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Abstract. With the onset of anthropogenic climate change, it is vital that we understand climate sensitivity and
rates of change during periods of warming in the Earth’s past to properly inform climate forecasts. To best inform
modeling of ongoing and future changes, environmental conditions during past periods of extreme warmth are
ideally developed from multiproxy approaches, including the development of novel proxies where traditional ap-
proaches fail. This study builds on a proposed sea surface temperature (SST) proxy for the high-latitude Southern
Ocean, based on the morphometrics of the ubiquitous Antarctic diatom Fragilariopsis kerguelensis. This species
has been shown to display two distinct morphotypes; a low-rectangularity morphotype is interpreted to be more
common in warmer waters while a high-rectangularity morphotype is more common in cooler waters. The pro-
portion of the low-rectangularity morphotype (pLR) has been correlated to SST and summer SST (SSST). Here,
we examine this proxy by reconstructing SST using sediment samples from the modern seafloor surface in the
Amundsen Sea and the Sabrina Coast to test how well two published calibrations of this relationship (Kloster et
al., 2018; Glemser et al., 2019) reconstruct SST and SSST in the modern ocean. In the Amundsen Sea surface
sediments, we calculate derived SST —1.6 to —1.2 °C and derived SSST 0.6 to 0.7 °C. In the Sabrina Coast sur-
face sediments, we calculate derived SST —0.3 to 0.5 °C and derived SSST 1.4 to 2.5 °C. We discuss the differing
population dynamics of F. kerguelensis in our surface samples between the Amundsen Sea and Sabrina Coast
because the Amundsen Sea specimens display a lower pLR than Sabrina Coast specimens, although they exist
in warmer waters and should display a higher pLR. We also use the two published calibrations to preliminarily
reconstruct SST and SSST in the Amundsen Sea over the last interglacial, Marine Isotope Stage 5 (MIS-5). We
calculate SSTs that are slightly cooler or within the range of the modern Amundsen Sea for the duration of
the last interglacial; we calculate summer SSTs ~ 1 °C warmer than the modern Amundsen Sea. This suggests
MIS-5 SSTs were at most marginally warmer than the modern Amundsen Sea.
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1 Introduction

Modern ocean warming and the enhanced upwelling of Cir-
cumpolar Deep Water (CDW) near the West Antarctic con-
tinental margin has been shown to be a significant threat
to ice sheet stability to an even greater extent than atmo-
spheric warming (Holland et al., 2020). This ocean forcing
has the potential to destabilize the ice streams draining the
West Antarctic Ice Sheet (WAIS), which is grounded to as
much as 2500 m below sea level (e.g., Seroussi et al., 2017,
Morlighem et al., 2020; Patterson et al., 2022). To better in-
form forecasts of future ice sheet changes, it is necessary
to understand the environmental conditions during previous
warming periods of Earth’s history. We study past sea sur-
face temperature (SST) in the Southern Ocean using ma-
rine proxies. Model simulations have shown that, like at
present, seawater temperatures are particularly important in
driving grounding line retreat and ice sheet thinning (e.g.,
DeConto and Pollard, 2016), which has been corroborated
by proxy data from marine sediment records (e.g., Hillen-
brand et al., 2017). Although it is mainly the ocean heat sup-
plied by CDW that forces WAIS retreat (DeConto and Pol-
lard, 2016; Holland et al., 2020), paired stable carbon iso-
tope (8'3C) data from planktic and benthic foraminifera in
Holocene sediments from the Amundsen Sea shelf have re-
vealed that changes in CDW temperature and/or upwelling
also leave a corresponding signal in the surface water (Hil-
lenbrand et al., 2017). This is consistent with modern ob-
servations from the Antarctic Pacific margin showing that in-
creased CDW advection also increases the near surface ocean
heat content (Martinson et al., 2008). Past SST, along with
other environmental conditions, is best reconstructed using
multi-proxy approaches that allow for cross-verification to
fill gaps that may be due to seasonal influence of different
proxies. Although several SST proxies have been applied to
Neogene to Quaternary Southern Ocean sediments, there is
need for novel proxy development because material for study
remains scarce, and no existing proxy is universally applica-
ble to all available sediment types (Kim et al., 2009; Ho et
al., 2014; Mollenhauer et al., 2015; Fietz et al., 2016; de Bar
et al., 2020; Inglis and Tierney, 2020).

Fragilariopsis kerguelensis is a heavily silicified diatom
species that dominates marine sediments in the southern high
latitudes. F. kerguelensis evolved in the early Pleistocene and
became the dominant diatom of the Southern Ocean during
the mid-Pleistocene (Cortese and Gersonde, 2008; Cortese
et al., 2012; Kloster et al., 2017). Computer-aided morpho-
logic studies of F. kerguelensis demonstrate that its morphol-
ogy ranges from being narrowly elliptic to lanceolate, which
is defined as having high or low rectangularity, respectively
(Kloster et al., 2018). This morphologic distinction has been
shown to correlate with several environmental variables, in-
cluding iron input, sea ice duration, length of growing sea-
son, location of the Antarctic Polar Front, and light levels, but
the strongest and most consistent correlation in earlier studies
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is to the SST under which the populations grew (Cortese and
Gersonde, 2007; Crosta, 2009; Cortese et al., 2012; Shukla
et al., 2013; Shukla and Crosta, 2017; Glemser et al., 2019).
With further confirmation of this correlation, F. kerguelen-
sis morphology may provide a meaningful SST proxy in the
high-latitude Southern Ocean.

F. kerguelensis populations in the Weddell and Belling-
shausen seas have previously been shown to display a mix-
ture of two morphologic populations based on the measured
valve rectangularity (R); proportions of the two modalities
(low rectangularity and high rectangularity) have been corre-
lated with SST (Kloster et al., 2018; Glemser et al., 2019).
F. kerguelensis populations that display a relatively high pro-
portion of a low-rectangularity valves (pLR) have been docu-
mented living in relatively warm surface waters (1-5 °C) and
preserved in underlying seafloor surface sediments, whereas
populations that display a lower pLR have been documented
living in colder surface waters (< ~ 1 °C) and preserved on
the underlying seabed (Kloster et al., 2018; Glemser et al.,
2019). These findings provide an impetus for paleo-SST re-
construction using this SST-valve morphology relationship
(Fig. 1).

