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Abstract. The Ross Sea, Antarctica, is among the most sea-
sonally productive regions of the global ocean, where dif-
ferent classes of phytoplankton, such as diatoms, dinoflag-
ellates, and haptophytes (Phaeocystis antarctica), play key
roles in marine ecosystems and the carbon cycle. Sea ice dy-
namics strongly influence Ross Sea phytoplankton blooms,
yet the effects of recent sea ice changes on bloom composi-
tion and productivity remain poorly constrained, and longer
baseline records are required to understand changes in sea
ice and resulting impacts on phytoplankton and climate.

The last 200-year period provides a natural baseline before
the onset of the warming and rising atmospheric carbon diox-
ide (CO2) associated with industrialisation, making it criti-
cal for contextualising recent and projected change. We used
sedimentary biomarkers and diatom assemblages to examine
the relationship between physical changes in sea ice and phy-
toplankton community composition, which in turn influences
the chemical signatures preserved in marine sediments. We
investigated phytoplankton-derived lipid biomarkers (fatty
acids, highly branched isoprenoids; HBIs, sterols) and di-
atom assemblages in six marine sediment core tops and three
short sediment cores collected along a north-south transect
extending from McMurdo Sound coastal polynya to south
of Terra Nova Bay. Diatoms and biomarkers in core tops
reveal increased proportions of open-ocean diatom species
and bacterial fatty acids towards the southern end of the tran-

sect near McMurdo Sound driven by lower summer sea ice
concentration and yearly duration, along with a phytoplank-
ton community dominated by diatoms and higher summer
biomass. In contrast, the northern end of the transect, near
Terra Nova Bay, is characterised by higher proportions of
diatoms associated with sea ice, as well as increased con-
centrations of sea ice diatom-derived fatty acids, and HBIs,
driven by greater sea ice concentrations. Similarly, Phaeo-
cystis antarctica-derived fatty acid biomarkers increase to-
wards the northern end of the transect, likely driven by dif-
ferences in the phytoplankton community. A Principal Com-
ponent Analysis (PCA) of the biomarker and diatom dataset
confirms this spatial structure, resolving three main variance
groupings: diatoms and fatty acids associated with heav-
ier sea ice (Fragilaropsis curta group, C24:0), which are in-
versely related to open-water and fast ice diatom assem-
blages (Chaetoceros resting spores, open ocean, cold wa-
ter, and sea ice diatoms), while fatty acids and HBIs form
a third, independent grouping consistent with shared post-
depositional degradation.

Within the short cores, sea ice associated diatoms such as
Fragilariopsis curta and the sea ice proxy, PIPSO25, indicate
an increase in sea ice extent over the last 200 years, accom-
panied by declining open ocean diatom species, a trend not
captured by phytoplankton-derived fatty acids alone, which
show little change in community composition over the same
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period. Overall, our records reveal a 200-year increasing sea
ice trend in the southwestern Ross Sea, consistent with ex-
isting regional sea ice extent reconstructions from ice cores.
Biomarkers in the southwestern Ross Sea sediment indepen-
dently distinguish between pelagic diatoms, P. antarctica,
and sea ice-associated diatoms, offering a valuable tool for
developing longer decadal resolution records of sea ice and
phytoplankton community changes.

1 Introduction

Antarctic phytoplankton forms the base of the Southern
Ocean marine food web and influences the rate of oceanic
carbon drawdown. The Ross Sea is one of the most produc-
tive regions of the global ocean, with phytoplankton produc-
tion driving the uptake and storage of carbon dioxide (CO2)
in the ocean, decreasing local atmospheric CO2 compared to
the global average (Arrigo and van Dijken, 2004; Bolinesi
et al., 2020; Ryan-Keogh et al., 2017; Arrigo, 2003; Dong
et al., 2024; Henley et al., 2020; Willis et al., 2023). High
primary productivity is observed across the Ross Sea, espe-
cially in three seasonal biological hotspots, Terra Nova Bay,
McMurdo Sound, and the central Ross Sea, where different
phytoplankton classes dominate (Arrigo et al., 2015; Arrigo
and van Dijken, 2004; Bolinesi et al., 2020; Mangoni et al.,
2017). These hotspots are closely associated with polynyas,
areas of open water surrounded by sea ice that form and
evolve seasonally due to persistently strong winds, which
drive early phytoplankton blooms by allowing light penetra-
tion and promoting water column stratification (Truax et al.,
2024; Mezgec et al., 2017). The main phytoplankton groups
considered in this study are diatoms, haptophytes (most no-
tably Phaeocystis antarctica), dinoflagellates, as well as bac-
teria. In Antarctica, phytoplankton inhabit various habitats,
including within sea ice, under sea ice, or on the ice edge, as
well as in the mixed layer where the bulk of primary produc-
tion occurs (Pinkerton et al., 2021; Schofield et al., 2024). Di-
atoms represent the bulk of biomass across the Ross Sea, with
notably high proportions in the Terra Nova Bay polynya (Bo-
linesi et al., 2020; Eikrem et al., 2016; Mangoni et al., 2017;
Arrigo et al., 2000, 2015). This region supports large di-
atom blooms due to strong water column stratification, which
favours their growth (Arrigo and van Dijken, 2004). In con-
trast, the central Ross Sea typically features a deeper mixed
layer, P. antarctica (haptophyte), are present in similar abun-
dances with diatoms, as they can thrive without upper ocean
stabilisation (Bolinesi et al., 2020; Eikrem et al., 2016; Man-
goni et al., 2017; Arrigo et al., 2000, 2015). Despite these
general patterns, interannual variability is observed. For ex-
ample, P. antarctica blooms can dominate in Terra Nova Bay,
contributing to almost 80 % of the total cell counts (Man-
goni et al., 2019). Similarly, phytoplankton blooms in Mc-
Murdo Sound appear to fluctuate between diatom (Arrigo et

al., 2000; Hayward et al., 2023, 2025; McMinn et al., 2010)
and P. antarctica blooms (Mangoni et al., 2017; Stoecker et
al., 1995). The proportion of different phytoplankton classes
can have widespread ecological and climatic impacts. Phaeo-
cystis antarctica, for instance, can form large colonies, which
may lead to lower grazing rates relative to diatom blooms and
more carbon export to the ocean floor (Mangoni et al., 2019,
2017; Saggiomo et al., 2021; Arrigo et al., 2000; Elliott et
al., 2009).

Seasonal phytoplankton blooms in the Ross Sea are driven
by sea ice conditions, water stratification, temperature, direct
light availability, and the availability of iron, a bio-limiting
nutrient for phytoplankton growth and macronutrients (Win-
ton et al., 2016; Arrigo et al., 2015; Hayward et al., 2025).
Variability in sea ice drives complex changes in the timing,
duration, magnitude and composition of phytoplankton and
sea ice algae blooms by creating different open-ocean and
under-ice habitats for phytoplankton to inhabit (Cau et al.,
2021; Mangoni et al., 2017; Pinkerton et al., 2021; Schofield
et al., 2024). Climate change is predicted to impact the
Southern Ocean biogeochemistry via light availability, mi-
cronutrient abundance, ocean acidification, salinity, sea ice
extent, and water temperature changes, which will affect the
structure, function, and abundance of phytoplankton commu-
nities in the Southern Ocean (Deppeler and Davidson, 2017;
Boyd et al., 2015; Henley et al., 2020; Willis et al., 2023).
However, our understanding of sea ice and phytoplankton re-
lationships in the Ross Sea currently relies on only a couple
of decades of continuous satellite-derived chlorophyll a data
(Deppeler and Davidson, 2017). Longer baseline records are
required to understand the natural variability of sea ice and
accurately predict changes to sea ice extent as well as impacts
on phytoplankton community composition and abundance.
Sediment cores offer an opportunity to investigate past sea
ice and phytoplankton changes on longer timescales. In the
Ross Sea, only a few records document sea ice changes over
the last 200 years (Thomas et al., 2019). This 200-year pe-
riod encompasses the final stages of prolonged cooling across
Antarctica from 1200 to 1900 CE (Stenni et al., 2017), dur-
ing which cooler temperatures and stronger katabatic winds
promoted an enlarged Ross Sea polynya and higher primary
productivity prior to 1875 CE (Rhodes et al., 2012). In the
Ross Sea, this period of enhanced polynya activity was fol-
lowed by an increase in seasonal sea ice duration (Tesi et
al., 2020; Truax et al., 2024). Following this, industrialisa-
tion has led to warming and rising atmospheric CO2 from
the mid-1800s. Understanding how phytoplankton commu-
nities and sea ice responded during this climatically signifi-
cant transition is therefore critical for contextualising recent
and projected change. Past reconstructions of sea ice and
phytoplankton changes have typically been determined using
biogenic silica, total organic carbon and microfossil/diatom
abundances (Thomas et al., 2019; Cunningham et al., 1999;
Leventer et al., 1993; Mezgec et al., 2017). Diatom studies in
McMurdo Sound and Granite Harbour report increases in sea
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ice over the last 500–1000 years and a decrease in diatoms as-
sociated with high productivity (Leventer and Dunbar, 1988;
Leventer et al., 1993). In addition, biogenic silica and mi-
crofossil analyses only record siliceous material in marine
sediments; consequently, haptophytes (P. antarctica), bacte-
ria, and the majority of dinoflagellates cannot be identified
and we instead propose using biomarker analysis to inves-
tigate these taxa. Reconstructions of different phytoplankton
classes, such as P. antarctica, which is highly abundant in the
Ross Sea, are valuable to understand past and future com-
munity dynamics and carbon cycling (Mangoni et al., 2019,
2017; Saggiomo et al., 2021; Arrigo et al., 2000; Elliott et
al., 2009).

