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ABSTRACT

Quaternary interglacial climates are often used as analogues for how the Antarctic Ice Sheet will respond
to future climate warming. Southern Ocean marine sediments provide an important paleoclimate archive
in this respect. Sea surface temperature (SST) reconstructions in the Southern Ocean depend exclusively
on the fossils or geochemical signatures of planktic organisms, but the strengths of these SST proxies
remain poorly quantified in this region. To improve confidence in paleoclimate reconstructions, Part 1 of
this two-part study evaluates the reliability of Southern Ocean SST proxies employed at Quaternary
glacial-interglacial time scales, focusing on three key potential problems: advection/dispersion, sea-
sonality, and non-thermal influences. We find that foraminifera assemblages and long-chain alkenones
likely provide the most reliable SST reconstructions in this region. Diatom assemblages and the Globi-
gerina bulloides Mg/Ca ratio are considered to be ‘moderately’ reliable. Both are subject to potentially
significant non-thermal influences, and diatom assemblages are likely modified by species-dependent
advection as they sink to the sea floor. Nevertheless, diatoms are valuable at higher latitudes, since
alkenones and foraminifera assemblages lose sensitivity below ~1 to 2 °C. Dinocyst assemblages, radi-
olarian assemblages, GDGTs and Neogloboquadrina pachyderma Mg/Ca are considered the least reliable in
the Southern Ocean, due to weak calibrations, poorly-constrained non-thermal influences, and/or strong
advection bias. We note that the seasonality of all proxies remains poorly constrained. Overall, Southern
Ocean SST reconstructions using the recommended proxies and calibrations should be robust when
averaging across multiple sites and proxy types, but should be treated with caution when analysing
spatial variability, a small number of sites, or a single proxy type. Quantifying the effect of advection
should be a priority for all planktic groups employed in Southern Ocean paleoclimate reconstructions.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

and Antarctic surface air temperatures were likely less than ~2 °C
and ~4 °C above present, respectively, while sea level likely reached

Past interglacial climates are receiving increasing interest as
analogues for near-future climate warming, and the resulting sea
level contributions of ice sheets (e.g., Dutton et al., 2015; Yin and
Berger, 2015; Sutter et al., 2016; Gilford et al., 2020; Turney et al.,
2020; DeConto et al., 2021). While ice core evidence suggests that
the East Antarctic Ice Sheet has persisted through several previous
interglacials (Petit et al., 1999; Watanabe et al., 2003; Jouzel et al.,
2007), the rate and extent of West Antarctic Ice Sheet retreat dur-
ing interglacials remains debated (Mercer, 1978; Scherer et al.,
1998; Vaughan, 2008; Turney et al., 2020). During the last inter-
glacial (LIG), Southern mid-latitude sea surface temperatures (SSTs)
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6—9 m above present (Kopp et al., 2009; Masson-Delmotte et al.,
2011; Capron et al.,, 2014; Dutton et al., 2015; Hoffman et al,,
2017). Individual contributions to this sea level high stand remain
uncertain, but the potential for extensive West Antarctic Ice Sheet
ice loss even under moderate future warming is of concern. Besides
sea level rise, the regional and global climatic consequences of
increasing fresh water fluxes from Antarctica into the Southern
Ocean provide additional motivation for considering future ice loss
(Bintanja et al., 2015; Fogwill et al., 2015; Mackie et al., 2020).
Interglacial paleoclimate reconstructions in the Southern
Hemisphere mid to high latitudes are essential for understanding
past ocean and ice sheet responses to warming, but are limited by
the logistical challenges of retrieving marine sediment cores or ice
cores from this remote region. Reconstructions are further hin-
dered by a lack of ice-free land surfaces, resulting in a low diversity
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of quantitative climatic information that can be reliably recon-
structed on a large scale at glacial-interglacial time scales: princi-
pally SST north of ~60°S (Capron et al., 2014; Hoffman et al., 2017;
Turney et al., 2020), sea-ice cover/duration (Crosta et al., 2005), and
Antarctic surface air temperature at high elevations near ice divides
(e.g., Petit et al., 1999; Jouzel et al., 2007; Masson-Delmotte et al.,
2011). Existing SST syntheses for the LIG provide good bench-
marks for evaluating climate simulations, and it is encouraging that
their somewhat different approaches yield similar regional SST
anomalies (Capron et al., 2014; Hoffman et al., 2017; Turney et al.,
2020). However, given the strong dependence on SST re-
constructions for understanding past climates in the Southern
Ocean and Antarctica, confidence in these reconstructions is
essential. Although Capron et al. (2014) and Hoffman et al. (2017)
adopted rigorous approaches in their data selection and dating,
they mostly used temperature reconstructions as originally pub-
lished: these have employed many different calibrations and
training datasets that are not necessarily optimal for the Southern
Ocean.

The need for calibrations optimised for the Southern Ocean is
motivated by the region's very different ocean dynamics when
compared to those in the relatively discrete ocean basins of the
northern high latitudes, which likely lead to different associations
between SST and sub-polar ecosystems (e.g., Hunt et al., 2016).
Clearly this is of importance since SST proxies rely solely on planktic
organisms. Two key characteristics of the Southern Ocean are its
rapid lateral advection and strong seasonality. The potential im-
pacts of these on our SST reconstructions are considered in Sections
3 and 4. In Section 5 we briefly review the key characteristics of
each proxy, and evaluate existing calibrations that are relevant to
this region. This evaluation is helped by several recent global or
regional core-top sediment databases (Tierney and Tingley, 2014,
2015, 2018, 2015; Haddam et al., 2016; Saenger and Evans, 2019;
Tierney et al., 2019). On this basis we make some recommendations
for which proxies and calibrations are considered most reliable for
Southern Ocean SST reconstructions (Section 6). In the companion
paper (Part 2: Chandler and Langebroek, 2021) we use these to
reconstruct a Southern Ocean regional average SST anomaly
focusing on the penultimate glacial cycle (marine isotope stages 6
and 5, ~190 to 80 ka before present).

2. Study region and methods

The study region, informally referred to here as the Southern
Ocean, is the ocean south of 40°S. This northern limit minimises
inter-basin variability by restricting our study area predominantly
to a region that is rapidly mixed by the Antarctic Circumpolar
Current (ACC). The chosen region also contains few continental
margins, where transport in boundary currents can cause problems
for proxy reconstructions (see Section 3). Southern Ocean dynamics
and their links to global climate are described elsewhere (e.g.,
Rintoul, 2018), and the modern SST (Fig. S1.1) is taken from the 2018
World Ocean Atlas for the period 2005 to 2017 (WOA2018:
Locarnini et al., 2018).

The seven SST proxies considered here are all retrieved from
marine sediment cores. These comprise three geochemical proxies
employing substances synthesized by planktic organisms (long-
chain alkenones, glycerol dialkyl glycerol tetraethers, foraminiferal
calcite Mg/Ca), and four proxies based on assemblages of the fossil
planktic organisms themselves (diatoms, dinoflagellate cysts,
foraminifera, radiolarians). The geochemical proxies require
empirical calibrations to reconstruct SST, and the assemblages
require a statistical approach using transfer functions, the modern
analogue technique (MAT) or neural networks (e.g., Imbrie and
Kipp, 1971; Hutson, 1980; Overpeck et al., 1985; Barrows and
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Juggins, 2005). We do not use planktic calcite 6'®0 as an SST
proxy because it is also dependent on local seawater 6'%0, which
changes over glacial-interglacial cycles (e.g., Urey et al., 1951;
Shackleton, 1974).

Knowledge of how planktic organisms respond to temperature
requires samples collected in-situ (plankton tows or sediment
traps), experiments with live cultures in a laboratory, or samples of
recent ocean sediments. Each of these has its own strengths and
weaknesses, summarised in Table 1. Where possible, our approach
here is to use core-top data to evaluate calibrations, since these best
represent the samples in marine sediment cores. Data from labo-
ratory experiments or in-situ sampling are also used to help assess
the representative depth and seasonality, as well as non-thermal
influences, that cannot be determined from core-top sediments.

3. Lateral advection by ocean currents and sediment drift

Planktic organisms are advected laterally in the ocean, during
their lifetime near the surface and then as they sink through the
water column. Post-depostional reworking by bottom currents and
bioturbation can also transport fossils or biomarkers laterally away
from their source region or vertically within the sediment. These
potentially important sources of error are discussed below.

3.1. Lateral advection prior to deposition

Planktic organisms can travel a long distance — perhaps several
hundred to >1000 km — prior to deposition, potentially introducing
a considerable temperature error (Popova, 1986; Benthien and
Miiller, 2000; Rithlemann and Butzin, 2006; van Sebille et al.,
2015; Nooteboom et al., 2019). The magnitude of the error de-
pends on ocean circulation patterns and the sinking rate of planktic
particles, and is not surprisingly higher for slower sinking particles
or regions with strong temperature gradients (Nooteboom et al.,
2019). Lateral advection has been used to explain some regional
clusters of warm or cold residuals from global calibrations, partic-
ularly those associated with boundary currents (e.g., for alkenones:
Rithlemann and Butzin, 2006; Tierney and Tingley, 2018).

The strongly zonal character of the ACC — on average — may
suggest limited advection bias in the Southern Ocean, if particles
are simply advected eastwards to regions of a similar latitude and
SST. However, instantaneous velocity patterns show a complex
pattern of eddies, even in parts of the Southern Ocean far from any
boundary currents (Park et al., 2019, their Fig. 11). These eddies are
an important component of the heat transport across the ACC
(Volkov et al., 2010; Sun et al., 2019) and could be similarly effective
at dispersing planktic organisms meridionally. In the Southern
Ocean, eddy-resolving mesoscale ocean modelling suggests fast-
sinking organisms such as foraminifera are most likely deposited
in sediments where local SST is similar (within ~1 °C) to that where
the organism started sinking (van Sebille et al., 2015; Nooteboom
et al, 2019). However, slowly sinking particles travelling
>1000 km are associated with SST offsets exceeding 10 °C between
source and sedimentation site (Scenario 2: Nooteboom et al., 2019).
This could introduce a considerable error in our reconstructed
temperatures.

Turney et al. (2020) used back-trajectory calculations in an
eddy-resolving ocean model to correct their LIG temperature re-
constructions for ‘footprint bias’ caused by ocean drift, assuming a
sinking rate of 200 m/day. Applying this correction to LIG marine
sediment core sites revealed a globally variable footprint bias,
including a consistently cold bias of up to 2 °C in the southern mid-
to high-latitudes and a warm bias in the North Atlantic (see their
Fig. 1). Despite its clear importance, this drift correction may not be
appropriate in Southern Ocean SST reconstructions for four



D. Chandler and P. Langebroek

Table 1
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Some advantages and disadvantages of the main strategies for establishing calibrations or training data sets.

Calibration strategy Advantages

Disadvantages

Laboratory cultures
evaluation of thermal and non-thermal influences.

Experiments under controlled conditions allows systematic

Requires knowledge of organism's depth and seasonality to interpret
temperature signal.

Can reveal functional form of calibration for geochemical proxies (e.g. Behaviour in culture may differ from in-situ, possibly missing

linear/exponential).

Can extend range of conditions beyond that of present climate.
The only practical way to evaluate representative seasonality and

In-situ sampling: plankton
tows, sediment traps,
video plankton recorder

depth of each organism.

Core-top samples

Different assemblages in sediment trap and underlying core-top
samples highlight important problems with advection (e.g., for
radiolarians: see Fig. 4 in Rigual-Hernandez et al., 2016).

Samples most closely matching those in marine sediment cores.

important life-cycle stages (Barker et al., 2005; Rahul et al., 2015).
Very different time scales to samples from marine sediments.
Logistics limit spatial and/or temporal resolution, and spatial and/or
temporal coverage: observations over many years may be required to
overcome high spatial or inter-annual variance (e.g., Ortiz and Mix,
1997; Kim and Orsi, 2014).

Restricted range of conditions: may require extrapolation to past
climates.

Logistics limit spatial resolution.

Samples integrate conditions over many years of sedimentation, and Restricted range of conditions: may require extrapolation to past
thus include inter-annual variability (e.g., Ortiz and Mix, 1997; Kim climates.

and Orsi, 2014) and seasonal weighting.

Poor age control: sample age could span hundreds or thousands of
years.

Non-thermal influences not easily evaluated.