Two recent studies have explored this relationship, result-
ing in two different SST and valve morphology proxy esti-
mates. The study of Kloster et al. (2018) is an initial explo-
ration into using relative rectangularity abundances to recon-
struct paleo-temperatures. In their study, a low valve rect-
angularity to high valve rectangularity ratio was calculated
and compared to Antarctic summer sea surface temperature
(SSST) reconstructed through the past ca. 140000 years via
transfer functions by Esper and Gersonde (2014), finding that
the presence of the low-rectangularity class correlated well
with SSST. By comparing the rectangularity of F. kergue-
lensis populations in downcore intervals from the Weddell
Sea to SST calculations derived from diatom transfer func-
tions performed on the same core intervals, the study inferred
Eq. (1) for reconstructing SSST (in °C) (Kloster et al., 2018),
in which LR/HR represents the ratio of low-rectangularity to
high-rectangularity valves in a sample population (unitless):

SSST= 0215 - | R |+ 0.512 )
= 0. = 512.

Glemser et al.’s (2019) study expands on this F. kerguelensis
valve morphology control, along with other environmental
controls, and examines if both low- and high-rectangularity
morphotypes appear in recent water column and surface sedi-
ment assemblages using the proportion of low-rectangularity
(pLR) valves relative to valves of the entire population as a
measure of annual SST change. In their study, they collected
F. kerguelensis samples with net hand catches along three
separate transects, PS40, PS79 and PS103, in the Atlantic
sector of the Southern Ocean and plotted frustule rectangu-
larity against modern ocean temperatures from World Ocean
Atlas (2009). In addition, the authors analyzed F. kerguelen-
sis frustules of seafloor surface sediment samples along one
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Figure 1. The top panel shows an illustration of Fragilariopsis
kerguelensis rectangularity. The red-shaded oval shows the area of
the valve inside of the green-shaded rectangle. The bottom panel
shows an example distribution of an F. kerguelensis assemblage in
sediment showing low rectangularity (left) and high rectangularity
(right).

transect, PS35, in the Pacific sector of the Southern Ocean,
where rectangularity correlated less well with modern SSTs.
They found that there is a strong initial gradient in pLR be-
low 0 °C, but above 0 °C pLR leveled out. SST is described
by Eq. (2) (Glemser et al., 2019):

(Fix)

og| ——= ) =0.125+2.10 -1og(SST + 2). 2)
1-pLR

The study presented in this article uses these functions
to quantify SST and SSST in surface sediments from the
Amundsen Sea and Sabrina Coast to examine whether they
reflect true temperatures in these locations. We also charac-
terize and compare F. kerguelensis assemblages between the
Amundsen Sea and Sabrina Coast. Finally, we quantify SST
and SSST in Amundsen Sea sediments from the last inter-
glacial, Marine Isotope Stage 5 (MIS-5) using the two de-
scribed equations.

2 Materials and sample preparation methods

Fragilariopsis kerguelensis specimens analyzed in this study
were collected from the Amundsen Sea and Sabrina Coast in
seafloor surface and downcore sediments (Fig. 2, Table 1).
The modern Amundsen Sea samples include core top sedi-
ment samples from piston core PC496 and box core BC495
recovered on RRS James Clark Ross expedition 179 (JR179)
in 2008 (Enderlein and Larter, 2008). In addition, we ana-
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lyzed F. kerguelensis valves settled from core bottom water
on the top of core U1532A-1H recovered on International
Ocean Discovery Program Expedition 379 (IODP Exp379)
in 2019 (Gohl et al., 2021). This sample is made up of sus-
pended sediment in the core barrel of the first penetration
and represents the late Holocene; it is probably comprised
of a mixture of diatoms representing the last several thou-
sand years. While the upper sediments in a piston core may
have some preservation issues and the core water would ide-
ally not be used as a representation for “modern” deposition,
devout surface sediment samples such as box core or multi-
core were not collected in these sites, so we use core top
from PC496 and core bottom water from U1532A as stand
ins for “modern” sedimentation. The collection of these sam-
ples may provide a yet unquantified bias to analytical results.
The down-core sediment samples from the Amundsen Sea
include 19 samples from 114-262 cm depth in core PC496;
18 samples were analyzed from 140-370 cm depth in core
U1533D-1H, which was also recovered during IODP Exp379
(Gohl et al., 2020). According to age models developed by
Horrocks (2018) and Hopkins et al. (2024), these sediments
span the last interglacial period, i.e., Marine Isotope Stage
(MIS) 5 from 130 to 71 ka (Lisiecki and Raymo, 2005). Both
core PC496 and the two IODP Exp379 cores were recov-
ered from sediment drifts on the Amundsen Sea continental
rise (Uenzelmann-Neben and Gohl, 2012; Horrocks, 2018;
Gohl et al., 2021). Seafloor surface sediments from the Sab-
rina Coast were collected on expedition IN2017-VO01 (sam-
ples from multi-cores MCO1, MC02, MCO03, MC04, MCO05)
with RV Investigator in 2017 and on expedition NBP1402
with RV/IB Nathaniel B Palmer expedition in 2014 (samples
from mega-cores MC45, and MC61). The core tops and box
cores from both the Amundsen Sea and Sabrina Coast ide-
ally represent modern deposition, and we assume F. kergue-
lensis assemblages preserved in these sediments to represent
the modern ocean.

