al., 2013; J. M. Smith et al., 2014; Wuchter et al., 2006), such measurements remain geographically
sparse and lack global coverage (cf. Paulot et al., 2015; Tang et al., 2023). In contrast, nitrate—the final product of
oceanic nitrification—is widely measured and provides an accessible alternative for assessing ammonia oxidation
patterns.

Available data show a moderate yet significant correlation between ammonia oxidation rates and surface ocean
nitrate concentrations (p = 0.34, P < 0.001; see Figure S1b in Supporting Information S1), suggesting a general
link between ammonia oxidation and nitrate availability in surface oceans. However, this modest correlation
reflects the complexity of the marine nitrogen cycle, where physical and biogeochemical factors can decouple
ammonia/nitrite from nitrate (Sarmiento & Gruber, 2006). For example, in regions with strong nitrate supply—
such as upwelling zones and river-influenced coastal waters—nitrate concentrations may broadly reflect physical
transport rather than in situ nitrification, potentially masking low ammonia availability. Given the exploratory
nature of our work, we use nitrate concentrations as a practical proxy for ammonia oxidation to investigate how
nutrient availability influences marine archaeal TEXgq4 at a global scale, while acknowledging the complexity and
potential decoupling in nitrate and ammonia/nitrite relationships, particularly near upwelling zones.

2. Data and Methods
2.1. Ocean Temperatures and Nitrate Concentrations

Although marine archaea inhabit the entire water column (Karner et al., 2001), the primary GDGT signals
preserved in marine sediments are thought to originate predominantly from above the thermocline due to efficient
export mechanisms via the biological pump (cf. Siegel et al., 2023; Zhang & Liu, 2018). The precise export depth
range of GDGTs remains an active area of research (e.g., Hurley et al., 2018; Zhang & Liu, 2018), and previous
calibration studies have proposed both sea surface and subsurface temperature reconstructions using TEXgq (e.g.,
J.-H. Kim et al., 2008, 2010; Tierney & Tingley, 2014, 2015b). To account for the habitat depth range of marine
archaea while acknowledging the common application of TEXgs as a proxy for sea surface and subsurface
temperatures, we use thermocline-integrated average temperature and nitrate concentrations.

To compute these values, we use the 0.25° X 0.25° ocean temperature mean field (+_mn) from the 1991-2020
decadal average provided by the 2023 World Ocean Atlas (WOA23; Locarnini et al., 2024). The thermocline
depth was determined as the depth at which the maximum rate of temperature change occurs in each spatial grid.
We then calculated thermocline-integrated average temperature (hereafter thermocline-integrated T or thermo-
T) by integrating ocean temperatures from the surface down to the determined thermocline depth and dividing by
that depth. In this study, thermocline depths range from 50 to 400 m below sea level (Figure S2b in Supporting
Information S1), reflecting spatial variability across the global ocean. Unlike previous subsurface temperature
calibrations that assume a fixed upper-thermocline depth (e.g., 200 m in J.-H. Kim et al., 2012; Tierney &
Tingley, 2015b), our approach captures local stratification differences (Figures S2g and S2h in Supporting In-
formation S1). Consequently, relative to 0-200 m averages, thermo-T is generally warmer in upwelling regions
and cooler in subtropical gyres than both gamma-weighted and linear-mean temperatures (Figures S2c—S2f in
Supporting Information S1; cf. J.-H. Kim et al., 2012; Tierney & Tingley, 2015b).
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Nitrate concentrations were derived from the Copernicus Marine Environment Monitoring Service (CMEMS)
global ocean biogeochemistry hindcast product (Perruche, 2018). Decadal averages of nitrate concentrations were
calculated from the 0.25° X 0.25° monthly mean fields spanning 1993-2022 using the ncclimo NetCDF
Climatology Generator. We then re-gridded the CMEMS nitrate data set by interpolating to the spatial coordinates
of the WOA23 temperature data set to ensure coordinate consistency (see Figure S3 in Supporting Informa-
tion S1). As with ocean temperatures, we calculated a thermocline-integrated nitrate value (hereafter referred to
as “nitrate”).