Biomarkers, namely highly branched isoprenoids (HBIs),
fatty acids, and sterols, found in Antarctic sediments provide
a more complete and specific record of past sea ice extent
and phytoplankton response. IPSO25 (Ice Proxy Southern
Ocean), a di-unsaturated C25 HBI alkene also known as “di-
ene” and suggested to be solely sourced from the sympagic
diatom Berkeleya adeliensis, has been identified in Antarc-
tic marine sediments and used as a sea ice algae proxy (Belt,
2018; Johnson et al., 2021; Tesi et al., 2020; Etourneau et
al., 2013; Schmidt et al., 2018; Lamping et al., 2020, 2021;
Sadatzki et al., 2023; Vorrath et al., 2023, 2020; Belt et al.,
2016; Johns et al., 1999). Fatty acids and sterols can dis-
tinguish between different phytoplankton sources, with spe-
cific compounds diagnostic of diatoms, dinoflagellates, hap-
tophytes, and bacteria (Skerratt et al., 1995; Nichols et al.,
1986; Smik et al., 2016b; Nichols et al., 1993; Skerratt et al.,
1998; Hamm et al., 2001; Kaneda, 1991). In this study, we
focus on the assemblage of fatty acids and two key sterols,
dinosterol and brassicasterol (Vorrath et al., 2019), as well as
bacterial markers (branched fatty acids), which are produced
by bacteria in both the water column and sediments and are
used here as indicators of bacterial contribution to sedimen-
tary organic matter (Skerratt et al., 1995; Kaneda, 1991).

In the Ross Sea, IPSO25 has been identified in surface sed-
iments (Belt et al., 2016) and a sediment core record recon-
structing past sea ice over the last 2600 years in a localised
inlet (Tesi et al., 2020). However, the Ross Sea covers a large
spatial area, and records may not represent sea ice trends
in the wider Ross Sea due to localised ecological and sed-
imentation processes. Phytoplankton biomarkers have been
identified in other Antarctic regions to investigate paleo-
productivity (Ashley et al., 2021). However, the restricted
number of studies linking phytoplankton species sources to
biomarker paleorecords in the Ross Sea and wider Southern
Ocean limits our understanding of how these biomarkers re-
late to past sea ice and phytoplankton conditions.

Here we investigate the drivers of fatty acid and highly
branched isoprenoid (HBIs) biomarkers, supported by di-
atom assemblages, in six shallow sediment cores along a
transect of seasonally variable sea ice conditions in the south-
western Ross and discuss trends in sea ice conditions over the
last 200 years.

2 Methods and Samples

2.1 Sediment samples and age model

Six individual sediment cores were collected along a north-
south transect from McMurdo Sound coastal polynya to
south of Terra Nova Bay in the southwestern Ross Sea in
February 2014 and 2015 by the Korean Polar Research Insti-
tute vessel RV Araon during cruises ANA04C and ANA05B
(Fig. 1, Table 1). Sea ice cover at the core sites is high
(60 %–80 %, increasing to > 80 % farther offshore) rela-
tive to the adjacent McMurdo Sound and Terra Nova Bay
polynyas (Spreen et al., 2008; Matsuoka et al., 2021), reflect-
ing northward advection of sea ice by katabatic winds and
ocean currents, which accumulates against the Drygalski Ice
Tongue (Arrigo and van Dijken, 2004; Brett et al., 2020). X-
radiographic images of RS14-BC02, RS14-BC03, and RS14-
BC04 were taken on 1 cm thick sediment slabs with Softex
M-100W X-ray source and NTB EZ-320 digital X-ray scan-
ner and were processed with iX-Pect EZ imaging software
(Fig. A1). The three box cores (BC02, BC03, BC04) are
mainly composed of olive grey diatomaceous mud, with ev-
idence of bioturbation throughout (Figs. A1 and A2). Crude
lamination is observed at 42–45 cm in BC03 and at 0–5 cm in
BC04 (Figs. A1 and A2). Only the top 0–1 cm of the gravity
cores (GC72, GC78, GC80) were subsampled and are com-
posed of olive grey diatomaceous mud and no noticeable sed-
iment loss or disturbance was observed during coring and
recovery. Twenty-seven sediment samples were subsampled
from these cores at various depth resolutions (see Table 1).
The first subsamples in the cores are sampled from either 0–
1 cm depth or 1–2 cm depth; these samples are referred to as
“core top” throughout this study.

Age models were derived using 210Pb dating. 210Pb is
produced in the atmosphere via decay of 222Rn, then de-
posited onto the ocean surface and scavenged from the water
column by settling particles, accumulating in seafloor sed-
iments where it decays with a half-life of 22.3 years (Ap-
pleby, 2002). Total 210Pb activity was determined indirectly
by measuring its granddaughter 210Po via alpha spectrome-
try (Flynn, 1968) and assuming secular equilibrium between
210Pb and 210Po in sealed samples. This provides a proxy
for total 210Pb activity, which was used to calculate excess
(unsupported) 210Pb after subtraction of supported 210Pb, as-
sumed to be in secular equilibrium with in situ 226Ra.

Sediment samples from cores BC02, BC03, and BC04
were analysed at the Institute of Environmental Science
and Research Limited (ESR) in Christchurch, New Zealand
for 210Po using alpha spectrometry (Appleby, 2002; Flynn,
1968). Sedimentation rates and sediment ages were calcu-
lated following Appleby (2002). Briefly, the sedimentation
rate was calculated from the least-squares fit slope of excess
210Pb activity plotted on a logarithmic scale against depth.
Raw 210Pb profiles showed evidence of a surface mixed layer
in BC02 and BC04, consistent with bioturbation observed
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Figure 1. Location of sampling sites (black circles) in the southwestern Ross Sea in relation to sea ice cover (average proportion of year ice
covered, 6.25 km resolution, 2002–2011, derived using the ARTIST Sea Ice (ASI) (Spreen et al., 2008) and obtained from the Quantarctica
GIS package, Norwegian Polar Institute (Matsuoka et al., 2021). Top right: Map of Antarctica, where EAIS: East Antarctic Ice Sheet, WAIS:
West Antarctic Ice Sheet. Insert: Southwestern Ross Sea. Base map Quantarctica GIS package, Norwegian Polar Institute (Matsuoka et al.,
2021).

in the core logs. The uppermost two samples from BC02
and one sample from BC04 were therefore excluded from
the least-squares regression. No mixed layer was identified
in BC03 and all samples were retained. The constant flux
and constant sedimentation rate (CFCS) model was applied,
as sediment bulk density data were unavailable, precluding
the use of mass-depth calculations required by alternative
models such as CRS. Errors were estimated by Monte Carlo
simulations using the R package “serac” (Bruel and Sabatier,
2020).

The CFCS model produced age estimates between 1856–
2007 (±37 years at the base) for BC02 (Table 1, Fig. A2),
with each centimetre of sediment representing approximately
4 years; sampling resolution was every 18–37 years. For
BC03, age estimates spanned 1843–2008 (±5 years at the
base), with ∼ 3.6 yr cm−1 and a sampling resolution of ∼
24 years. BC04 was dated to 1794–2007 (±21 years at the
base), with ∼ 3.3 yr cm−1 and sampling every 27–36 years.

2.2 Bulk sediment analyses

Approximately 10–15 mg of dried, homogenised, and inor-
ganic carbon-removed sample was analysed for total organic
carbon (TOC) and nitrogen (TON) via dynamic flash com-
bustion (The FlashSmart Elemental Analyzer Thermo Fisher
Scientific). CO2 and N2 gases are detected by a Thermal
Conductivity Detector, and the results are calibrated against
three certified standards, resulting in an error of 5 % for car-
bon and 8 % for nitrogen, based on replicate measurements
of soil certified standards.

2.3 Lipid biomarker analysis

Organic geochemical extraction and analysis were per-
formed in the joint Earth Sciences New Zealand/Te Herenga
Waka-Victoria University of Wellington Organic Geochem-
istry Laboratory following Naeher et al. (2012) and Ver-
ret et al. (2025). Briefly, approximately 7 g of freeze-
dried and homogenised sediment were extracted by ultra-
sonication using dichloromethane(DCM)/methanol(MeOH)
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Table 1. Sample details for Ross Sea sediment samples, including sediment core name, depth of sample (cm), drill location coordinates, year
collected, water depth, core length, age and age error. Ages are reported in years Common Era (CE) based on a constant sedimentation rate
(CFCS) lead dating model.

Core name Depth Location Year Water depth Core length Age (years CE,
(cm) Collected (m) (cm) CFCS model)

RS14-BC02 1–2 76°50.695′ S, 2014 720 37 2007± 2
5–6 163°50.611′ E 1990± 6
11–12 1963± 12
15–16 1945± 16
21–22 1919± 22
25–26 1901± 26
31–32 1874± 32
35–36 1856± 37

RS14-BC03 1–2 76°05.000′ S, 2014 970 47 2008± 1
7–8 163°13.000′ E 1985± 1
13–14 1961± 2
19–20 1938± 2
25–26 1914± 3
31–32 1890± 4
37–38 1867± 5
43–44 1843± 5

RS14-BC04 1–2 75°56.8792′ S, 2014 930 56 2007± 1
7–8 163°00.0206′ E 1981± 3
15–16 1945± 7
21–22 1919± 9
29–30 1883± 13
35–36 1856± 15
43–44 1821± 19
49–50 1794± 21

RS15-GC72 0–1 77°14.7225′ S, 2015 944 363
164°33.7824′ E

RS15-GC78 0–1 76°15.3160′ S, 2015 821 393
163°28.5318′ E

RS15-GC80 0–1 76°48.2001′ S, 2015 721 444
163°55.6482′ E

(3 : 1, v : v). An internal standard containing 5a-cholestane,
n-C19 alcohol, and n-C19:0 fatty acid was added to the
total lipid extract (TLE) to calculate relative concentra-
tions. The TLE was saponified with 6 % KOH in MeOH
and the fatty acids were separated from the neutral com-
pounds and derivatised by boron trifluoride in MeOH to
fatty acid methyl esters (FAMEs). To determine the num-
ber and position of double bonds, the FAME fractions
were derivatised with 2-amino-2-methyl-1-propanol (AMP)
to form 2-alkenyl-4, 4-dimethoxyloxazline (DMOX) deriva-
tives. The neutral compounds were separated into three frac-
tions by silica gel column chromatography using n-hexane,
n-hexane : DCM (1 : 2, v : v), and DCM : MeOH (1 : 1, v : v)
to obtain apolar fraction containing HBIs (F1), the ke-
tone fraction (F2), and the polar fraction (F3). The F3
fraction was derivatised prior to analysis using pyridine

and N, O-Bis(trimethylsilyl)trifluoroacetamide. Procedural
blanks were used for data quality control and to investigate
any potential laboratory contamination.

