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ARTICLE INFO ABSTRACT

Handling Editor: Yan Zhao The Southern Hemisphere Westerlies (SHW) are a vital part of the Southern Hemisphere’s coupled ocean-

atmosphere system and play an important role in the global climate system. The SHW affect the upwelling of

Keywords: carbon-rich deep water and exchange of CO2 from the ocean to the atmosphere by driving the Antarctic
Sorthelm Hemisphere westerly winds Circumpolar Current. On seasonal to millennial timescales, changes in the strength and position of the SHW are
Palynology

associated with temperature and precipitation changes throughout the extratropical Southern Hemisphere.
Understanding the behaviour of the SHW under different background climate states is important for anticipating
its future behaviour and remains a subject of ongoing research. Terrestrial paleoclimate records from lake
sediments are valuable for reconstructing past atmospheric change and records from the handful of sub-Antarctic
islands provide the opportunity to develop datasets to document spatio-temporal patterns of long-term SHW
behaviour. Here, we generate palynological, microcharcoal, and sedimentological reconstructions (including CT
imagery, pXRF analysis, magnetic susceptibility, and loss-on-ignition) on lake sediments from the Kerguelen
Islands (49°S) to constrain variability in Holocene vegetation, climate, and atmospheric circulation (SHW po-
sition). Due to the influence of the SHW on the Kerguelen Islands, the influx of long-distance transported (LDT)
pollen and microcharcoal from southern Africa serve as proxies for the meridional position of the SHW. In
contrast with the stable conditions that prevailed on the Kerguelen Islands over the past 8,600 cal yr BP, our
findings reveal a highly dynamic Early Holocene period. Consistent with local palynological evidence of warmer
conditions, a high influx of LDT pollen and charcoal from southern Africa suggest that the SHW core belt was
located further south of the Kerguelen Islands during this time. Comparison against paleoclimate records from
the surrounding region and beyond suggests that the inferred changes might be explained by changes to our
planet’s interhemispheric thermal gradient, triggered by North Atlantic cooling in response to melting of the last
remnants of the Laurentide Ice Sheet.

Vegetation dynamics
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South Africa
Paleoclimatology
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1. Introduction meridional overturning circulation (Hall and Visbeck, 2002; Toggweiler
et al., 2006), 5) oceanic uptake of carbon and heat (Gottschalk et al.,
2020; Landschiitzer et al., 2015), and 6) Antarctic sea-ice extent (Hall

and Visbeck, 2002; Purich et al., 2016).

The Southern Hemisphere Westerly Winds (SHW) are the main at-
mospheric feature of the extratropical Southern Hemisphere (SH), and

exert important feedbacks on regional and global climate through its
effects on 1) temperature gradients (Fogt and Marshall, 2020; Frolicher
et al., 2015), 2) precipitation distribution (Fletcher and Moreno, 2011;
Mayr et al., 2007), 3) the position and intensity of high latitude storm
tracks (Yin, 2005), 4) global ocean circulation, including the Atlantic
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These components and processes are fundamentally linked to
changes in the position of the SHW core belt (the latitudes where zonal
winds are strongest), which is currently located at approximately 52°S
(Swart and Fyfe, 2012). For example, a more southern position of the
SHW enhances upwelling and outgassing of CO» from the ocean to the
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atmosphere, affecting the Southern Ocean carbon storage (Anderson
et al., 2009; Hodgson and Sime, 2010; Toggweiler et al., 2006). Over the
instrumental period, changes in the SHW are associated with the
Southern Annular Mode (SAM): changes in the pressure gradient be-
tween 40 and 65°S that represent the leading mode of atmospheric
variability in the extratropical Southern Hemisphere (Thompson and
Wallace, 2000). Coupled SHW-SAM variability alternates between two
extremes: a northward expansion of the core belt that is accompanied by
weaker winds (negative SAM), and a southward shift that is associated
with stronger winds (positive SAM) (Fogt and Marshall, 2020). These
changes occur across a range of different timescales, from 1) the sea-
sonal cycle as the SHW’s core belt moves southward in the austral
summer and northwards during the austral winter, to 2) millennial
timescales, as a result of changes in insolation or ocean circulation
(Lamy et al., 2010). Because of the global climate feedbacks related to
changes in the SHW, and in light of rapid on-going changes in response
to anthropogenic warming (Abram et al., 2014), it is important to un-
derstand past movements of the SHW to better anticipate their future
evolution (IPCC, 2023).