2.2. Global TEXg4 Core-Top Observations

We update the global core-top data set previously used in the Bayesian temperature calibration model BAYSPAR
(n = 1095; Tierney & Tingley, 2014, 2015b). The updated data set includes 2,084 core-top TEXg4 observations,
incorporating:

1. Data published in previous compilation efforts (J.-H. Kim et al., 2008, 2010; Tierney & Tingley, 2014, 2015b),

2. data published in studies since 2015 (Ceccopieri et al., 2018; J. Chen et al., 2018; Hagemann et al., 2023;
Harning et al., 2019, 2023; Jaeschke et al., 2017; Kaiser et al., 2015; J.-H. Kim et al., 2015, 2016; Kusch
et al., 2016; Lamping et al., 2021; Lo et al., 2018; Pan et al., 2016; Richey & Tierney, 2016; Rodrigo-Gémiz
et al., 2015; Schukies, 2018; Sinninghe Damsté, 2016; Sinninghe Damsté et al., 2022; Tierney et al., 2015;
Varma, Hopmans, van Kemenade, et al., 2024; B. Wei et al., 2020; Y. Yang et al., 2018), and

3. new data (n = 170) analyzed for this study.

The spatial distribution of the updated database is shown in Figure S4 in Supporting Information S1. These data
originate from multiple publications and laboratories with different analytical approaches. While protocols for
GDGT determination using high performance liquid chromatography (HPLC)-mass spectrometry (MS) have
evolved over the years, we specify the method used whenever available. However, previous work suggests that
older and newer HPLC-MS methods produce comparable results (cf. Hopmans et al., 2016, see Text S1 in
Supporting Information S1 for details). We removed samples that are heavily impacted by non-pelagic GDGT
sources, based on thresholds of the Branched versus Isoprenoid Tetraether (BIT) index >0.5 (terrestrial GDGT
inputs; Hopmans et al., 2004; Weijers et al., 2006), Methane Index >0.5 (GDGT inputs from methanotrophs; B.
Kim & Zhang, 2023; Zhang et al., 2011), and %GDGT-0 >60 (GDGT inputs from methanogens; Blaga
et al., 2009; Inglis et al., 2015; Sinninghe Damsté et al., 2012).

The dominant environmental influence on core-top TEXg¢ is ocean temperature (J.-H. Kim et al., 2008, 2010;
Schouten et al., 2002; Tierney & Tingley, 2014, 2015b). To ensure spatial consistency, core-top TEXg4 obser-
vations were mapped onto a uniform 0.25° X 0.25° grid, with median values representing grid cells containing
multiple observations. A simple linear regression of the updated database indicates that thermocline-integrated
temperatures explain 76% (1> = 0.76) of the TEXg variance (Figure 1a). This regression is not intended as a
new subsurface calibration but is instead used to isolate the dominant thermal effect in order to evaluate the
secondary influence of nutrients. TEXg¢ residuals were calculated by subtracting predicted TEXgq from observed
values. Following J.-H. Kim et al. (2010) and Tierney and Tingley (2014, 2015b), core-top TEXgs from high-
latitude sites (>70°N) were excluded from the linear regression, as TEXgs values from the high Arctic region do
not show sensitivity to ocean surface temperatures.