2.4 Gas chromatography-mass spectrometry

Samples were analysed on a gas chromatography mass spec-
trometer at Earth Sciences New Zealand (GC-MS; Agilent
Technologies, model: 7890A and 5975C) with a 60 m-long
capillary column (Agilent J&W DB-5MS, inner diameter of
250 µm, and film thickness of 0.25 µm), and helium as the
carrier gas (1 mLmin−1). Fatty acids and apolar fractions
were injected on the GC-MS splitless at an inlet temperature
of 300 °C, and the MS was operated in full scan (m/z 50–
700). The temperature program of the oven was 70 °C, 70–
150 °C at 20 °Cmin−1, 150–320 °C at 4 °Cmin−1 and then
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kept isothermal at 320 °C for 15 min. The derivatised polar
fraction and DMOX fatty acid derivatives were injected and
analysed as above, except the GC-MS was kept isothermal at
320 °C for up to 25 min.

2.5 Data processing and interpretation

Lipids were identified by retention time (time taken for a
compound to elute from the GC column), total ion cur-
rent (TIC) mass spectra output, and fragmentation patterns.
Biomarker concentrations were quantified using the TIC in-
tegrated peak area of each compound and known concentra-
tions of an internal standard, then normalised to the TOC
content of the sediment. Biomarker proxies and indices were
calculated to identify biomarker sources and study environ-
mental changes.

The carbon preference index for fatty acids (CPI), which
indicates the amount of microbial activity or amount of mod-
ification (Kalpana et al., 2021), was calculated for each sam-
ple using Eq. (1).

CPI=
∑

C12−28(even)∑
C13−29(odd)

, (1)

Average chain length (ACL), which indicates the dominant
plant source, e.g. terrestrial plant material/ocean algae, was
calculated using the concentrations of saturated fatty acids
following Eq. (2):

ACL14−32 =

∑
(Cn× n)∑

Cn
, (2)

The C16:1ω7/C16:0 ratio was calculated to identify diatom
sources (Nichols et al., 1993, 1986; Skerratt et al., 1995,
1998; Smik et al., 2016b; Smith et al., 1986). The C15 fatty
acid index indicates levels of microbial activity and was cal-
culated following Eq. (3):

C15 fatty acid index=
(iC15+ aC15)

C15
, (3)

IPSO25 was quantified using an internal standard and nor-
malised to TOC. The phytoplankton IPSO25 index (PIPSO25)
was calculated using brassicasterol (PBIPSO25) and dinos-
terol (PDIPSO25) following nomenclature and Eq. (4) by Vor-
rath et al. (2019):

PIPSO25 =
IPSO25

IPSO25+ (c× phytoplankton marker)
, (4)

The balance factor is applied to account for concen-
tration differences between IPSO25 and the phytoplank-
ton biomarker (c = mean IPSO25/mean phytoplankton
biomarker) (Belt and Müller, 2013; Smik et al., 2016a; Vor-
rath et al., 2019). C factors were calculated individually for
each core site.

2.6 Diatom assemblages

Quantitative diatom slides were prepared following Crosta
et al. (2020) at Environnements et Paléoenvironnements
Océaniques et Continentaux (EPOC), University of Bor-
deaux, to investigate diatom composition and abundances.
Briefly, a subsample of dried sediment was immersed in a
hydrogen peroxide and anhydrous tetra sodium pyrophos-
phate solution on a hotplate until reaction with organic mat-
ter was complete. The samples were centrifuged, diluted, and
one drop was transferred onto a coverslip immersed in a petri
dish. The water was decanted, and the dry coverslip was then
glued onto a slide using NOA61. Diatom analysis was per-
formed on an Olympus BH2 phase contrast photomicroscope
at a magnification of×1000. Two slides were made per sam-
ple, and at least 300 diatom valves were counted per sam-
ple across the two slides following the method outlined by
Crosta and Koç (2007). Diatoms were identified to species
level where possible, or species group level, following the
taxonomic criteria detailed in Al-Handal and Wulff (2008),
Almandoz et al. (2008), Andreoli et al. (1995), Baldauf and
Barron (1991), Saggiomo et al. (2021), and Warnock and
Scherer (2015). Absolute diatom abundances (ADA) were
calculated by scaling counted valves to the total processed
sample volume and normalising to sediment dry weight,
yielding concentrations expressed as valves per gram of dry
sediment (Crosta et al., 2008). The relative abundance of
each species/group was determined as the proportion of the
species/group to the whole diatom assemblage in each sam-
ple.

2.7 Statistical analysis

To assess the sources of variance and relationships among
biomarker and diatom variables, a Principal Component
Analysis (PCA) was performed on the combined dataset con-
taining core top and downcore samples (n= 27) in R (ver-
sion 4.4.1, R Core Team, 2024) using prcomp, with vari-
ables log-transformed (log(x+ 1)). Variable contributions to
the first two dimensions were calculated and visualised us-
ing the factoextra package (version 1.0.7; Kassambara and
Mundt, 2016), with results displayed as a colour gradient on
the correlation circle (Fig. 8).

2.8 Proxy rationale

To differentiate between phytoplankton and microbial
sources in the southwestern Ross Sea, we applied a multi-
proxy biomarker approach incorporating fatty acid profiles,
HBIs, sterols, and diatom assemblages. This framework en-
ables us to distinguish between pelagic and sympagic di-
atom communities, sea ice-associated taxa, P. antarctica,
and bacterial inputs. While saturated fatty acids are pro-
duced by most organisms, variations in chain length and rel-
ative dominance can indicate different sources. A predomi-
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nance of C16:0 is commonly associated with diatoms (Sker-
ratt et al., 1995; Nichols et al., 1986; Smik et al., 2016b),
while C18:0 and unsaturated C18 fatty acids such as C18:1ω9
are more characteristic of P. antarctica as shown by natu-
ral blooms and pure culture studies (Skerratt et al., 1995,
1998; Nichols et al., 1986; Hamm et al., 2001). However,
saturated fatty acids are less diagnostic as they have multi-
ple sources and can be derived from the degradation of un-
saturated compounds. Diatom dominated assemblages also
exhibit elevated concentrations of C16:1ω7 and polyunsatu-
rated fatty acids (PUFAs) such as C20:5ω3 and C20:4ω6, as
well as high C16:1ω7/C16:0 ratios, as shown by natural di-
atom blooms across Antarctica (Skerratt et al., 1995; Nichols
et al., 1986; Smik et al., 2016b). Sea ice dwelling diatom
communities from cultures and Ross Sea samples are further
distinguished by long-chain monounsaturated fatty acids, in-
cluding C24:1ω11, C24:1ω9, C26:1ω11, and C26:1ω9 (Nichols et
al., 1993, 1986). Although diatom cultures contain C20:1ω9
(Skerratt et al., 1998), this compound is also associated with
zooplankton (copepod) (Yang et al., 2016; Zhang et al.,
2026). Bacterial contributions are inferred from branched-
chain fatty acids, particularly iso- and anteiso-C15:0 and
C17:0, which occur in pairs (Skerratt et al., 1995; Kaneda,
1991). In addition, C18:1ω7 is produced by several bacterial
taxa (Wilson et al., 2010). These patterns, summarised in Ta-
ble 2, provide a basis for interpreting fatty acid distributions
in terms of source inputs.

The HBI biomarker IPSO25 diene is used across the South-
ern Ocean to reconstruct paleo Antarctic sea ice (Belt, 2018;
Johnson et al., 2021; Tesi et al., 2020; Etourneau et al., 2013;
Schmidt et al., 2018; Lamping et al., 2020, 2021; Sadatzki
et al., 2023; Vorrath et al., 2023, 2020), and has also been
used in conjunction with two open-water biomarkers, two
sterols, brassicasterol (24-methylcholesta-5,22E-dien-3β-ol)
and dinosterol (4α,23,24trimethyl-5α-cholest-22E-en-3β-ol)
(Smik et al., 2016a). In the Southern Ocean, the index has
been identified as PIPSO25 by Vorrath et al. (2019) and
has been used around the Bransfield Strait (Lamping et al.,
2021; Vorrath et al., 2023, 2020), the Amundsen Sea (Lamp-
ing et al., 2020), and near Wilkes Land (Sadatzki et al.,
2023). In Antarctic seawater and sediment, high concentra-
tions of brassicasterol are typically associated with P. antarc-
tica blooms (Skerratt et al., 1995; Villinski et al., 2008), con-
sistent with the high concentrations of brassicasterol found
in Phaeocystis cultures (Nichols et al., 1991). Brassicasterol
was present in 37 % of diatom cultures studied by Rampen
et al. (2010), most notably pennate diatoms, with species
such as Stauroneis constricta, Phaeodactylum tricornutum,
and Dickieia ulvacea containing particularly high propor-
tions (> 60 % of total sterols). However, none of the species
noted in Rampen et al. (2010), were observed in our diatom
assemblages. Brassicasterol has been found to correlate with
sea ice diatom abundance and spring sea ice extent (Guo et
al., 2024). Dinosterol, although occasionally detected in di-
atom blooms (Skerratt et al., 1995), is primarily produced

by dinoflagellates and is considered a source-specific indi-
cator of this group (Skerratt et al., 1995; Villinski et al.,
2008; Thomson et al., 2004; Volkman, 2006; Wisnieski et al.,
2014). However, the southwestern Ross Sea is dominated by
diatoms rather than dinoflagellates (Arrigo et al., 2000, 2015;
McMinn et al., 2010; Noble et al., 2013) which may lead to
a larger diatom source of dinosterol. We use these biomark-
ers to investigate the sources and environmental drivers of
phytoplankton-derived compounds in our surface samples, as
well as to interpret downcore changes in sea ice extent using
HBI concentrations and sterol-based ratios.