FE. kerguelensis specimens were manually identified and
imaged using a Leica DMLV optical microscope from strewn
or settled slides mounted in Norland-61 optical adhesive,
following Warnock and Scherer (2015). Effort was taken to
make the perimeter of each valve as bold as possible for im-
age processing to identify. Each image was then inputted into
SHERPA (Shape Recognition, Processing and Analysis) im-
age processing software (Kloster et al., 2014). SHERPA is
compatible with slide-scanning microscopes, meaning that
an automatic or semi-automatic workflow is often possible.
However, we found that it is also possible to perform shape
analysis using this software in a completely manual fash-
ion in which images are manually inputted, edited and mea-
sured. SHERPA analyses and measures the shape in ques-
tion for a number of descriptors including rectangularity, but
it does not always accurately capture the desired valve, of-
ten capturing sediments that overlapped the valve as part of
the diatom valve itself. Thus, each image had to be manually
edited to properly fit this shape of the imaged valve. This en-
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Table 1. Sample site locations and usage.

Expedition ~ Sample name*  Region Longitude Latitude  Type Usage™** Depth (cm)
JR179 BC495 Amundsen Sea  —108.34936 —70.04879 Box Core SSA 0-1
JR179 PC496 Amundsen Sea —106.68016 —69.23008 Piston Core SSA, MIS-5  (0-4/downcore
10DP379 U1532 Amundsen Sea —107.5255 —68.61139  Core Top Bottom Water =~ SSA Core Water
10DP379 U1533 Amundsen Sea  —109.03223 —68.73571 IODP adv. Piston core MIS-5 downcore
IN2017 MCO1 Sabrina Coast 115.623 —64.471  Multi-core SSA 0-1
IN2017 MCO02 Sabrina Coast 115.043 —64.463  Multi-core SSA 0-1
IN2017 MCO03 Sabrina Coast 119.301 —64.675  Multi-core SSA 0-1
IN2017 MCO04 Sabrina Coast 119.018 —64.654  Multi-core SSA 0-1
IN2017 MCO05 Sabrina Coast 118.696 —64.729  Multi-core SSA 0-1
NBP1402 MC45 Sabrina Coast 120.5 —66.183  Multi-core SSA 0-1
NBP1402 MC61 Sabrina Coast 120.464 —66.128  Multi-core SSA 0-1

* Name as referred to in paper. ** SSA stands for surface sediment analysis.

Ice shelf
Land
Bathymetry (m)

0
7,054

Amundsen Sea

Figure 2. Site map of sample locations used in this study: (a)
Amundsen Sea core locations and (b) Sabrina Coast core loca-
tions. Surface sediments were used in all study locations except for
U1533. This study also examined downcore sediments that cover
the MIS-5 interval of cores U1532 and U1533 in the Amundsen
Sea. Map generated using Quantarctica3 (Matsuoka et al., 2021).

sured that each image taken was of an F. kerguelensis valve
and that SHERPA properly measured the area each valve. At
least n = 150 F. kerguelensis specimens were analyzed per
sample, and rectangularity values were calculated based on
Eq. (3) after Droop (1995).

. area of valve
Rectangularity = - 3)
area of enclosing rectangle
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Rectangularity data for each of the specimens was imported
into a .csv file, where each specimen was designated either
“low rectangularity” or “high rectangularity”. High- or low-
rectangularity valves are distinguished by a threshold rectan-
gularity of 0.751. It is possible that this distinguishing num-
ber will be different for different populations of F. kerguelen-
sis around the Southern Ocean (Kloster et al., 2018; Glemser
et al., 2019), but we decided to maintain this threshold to
align with the previous two studies. The proportion of low-
rectangularity valves (pLR) in each population was calcu-
lated and entered into the defined equations that reflect the
SST-valve morphology relationship, allowing us to calcu-
late SST for that specific F. kerguelensis population. Sim-
ple length/width ratios can be highly variable, depending on
the size of the initial post auxosporulation cell and the stage
number of subsequent cell divisions, meaning a sample pop-
ulation might display a variety of valve sizes regardless of
environmental conditions. By contrast, rectangularity mea-
surements have been shown to be consistent, regardless of
overall valve area, as it is unitless and accounts for gener-
ational diminishing of valve area, typically preserving the
overall shape of the frustule (Kloster et al., 2018).

3 Results

3.1 Derived SST and SSST from Amundsen Sea and
Sabrina Coast surface sediments

We use the two existing calibrations (Kloster et al., 2018;
Glemser et al., 2019) to reconstruct SST and SSST in core
tops for Amundsen Sea sites PC496, BC495 and U1532 and
surface sediment samples from the Sabrina Coast in samples
MCO1, MCO1, MCO03, MC04, MC05, MC45 and MC61 (Ta-
ble 2, Figs. 3, 4) to represent a “modern” SST reconstruc-
tion. We then compare the Amundsen Sea results to modern
SSST inferred from nearby in situ measurements given by
the Quantarctica3 database, generated from the World Ocean
Atlas (WOA) 2013, which provide a modern SSST range for
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the sites of —0.5 (BC495) to 0.3 °C (U1532) on the continen-
tal slope where these samples were taken from (Locarnini et
al., 2013). We also compare the Sabrina Coast results to CTD
(conductivity, temperature, and depth) measurements taken
by Bensi et al. (2022) and Orsi and Webb (2022), which pro-
vide SSSTs of —2 to —1°C, and to Locarnini et al. (2013)
SSST, which provides temperatures for the sites in question
ranging from —1.2 (MC45) to 0.4 °C (MCO03). Mean sea sur-
face temperature (i.e., SST) is likely to be biased towards
summer temperatures in the Southern Ocean as most of the
empirical measurements used in the WOA are measured in
the austral summer. Therefore, here we compare derived SST
and SSST to WOA (2013) summer SST and winter SST to
examine surface and downcore derived temperature in a non-
biased way, although we do not compare directly them to
“mean SST”.

3.2 Biogeographic discrepancies between Amundsen
Sea and Sabrina Coast F. kerguelensis Populations

We also characterized F. kerguelensis assemblages in Sab-
rina Coast and Amundsen Sea surface sediments. Here we
present a comparison of these populations using the variabil-
ity of statistical measures: mean, median, mode, skew and
kurtosis (Table 3). We additionally speculate on the drivers
for differences in F. kerguelensis population rectangularity
in the Amundsen Sea and the Sabrina Coast.

