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• Alkenone fluxes were monitored during a
year in the Subantarctic Zone.

• Temperature reconstructions mirrored
SSTs except for late winter.

• Alkenone-derived SSTs increased with
depth in the water column.

• Deviations of alkenone-derived SSTs were
correlated with E. huxleyi ecotypes.

• Emiliania huxleyi diversity may bias SST
reconstructions in the Southern Ocean.
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Long-chain unsaturated alkenones produced by haptophyte algae are widely used as paleotemperature indicators. The
unsaturation relationship to temperature is linear at mid-latitudes, however, non-linear responses detected in subpolar
regions of both hemispheres have suggested complicating factors in these environments. To assess the influence of bi-
otic and abiotic factors in alkenone production and preservation in the Subantarctic Zone, alkenone fluxes were quan-
tified in three vertically-moored sediment traps deployed at the SOTS observatory (140°E, 47°S) during a year.
Alkenone fluxes were compared with coccolithophore assemblages, satellite measurements and surface-water proper-
ties obtained by sensors at SOTS. Alkenone-based temperature reconstructions generally mirrored the seasonal varia-
tions of SSTs, except for late winter when significant deviations were observed (3–10 °C). Annual flux-weighted
averages in the 3800 m trap returned alkenone-derived temperatures ~1.5 °C warmer than those derived from the
1000 m trap, a distortion attributed to surface production and signal preservation during its transit through the
water column. Notably, changes in the relative abundance of E. huxleyi var. huxleyi were positively correlated with
.
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temperature deviations between the alkenone-derived temperatures and in situ SSTs (r = 0.6 and 0.7 at 1000 and
2000 m, respectively), while E. huxleyi var. aurorae, displayed an opposite trend. Our results suggest that E. huxleyi
var. aurorae produces a higher proportion of C37:3 relative to C37:2 compared to its counterparts. Therefore, the dom-
inance of var. aurorae south of the Subtropical Front could be at least partially responsible for the less accurate
alkenone-based SST reconstructions in the Southern Ocean using global calibrations. However, the observed correla-
tions were largely influenced by the samples collected during winter, a period characterized by low particle fluxes and
slow sinking rates. Thus, it is likely that other factors such as selective degradation of the most unsaturated alkenones
could also account for the deviations of the alkenone paleothermometer.
1. Introduction

1.1. Background and objectives

Under the influence of global climate change, the polar oceans are con-
tinuing to warm, with the Southern Ocean south of 30°S accounting for ca.
40% of the global ocean heat gain in the upper 2000 m (Pörtner et al.,
2019). In order to be able to put the magnitude and rate of the ongoing
and projected climate change into a longer-term context, it is essential to
compare modern instrumental temperature data with pre-instrumental
temperature variations. Alkenones are a class of unsaturated long-chain
methyl and ethyl ketones with a variable degree of unsaturation that repre-
sent one of themost robust proxies for the reconstruction of past sea-surface
temperatures (SSTs) (Brassell et al., 1986; Conte et al., 2006; Martrat et al.,
2007; Liu et al., 2009; Sikes et al., 2009; Sikes et al., 2019; Wang et al.,
2021). They are linear methyl and ethyl C31: to C43: ketones with 2, 3 or
4 double bounds and trans configuration (Boon and de Leeuw, 1979;
López and Grimalt, 2004). Their production is taxonomically restricted to
certain Prymnesiophyte algae of the order Isochrydales, primarily to the
genera Isochrysis, Chrysotila, Emiliania and Gephyrocapsa (Volkman et al.,
1980; Sukenik and Wahnon, 1991; Volkman et al., 1995; Eltgroth et al.,
2005; Jaraula et al., 2010; Wang et al., 2021). In the modern pelagic
ocean, the production of alkenones is mainly limited to the
coccolithophores Emiliania huxleyi and Gephyrocapsa oceanica, but other
species may also play a role (Conte et al., 1995; Volkman et al., 1995;
Wang et al., 2021).

The proportion of di- to tri- unsaturated C37 methyl alkenones,
expressed as U37

K′ = C37:2 / (C37:2 + C37:3), is linearly correlated with
water temperatures in cell cultures, sediment trap records and the global
ocean marine sediments, between 60°N and 60°S (Brassell et al., 1986;
Prahl and Wakeham, 1987; Prahl et al., 1988; Müller et al., 1998; Conte
et al., 2006). Using a global compilation of surface sediment samples,
Müller et al. (1998) developed one of the first global calibrations of U37

K′

(U37
K′ = 0.033 T + 0.044, r2 = 0.958), that provided further evidence of

the robustness of alkenone paleothermometry. However, despite the over-
all good correlation between alkenone-derived SSTs and modern SSTs,
weaker responses at low (e.g. Sonzogni et al., 1997; Herbert, 2001) and
high latitude systems have been documented (e.g. Sikes and Volkman,
1993; Sikes et al., 1997; Rosell-Melé et al., 2000; Sikes et al., 2009; Prahl
et al., 2010; Max et al., 2020). The U37

K index that also incorporates the
tetra-unsaturated compound, has been used to improve SST reconstructions
in the North Atlantic suggesting this indexmight bemore useful at high lat-
itudes (Bard et al., 2000; Bendle and Rosell-Melé, 2004). However, in the
Southern Ocean, this index has not been shown to be better correlated to
SST (Sikes et al., 1997; Ho et al., 2012) (Sikes et al., 1997, Ho 2021).

In the Southern Ocean south of Tasmania Sikes et al. (2009) identified
that accuracy of the reconstruction of Late Holocene sea-surface tempera-
tures (SSTs) based on U37

K′ from several sediment cores retrieved from loca-
tions north and south of the Subtropical Front depended on the calibration
chosen. Reconstructions made with the calibration of Prahl et al. (1988)
(U37

K′ = 0.034 T + 0.039) provided accurate values for the sediment core-
tops but reconstructions for the subantarctic sediments were about 2 °C
too cool. In turn, the most accurate reconstructions in subantarctic waters
were obtained when applying the regional calibration for the Southern
Ocean developed by Sikes and Volkman (1993) (U37

K′ = 0.00414T–0.156).
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Non-thermal factors, such as light and nutrient stress (Prahl et al., 2003), se-
lective degradation of C37 alkenones (Rontani et al., 2013), lateral advec-
tion (Rosell-Melé et al., 2000), seasonal variations in the alkenone
production (e.g. Sikes et al., 1997; Sikes et al., 2005; Harada et al., 2006;
Max et al., 2020), and inter- and intraspecific variability of the alkenone-
synthesizing algal populations (Volkman et al., 1995; Sawada et al., 1996;
Conte et al., 1998; Popp et al., 1998) have all been invoked as possible
sources of variability in the U37

K′ imprint preserved in the sedimentary re-
cord. The lack of understanding on how these factors influence the biosyn-
thesis and subsequent preservation of alkenones in the sedimentary record
limits the accuracy of the paleotemperature reconstructions in the subant-
arctic Southern Ocean.

In order to shed light on these issues, we examine the alkenone fluxes
collected by three vertically-moored sediment traps deployed during a
year (August 2011 to July 2012) at the Southern Ocean Time Series
(SOTS) observatory in the Subantarctic Zone (SAZ), southwest of Tasmania,
Australia (Trull et al., 2010; Eriksen et al., 2018). These flux measurements
are compared with the coccolithophore fluxes and in situ environmental
measurements during the same time interval (Rigual-Hernández et al.,
2020b; Rigual-Hernández et al., 2020c) and with alkenone-derived paleo-
temperature records from a nearby deep-sea sediment core (Sikes et al.,
2009). The combination of biomarker and taxonomic analyses with envi-
ronmental monitoring conducted at SOTS allows us to provide new insights
into the role of biotic and abiotic factors in the controls of alkenone
unsaturation, with implications for alkenone-based oceanographic recon-
structions.