To complement biomarker analysis, we assessed diatom
assemblages, and diatom taxa were grouped according to
their ecological affinities following previous studies (Lev-
enter and Dunbar, 1988; Leventer et al., 1993; Crosta et
al., 2004; Armand et al., 2005; Crosta et al., 2005; Cam-
pagne et al., 2016). These groupings are further supported
by the PCA performed on the three box cores analysed in
the present study (Fig. 8). The Sea Ice group comprises En-
tomoneis spp., Nitzschia stellata, Synedropsis fragilis, Syne-
dropsis recta, and Synedropsis hyperboreoides. These taxa
form part of the bottom-ice community (Horner, 1985), in-
habiting platelet ice beneath fast ice (Riaux-Gobin et al.,
2000), and are also found in polynyas following seasonal ice
break-up (Riaux-Gobin et al., 2003). Owing to their lightly
silicified frustules, these species are rarely preserved in sed-
iments. When present, they indicate high ice-associated pri-
mary production under favourable light conditions and ex-
ceptional preservation (McMinn and Ryan, 2000). Their ele-
vated abundance in sediments is generally interpreted as evi-
dence of fast-ice melting (Leventer and Dunbar, 1988).

The F. curta group includes Fragilariopsis curta, F. cylin-
drus, and F. vanheurckii. These taxa occur within the phyto-
plankton assemblage associated with or beneath sea ice (Lev-
enter and Dunbar, 1987; Gersonde and Zielinski, 2000). High
abundances of F. curta and F. cylindrus characterise envi-
ronments with extensive sea ice cover (Burckle et al., 1987)
and strongly stratified surface waters (Beans et al., 2008).
Although some lightly silicified F. cylindrus valves may be
lost during settling (Burckle et al., 1987), their distribution
in surface sediments exhibits a pronounced increase towards
regions of high sea ice concentration, indicating that sedi-
mentary abundances largely reflect surface production (Ar-
mand et al., 2005; Esper and Gersonde, 2014). Furthermore,
high abundances of the F. curta group occur within the early
spring laminae off Adélie Land (Denis et al., 2006; Maddison
et al., 2012). Collectively, these taxa are considered indica-
tive of persistent fast or pack ice that melts relatively late in
the seasonal cycle (Armand et al., 2005; Campagne et al.,
2016).

The F. cryophilic group consists of Fragilariopsis oblique-
costata, F. sublinearis, and F. ritscherii. These species are
associated with cold waters and extensive sea ice cover (Ar-
mand et al., 2005), but generally bloom later in the growing
season, as indicated by their occurrence within late spring
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Table 2. Diagnostic lipid biomarkers reported for diatoms, Phaeocystis antarctica, and bacteria in Antarctic studies. Some compounds are
included more than once as they represent several types of phytoplankton. MUFA = Monounsaturated fatty acids. PUFA = Polyunsaturated
fatty acids.

Potential
sources

Type of evidence Compound type Specific compound or ratio Reference

Pelagic
diatoms

Surface sediments Saturated fatty acids C14:0, C16:0 Smith et al. (1986)

Surface sediments MUFAs C16:1ω7 Smith et al. (1986)

Surface sediments PUFAs C16:3ω4, C20:5ω3, C20:4ω6,
C22:4ω6, C22:5ω3, C22:6ω3

Smith et al. (1986)

Surface sediments High ratio C16:1ω7/C16:0 Smith et al. (1986)

Seawater particulates Saturated fatty acids C14:0, C16:0 Nichols et al. (1993,
1986), Skerratt et
al. (1995),
Wing et al. (2012)

Seawater particles MUFAs C16:1ω7, C24:1ω9, C24:1ω11 Nichols et al. (1993,
1986), Skerratt et
al. (1995),
Wing et al. (2012)

Seawater particles PUFAs C16:4ω1, C20:5ω3, C20:4ω6 Nichols et al. (1993,
1986), Skerratt et
al. (1995),
Wing et al. (2012)

Seawater particulates High ratio C16:1ω7/C16:0 Nichols et al. (1993,
1986), Skerratt et
al. (1995),
Wing et al. (2012)

Phytoplankton cultures Sterols Brassicasterol, dinosterol Rampen et al. (2010)

Sea ice
dwelling
diatoms

Seawater/ice particulates MUFAs C24:1ω9, C24:1ω11, C20:1 Fahl and Kattner (1993),
Nichols et al. (1986)

Seawater/ice particulates Highly branched isoprenoids
(HBI)

Di-unsaturated C25 HBI
alkene (IPSO25 diene; Ice
Proxy Southern Ocean)

Smik et al. (2016b)

Sediments Highly branched isoprenoids IPSO25 diene Belt (2018)

Sea ice Highly branched isoprenoids IPSO25 diene Belt et al. (2016)

Phaeocystis
antarctica

Seawater particulates Saturated compounds C14:0 Skerratt et al. (1995)

Seawater particulates PUFAs Low levels Skerratt et al. (1995)

Seawater particulates Low ratio C16:1ω7/C16:0 Skerratt et al. (1995)

Seawater particulates Sterols Brassicasterol Skerratt et al. (1995)

Sediments Saturated fatty acids C18:0 Ashley et al. (2021)

Sediments Sterols Brassicasterol Villinski et al. (2008)

Phytoplankton cultures Sterols Brassicasterol Nichols et al. (1991)

Phytoplankton cultures Saturated compounds C14:0, C16:0, C18:0 Nichols et al. (1991),
Skerratt et al. (1998)

Phytoplankton cultures MUFAs C18:1ω9 Nichols et al. (1991),
Skerratt et al. (1998)

Bacteria Surface sediments MUFAs C18:1ω7 Smith et al. (1986)

Surface sediments Branched fatty acids iC14:0, iC15:0, aC15:0,
iC17:0, aC17:0

Smith et al. (1986),
Skerratt et al. (1995)
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laminae (Denis et al., 2006; Maddison et al., 2012). Their
heavily silicified frustules are well preserved in sediments.
In particular, the distribution of F. obliquecostata in offshore
sediments has been used to reconstruct the past position of
the summer sea ice margin (Gersonde and Zielinski, 2000).

The E. antarctica group comprises terminal and inter-
calary valves of Eucampia antarctica var. recta, the only va-
riety identified in western Ross Sea sediments. High abun-
dances of this taxon have been reported from both the water
column (Fryxell and Prasad, 1990) and modern sediments
of the southern Weddell Sea (Zielinski and Gersonde, 1997;
Armand et al., 2005), as well as deglacial sediments from the
Antarctic Peninsula (Peck et al., 2015; Barbara et al., 2016).
The heavily silicified valves are generally well preserved in
sediments, and elevated abundances are widely interpreted as
indicators of glacial or sea ice meltwater influence (Burckle,
1984; Cunningham et al., 1999; Peck et al., 2015).

The Centric Cold Water group comprises Actinocyclus
actinochilus, Shionodiscus ritscheri, Stellarima microtrias,
and Thalassiosira tumida. These taxa develop in turbu-
lent, cold surface waters during the summer ice-free sea-
son (Fryxell, 1989), potentially following inoculation from
sea ice (Garrison et al., 1987). Their heavily silicified frus-
tules are generally well preserved in sediments (Cunning-
ham and Leventer, 1998; Stickley et al., 2006). The Open
Ocean group comprises several taxa present at relatively low
abundances in the studied box cores, including Actinocyclus
curvatulus, Asteromphalus hookeri, A. hyalinus, A. parvulus,
Corethron pennatum, Coscinodiscus oculus-iridis, Fragilari-
opsis kerguelensis, Shionodiscus gracilis, S. trifulta, Thalas-
siosira lentiginosa, T. maculata, T. oliverana, the cold variety
of T. antarctica, Thalassiothrix spp., and Trichotoxon rein-
boldii. Most of these species characteristically inhabit open-
ocean environments (Hasle, 1969; Fenner et al., 1976; Krebs
et al., 1987; Froneman et al., 1995; Grigorov et al., 2014;
Rigual-Hernández et al., 2015). Their heavily silicified frus-
tules favour excellent preservation in sediments (Crosta et
al., 2005; Rigual-Hernández et al., 2016). An exception is
C. pennatum, a tubular species that is generally preserved
only following mass-bloom events (Torricella et al., 2026).
Taxa belonging to both the Centric Cold Water and Open
Ocean groups are typically associated with summer laminae
(Denis et al., 2006; Maddison et al., 2012) and indicate rela-
tively warm conditions and prolonged ice-free periods pro-
moted by incursions of warm water masses (Cunningham
and Leventer, 1998; Maddison et al., 2006).

The Chaetoceros resting spore (CRS) group comprises
vegetative cells and resting spores of Chaetoceros subgenus
Hyalochaete, with resting spores predominating. This group
may dominate diatom assemblages in Antarctic coastal wa-
ters (Leventer, 1991; Annett et al., 2010) and underlying
sediments (Armand et al., 2005), reflecting periods of ele-
vated primary productivity in stratified surface waters that
ultimately lead to nutrient depletion (Annett et al., 2010).
Sustained production nevertheless requires periodic nutrient

replenishment through wind-driven mixing, as these oppor-
tunistic bloom-forming taxa are otherwise outcompeted by
species adapted to low-nutrient conditions (Annett et al.,
2010; Campagne et al., 2016). High abundances of CRS
have been reported from both spring and summer laminae
off Adélie Land (Denis et al., 2006; Maddison et al., 2012),
indicating production throughout the growing season un-
der favourable environmental conditions. Similarly, abun-
dant CRS in deglacial Antarctic shelf sediments (Cunning-
ham et al., 1999; Leventer et al., 2006) have been linked to
enhanced surface-water stratification associated with retreat-
ing ice sheets and increasingly prolonged ice-free summers
(Gilmer et al., 2025). The heavily silicified, unornamented
resting spores exhibit excellent preservation potential.