Seasonality and depth cannot be evaluated.

Sediment provenance uncertain, due to horizontal advection or re-
working (see Section 3).

Spatially clustered sampling can lead to spatial autocorrelation and
overestimate of calibration strength (see debate by Guiot and de
Vernal, 2011a,b; Telford and Birks, 2011).

reasons.

1. It is not appropriate to apply the same drift correction to all
proxies. Sinking rates vary by a factor of >100 (Fig. 1), and are
poorly constrained for most planktic groups. Estimated sinking
rates of 200 m/day are also too fast for some important groups.

2. Many SST calibrations, and all statistical reconstructions (MAT/
ANN/transfer functions) are established empirically from mod-
ern ocean sediments, but without a drift correction, so the mean
regional bias due to drift under modern conditions is already
implicitly included in the calibration. Drift-correcting the
reconstructed SSTs but not the calibration reference SSTs
(especially if using an inappropriate sinking rate) risks adding
bias, rather than reducing it.

3. The drift correction is most important where there are strong
temperature gradients, for example close to ocean fronts and
boundary currents (van Sebille et al., 2015; Nooteboom et al.,
2019; Turney et al, 2020). Therefore, the modelled drift
correction suffers from high sensitivity to the particular position
of fronts in the ocean model, likely resulting in the greatest
uncertainty in the correction coinciding with those regions
where the correction is most needed. During past climates, the
locations of fronts may have been very different to their modern
locations. Consequently, temperature reconstructions will be
influenced by subjective or uncertain ocean model configura-
tions which add an unknown error that cannot be included in
the reported temperature uncertainty.

4, Particle ‘advection’ also includes a diffusion component related
to the eddy diffusivity of the ocean, which is a random process
that cannot necessarily be reversed in back-trajectory modelling
(e.g., Batchelder, 2006).

Here, we have summarised measurements of sinking rates
(Fig. 1; Table S2.1), and evaluate which proxies may be most sus-
ceptible to advection bias in the Southern Ocean. Sinking rates can
also be calculated from particle and water properties using simple
formulae from fluid dynamics, but we only consider observations
here because calculated sinking velocities often provide poor esti-
mates when compared to observations (e.g., Laurenceau-Cornec
et al.,, 2015).

Foraminifera are relatively fast sinkers (mostly >200 m/day:

Fig. 1), and are the least likely to be affected by advection bias as
they will likely be deposited within 1—3 weeks.

Sinking rates of radiolarians vary widely between species (13
to > 400 m/day: Fig. 1), but several important Southern Ocean taxa
are mostly slow to moderate sinkers, at typically <100 m/day
(Takahashi and Honjo, 1983). The combination of slow and variable
sinking rates across this group means sedimentary radiolarian as-
semblages can be substantially altered relative to their ocean sur-
face assemblage, since slow sinkers will travel much further than
the moderate sinkers before deposition.

Individual diatoms sink very slowly (Fig. 1) but become aggre-
gated into faster-sinking clumps (‘marine snow’) or into
zooplankton faecal pellets (50—300 m/day); therefore, the effective
diatom sinking rates are likely to be very process-dependent
(Eppley et al., 1967; Shanks and Trent, 1980; Smetacek, 1985;
Passow, 1991; Miklasz and Denny, 2010; Schmidt et al., 2014;
Gemmell et al., 2016). Diatom-rich ‘marine snow’ sinking rates may
also depend on species composition (Laurenceau-Cornec et al.,
2015); this could significantly skew sedimentary assemblages.
Given the slow sinking rate of individual diatoms, yet the relatively
low RMSEP for this proxy (e.g., Esper and Gersonde, 2014), we
suggest that sedimentary diatoms mostly reach the ocean floor in
aggregates or faecal pellets. However, we are not confident in the
validity of this assumption, and even these aggregates could still
undergo significant advection in some regions.

Similarly to diatoms, dinocysts are slow sinkers as individuals
(Anderson et al., 1985), but may be incorporated into faster sinking
aggregates or in zooplankton fecal pellets. However, Nooteboom
et al. (2019) have argued that most dinocysts reach sediments
following the slow route.

Coccolithophores, which synthesise alkenones, are the slowest
sinkers at < 0.6 m/day (Lecourt et al., 1996; Rosas-Navarro et al.,
2018). Their success as a SST proxy is likely mediated by their
incorporation into aggregates or zooplankton faecal pellets (Fig. 1).
The extra mass provided by coccolith calcite can increase the
sinking rate of organic aggregates (Schmidt et al., 2014), but again
the aggregates could still undergo significant advection.

No direct sinking rate observations are available (to our
knowledge) for Thaumarchaeota, the microbial organisms which
synthesise GDGTs. However, analysis of sinking particles suggests
GDGTs are exported in faecal pellets and marine snow (Yamamoto
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1 day

Emiliania huxleyi

E. huxleyi, Aggs (1 to 5 mm)
Minidiscus variabilis (30 um) -
Coscinodiscus wallesii (220 um)
Mixed spp Aggs and FP
Gyrodinium uncatenum
Scrippsiella trochoidea
Gonyaulax tamarensis

Range, 55 radiolarian taxa
Pterocorys zancleus
Anthocyrtidium ophirense
Eucyrtidium acuminatum
Actinomma arcadophorum
Spongotrocus glacialis
Lamprocyclas maritalis m.
Turborotalita quinqueloba
Neogloboquadrina pachyderma
Globigerina bulloides
Globigerinita glutinata
Globorotalia inflata
Neogloboquadrina dutertrei
Globigerinoides spp.

Orbulina universa

Pulleniatina obliquiloculata
Marine snow mixed spp.

Aggs cocc. + diatom (1 to 4 mm)

Copepod FP (cocc., diatom, dino.)

- G0o

—
—

—_—
—— P10
B ————

L96; R18
Coccolithophores

(alkenone synthesisers)
P08; IP10

MD10
MD10; G16 Diatoms
S85; AG89

ABS

ABS Dinocysts
AB5
TH83
TH83
TH83
TH83 Radiolarians
TH83

TH83

TH83

Goo
TB84; W21
- TB84
- TB84; W21 Foraminifera
- TB84; W21
N FK83; TB84; C17
—f - FK83; TB84; C17; W21

- W21

S80, A0S, MB10, L15

Mixed
aggregates

S$79; H94; PO8; B17

0.1 1 10 100

sinking rate [m/day]

1000

Fig. 1. Observed sinking rates of planktic organisms, as individuals or as aggregates (Aggs) and faecal pellets (FP). Thick lines show the ‘likely’ range and thin lines the upper and
lower limits based on qualitative assessments of the cited observations. Sinking times (top axis) are estimated assuming a steady sinking rate in water 3000 m deep. References: S79
Small et al. (1979), S80 Shanks and Trent (1980), FK83 Fok-Pun and Komar (1983), TH83 Takahashi and Honjo (1983), TB84 Takahashi and Be (1984), A85 Anderson et al. (1985), S85
Smetacek (1985), AG89 Alldredge and Gotschalk (1989), H94 Harris (1994), L96 Lecourt et al. (1996), GOO von Gyldenfeldt et al. (2000), AO5 Ashjian et al. (2005), P08 Ploug et al.
(2008), IP10 Iversen and Ploug (2010), MB10 McDonnell and Buesseler (2010), MD10 Miklasz and Denny (2010), L15 Laurenceau-Cornec et al. (2015), G16 Gemmell et al. (2016), R18
Rosas-Navarro et al. (2018), B17 Belcher et al. (2017), C17 Caromel et al. (2014), W21 Walker et al. (2021).

et al.,, 2012). Thus, there could be some delay between GDGT syn-
thesis and export if peak GDGT production is not synchronous with
peak export, introducing potential for additional advection bias.

The apparent success of core-top SST calibrations for most of
these proxy groups (see Section 5) does not mean that advection is
not important. For example, advection could strongly modify the
local radiolarian core-top assemblages in some regions under
modern conditions, and this modification would then be empiri-
cally accounted for in MAT reconstructions, albeit contributing
some increased variance. The real problem is then whether down-
core changes in the assemblage reflect changes in advection (and
provenance), rather than changes in local SST. The two groups with
the highest confidence in this respect are foraminifera and cocco-
lithophores. The former are fast sinkers and unlikely to be trans-
ported far from their origin, leading to a temperature offset
typically <1 °C in the Southern Ocean (van Sebille et al., 2015). The
latter are very slow sinkers as individuals and must reach sedi-
ments in faecal pellets; in addition, the excellent agreement be-
tween alkenone calibrations based on cultures, in-situ sampling
and core-top sediments suggests advection is unlikely be a strong
influence in general. However, even for this proxy, particular re-
gions with strong meridional surface currents show high residuals
from the global calibration (see Benthien and Miiller, 2000; Tierney
and Tingley, 2018, and Section 5.1 below).

3.2. Post-depositional drift

Post-depositional drift poses two additional problems for
proxy-based reconstructions in marine sediments (e.g., Dezileau
et al.,, 2000; Ohkouchi et al., 2002; Liier et al., 2009). First, older
or non-local sediments can become mixed with recent local sedi-
ments, for example following re-suspension and transport of older
sediments by ocean bottom currents. This could affect age models
as well as SST reconstructions, particularly when local sedimenta-
tion rates are low. Secondly, suspension and deposition of bottom
sediments is grain size dependent, potentially skewing faunal as-
semblages, or resulting in different provenances of different proxies
in the same core.

Due to the very site-specific conditions influencing sediment
transport, the ocean modelling employed to quantify ocean
advection bias cannot be used here. Instead, radiocarbon dating of
different sediment components (e.g., different fossils or bio-
markers) within the same sediment horizon helps evaluate which
proxies might be most susceptible to drift. Some examples are as
follows.

e Ohkouchi et al. (2002) found alkenone '“C ages up to 7 kyr older
than associated foraminifera in a drift deposit on the Bermuda
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Rise. In continental shelf settings, alkenones were —1 to +2.5
kyr older than associated foraminifera (Mollenhauer et al.,
2005).

Evidence from coarse- and fine-fraction 6'30, and 23°Th, of drift

and non-drift deposits in the Cape Basin suggested sedimentary

alkenones had been transported southwards by bottom cur-
rents, to a region where the overlying SST is several degrees
cooler than that of the source region (Sachs and Anderson,

2003).

e Across a range of global continental shelf/slope settings,
Mollenhauer et al. (2008) found that Crenarchaeotal GDGTs
have a higher radiocarbon content than that of C37 alkenones in
the same sediment samples. The younger age of GDGTs sug-
gested more rapid degradation in surface sediments, making
them less susceptible to reworking.

e Shah et al. (2008) found GDGT '“C ages were similar to those of

foraminifera on the Bermuda Rise, while GDGT '“C ages were
older than foraminifera and alkenones in the Santa Monica
Basin.

e In a down-core setting in the Panama Basin, paired alkenone
and foraminifera #C ages showed no significant differences
(Kusch et al., 2010).

The above studies thus suggest - perhaps with low confidence -
that alkenones are more prone to cycles of deposition/resuspension
than GDGTs. The contrasting results highlight how redistribution is
very site specific.

Unfortunately, similar studies are not available for diatoms (to
our knowledge), and although their frustules are siliceous rather
than carbon based, #C dating is possible using carbon in trapped
proteins (Hatté et al., 2008).

In the core-top calibrations we rely on reports by the original
authors and assume core-tops considered to be affected by
reworking have been flagged or excluded from the databases.
Similarly, we would exclude SST records at these sites from the
synthesis in Part 2. However, we recognise that reworking is not
necessarily evident, or may have been stronger in the past, as noted
below (Section 3.4).

3.3. Bioturbation

Vertical mixing of near-surface sediments by benthic organisms
(bioturbation) potentially affects all marine sediment SST proxies,
and results in the smoothing of temperature records at sites with
low sedimentation rates (Berger and Heath, 1968; Anderson, 2001;
Dolman et al., 2021). The rate (diffusivity) of bioturbation is likely to
be greater for small particle sizes (e.g., Wheatcroft, 1992); this could
introduce variance between SST records based on different proxies,
including those extracted from the same core. Bioturbation can
even redistribute foraminifera shells, which are otherwise consid-
ered relatively resistant to advection and drift, as demonstrated by
age differences of often 1 kyr (exceptionally 3 kyr) between
different foraminifera species within the same horizon (Broecker
et al., 2006; Mekik, 2014; Ausin et al., 2019). These differences
could be significant when using foraminifera as a basis for age
models (Part 2) or as benchmarks for evaluating drift susceptibility
of other proxies (Section 3.2).