F. kerguelensis valves in U1532 surface samples present
distributions of moderate rectangularity values with means
of 0.76 (pLR: 0.435; skew: 0.08; kurtosis: —0.248) and
PC496 surface samples present distributions of moderate
rectangularity with 0.758 (pLR: 0.448; skew: 0.113; kurtosis:
—0.791). The BC495 population is weighted towards lower
pLR with a mean of 0.776 (pLR: 0.141; skew: —0.686; kur-
tosis: 0.555). Sabrina Coast F. kerguelensis populations are
generally weighted towards higher pLR. Means of Sabrina
Coast F. kerguelensis populations range between 0.731 and
0.743, while skewness values range from —1.037 to 1.752
and kurtosis values range from 0.448 to 20.179.

3.3 Derived SST and SSST from Amundsen Sea MIS-5

We finally use the two calibrations to reconstruct SST
through the MIS-5 interval in Amundsen Sea cores PC496
and U1533D-1H (hereafter U1533) (Fig. 5, Table 4). In
PC496, we calculate derived-SSST across MIS-5 ranging
from 0.6 to 1.1 °C and derived-SSTs ranging from —1.5 to
—0.6 °C. Derived temperature fluctuates most in the middle
of PC496 between 164 to 214 cmb.s.f. In U1533, we calcu-
late derived SSST across MIS-5 ranging from 0.8 to 1.7 °C
and derived SSTs ranging from —0.9 to —0.1 °C. The high-
est derived temperatures occur near the bottom of U1533 be-
tween 271 and 376 cmb.s.f.
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4 Discussion

4.1 Reconstructing modern SST and SSSTs from F.
kerguelensis in surface sediments

Modern Amundsen Sea SSTs generally range between —0.5
to 0.0 °C (World Ocean Atlas (WOA); Locarnini et al., 2013).
Upon analysis of surface sediments in PC496 and BC495 and
core water from U1532 (Table 2), we derive SSSTs that are
warmer than this range (0.5 to 0.6 °C), but we derive SSTs
that are colder than this range (—1.6 to —1.2°C). It is log-
ical that derived summer SSTs would be warmer than the
annual average SST presented by the WOA. However, it is
interesting that we derive colder SSTs than are present. We
propose three possible explanations for colder than reported
derived SST: (1) the temperature model is not sufficiently
attuned to actual SST, (2) the microfossil record is biasing
towards the cooler low-rectangularity morphotype or (3) the
sediments sample we have designated “surface samples” are
not actually modern as we operate under the assumption that
surface sediments are a stand in for modern deposition. Point
3 could be rectified by radiocarbon dating surface sediments
but points 1 and 2 will require a more in-depth study of F.
kerguelensis population dynamics.

The surface waters off the Sabrina Coast generally range
between —2 and —1 °C annually. We derive SSSTs between
1.4 to 2.5°C in Sabrina Coast surface sediments, warmer
than the yearly average. We also derive SSTs that range be-
tween —0.3 and —1.2°C, still warmer than the presented
yearly average. Interestingly, while our derived SST (via
Glemser et al., 2019) in the Amundsen Sea is colder than
the Amundsen Sea yearly average as reported by Locarnini
et al. (2013), our derived SST in the Sabrina Coast is warmer
than Locarnini et al. (2013) reported Sabrina Coast. Addi-
tionally, actual Sabrina Coast SSTs are ~ 0.5 to 1.5 °C colder
than Amundsen Sea SSTs. Based on our understanding of the
SST-valve morphology relationship, this should mean that F.
kerguelensis assemblages on the Sabrina Coast, as compared
to the Amundsen Sea, would have proportionately fewer low-
rectangularity valves with population rectangularity skewed
more in favor of higher-rectangularity valves that are more
prevalent in colder waters. However, the Sabrina Coast F.
kerguelensis assemblages have proportionately more low-
rectangularity valves and fewer high-rectangularity valves,
which is why we derive warmer SSTs and SSSTs than
those that exist. Clearly, there is some discrepancy between
Amundsen Sea and Sabrina Coast F. kerguelensis popula-
tions that causes a high pLR in the relatively colder waters
of the Sabrina Coast when there should be a lower pLR. We
propose that this discrepancy is due to a fundamental differ-
ence between Amundsen Sea and Sabrina Coast F. kergue-
lensis populations, which we discuss in Sect. 4.2.

J. Micropalaeontology, 43, 323—-336, 2024
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Table 2. Derived SST and SSST from surface sediments in the Southern Ocean.

Amundsen Sea

Cruise Core Depth SSST WSST No. of LR/ SSST°Cvia  pLR SST °C via
(WOA, 2013) (WOA, 2013) no. of HRratio  Kloster et al. (2018) Glemser et al. (2019)
JR179 BC495 0-1 —0.5 —1.4 0.811 0.7 0.141 -12
JR179 PC496 04 —0.1 —-1.2 0.165 0.6 0.448 -1.6
IODP379  U1532  Core Water 0.3 —1.1 0.435 0.7 0.435 —-1.2
Sabrina Coast
IN2017 MCO01 0-1 —0.1 —-1.7 7.100 20 0.877 0.2
IN2017 MC02 0-1 -0.2 —-1.7 5.077 1.6 0.835 —0.1
IN2017 MCO03 0-1 —-0.4 -1.0 6.524 1.9 0.867 0.1
IN2017 MC04 0-1 0.4 -1.0 9.400 25 0.904 0.5
IN2017 MCO05 0-1 0.0 —-1.0 4.241 1.4 0.809 -0.3
NBP1402 MC45 0-1 -1.2 —14 3.903 1.4 0.796 -0.3
NBP1402 MC61 0-1 —1.1 —1.4 4.440 1.5 0.816 —-0.2

No. of LR/no. of HR ratio is the number of low-rectangularity valves divided by the number of high-rectangularity valves, pLR is the proportion of low rectangularity, SSST is the summer

sea surface temperature, and WSST is the winter sea surface temperature.
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PC496 0-4 cm Rectangularity
T

BC495 0-1 cm Rectangularity
T

. U1532 Core Water Sample Rectangularity
T

40

Derived SSST = 0.7°C (vii Kloster et al., 2018)

j 1 35 4
Derived SST = -1.2°C (via|Glemser et al., 2019)

w
o
w
o

N
a
N
a

-
o

Rectangularity Occurrence
= N
w (=}

Rectangularity Occurrence
N
o

[
o
=
o

o]
o]