Antarctic shelf waters are among the most productive ma-
rine environments (Arrigo et al., 2008). Water depths are
generally less than 1000 m, while sedimentation is rapid and
episodic (Schloss et al., 1999; Kim et al., 2015). Conse-
quently, in this region diatom preservation is typically excel-
lent, and sediments are characterised by exceptionally high
biogenic silica contents (Ledford-Hoffman et al., 1986; Dun-
bar et al., 1998; Presti et al., 2003; Denis et al., 2009; Chiarini
et al., 2019; Gilmer et al., 2025). Together, these assemblages
were used alongside biomarker evidence to reconstruct spa-
tial patterns in phytoplankton community structure and infer
recent environmental changes in the southwestern Ross Sea.

3 Results

3.1 Biomarkers

3.1.1 Fatty acids

Fatty acids were the most abundant biomarkers in the studied
sediments, and the results reported here focus on fatty acids
diagnostic of different phytoplankton groups (see Sect. 2.8).
Analysis of the fatty acid fraction identified 44 saturated
and unsaturated compounds with carbon chain lengths be-
tween C12–C30, exhibiting a pronounced even-over-odd car-
bon number predominance (Fig. 2). Saturated fatty acids
dominated the samples, with C14:0 and C16:0 showing the
highest concentrations compared to longer-chain fatty acids.
Monounsaturated fatty acids were also abundant within the
C14–C18 range, with C16:1 and C18:1ω7 showing the highest
concentrations. Branched fatty acids comprised between 8 %
and 20 % of total fatty acids.

Spatially, average chain length (ACL) of C12–C30 fatty
acids ranged between 16.1 and 19.2 (mean= 17.8; Table 3)
and increases from south to north along the transect, with
BC02 displaying the lowest and BC04 the highest values.
The C15 fatty acid index ranged from 3 to 8.7 but was sim-
ilar across core tops. Ratios of C16:1ω7/C16:0 were consis-
tent across cores. The proportion of branched saturated fatty
acids increased from north (BC04; 11.5 %) to south (GC72;
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Figure 2. Representative chromatogram of the fatty acid fraction of a sediment sample from BC02 core (11–12 cm). Identified compounds
are annotated by carbon number, number of double bonds, and ω-position of double bonds. Abbreviations: i = iso, a = anteiso, b = branched.

19 %), with the central core tops containing similar propor-
tions of ∼ 15 % (Table 3). Relative abundances of fatty acid
compounds were broadly consistent across core tops, with
small variations in C14:0, C18:0 and C16 compounds which
varied across core tops, without any distinct spatial pattern.
C24:0 increased on a south-to-north gradient, and C18:1ω9 was
least concentrated towards the southern end of the transect
(Fig. 4).

Downcore, total fatty acid concentrations decreased
rapidly by ∼ 50 % between 1–30 cm depth before stabilis-
ing toward the base of the cores (Fig. 3). The C15 index
also decreased with depth. Decay rates for target compounds,
calculated from TOC-normalised fatty acid concentrations,
ranged from ∼ 22 to 93 ngcm−1 for the first 20 cm, after
which compounds are approaching an asymptote. The low-
est decay rates are observed in higher chain length saturated
fatty acids C18:0 and C24:0 (22–36 ngcm−1). Decay rates for
saturated, unsaturated, and branched fatty acids with chain
lengths lower than C18 are between 46 and 93 ngcm−1. All
three sediment cores demonstrate similar decay rates over
similar depths (Fig. 3).

3.1.2 Sterols

Sterols, namely brassicasterol and dinosterol, were present
in all sediment samples. Brassicasterol concentrations ranged
from 19 to 182 µgg−1 TOC, while dinosterol ranged between
8 and 50 µgg−1 TOC. Although core tops show substantial
differences in absolute concentrations, no clear spatial pat-
tern is evident (Fig. 4). BC04 contained the highest core
top concentrations of both brassicasterol (182 µgg−1 TOC)
and dinosterol (50 µgg−1 TOC), whereas the other sites

ranged between 30–77 µgg−1 TOC for brassicasterol and 9–
36 µgg−1 TOC for dinosterol. Downcore concentrations of
the two sterols do not follow the same decreasing trend as
fatty acids (Fig. 7). Brassicasterol remains relatively stable
in all three cores, except for an increased concentration in
the BC04 core top. Dinosterol is relatively stable in BC03
and BC04, except the BC04 core top. However, dinosterol
shows a decrease with depth in BC02.

3.1.3 Highly branched isoprenoids

Highly branched isoprenoids (HBIs) in the southwestern
Ross Sea display both spatial and downcore variability.
IPSO25 diene was present in all sediment samples except one
(BC04 21–22 cm), and concentrations vary across core tops
between 17.8 and 57.3 µgg−1 TOC. BC04, despite its prox-
imity (< 25 km) to BC03, has 52.9 µgg−1 TOC of IPSO25 di-
ene in the core top, compared to BC03 with 18.3 µgg−1 TOC.
BC02, which is 100 km away from BC04, has similar con-
centrations of IPSO25 diene, 57.3 µgg−1 TOC. The two
northernmost cores (BC04 and BC03) located near each
other demonstrate similar PBIPSO25 and PDIPSO25 val-
ues. Like fatty acid concentrations, IPSO25, PBIPSO25 and
PDIPSO25 decrease with increasing sediment depth (Fig. 5).
IPSO25 diene decreases by ∼ 70 % between the sediment
surface and 30 cm depth, below which it remains constant
in all three sediment cores (Fig. 5). The decay rate of IPSO25
calculated from TOC-normalised concentrations ranges from
∼ 30–60 ngcm−1 in BC02, BC03, and BC04 over the first
20–30 cm, below which concentrations remain relatively sta-
ble. Overall, all three cores demonstrate a decreasing down-
core trend except for a low IPSO25 diene in the BC03 core
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Figure 3. Concentrations of saturated and unsaturated fatty acids (C14–C24) in the sediment cores vs. depth.

top (Fig. 5). Other HBIs, such as the commonly found triene
(Belt, 2018), were not detected.

3.2 Diatom composition

Fifty-eight species or groups of species were identified in
the sediment samples. The complete list of species and data
is available at PANGAEA (de Jong et al., 2026). The di-
atom assemblage in all the sediment samples is charac-
terised by high abundances of Fragilariopsis curta, Chaeto-
ceros resting spores (CRS), Thalassiosira antarctica cold,
and Fragilariopsis cylindrus (Fig. 7). However, the F. curta
group dominates the diatom assemblage across the record
and ranges from 42 % to 70 % of all diatoms. Average pro-
portions of CRS ranges between 14 % and 22 %, while Tha-
lassiosira antarctica cold represents on average ∼ 8 % of
all diatoms counted. The absolute diatom abundance (ADA)
is expressed as valves per gram dry weight (vgdw−1), and
ranges from 97× 106 to 488× 106 vgdw−1 across the sedi-
ment samples.

Diatom abundances and species vary spatially. Diatom
abundance decreased northward, with the highest ADA ob-
served in the core top of BC02 (303± 76× 106 vgdw−1),
followed by BC03 (262± 30×106 vgdw−1), and the lowest
ADA seen in BC04 (199± 91× 106 vgdw−1). To assess sea
ice and phytoplankton variability, spatial variation in “centric
cold-water diatoms”, CRS, and F. curta were compared to the
average proportion of sea ice cover across the southwestern
Ross Sea from 2002–2011 (Spreen et al., 2008), covering the
time represented by the core tops (Fig. 6). Relative propor-
tions of “centric cold-water diatoms” decreased northward
away from the McMurdo polynya, whereas proportions of

F. curta were highest towards the north. CRS, similar to the
“centric cold-water diatoms”, decreased on a south-to-north
gradient, away from the polynya.

Downcore, ADA decreased in BC04, while BC02 and
BC03 have a relatively stable diatom abundance downcore
(Fig. 7). The F. curta group decreased downcore in BC04
(Fig. 7). CRS shows the opposite trend and increased down-
core in BC04 and BC02 (Fig. 7). No downcore trend is ob-
served in relative abundances of Thalassiosira antarctica.
Similarly, the F. cryophilic group, the open ocean group, the
sea ice group, the centric cold water group, and E. antarctica
do not demonstrate a strong increasing or decreasing trend
(Fig. 7).

3.3 Principal Components Analysis

A PCA of the biomarker and diatom dataset (Fig. 8) re-
solved 57.3 % of total variance across the first two dimen-
sions (Dim1= 37.8 %, Dim2= 19.5 %). Three groupings
emerge. First, the F. curta group, C24:0, and the sterols (di-
nosterol, brassicasterol) plot together, with C24:0 showing
a strong positive correlation with F. curta (r = 0.80) and a
strong negative correlation with Chaetoceros resting spores
(r =−0.67), while dinosterol and brassicasterol show more
moderate correlations with the same variables (r = 0.58 and
−0.40; r = 0.47 and −0.33, respectively). Second, Chaeto-
ceros resting spores, the open ocean group, the centric cold
water group, the sea ice diatom group, the F. cryophilic
group, and T. antarctica plot in the opposing quadrant, con-
sistent with a negative correlation with the first group. Third,
the fatty acids, and HBIs cluster together and show negligible
correlation with either diatom grouping (r =−0.19 to 0.11),
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Figure 4. Spatial distribution of selected phytoplankton derived biomarkers in core top sediments (0–2 cm depth). (a) C18:1ω9, (b) C24:0,
and, (c) brassicasterol. Areas with lighter blue colours have open water more often throughout the year, whereas dark blues are covered with
sea ice for most of the year based on sea ice concentration data between 2002 and 2011 at 6.25 km resolution (Spreen et al., 2008). Base map
sourced from Quantarctica (Matsuoka et al., 2021).

indicating these variables are statistically independent of the
ordination axis separating the two diatom groupings, with the
notable exception of C24:0 which does not align with the rest
of the fatty acid group.