3.4. Past changes in advection and reworking: a motivation for
multi-proxy averages

The studies described above help constrain the influences of
advection and reworking under modern conditions. What about
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past climates? Comparison of multiple proxies in down-core paleo
reconstructions yields varying levels of consistency in the Southern
Ocean (Sicre et al., 2005; Pahnke and Sachs, 2006; Kim et al., 2009;
Sikes et al., 2009; dos Santos et al., 2013; De Deckker et al., 2019).
Differences in SST reconstructions have sometimes been attributed
to stronger lateral advection of alkenones compared to foraminifera
or diatoms, during past climates (e.g., Sicre et al., 2005; Kim et al,,
2009), but other factors have also been invoked to explain such
differences elsewhere, for example different representative depths
and/or seasonalities of individual proxies (Pahnke and Sachs, 2006;
Sikes et al., 2009; De Deckker et al., 2019). When differences are
found, it is often difficult to asses which proxy provides the ‘best’
estimate. This problem highlights the advantage of averaging
across selected proxies in a synthesis of records, to reduce the
impact of biases in particular proxies at particular times. The issue
provides further motivation for focusing on a Southern Ocean
regional mean SST anomaly in Part 2 of this study, rather than
carrying out detailed analysis of spatial variability over the South-
ern Ocean at glacial-interglacial time scales.

4. Seasonality, depth, and habitat tracking

Characteristics of the annual SST cycle under modern conditions
are summarised in Fig. S1.1 for reference. The coldest and warmest
months are August—September and February—March almost
everywhere outside of the Antarctic coastal waters. This homoge-
neity is an important advantage for our regional calibrations, which
should not be degraded by localised seasonal patterns under mod-
ern conditions. Nevertheless, the representative seasonality (typi-
cally “summer” or “annual”) of SST proxies is often uncertain in the
Southern Ocean because of limited observations (see discussion of
each proxy in Section 5) and strong correlation between temper-
atures in different seasons. For example, if the geochemical index of
a particular planktic species is controlled most strongly by spring
SST, then a calibration traditionally considered to represent
“annual” SST will appear strong only because there is strong cor-
relation between spring SST and annual mean SST in the Southern
Ocean (Fig. S1.1). Under past climates, the “annual” SST calibration
will only remain valid if the relationship between spring SST and
annual mean SST has not changed.

Planktic organisms inhabit a range of depths, depending on
species, season and location (Section 5). To reliably reconstruct SST,
the recorded temperature signal should be that of the mixed layer,
which is very variable across the Southern Ocean. For example, at
40 to 60°S, mixed layer depth tends to increase southwards from 20
to 80 m in summer and from 100 to >300 m in winter (typical
values; see Nardelli et al., 2017; Panassa et al., 2018). Given the
relatively shallow mixed layer depth in summer, there is a greater
likelihood that temperatures recorded by organisms representing
summer SST could reflect water temperature in the upper ther-
mocline, as well as in the mixed layer. This adds another source of
uncertainty in the reconstructions, since past changes in mixed
layer depth (e.g. due to changing stratification or wind stress) could
influence the recorded temperature signal.

The prevalence of different species at different water tempera-
tures and depths arises as organisms evolve to thrive under an
optimal range of environmental conditions. As climate changes, the
season of peak growth could change, or their optimal habitat may
shift vertically towards warmer or cooler water: this is known as
habitat tracking (e.g., Renaud and Schmidt, 2003; Jonkers and
Kucera, 2017). Assuming that a calibration reflects the modern
habitat of that species, then habitat tracking can lead to an un-
derestimate of past SST anomalies. For example, if a spring growth
peak during interglacials shifts to a summer peak during glacials,
then the temperature signal recorded by a geochemical proxy will



D. Chandler and P. Langebroek

change less than that of the climate, simply because the host or-
ganism has changed its seasonality (Fig. 2). Habitat tracking is a
problem for geochemical proxies but can benefit assemblage based
proxies.

In summary, modern calibrations may degrade under past cli-
mates because of changes in seasonality, changes in water column
structure, and habitat tracking by planktic organisms. We cannot
practically correct for these factors, and instead our approach is to
assume that each group of organisms shows different responses,
such that the errors associated with each group are averaged, to
some extent, in a multi-proxy temperature record. While not a
perfect solution, it highlights an important benefit of using multiple
proxies in SST reconstructions.

5. Calibrations for individual proxies

Here we consider each proxy in turn, with reference to the is-
sues discussed above and to any other specific advantages or dis-
advantages relevant to the application of each proxy in the
Southern Ocean. Further details of the existing calibrations or
training datasets are provided in Section S3.

5.1. Alkenones

Long-chain (Cs7) alkenones are produced by haptophyte algae,
mainly Emiliana huxleyi and Gephyrocapsa oceanica. The relative
proportions of the di- and tri-unsaturated alkenones Cs7., and Cs7:3
synthesized by these algae vary with water temperature, leading to
the widely-used index:

U, = [C37;2]/[C37:2 +C373). (1)

The original index,
US; = [C372— C37:4]/[C37;2 + C37.3 + C37.4] (2)

includes the tetra-unsaturated C37.4 alkenone, generally present at
lower concentrations than Cs7.; and C37.3 (Brassell et al., 1986; Prahl
and Wakeham, 1987; Herbert, 2003; Rama-Corredor et al., 2018).

U§7 may be relevant in some colder water masses where Csz7.4 is

SST: blue Warm climate

Summer SST = 8.6°C

ol Mean annual SST = 6.0° C
»»-------»-------»--m/n-- ------------------------------------- Geochem SST = 5.5°C

Cold climate

Summer SST = 4.7°C
Geochem SST=45°C

Mean annual SST = 3.0°C

Fig. 2. Simple example of how seasonality could influence SST recorded by
geochemical proxies. Abundance of a fictional planktic organism (green shading) peaks
1 month after the SST (blue line) reaches 4 °C. The ‘geochemical’ SST signal (dashed
line) recorded by the organism is the abundance-weighted average SST over 1 year. In
the warm climate, the ‘geochemical’ SST is closer to the mean annual SST, whereas
under the cold climate the ‘geochemical’ SST is closer to the summer (JFM) SST. The
difference in SST recorded by the organism (1.0 °C) under these two climates is smaller
than the true differences in either annual temperature (3.0 °C) or summer temperature
(3.9 °C). This illustrates why geochemical calibrations established for modern condi-
tions are not necessarily reliable under past climates. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)
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present at higher concentrations (e.g., Bendle and Rosell-Melé,
2004; Martinez-Garcia et al., 2009; Ho et al., 2012; Roberts et al.,
2017).

Emiliana huxleyi and Gephyrocapsa oceanica are present in the
fossil record since c. 290 ka and 1.7 Ma, respectively (Thierstein
et al., 1977; Samtleben, 1980; Raffi et al., 2006), indicating that
the primary species composition of alkenone synthesisers has
likely remained consistent as far back as at least the last two in-
terglacials. In Antarctic coastal waters, iron fertilisation stimulates
phytoplankton blooms which include another haptophyte (Phaeo-
cystis antarctica) (Alderkamp et al., 2012). These blooms occur in a
region well to the south of the currently available SST re-
constructions and core-top sediment data, and the contributions of
alkenones from P. antarctica (which do not necessarily fit the
common calibrations) should not be of concern.

5.1.1. Seasonality and depth

Haptophytes are phototrophs and require light. The photic zone
can extend below the surface mixed layer and into the thermocline,
but alkenone synthesis is considered most productive close to the
surface (Miiller et al., 1998; Herbert, 2003). This is an important
advantage as it limits the potential for vertical habitat tracking (see
Section 4). The seasonal pattern of alkenone synthesis remains
uncertain in the Southern Ocean (Herbert, 2003; Rosell-Melé and
Prahl, 2013; Jaeschke et al., 2017; Nissen et al., 2018), and alke-
nones are mostly used to reconstruct mean annual SST. At high
latitudes where productivity is probably much lower in winter,
alkenone synthesis may be more strongly weighted towards sum-
mer (Miiller et al., 1998; Sikes et al., 1997, 2005, 2005; Jaeschke
et al., 2017; Tierney and Tingley, 2018). However, the relationship

between U§,7 and SST is harder to quantify in these colder waters
because the C37., alkenone concentration is low and the U’3<7 index

approaches zero: here, the original U¥; index may be preferable
(Martinez-Garcia et al., 2009; Ho et al., 2012; Rosell-Melé and Prahl,
2013).

5.1.2. Non-thermal influences

While temperature is consistently found as the first-order in-
fluence on the UX; index (Prahl et al., 1988, 2010; Miiller et al., 1998;
Tierney and Tingley, 2018), scatter from the linear calibration arises
due to secondary, non-thermal factors. These could include
seasonally-variable alkenone export by zooplankton grazing (Conte
etal., 2006; Prahl et al., 2006), which modifies the effect of seasonal
production noted above; environmental stresses (e.g., light, nutri-
ents: Epstein et al., 1998; Prahl et al., 2006, 2010; Pan and Sun,
2011); and limited but perhaps selective degradation in sedi-
ments, which modifies UX, (Prahl et al., 2010; Pan and Sun, 2011;
Rontani et al., 2013). Since we cannot provide a detailed review of
these influences here, please see the respective citations for further
details. These secondary influences are not (and perhaps cannot be)
explicitly corrected for in paleotemperature reconstructions, and
their contributions to the scatter in the empirical calibrations
introduce associated uncertainties in reconstructed SST. Due to this
scatter, typical RMSEPs for UI3<7 calibrations (Table S3.1) are rela-
tively important in comparison to the magnitude of typical glacial-
interglacial SST changes (Part 2). Further, the strengths of these
influences (and the degree to which one compensates for another)
could have changed under past climates (e.g., Kim et al., 2009; Prahl
et al., 2010).

5.1.3. Calibrations relevant to the Southern Ocean
SST is normally considered to vary linearly with Ul3<’7, ie, T =
aUl3<’7 + b, where a and b are determined empirically (Prahl and
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Wakeham, 1987; Prahl et al., 1988; Sikes and Volkman, 1993; Miiller
et al, 1998; Conte et al., 2006; Tierney and Tingley, 2018). See

Table S3.1 for further details. Since by definition 0 < Ul3<7 < 1, the
temperature range of the index is limited to the range b < T<a + b.
Sikes and Volkman (1993) suggested an alternative non-linear
calibration U'3<7 =1/[1 +exp(—0.22T +68.6)] to capture nonline-
arity at low temperatures. The high scatter at low temperatures in
their calibration dataset may reflect non-thermal influences or
analytical errors as the Cs7., concentration becomes very low
(Herbert, 2003), and limits the advantage of a nonlinear calibration.

U'3<7 (which excludes Cs7.4) has generally been preferred over

UX, even in the cold Southern Ocean (Sikes et al., 1997; Pahnke and
Sachs, 2006; Pelejero et al., 2006). This choice is not universal
(Martinez-Garcia et al., 2009; Roberts et al., 2017) and has been
questioned: Ho et al. (2012) established strong core-top calibra-
tions for both indices, yet found quite different glacial-interglacial
temperature amplitudes in the respective SST reconstructions at

site PS75/034—2 in the southeast Pacific. Comparison of Ul3<7 versus
UI3<7 merits further attention, but for practical reasons in our syn-
thesis (Part 2) we are restricted to U§7 because there are insufficient

available C37.4 data to consistently use U§7 at all sites.

A global calibration recently established by Tierney and Tingley
(2018) using 1344 core-top sediment provided further strong evi-
dence for the general applicability of the linear Prahl et al. (1988)
calibration. Regional clusters of positive or negative bias in the SE
Pacific and Argentine Basin, reaching +2 °C, were attributed to
lateral advection (Fig. 3 in Tierney and Tingley, 2018), consistent
with the discussion in Section 3.1 above. However, other factors -
particularly seasonality or reworking - could also contribute (see
Sections 3.2 and 5.1.2).