1.2. Oceanographic setting

The Southern Ocean is subdivided by a series of oceanographic fronts
that delimit different zonal systems (Fig. 1) of relatively uniform physical,
chemical and biological properties (Orsi et al., 1995; Rintoul and Trull,
2001; Trull et al., 2001b). In the Australian-Tasmanian region, the
Australian mainland demarcates the northern boundary of the subtropical
gyres. Then fromnorth to south, the fronts and zones are defined as follows:
the Subtropical Front (STF; at ~46°S; Fig. 1), the SAZ, the Subantarctic
Front (SAF; at ~51°S), Polar Frontal Zone (PFZ), Polar Front (PF), and the
Antarctic Zone (AZ). The STF is characterized by amarked temperature gra-
dient of 4 °C in less than0.5° of latitude between the subtropical and subant-
arctic waters (Deacon, 1982; Belkin and Gordon, 1996; Rintoul et al.,
1997). This temperature gradient persists despite the annual seasonal
cycle in SSTs. South of Tasmania, summer SSTs are about 16° and 12 °C
in subtropical and subantarctic waters, respectively. During winter, SSTs
are about 12° and 8 °C, respectively, in these surface water masses (Belkin
and Gordon, 1996; Rintoul et al., 1997). In the central parts of the ocean ba-
sins, away from shallow bathymetry, the meridional position of the STF is
primarily controlled by winds and displays substantial seasonal to decadal
variability in those regions where it is not constrained bathymetrically
(Behrens et al., 2021 and references therein). In the waters south of Tasma-
nia, the position of the STF is dominated by mesoscales processes. The STF
moves southward during summertime, while during winter is located fur-
ther north. Fig. 1 shows the range of the seasonal variability of the STF
(based on the Orsi et al. (1995) definition, i.e. 11 degree isotherm at
100m) for the period 2004–2018 and for the sediment trap deployment pe-
riod (i.e. August 2011 to August 2012). During the field experiment the STF



Fig. 1.Bathymetricmap of the study region south of Tasmania showing the location of SouthernOcean Time Series (SOTS) observatory (yellow triangle) and core GC17 (grey
diamond). Blue arrows indicate the approximate surface circulation (after Pardo et al., 2019) and the grey arrow shows the Indian Deep Eastern Boundary current circulation
(1500 and 3000 m; Tamsitt et al., 2019). The two dotted currents indicate the seasonal water transport (mostly during austral summer) from the EAC extension towards the
west of Tasmania and the Southern Ocean (van Sebille et al., 2012). The maximum north and south locations of the STF based on the Orsi definition (11 degree isotherm at
100m) for the period 2004–2018 (climatology) and for the study interval (August 2011–August 2012) are represented as yellow and green lines, respectively. The underlying
temperature data is from Roemmich-Gilson Argo climatology (Roemmich and Gilson, 2009).Abbreviations: STZ – Subtropical Zone, STF – Subtropical Front (after Orsi et al.
(1995)), SAZ – Subantarctic Zone. EAC – East Australian Current, and ACC – Antarctic Circumpolar Current. Bathymetric data fromGeneral Bathymetric Chart of the Oceans
(2020) (doi:10.5285/a29c5465-b138-234d-e053-6c86abc040b9). Ocean Data View software (Schlitzer, 2021) was used to generate this figure.
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was located north of SOTS observatory except for a three-month interval
during summer-autumn (March to May 2012). Additionally, it is important
to note that at meso-bathypelagic depths (~1500–3000 m depth) south-
west of Tasmania a branch of the deep eastern Indian Ocean boundary cur-
rent flows into the Antarctic Circumpolar Current (ACC) (Tamsitt et al.,
2019), and therefore it may potentially reach the location of the SOTS ob-
servatory (see Section 3 for further details). At the surface in the Subtropics,
the Zeehan Current (an extension of the Leeuwin Current) flows south-
wards along thewest coast of Tasmania (Ridgway, 2007). East of Tasmania,
a southward extension of the East Australian Current transports warm sub-
tropical water poleward. The portion of the East Australian Current exten-
sion that reaches south of Tasmania, primarily forms the Flinders Current
that flows northwest while some water is directed towards the southeast
in the form of eddies (van Sebille et al., 2012; Pardo et al., 2019). South
of the STF, the circulation in the Subantarctic Zone is dominated by the
3

ACC (Fig. 1) that is driven by westerly wind stress blowing over the South-
ern Ocean. The outcropping of deep-water masses in the SAZ generates dif-
ferent physical and chemical properties in the surface waters on either side
of the subtropical front. Subantarctic surface waters are rich in macronutri-
ents and cold while the subtropical gyres exhibit nutrient-depleted and
warmerwaters (Trull et al., 2001b). Consequently, the Subtropical and Sub-
antarctic Zones host substantially different phytoplankton communities
(Odate and Fukuchi, 1995; Kopczynska et al., 2001; Eriksen et al., 2018).

1.3. Distribution of Emiliania huxleyi morphotypes in the waters south of Tasma-
nia

Coccolithophore assemblages in the waters south of Tasmania are dom-
inated by E. huxleyi (Findlay and Giraudeau, 2000; Cubillos et al., 2007;
Rigual-Hernández et al., 2020c), which is primarily composed of three

Image of Fig. 1
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morphotypes: A overcalcified (A o/c), A and B/C (Cubillos et al., 2007;
Cook et al., 2011; Cook et al., 2013). Each of thesemorphotypes are charac-
terized by a particular coccolith shape, structure and degree of calcification,
photosynthetic pigment composition and differing responses to environ-
mental change (Cook et al., 2011; Cook et al., 2013; Krueger-Hadfield
et al., 2014;Müller et al., 2015) that is reflected in their different latitudinal
(Cubillos et al., 2007; Poulton et al., 2013; Patil et al., 2014; Malinverno
et al., 2015) and seasonal distributions (Rigual-Hernández et al., 2020b).
In the waters south of Tasmania, type A o/c exhibits peak abundances in
the Subtropical Zone, morphotype A is most abundant between 43° and
53°S and morphotype B/C dominates coccolithophore populations in the
Subantarctic Zone and becomes the onlymorphotype present in the Antarc-
tic Zone (Cubillos et al., 2007; Rigual Hernández et al., 2018). Additionally,
morphotypes B and C have also been documented in the Subantarctic
Southern Ocean (Patil et al., 2014; Saavedra-Pellitero et al., 2014; Rigual-
Hernández et al., 2020b). The differentiation of these morphotypes from
type B/C ismainly based in size and it is not always possible to discriminate
between them (Young et al., 2003; Cubillos et al., 2007). Cook et al. (2013)
conducted a population genetic analysis on 273 E. huxleyi clonal cultures re-
trieved from the main current systems south of Australia and Southern
Ocean and only two genetic varieties or ecotypes were recognized:
E. huxleyi var. huxleyi and E. huxleyi var. aurorae. Based on the above men-
tioned studies, we refer to type A and type A o/c as E. huxleyi var. huxleyi
while all members of morphogroup B, i.e. B/C, C and B (Young et al.,
2021) found in the subantarctic waters south of Tasmania, are referred to
as ecotype E. huxleyi var. aurorae. The ecotype aurorae is a Southern
Ocean specialist adapted to grow under low-light regimes and at cold tem-
peratures (Cook et al., 2011) and substantially more sensitive to ocean acid-
ification than its counterparts (Müller et al., 2015). It is important to note
that E. huxleyimorphotypes have been observed to display pronounced sea-
sonal variations in their relative abundance at SOTS. Moreover, the
coccoliths collected by the traps have been reported to display an excellent
preservation thereby indicating that negligible calcite dissolution occurs in
their transit throughout the water column (Rigual-Hernández et al.,
2020b).