4 Discussion

4.1 Drivers of fatty acid and highly branched
isoprenoids in Ross Sea marine sediments

4.1.1 Biomarker sources

The sediment samples are dominated by marine-derived
compounds. C/N ratios between 6.6–8.4 indicate a strong
marine algae signal and low inputs from old terrestrial or-
ganic matter that may affect biomarker signals (Meyers,

1997). This is reinforced by low ACL of fatty acids and high
concentrations of phytoplankton-sourced sterols and fatty
acids (Table 3). The southwestern Ross Sea and McMurdo
Sound phytoplankton communities tend to be dominated by
diatoms due to the water column stratification (Arrigo et al.,
2000, 2015; McMinn et al., 2010; Noble et al., 2013). How-
ever, year-to-year variability in environmental factors, such
as less upper ocean water stabilisation, can result in P. antarc-
tica blooms (Hayward et al., 2023, 2025; Mangoni et al.,
2017; Stoecker et al., 1995), as well as occasional mixed
communities where diatoms bloom in the ocean’s upper layer
and P. antarctica in a deeper layer (Mangoni et al., 2017).
As outlined in Sect. 2.6, we use a multi-parameter approach
to identify the phytoplankton and sea ice algae sources of
biomarkers (Table 2). We use these findings to investigate
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Figure 5. IPSO25 diene concentrations relative to total organic carbon (TOC), percentage of Fragilariopsis curta (F. curta) group, and PIPSO
ratios (PBIPSO25 and PDIPSO25) in the sediment cores vs. depth.

the links between biomarkers in our sediment samples and
the different phytoplankton and microbial sources.

Pelagic diatoms

A pelagic diatom source for biomarkers in sediment samples
in this study is indicated by (1) high concentrations of C14:0
and saturated and unsaturated C16 fatty acid compounds,
(2) high concentrations of brassicasterol and dinosterol, and
(3) relatively high concentrations of C16:1ω7 fatty acid. How-
ever, the ratio of C16:1ω7/C16:0 in all 27 sediment samples
was, on average, ∼ 0.3, which is lower than other studies
analysing fatty acids in Antarctic surface waters during di-
atom blooms from McMurdo Sound and Eastern Antarctica
(Skerratt et al., 1995; Smith et al., 1986).

In the core tops, C16 fatty acid compounds were broadly
similar, except for lower values in the southernmost core
(GC72), suggesting a potentially reduced contribution from
pelagic diatoms (Nichols et al., 1993, 1986; Skerratt et al.,
1995; Wing et al., 2012). This interpretation is supported by
the low abundance of dinosterol at GC72, further indicating
diminished pelagic diatom input at this site (Rampen et al.,
2010). In contrast, brassicasterol did not exhibit a clear spa-
tial trend across the core tops and instead showed substan-
tial variability along the transect. This variability may re-
flect additional sources, as brassicasterol has been identified
as a stronger signal of haptophytes, particularly P. antarc-
tica (Rampen et al., 2010; Nichols et al., 1991; Skerratt et
al., 1995). Poly unsaturated fatty acids (PUFAs) (C16:4ω1,

C20:5ω3, C20:4ω6), which can also indicate a pelagic diatom
source (Nichols et al., 1993, 1986; Skerratt et al., 1995; Wing
et al., 2012), were not identified in any of our core top or
downcore samples, despite being detected in surface sedi-
ments from locations around Ross Island (Smith et al., 1986).
The presence of pelagic diatoms in our sediment suggests
PUFAs may have originally been produced in the source
blooms but subsequently lost in surface waters and during
sinking due to several processes. First, PUFAs are prefer-
entially assimilated by zooplankton from their phytoplank-
ton diet and are incorporated into zooplankton tissues be-
fore reaching the seafloor (Dalsgaard et al., 2003); second,
PUFAs are highly sensitive to microbial remineralisation in
the water column and sediments (Wakeham et al., 1997), and
finally, they also undergo intense photo- and autooxidation
in the water column before reaching the seafloor (Rontani
et al., 2019). Indeed, low PUFA concentrations have been
observed in surface waters of East Antarctica, despite high
diatom abundances, supporting the idea of scavenging and
degradation (Rontani et al., 2019; Smik et al., 2016b). The
absence of PUFAs in our samples, both in core tops and
downcore sediments, suggests an intense degradation com-
pared to previous studies (Smith et al., 1986), as supported
by the presence of more bacterial markers and higher C15
index values (Table 3).
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Figure 6. Relative diatom concentration of selected species in core top sediments (0–2 cm depth). (a) F. curta, (b) Chaetoceros RS, and,
(c) Centric cold water diatoms. Areas with lighter blue colours have open water more often throughout the year, whereas dark blues are
covered with sea ice for most of the year based on sea ice concentration data between 2002 and 2011 at 6.25 km resolution (Spreen et al.,
2008). Base map sourced from Quantarctica (Matsuoka et al., 2021).

Sea ice affiliated diatoms

The biomarker results indicating a sea ice diatom presence in
this study are (1) high concentrations of C24:0, (2) high con-
centrations of C20:1ω9 compounds found in sites with heav-
ier sea ice influence, and (3) the presence of IPSO25. C24:1ω9
and C24:1ω11 fatty acids are diagnostic of Antarctic sea ice di-
atoms (Nichols et al., 1986); however, these were not found
in our sediment samples. C24:1ω9 and C24:1ω11 degrade over
time to C24:0, likely inflating the concentration of C24:0 in
samples with an important contribution from sea ice diatoms
(Rontani et al., 2019). C20:1 has multiple sources, includ-
ing both sea ice diatoms and zooplankton (Fahl and Kattner,
1993; Nichols et al., 1986).

In the core top samples, C24:0 increases on a south-to-
north gradient, with inflated concentrations in areas of in-

creased sea ice concentration (Fig. 4). C20:1ω9 was identified
in only three of the six sites: the two northernmost (BC03,
BC04) and the southernmost core (GC72). BC03 and BC04
are influenced by heavier pack ice to the north, consistent
with a sea ice diatom source, while GC72 has the lowest sea
ice cover of the transect, suggesting a possible zooplankton
source at this site. In contrast, IPSO25 did not show a clear
spatial pattern across the core tops.

Downcore, concentrations of C24:0 most closely follow
trends in the F. curta group (Figs. 3 and 7). While F. curta
is not strictly a sea ice dwelling diatom and can even rep-
resent open water or seasonal ice (Allen and Weich, 2022),
the group which comprises of Fragilariopsis curta, Fragi-
lariopsis cylindrus, and Fragilariopsis vanheurckii, indicates
the presence of heavy fast or pack ice, with a late melt-
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Figure 7. Discontinuous downcore relative concentrations of diatom groups (F. curta group, Chaetoceros RS, T. antarctica, F. cryophilic
group, open ocean group, sea ice group, centric cold water group, E. antarctica group), diatom abundance, and biomarkers (Brassicasterol,
Dinosterol and IPSO25 diene) with depth.

Figure 8. Principal Component Analysis (PCA) of biomarker and diatom variables (n= 27), showing the correlation circle for the first two
principal components (Dim1= 37.8 %, Dim2= 19.5 % of total variance). Arrow colour indicates the contribution of each variable to the
plotted dimensions.
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ing late season (Armand et al., 2005), suggesting a sea ice
driver for these compounds, consistent with the strong posi-
tive correlation between C24:0 and the F. curta group shown
in the PCA results (Fig. 8). C20:1ω9 was identified in the up-
per 20 cm in only BC03 and BC04 (Fig. 3), reflecting the
sea ice conditions above these core sites. Increased C20:1ω9
also aligns with increased presence of F. curta group down-
core in BC04, but not in BC03, highlighting that C20:1 com-
pounds in the southwestern Ross Sea are likely sourced
from both diatoms and zooplankton (Guo et al., 2024; Fahl
and Kattner, 1993; Nichols et al., 1986; Yang et al., 2016).
IPSO25 shows a decreasing trend downcore and is domi-
nantly sourced by the sea ice diatom Berkeleya adeliensis
(Belt et al., 2016); however, Berkeleya adeliensis was not
identified in any core samples studied here, despite the pres-
ence of IPSO25, consistent with other studies around Antarc-
tica (Tesi et al., 2020). Either IPSO25 is produced by other
unknown sources, not yet identified (Tesi et al., 2020), de-
spite culture experiments (Belt, 2018), or B. adeliensis is un-
able to reach the sediments because of its lightly silicified
valves (Moriwaki, 1990; Riaux-Gobin et al., 2011; Tesi et
al., 2020). Interestingly, the sea ice diatom group, compris-
ing Entomoneis spp., Nitzschia stellata, Synedropsis fragilis,
Synedropsis recta, and Synedropsis hyperboreoides, did not
closely follow the sea ice diatom biomarkers, a pattern that
could arise from several factors. First, their relatively low
abundance (typically < 4 %), which may limit their contri-
bution to bulk fatty acid signatures dominated by more abun-
dant taxa. Second, these species may not synthesis the fatty
acids examined here. Third, heavy sea ice cover (42 %–70 %
F. curta group) may reduce light availability below the sea
ice, precluding their development.

Haptophytes/Phaeocystis antarctica

The presence of P. antarctica-sourced lipids in southwestern
Ross Sea sediments is indicated by (1) relatively high con-
centrations of C16:0 and C18:0 and low C16:1ω7/C16:0 ratios,
(2) relatively high concentrations of C18:1ω9, and (3) high
concentrations of brassicasterol.

In the six core top samples, C18:0, and C18:1ω9 concentra-
tions were lowest towards the southern end of the transect
and higher in the middle and toward the northern end of the
transect (Fig. 4), suggesting a possible increase in P. antarc-
tica stocks under heavier sea ice conditions. C16:0 and C18:0
are generic compounds synthesised by a diversity of sources.
However, diatoms contain very minimal amounts of C18
compounds, which can be robustly attributed to P. antarctica
sources in our study area (Nichols et al., 1993, 1986; Skerratt
et al., 1995; Wing et al., 2012). The southwestern Ross Sea
is known to have a varied phytoplankton community, both
spatially and temporally (Arrigo et al., 2000; Mangoni et al.,
2017; McMinn et al., 2010; Noble et al., 2013; Stoecker et
al., 1995). High concentrations of brassicasterol are sourced
by P. antarctica (Rampen et al., 2010; Nichols et al., 1991;

Skerratt et al., 1995). Downcore, brassicasterol concentra-
tions closely follow trends in the F. curta group, rather than
open-water diatoms and CRS, reinforcing the core top evi-
dence for increased P. antarctica productivity under heavier
sea ice conditions.