5.1.4. Recommended calibration for the Southern Ocean

As noted above, there is uncertainty regarding what season the
alkenone proxy represents at high latitudes (Sikes and Volkman,
1993; Sikes et al., 1997; Rosell-Melé and Prahl, 2013; Nissen et al.,
2018). The sediment cores in our study region (see Part 2) have

UI3<7 <0.78, so we use this limit and a northern geographic limit of
23.5°S to assess the relevant calibrations (Fig. 3). Note that we
include samples from warmer waters north of 40°S, to ensure
warmer interglacial conditions are also represented.

For annual SST reconstructions, the widely-applied Prahl et al.
(1988) and almost identical Miiller et al. (1998) calibrations pro-
vide an excellent fit to the core-top data whether using the selected
subset (RMSEP = 1.6 °C) or all Southern Hemisphere data, and are
not statistically different from the linear regression line through
our subset (Fig. 3a). The greatest difference reaches ~1 °C at low
temperatures, supporting the suitability of the Prahl-Miiller cali-
bration for annual SST reconstructions in the Southern Ocean,
providing the lower limit of the calibration is noted.

In summer, the linear regression line for our selected subset
(RMSEP = 1.6 °C) lies between the Miiller et al. (1998) and Sikes and
Volkman (1993) calibrations (Fig. 3c. Therefore, for summer SST we
recommend our new calibration based on the selected subset of the
Tierney and Tingley (2018) core-top database.

For both annual and summer reconstructions we find two
notable regional clusters of residuals (Fig. 3b,d). A South Atlantic
‘cold’ cluster lies north of our study region and is not of direct
concern for Southern Ocean SST reconstructions. A south-east Pa-
cific ‘warm’ cluster likely extends to ~ 50°S; alkenone re-
constructions from this region may need to be used with caution
until the reasons for the warm residuals can be better assessed (e.g.,
to distinguish between contributions from lateral advection or
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seasonality/depth).
Although both annual and summer SSTs are well correlated with

Ul3<’7, we need to remember this could primarily reflect the strong
correlation between seasonal temperatures (Fig. S1.1), rather than a
direct seasonal response. An argument against using a single index
for two seasons is that we lose information on seasonality: the
difference between summer and mean annual SST becomes artifi-
cially fixed because the two seasons are no longer independent.
This prevents meaningful comparison of summer and annual SST
changes. However, such a comparison is not possible anyway when
only reconstructing one season, and is also of questionable value if
using different proxies in different seasons. A second argument
against this approach is that fixed seasonal variability introduces
artificial bias if the amplitude of the annual temperature cycle has
changed in the past. However, fixing the seasonality by using one
index for both summer and annual SST does not add any additional
bias to what has already been implicitly added by choosing only one
season. Therefore, we consider the single index as being suitable for
both annual and summer SST reconstructions, using the recom-
mended calibrations, providing this caveat on fixed seasonality is
noted.

5.2. Foraminiferal Mg/Ca ratio

Foraminifera inhabit a wide range of depths in the ocean,
including the surface and bottom waters. Many species develop
calcium carbonate shells, which incorporate trace metals such as
magnesium. The shell Mg/Ca ratio depends partly on water
temperature-dependent thermodynamic and biological processes
during calcification (Mashiotta et al., 1999; Bentov and Erez, 2006;
Kunioka et al., 2006), enabling water temperature reconstructions
from the Mg/Ca ratio of fossil shells. Foraminifera are heterotrophs,
but some planktic species contain algal symbionts (acquired pho-
totrophy: Kimoto, 2015; Stoecker et al., 2009). South of 40°S, the
dominant near-surface species are Globigerinoides bulloides (mid-
latitudes) and Neogloboquadrina pachyderma (high latitudes)
(Haddam et al., 2016). The deeper-dwelling Globorotalia inflata is
considered to inhabit the thermocline, and its Mg/Ca ratio may be
less representative of the mixed layer (Groeneveld and Chiessi,
2011).

5.2.1. Seasonality and depth

The broad depth habitats of some species, perhaps depending
on geographic location or season, lead to uncertainty in the depth
and/or season the recorded Mg/Ca temperature represents (Mortyn
and Charles, 2003; Jonkers and Kucera, 2015, 2017,; Saenger and
Evans, 2019; Tierney et al., 2019). Neither N. pachyderma nor
G. bulloides is associated with an algal symbiont, thus reducing the
ecological advantage of inhabiting near-surface waters. G. bulloides
is associated with a symbiotic cyanobacteria (Bird et al., 2017; Greco
et al., 2019) which is less light-dependent than the microalgal
symbionts in other planktic foraminifera, perhaps reflecting its
host's preference for deeper water (Bird et al., 2017).

Sediment trap data suggest restricted calcification temperature
ranges for each species; therefore, if the water temperature lies
outside of that range for part of the year, then the calcification
temperature may be seasonally biased (Malevich et al., 2019;
Tierney et al, 2019). The optimum temperature ranges for
G. bulloides and N. pachyderma are rather wide: approximately
4-29 °C and -1 to 15 °C, respectively (Malevich et al., 2019).
Habitat tracking has been reported in several species, but was not
considered significant in G. bulloides (Jonkers and Kucera, 2017),
perhaps reflecting its wide temperature tolerance.
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Fig. 3. Left panels (a, c): Southern Hemisphere sites in the Tierney and Tingley (2018) global core-top UI3(7 database (crosses), with the selected subset (latitude south of 23.5°S and
UI3<7 <0.78: red crosses) and corresponding linear regression (red line); Prahl et al. (1988) and Miiller et al. (1998) calibrations (blue line); and Sikes and Volkman (1993) summer
calibration (green dashed line). Modern SST is interpolated from the 2018 World Ocean Atlas (WOA2018: Locarnini et al., 2018), in which austral summer is JFM. Right panels (b, d):
core-top locations in the selected subset, coloured according to their residuals from the Prahl - Miiller calibrations (annual SST) or red regression line (summer SST); shading is the
WOA2018 annual or summer SST. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

5.2.2. Non-thermal influences

Foraminiferal Mg/Ca is influenced by several non-thermal
environmental factors, including salinity, carbonate ion concen-
tration and pH, as well as by laboratory analytical procedures (Gray
and Evans, 2019; Saenger and Evans, 2019; Tierney et al., 2019).
These are summarised here very briefly. Not all species are affected
significantly by all factors: for more details, see the recent discus-
sions and corresponding citations in Gray and Evans (2019),
Saenger and Evans (2019) and Tierney et al. (2019).

The Mg/Ca distribution is heterogeneous within individual
shells (Sadekov et al., 2005; Marr et al., 2011), which could influ-
ence point Mg/Ca analysis by LA-ICP-MS. Meanwhile, bulk fora-
miniferal Mg/Ca (analysed by ICP-AES of dissolved specimens) has
been found to vary with shell size in several species commonly
used for Mg/Ca paleothermometry (Elderfield et al., 2002; Friedrich
et al., 2012). Dependence of Mg/Ca on shell size may arise because
Mg/Ca and shell size are both dependent on temperature (or on
environmental factors that covary with temperature). Shell size is
not readily corrected for in Southern Ocean SST reconstructions
because its influence remains uncertain for both relevant species
(Elderfield et al., 2002; Friedrich et al., 2012; Saenger and Evans,
2019) and because of variable reporting of shell size data.

Salinity was not an important predictor in recent calibrations
based on core-top sediments (Saenger and Evans, 2019; Tierney
et al., 2019), but its influence also remains uncertain, due to

conflicting reports (Gray and Evans, 2019).

The Mg/Ca proxy assumes steady seawater Ca and Mg concen-
trations; their long residence times in the oceans (of order Ma:
Barrientos et al., 2018) suggests both should only vary slowly at the
100 ka glacial-interglacial time scales, so we can consider both to be
constant.

Seawater carbonate chemistry is an important environmental
factor, particularly for sediments in deep water (Haddam et al,,
2016). Dissolution generally reduces Mg/Ca, thus introducing a
cold bias in subsequent temperature reconstructions (Barker et al.,
2005; Fehrenbacher and Martin, 2010; Rongstad et al., 2017).
However, the rate of dissolution varies widely between sites and
species, because of varying water chemistry and the heterogeneous
distribution of Mg within foraminifera shells (Bentov and Erez,
2006; Fehrenbacher and Martin, 2010; Rongstad et al., 2017).
Regenberg et al. (2014) suggested correcting the Mg/Ca ratio for
bottom water carbonate concentration, but for G. bulloides this
correction yielded little extra skill in SST reconstructions (Saenger
and Evans, 2019). Applying such a correction would additionally
require reliable estimates of past changes in carbonate chemistry.
Instead, we note that relevant Mg/Ca reconstructions in the
Southern Ocean (see Part 2) are in water shallower than 3300 m,
whereas Haddam et al. (2016) reported significant dissolution only
in water deeper than 3800—4200 m in the South Atlantic, Indian
and South Pacific ocean basins.
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Finally, reductive and non-reductive sample preparation
methods remove different amounts of the outer calcite layers,
which could bias reconstructed SST depending on the heteroge-
neity of the Mg distribution within the individual shells (Rosenthal
et al., 2004; Sadekov et al,, 2005). Here, using the Saenger and
Evans (2019) core-top database, we compared G. bulloides and
N. pachyderma samples analysed following both approaches
(Fig. 4a). This comparison suggests the Rosenthal et al. (2004)
cleaning method correction should be applied in our study region.

5.2.3. Calibrations relevant to the Southern Ocean

Calibrations have been developed for individual species and
grouped species (Mashiotta et al., 1999; von Langen et al., 2005;
Vazquez Riveiros et al., 2016; Gray and Evans, 2019; Saenger and
Evans, 2019; Tierney et al., 2019). See Table S3.2 for more details.
Earlier studies may have grouped species together because of
limited data, but there are now sufficient data to consider indi-
vidual species (Mashiotta et al.,, 1999; von Langen et al., 2005;
Vazquez Riveiros et al., 2016; Gray and Evans, 2019; Saenger and
Evans, 2019; Tierney et al., 2019). The distinctly higher Mg/Ca in
G. bulloides than in N. pachyderma indicates that temperatures
reconstructed with G. bulloides would be warmer than those
reconstructed with N. pachyderma if using a pooled calibration
(Fig. 4b).

Saenger and Evans (2019) and Tierney et al. (2019) used
temperature-dependent seasonality in their forward models (pre-
dicting Mg/Ca from SST and other factors). For example, for
G. bulloides and N. pachyderma Mg/Ca, Saenger and Evans (2019)
used ‘spring’ SST where mean annual SST >10 °C and ‘summer’
SST otherwise. It is not clear how the seasonality would be applied
in reverse when reconstructing SST from Mg/Ca. Does a recon-
structed SST of 11 °C represent a mean annual SST under a climate
where SST varies annually from 9 to 13 °C, or a summer SST under a
climate where SST varies from 6 to 12 °C and has an annual mean of
9 °C? To avoid such ambiguity we should use a calibration where
the inverse model (Mg/Ca to SST) is single valued.

Saenger and Evans (2019) and Tierney et al. (2019) both
considered several of the non-thermal factors summarised above.
To avoid over-fitting, Saenger and Evans (2019) used step-wise
regression to construct core-top calibrations including only those
parameters which significantly improve the predictive power of the
relationship. Tierney et al. (2019) also used a regression-based
approach with their core-top data, and then established a
Bayesian calibration (BAYMAG) combining core-top data with in-
formation from laboratory cultures. Saenger and Evans (2019)
found that the optimal calibration for G. bulloides was with

(a)
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seasonal temperature and deep water carbonate chemistry, but this
was only marginally stronger than their seasonal temperature-only
calibration. Tierney et al. (2019) reported the strongest calibration
for G. bulloides when using seasonal temperature and surface car-
bonate chemistry, but again achieving little improvement over the
univariate temperature-only model. For N. pachyderma, Saenger
and Evans (2019) found no acceptable calibration while Tierney
et al. (2019) achieved reasonable skill with seasonal temperature
alone or with seasonal temperature and cleaning method.

5.2.4. Recommended calibration for the Southern Ocean

Constraints on how relevant non-thermal factors have varied in
the past are not readily available in our region, and as the un-
certainties in these additional factors increase (i.e., as the prior
probability density functions become broader), the advantage of
the Bayesian approach over a multivariate regression relationship
diminishes. In addition, given that the multivariate calibrations
discussed above do not greatly improve the predictive skill for
either species when compared to the univariate calibrations, the
best approach for our particular application, and to ensure consis-
tency between records, is likely to be a univariate calibration. Here
we pool the two recent core-top Mg/Ca databases (Saenger and
Evans, 2019; Tierney et al., 2019) and remove any sites labelled as
‘include = 0’ by Tierney et al. (2019). We also apply the Rosenthal
et al. (2004) correction for cleaning method.