2. Material and methods

2.1. Sample processing and biomarker analysis

The sediment trap samples collected at the SOTS observatory represent
subsets of a series of long-term sediment trap deployments in the subantarc-
tic waters south of Tasmania (Trull et al., 2001a; Wynn-Edwards et al.,
2020). The samples were captured with three vertically-moored sediment
traps of McLane PARFLUX-type design with a honeycomb baffle at the
top (0.5 m2 surface area), placed at 1000, 2000 and 3800 m depth in a
water column of 4540 m. The trap sampling cups were filled with a buff-
ered solution of sodium tetraborate (1 g L−1), sodium chloride (5 g L−1),
strontium chloride (0.22 g L−1), and mercury chloride (3 g L−1). The
1000 and 2000 m sediment traps were equipped with 21 sampling cups
with a sampling resolution of 16 days and sampled for a total of
336 days. Cup rotation intervals were synchronized between these two
traps. The 3800 m trap was equipped with a 13-sample carousel, with a
sample resolution of 26 days. The three time-series sediment traps com-
pleted their collection sequence as programmed without any instrumental
failures providing a continuous time-series for 336 days for the 1000 and
2000 m sediment traps and 338 days for the 3800 m trap. Temperature
was measured by a SBE56 sensor mounted at 45 m depth on a Pulse moor-
ing (Trull et al., 2010). Further details of the field experiment and sample
splitting can be found in Rigual-Hernández et al. (2020b). A total of 55 sed-
iment trap samples were analysed. One fortieth of each of the sediment trap
cup was used for biomarker analysis. Centrifuge tubes [PYREX® Bibby
Sterilin, United Kingdom, 16 ∗ 100 mm; cleaned by sonication (Selecta,
Spain) for 15 min using alkaline detergent at 5% (Extran AP13 at 5%,
Merck Darmstadt, Germany) after each use], test tubes (PYREX® Corning,
NewYork, 16 ∗ 100mm) and chromatographic vials (Chromacol®, 1.1mL)
4

were used for the alkenone analyses after heated overnight at 400 °C. Sol-
vents with quality for organic trace analysis (dichloromethane, hexane,
methanol, toluene) and reagents (KOH, HCl, bis(trimethylsilyl)
trifluoroacetamide –BSTFA-) were purchased from Merck (Darmstadt,
Germany). The concentration of the heptatriaconta-8E,15E,22E-trie2-one
and heptatriaconta-15E,22E-die2-one was determined using n-
hexatriacontane (CH3(CH2)34CH3, 98%, Fluka) as internal standard.

For the removal of mercury chloride (HgCl2) preservative, the superna-
tant was decanted and the last part of the supernatant was with a pipette to
lose the minimum amount of sediment. Samples were washed with
2× 10mL of H2OMQ to eliminate HgCl2 by vortex agitation and centrifu-
gation.

For the analysis of lipid organic compounds, the sediment samples were
freeze-dried (12 h; Edwards High Vaccum International). The amount of
dry sediment for analysis ranged from 2.1 to 74.6 mg (28.4 mg in average).
Extractionwas performed by sonication and vortex shaking, using 7.5mLof
dichloromethane (15 min; Selecta, Spain). The process was repeated three
times to ensure that the extraction yield would be higher than 90%. The ex-
tracts were dried under nitrogen and hydrolysed with 10% potassium hy-
droxide in methanol to avoid interferences in detection and quantification
of the compounds (2 mL; 12 h; room temperature). Extraction with hexane
(2 mL; three times) yielded a fraction enriched in neutral compounds,
which was cleaned with ultra-pure water. The purified extracts were
derivatised with BSTFA (12 h; room temperature). Samples were injected
diluted in toluene. They were analysed with a Varian gas chromatograph
Model 450 equipped with a 1079 Programmable Temperature Vaporizing
Injector (PTV) for cold on-column (sample volume 1ul, fast injection rate)
and a Flame Ionization Detector (GC-FID; ceramic flame tip), temperature
320 °C, range 12). The instrument was equipped with a CPSIL-5 CB column
coated with 100% dimethylsiloxane; film thickness of 0.12 um; L(m) ∗ ID
(mm) ∗ OD(mm): 50 ∗ 0.32 ∗ 0.45. Hydrogen was the carrier gas
(2.5 mL/min). Oven temperature was programmed from 90° (holding
time of 1 min) to 170 °C at 20 °C/min, then to 280 °C at 6 °C/min (holding
time 25 min), and finally, to 315 °C at 10 °C/min (holding time of 12 min).
The injector was programmed from 90 °C (holding time of 0.5 min) to
310 °C at 200 °C/min (final holding time was 55 min). The acquisition pro-
gramme was Thermo Atlas. Absolute concentration errors were below 10%
and reproducibility tests showed that uncertainty in theU37

K′ determinations
was lower than 0.015 (ca. 0.5 °C).

2.2. Calculation of SST estimates from the alkenone measurements

A significant relationship between the alkenone unsaturation index U37
K′

(expressed as U37
K′ =C37:2 / (C37:2 + C37:3)) and SSTs has been proven by a

global core top analysis for all the oceans between the 60°N and the 60°S
and from 0 to 29 °C (Müller et al., 1998), and also for global surface
water calibration (Conte et al., 2006). However, documented variability
across ocean regions has been attributed to several factors including: differ-
ences in the biogeographical distribution of the alkenone-producing organ-
isms, varying growth rates, differences in seasonal production and/or
differential preservation of alkenones, among others (Sikes et al., 1997;
Conte et al., 2006; Tierney and Tingley, 2018; Max et al., 2020). Sikes
and Volkman (1993) developed a regional calibration (U37

K′ = 0.0414T–
0.156) for the Southern Ocean that has proven to yield the most accurate
temperature reconstructions in our study region (Sikes and Volkman,
1993; Ikehara et al., 1997; Sikes et al., 2005; Sikes et al., 2009; Sikes
et al., 2019). Nonetheless, it is important to note that the use of the
alkenone index U37

K , which includes the C37:4 in its calculation (U37
K =

(C37:2 − C37:4) / (C37:2 + C37:3 + C37:4)), has been suggested to be a
more suitable index for paleo SST reconstruction in the high latitude
NorthAtlantic (Bard et al., 2000; Bendle andRosell-Melé, 2004). In the sub-
antarctic Southwest Pacific core top results show similar correlations for
both indexes and although use of theU37

K down-core returns colder temper-
atures and larger temperature changes (Ho et al., 2012) it remains uncer-
tain if they are more accurate. Results from south of Tasmania, show a
random relationship to temperature of the 37:4 alkenone (Sikes et al.,
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1997). Therefore, here we compared the most commonly used calibrations
of U37

K′ , i.e. Sikes and Volkman (1993), Müller et al. (1998), Conte et al.
(2006) and the Bayesian B-spline regression model, BAYSPLINE, Tierney
and Tingley (2018), with in situ SSTs measured at SOTS in order to deter-
mine which calibration and alkenone unsaturation index provides the
greatest accuracy (see Section 2.4).