R, | 1

Derived SSST = 0.6°C (viﬂ Kloster et al., 2018)

1
Derived SST = -1.6°C (viajGlemser et al., 2019)

Derived SSST = 0.7°C (vii Kloster et al., 2018)

w
o

1
Derived SST = -1.2°C (via|Glemser et al., 2019)
1

w
o

N
o

Rectangularity Occurrence
- N
w o

[
o

5

HEE |

0 T — T T T T
0.650 0.675 0.700 0.725 0.750 0.775 0.800 0.825 0.850
Rectangularity

750 0.775 0.800 0.825 0.850
Rectangularity

0 T T T
0.650 0.675 0.700 0.725 O.

0 T T T T T T T
0.650 0.675 0.700 0.725 0.750 0.775 0.800 0.825 0.850
Rectangularity

Figure 3. Derived SST and SSST and population rectangularity distributions from F. kerguelensis specimens in Amundsen Sea surface
sediment samples. Modern SSST ranges between —0.5 to 0.3 °C for these sites.

4.2 F kerguelensis population dynamics in the
Amundsen Sea vs. Sabrina Coast

Here we discuss similarities and differences between F. ker-
guelensis populations preserved in Amundsen Sea and Sab-
rina Coast sediments. In the surface sediments from the
Amundsen Sea, we find F. kerguelensis populations that dis-
play both high and low rectangularity types, although these
populations often trend unimodal and range across the 0.751
threshold. Kloster et al. (2018) found several F. kerguelensis
assemblages from glacial periods as having bimodal popu-
lations, in which an assemblage displays both rectangular-
ity morphotypes as two distinct populations and found as-
semblages from interglacial periods as having unimodal pop-
ulations, in which assemblages trend more towards a sin-
gle morphotype. An analysis of F. kerguelensis in seawater
and sediment samples from the Weddell and Bellingshausen
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seas found the presence of the two morphotypes in both live
catches and surface sediment assemblages (Glemser et al.,
2019). Our investigations reveal that F. kerguelensis popula-
tions in surface sediments from both the Amundsen Sea and
Sabrina Coast lack this bimodal morphology and display a
largely unimodal morphology trending towards a single mor-
photype, albeit a unimodal morphology that displays both
high- and low-rectangularity morphotypes according to the
predetermined threshold.

In a normal distribution, the mean is equal to the median
and the mode. Skewness represents the amount of asym-
metry in a normal distribution. In this study, skew being
equal to 0 means the distribution is symmetrical and the
population is centered around the threshold of 0.751 (this
theoretically separates high- and low-rectangularity popu-
lations; Kloster et al., 2018). Skew <0 means data points
are more concentrated on high-rectangularity specimens,
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Figure 4. Derived SST and SSST and population rectangularity distributions from F kerguelensis specimens in Sabrina Coast surface
sediment samples. Modern SSST is ~—2.0 to —1 °C (Bensi et al., 2022; Orsi and Webb, 2022) for the Sabrina Coast generally or —1.2 to

—0.4 °C (Locarnini et al, 2013) for these sites.

and skew > 0 means data points are more concentrated on
low-rectangularity specimens. Excess kurtosis describes the
“tailedness” of data, which represents how often outliers in
data occur; here, we use kurtosis to determine whether the
tails of a distribution contain extreme values and how far data
ranges from the mean. Normal distributions will have kurto-
sis of 0, distributions in which kurtosis > 0 (positive excess
kurtosis) indicate large outliers in the data, distributions in
which kurtosis < 0 (negative excess kurtosis) indicate small
outliers in the data. Low kurtosis signifies most data will be
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found close to the mean while high kurtosis signifies data will
be found further from the mean. In this context, high kurto-
sis signifies that F. kerguelensis valve rectangularity values
range more widely and further from the mean as compared to
a population with low kurtosis in which rectangularity values
cluster closely to the mean and most valves in a population
are alike in rectangularity.

The observed assemblages either trend towards moderate
rectangularity observed in the samples from cores PC496
(mean: 0.758; skew: 0.113; kurtosis: —0.791) and U1532
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Table 3. F. kerguelensis population descriptors in surface sediments.
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Amundsen Sea

Cruise Core Depth  Longitude Latitude No. of specimens Mean Median Mode SD Skew  Kurtosis
JR179 BC495 0-1 —108.3494 —70.04879 198  0.776 0.780 0.784 0.022 —0.686 0.555
JR179 PC496 04 —106.6802 —69.23008 201  0.758 0.757 0.742  0.026 0.113 —0.791
IODP379 U1532  Core water —107.5255 —68.61139 170 0.760 0.757 0.730 0.029 0.080 —0.284
Sabrina Coast
IN2017 MCO1 0-1 115.623 —64.471 162 0.733 0.730  0.729 0.019 0.87 1.228
IN2017 MCO02 0-1 115.043 —64.463 158 0.733 0.732 0.722 0.028 —1.037 10.297
IN2017 MCO03 0-1 119.301 —64.675 158 0.731 0.729 0.722 0.032 —0.244 20.179
IN2017 MCO04 0-1 119.018 —64.654 156  0.731 0.728 0.721 0.017 1.282 2.350
IN2017 MCO05 0-1 118.696 —64.729 152 0.736 0.734  0.731 0.019 0.651 0.488
NBP1402 MC45 0-1 120.5 —66.183 152 0.743 0.738 0.742  0.025 1.456 2.345
NBP1402 MC61 0-1 120.464 —66.128 147 0.738 0.734  0.740 0.021 1.752 4.988
. Reconstructed SSTs across IODP379-U1533 MIS 5 using 2 Temperature Models
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Figure 5. Reconstructed SST and SSST for cores PC496 and U1533 across MIS-5 using calibrations published by Kloster et al. (2018) and
Glemser et al. (2019). We compare the results from the two models to the modern Amundsen Sea SSST (—0.5 to 0.3 °C) range and winter