Starting with G. bulloides, and following the approach we used
for the alkenones, we first select sites south of the tropics with Mg/
Ca < 1.04 mmol/mol (this limit for Mg/Ca matches the range rele-
vant to sediment cores in Part 2). The selected sites represent all
three main basins, but are strongly clustered (Fig. 5). Sites in regions
identified by Tierney and Tingley (2018) as being problematic in the
alkenone core-top calibration, due to strong lateral drift (e.g., the
Argentine Basin) are retained here in the Mg/Ca calibration because
foraminifera shells are relatively fast sinkers (Section 3).

The selected subset of G. bulloides Mg/Ca samples fits the ex-
pected logarithmic relationship between SST and Mg/Ca (r* = 0.60),
albeit with wide scatter: core-tops with Mg/Ca of ~1.8 mmol/mol
correspond to modern SSTs of ~7 to 17 °C (Fig. 5a). The Vazquez
Riveiros et al. (2016), Gray and Evans (2019) and Saenger and
Evans (2019) univariate relationships tend to underestimate SST;
the Mashiotta et al. (1999) calibration overestimates cool SSTs and
underestimates warm SSTs. Note that the Vazquez Riveiros et al.
(2016) calibration is for the oxygen isotopic temperature, which
more closely represents the calcification temperature. This could
include a temperature signal from water beneath the surface mixed
layer. Respective RMSEPs for the Mashiotta et al. (1999), Vazquez
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Fig. 5. (a) G. bulloides Mg/Ca at Southern Hemisphere sites in the Saenger and Evans (2019) and Tierney et al. (2019) global core-top Mg/Ca database (crosses), with the selected
subset (latitude south of 23.5°S and G. bulloides Mg/Ca < 2.6 mmol/mol: red crosses) and corresponding regression (red line). Mg/Ca ratios obtained following reductive cleaning
were divided by 0.85 (Rosenthal et al.,, 2004). Modern SST is interpolated from the 2018 World Ocean Atlas (WOA2018: Locarnini et al., 2018). Also plotted are the Mashiotta et al.
(1999) calibration (M99, green dashes); Vazquez Riveiros et al. (2016) calibration for oxygen isotopic temperature (VR16, orange dash-dot); Gray and Evans (2019) culture-based
calibration (GE19, light blue shading) with the range corresponding to likely limits of surface pH and salinity in the Southern Ocean (8.10—8.25; 32 to 36 psy, respectively: Jiang
et al,, 2019); and Saenger and Evans (2019) temperature-only core-top calibration (SE19, dark blue dashes). (b) Core-top locations in the selected subset, coloured according to their
residuals from the red regression line in (a); shading is the WOA2018 annual SST. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Riveiros et al. (2016), Saenger and Evans (2019) (temperature only),
and current best-fit calibrations, using only the selected subset of
core tops, are 2.9, 4.6, 5.7 and 2.6 °C, respectively.

The gradient of a logarithmic relationship is steepest at low
temperatures, so there is relatively lower sensitivity in our region of
interest. Linear regression yields only slightly poorer fit (° = 0.55;
RMSEP = 2.8 °C). The high scatter likely reflects the importance of
non-thermal factors which cannot be readily accounted for in our
reconstructions, and although the highest scatter is found outside
of our region of interest, the RMSEP for the study region is nearly
double that for the alkenones.

Following the same analysis for N. pachyderma, we find no sig-
nificant correlation between SST and Mg/Ca (r* = 0.004, p = 0.65:
Fig. 6). The sites around the Antarctic coast form a low-temperature
cluster; removing these sites, or using summer SST instead of
annual SST, still fails to yield significant correlation. This is consis-
tent with the weak relationships found by Saenger and Evans
(2019), even when including additional non-thermal factors.
Habitat tracking may be partly responsible for the apparently low
temperature sensitivity of Mg/Ca in this species (Jonkers and
Kucera, 2015). An alternative is to use the multivariate calibra-
tions established by Tierney et al. (2019). However, this does not
solve the problem of habitat tracking, and we would introduce
further uncertainties relating to poorly-constrained additional
factors, as discussed above.

In summary, given the wide scatter, uncertain influence of non-
thermal factors, and poor sensitivity at low temperature, the
regional-average G. bulloides Mg/Ca SST anomaly might be
considered robust (five records were used in our synthesis: see Part
2), while SST anomalies based on individual records are considered
unreliable in this region if reconstructed with a univariate rela-
tionship. N. pachyderma Mg/Ca is considered as an unreliable proxy
for SST reconstructions at glacial-interglacial time scales in this
region.

5.3. Glycerol dibiphytanyl glycerol tetraethers (GDGTSs)

GDGTs are cell-membrane lipids synthesized by many bacteria
and archaea, including marine planktic Thaumarchaeota (Schouten
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et al., 2002). In marine environments, the proportions of specific
GDGTs are related to the water temperature in which they were
synthesized, and are considered to be stable in marine sediments
over long time periods — perhaps tens of millions of years
(Schouten et al., 2002; de Bar et al., 2019). The concentrations of
three isoprenoidal GDGTs (iGDGTs, numbered 1 to 3, and an isomer
of crenarchaeol), each containing 86 carbon atoms but having
different structures, were used to define the original TEXgg index
(Schouten et al., 2002):

TEXgg = [IGDGT,, 3. cren’)/[IGDGTy 2, 3 cren’] (3)

TEXgg in global core-top sediment samples has been linearly
correlated with SST (Schouten et al., 2002; Kim et al., 2008) but in

cold waters (below ~15 °C), the alternative TEX}g index was rec-
ommended (Kim et al., 2010):

TEXSg = log([iGDGT,]/[iGDGT; 5. 3]) (4)

Other indices based on hydroxy-GDGTs have also been devel-
oped (Huguet et al., 2013; Fietz et al., 2016); see Table S3.3.

In cold polar waters, where the alkenone U, index goes to zero
and Mg/Ca shows poor temperature sensitivity, or in areas where
carbonate dissolution is prevalent, GDGTs may be a promising
alternative (Liu et al., 2020). However, other studies focusing on
polar regions have found very scattered correlation between SST
and TEXgg indices (Kim et al., 2010; Shevenell et al., 2011; Ho et al.,
2014; Park et al., 2019; Fietz et al., 2020), or inconsistencies with
other SST proxies over glacial-interglacial cycles (Fietz et al., 2016).

5.3.1. Seasonality and depth

Observations of GDGTs in suspended particles and sinking par-
ticles show strong seasonal variability at some mid to high latitude
sites, with a peak export flux in winter/spring (Wuchter et al.,
2005), spring/summer (Rodrigo-Gamiz et al., 2015; Park et al.,
2019), and no distinct pattern at others (Park et al., 2019). Note
that the seasonal pattern of export as measured by sinking particles
collected in traps may instead reflect seasonal productivity of larger
planktic organisms (e.g., diatoms) rather than GDGT synthesis
(Yamamoto et al., 2012; Taylor et al., 2013). Overall, GDGT indices in
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Fig. 6. (a) N. pachyderma Mg/Ca at Southern Hemisphere sites in the Saenger and Evans (2019) and Tierney et al. (2019) global core-top Mg/Ca database (crosses), with the selected
subset (latitude south of 23.5°S and N. pachyderma Mg/Ca < 1.04 mmol/mol) plotted in red). Mg/Ca ratios obtained following reductive cleaning were divided by 0.85 (Rosenthal
et al., 2004). Modern SST is interpolated from the 2018 World Ocean Atlas (WOA2018: Locarnini et al., 2018). Also plotted are the von Langen et al. (2005) calibration (blue dashes),
and Vazquez Riveiros et al. (2016) calibration for oxygen isotopic temperature (orange dash-dot). (b) Core-top locations in the selected subset; shading is the WOA2018 annual SST.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

sinking particles appear poorly correlated with seasonal changes in
SST and better represent annual mean water temperature
(Yamamoto et al., 2012; Rodrigo-Gamiz et al., 2015; Park et al.,
2019).

The uncertainty is further enhanced by the poorly constrained
distribution of GDGT production in the water column. Sedimentary
GDGT indices may best represent a temperature signal integrated
over the upper 0 to ~200 m water depth (Kim et al., 2012; Jaeschke
et al., 2017; Rodrigo-Gamiz et al., 2015), or perhaps even deeper
(Taylor et al., 2013; Hernandez-Sanchez et al., 2014; Park et al.,
2019; Spencer-Jones et al., 2021), potentially integrating a signal
from beneath the surface mixed layer. The sub-surface contribution
cannot be accurately quantified in empirical global core-top cali-
brations with SST, since sub-surface temperature and SST are
themselves well correlated at the global scale. However, a deeper
contribution would explain some scatter in SST calibrations (noted
above), as well as inconsistencies with alkenone SST re-
constructions over a wide range of time scales (Fietz et al., 2016; Ho
and Laepple, 2016). The lack of a robust, culture-based verification
of the empirical GDGT index calibrations is clearly a disadvantage
when compared to alkenones.

5.3.2. Non-thermal influences

Marine sediments may contain GDGTs derived from terrestrial
fresh water runoff; this contribution can be flagged using the
branched versus isoprenoidal tetraether (BIT) index (Weijers et al.,
2006; Schouten et al., 2013) and should only be an isolated problem
in the Southern Ocean, which is mostly remote from terrestrial
runoff sources.

Archaea are abundant well below the mixed layer (e.g., to
500 m: Karner et al., 2001), as noted above, and could make con-
tributions to sedimentary GDGTs that reflect sub-surface condi-
tions. However, Besseling et al. (2020) have argued these deeper
communities (comprised of Euryarchaeota rather than Thau-
marchaeota) do not synthesise GDGTs, contrary to previous reports
(Lincoln et al, 2014). Euryarchaeota can make an additional
contribution to sedimentary GDGTs through anaerobic methane
oxidation, particularly in sediments (Liu et al., 2011; Taylor et al,,
2013); this contribution can be evaluated using the methane in-
dex (Zhang et al., 2011) or ring index (see Zhang et al., 2016, for
further details).
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Further non-thermal influences could arise from diversity
within the planktic Thaumarchaeota community (Elling et al., 2015;
Qin et al., 2015), growth phase or rate (Elling et al., 2014; Hurley
et al., 2016), and dependence on dissolved oxygen concentration
(Qin et al., 2015; Hurley et al., 2016). Salinity and pH likely have
little influence on GDGT ratios (Elling et al., 2015). Sediment trap
data suggested little modification of GDGT ratios as particles sink
through the water column (Yamamoto et al., 2012); susceptibility to
lateral advection and sediment reworking were discussed in Sec-
tion 3.

5.3.3. Calibrations relevant to the Southern Ocean

Several calibrations are available for isoprenoidal and hydroxy
GDGTs (Schouten et al., 2002; Kim et al., 2010; Shevenell et al.,
2011; Tierney and Tingley, 2014; Fietz et al., 2016; Park et al.,
2019; Dunkley Jones et al., 2020) (see Table S3.3 for further de-
tails). As noted above, linear calibrations for the various indices
yield strong scatter in the Southern Ocean (e.g., Kim et al., 2010;
Shevenell et al., 2011; Ho et al., 2014; Park et al., 2019).

To overcome this scatter, Tierney and Tingley (2014) proposed a
Bayesian calibration, BAYSPAR, where the regression parameters
can vary spatially (on a length scale of 20° x 20°). Despite achieving
lower residuals without the geographic bias, we do not recommend
this method in the Southern Ocean at glacial-interglacial time
scales for four reasons.

1. The underlying causes of spatial variability in TEX regression
parameters are unknown, and there is then no reason to assume
such variability would have remained temporally constant in
the past.

2. The reason for a 20° length scale and the control this choice has
on reconstructed SSTs are not clear.

3. In areas of the Southern Ocean where core-top data are avail-
able, the 90% confidence interval for the predicted SST is
generally very wide (typically 7—12 °C), even after applying the
spatially variable Bayesian approach to a selected subset of re-
cords (see Fig. 7 in Tierney and Tingley, 2014). With a 90%
confidence interval, one in ten temperatures are expected to lie
outside of even this wide range.