Bacteria

High proportions of branched fatty acids (> 9 %), the pres-
ence of branched fatty acid pairs such as iC15/iC17 and
aC15/aC17, as well as even-chained branched fatty acids
(e.g., aC16), and high C15 fatty acid index values indicate a
significant presence of bacteria (Smith et al., 1986; Skerratt
et al., 1995). C18:1ω7 is consistently the most abundant mo-
nounsaturated C18 compound, which has been attributed to a
bacterial source in other Ross Sea sediment samples (Smith
et al., 1986).

In the core top samples, branched fatty acids were present
in similar proportions (Table 3); however, BC04, the south-
ernmost site, had 65 % less branched fatty acids than BC02.
This suggests spatial variability in bacterial contributions to
sedimentary organic matter across the transect, though the
relationship between bacterial community abundance and
primary productivity in Antarctic sediments remains poorly
constrained.

4.1.2 Environmental conditions

The sites investigated in this study are located along a north-
south transect from south of the Drygalski Ice Tongue, an
area covered in sea ice for ∼ 80 % of the year, to McMurdo
Sound in the south, which is covered in sea ice for around
20 %–40 % of the year (Fig. 1; Spreen et al., 2008). Sea ice
in the southwestern Ross Sea undergoes a drastic change ev-
ery year when the warm season sea ice breakup forms ice-
free biological hotspots in McMurdo and Terra Nova Bay
(Brett et al., 2020). Sites BC02, GC72, and GC78 at the
southern end of the transect are closest to the McMurdo
polynya, where the proportion of ice-free days is the high-
est. In the core top samples, the lower sea ice concentra-
tion at these southern sites is reflected by the lowest rela-
tive abundances of the F. curta group, increased proportions
of open ocean diatoms, decreased C24:0 fatty acids derived
from sea ice diatoms (Nichols et al., 1986), and the absence
of sea ice diatom-sourced C20:1 compounds (Fahl and Kat-
tner, 1993). Biomarker and diatom distributions in the south-
ern sites also reflect enhanced phytoplankton productivity, as
fatty acid ACL is lower, the CRS concentration is increased,
and the diatom absolute abundance in BC02 is 15.8 % and
52.2 % higher than in BC03 and BC04, respectively. Con-
versely, the northern end of the transect (GC80, BC03, and
BC04) has higher sea ice concentration with a break-up later
in the summer than at McMurdo Sound (Spreen et al., 2008).
This increased sea ice cover is reflected by higher concentra-
tions of C24:0 and F. curta abundances 7 % and 30 % higher
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in BC03 and BC04 than in the three southern core tops.
GC80, BC03, and BC04 also have higher ACL, lower pro-
portions of CRS, and lower diatom abundances, which all
reflect the lower productivity in this region. Centric cold wa-
ter diatoms also decrease on a south-to-north gradient, away
from the polynya, likely reflecting the decreased productiv-
ity as a result of delayed sea ice opening above the north-
ern core locations, which provides a shorter growing season
and influences the release of nutrients and the stratification of
the water column (Deppeler and Davidson, 2017). Based on
its strong positive correlation with the F. curta diatom group
(r = 0.80), and the known sea ice diatom fatty acids C24:1ω11
and C24:1ω9 (Nichols et al., 1986), we propose C24:0 as a can-
didate sedimentary biomarker of sea ice change in the south-
western Ross Sea. This contrasts with Ashley et al. (2021),
who also measured C24:0 in modern sediments, and attributed
it to an open-water diatom source in an East Antarctic setting
(Adélie Land), highlighting that the source and behaviour of
this compound may differ regionally.

4.1.3 Degradation of biomarkers

Fatty acids in the southwestern Ross Sea decrease with sedi-
ment depth in all three box cores, indicating downcore degra-
dation consistent with patterns commonly observed in ma-
rine sediments due to various forms of degradation such as
remineralisation, biogenesis, and diagenesis (Haddad et al.,
1992; Wakeham et al., 1984). Understanding these degrada-
tion processes is crucial for interpreting depth profiles and
temporal patterns within each core. In our sediment cores, the
decline of fatty acids is most notable in the top 10 cm, with
concentrations approaching an asymptote at∼ 20 cm (equiv-
alent to 76–95 years). Sediment cores from Adélie Land, the
only other Antarctic study analysing high-resolution tempo-
ral trends in Antarctic fatty acids over the last 2000 years,
observe the same degradation patterns, with fatty acid con-
centrations approaching asymptote at a depth of> 30–40 cm
and the highest concentrations occurring in the top 80 cm
(or 70 years) (Ashley et al., 2021). However, Ashley et al.
(2021) report a dominance of saturated fatty acids suggesting
degradation occurred in the surface waters and/or throughout
the 1000 m water column before deposition (Ashley et al.,
2021). Although the sediment cores in our study were col-
lected from similar water depths (720–970 m), we observed
unsaturated and branched fatty acids, indicating that fatty
acid degradation processes, fatty acid sources, or bacterial
activity may be different in the Southwestern Ross Sea re-
gion compared to Adélie Land. One possible explanation is
the markedly higher primary productivity in the Ross Sea,
which is considered one of the most productive regions in
Antarctica (Bolinesi et al., 2020), with high vertical export
of carbon (DeJong et al., 2017), which may lead to enhanced
preservation of unsaturated and branched fatty acids in sed-
iments (Ratnarajah et al., 2022; Wakeham et al., 1984). An-
other possibility is a difference in fatty acid preservation or

a difference in fatty acid sources between the southwestern
Ross Sea and Adélie Land. Coastal East Antarctica tends to
be dominated by diatoms (Heidemann et al., 2024). P. antarc-
tica blooms in McMurdo Sound form large colonies (Man-
goni et al., 2019, 2017), and may contribute to an early and
rapid export of carbon to the ocean floor, also leading to en-
hanced preservation (DiTullio et al., 2000). Another possibil-
ity is that the increased abundance of branched and unsatu-
rated fatty acids in the southwestern Ross Sea is related to its
lower sedimentation rate (0.225–0.255 cmyr−1) compared
with Adélie Land (∼ 1 cmyr−1) (Ashley et al., 2021). Slower
sedimentation rates may allow microbial activity to penetrate
deeper into the sediment column, promoting greater degra-
dation and alteration of organic matter (Bhattacharya et al.,
2021), which may enhance the production or preservation of
these fatty acids at depth. The detection of unsaturated and
branched fatty acids is consistent with another southwestern
Ross Sea study (Smith et al., 1986), where a range of un-
saturated fatty acids were detected, including PUFAs, which
were not identified in our study, but the study was limited to
surface sediments.

Degradation can also explain the downcore decline in
IPSO25 diene concentrations with sediment depth. IPSO25
shows some decay in the first 10 cm. However, trends in sea
ice are preserved as demonstrated by the similar downcore
trends seen in the sea ice-affiliated diatoms F. curta group
and PIPSO25. Sterols did not show a pronounced downcore
decay, consistent with their low reactivity (Vorrath et al.,
2019; Rontani et al., 2019, 2012). This interpretation is re-
inforced by the PCA (Fig. 8), in which the fatty acid and
HBI vectors cluster together, indicating a shared, source-
independent process, such as degradation that does not im-
pact sterols in the same way. While IPSO25 shows measur-
able decay, the relative reactivity differences between this
HBI and the major sterols, brassicasterol and dinosterol, are
yet to be quantified. Despite this, PIPSO25 ratios provide rep-
resentative records of past sea ice extent and climatic condi-
tions, as shown by the Southern Ocean studies linking HBI/s-
terols with satellite records of sea ice extent (Vorrath et al.,
2019, 2020; Lamping et al., 2021), diatom transfer functions
(Lamping et al., 2020), and ice core records (Vorrath et al.,
2023).

4.2 200-year baseline record of sea ice and
phytoplankton changes in the southwestern Ross
Sea

The sediment archive preserved in BC02, BC03, and BC04
provides a ∼ 200-year paleorecord of diatom and biomarker
variability in the southwestern Ross Sea. These records show
both shared patterns and site-specific differences. Total di-
atom abundance is stable downcore in BC02 and BC03, and
decreases in BC04, while most fatty acid biomarkers show a
general decline in the upper ∼ 20 cm across all three cores,
consistent with early post-depositional degradation. BC03
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and BC04 also show episodic laminations (Figs. A1 and A2),
which may reflect reduced bioturbation under more persis-
tent sea ice cover at these sites. In contrast, several diatom
groups (e.g., F. curta group, Chaetoceros RS) and the sea ice
biomarker IPSO25 show more gradual, longer-term down-
core trends.

The relative abundance of F. curta, a well-established sea
ice diatom proxy particularly associated with seasonal ice
zones (Armand et al., 2005; Gersonde and Zielinski, 2000;
Leventer and Dunbar, 1988), decreases downcore in BC02
and BC04, while it remains relatively stable throughout the
record in BC03 (Fig. 9). Together, these trends suggest an
overall increase in sea ice concentration in the southwestern
Ross Sea from 1900 CE to present, providing an indepen-
dent line of evidence to support biomarker-based reconstruc-
tions. Similarly, IPSO25 shows a decreasing trend downcore
in all three cores, indicating an increasing signal of fast and
platelet ice toward the present (Belt, 2018). The PIPSO25 in-
dex, which integrates IPSO25 with the open-water sterols di-
nosterol and brassicasterol, is considered a more robust mea-
sure of sea ice influence than IPSO25 alone (Lamping et al.,
2021; Vorrath et al., 2023, 2020). Despite the low resolu-
tion, the PIPSO25 values in all three cores show an increas-
ing trend since ∼ 1900 CE (Fig. 9). Collectively, diatom and
biomarker records suggest a 200-year increase in sea ice du-
ration in the southwestern Ross Sea.