In order to estimate the annual integrated signature of the alkenone
fluxes exported to the sea floor at SOTS, the annual flux-weighted U37

K′ for
each sediment trap record was estimated. The trap collection intervals en-
compassed periods shorter than a calendar year (336, 336 and 338 days
at 1000, 2000 and 3800 m, respectively). Gaps in the record occurred
during periods of minimum annual alkenone fluxes, therefore their influ-
ence on the annual estimates can be considered minute on the annual
flux-weighted alkenone-derived temperature (~0.1 °C). Thus, while we
focus the discussion on the collection interval estimates (i.e. data recorded
during the sediment trap collection interval, i.e. 336 days for the 1000 and
2000 m traps and 338 days for the 3800 m trap), annualized estimates (i.e.
fluxes estimated for 365 days assuming that particle flux outside of the col-
lection period was equal to that of the last cup) can be considered essen-
tially equivalent to those from the collection interval.

2.3. Physical, chemical and biological properties and NASA Ocean biogeochem-
istry model estimates at SOTS

In situ water temperature measurements were measured by a SBE56
sensor placed at 45 m depth (within the mixed layer) at SOTS (Rigual-
Hernández et al., 2020b) while Sea Satellite-derived SST (°C) for the
Fig. 2. (a) Satellite-derived chlorophyll-a concentration (MODIS-Aqua, 8-daily) and c
142–143°E; 44–45°S) from August 2011 to July 2012. (b) Phosphate and total oxidise
34 m depth (Rigual-Hernández et al., 2020b). (c, e and g) C37 alkenone (sum of C37:2,
2020) fluxes. (d, f and h) Total coccolith and coccosphere fluxes at the 1000, 2000 a
2020c). Shaded and non-shaded areas represent seasons: winter (JJA), spring (SON), su

5

142–143°E; 47–48°S region (one-degree grid) was obtained from NASAs
sun-synchronous Moderate Resolution Imaging Spectroradiometer
(MODIS-Aqua; 8-daily). Phosphate and total oxidised Nitrogen (NOx:
nitrate plus nitrite) were measured from water samples collected at SOTS
every 15 days previously published in Rigual-Hernández et al. (2020b)
(Fig. 2b). Satellite-derived chlorophyll-a concentration for the SOTS region
(one-degree grid: 142–143°E, 47–48°S) from August 2011 to July 2012 (8-
daily) was obtained from MODIS-Aqua. Additionally, simulated
coccolithophore concentration for the same region and time period were
calculated with the NASA Ocean Biogeochemical Model (NOBM). The
NOBM is a comprehensive and three-dimensional representation of circula-
tion, biogeochemical and radiative processes in the global ocean (Gregg
and Casey, 2007). The model assimilates SeaWiFS andMODIS total chloro-
phyll data and contains four major phytoplankton groups (diatoms,
coccolithophores, cyanobacteria and chlorophytes), four nutrient groups,
one herbivore group and three detrital pools. Both satellite-derived
chlorophyll-a concentration and coccolithophore abundance estimates
can be found in Fig. 2a.

2.4. Statistical analyses

The time lag between the SSTs and the traps was estimated by cross-
correlating the daily in situ SSTs measured at 45 m at SOTS and the U37

K′

daily values measured at the three sediment traps (e.g. Müller and
Fischer, 2001; Müller and Fischer, 2003). The first three samples in
the 1000 and 2000 m trap records and the first two in the 3800 m
trap suggest anomalously high temperatures for winter 2011, showing
occolithophore abundance (NOBM, daily) for the SOTS region (one-degree grid:
d nitrogen (NOx: nitrate plus nitrite) concentration measured at the SOTS site at
C37:3 and C37:4) and Particulate Organic Carbon (POC; after Wynn-Edwards et al.,
nd 3800 m traps from August 2011 to July 2012 (after Rigual-Hernández et al.,
mmer (DJF) and autumn (MAM).
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large deviations from the in situ SSTs (Fig. 3). The alkenone-derived
temperatures suggested by these samples were considered to be sub-
stantially influenced by factors other than SST, and therefore were ex-
cluded from the cross-correlation analysis for estimation of alkenone
sinking rates. It is important to note that the precision of the calculation
of the sinking rates is limited by the duration of the sampling interval
(i.e. 16 days for the 1000 and 2000 m traps and 26 days for the
3800 m trap) and therefore sinking rates calculated for this study repre-
sent a lower limit estimate.

The root mean square error (RMSE) between in situ SSTs measured at
SOTS and alkenone-derived reconstructions applying Sikes and Volkman
(1993), Müller et al. (1998) and Conte et al. (2006) calibrations using
both U37

K′ and U37
K indexes was used to determine which calibration is

most appropriate. Additionally, SSTs temperature reconstructions with U37
K

′ calibrated with BAYSPLINE (Tierney and Tingley, 2018) was also com-
pared with in situ SST using RMSE analysis.
Fig. 3. Variability of SSTs and alkenone-derived reconstructions at SOTS from
August 2011 to July 2012. (a) Satellite (8-daily) SST and in situ (daily) SST (°C)
measured in the mixed layer (45 m) at the SOTS site and alkenone-derived SST
reconstructions using the regional calibration of Sikes and Volkman (1993)
applying the U37

K′ index for the three sediment trap depths. (b) Satellite (8-daily)
SST and in situ (daily) SST (°C) and alkenone-derived SST reconstructions zoomed
into the period demarcated by the red dashed box in a. No time-lag was applied
for the 1000 and 2000 m traps while a time lag of one week was applied for the
3800 m trap (see Table 1). Shaded and non-shaded areas represent seasons:
winter (JJA), spring (SON), summer (DJF) and autumn (MAM).
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3. Results and discussion

3.1. Alkenone production and export to the ocean interior

As evidenced from the shallowest 1000 m sediment trap, enhanced
alkenone export starts in early October (>2000 ng m−2 d−1; Fig. 2c). Rela-
tively high fluxes are maintained through the first half of November – after
which fluxes exhibit some excursions to low values (<1000 ng m−2 d−1)
until a second pulse in February through April (up to 5000 ng m−2 d−1

in March; Fig. 2c). During this 7-month interval almost 85% of the annual
alkenone export occurs at 1000 m (Fig. 2c). The seasonal pattern of
alkenone fluxes occurring in the 2000 and 3800 m traps shows substantial
differences with that recorded in the 1000 m trap (Fig. 2e and g). Overall,
the seasonal pattern of alkenone fluxes is smoothed with increasing depth
(Fig. 2c, e and g), while the magnitude of the alkenone fluxes decrease to-
wards the deeper layers of the water column (~560, 530 and 310 μg m−2-

yr−1, at 1000, 2000 and 3800 m, respectively). Despite these general
trends, the 2000m trap registered an alkenone flux peak in February earlier
and of higher magnitude than that observed at 1000 m (Fig. 2c and e).
There are several possible explanations for this, at first sight, counterintui-
tive observation that include (1) flux variations due to the wider particle
source area potentially contributing to the sinking particle population col-
lected by the deeper trap (Siegel et al., 1990; Siegel and Deuser, 1997),
(2) under-sampling by the shallower trap, as quantified using radiogenic
isotopes for traps moored at <1500 m water depth (Trull et al., 2001a; Yu
et al., 2001), and/or (3) particle scavenging and biological repackaging in
the mesopelagic zone (Conte et al., 2001; Conte et al., 2003; Lam and
Marchal, 2015).