4. Use of spatially-variable regression parameters excludes the
reconstruction of SST records obtained from grid boxes which
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do not have core-top data: this includes almost the entire Indian
Ocean south of 40°S (again, see Fig. 7 in Tierney and Tingley,
2014), where two of four GDGT records covering the last inter-
glacial are located.

GDGT sample analysis by high-performance liquid chromatog-
raphy - mass spectrometry (HPLC/MS) yields the concentrations of
several GDGTs. Using these to define a single index has been criti-
cised because of the inevitable loss of information (Dunkley Jones
et al., 2020). Instead, the full assemblage of GDGTs could be used
— equivalent to the modern analogue technique employed for
species assemblages — with the additional advantage that a linear
or exponential relationship does not need to be imposed, in
contrast to regression-based (Kim et al., 2010; Fietz et al., 2016) or
Bayesian (Tierney and Tingley, 2014) calibrations. However, this
potentially promising alternative requires the full assemblage of
GDGTs, not just the index, and these are not available at many sites
(see Part 2).

5.3.4. Recommended calibration for the Southern Ocean

Here we extract data from the Tierney and Tingley (2014) core-
top database, selecting sites south of the tropics with —0.74
< TEXSg < — 0.44 to match the range relevant to sediment cores
(Part 2). We find (as in Tierney and Tingley, 2014) a poor relation-

ship between SST and TEX§6 for this region (Fig. 7). The Kim et al.

(2010) calibration for TEX54 achieves a reasonable fit above an in-
dex of approximately —0.45, but at lower values the linear rela-
tionship breaks down, and indices in the range —0.65 to —0.45
(important for the Southern Ocean) have a very weak relationship
with SST. This does not improve if removing potentially problem-
atic regions for lateral advection, or if using summer SST: sensitivity
still remains very poor at indices below —0.45. The non-thermal
influences on GDGTs are currently poorly constrained in the
Southern Ocean (see Section 5.3.2) and likely contribute to the wide
scatter. We also note the uncertain depth and seasonality of GDGT
production in the water column. Therefore, we chose not to use the
TEXSg index in our glacial-interglacial SST reconstructions in the
Southern Ocean (Part 2). However, the advantages of GDGTs noted
at the start of Section 5.3, and the possibility to apply the modern
analogue technique to the full suite of GDGTs, indicate the great
potential this method could have in this region once the non-
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thermal influences are better understood.

5.4. Diatom assemblages

Diatoms are a group of algae inhabiting a diverse range of
aquatic environments, including the photic zone of the ocean. Due
to their large total biomass, diatoms play an important role in the
global carbon cycle, likely influencing changes in atmospheric CO,
over glacial-interglacial time scales (Martin, 1990; Lafond et al.,
2020). Diatom cell walls (‘frustules’) are silicon-based rather than
carbonate-based and remain preserved in areas subject to car-
bonate dissolution, where foraminiferal proxy records are not
available. However, diatoms are instead subject to silica dissolution
(see below). Diatom species diversity is greater than that of fora-
minifera at high latitudes, which is advantageous where forami-
niferal assemblages become almost mono-specific (and thus
insensitive to SST) in water colder than ~2° (e.g. Haddam et al.,
2016).

5.4.1. Seasonality and depth

Diatom production is widely reported as peaking in spring and
summer, often characterised as short, intense blooms with
considerable inter-annual variability (typically Nov to Feb:
Abelmann and Gersonde, 1991; Fischer et al., 2002; Closset et al.,
2015; Rembauville et al., 2015; Rigual-Herndndez et al., 2016).
However, blooms are not evident everywhere, and some studies
have reported long, broad abundance peaks through spring and
summer, with time-varying dominance of different species (Rigual-
Hernandez et al., 2016; Eriksen et al., 2018). Selective dissolution of
particular species can skew the preserved sedimentary assemblage
towards a spring-dominated signal in some areas (subantarctic
zone) and summer-dominated signal in others (Antarctic zone,
polar frontal zone) (Rigual-Hernandez et al., 2016). Overall, as-
semblages preserved in sediments could potentially reflect many
direct and indirect environmental factors, and accumulation over
many years will likely reflect conditions across several seasons. This
is particularly the case at high latitudes, where species associated
with sea ice will contribute a winter sea ice signal into the
assemblage, even though the seasonal productivity of that species
is weighted towards spring (Crosta et al., 2005). Despite these in-
fluences across multiple seasons, diatom census counts are used as
a proxy for summer SST rather than annual SST. However, we

Annual SST [°C]

180°

Fig. 7. (a): TEX,%S at Southern Hemisphere sites in the Tierney and Tingley (2014) global core-top database (crosses), with the selected subset (latitude south of 23.5°S and —0.74
< TEX§6 < — 0.44) plotted in red. Modern SST is interpolated from the 2018 World Ocean Atlas (WOA2018: Locarnini et al., 2018). Also plotted is the Kim et al. (2010) calibration
(blue line). (b): Core-top locations in the selected subset; sites in red or white are included in or excluded from the selected subset. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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should bear in mind that the productivity and the sedimentary
assemblage do not necessarily share the same environmental con-
trols or seasonal interpretation.

Marine diatoms are phototrophs, and in-situ water sampling has
indeed shown peak diatom abundances in the uppermost ~100 m
at 35 to 60°S (Wright et al., 2010; Schliiter et al., 2011; Nunes et al.,
2019; Lafond et al., 2020). However, this depth range likely extends
beneath the relatively shallow summer mixed layer (Section 2). In
addition, diatoms actively modify their buoyancy and travel be-
tween the mixed layer, thermocline and even deeper layers
depending on their other needs besides light, such as nutrient
availability (Smetacek, 1985; Raven and Waite, 2004). This is
important because some aspects of the diatom life cycle likely occur
below the mixed layer or even the photic zone, implying their
growth over a full life cycle could depend on conditions at multiple
depths in the water column.

5.4.2. Non-thermal influences

Diatom census counts are used to reconstruct sea-ice duration
as well as SST. Armand et al. (2005), Crosta et al. (2005) and Romero
et al. (2005) studied temperature and sea ice influences on three
groups of diatoms (sea-ice related, open ocean, and tropical/sub-
tropical) (Table S3.4). Taxa in the sea-ice related group showed
little diversity in their temperature sensitivity, but showed varying
responses to sea-ice cover or duration. Therefore, those taxa would
be less suitable for SST reconstructions because variance in their
assemblage mainly reflects sea ice conditions, not SST. However,
taxa in the other two subsets (open ocean and tropical/sub-
tropical) showed more diverse SST responses, and assemblages of
these taxa were considered sensitive to SST.

Nutrients limit diatom productivity in many parts of the
Southern Ocean (e.g., Martin, 1990; Boyd, 2002; Quéguiner, 2013;
Lafond et al., 2020). However, Fe fertilisation results in localised
regions of high diatom abundance (blooms) down-wind of terres-
trial dust sources, and is the basis of the “Iron Hypothesis”
describing the role of diatoms in glacial-interglacial CO, changes
(Martin, 1990). Nutrient-rich runoff from the Antarctic ice
sheet also promotes diatom blooms (Alderkamp et al., 2012; Death
et al., 2014). Fe-fertilised assemblages may be distinct from those in
Fe-limited surface waters (Assmy et al., 2007; Armand et al., 2008;
Lafond et al., 2020), thus presenting the possibility of different as-
semblages in waters with the same SST. This is not necessarily a
problem for the MAT, providing that the training dataset contains a
sufficient number of samples of both environments — indeed, the
ability to cope with non-unique temperature relationships is one of
the advantages of the MAT. However, it would be a problem if the
species assemblage associated with Fe fertilisation is not sensitive
to SST, since close analogues could be selected which contain little
temperature information. A further problem arises if advection/
dispersion becomes important, since the ‘Fe fertilisation’ assem-
blage could be mixed with the temperature-sensitive ‘Fe limited’
assemblage to varying amounts downstream of the Fe source.

Grazing by zooplankton modifies the surface and sedimentary
diatom assemblages (Abelmann and Gersonde, 1991; Granli et al.,
1993; Smetacek et al., 2004). These studies show grazing can be
very localised, but we assume such variance is smoothed out over
the time scales represented by core-top and down-core sediment
samples. Nevertheless, long-term changes in the characteristics of
species-selective grazing could still alter the remaining assemblage.
Overall, the complex dependence of diatom populations on nutri-
ents and grazing cannot be considered in detail here and instead we
highlight this as a reason why considering a regional average over
multiple proxies is more appropriate than detailed interpretation of
a small number of records.

Silica dissolution affects diatoms as they are sinking, as well as
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on the sea floor. Dissolution can strongly skew the sedimentary
diatom assemblage, but the rate depends on several physical and
biological factors including species and water temperature
(Zielinski et al., 1998; Passow et al., 2011; Rigual-Herndndez et al.,
2016). The net effect is that a few robust species can dominate
the assemblage, after the dissolution of species with less resistant
shells (Zielinski et al., 1998). The extent to which dissolution in-
fluence Southern Ocean SST reconstructions warrants consider-
ation in more detail in future.

Finally, we re-iterate the potentially important influence of
advection on diatom reconstructions (Section 3): not only because
the provenance of local sedimentary temperature signal may be
hundreds of km away, but (perhaps more importantly) because
species-dependent sinking rates in aggregates or faecal pellets
could result in lateral advection modifying the sedimentary
assemblage. This potentially important source of error has not been
quantified for diatoms.

5.4.3. Recommendations for the Southern Ocean

Diatom responses to SST and other environmental factors were
studied in detail by Armand et al. (2005), Crosta et al. (2005) and
Romero et al. (2005), and more recently by Esper and Gersonde
(2014). In these studies, diatom assemblages are primarily distin-
guished by their geographic location and are considered (from
south to north) as the Southern Antarctic zone, Northern Antarctic
zone, and Subantarctic zone (Table S3.4). Esper and Gersonde
(2014) compared several reconstruction techniques (transfer
function, MAT, weighted average, weighted average — partial least
squares) and different configurations thereof. Applying these to
Southern Ocean cores PS1768-8 and PS58/271 (both MIS 6 to pre-
sent) yielded very similar results.

Publicly available data are currently limited for diatom re-
constructions, both for the core-top databases and the for sediment
cores used in Part 2. This prevents a detailed evaluation of this
proxy or calculation of SSTs in the way we have done for the others.
However, differences between reconstruction methods appear
relatively small (Esper and Gersonde, 2014), and in Part 2 we use
the original SST reconstructions, noting that each is well repre-
sented by the SST-dependent groups listed in Table S3.4. However,
nutrients, dissolution and advection could all have important in-
fluences on sedimentary diatom assemblages at glacial/interglacial
time scales, and for this reason we would recommend a cautious
approach to detailed interpretation of individual SST re-
constructions from diatoms in this region at present.

5.5. Dinoflagellate cyst (dinocyst) assemblages

Dinoflagellates are a group of phototrophic and heterotrophic
planktic organisms. Some dinoflagellates produce resting cysts
(hereafter referred to as dinocysts) during their reproductive phase,
which can be preserved in marine sediments (e.g., Marret et al.,
2001). Dinocysts are relatively diverse even in cold waters, where
foraminifera assemblages lose environmental sensitivity. The
organic walls of dinocysts are also considered to represent a sig-
nificant advantage over the other assemblage-based proxies (di-
atoms, foraminifera, radiolarians) which suffer from dissolution in
some environments (Esper and Zonneveld, 2007). Nevertheless,
dinocysts are instead subject to oxidation in some locations.

5.5.1. Seasonality and depth

Phototrophic dinoflagellates inhabit the photic zone, and ob-
servations show peak abundances in the upper 100 m (Fiala et al.,
1998; Wright et al., 2010; Schliiter et al., 2011; Nunes et al., 2019).
Heterotrophic dinoflagellates are free from this restriction of light
availability, but their primary food source is diatoms which are also
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near-surface dwellers. The timing of peak heterotrophic di-
noflagellates abundance is closely tied to the peak in their phyto-
plankton food source (e.g., Kjeret et al., 2000).