SST (WSST) range (—1.4 to —1.1 °C) from Locarnini et al. (2013).

core water (mean: 0.760; skew: 0.080; kurtosis: —0.248) or
are skewed towards high-rectangularity valves as observed
in the surface sediment at site BC495 (mean: 0.776; skew:
—0.686; kurtosis: 0.555) (Table 3). The skew and kurto-
sis descriptors in PC496 and U1532 suggest that most in-
dividuals in the population are closely clustered around the
moderate-rectangularity mean of 0.751. The negative skew
found for F. kerguelensis specimens in BC495 suggests that
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this population is skewed towards high rectangularity valves,
but the low kurtosis value suggests the population is still
mostly clustered around the higher rectangularity mean of
0.776. These statistics indicate that these three populations
are close to normal populations (skew and kurtosis =0;
mean = median = mode). The pLR values in the Amundsen
Sea populations range from 14.1-44.8 pLR. All three of these
populations visually do not present the two separate high-
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Table 4. Derived SST and SSST from the MIS-5 Amundsen Sea.

PC496 \ U1533

Depth (cm) ~ SST*  SSST** | Depth (cm) ~SST*  SSST**
114 —0.8 0.9 138 —0.9 0.5
124 —0.7 1.0 151 —0.8 0.5
134 -0.8 0.9 156 —0.5 0.5
144 -0.9 0.9 166 —0.8 0.5
154 -1.0 0.8 183 —038 0.5
164 -0.9 0.9 196 —0.9 0.5
169 —0.6 1.1 212 —0.8 0.5
174 -0.9 0.9 226 —0.9 0.5
179 -0.9 0.9 241  —0.6 0.5
184 —0.6 1.1 256 —0.5 0.5
190.5 —0.7 1.0 271 —0.5 0.5
194 —0.7 1.0 286 —0.2 0.5
199 -0.9 0.9 299 —0.7 0.5
204 -1.0 0.8 308 —0.7 0.5
209 —0.8 0.9 316 —0.3 0.5
214 —0.7 1.0 331 —04 0.5
232 —0.7 1.0 346 0.0 0.5
240 —0.7 1.0 376 —0.3 0.5
260 -15 0.6

* SST derived after Glemser et al. (2019). ** SSST derived after Kloster et al. (2018).

and low-rectangularity groups seen in glacial sediments by
Kloster et al. (2018), but instead they suggest a single mor-
photype per population that has a mostly moderate rectan-
gularity (around the 0.751 threshold) or is skewed towards
high-rectangularity valves as seen in sample BC495.

Like in the Amundsen Sea, we observe unimodal, low-
rectangularity trending F. kerguelensis populations in Sab-
rina Coast surface sediments. Means range from 0.731 to
0.743, and medians range from 0.728 to 0.738 and 0.721
to 0.740, which are almost equal and signify normal popu-
lation. Skew ranges from —1.037 to 1.752, kurtosis ranges
from 0.488 to 20.179, and pLR ranges from 0.796 to 0.904.
While the mean, median, and mode suggest a normal popula-
tion, skew and kurtosis suggest that Sabrina Coast sediments
are weighted towards low-rectangularity valves (indicated by
high pLR) and have outliers.

Kurtosis values differ between F. kerguelensis assem-
blages from the Amundsen Sea and Sabrina Coast. Kurto-
sis is between —1 and 1 in the Amundsen Sea, suggesting
the data are mostly centered around the mean and are close
to normal distributions (kurtosis = 0). However, assemblages
from the Sabrina Coast display a much higher kurtosis range
from 0.488 to 20.179. High kurtosis values indicate the pres-
ence of large outliers, in this context suggesting that several
F. kerguelensis specimens in each Sabrina Coast population
may lie far from the mean and have less of a “standard” valve
morphology.

These discrepancies in F. kerguelensis populations be-
tween the sites suggest that the Amundsen Sea and Sab-
rina Coast have distinctly different F. kerguelensis popula-
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tions preserved in the surface sediments. If the underlying
population dynamics and controls in both geographic regions
were the same, it can be reasoned that the populations should
be visually and statistically similar, yet they are not. Sab-
rina Coast F. kerguelensis populations contain higher pLR,
have wider population distributions and have lower means
than do the F. kerguelensis populations in the Amundsen
Sea. This is another line of questioning that should be inter-
rogated further, although this high pLR distribution off the
Sabrina Coast is supported by expected relative abundance
of the two morphotypes as modeled by Glemser et al. (2019),
who suggested that the biogeographic cline between low and
high pLR would be more southerly around the Sabrina Coast
than in the Amundsen Sea F. kerguelensis and would have
proportionally higher pLR. This supports the hypothesis of
Glemser et al. (2019) and Kloster et al. (2018) that the bor-
der between high and low pLR follows the southern bound-
ary of the Antarctic Circumpolar Current (sbACC; Orsi et
al., 1995); the region south of the sbACC is dominated by
low pLR, and the region north of the sbACC is dominated by
high pLR.