Seasonal changes of C37 alkenone fluxes (i.e. sum of C37:2, C37:3 and
C37:4 fluxes) were significantly correlated with both total coccosphere and
total coccolith fluxes at the 1000 m (r = 0.49 and 0.52, respectively;
p < 0.05, n = 21) and 2000 m traps (r = 0.85 and 0.62, respectively;
p < 0.05, n = 21). These results evidence that, despite coccolithophores
being exposed to different degradation processes in the water column that
could potentially decouple their coccoliths from their organic content
(e.g. grazing), these processes did not overwrite the overall relationships
derived from the co-sedimentation of their inorganic and organic compo-
nents (at least to 2000 m depth). It is likely that the geochemically labile
alkenone compounds have been incorporated into sinking particles
ballasted by hard components, such as coccoliths (Armstrong et al., 2002;
Iversen and Ploug, 2010), thereby facilitating the rapid transfer of such
bioreactive materials into the deep ocean (Conte et al., 2003). These rela-
tionships are weakest in the deepest trap (r = 0.50, p > 0.05 for the
coccoliths and r = 0.56, p < 0.05 for the coccospheres, n = 13). Further
degradation of algal aggregates, coccospheres and POC (particulate organic
content) is likely to occur in the bathypelagic zone, which, together with
the lower resolution of the 3800m trapmay explain the non-significant cor-
relation in the deepest levels of the water column.

It is likely that the development of the coccolithophore bloom from Sep-
tember to November was limited due to competition with diatoms as sug-
gested by enhanced BSi fluxes during this interval (Supplementary
Fig. 1). Depletion of the winter silicate stocks in early-mid summer may
have limited diatom production and export (Lannuzel et al., 2011; Rigual-
Hernández et al., 2015; Eriksen et al., 2018) and this decrease in diatom
abundance and export through resource limitation most likely allowed
the development of a larger coccolithophore bloom in late summer (Janu-
ary to March) as evidenced by the maximum alkenones and coccosphere
fluxes registered in the shallowest trap (Fig. 2c and d).

The delay between production in the upper water column and eventual
export and collection by the sediment traps must be taken into consider-
ation to estimate the exact timing of the production of the alkenones by
the surface layer bloom. The cross-correlation analysis between the SSTs
and the U37

K′ registered in the traps suggests no statistically significant tem-
poral lag for the 1000 and 2000 m trap records, while the highest signifi-
cant correlation for the 3800 m trap was found for a lag of one week
behind SSTs (Table 1). Thus, our observations suggest average annual

Image of Fig. 3


Table 1
Cross-correlation between daily in situ SSTs and daily alkenone unsaturation index
U37
K′ registered at the three sediment traps calculated for different lags. The first

three samples of the 1000 and 2000 m trap and the first 2 samples of the 3800 m
trap were removed from this analysis. Significant correlations (p value < 0.001)
are set in bold. Asterisks (*) indicate the highest correlation coefficient for each sed-
iment trap depth.

Sediment trap Lag (weeks)

0 1 2 3 4 5 6

1000 m 0.60* 0.56 0.47 0.41 0.45 0.37 0.45
2000 m 0.28* 0.20 0.10 0.01 −0.03 −0.09 −0.02
3800 m 0.31 0.43* 0.39 0.32 0.25 0.26 0.37

Table 2
Root Mean Square Error (RMSE) in Celsius degrees between the in situ SSTs mea-
sured at SOTS and alkenone-derived SSTs with different calibrations using alkenone
unsaturation indexesU37

K′ (a) andU37
K (b). The closest predictions are shown in bold.

No time-lagwas applied for the 1000 and 2000m trapswhile a time lag of oneweek
was applied for the 3800 m trap (see Table 1).

(a)

Sediment
trap

Calibration

U37
K′ Sikes and

Volkman
(1993)

U37
K′ Conte

et al.
(2006)

U37
K′ Müller

et al.
(1998)

U37
K′ Tierney and

Tingley (2018)

1000 m 1.7 2.1 2.6 3.1
2000 m 2.2 2.6 2.5 2.8
3800 m 4.0 4.3 3.6 3.5

(b)

Sediment
trap

Calibration

U37
K Sikes and Volkman

(1993)
U37
K Conte et al.

(2006)
U37
K Müller et al.

(1998)

1000 m 1.0 1.3 2.9
2000 m 1.6 2.0 2.7
3800 m 3.5 3.9 3.5
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sinking rates ranging from 60 to 120 m d−1 (in particular, ~60, ~120 and
~120 m d−1 for the 1000, 2000 and 3800 m traps, respectively). The esti-
mated sinking rates are consistent with the dominance of large particles ob-
served in gel traps at SOTS (Ebersbach et al., 2011), are similar to those
estimated by Closset et al. (2015) in the Polar Frontal Zone and Antarctic
Zone waters south of Tasmania, and fall within the range of marine snow
and fecal aggregates in the literature (10 to several hundreds m d−1;
Conte et al., 2001; Turner, 2002; Trull et al., 2008; Turner, 2015). It is
worth noting that particle sinking rates have been documented to exhibit
seasonal variations of an order of magnitude in the Southern Ocean, with
lowest sinking rates duringwinter (down to<10md−1) and highest during
summer (>200 m d−1) (Closset et al., 2015). Therefore, this seasonality
should be kept in mind for the interpretation of our sediment trap records.

Thus, the period of maximum production of alkenones in the SAZ south
of Tasmania appears to take place between October and April, i.e. spring to
early autumn. This observation contrasts with seasonality suggested by the
NASAOcean Biogeochemical Model (NOBM) that predicts coccolithophore
abundance (in Chl-a units) to increase from August to December 2011, de-
clining to minimum annual values as early as January 2012 (austral mid-
summer; Fig. 2a). Thus, our observations urge caution when interpreting
coccolithophore phenology in subantarctic waters based on NOBM simula-
tions only. This is fully consistent with the evaluation of NOBM
coccolithophore results by its creators, who noted that their abundance
was controlled by multiple nutrient limitations and competition with
other taxa making their prediction particularly difficult, and that while
the model performed reasonably at global scale and particularly well in
the North Atlantic, its performance was particularly poor in the Southern
Ocean (Gregg and Casey, 2007).

3.2. Environmental controls on the seasonal variations of the alkenone derived
SSTs

The Sikes and Volkman (1993) calibration yields the closest tempera-
tures to the in situ SST of all calibrations in the upper water column (i.e.
for the 1000 and 2000 m sediment trap records; Table 2) and has been pro-
posed as themost accurate one for our study region (Sikes et al., 1997; Sikes
et al., 2009; Sikes et al., 2019). Consequently, we use this regional calibra-
tion to interpret and discuss our results. It is important to note that our
RMSE analysis indicates that although both alkenone-unsaturation indexes
function in a similar fashion, U37

K index is about 0.5 °C more accurate than
the U37

K′ in our sediment trap records (Table 2). These observations are in
agreement with earlier work in the study region where both U37

K′ and U37
K

have been showed to provide excellent results in paleo SST estimation at
the region (Sikes et al., 1997; Martínez-Garcia et al., 2009; Ho et al.,
2012). Although the accuracy of U37

K′ is less than U37
K overall, we find that

during high flux times - the difference in accuracy between the two is
greatly reduced relative to low flux periods. Sediment records overwhelm-
ingly record the maximum export production periods. This information,
combined with the fact that C37:4 is not always measured, leads us to con-
centrate on the U37

K′ relationship as this is more commonly found in the lit-
erature. Nonetheless, we also provide pertinent comparisons with the U37

K

index throughout the discussion.
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At the onset of the record, i.e. August and September 2011, alkenone-
basedU37

K′ SST reconstructions using the Sikes and Volkman (1993) calibra-
tion displayed large differences from the in situ SSTs of up to ~5, 6 and
10 °C warmer at 1000, 2000 and 3800 m, respectively (Fig. 3a). Since the
representation of these large discrepancies overwhelm the seasonal signal
in Fig. 3a for the rest of the year, alkenone-derived temperatures were
replotted in Fig. 3b excluding August and September. After October 2011,
the variation in alkenone-derived temperatures, roughly mirror the sea-
sonal cycle of temperatures in the surface layer as suggested by our correla-
tion analysis.