In the absence of long observational timeseries, paleoclimate data
can help us better understand the causes and consequences of these
globally relevant SHW-climate interactions (Hodgson and Sime, 2010).
Terrestrial records are essential for reconstructing atmospheric condi-
tions, but landmasses are scarce in the Southern Ocean. Most SHW re-
constructions come from Patagonia (e.g Kilian and Lamy, 2012; Kohfeld
et al., 2013; Moreno et al., 2021, 2010; Reynhout et al., 2019) and
paleoclimate data from sub-Antarctic islands are important to provide
greater spatial coverage (e.g. Perren et al., 2020; Saunders et al., 2018,
2015; van der Bilt et al., 2022; Van der Putten et al., 2015; Zwier et al.,
2022).

Reconstructing past wind conditions is challenging, and often
inferred through indirect proxies that record SHW-driven precipitation
and temperature changes (Lamy et al.,, 2010). The analysis of
wind-blown particles, e.g. dust, pollen, and microcharcoal, provides a
more direct way of reconstructing variations in atmospheric circulation
(Saunders et al., 2018; Turney et al., 2016). These microscopic particles
can be transported over very long distances and are therefore useful in
the sub-Antarctic (Neff and Bertler, 2015). Pollen grains provide
particular value, because identification to species can allow identifica-
tion of the source region (Jessen et al., 2011; Rodrigues et al., 2023).
Deposition sites downwind from source areas of long-distance trans-
ported (LDT) particles provide the opportunity to reconstruct changes in
wind strength and position (Strother et al., 2015; Turney et al., 2016;
Zwier et al., 2022).

The Kerguelen Islands (49°S) are ideally located to capture LDT
particles from southern Africa (33°S) due to the cyclonic nature of SHW
storm tracks that transport air in a south-easterly direction (Neff and
Bertler, 2015; Reijmer et al., 2002). LDT particles from southern South
America, located >9,000 km upwind of, and at similar latitude to, the
Kerguelen Islands could potentially also reach the island (Neff and
Bertler, 2015). Previous palynological work focused on local vegetation
reconstructions identified LDT pollen on the Kerguelen Islands (Bellair,
1970; Young and Schofield, 1973); another study examined LDT pollen
on the island between 16,000 and 11,000 cal yr BP (Van der Putten
et al., 2015).

Here, we provide a multiproxy, high-resolution Holocene lake sedi-
ment record from the western Kerguelen Islands to reconstruct zonal
SHW changes. Palynological and sedimentological analyses were carried
out to 1) reconstruct Holocene vegetation and climate changes on the
Kerguelen Islands, 2) identify Holocene SHW wind variability over the
Southern Indian Ocean, and 3) identify possible links to drivers of SHW-
climate change.

1.1. Study area

The French Kerguelen Islands (49°S, 69°E) are situated in the South
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Indian Ocean, approximately 4000 km southeast of the nearest landmass
- southern Africa (Fig. 1a). The islands are of volcanic origin and mostly
covered by flood basalts (Gautier et al., 1990). The western part of the
Kerguelen Islands is mountainous — most peaks reach over 1000 m above
sea level — and is partly covered by the rapidly retreating Cook Ice Cap
(Charton et al., 2022; Verfaillie et al., 2021).

Climate on the Kerguelen Islands is characterized by moderate sea-
sonal temperature fluctuations with mean temperatures between 1989
and 2019 of 7.8 °C in summer and 2.5 °C in winter (Trouet and Van
Oldenborgh, 2013). Annual precipitation averages <800 mm around the
Port-aux-Frangais meteorological station on the eastern (down-wind)
side of the Kerguelen Islands (Fig. 1b) and can reach >3200 mm on the
western side (up-wind) near our study site (Frenot et al., 1997). The
mean wind velocity is about 10 m/s and is higher during winter
(Pendlebury and Barnes-Keoghan, 2007; Van der Putten et al., 2015).

1.1.1. Setting

Our study site, the informally named Lake 5 (49.14°S, 69.09°E), is
located on the north-western side of the largest island of the Kerguelen
Islands (Fig. 1b). The lake’s position ~130 m above sea level and 8 km to
the north of the Cook Ice Cap (Fig. 1b) has sheltered it from glacial
runoff. The basin measures ~0.2 km? and has a maximum depth of ~24
m (Fig. 1d). There are four small gullies draining into the lake and there
is one outlet to the north (Fig. 1c). The relatively small catchment of
Lake 5 measures ~1,3 km? and is partly vegetated, only the exposed
higher ridges are completely bare (Fig. 1c). The rocky hillsides are
dominated by Azorella selago cushions. The more sheltered slopes
(mostly facing east) are dominated by grasses. Acaena magellanica,
Colobanthus spp., Pringlea antiscorbutica, Lycopodium spp. as well as
various mosses and lichen are recorded in the lake’s wider surroundings.
Ranunculus spp. is predominantly growing partly submerged around the
stream edges.