3. Results and Discussion
3.1. A Nutrient Effect on Marine Sedimentary TEXg4

Core-top TEXge residuals exhibit a weak but statistically significant negative correlation with the logarithm of
nitrate concentrations (Spearman's p = —0.17, P < 0.001; Figure 1b). This weak global correlation highlights the
complexity of sources and sinks of marine nitrogen species, and potentially reflects regions where ammonia and
nitrate concentrations are decoupled. Additionally, residual variability may be influenced by other known factors,
such as water depth, as well as unidentified sources of noise that affect TEXgq. A stronger relationship emerges
when we restrict the regression to low-nutrient environments, defined as nitrate concentrations below 2.7 pmol/L
(p = —0.33, P < 0.001; Figure 1b). The low-nutrient threshold corresponds to the nitrate concentration at which
the rolling mean of TEXgq4 residuals, calculated using a sliding window of 19 data points, reaches its minimum.
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Figure 1. Positive TEXgq residuals in surface marine sediments correspond to low-nutrient regions. (a) The correlation
between gridded core-top TEXgq values and thermocline-integrated ocean temperature. Data north of 70°N were excluded
from the regression following J.-H. Kim et al. (2010) and Tierney and Tingley (2014, 2015b). (b) TEXg4 residuals (observed—
predicted) from the temperature regression in panel (a) show a weak but significant negative correlation with nitrate
concentrations, suggesting a “nutrient effect.” This effect is more pronounced in low-nutrient regions (highlighted in blue),
defined by a threshold of 2.7 pmol/L, where the lowest rolling mean of TEXg, residuals is observed. The solid black line
represents the rolling mean, calculated using a sliding window of 19 data points. (c) Spatial distribution of gridded core-top
TEXg¢ residuals, with higher values generally occurring in regions with low nitrate concentrations. Shaded contours indicate
nitrate levels, with the low-nutrient threshold contour of 2.7 pmol/L (white dashed line).

We tested different window sizes in the range [5, 100] and selected the one that yielded the strongest correlation
between nitrate and TEXg4 residuals (see Figure S5 in Supporting Information S1).

We isolated the correlation between TEXg, residuals and nitrate using a linear fit for simplicity; however, an
exponential fit yields similar results (see Column 2 in Figure S6 in Supporting Information S1). When we explore
residuals using existing subsurface calibrations, we find that the BAYSPAR model of Tierney and Tingley (2014,
2015b) largely suppresses this nutrient effect. This is due to BAYSPAR's regionally adjusted slopes and intercepts
of a linear fit, which reduce systematic global residual patterns—resulting in no discernible correlation between
residuals and nitrate (see Column 3 in Figure S6 in Supporting Information S1). In contrast, the TEX-subT
calibration of J.-H. Kim et al. (2012), when applied to the global core-top data set, produces strong structure in
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Figure 2. A pronounced nutrient effect on core-top TEXgg in regions with strong horizontal nutrient gradients. (a) Scatter plot
illustrating the relationship between regional gridded core-top TEXg¢ residuals and nitrate concentrations, with an overall
Spearman correlation coefficient (p = —0.56; P < 0.001; n = 446). The vertical dash line shows the low-nutrient threshold of
2.7 pmol/L. An inset map showing core-top locations of regions with significant negative correlations between TEXgq residuals
and NOj3 concentrations. (b) Spearman correlation coefficients (p) and associated P-values for specific regions, with the
corresponding colored markers displayed before each region name.

TEXg residuals versus thermo-T due to regression dilution that somewhat mask the effect (see Column 4 in
Figure S6 in Supporting Information S1).

While ammonia availability regulates the cellular metabolism of marine archaea (Peng et al., 2016; Proctor
etal., 2023; Ward, 2008, 2011), our findings suggest that nitrate is a reasonable proxy for identifying low-nutrient
(low-ammonia) locations. The observed relationship between TEXgq residuals and nitrate indicates that archaeal
communities grow more slowly (i.e., exhibit lower ammonia oxidation rates) in regions with low nutrients, and
produce GDGTs with more rings, leading to higher TEXg¢. This trend aligns with laboratory experiments
showing that archaea decrease membrane permeability by synthesizing GDGTs with higher ring numbers under
energy-limiting conditions (Elling et al., 2015; Evans et al., 2018; Hurley et al., 2016). The magnitude of elevated
TEXg of about 0.1 proxy units at the lowest values of nitrate agrees well with experimental evidence (Hurley
et al., 2016). Given the logarithmic nature of the regression, the effect of nitrate limitation spans a concentration
range of 0.0003-2.7 pmol/L. For context, nitrate levels between 0.5 and 2 pmol/L are considered limiting for
primary productivity in the surface ocean (e.g., Browning & Moore, 2023; Henley et al., 2020).