U37
K′ -derived temperatures from October 2011 ranged from 10° to

12.7 °C at 1000 m, 10.7° to 13 °C at 2000 m, and 11.2° to 14.9 °C at
3800 m (Fig. 3b), while the seasonal amplitude of temperature measured
in situ in the surface layer for the same interval ranged between 9.2° to
12.2 °C (Fig. 3b). The offset between alkenone-derived temperatures and
in situ SSTs for the same time interval was small, with deviations ranging
between −0.3 and +1.7 °C at 1000 m. The alkenone-derived SSTs at
2000 and 3800 m sediment traps return warmer temperature estimates
and, therefore, greater discrepancies, −0.4 to +2.9 °C and −0.1 to
+4.4 °C, respectively (Fig. 3a and b).

We can take advantage of the existing physical and chemical measure-
ments at the SOTS observatory together with coccolithophore flux data
from the sediment traps to assess the influence of environmental and bio-
logical parameters on alkenone unsaturation. Laboratory experiments
with E. huxleyi strains have demonstrated that nitrate and/or phosphate
limitation (i.e. concentrations below 4 and 0.2 μM, respectively) can induce
deviations of the U37

K′ index (Epstein et al., 1998; Popp et al., 1998; Epstein
et al., 2001), thereby yielding temperature reconstructions a few degrees
colder than the actual water temperatures in which the E. huxleyi grew
(Prahl et al., 2003; Sikes et al., 2005). Nutrient concentrations measured
at the SOTS site (Fig. 2b) indicate that total oxidised nitrogen and phos-
phate concentrations during the study periodwerewell above the threshold
that might affect SST estimates. Values of phosphate and total oxidised ni-
trogen were always above ~7 and 0.7 μmol kg−1, respectively (Fig. 2b).
Based on these observations, nutrient stress can be discarded as a possible
driver of the observed deviations of the alkenone-based temperature recon-
structions from satellite and in situ SST estimates.

Low light levels have been observed to induce U37
K′ values higher than

the ambient water temperature in which E. huxleyi developed (Epstein
et al., 2001; Prahl et al., 2003). Based on these studies, Sikes et al. (2005)
concluded that slow growth rates under low light levels were the most
likely driver of a similar winter deviation of the alkenone-derived
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temperatures in sediment trap records in the nearby New Zealand sector of
the SAZ. Indeed, during August and September, the deepwinter mixing (up
to 600 m, Rintoul and Trull, 2001) and seasonal thermocline breakdown
could have enhanced winter low light stress by moving the phytoplankton
below the critical depth for reasonable periods of time. Another possible ex-
planation of the anomalously high temperature estimates at the onset of the
record may lie in selective degradation of the more unsaturated alkenones
when alkenone flux is low (winter) and the residence time is long resulting
in an increase in the alkenone-derived temperatures (e.g. Rontani et al.,
2008; Lee et al., 2011). During winter, the extremely deep convection of
the water column and low particle sedimentation rates (possibly < 3m d−1

as inferred from silicon isotopes in the nearby PFZ waters; Closset et al.,
2015) could also have caused biogenic particles to remain in suspension
in the SAZ water column for long periods of time. This could have exposed
the alkenones produced during winter to prolonged biotic (e.g. bacterial
hydrogenation) and/or abiotic (autoxidation) degradation processes
(Rontani et al., 2008; Rontani et al., 2009; Rontani et al., 2013; Segev
et al., 2016) compared to those particles produced during the productive
spring-summer period. However, if selective degradation is affecting
alkenones during winter, C37:4 concentrations should be at their annual
minima at the onset of the record at the three sediment trap depths,
which is not the case (see Supplementary Table 1). While C37:4 could be ex-
pected to be more abundant during the coldest months because of its asso-
ciation with colder temperatures (e.g. Brassell et al., 1986; Prahl and
Wakeham, 1987; Prahl et al., 1988; Müller et al., 1998; Conte et al.,
2006; Kitamura et al., 2018), the degradation hypothesis would imply a re-
duction of their concentrations through selective degradation compared to
the C37:2 and C37:3 alkenones. The assessment of this hypothesis would re-
quire knowledge of the initial proportions of the different C37 alkenones
in the surface layer during the winter months. Since this information is
not available, the possibility of enhanced selective degradation of the
more unsaturated alkenones during winter will remain hypothetical until
examined by further research.

Based on the above, we infer that either light limitation on alkenone
biosynthesis or selective degradation of the more unsaturated alkenones
due to long particle exposure to degradation processes in the water column
may have contributed to the largewarm temperature estimate anomalies at
the onset of the record. Regardless of the underlying cause, it is important
to note that their effect on the total signal preserved in the sedimentary re-
cord is tiny, since alkenone production during August and September ac-
counted for <5% of the annual alkenone flux to the seabed, as derived
from the 1000 m trap. Another important consideration is that even
under the hypothetical situation where both processes (i.e. light stress
and selective degradation of alkenones) would have affected the alkenone
unsaturation ratios simultaneously, they are unlikely to have been suffi-
cient to explain the observed variability during winter. Batch culture exper-
iments have shown that light stress can generate up to a 0.11 unit change in
the U37

K′ (Prahl et al., 2003), while field evidence indicates that U37
K′ changes

with increasing depth can contribute up to +0.12 units (Rontani et al.,
2009). These values translate into a predicted 2.7 and 2.9 °C increase, re-
spectively, in the inferred temperature when interpreted using the Sikes
and Volkman (1993) calibration. Thus, taken together, they would account
for only about half of the maximum deviation observed in the traps (i.e.
~10 °C). It follows that other factors aside from light stress and alkenone
degradation must influence the alkenone unsaturation signal preserved in
our sediment trap records.

3.3. Biological effects on the alkenone-based U37
K′ index

We assessed the algal source of the alkenones in the SOTS traps to deter-
mine whether the alkenone-synthesizing populations (Volkman et al.,
1995; Sawada et al., 1996; Conte et al., 1998; Versteegh et al., 2001)
could account for the discrepancies between in situ SSTs alkenone-
derived SSTs in our sediment trap records. Also, this analysis may help to
explain the geographical variations in the alkenone-temperature relation-
ship previously observed north and south of the Subtropical Front, in our
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study region (Sikes et al., 2009) and in the waters off New Zealand (Sikes
et al., 2002; Sikes et al., 2019).

Changing proportions of E. huxleyi and G. oceanica have been suggested
as a probable source of variability for the alkenone U37

K′ index both in labo-
ratory and field studies (Volkman et al., 1995; Sikes et al., 1997; Conte
et al., 1998). Taxonomic analysis of the coccolith sinking assemblages col-
lected by the traps at the SOTS observatory indicate that E. huxleyi largely
dominated the assemblages during the collection period while G. oceanica
displayed very low abundances (>80% and ≤1% of the annual flux-
weighted assemblage at the three traps, respectively; Rigual-Hernández
et al., 2020c). The negligible contribution of G. oceanica is supported by
the ratio of C37 methyl alkenones to the total C38 methyl and ethyl
alkenones, that averaged 1.24, 1.33 and 1.30 at the 1000, 2000 and
3800 m traps. This ratio has been reported to be decoupled with growth
temperature and is substantially different between E. huxleyi (1.18–1.71,
average 1.46) and G. oceanica (0.59–0.81, average 0.70) (Volkman et al.,
1995). Although G. oceanica has an environmental preference for warmer
waters, Findlay and Giraudeau (2000) did not report this species in the sub-
tropical waters south of Tasmania, while its abundance in the subtropical
sediments north of the Polar Front is very low (<5%; Findlay and
Giraudeau, 2002). Therefore, based on the low abundance of G. oceanica
in the STZ, it is unlikely that this species represents a driver of the differ-
ences between calibrations documented by Sikes et al. (2009) north and
south of the Subtropical Front.