4.3 Regional variability in £ kerguelensis populations

There is a clear difference between F. kerguelensis in
Amundsen Sea vs. Sabrina Coast surface sediments. First,
pLR is much lower in the Amundsen Sea than on the Sab-
rina Coast. In the Amundsen Sea, pLR values are 0.141
(BC495), 0.448 (PC496) and 0.435 (U1532). Off the Sab-
rina Coast, pLR values range from 0.796 to 0.903 across
sites on and off the continental shelf. In situ SST mea-
surements in this area of the Southern Ocean record tem-
peratures between —2 and —1°C (Bensi et al., 2022; Orsi
and Webb, 2022), which is 0.5-1.5°C colder than in the
Amundsen Sea. These cold SSTs should support very low
pLR, but F. kerguelensis assemblages in the Sabrina Coast
surface sediments have high pLR. It is interesting that de-
spite having colder water than the Amundsen Sea, Sabrina
Coast assemblages predominantly display low-rectangularity
valves when colder waters should display predominantly
high-rectangularity valves. While seemingly at odds with the
underlying theory that high-rectangularity valves will present
themselves in cold waters, it must be noted that the two sam-
ples taken from on the Sabrina Coast continental shelf under
presumably colder SST, MC45 and MC61, do display lower
pLR (0.796 and 0.816), while the continental slope samples,
MCO01, MC02, MC03 and MCO04, display marginally higher
pLR (0.877, 0.835, 0.867, 0.904, respectively), with the ex-
ception of MCO5 (0.809). Despite the fact that Sabrina Coast
samples are generally at odds with the Amundsen Sea sam-
ples, the Sabrina Coast samples appear to display regional
variability that aligns with the idea that higher pLR is found
in warmer waters while lower pLR is found at colder wa-
ters. Regarding pLR within the Amundsen Sea, samples here
also align with the concept of regional variability. The south-
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ernmost sample, BC495, displays a pLR of 0.141; PC496
is more northerly and displays a pLR 0.448; and U1532 is
northerly still and displays a pLR of 0.435, suggesting that
pLR increases moving north presumably as SST warms. Col-
lectively, it appears that F. kerguelensis populations display
decreasing pLR variability with southerly latitude within re-
gions of the Southern Ocean, but this process is not consistent
region to region.

4.4 Drivers of change within F. kerguelensis

Here we hypothesize on drivers of change within F. kergue-
lensis that should be tested with further investigation. The
observed biogeographic discrepancies may be due to ge-
netic speciation within distinct parts of the Southern Ocean
rather than a single, Southern Ocean-wide F. kerguelensis
species. Postel et al. (2020) identified three genetically dis-
tinct strains of F. kerguelensis in the Weddell Sea alone. Each
of these strains had a latitudinal zonation, i.e., a northern
strain and southern strain, as well as an omnipresent strain
found throughout the Weddell Sea alongside both groups.
The northern strain exhibited the lowest rectangularity, the
southern strain exhibited the highest rectangularity, while the
omnipresent strain displayed a moderate rectangularity. If the
Weddell Sea alone can host three genetically distinct strains
of F. kerguelensis, then it is reasonable that other parts of the
Southern Ocean host their own unique genetic strains. The
Sabrina Coast population appears to be most like the om-
nipresent form identified by Postel et al. (2020) in terms of
rectangularity. Consequently, biogeographic differences, as
observed in many Southern Ocean diatom groups (Testa et
al., 2021), may account for the differences in population rect-
angularity observed in the Amundsen Sea and Sabrina Coast
populations. It is probable that the presentation of two rect-
angularity morphotypes observed in Kloster et al. (2018) is
actually a mixture of the three genetic strains identified by
Postel et al. (2020) rather than a single-species population
actively changing morphology. It may be possible to differ-
entiate these strains via microscopy and valve rectangularity
measurement without having to rely on genetic sequencing
techniques.

These genetic differences may be driven by South-
ern Ocean circulation patterns. The surface waters of the
Amundsen Sea Embayment (ASE) lie at the easternmost
limb of the clockwise-circulating Ross Sea Gyre (e.g., Ass-
mann et al., 2005; Wahlin et al., 2012; Gomez-Valdivia et
al., 2023) that may have an isolating effect on F. kerguelensis
populations. It is possible that F. kerguelensis in the Amund-
sen Sea display higher percentages of the “colder water”
low-rectangularity specimen because they are restricted to
these colder waters circulating within the Ross Sea Gyre. Al-
though a gyre has been documented along the Sabrina Coast
(Bindoff et al., 2000), the coastline is much less embayed
than ASE, thus F. kerguelensis off the Sabrina Coast may not
have such oceanographic confinement, likely resulting in less
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genetic population isolation. An in-depth study of Sabrina
Coast F. kerguelensis is required to question why populations
would differ from the Amundsen Sea. This hypothesis could
be tested through direct sampling of F. kerguelensis in the
water column in a latitudinal transect from more northerly
waters to the Sabrina Coast and comparing population rect-
angularity to observed SSTs at sampling sites after Glemser
etal. (2019). At this time, additional data over a broader geo-
graphic scope will allow us to better understand the relation-
ship between F. kerguelensis shape, genetic variability and
surface water temperature, as well as other oceanographic
conditions, in the modern Southern Ocean. Additionally, this
work will be improved by comparing F. kerguelensis in sur-
face sediment samples to SSTs directly measured at or near
the collection site. This will be a valuable test of how F. ker-
guelensis populations in surface sediments compare to those
in the water column and how each dataset compares to in
situ SST. Given the ubiquitous and dominant occurrence of
F. kerguelensis in Southern Ocean sediments, a better under-
standing of the drivers of change within F. kerguelensis may
allow us to develop regional calibrations between F. kergue-
lensis valve rectangularity and SST that can be used to re-
construct Southern Ocean SSTs over time.