To further investigate this nutrient effect, we analyzed regional-scale patterns, focusing on areas that have large
horizontal nutrient gradients and where core-top TEXg4 residuals show a strong negative correlation with nitrate.
TEXge residuals from these regions show an average negative correlation with nitrate of p = —0.56 (P < 0.001;
Figure 2a), with core-tops near the South Atlantic Subtropical Front exhibiting the strongest relationship
(p = —0.91, P < 0.001; Figure 2b). Notably, TEXgs residuals from the Red Sea show a strong nutrient effect
(p = —0.74, P < 0.001; Figure 2b). This contrasts with the original study of sedimentary TEXg, in the Red Sea,
which found no strong correlation between TEXgs and nitrate concentrations at 100 m depth (Trommer
et al., 2009). We attribute this discrepancy to three factors. First, the WOA nitrate fields are on a coarse 1° X 1°
grid with a relatively high minimum concentration, which smooths out the steep, localized nutrient gradients of
the Red Sea. Second, relying on a single fixed 100 m depth ignores spatial variability in thermocline depth and
near-surface nutrient distributions in this restricted basin. Third, the original study correlated raw TEXgq values
with nitrate without removing the confounding thermal effect, whereas our use of TEXgq residuals isolates the
potential nutrient signal. These choices mask the fine-scale biogeochemical variability that emerges when using
higher-resolution CMEMS data and thermocline-integrated nitrate (see Figure S7 in Supporting Information S1).
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While earlier studies attributed anomalously high TEXgs in the Red Sea to endemic clades of marine archaea
(J.-H. Kim et al., 2010; Trommer et al., 2009), our findings suggest a more parsimonious explanation: elevated
TEXg¢ reflects extreme nutrient stress in this oligotrophic sea.

3.2. Implications for TEXg, Paleothermometry

TEXg—derived ocean temperature estimates occasionally yield anomalously high values that diverge from other
proxies and paleoclimate expectations. Here, we explore two paleoclimate scenarios in which nutrient stress may

account for the discrepancies between TEXg¢-derived temperatures and SST estimates from the U§7/ proxy—an
independent organic paleotemperature proxy based on unsaturated ketones produced by coccolithophores
(Brassell et al., 1986; Prahl & Wakeham, 1987). Although multiple calibrations for TEXg4 exist, some of which
are non-linear (J.-H. Kim et al., 2010), in these examples we convert TEXg¢ to temperatures using the simple
linear regression with thermocline-integrated T developed above to highlight deviations from the general linear

thermal effect. For the U§7l data, we use the Bayesian calibration BAYSPLINE (Tierney & Tingley, 2018), which
is linear up to temperatures of 25°C, at which point the proxy has a non-linear response as it approaches the
maximum possible value of 1.

3.2.1. Denitrification Dynamics in the Arabian Sea Upwelling Zone

Reconstructed ocean temperatures from U§7/ and TEXg¢ records in the Arabian Sea capture the overall warming
trend since the last deglaciation, marking the transition from the Last Glacial Maximum to the Holocene inter-
glacial (Figure 3; Huguet et al., 2006; Tierney et al., 2016). A notable feature, however, is that TEXg4-derived

temperatures are consistently warmer and more variable than Ug -based SSTs throughout most of the past
20,000 years (Figure 3b). Furthermore, the thermocline-integrated temperatures exceeding 30°C during the
Holocene, as suggested by TEXgg, are likely unrealistic given that modern-day SSTs in this region average
approximately 26-27°C. This indicates additional factors contributing to TEXg4 signals on top of seawater
temperatures.

A particularly striking feature is the deviation in paleo-temperature proxies found during the Younger Dryas (YD,
ca. 12.9-11.7 thousand years ago, ka; Rasmussen et al., 2006) and Heinrich Stadial 1 (HS1, ca. 17.5-14.5 ka;
Broecker & Barker, 2007; McManus et al., 2004) events. During these intervals, TEXg¢-derived temperatures

increase sharply, whereas U§7/ -based SSTs do not record warming (Figure 3b; Huguet et al., 2006; Tierney

et al., 2016). In fact, both the U§7/ records and the TraCE-21ka paleoclimate model simulation—a fully coupled
simulation of Transient Climate Evolution over the past 21,000 years—indicate surface cooling during the YD
and HSI, reflecting broader Northern Hemisphere climate dynamics (Huguet et al., 2006; Schulte &
Miiller, 2001; Sonzogni et al., 1998; Tierney et al., 2016). While Tierney et al. (2016) attributed this discrepancy
to TEXge recording subsurface water warming, the magnitude of the TEXgs warming anomalies—up to 7°C from
the pre-event baseline (Figure 3b)—is unrealistically large. Together, these observations suggest that TEXg¢ is
influenced by additional environmental factors beyond temperature alone.