In the Southern Ocean, dinocysts have been used to reconstruct
summer and winter SST (Marret et al., 2001) or just summer SST
(Esper and Zonneveld, 2007). However, seasonality data are sparse.
East of New Zealand, sediment traps yielded a spring peak at a
subtropical site and a much broader peak at a subpolar site (Prebble
et al., 2013). The Southern Ocean Time Series (SOTS) Observatory
south of Australia (at ~47°S) showed a broad peak in abundance,
with an amplitude reaching ~100 times the winter abundance,
lasting from November until at least April (Eriksen et al., 2018).
These data suggest that both summer and annual temperature re-
constructions could be robust, although similarly to diatoms we
note again that the seasonal influences on abundance and assem-
blage are not necessarily the same.

5.5.2. Non-thermal influences

Besides SST, dinocyst assemblages are strongly influenced by
several environmental factors including nutrients, salinity and sea
ice, as well as proximity to coastline (De Vernal et al., 1997; Esper
and Zonneveld, 2007; Verleye and Louwye, 2010; Prebble et al.,
2013). While it is an advantage if multiple environmental factors
can be reconstructed simultaneously, this introduces considerable
additional uncertainty unless sufficiently large training datasets are
available. Wide diversity in assemblages has been reported be-
tween sites with similar SST, along gradients in other environ-
mental factors (Verleye and Louwye, 2010; Prebble et al., 2013).
This is not necessarily a problem for the MAT, which is non-
parametric and can reconstruct relationships that are not single-
valued; however, it imposes high demands on the training data-
set, as core-top samples will need to thoroughly represent a wide
range of environmental conditions to avoid no-analogue or
‘ambiguous’ reconstructions. In this respect, regional datasets could
be more appropriate (Prebble et al., 2013). Rapid zonal transport in
the Southern Ocean should dampen such regional variance in our
study area, albeit at the cost of advection-related problems. Careful
selection of taxa is also required, to exclude those taxa showing
little temperature response (Marret et al., 2001; Esper and
Zonneveld, 2007).

Some dinocyst species are degraded by oxygenated bottom
waters, leading to a distinction between degradation-sensitive ‘S-
cysts’ and degradation-resistant ‘R-cysts’ (see Table 2 in Esper and
Zonneveld, 2007). Species-dependent degradation modifies the
sedimentary assemblage (Versteegh and Zonneveld, 2002) and is
quantified using the ‘kt’ index, so that high kt index samples can be
rejected (Zonneveld et al., 2007). The calculation for kt assumes a
fixed initial ratio of S-cysts to R-cysts, on the basis of sediment trap
and core-top data from just two warm regions (Arabian Sea and
Namibia shelf) (Zonneveld et al., 2007). Since R-cysts tend to be
phototrophic, while S-cysts tend to be heterotrophic (Zonneveld
et al., 2007), then the initial populations of S-cysts and R-cysts in
the Southern Ocean will likely have very different environmental
drivers, and it seems very unlikely that their ratio is either spatially
or temporally constant, suggesting that the kt index is not neces-
sarily a reliable indicator of degradation in this region.

Finally, dinocysts are relatively slow sinkers (see Section 3 and
Nooteboom et al., 2019), leading to potentially large temperature
errors in some regions. Very limited data have indicated quite
different near-surface and sedimentary dinocyst assemblages
(Prebble et al., 2013), although the causes of this difference remain
unclear.

5.5.3. Recommendations for the Southern Ocean
The two studies applying dinocyst assemblages in our region
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used their own databases (Marret et al.,, 2001; Zonneveld et al.,
2007); see Table S3.5 for further details. Marret et al. (2001)
compiled a training dataset with core-tops from all sectors of the
Southern Ocean (south of 38°S), but focused around New Zealand
and Tasmania. Their database includes few samples from warm
regions, and there is a risk that interglacial conditions at mid-
latitudes may be poorly represented: fewer than 10 sites have a
summer SST >17 °C (see Fig. 5 in Marret et al., 2001). Furthermore,
given the potential influence of non-thermal factors, and the cor-
responding need for a large training dataset, then 81 sites is rather
limited for assemblages with 39 selected taxa.

Esper and Zonneveld (2007) employed a larger core-top dataset
(but still with only 138 sites) for their South Atlantic SST re-
constructions, with a greater representation of warm sites than
Marret et al. (2001). Esper and Zonneveld (2007) excluded core-top
and down-core samples with kt > 10, although in our region we
question the validity of this index without adequate sediment trap
data from the mid- and high-latitudes (see above). Esper and
Zonneveld (2007) encountered two important problems. First
was low total abundances in sediment cores, for example fewer
than 100 cysts in 37 of 52 down-core samples at site PS1768-8 and
in 16 of 56 samples at PS2082-1, affecting over half the LIG samples
at both sites. Secondly, no-analogue conditions in the penultimate
glacial were attributed to the high relative abundances (72—93%) of
Nematosphaeropsis labyrinthus cysts, which did not match any
modern core-top samples. While this was simply overcome by
excluding these samples, it raises concerns regarding the temporal
stability of this group in terms of their apparent environmental
influences. If these training data are not representative of condi-
tions in the penultimate glacial, are temperatures reconstructed in
other periods still reliable, even if close analogues are available? Is
the assemblage sensitive to some other ecological factor that
changes with time? In a newer and much larger core-top database
(Zonneveld et al., 2013), N. labyrinthus abundances exceed 70% at
only 3 out of 332 extra-tropical sites in the Southern Hemisphere,
so employing the newer, larger dataset will not solve this problem.

Applying the MAT to the Zonneveld et al. (2013) dataset, but
including only the temperature-sensitive taxa selected by Esper
and Zonneveld (2007), and including only sites south of the tro-
pics, yields RMSEPs for annual and summer SST of 2.2 °C and 2.3 °C
in our study region (see Fig. 8 and Table S3.5 for more details).
There is good geographic coverage in the S. Atlantic and SW Pacific,
the two regions where reconstructions are available in Part 2.
Nevertheless, some important limitations of this approach are as
follows.

1. The open-ocean sites in this database are somewhat clustered
(Fig. 8), potentially over-estimating the strength of the recon-
struction if several analogues are selected from a tight cluster
(Section 2).

2. We know that assemblages may be affected by oxidation of
some taxa, but do not yet know if the kt index for oxidation is
reliable in our study region.

3. There is evidence for regional bias (clusters of warm or cold
residuals), for example a warm cluster south-east of New Zea-
land and a cold cluster in the Indian Ocean (Fig. 8). These could
indicate advection bias. However, residuals appear well mixed
in many areas.

4, The high abundance of N. labyrinthus during the penultimate
glacial at site PS2082-1 has no modern analogue, suggestive of
some other important but unknown factor influencing the
assemblage.

Owing to these specific problems, and the prospect of consid-
erable advection bias (Section 3), we chose not to include the
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Summary of the recommended calibrations, and advantages and disadvantages of SST proxies applied to the Southern Ocean for paleoclimate reconstructions at glacial-

interglacial time scales.

Proxy and recommendation

Advantages

Disadvantages RMSEP south of 40°S

Alkenones

Annual SST:

Prahl-Miiller

T=303U% -1.30

Summer SST:

This study

T =29.7U%, + 0.90

Foraminiferal Mg/Ca

G. bulloides annual SST:

T = 13.0In(1.23Mg/Ca)

N. pachyderma:

Not recommended in Southern
Ocean

GDGTs

Not recommended yet for
glacial-interglacial SST
reconstructions in the
Southern Ocean.

Diatoms assemblage
Use summer SST in original
publications

Dinocysts assemblage

Not recommended yet for
glacial-interglacial SST
reconstructions in the
Southern Ocean.

Foraminifera assemblage

Annual and summer: Modern
analogue technique as
described in Section 5.6.

Radiolarians assemblage

Not recommended in the
Southern Ocean, due to the
potential influence of
advection.

Robust, global calibration.

Alkenones preserved where siliceous/carbonate
fossils have dissolved.

Alkenones synthesized in photic zone, thus
reducing depth uncertainty and limiting
potential for habitat tracking.

Foraminifera are fast sinkers (low advection
bias).

Open-ended calibration not implicitly limited at
low temperatures.

GDGTs preserved where siliceous/carbonate
fossils have dissolved.

GDGTs synthesized in photic zone, thus
reducing depth uncertainty and limiting
potential for habitat tracking.

Potential to use modern analogue technique
with full GDGTs assemblage, rather than
parametric calibration with single index.
Suitable for high latitudes where alkenones,
Mg/Ca, and foraminifera assemblage lose
sensitivity.

Weak influence of reconstruction method.

Good potential for high latitudes where
alkenones, Mg/Ca and foraminifera assemblage
lose sensitivity.

Lowest RMSEP of all tested proxies.

No regions of notably cold or warm residuals.
Fast sinkers (low advection bias).

Multiple seasons can be reconstructed without
the fixed seasonality imposed in the alkenones
annual/summer reconstructions.

Diverse assemblage even in cold water.

Annual 1.6 °C
Summer 1.7 °C

Limited range of index: low SST sensitivity in polar
waters.

Uncertain seasonality at high latitudes; could have
changed under past climates.

Regional clustering of residuals indicates some
advection bias (possibly from sediment reworking).

G. bull.
Annual 2.6 °C
N. pachy.

N/A

Post-depositional dissolution may introduce uncertain
bias in reconstructed temperature.

Low number of core-top samples available south of the
tropics (weak calibration).

Uncertain influences of non-thermal factors,
particularly carbonate chemistry.

Uncertain what season or depth the temperature
represents.

N. pachyderma Mg/Ca very weakly temperature
dependent in study region.

Very weak calibration for TEXge indices in Southern
Ocean.

Poorly constrained seasonality and depth.

Poor coverage of core-top samples in mid-latitudes.

N/A

Assemblage skewed by silica dissolution.
Representative depth and season poorly known (can
spend part of life cycle below photic zone).

Poorly constrained advection bias: individuals sink
slowly; groups sink quickly, may be species-dependent.
Lack of publicly available training dataset.

Insufficient and clustered training data at present.
Species-dependent oxidation not well quantified in the
Southern Ocean. Available sediment cores often have
low counts or non-analogue conditions. Slow sinkers
subject to considerable advection bias.

Inconsistent reporting of taxa hinders comparison of
records and consistent reconstruction method.
Carbonate dissolution may skew assemblage in deep
water.

Assemblage becomes monospecific and loses sensitivity
in water colder than ~1 °C.

Likely susceptible to species-dependent advection and/
or re-working (Section 3).

Insufficient/inconsistent training data for whole
Southern Ocean.

See original
publications.

Annual 2.2 °C
Summer 2.3 °C (likely
to be optimistic)

Annual 1.2 °C
Summer 1.4 °C

N/A

dinocyst reconstructions in our synthesis (Part 2). However, the
reasonable performance of the MAT at Southern Ocean sites in the
Zonneveld et al. (2013) core-top database (Fig. 8) suggests dino-
cysts could be a reliable SST proxy in the Southern Ocean if these
problems can be overcome.

5.6. Foraminifera assemblages

Foraminifera assemblages are the most commonly used proxy
for SST reconstructions in the Southern Ocean, representing about
half of the records selected in Part 2. Some general information on
foraminifera was provided above for Mg/Ca (Section 5.2). Here we
provide additional information relevant to reconstructions using
the assemblage rather than the individual species.

5.6.1. Seasonality and depth

Assessment of what season(s) the assemblage represents is
difficult for foraminifera in the Southern Ocean. Comparison of the
limited available regional sediment trap data with global datasets
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suggests that seasonal patterns in the Northern Hemisphere high
latitudes (for which far more data are available) are not necessarily
replicated in the Southern Hemisphere (Jonkers and Kucera, 2015).
Few species have published seasonality data (Table S3.6). As well as
varying geographically, seasonality can vary markedly between
different years at the same site (e.g., Donner and Wefer, 1994; King
and Howard, 2005; Bergami et al., 2009). Some studies have used
summer peaks in plankton fluxes as the basis for assuming the
foraminifera assemblage best represents summer SST (e.g., Becquey
and Gersonde, 2003). However, the sedimentary assemblage is
represented as percentages, not absolute abundances, in the MAT.
Even if the individual abundance of a particular species (i.e., the
count per m> or per m? in the water column) is strongly seasonal, its
percentage abundance in a census count of sedimentary forami-
nifera deposited over many years will also depend on the abun-
dances of other species, which may have different seasonal
characteristics containing signals from multiple seasons.