4.5 SST in the Amundsen Sea during the last
interglacial period (MIS-5)

Configuration of the WAIS and Southern Ocean conditions
during MIS-5 (~ 130 to 74 ka) have been the subject of de-
bate for many years. Mercer (1978) first suggested that con-
ditions in West Antarctica may have been warm enough to
trigger WAIS collapse during MIS-5. Collapse is not a pre-
cisely defined term but generally refers to a significant con-
traction of grounded ice within a short time (Bart and Kra-
tochvil, 2022) that would result in an oceanic connection
of the Amundsen, Ross and Weddell seas (Mas e Braga et
al., 2021). Before even considering air temperature, such a
collapse would likely require a sustained increase in ocean
temperature exceeding 2 °C warmer than modern for a pe-
riod of ~ 1ka; however, only a 1°C increase is necessary
if sustained over 2ka, and even less time is needed when
air temperature increase is added to the model (Turney et
al., 2020; Mas e Braga et al., 2021). Early modeling stud-
ies of the MIS-5 Southern Ocean suggested that water tem-
peratures were similar to or only slightly warmer than today
(Cline et al., 1984). This early conclusion is supported by a
study on marine sediment cores from the Amundsen Sea that
found no direct evidence for a WAIS collapse during MIS-
5 (Hillenbrand et al., 2002). Furthermore, Southern Ocean
SST reconstructions using various methods from different
sectors of the Southern Ocean, including the Pacific sector,
suggest a slightly warmer MIS-5 with reconstructed SSTs
ranging between 0.05-2.5°C warmer than modern values
(Esper and Gersonde, 2014; Chadwick et al., 2020, 2022). In
the Atlantic sector, diatom transfer functions reconstructed
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maximum MIS-5 SSTs between 0.5 and 2.5 °C warmer than
modern (Zielinski et al., 1998; Kunz-Pirrung et al., 2002;
Bianchi and Gersonde, 2002). In the Ross Sea, TEXgg recon-
structed MIS-5e SSTs ~ 2.5 °C warmer than today (Hartman
et al., 2021). Although few SST reconstructions exist in the
Amundsen Sea, one diatom transfer function reconstruction
suggests a warming of only 0.05 °C at core site PS58/271 at
61.24°S, —116.05° E (Esper and Gersonde, 2014; Chadwick
etal., 2020, 2022). These studies, although disparate in quan-
tity, suggest that the different SST reconstructions in WAIS
drainage areas like the Amundsen Sea and Ross Sea are in
agreement that this part of the Southern Ocean was at most
~2.5°C warmer than modern during MIS-5e, the warmest
period of MIS-5. Further MIS-5 SST reconstruction efforts
will elucidate how warm these bodies were and for how long.

Before we delve into our MIS-5 Amundsen Sea SST re-
construction, it should be noted that downcore temperature
reconstruction results should be taken as a cursory investi-
gation of this method and are subject to change upon refine-
ment of this method as a paleotemperature proxy. Although
Glemser et al. (2019) notes that F. kerguelensis morphotype
relative abundance is informative below +3.5 °C, there is not
currently a range of error assigned to either the SST or SSST
equation. We also switch units from time (ka) to depth below
the sea floor (cmb.s.f.), due to a disparity of internal time
constraints for this section.

In core PC496, we reconstruct SSTs for MIS-5 between
—1.0 to —0.5 °C, which is consistently colder than the mod-
ern Amundsen Sea. In core U1533, between the depths 138—
256 cmb.s.f. we reconstruct SSTs that are slightly colder than
the modern Amundsen Sea range. Below this depth, we de-
rived SSTs that are approximately within the range of the
modern Amundsen Sea. U1533 supports the idea that the
early part of MIS-5 (MIS-5¢e) was the warmest part of the in-
terglacial (Bianchi and Gersonde, 2002; Capron et al., 2014;
Chadwick et al., 2022). Derived SSTs below 256 cmb.s.f.
approach 0°C and then generally cool moving upwards
throughout the stage. Interestingly, we do not reconstruct the
warmer MIS-5e trend in the lower depths of PC496, even
though the sites are not far from each other (< 150 km). This
discrepancy may be caused by several variables, including a
larger influence of CDW advected toward the Amundsen Sea
margin at the slightly more northerly site U1533 than at site
PC496 or a larger influence of cool, glacial meltwater orig-
inating from the WAIS margins at the more southerly site
PC496. Nonetheless, our results do not indicate that any part
of Amundsen Sea MIS-5 was significantly warmer than it is
today. Additionally, we do observe SST fluctuations in both
cores that may be tied to each of the MIS-5 substages (Shack-
leton, 1969), although this is speculative at this point with no
internal time constraints in the MIS-5 section of either core.
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5 Conclusions

In this study, we characterized Amundsen Sea and Sabrina
Coast F. kerguelensis assemblages in seafloor and downcore
sediments using the parameter “rectangularity”. We found
that surface sediment assemblages in both study locations are
different from each other, with Amundsen Sea assemblages
displaying moderate- to high-rectangularity valves and Sab-
rina Coast assemblages predominantly low-rectangularity
valves. When we apply equations from Kloster et al. (2018)
and Glemser et al. (2019) to derive SSST and SST, respec-
tively, we derive different temperatures. Derived tempera-
tures of the Sabrina Coast are much warmer than those of
the Amundsen Sea despite the Sabrina Coast actually being
colder than the Amundsen Sea. We hypothesize that this dis-
crepancy reflects distinct dominant genetic strains in the two
studied regions that may respond to surface temperature dif-
ferently. Drivers of population change may also be related to
ecological shifts that are not strictly dependent on SST. Our
preferred hypothesis is that ocean circulation patterns play
the dominant role in maintaining different F. kerguelensis
genetic populations, which have preferential environmental
conditions, such as SST, linked to distinct geographic zones
within the Southern Ocean.

We also apply the two equations for deriving SST and
SSST across the MIS-5 interval of two Amundsen Sea cores
in an investigation into how well this method can be used a
temperature proxy. Using these methods, we find that the last
interglacial in the Amundsen Sea was colder than or as warm
as (but not warmer than) the modern Amundsen Sea. While
we have worked to reconstruct such past temperatures in this
location using this method, we believe that our understand-
ing of F. kerguelensis ecological dynamics is not fully devel-
oped. With our new understanding that F. kerguelensis pop-
ulations between different parts of the Southern Ocean are
visually and possibly genetically different from each other,
it is likely that rectangularity changes do not reflect an “ac-
tive” response to a changing ocean, rather reflecting a shift
in the oceanographic zonation of a specific genetic group
that has a preferred environmental regime. It is imperative
that intentional steps are taken to further develop our under-
standing of the drivers of F. kerguelensis ecological dynam-
ics and their relationship to SST, as well as other oceano-
graphic conditions, in the Southern Ocean. Developing a bet-
ter understanding of what drives F. kerguelensis population
change may allow us to develop regional calibrations so that
we can reconstruct the past Southern Ocean as far back as the
mid-Pleistocene. Future work should address links between
oceanographic and ecologic variables that may govern pop-
ulation change as well as diatom genetic analyses. We con-
tend that rectangularity is a useful and analytically “simple”
means of measuring F. kerguelensis populations.
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Code and data availability. All diatom measurements generated
in this study via SHERPA, as well as derived temperatures and
associated data, can be found in the USAP Data Center (https:
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