Core sites NIOP-C2_905_PC and SO42-74KL are located in the Arabian Sea, where nitrate concentrations are
generally low. However, these sites lie at the periphery of present-day high-nutrient “blobs” (Figure 3d), making
them particularly sensitive to spatial and temporal variations in nutrient dynamics. Under today's interglacial
conditions, the high-nutrient “blobs” persist in this region, potentially supplying nutrients to these sites. However,
this feature may have dissipated during past cooling episodes. Weakened monsoon winds during the YD and HS1
(Tierney et al., 2016) likely reduced upwelling, limiting the supply of nutrient-rich waters to the surface. This
could have induced relatively stronger nutrient stress in marine archaea, leading to the production of more cyclic
GDGTs and higher TEXgq values.

This interpretation is supported by denitrification proxy records from these two sites. Lower bulk sediment 6N
values during the YD and HS1 indicate reduced denitrification, consistent with weakened upwelling and lower
nitrate availability in surface waters (Figure 3c; Altabet et al., 1995, 2002; Ivanochko et al., 2005; Suthhof

. . . . ’ .
et al., 2001). Moreover, after interpolating all time series (Uf7 , TEXg6, and 515N) onto a common time step, we

find that TEXgs T anomalies (Thermo - Tygy,, - SSTUK/ ) exhibit a strong negative correlation with bulk sediment
37
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Figure 3. Anomalously warm TEXgg signals during the Younger Dryas (YD) and Heinrich Stadial 1 (HS1) in the Arabian
Sea. (a) Northern Greenland Ice Project (NGRIP) ice core 5'%0 record (Seierstad et al., 2014), highlighting cooling during
YD (ca. 12.9-11.7 kyr BP; Rasmussen et al., 2006) and HS1 (ca. 17.5-14.5 kyr BP; Broecker & Barker, 2007; McManus
etal., 2004). (b) Reconstructed ocean temperatures from sediment cores NIOP-C2_905_PC and SO42-74KL in the Arabian Sea.

U§7, -derived sea surface temperature (SST) records are based on the BAYSPLINE calibration (Tierney & Tingley, 2018), while
TEXge-derived thermocline-integrated temperatures (thermo-T) are based on the linear regression of the updated core-top data
set (see Figure 1a). Original proxy data were retrieved from Huguet et al. (2006). Modern SST (filled circles) and thermo-T
(open circles) are indicated. (c) Bulk sediment 8N records from NIOP-C2_905_PC (Ivanochko et al., 2005) and SO42-74KL
(Suthhof et al., 2001), serving as a proxy for surface ocean denitrification. The records indicate reduced denitrification during
cooling events. Data sourced from the global ocean nitrogen isotope database (Tesdal et al., 2013). (d) A map showing nitrate
concentrations with core locations. White dashed contours highlights regions with elevated nitrate concentrations (>2.7 pmol/L
surface nitrate) within the overall low-nutrient background of the Arabian Sea.

5N during the YD and HS1 (see Figures S8a and S8b in Supporting Information S1). By subtracting the Ho-
locene mean values from the TEXgq records, we de-trend the data and find that temperature anomalies of up to
7°C correspond to increases of up to 0.1 proxy units in TEXgs (see Figures S8c and S8d in Supporting Infor-
mation S1), which is similar to the magnitude observed in the modern core-top records discussed above.

Collectively, these lines of evidence suggest that TEXg4 temperatures in the Arabian Sea are sensitive to nutrient
availability in surface waters. Reduced upwelling during the YD and HS1 events likely amplified the nutrient
stress on marine archaea, resulting in anomalously high TEXgs values. It is important to note that we do not
observe a comparable TEXgs warming anomaly during the Last Glacial Maximum (LGM, ca. 20-19 ka; Clark

et al., 2009) in spite of low 6N values. This suggests that surface ocean circulation patterns, monsoonal
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dynamics, and nutrient availability in this region differed between the nearly steady-state conditions of the LGM
and the transient cooling events of the deglacial period.