2. Material and methods
2.1. Fieldwork

In the austral summer of 2019/2020, a field campaign was under-
taken to Lake 5 (Fig. 1). After surveying lake bathymetry using a Low-
rance echo sounder and compiling a map on-site, six profiles with
ground penetrating radar (50 MHz unshielded antennas inside 110 mm
PVC tubes) were collected to map out the sediment distribution in the
deepest parts of the lake. Based on this, three cores were retrieved from
the depocenters of the two sub-basins in the lake (Fig. 1d) with a
modified Nesje piston corer (Nesje, 1992). Additional gravity cores were
obtained at the same locations to capture surface sediments. Represen-
tative plant samples were collected from the surrounding area (Fig. 1c)
to help build a pollen and spore reference collection. The sediment cores
were stored in dark and cold (4 °C) conditions at the EARTHLAB, Ber-
gen, Norway, before splitting and logging. Here we report results from
the composite (piston + gravity) sediment core L5-03-19, recovered in
the northern sub-basin (Fig. 1d), which contains the longest continuous
laminated (undisturbed) record with few inverted ages (section 3.1 and
3.2).

2.2. Lithology and geochemical analysis

Prior to destructive analysis, the core sections were scanned using a
Cox Analytical ITRAX X-Ray Fluorescence (XRF) core scanner, to ac-
quire downcore semi-quantitative elemental profiles (Croudace et al.,
2006). The sections were logged at 500 pm resolution using a Molyb-
denum (Mo) tube (30 kV, 27 mA) and a dwell time of 10s to better
measure heavier elements. For further analysis, we excluded individual
elemental profiles with a mean square error (MSE) > 2 and total kilo
counts per second (kcps) outside the 20 to 35 range, and omitted ele-
ments with an autocorrelation <0.7 at a 2.5 mm lag to remove noisy
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Fig. 1. a) Overview map showing the modern position of the main atmospheric and oceanic circulation systems around Antarctica. The Southern Hemisphere
Westerly Winds are indicated by the average zonal windspeed at 10m height from 1950 to 2021, as calculated from ERAS5 reanalysis data (Hersbach et al., 2020). b)
Inset of the Kerguelen Islands showing Lake 5, the nearest meteorological station at Port-aux-Frangais, recorded wind direction over the last 30 years after Meteoblue
(2023), and the Cook Ice Cap (CIC). ¢) Lake 5 site topography, catchment area, and outlet. The vegetation cover is shown by the normalized different vegetation
index (NDVI) calculated from Copernicus Sentinel-2 data acquired on 2021-11-30 (EO Browser). d) Bathymetric map of Lake 5 (section 2.1); orange circles indicate

coring sites.

data, following the recommendations of Bishop (2022). Counts were
normalized against the sum of incoherent and coherent currents (inc +
coh) to account for downcore variability in water content and organic
matter (Kylander et al., 2012). To identify internal sedimentary struc-
tures, the cores were scanned using a ProCon-X-Ray CT-ALPHA
Computed Tomography (CT) scanner set at 135 kV and 900 pA, with a
0.5 mm Cu filter, an exposure time of 334 ms, and using 2400 rotations
per projection. CT imagery was visualized and analysed with the Ther-
moFisher Avizo software (version 9), generating down-core greyscale
values at 5 mm resolution using the spline probe tool. To help identify
changes in mineral magnetic content and grain size, magnetic suscep-
tibility (MS) was measured using a Bartington Instruments MS2G loop
sensor mounted on a Geotek core scanner at 0.5 cm resolution (Sandgren
and Snowball, 2002).

Following core scanning, the gravity and piston core sections were
aligned using their respective Zirconium (Zr) stratigraphy, and our
composite depth scale was created using QAnalySeries 1.5.1 (Kotov and
Paelike, 2018). Thereafter, we carried out destructive physical analyses.
Loss-on-ignition (LOI) and dry-bulk density (DBD) were acquired from 1

em® samples taken at ~4 cm intervals throughout the core. For this

purpose, samples were dried at 105 °C overnight and subsequently
burned at 550 °C for 6 h after Heiri et al. (2001).

Following acquisition and processing, principal component analysis
(PCA) was performed on square-root transformed multi-proxy data
using base R (R Core Team, 2022) to identify gradients of change. In
addition, unconstrained cluster analysis was performed with the rioja
package (Juggins, 2015) to help distinguish different sedimentological
facies.