Our findings align closely with other Ross Sea records in-
dicating increasing sea ice conditions over the past two cen-
turies. Diatom-based sediment records from the southwest-
ern Ross Sea show a similar long term trend in sea ice pres-
ence (Leventer and Dunbar, 1988; Leventer et al., 1993).
Yang et al. (2021) reconstructed the northern limit of sea
ice extent in the Ross Sea and observed relatively stable
conditions pre-1900, followed by an increasing trend since
∼ 1950 CE (Fig. 9). Similarly, Dalaiden et al. (2021) used
ice core records and data assimilation to reconstruct Ross
Sea sea ice extent, also finding an increase beginning around
1950 after a stable pre-1900 period (Fig. 9). A coastal ice
core record from the Ross Sea shows a stable sea ice area
from the 1880s to the 1950s, a reduction from the 1950s to
the 1990s and an increase from 1993 (Sinclair et al., 2014).
Although these studies quantify sea ice extent and area at the
regional scale, and our records reflect coastal sea ice duration
at three coastal-proximal sites, most reconstructions point to-
ward enhanced sea ice conditions in the Ross Sea since the
mid-20th century (Fig. 9).

Differences among studies likely reflect a combination of
factors. First, sediment cores generally have lower temporal
resolution than ice cores and may not capture short term vari-
ations, such as the stable conditions before 1950 reported by
Dalaiden et al. (2021) and Yang et al. (2021). Chronological
uncertainty is another factor, as the CFCS lead dating model
assumes constant sedimentation rates, a constant Pb flux, and
no mixing or diffusion of Pb in the sediment (Appleby, 2002;
Bruel and Sabatier, 2020). The dating uncertainty could in-

troduce offsets in the timing of the observed trends. Second,
spatial variability across the Ross Sea is well documented,
with satellite observations from 1997 to 2013 showing an
overall increase in sea ice extent (Yuan et al., 2017), but with
significant anomalies (Dale et al., 2017; Krauzig et al., 2024).
It is plausible that the southwestern Ross Sea experienced
an earlier or stronger increase in sea ice duration compared
with more northern or offshore regions. Sea ice variability in
the southwestern Ross Sea is influenced by local processes
such as fast ice formation and breakup, coastal polynya ac-
tivity, and storm driven winds (Radlwimmer et al., 2026).
These processes differ from those governing regional scale
sea ice variability across the wider Ross Sea, where larger
scale oceanic and atmospheric processes influence sea ice at
the offshore margins (Dalaiden et al., 2025, 2021). Conse-
quently, regional reconstructions may not fully capture the
sea ice variability recorded at our coastal core sites. Finally,
methodological and spatial differences may also contribute.
Our records capture sea ice duration and concentration near
the coast (Armand et al., 2005), while Dalaiden et al. (2021)
and Yang et al. (2021) reconstructed sea ice extent at the re-
gional scale. Although these metrics are related, changes in
sea ice extent do not necessarily correspond to changes in
local sea ice concentration and duration. Thus, differences
between regional sea ice extent and the conditions recorded
at our coastal sites may reflect both the spatial scale variabil-
ity in sea ice across the Ross Sea and the distinct processes
influencing coastal versus offshore sea ice. Despite these dif-
ferences in metric and spatial coverage, all records presented
in Fig. 9 show broadly consistent increases in sea ice condi-
tions since ∼ 1950, underscoring the robustness of this trend
across multiple archives and proxies.

Fatty acids in the surface sediments reflect inputs from a
mixture of phytoplankton and bacterial sources, including di-
atoms and P. antarctica. The PCA analysis (Fig. 8) groups
the fatty acids and HBIs together, suggesting shared post-
depositional processes such as degradation. In contrast, the
sterols do not follow the same grouping as the fatty acids
and HBIs, consistent with their comparatively low reactivity
and limited downcore decrease (Vorrath et al., 2019; Rontani
et al., 2019, 2012). Downcore profiles of fatty acids show a
marked decrease in concentrations within the upper ∼ 20 cm
(corresponding to ∼ 76–95 years ± 2.4–22.2 years), con-
sistent with early post depositional degradation. Below this
interval, fatty acid concentrations remained relatively sta-
ble. This pattern suggests that post-depositional alteration is
an important driver of fatty acid concentrations; however, it
is unlikely to be the sole factor influencing downcore vari-
ability. Changes in primary production, organic matter flux,
and sedimentation processes also contribute to the observed
trends. Beyond the ∼ 20 cm fatty acid decrease, no consis-
tent downcore trends were observed, which may suggest rel-
atively little change in phytoplankton community composi-
tion over the past ∼ 200 years, despite increasing sea ice
influence (Yuan et al., 2017; Dalaiden et al., 2021). How-
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Figure 9. Southwestern Ross Sea sediment results in BC02, BC03, and BC04, (a) PBIPSO25, (b) IPSO25 diene, (c) Fragilariopsis curta gp
(F. curta). Ross Sea sea ice reconstructions, (d) northernmost latitude of sea ice extent in the Ross Sea (NLSIE) (blue) (Yang et al., 2021),
(e) Ross Sea sea ice extent (SIE) reconstructed using high-resolution ice cores and data assimilation (purple) (Dalaiden et al., 2021) and Ross
Sea sea ice extent from US National Snow and Ice Data Center (NSIDC) satellite data (red).

ever, interpretation is limited by the low sampling resolution
(4–8 cm), which may obscure finer-scale variability. Higher-
resolution records would allow more detailed reconstruction
of short-term variability and potential responses of phyto-
plankton communities to sea ice changes.

5 Conclusion

In this study, lipid biomarkers (fatty acids, sterols, and HBIs)
from surface and short sediment cores were combined with
diatom assemblage data to assess their drivers and help in-
terpret past sea ice dynamics and phytoplankton community
changes in a 200-year record in the southwestern Ross Sea,
an area characterised by the presence of coastal polynyas.
Three sediment cores along a north-south transect were sam-
pled at decadal resolution and dated using 210Pb dating, with
the longest core representing years 1794–2007 (±20 years
at its base). The three cores offered an opportunity to exam-
ine biosiliceous and organic records during this period and to

assess the long-term behaviour of biomarkers, bacterial ac-
tivity, and preservation processes. Trends in sea ice diatoms
such as Fragilariopsis curta, alongside HBIs and PIPSO25,
reveal an increase in sea ice extent in the southwestern Ross
Sea over the last 200 years. This finding contributes to a
growing picture of regional sea ice variability, with trends
differing by proxy and location, emphasising the importance
of high-resolution records for capturing local and broader
scale sea ice change.

Spatial variations in biomarker composition across the six
core tops were primarily driven by sea ice conditions and as-
sociated phytoplankton habitats, while pelagic diatoms, hap-
tophytes (e.g. Phaeocystis antarctica), and sea ice diatoms
exhibited distinctive biomarker signatures. While pelagic
diatom derived fatty acids (C14:0, C16:0, C16:1ω8, C16:1ω7,
C16:1ω6, C16:1ω5) were identified in this study, polyunsatu-
rated fatty acids (specifically C16:4ω1, C20:5ω3, C20:4ω6) pro-
duced by diatoms, were not detected despite sediments con-
taining abundant preserved diatoms and HBI markers, likely
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due to grazing, scavenging, and degradation in surface wa-
ters and throughout the water column. Phaeocystis antarc-
tica fossils are not preserved in marine sediments; how-
ever, this study shows that phytoplankton derived fatty acids
(high C14:0, C18:0, and C18:1ω9, low levels of polyunsaturated
fatty acids, and a low C16:1ω7/C16:0 ratio) demonstrate po-
tential to record Phaeocystis antarctica variability through
time. Biomarkers are also influenced by downcore degrada-
tion: fatty acids in the southwestern Ross Sea demonstrate
an overall exponential decay in the top ∼ 20 cm of the sedi-
ment cores. This degradation derives from bacterial biogen-
esis, demonstrated by 10 %–20 % of branched fatty acids
sourced from bacteria. Despite the degradation process, fatty
acid profiling still records the relative composition of phy-
toplankton groups over this period. A Principal Component
Analysis of the combined biomarker and diatom dataset pro-
vides additional support for this structure, resolving three
distinct groupings: a sea ice associated group (F. curta group,
C24:0, sterols), an inversely related open water and increased
fast ice habitat group (Chaetoceros resting spores, open
ocean, cold water, and sea ice diatoms), and an independent
fatty acid/HBI group consistent with shared degradation pro-
cesses. We propose C24:0 as a biomarker of sea ice change
in the southwestern Ross Sea. Overall, biomarkers in the
southwestern Ross Sea sediment independently distinguish
between pelagic diatoms, haptophytes, and sea ice associated
diatoms, offering a valuable tool for developing decadal res-
olution records of sea ice and phytoplankton changes in the
Ross Sea over longer timescales.
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Appendix A

Figure A1. X-radiographic images of RS14-BC02 (a), RS14-BC03 (b), and RS14-BC04 (c). Depth (cm) is noted beside each X-ray. Images
were taken on 1 cm thick sediment slabs with Softex M-100W X-ray source and NTB EZ-320 digital X-ray scanner, and were processed
with iX-Pect EZ imaging software.

Figure A2. Core logs for RS14-BC02, RS14-BC03, and RS14-BC04 from the southwestern Ross Sea, Antarctica. Lithology and sedimentary
structures shown against depth (cm).
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Figure A3. Lead dating age-depth models for (a) BC02, (b) BC03, (c) BC04. Top: Sedimentation rates were calculated from the least-squares
fit slope of 210Posupported on a logarithmic scale against depth (Appleby, 2002). The orange dots show evidence of a mixed layer in the 210Po
and were not included in the least-squares fit slope. Bottom: The constant flux and constant sedimentation rate (CFCS) model was applied to
determine sediment ages (Bruel and Sabatier, 2020). Errors were estimated using R package “serac” (Bruel and Sabatier, 2020).

Data availability. The data sets for the sediment core age-depth
model, organic compound concentrations, diatom abundance, and
organic carbon are available at the PANGAEA data centre
(https://doi.org/10.1594/PANGAEA.989298) (de Jong et al., 2026).
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