3.2.2. South Pacific Subtropical Gyre Poleward Expansion

Our second example investigates ocean temperature changes in the Tasman Sea, a region that harbors a strong

north-south nutrient gradient in the present day (see Figure 4d). Over the past 150,000 years, U§7/ and TEXgq
temperatures largely track each other, reflecting the broader global climate history since the penultimate
deglaciation (Figure 4). However, TEXg¢-derived temperatures occasionally exceed 25°C—an implausibly high
value given the modern SSTs at these core sites range from 18 to 21°C. This discrepancy suggests that factors
beyond temperature influence the proxy.

Today, DSDP Site 591 (31°35.06’S; 164°26.92'E; 2,131 m water depth) is located within the Tasman Front,
which is a component of the low-nutrient western boundary of the South Pacific Subtropical Gyre (SPSTG).
TIODP Site U1510 (36°19.7385’S, 164°33.5220’E; 1,238 m water depth), while still within the gyre's low-nutrient
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Figure 4. Nutrient effects on TEXgs records in the Tasman Sea. (a) LRO4 global benthic foraminiferal 5'80 stack (Lisiecki &
Raymo, 2005), representing climate variability across glacial-interglacial cycles since the penultimate deglaciation (ca. 138

ka; Govin et al., 2015). (b) Reconstructed ocean temperatures at DSDP 591. Uf; -derived sea surface temperatures (SST;
solid) are based on the BAYSPLINE calibration (Tierney & Tingley, 2018), while TEXg4-derived thermocline-integrated
temperatures (thermo-T; dashed) are based on the linear regression from this study (see Figure 1a). Modern SST (filled circle)
and thermo-T (open circle) are shown for reference. GDGT-2/GDGT-3 (black), total alkenone (filled) and isoGDGT
concentrations (dashed) are also plotted. (c) Same as (b), but for IODP U1510. (d) A map showing core locations in the Tasman
Sea. Shaded contours represent modern nitrate concentrations. The white dashed contour marks the low-nutrient core

(<2.7 pmol/L surface nitrate) of the South Pacific Subtropical Gyre.
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zone, is positioned approximately 5° further south, where surface waters are impacted primarily by eddies shed
from the East Australian Current (Ganachaud et al., 2014; Sloyan & O’Kane, 2015; Talley et al., 2011). Core-top
TEXg¢ residuals from the adjacent southwest Pacific (see the NZ-SW Pacific region in Figure 2) also exhibit a
pronounced nutrient effect.

Visual inspection reveals episodic warming events in which TEXg4-derived temperatures temporarily exceed
Uf; -based SSTs. These events generally occur during globally-warmer periods (Figures 4a—4c). Conversely,
during colder intervals TEXgq temperatures are typically lower than Ug -based SSTs, suggesting that the proxies
are either representing different depth habitats (with U§7/ representing the surface and TEXgq the thermocline) or

. !/
different seasons (e.g., U§7 represents the warmer season).

Total C5; alkenone concentrations, indicative of haptophyte productivity, largely follow glacial-interglacial (G-
IG) cycles, with elevated concentrations during glacial intervals and lower concentrations during interglacials
(see Figures 4b and 4c). Total isoprenoid GDGT (isoGDGT) concentrations follow a similar pattern. Although
marine archaea inhabit the entire water column (Karner et al., 2001), we interpret isoGDGT concentrations in our
records as reflecting archaeal productivity in the upper water column due to (a) their parallel variations with
alkenone concentrations, and (b) the absence of exogenous GDGT sources (reflected by their low BIT, MI, and %
GDGT-0 indices; see Data Set S7).