2.3. Chronology

A total of 24 samples for >!°Pb dating and 11 samples for ¥’Cs dating
from the top 12 cm of the gravity core were measured at NIOZ dating
facility in the Netherlands (Supplementary Fig. 1). Moreover, fifteen
terrestrial plant macrofossil samples (Table 1), wet-sieved through a
125 pm mesh and dried, were measured for radiocarbon dating at either
the Poznan Radiocarbon Laboratory, Poland (Poz-samples) (Goslar
et al, 2004), or Lund Radiocarbon Dating Laboratory, Sweden
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Table 1

Radiocarbon dates obtained for terrestrial macrofossil (moss) samples from core L5-03-19. Showing the Lab ID, sample mid-depth, sample weight, the'*C age, 1c error,

the resulting bacon model age, and the calibrated ages (SHCal20; Mean, Min, Max), and the explained probability.
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Lab ID Mid depth (cm) Weight Age (c yr) Error (+10) Model (cal yr BP) Mean (cal yr BP) Min (cal yr BP) Max (cal yr BP) Probability (%)
(mgC)

Poz- 27.22 NA 1620 30 1432 1454.5 1368 1541 93.3
139136

Poz- 46.72 NA 2565 35 2570 2588 2423 2753 93.6
143957

Poz- 63.22 0.3 3655 30 3870 3957.5 3824 4091 91.1
139137

Poz- 82.72 0.8 4640 35 5270 5260 5040 5480 90.5
143958

Poz- 110.72 0.4 6690 40 7486 7522.5 7430 7615 92.7
139213

Poz- 124.72 NA 6910 40 7758 7712.5 7585 7840 94.1
143930

Poz- 142.22 NA 7460 40 8206 8267.5 8165 8370 85.5
143960

LuS 17769 147.72 0.8 7815 45 8521 8585 8400 8770 93.9

Poz- 187.22 1.0 8110 50 8677 8920 8695 9145 85.9
138826

Poz- 210.72 NA 9670 50 NA 10973 10750 11195 94.7
143932

Poz- 226.22 NA 10520 60 NA 12388 12085 12690 94.3
138827

Poz- 255.72 NA 8050 50 9330 8832.5 8635 9030 91.1
143931

LuS 16762 262.22 NA 8450 45 9465 9397.5 9255 9540 93.1

LuS 16763 295.22 1.3 9090 45 10058 10270 10110 10430 80.8

LuS 16764 343.22 1.2 9665 45 10991 10972.5 10755 11190 94.9

(LuS-samples).

2.4. Palynological and microcharcoal analysis

A pollen and spore reference collection was constructed using
modern plant samples collected during fieldwork to the Kerguelen
Islands in 2006, 2019-2020, and nearby Possession Island (Iles Crozet) —
which has a similar flora to the Kerguelen Island (Van der Putten et al.,
2008, 2015) — in 1999 (Fig. 1a and c). Pollen from the plant samples
were treated with KOH, sieved, acetolysed, and mounted in glycerol
gelatine. Sediment samples (1 cmg) taken at 4 cm intervals throughout
the Lake 5 record, were sieved and treated with KOH, HF, and acetolysis
according to Faegri and Iversen (1989). A known quantity of Lycopodium
clavatum spores (batch nr. 100320201, produced at Lund University,
Sweden) were added before treatment to allow calculation of concen-
trations. The residue was stored in glycerol and mounted on microscope
slides. Identification and counting of pollen, spores, non-pollen paly-
nomorphs (NPP’s), and microcharcoal was carried out with a Zeiss light
microscope at 400x magnification, using the constructed pollen refer-
ence collection at the University of Bergen, Norway, works of Barrow
(1976), Reille (1992), Scott (1982), Van Zinderen Bakker (1956a,
1956b), Van Zinderen Bakker and Coetzee (1959) and the online pollen
reference collection for the Cape Floristic Region (Nelson Mandela
University, 2019). Exotic pollen taxa were categorized into different
parent plant source regions (Chevalier et al., 2021; Quick et al., 2016;
Zhao et al., 2016) (Supplementary Table 4). Preservation status of the
pollen was noted according to the classification by Mansilla et al. (2018)
to make inferences of mechanical (broken or crumpled grains) and
biochemical (corroded or degraded grains) deterioration processes in
the catchment. All native phanerogam taxa were included in the pollen
sum (Greene and Greene, 1963; Supplementary Table 3). Provided
sufficient pollen concentration, samples were counted to a pollen sum of
>300 grains. Samples with pollen sum <100 were discarded. Pollen
diagrams were constructed using Tilia 2.6.1 (Grimm, 1992). Con-
strained cluster analysis (CONISS, Grimm, 1987) of the taxa included in
the pollen sum was performed using the vegan package in R (Oksanen
et al., 2020). The number of interpretable clusters was determined with

a broken stick model using the rioja package (Juggins, 2015).
3. Results
3.1. Lithology

The alignment of the gravity core to the piston core resulted in a
combined 357.5 cm long record (Supplementary Fig. 2). Visual logging
and geochemical analysis of the record (section 2.2) revealed three main
sediment facies: organic-rich laminated mud; inorganic laminated sand;
and (coarse) sand and gravel (Fig. 2).