Notably, our correlation analysis revealed a strong relationship between
the seasonal changes in the composition of the E. huxleyi populations and
the temperature deviations between the alkenone-derived temperatures
measured at the 1000 and 2000m traps and in situ SSTs. Therewas a strong
and positive correlation between changes in the relative abundance of
E. huxleyi var. huxleyi (i.e. morphotype A and A o/c) in the shallower
traps with the temperature deviation estimated with U37

K′ index (r = 0.59
and 0.66 at 1000 and 2000 m, respectively; p < 0.05; Fig. 4). This indicates
that high relative abundance of E. huxleyi var. huxleyi is associatedwith pos-
itive deviations from in situ SSTs, thereby implying an enhanced synthesis
of C37:2 alkenones relative to C37:3 alkenones for the same growth condi-
tions (Fig. 4). In turn, changes in the relative contribution of the
morphotypes associated with ecotype E. huxleyi var. aurorae (i.e. B/C, C
and B) are associated with reduced, and even slightly negative (down to
−0.4 °C), deviations from in situ SSTs (Fig. 4). This suggests that at times
of high relative abundance of E. huxleyi var. aurorae the proportion of
C37:3 relative to C37:2 increases thereby yielding lower U37

K′ index values,
as also illustrated by the correlations between variety aurorae and the U37

K′

index (r = −0.59 and −0.66 at 1000 and 2000 m, respectively;
p < 0.05; Fig. 5). Notably, these relationships hold true, although with
lower correlations, when the relative abundance of both E. huxleyi groups
is comparedwith theU37

K index (Fig. 5), suggesting that E. huxleyi var. auro-
rae may also produce higher proportions of C37:4 than var. huxleyi for the
same growth conditions. Since E. huxleyi var. huxleyi and E. huxleyi var. au-
rorae have been shown to be morphologically, physiologically, and geneti-
cally distinct (Cook et al., 2011; Cook et al., 2013), it is not unreasonable
that they should display differences in the synthesis of alkenones in relation
to temperature. Consequently, our data suggests that the endemic Southern
Ocean ecotype E. huxleyi var. auroraemight produce a higher proportion of
C37:3 and C37:4 relative to C37:2 than the E. huxleyi var. huxleyi, a likely adap-
tation to cold water masses. This hypothesis is supported by earlier labora-
tory experiments that document differences between alkenone
unsaturation indices and growth temperature across E. huxleyi strains
(Conte et al., 1998). This can also explain the difference in temperature re-
sponse found by Sikes and Volkman (1993) in the Southern Ocean calibra-
tion and the flattening of the response at cold temperatures. By this
reasoning, as the proportion of Southern Ocean ecotype E. huxleyi var. auro-
rae increases, the local response to SST in alkenone unsaturation will move
from the global to the regional calibration.

Changing proportions of the two E. huxleyi varieties were not signifi-
cantly correlated with temperature deviations nor with the alkenone
unsaturation indexes in the 3800 m sediment trap record (Figs. 4 and 5).



Fig. 4. Regression plots between the relative contribution (%) E. huxleyi var. huxleyi (type A and A o/c) and E. huxleyi var. aurorae (type B/C, C and B) with temperature
deviations of alkenone-derived SSTs applying U37

K′ index to Sikes and Volkman (1993) calibration and in situ SSTs at the three sediment trap depths. A delay of one week
was applied for the comparison of the 3800 m trap (see text). Correlations in bold are significant at p < 0.05.

Fig. 5. Pearson correlations between E. huxleyi varieties and temperature deviations
of alkenone-derived temperatures estimated with Sikes and Volkman (1993)
calibration using both U37

K′ and U37
K and alkenone unsaturation indexes. Non-

significant correlations (p values > 0.05) are crossed out. n = 21 samples for the
1000 and 2000 m traps and n = 13 for the 3800 m trap.
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Several factors may have caused the blurring of the correlation in the
deepest trap: (1) the lower sample size of the 3800 trap (13 samples versus
21 for the 1000 and 2000 m traps), (2) differing influence of particle scav-
enging and repackaging by zooplankton on the organic content and
coccoliths at bathypelagic depths and/or (3) the preferential decomposition
of tetra- and triunsaturated alkenones in the water column.

Lastly, it is worth noting that the correlation between temperature devi-
ations and E. huxleyi varieties become not significant if winter samples,
identified earlier as predicting anomalously high SST values, are excluded
from the correlation (e.g., r = −0.03 between E. huxleyi var. huxleyi and
temperature deviation at 1000 m, n=18). This suggests that morphotypes
are not a very strong control on theU37

K′ index in the productive season. The
Sikes and Volkman (1993) calibration was based on water samples re-
trieved on different cruises in October and November. Therefore, a null dis-
crepancy between alkenone-derived SSTs and in situ SSTs - and the lack of
correlation between temperature deviations and E. huxleyi assemblage
composition - would be expected when the proportion of E. huxleyi
morphotypes are similar to those present in the water samples used for
the calibration. Following this reasoning, it is logical that the largest dis-
crepancies between in situ and alkenone-predicted SSTs are observed dur-
ing winter 2011, the period characterized by the highest annual relative
contributions of E. huxleyi var. huxleyi (Supplementary Fig. 2) which is
themost different from those used in the Sikes and Volkman (1993) calibra-
tion. Another possible explanation is that the role of E. huxleyi var. huxleyi in
altering the alkenone-SST relationships may stem from multiple causes in-
cluding transport frommore northerly sources, differences in alkenone syn-
thesis, and propensity for alteration.

3.4. Changes of the alkenone-based U37
K′ index with depth in the water column

Annual flux-weighted alkenone reconstructions in the 1000 m trap sug-
gest a mean temperature record of 11.3 °C using the U37

K′ index (Table 3).

Image of Fig. 4
Image of Fig. 5


Table 3
a) Satellite SST climatology for the region 142–143°E; 47–48°S (2002−2020) and
in situ SST measurements at the SOTS site (45 m depth). b) Alkenone based-SST re-
constructions during the sediment trap collection intervals and annualized values
with the Sikes and Volkman (1993) calibration using U37

K′ and U37
K indexes.

c) Alkenone-based SST reconstructions for sediment core-top GC017 with the Sikes
and Volkman (1993) calibration using U37

K′ after Sikes et al. (2009).

(a)

Surface layer SSTs (°C) Satellite SST
climatology

In situ SSTs at
SOTS

Annual average 10.0 10.6
Summer months (Dec, Jan and Feb) 11.1 11.0
Alkenone production (Sep to Mar, 7 months) 10.3 10.9

(b)

Sediment trap annual SST estimates (°C) Sikes and Volkman (1993) calibration

Collection
interval

Annualized
estimate

U37
K′ U37

K U37
K′ U37

K

1000 m 11.3 11.0 11.2 10.9
2000 m 11.6 11.2 11.6 11.1
3800 m 12.7 12.1 12.6 12.0
(c)

U37
K′ Sikes and Volkman (1993)

SST estimates from coretop GC17 (°C) 13.0
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This is, within the average error of our measurements (1.7 °C, Table 2), the
same as the annual average temperature for the surface layer at SOTS (i.e.
10.6 °C). Annual alkenone reconstructions increased with increasing
depth, suggesting annual temperatures of 11.6 °C at 2000 m and 12.7 °C
at 3800 m (Table 3). Notably, the annual temperature estimated from the
deepest sediment trap is almost identical to that derived from the nearby
sea-bed sediments of core-top GC17 (13 °C; Sikes et al., 2009).