We suggest that the extreme warmth in TEXgs temperatures during interglacials reflects changes in surface
nutrient availability driven by enhanced upper-ocean stratification, the poleward expansion of the SPSTG, or a
combination of both mechanisms. A first-order observation is that biomarker concentrations are generally higher
and closely track G-IG cycles at IODP Site U1510, whereas at DSDP Site 591, concentrations are overall lower,
with episodic spikes of high alkenone concentrations near deglacial periods. Located near the nutrient-depleted
core of the subtropical gyre, DSDP Site 591 may have experienced less variability, especially during prolonged
interglacial conditions. In contrast IODP Site U1510, located near a dynamic nutrient-rich frontal boundary,
likely experienced greater variability in nutrient supply and primary productivity through time. Correlations

between temperature anomalies (Thermo - Trgy,, - SSTU,(/) and biomarker concentrations further support these
37

proposed interpretations (see Figure S9 in Supporting Information S1). Assuming alkenone and isoGDGT
concentrations reflect export productivity and in turn nutrient availability, these results suggest that nutrient stress
during interglacials results in elevated TEXgq. Stronger correlations at IODP Site U1510 (p = —0.68 for alke-
nones, p = —0.82 for isoGDGTs, both P < 0.001) compared to DSDP Site 591 (p = —0.31, P<.05 for alkenones
and p = —0.62, P < 0.001 for isoGDGTs) likely reflects differences in how much the surface nutrient availability
is changing through glacial-interglacial cycles at each site. Comparisons between the biomarker concentrations
and the benthic foraminiferal 5'80 stack also support this; with a stronger correlation at IODP Site U1510 (see
Figure S10 in Supporting Information S1).

Although GDGT-2/GDGT-3 values at both sites are moderately high—above the conventional threshold of <5—
suggesting contributions from deep-water marine archaea (cf. Rattanasriampaipong et al., 2022b; Taylor
et al., 2013), their temporal variations may reflect changes in surface ocean stratification. GDGT-2/GDGT-3
generally anti-correlate with Thermo - Ty, , with two pronounced minima during the last interglacial (ca. 100
130 ka) coinciding with peak Thermo - Trgy,, (Figures 4b and 4c). These low GDGT-2/GDGT-3 values may
indicate reduced input from deep-water clades during nutrient-poor, warm intervals, when deep-dwelling che-
moautotrophs are nutrient-limited. GDGT-2/GDGT-3 and Thermo - Ty, show weak but significant correlations
at both sites (Figures S10e and S10f in Supporting Information S1). Though this relationship is likely confounded
by thermal effects, it emphasizes the need to disentangle temperature and nutrient influences in TEXgq
interpretations.

Modern observations indicate that warming and weaker winds promote increased stratification in the Tasman
Sea's upper ocean layers, a phenomenon evident from satellite ocean color and altimetry data (cf. Tilburg
et al., 2002). Paleoclimate reconstructions further suggest poleward migration of the Tasman Front (Kawa-
gata, 2001; Martinez, 1994) and the Subtropical Front in the southwest Pacific (Bostock et al., 2015; Hayward
etal., 2012; Sikes et al., 2009) during warmer periods of the late Quaternary. Model simulations also indicate that
warming leads to the expansion of subtropical gyres (Polovina et al., 2011; H. Yang et al., 2020), a process that
can intensify oligotrophic conditions at these sites. In our view, whether stratification increases primarily due to
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thermal effects, front migration, or gyre expansion, the outcome is a reduction in nutrient availability at the
surface in the Tasman Sea. This nutrient limitation could trigger physiological shifts in marine archaea—altering
GDGT production and distribution—and ultimately lead to an overestimation of TEXg4-based temperatures
during warmer intervals of the last 150,000 years.

4. Conclusions

Our study demonstrates that a “nutrient effect” is recorded in sedimentary TEXgq, wherein low-nutrient regions of
the global ocean are associated with higher TEXgq values. This observation is consistent with laboratory studies
showing that nutrient limitation leads to higher GDGT cyclization (Elling et al., 2014; Hurley et al., 2016), and the
magnitude of increased cyclization observed in modern environments aligns well with experimental evidence

(Hurley et al., 2016). Furthermore, comparisons between TEXg4 and U§7/ paleotemperature reconstructions in the
Arabian Sea and Tasman Sea indicate that nutrient stress likely influenced GDGT distributions during the last
glacial-interglacial cycle, albeit with region-specific signatures. This nutrient effect offers a plausible explanation

for the commonly observed higher variance in TEXgg-based temperature reconstructions relative to U§7,, as
reported in both isoprenoid GDGT studies (e.g., bin Shaari et al., 2013; Caley et al., 2011; Ho & Laepple, 2015,
2016) and those incorporating hydroxylated GDGTs (OH-GDGTs; cf. Fietz et al., 2016).