Similarly to seasonality, little direct evidence is available with
which to constrain the representative depths of most planktic
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foraminifera species in the Southern Ocean. As noted above (Sec-
tion 5.2), G. bulloides appears to be consistently near-surface (upper
100 m); N. pachyderma is more variable (but still within the upper
200 m); and insufficient observations are available to constrain
depths of other species in the Southern Ocean (Mortyn and Charles,
2003; King and Howard, 2005; Bergami et al., 2009). Unlike Mg/Ca,
where the calcification depth is critical in reconstructions (Section
5.2), the depth habitat of each individual species in an assemblage
may be less important. For example, the abundance of a species that
inhabits depths below the mixed layer may still depend on surface
temperature-dependent factors, such as the productivity of
surface-dwelling prey species, even though its representative Mg/
Ca temperature might better reflect the sub-surface temperature.

As the number of species increases, interpreting the represen-
tative seasonality and depth of a full census count quickly becomes
very complex. In practice we have to rely on an empirical calibra-
tion with a chosen seasonal SST and accept that past changes in
seasonality or depth could result in uncertainties that cannot be
easily quantified.

5.6.2. Non-thermal influences

Abundances could be influenced by many factors besides water
temperature, such as food availability and predation (Fraile et al.,
2008; Meilland et al., 2016; Lessa et al., 2020). However, some of
these factors may themselves co-vary with SST, and describing the
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details of all of these controls is outside the scope of this study (and
generally not well constrained in the Southern Ocean). Application
of the MAT with the large core-top database will hopefully sample a
sufficiently wide range of conditions that the reconstruction re-
mains robust during past climates.

As noted for the other foraminifera-based proxies, post-
depositional carbonate dissolution is potentially a significant
source of bias in SST reconstructions (Niebler and Gersonde, 1998;
Haddam et al.,, 2016). Dissolution initially removes species with
smaller and more delicate shells, eventually skewing the overall
abundances (Haddam et al., 2016). For this reason, Haddam et al.
(2016) assessed at what depths carbonate dissolution is likely to
become significant, through analysis of core-top assemblage
changes with ocean depth in their database. They recommend
excluding records below 3800 m in the South Pacific and South
Indian oceans, and 4200 m in the South Atlantic.

Foraminifera are considered as the least susceptible to advection
of the proxies considered here. This is supported by the lack of
regional clusters of residuals in core-top reconstructions using the
MAT (see below).

5.6.3. Recommendations for the Southern Ocean

Records published using this proxy span over 30 years, with
diverse training datasets, reference SSTs, reconstruction tech-
niques, inferred seasonality, and choice of taxa (too numerous to
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describe here; see for example Howard and Prell, 1992; Becquey
and Gersonde, 2003; Barrows and Juggins, 2005; Schaefer et al.,
2005; Hayward et al., 2012; Cortese et al., 2013; Haddam et al.,
2016). This presents a challenge for comparing records or even
for calculating a meaningful regional average temperature anom-
aly. A recent database of 598 core-top foraminifera assemblages
(Haddam et al., 2016) combines three databases used in many of
the earlier Southern Ocean SST reconstructions (Salvinac, 1998;
Kucera et al., 2005; Cortese et al., 2013) and allows sediment core
records to be reanalysed using a common approach. Haddam et al.
(2016) applied some quality-control and inclusion criteria: 15°S to
64°S; water depth between 500 and the maximum noted above;
fragment sizes >150 um. The database contains 35 taxa, with some
grouping necessary for consistency between the contributing
databases.

Choices of taxa and reconstruction technique are ultimately
subjective and dependent on application, so here we focus on our
Southern Ocean SST synthesis (Part 2) as an example. Given the
very varied approaches used in existing reconstructions, we
attempt to re-calculate SST at as many sites as possible using a
consistent method. In the MAT we need to choose which taxa to
include, the number of closest analogues (k), and how to average
over these k closest analogues (e.g., mean, median, weighted
average). These choices are made based on leave-one-out analysis
of the complete dataset. In this method, SST at each of the N sites in
the database is reconstructed using the remaining N—1 sites. This
gives N pairs of modern ocean atlas SST and reconstructed SST with
which to estimate the RMSEP.

Not all of the taxa in the Haddam et al. (2016) database are re-
ported in all the marine sediment core assemblages (Part 2), and
not all taxa show clear temperature dependence (Fig. 9). Using only
the taxa common to the 14 sediment cores used in Part 2 maximises
consistency, but restricts the choice to just G. bulloides, G. inflata
and N. pachyderma. These three species alone still yield surprisingly
reasonable accuracy (RMSEP 2.1 °C for annual SST south of 40°S).
However, none of those three species is abundant in warm water
(Fig. 9), which may limit accuracy during interglacials.

The chosen subset of taxa (shaded blue in Fig. 9) is a compro-
mise between inclusivity and consistency, acknowledging that we
will not use exactly the same subset for each reconstruction. We
also exclude some deeper-dwelling globoratalia species which
degrade the SST reconstructions. For the 13 selected taxa, the
RMSEP at sites south of 40°S reaches a broad minimum at 1.2 °C
with k = 7 to 12 (annual) or 1.4 °C with k = 4 to 15 (summer). For
those records missing some of the selected taxa, the RMSEP will be
slightly higher: between 1.2 and 2.1 °C for the annual SST. The
geographic distribution of the residuals (Fig. 10b) shows that pos-
itive and negative residuals do not generally form regional clusters
(compare with Figs. 3 and 5 for Mg/Ca and alkenones). This sug-
gests that regional influences, e.g. due to drift, do not make an
important contribution to the reconstruction. This is the only proxy
we have analysed which does not show such regional clustering of
residuals.

Overall we consider the foraminifera assemblage to be the most
reliable of the seven proxies, for Southern Ocean SST re-
constructions at glacial-interglacial time scales. However, we note
that the representative seasonality and depth of reconstructed
temperatures are not well constrained, potentially introducing er-
rors if seasonality or water column structure were markedly
different under past climates.

5.7. Radiolarian assemblages

Radiolarians are a group of marine zooplankton, with mostly
siliceous shells, distributed throughout the world's oceans
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including the Southern Ocean and Antarctic coastal waters (e.g,
Nishimura and Nakaseko, 2011; Boltovskoy and Correa, 2016).
Similar to foraminifera, radiolarians sometimes show acquired
phototrophy (Stoecker et al., 2009). This group's species diversity in
cold polar waters, and their siliceous shells, provide similar ad-
vantages to those of diatoms and dinocysts when compared to the
more widely used foraminifera assemblages.

As noted in Section 3 above, lateral drift is a potentially major
problem for radiolarian-based SST reconstructions in the Southern
Ocean. Not only are most radiolarians relatively slow sinkers
(perhaps travelling some hundreds of km between their surface
habitat and eventual deposition in ocean sediments), but their
sinking rates vary widely across several important radiolarian taxa
in the Southern Ocean Takahashi and Honjo (1983) (Fig. 1). This is
significant because lateral advection can then modify the assem-
blage itself, further compounding what is already a difficult issue
regarding the non-local temperature signal in local sediments.
Since we would use an empirical core-top reconstruction technique
such as the MAT or transfer functions, the effects of this advection
will be compensated for, to some extent, in a training dataset
evaluated by the ‘leave-one-out’ approach. Indeed, an RMSEP <2 °C
can be achieved for radiolarian training datasets relevant to the
Southern Ocean (Cortese and Abelmann, 2002; Cortese and
Prebble, 2015). The real problem arises in the reconstructions,
since the training dataset may no longer be relevant if advection
patterns have changed in the past. Bearing in mind it is the
assemblage as well as the provenance that is being modified, then
correcting for advection is neither practical nor robust in a tem-
perature reconstruction. The problem can also become circular if an
advection correction is applied based on paleo-currents when the
paleo-currents themselves are dependent on climate models opti-
mised using an ocean temperature reconstruction.

Two additional problems with applying radiolarian assemblages
in the SST synthesis (Part 2) are the lack of a recent training dataset
covering all of the Southern Ocean (Table S3.7), and very variable
reporting of taxa in the available radiolarian counts. Several core-
top databases have been compiled (Table S3.7), with varying
geographic coverage and taxa (CLIMAP Project Members, 1976;
Cortese and Abelmann, 2002; Herndndez-Almeida et al., 2020). To
apply the MAT, the optimal choices are a detailed Pacific database of
429 taxa — albeit with significant gaps (Hernandez-Almeida et al.,
2020), or the much older CLIMAP Project Members (1976) data-
base covering all three basins but with only 22 taxa. The CLIMAP
Project Members (1976) database includes insufficient data from
warm water, having only 4 sites with summer SST >20 °C, thus
reducing the confidence in reconstruction of warmer interglacial
conditions. We can combine the two databases, but then encounter
problems matching taxa (there have been many changes in the
taxonomy over the last 40 years), and after some necessary
grouping we find only 18 taxa are common to both databases. With
this combined database, there are still relatively few subtropical
sites.

5.7.1. Recommendations for the Southern Ocean

Even before reviewing additional non-thermal influences, we
consider it likely that the species-dependent lateral advection will
prevent reliable application of radiolarian assemblages as an SST
proxy in the Southern Ocean, at least until detailed analysis of the
resulting errors has been carried out using high-resolution
dispersion modelling under both modern and a range of paleo-
ocean circulation patterns. We note again that back-trajectory
modelling will not necessarily solve this problem, since the
‘advection’ includes a dispersion component (related to the
Southern Ocean eddy diffusivity) that cannot necessarily be cor-
rected by back-trajectory modelling (Batchelder, 2006). Therefore,
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we have chosen not to include this proxy in the synthesis in Part 2.

6. Discussion and conclusions

The previous sections have reviewed many potential issues
relevant to SST reconstructions in the Southern Ocean, leading to
the recommendations summarised in Table 2. Three significant
problems in this region are lateral advection, poorly constrained
seasonality or depth, and important non-thermal influences. These
are unlikely to be realistically corrected for in SST reconstructions,
without adding considerable additional uncertainties, especially
considering that their influence may have varied under past cli-
mates. All proxies suffer from at least one of these three problems,
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but foraminifera assemblages are considered the most reliable
overall, as reflected by their relatively low RMSEP (annual and
summer 1.2 °C and 1.4 °C), fast sinking rates (Fig. 1), and lack of
regional clusters of warm/cold residuals (Fig. 10b). Alkenones were
considered as the most reliable geochemical proxy, but could be
susceptible to lateral advection and sediment reworking in some
regions (Section 5.1). In addition, changes in the seasonality of
alkenone synthesis are uncertain under past climates (Fig. 2). Both
proxies lose sensitivity in cold polar waters (SST <1-2 °C), but it is
possible this restriction could be alleviated for alkenones by wider
use of C37:4.

G. bulloides Mg/Ca and diatom assemblages were considered as
moderately reliable when analysing a regional average rather than
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individual sites (see advantages and disadvantages in Table 2). Both
are potentially subject to important non-thermal influences, and
diatom assemblages may be modified by species-selective advec-
tion (Section 3). However, diatoms are particularly valuable at
higher latitudes where alkenones and foraminifera lose sensitivity,
and in these areas they may be more reliable than the alternatives.

Finally the N. pachyderma Mg/Ca, GDGTs, dinocyst assemblages
and radiolarian assemblages were considered unreliable in the
Southern Ocean for reconstructions at glacial-interglacial time
scales. The former two have very weak calibrations, and the latter
two are likely to be strongly susceptible to advection, amongst
other drawbacks (Table 2).

By selecting alkenones, G. bulloides Mg/Ca, foraminifera as-
semblages, and diatom assemblages we are not only choosing the
proxies we consider to be most reliable, but fortuitously we are also
sampling important diversity: the set includes two geochemical
proxies based on one phototrophic group and one heterotrophic
group, and two assemblages also based on one phototrophic group
and one heterotrophic group. This diverse mix reduces sensitivity
of regional average SST reconstructions to poorly-constrained past
changes in nutrients, population dynamics, seasonality or other
environmental factors that likely affect one group more than
another. The set includes two proxies that are not sensitive to
carbonate dissolution, which leads to poor preservation of fora-
minifera (for either SST reconstructions or age modelling) in some
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regions of the Southern Ocean (e.g., Xiao et al., 2016).

These recommendations apply to Southern Ocean SST re-
constructions for the purposes of calculating a regional SST
anomaly. Even the proxies considered as most reliable may still be
susceptible to significant and poorly constrained errors in partic-
ular regions. For that reason we would be very cautious when
analysing spatial variability, a small number of sites, or a single
proxy type.
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