The bulk of the sediment record consist of brown organic-rich cm-
scale laminated mud (Fig. 2). This facies is characterized by high LOI,
inc/coh, and Br values — which are all widely used measures of organic
content (Davies et al., 2015; Kylander et al., 2012) — and low CT grey-
scale values — indicative for low sediment density (Fig. 2). CT imagery
reveals small pebbles embedded in the mud (Supplementary Fig. 3).
From 349.2 to 232.5 the pebbles are rare, from 232.5 to 185 cm depth
they are abundant, and from 185 to 0 cm they are frequent. CT imagery
also reveals three intervals with folded (F) laminae from 282 to 294 cm
(F1), 299-304 cm (F2), and 320-323 cm (F3) depth (Supplementary
Fig. 3).

At several intervals at the base of the record, the sediment consists of
laminated grey to brown inorganic fine-grained sand containing a few
small pebbles: from 357.5 to 349.2 cm, 329 to 323 c¢m, 274.5-275.5 cm,
and 232.5 to 230 cm (beige layers in Fig. 2). High values of CT greyscale,
MS, and Ti - indicative for minerogenic content (Davies et al., 2015) —
correspond with low values of LOI, inc/coh, and Br.

The laminated sediment is interspersed by four thick coarse sand and
gravel layers with a sharp and undulating base from 118 to 124.5 cm
(E1), 131-141.5 cm (E2), 150-185 cm (E3), and 232.5-255 cm (E4), and
ten mm-thick (coarse) sand layers (grey layers in Fig. 2, Supplementary
Fig. 3). Visual inspection (smear slides) of the layers revealed the pres-
ence of tephra shards (Supplementary Fig. 4). This facies is character-
ized by low MS and Ti values and high K and Zr values — which may be
linked to an increase in grain size (Davies et al., 2015). These charac-
teristics distinguish this facies from the inorganic laminated sand. We
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Fig. 2. Summary of sedimentological data from Lake 5 on a depth scale. Showing from left to right: enhanced colour (RGB) and CT imagery, greyscale values,
magnetic susceptibility (MS), a selection of the geochemical (uXRF) variables, loss-on-ignition (LOI), and 14c sample ages in yr BP. The pm-scale XRF and CT
greyscale (section 2.2) records show a 25 mm running mean to improve readability and enhance comparability with the mm-scale resolution MS and LOI records.
Inorganic laminated sand layers are shown in beige. Coarse sand and gravel layers are shown in grey, including the event layers E1-E4.

argue that this facies represents abruptly deposited event (E) layers and
discuss how this influences the age-depth model in section 3.2.

Principal component analysis (PCA) conducted on the pXRF data
from Lake 5 shows three distinct groups corresponding to the three
sediment facies of our record (Fig. 3). The inorganic laminated sand is
represented by group 1 and is associated with high counts of the ele-
ments Ti, Ca, Fe, Ni, Cu, Sr, Cr, and V. The (coarse) sand and gravel is
represented by group 2 and is associated with high counts of Zr, K, Rb,
Zn, and Y. The organic laminated mud is associated with group 3 and
includes high counts of Br.

3.2. Age-depth model

Our 21%b profile was excluded because of visual signs of sediment
homogenization in the top 4.5 cm as revealed by CT imagery and the
210pb inventory (Supplementary Fig. 1). However, the ¥Cs activity
showed two peaks in the top 2 cm, which followed the atmospheric

Br i -Laminated mud
0.025 GIeipi * .Sand and gravel
9 |
g 0.000 Ni =3
Qs SI'C
S -0.025| OV :
o e
Ca
-0.050 Fe Group 2
-0.04 -0.02 0 0.02 0.04

PC1 (58.15%)

Fig. 3. Principal component analysis (PCA) of the selected geochemical (XRF)
data from Lake 5 (section 2.2). The percentage of variance explained by prin-
cipal component (PC) 1 and 2 are displayed on the axes. Colour coding corre-
sponds to Fig. 2.

fallout pattern expected for this latitude (Arnaud et al., 2006). They
were identified as 1952 and 1963 AD (Supplementary Fig. 1) and used to
further constrain the age-depth model (Fig. 4). Radiocarbon dates
(Table 1) were calibrated using the SHCal20 calibration curve (Hogg
et al., 2020) and are presented as calibrated years before present (cal. yr
BP), with present being 1950 AD. Radiocarbon dates Poz-143932 and
Poz-138827 were excluded from the age-depth model due to their
inverted ages. The sediment interval where these samples were taken
showed many coarse-grained particles — indicating a high-energy envi-
ronment — supporting the notion that these old ages might derive from
reworked material from the surrounding slopes (Fig. 2). Based on the
presence of sharp and undulating contacts with underlying sediments
(Supplementary Fig. 3), the presence of tephra shards (Supplementary
Fig. 4), and temporal proximity of the radiocarbon dates LuS17769,
P0z-138826, and Poz-143931 (Table 1), we interpret the coarsely