Our results suggest that previous TEXg¢-based temperature reconstructions—especially for warm climate
intervals—may require reevaluation. Integrating TEXg, with independent proxies such as §'°N and paleo-
productivity markers could help resolve discrepancies among proxies and between proxy data and climate model
simulations—e.g., during the early Eocene (Hollis et al., 2019). Nutrient stress may also explain extreme TEXg¢
values in deep-time hyperthermal events such as the Paleocene-Eocene Thermal Maximum (cf. Zachos
et al., 2001, 2008) and Ocean Anoxic Events (cf. Kuypers et al., 2001; van Helmond et al., 2014). During these
intervals, increased weathering likely supplied nutrients to coastal oceans, but intensified warming and stronger
upper-ocean stratification restricted vertical nutrient supply in the open ocean (Erbacher et al., 2001). This could
have led to lower concentrations of important nitrogen species, enhanced nutrient stress on marine archaea, and
overproduction of cyclic GDGTs, resulting in anomalously high TEXg4 values (>0.8) (e.g., Forster, Schouten,
Baas, & Sinninghe Damsté, 2007; Forster, Schouten, Moriya, et al., 2007; Sinninghe Damsté et al., 2010). Our
findings highlight the importance of considering nutrient stress when interpreting TEXg4 signals in both recent
and deep-time climate reconstructions.

Recognizing the dual influence of temperature and nutrient availability on GDGT production is crucial for
improving TEXgg-based paleotemperature reconstructions. Future studies should quantify nutrient effects on
GDGT cyclization across diverse archaeal clades via controlled culture experiments—similar to those reported by
Hurley et al. (2016)—to further elucidate the mechanisms driving GDGT production. Additional core-top TEXgg
observations in regions with pronounced nutrient gradients will help refine proxy calibrations. However, as nitrate
concentrations can become decoupled from ammonia and nitritte—particularly in upwelling regions—future
studies would benefit from globally distributed measurements of ammonia and nitrite to better constrain
nutrient-driven variations in TEXgs. Furthermore, we encourage future research to utilize high-resolution ocean
data products whenever available, as low-resolution oceanographic data sets may fail to capture fine-scale
nutrient gradients. As ongoing warming alters ocean stratification and nutrient distributions, explicitly incor-
porating nutrient effects into TEXgq calibrations will improve the accuracy of both past climate reconstructions
and future projections, thereby enhancing the reliability of TEXg as a paleotemperature proxy.

Data Availability Statement

In this study, we update the core-top TEXg4 data set by integrating previous calibration compilations (Hagemann
et al., 2023; J.-H. Kim et al., 2008, 2010; Tierney & Tingley, 2014, 2015b; Varma, Hopmans, van Kemenda,
etal., 2024). Table S1 in Supporting Information S1 summarize the full list of previous works that published core-
top GDGT data sets, including (a) data from original sources (Ceccopieri et al., 2018; J. Chen et al., 2018;
Hagemann et al., 2023; Harning et al., 2019, 2023; Kusch et al., 2016; Liu et al., 2014; Richey & Tierney, 2016;
Rodrigo-Gamiz et al., 2015; Schukies, 2018; Tierney & Tingley, 2014, 2015b; Tierney et al., 2015; Varma,
Hopmans, van Kemenda, et al., 2024; B. Wei et al., 2020), (b) data sets available via NOAA-NCEI of Tierney and
Tingley (2015a) (Castafieda et al., 2010; Chazen, 2011; W. Chen et al., 2014; Fallet et al., 2012; Hernandez-
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U1510, the preliminary age model was based on a comparison between color reflectance data with the LR04
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