Two hypotheses can be considered to explain the enlarging discrep-
ancy with increasing depth in the water column: lateral advection and/
or selective degradation of alkenones; we discuss both possibilities
below. Tamsitt et al. (2019) recently documented that a branch of the
deep eastern Indian Ocean boundary flows poleward into the ACC
southwest of Tasmania (Fig. 1). This deep current (~1500 to 3000 m
depth) transports a substantial amount of water (0.8 Sverdrups) from
the Indian and Pacific basins, carrying carbon- and nutrient-rich deep
waters into the Subantarctic Zone. Thus, it could be argued that the ap-
parently warm signal recorded by alkenones in the 3800 m traps could
be due to a contribution of alkenones produced in the warmer subtrop-
ical waters and laterally advected into the SOTS region. However, the
similar composition of E. huxleyi morphotypes at the three trap depths
(Supplementary Fig. 2) and the overwhelming dominance of
morphotype B/C, strongly suggests that the bulk of the coccoliths flux
to the traps is of autochthonous origin. This statement is supported by
the diatom assemblage collected by the 3800 m trap that is characteris-
tic of the SAZ (Rigual-Hernández et al., 2016). These results are not
contradictory since fine-grained organic matter can be selectively
transported by currents for long distances (e.g. Mollenhauer et al.,
2003; Eglinton and Eglinton, 2008), while calcareous and siliceous mi-
croplankton settle faster due to their greater grain size and ballasting
effect on organic aggregates (Armstrong et al., 2002; Ziveri et al.,
2007; De La Rocha et al., 2008). In the SOTS region, the bulk of the par-
ticles sinking out of the mixed layer are in the form of fecal-aggregates
(Ebersbach et al., 2011) which are intrinsically characterized by high
sinking rates (Turner, 2002; Turner, 2015). Additionally, previous re-
search in the SOTS sediment traps indicates that lithogenic material
makes a negligible contribution (<1%) to the total mass flux at the
three depths (Trull et al., 2001a). Thus, while the advective inputs of
small particles from the subtropical region may occur (Wynn-Edwards
et al., 2020), evidence from this study indicates that the bulk of the
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alkenones exported to the deep ocean are of subantarctic origin (this
does not exclude the possibility that the very low winter fluxes samples
were derived from sources further north).

Preferential degradation of C37:3 versus C37:2 alkenones throughout the
water column could also account for the U37

K′ variations with increasing
depth particularly in periods of reduced production. Indeed, the magnitude
of the maximum POC and C37 alkenone fluxes decreased four and two-fold,
respectively, between 2000 and 3800 m, evidencing substantial remineral-
ization of organic matter in the lower half of the water column (Fig. 2 and
Supplementary Fig. 1). Conte et al. (2006) documented that differences be-
tween modern satellite estimates and alkenone-based SSTs increased to-
wards polar latitudes and proposed that this offset could be attributed to
differences in the degradation of C37:3 versus C37:2 alkenones in the water
column and/or in the surface sediments. Autooxidation of alkenones and
bacterial remineralization have been reported to selectively degrade the
more unsaturated alkenones, inducing a change in the unsaturation ratio
thereby producing a warm temperature bias (Rontani et al., 2005;
Rontani et al., 2008; Rontani et al., 2013). Given that degradation processes
are often retarded by colder temperatures, this enhanced degradation
would need to involve food web or residence time differences that are not
yet understood (and are beyond the scope of the present study). Based on
all the above, any/or a combination of the mentioned degradation pro-
cesses in the water column might be responsible for the changes in the
alkenone index U37

K′ with increasing depth.

3.5. Possible influence of Emiliania huxleyi ecotypes on the alkenone-based U37
K′

index

The strong correlations between the presence of different E. huxleyi va-
rieties and the U37

K′ suggest that the makeup of the alkenone-synthesizing
populations could help to explain the discrepancies between global and re-
gional calibrations north and south of the Subtropical Front previously
noted by Sikes et al. (2009). Indeed, we speculate that the influence of
the composition of E. huxleyi populations could be particularly significant
for alkenone-based reconstructions in the subtropical-subantarctic transi-
tion where the Antarctic Circumpolar Current acts as an important open-
ocean barrier for gene flow between plankton populations (Cook et al.,
2013). The biogeographical distribution of these E. huxleyi varieties is
clearly reflected in the water column of the Southern Ocean, where types
A and A o/c are abundant in the subtropical waters while B/C increases
its abundance south of the Subtropical Front, largely dominating
coccolithophore assemblages in the colder waters (Findlay and
Giraudeau, 2000; Cubillos et al., 2007; Mohan et al., 2008; Patil et al.,
2014; Saavedra-Pellitero and Baumann, 2015; Rigual-Hernández et al.,
2020a; Rigual-Hernández et al., 2020b). It follows that the pronounced dif-
ferences of E. huxleyi ecological varieties north versus south of the Subtrop-
ical Front could be partially, if not largely, responsible for the anomalies in
predictions of sea surface temperature (SST) in the subtropical and subant-
arctic sediments of the Southern Ocean. Importantly, the relationship be-
tween alkenone index U37

K′ and growth temperature has not yet been
tested – to the best of our knowledge – on any strain of the endemic South-
ern Ocean ecotype E. huxleyi var. aurorae (Cook et al., 2011). Therefore,
physiological response experiments under controlled temperature condi-
tions with E. huxleyi var. aurorae strains are crucially needed to assess the
influence of genetic variability in the alkenone vs. temperature relationship
and consequent effects on the calibration of alkenone-based temperature
estimates in the Southern Ocean.

4. Conclusions

Our data suggests that in the subantarctic Southern Ocean, the long ex-
posure to water column degradation processes, associated with transit to
the deepest levels of the water column, increases ca. 2 °C the discrepancy
between annual alkenone-based temperature reconstructions and annual
instrumentally measured SST. Evidence suggests that these temperature de-
viations are most likely due to selective degradation of the more
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unsaturated alkenones. Moreover, comparison of different calibrations
with SSTs measured in situ at SOTS indicates that the regional calibration
of Sikes and Volkman (1993) produces the most accurate temperature re-
constructions. Notably, seasonal changes in the E. huxleyi assemblage in
the 1000 and 2000m sediment trap records are strongly correlatedwith de-
viations of the alkenone paleothermometer from in situ SSTs. Notably, sea-
sonal changes in the E. huxleyi assemblage in the 1000 and 2000 m
sediment trap records are strongly correlated with deviations of the
alkenone paleothermometer from in situ SSTs. It follows that the substan-
tial variations in the relative abundance of E. huxleyi ecotypes north and
south of the Subtropical Front could represent the underlying reason for
the distortion in the alkenone-based SST reconstructions in the Southern
Ocean when using global calibrations. However, it is important to note
that the significance of the observed correlations is largely determined by
the samples collected during the non-productive period (i.e., winter). This
observation suggests that other factors such as long residence time in the
water column and enhanced selective degradation of the most unsaturated
alkenones could also account for the observed deviations of the alkenone
paleothermometer at the SOTS site. The assessment of the possible role of
the composition of E. huxleyi assemblages on the U37

K′ requires laboratory
culture of Southern Ocean strains of E. huxleyi var. aurorae under different
temperatures. If these analyses corroborate that the relationship between
the ratio of di- to triunsaturatedmethyl alkenones and growth temperatures
is different for E. huxleyi var. aurorae and E. huxleyi var. huxleyi, the identi-
fication of E. huxleyi morphotypes in the analysed material will be neces-
sary to improve the accuracy of the alkenone paleothermometer in
subpolar ecosystems.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.152474.
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