0,
e | surface
50+ o i "Cs
Ty . a Nc
100 " - -~ outlier
= 2 % E1
S1s0. - =2
£ E3
&
0 200+ —
\ o
250 .j\ E4
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Age (cal yr BP)

Fig. 4. Age-depth model for the composite sediment record L5-03-19. The grey
layers represent layers of instant deposition that were treated as slumps in the
age-depth model, E1-E4 mark the thick event layers, and F1 the overturned
folded interval.
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grained sand and gravel layers as slumps (Supplementary Table 2). In
addition, CT imagery reveals the presence of overturned folds and torn
sediments in the interval between 282 and 294 cm depth (layer F1,
Supplementary Fig. 3). Based on these signs of disturbance, we also
treated this layer as a slump. CT imagery from folded layers F2 and F3
did not reveal overturned folds and did therefore not require treatment
as slumps. The final chronology (Fig. 4) was generated using a Bayesian
age-depth model using the rbacon v2.5.8, with standard settings and a
section thickness of 4 cm (Supplementary Table 1, Blaauw et al., 2022).
In the Early Holocene, the sediment accumulation rate averages 0.54
mm/yr and decreases to 0.17 mm/yr after ca. 8,600 cal yr BP (Fig. 4).

3.3. Palynological analysis

The native pollen spectrum (Fig. 5) is dominated by pollen from
Azorella selago, Poaceae, Acaena magellanica, and Carex austrocompacta —
formerly named Uncinia compacta (Waterway et al., 2015). Pollen and
spores from less-abundant native vascular plants, mosses, and fungi on
average only make up 4% of the pollen sum (Supplementary Fig. 6). The
LDT pollen is dominated by southern African Fynbos, Succulent Karoo,
and cosmopolitan taxa (Fig. 5), on average LDT pollen make up 6% of
the pollen sum, with peaks up to 22% in the Early Holocene (Supple-
mentary Fig. 6a). Microcharcoal in the pollen slides ranges from 10 to
100 pm in length on the longest axis. The structure of charred cell
fragments and bilobate phytoliths reveal the presence of grass-type
charcoal (Yost et al., 2018; Supplementary Fig. 5). The influx of
microcharcoal is positively correlated to the influx of LDT pollen (r =
0.6, p < 0.001). Based on the cluster analysis of all native phanerogam
taxa, the pollen diagram is subdivided into two sub-zones.

Zone 1 (~11,300-7,400 cal yr BP) is dominated by varying abun-
dance of pollen from Poaceae, anti-phased to variations in Acaena
magellanica, and Carex austrocompacta, and green algae colonies (Fig. 5).
After three of the inorganic laminated sandy layers (Figs. 2 and 5, beige
layers), Acaena magellanica pollen abundance shortly peaks from ~10%
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to 40-50%, coincident with a decline in Poaceae pollen from ~60% to
20% (Fig. 5). Cryptogam spores show a high species diversity and
abundance throughout zone 1 (Supplementary Fig. 6). From ~8,600 cal
yr BP, pollen from Azorella selago increases in abundance and it remains
the dominant taxon for the remaining part of zone 1. Pollen preservation
is generally good, while poorly preserved pollen grains are mostly
crumpled (Supplementary Fig. 6a). Algal colonies from Botryococcus and
Pediastrum, show high but varying abundance reaching peaks of 260%
and 600% (calculated relative to the pollen sum) respectively. LDT
pollen influx is high (~50 pollen cm2yr~!) with peaks to 100 pollen
em~2yr! coinciding with the peaks in Azorella selago, and is dominated
by pollen from Fynbos, Karoo, and cosmopolitan taxa (mainly Aster-
aceae — dominated by Artemisia and Pentzia-type, Aizoaceae, and Eri-
caceae) (Fig. 5, Supplementary Fig. 6). Microcharcoal fragments show a
high influx (~60 grains cm 2yr ') with peaks reaching 150 grains
em~2yr~!, coincident with the LDT pollen maxima until 8,600 cal yr BP.

Zone 2 (~7,400 to —69 cal yr BP) shows little variation in the pollen
record (Fig. 5). This zone is characterised by high percentages of Azorella
selago (—~70-80%) and a lower abundance of Poaceae (~10-20%),
Acaena magellanica (0-3%) and Carex austrocompacta pollen (0-2%).
Botryococcus and Pediastrum colonies abundance is low at on average
42% and 7% relative to the pollen sum, respectively. Pollen preservation
is generally poorer than in sub-zone 1 and the damaged pollen grains are
mostly corroded (Supplementary Fig. 6). LDT pollen influx is low (~10
grains cm~2yr~!) and shows a relatively high abundance of pollen from
forest biome taxa like Podocarpus spp. (Fig. 5, Supplementary Fig. 6).
Two single pollen grains of South American taxa Nothofagus and Ephedra
were found (Fig. 5, Supplementary Fig. 6). Microcharcoal influx is
relatively low (~30 grains cm ™~ 2yr 1),
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4. Discussion
4.1. Lake 5 evolution

Based on the presented chronology (Fig. 4), infilling of the northern
subbasin of Lake 5 (Fig. 1c) started around 11,300 cal yr BP, indicating
deglaciation during the Early Holocene. This is in agreement with
cosmogenic nuclide dating of glacial landforms on the southeast side of
the Cook Ice Cap (Charton et al., 2022). The basal inorganic laminated
sands (Fig. 2, lowermost beige layer) were likely deposited during
deglaciation, when there was little vegetation to stabilize (glaciogenic)
sediment in the catchment, and more powerful meltwater streams.
Thereafter, sedimentation became more organic (Fig. 2), likely as a
result of increased organic productivity and reduced minerogenic input
through stabilization of the catchment (Kalugin et al., 2007). The inor-
ganic laminated sand facies higher up in the core likely indicate
increased sediment transport by higher runoff, possibly caused by
increased precipitation or stronger meltwater streams.

The distinct laminations throughout the core argue for continuous
sedimentation, interspersed by the coarse-grained event (E) layers
(section 3.1 and 3.2). The geochemical signature of these event layers is
characterised by positive values of elements from group 2 of the PCA:
Zn, K, Zr, Rb, and Y (Fig. 3). This differs from the inorganic laminated
sands at the base of the core which are associated with positive values of
elements from group 1 of the PCA (Fig. 3), suggesting a different min-
erogenic source material. Elements from group 1 likely indicate
weathering products of the basaltic bedrock (Gautier et al., 1990). The
(coarse) sand and gravel characterized by high counts of elements from
group 2 revealed the presence of tephra shards (Supplementary Fig. 4).
PCA of XRF data from a peatbog on the eastern Kerguelen Islands
revealed a similar grouping of elements (Zn, K, Zr, Rb, and Mn)
compared to our group 2, this was interpreted to indicate volcanic ash
(tephra) deposits (Van der Putten et al., 2015) related to volcanic ac-
tivity from the southwestern Kerguelen Islands, which has a different
geochemistry compared to the basaltic bedrock (Gagnevin et al., 2003;
Gautier et al., 1990). Thick blankets of instantly deposited volcanic ash
could drastically impact vegetation and runoff in the catchment (Yeloff
et al., 2007), thereby overprinting the environmental signal captured by
our proxies. However, considering the frequent reworking of ash de-
posits observed on the Kerguelen Islands (Van der Putten et al., 2015)
and the erosive base of the event layers E1-E4, these layers might be
reworked instead of primary material related to an eruption. Further-
more, our pollen record does not indicate significant changes following
the thick event layers E1-E4 (Fig. 5). Considering the centennial-scale
variability captured by the pollen record, this suggests that the deposi-
tion of these layers did not have long-term effects on the vegetation
composition.

Our CT data reveal three intervals that contain folded and torn
laminations (F layers in Supplementary Fig. 3, and section 3.1). Based on
their visual correspondence with diagnostic soft sediment deformation
structures as described by Oswald et al., (2021), they are attributed to
seismically induced deformation. On the Kerguelen plateau, moderate
(magnitude 5) earthquakes have occurred during historical times
(Adams and Zhang, 1984). The CT imagery also shows that pebbles
embedded in the fine-grained matrix leave an imprint in the layers
below them (Supplementary Fig. 3), a characteristic of dropstones
(Flisch and Becker, 2003). In high-latitude sites like Lake 5, these are
typically transported over coring sites across seasonal lake ice cover
(van der Bilt et al., 2018). As seen on Copernicus Sentinel-2 satellite
imagery (EO Browser), Lake 5 is ice-covered during winter.

4.2. Holocene vegetation and climate history of the Kerguelen islands
4.2.1. Early Holocene warm period

In the Early Holocene, high percentages of pollen and spores from
Acaena magellanica, Carex austrocompacta, Lycopodium saururus, and

Quaternary Science Reviews 330 (2024) 108595

Austroblechnum penna-marina subsp. penna-marina — formerly named
Blechnum penna-marina (De Gasper et al., 2016) — indicate a broad
climate optimum. These species thrive in sheltered habitats under warm
conditions (Young and Schofield, 1973). The relatively high abundance
of the semi-aquatic Ranunculus spp. in the Early Holocene suggests
relatively wet conditions (Fig. 5). The anti-phased variability between
Acaena magellanica and Poaceae pollen abundance suggest variable local
conditions. Acaena magellanica pollen peak after intervals of the inor-
ganic laminated sand facies indicative of unstable conditions in the
catchment after deglaciation and higher runoff into Lake 5 (Fig. 5). Due
to its sturdy woody stems, Acaena magellanica is well adapted to estab-
lish itself on unstable substrates (Greene, 1964), while shallow rooting
grasses are less resistant to reworking of sediment and increased
weathering (Frenot et al., 1998). Furthermore, peaks in the abundance
of freshwater green algae Pediastrum and Botryococcus coincide with
peaks in Acaena magellanica pollen abundance. The algae indicate open
water, warm/higher temperatures, and optimal nutrient and light con-
ditions in the water column (Bjorck et al., 1993; Guy-Ohlson, 1992). The
fluctuating algal abundance (Fig. 5) hints at changes in lake level and
turbulence (Markgraf et al., 2003). Additionally, the preservation of
pollen shows a relatively high percentage of crumpled pollen, suggesting
mechanical deterioration during transportation (McCulloch et al.,
2020). Based on this, we suggest that Early Holocene variability largely
stems from local changes in catchment dynamics, possibly linked to
changes in precipitation or meltwater causing increased surface runoff
(Smith et al., 2001).

High inc/coh and co-varying LOI values in the organic laminated
mud facies (Fig. 2), suggest high organic matter production in the Early
Holocene in and around Lake 5. These indicators have shown a positive
correlation with annual temperature (Kalugin et al., 2007). Moreover,
relatively few drop stones were found in the sediment from 11,300 to 9,
300 cal yr BP, indicating that lake ice coverage was less severe (Flisch
and Becker, 2003).

Summarised, our data point to a warm and dynamic Early Holocene
climate on the Kerguelen Islands. A warm Early Holocene is also inferred
from palynological records on the eastern Kerguelen Islands (Van der
Putten et al., 2015; Young and Schofield, 1973). Diatom-derived Sea
surface temperature (SST) reconstructions from MD11-3353 south of the
Kerguelen Islands (Fig. 1a), suggest that the Polar Front was located
further south during the Early Holocene (Fig. 6i) (Civel-Mazens et al.,
2021), allowing warmer subtropical water masses to reach the Kergue-
len Islands. This is consistent with low sea-ice concentrations in the
Indian sector of the Southern ocean (Fig. 6j) (Orme et al., 2020), and the
well-established early Holocene Thermal Maximum that is also seen in
temperature reconstructions from Antarctica (Stenni et al., 2010).

4.2.2. Mid-to Late Holocene cooling

Starting ~8,600 cal yr BP, the transition into the Mid Holocene is
characterised by the rapid increase in Azorella selago pollen abundance
and a decline in abundance of most other native taxa, except for Pringlea
antiscorbutica (Fig. 5, Supplementary Fig. 6). Azorella selago and Pringlea
antiscorbutica can grow on cold and relatively dry windswept ridges
(Young and Schofield, 1973). Concurrently, we find an increase of
corroded and degraded pollen grains in the Late Holocene (Supple-
mentary Fig. 6). Pollen is best preserved in acidic and anaerobic con-
ditions: corroded and degraded pollen are a sign of deterioration
through oxidation or microbial activity under a drier aerobic environ-
ment (Mansilla et al., 2018; McCulloch et al., 2020). Therefore, we
interpret the pollen record to show a general trend towards a colder and
drier climate on the Kerguelen Islands. This is supported by the lower
abundance of green algae, and a decline in productivity as seen by a
lower organic matter content of the sediments (Figs. 2 and 5). Further-
more, there is a regular occurrence of drop stones in the sediment,
indicating more frequent ice coverage on the lake from ~9,300 cal yr
BP. A transition to colder climate conditions is consistent with a decline
in SST south of the Kerguelen Islands (Civel-Mazens et al., 2021), an
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5 record.

increase in sea-ice concentration in the Indian sector of the Southern
Ocean (Fig. 6j) (Orme et al., 2020), and cooler temperatures in
Antarctica (Jones et al., 2023; Stenni et al., 2010, Fig. 6).

From ~7,400 cal yr BP onwards, there is little variation in the pollen
record (Fig. 5, zone 2), indicating that cold climate conditions prevailed
over the Kerguelen Islands throughout the Mid-to Late Holocene. No

other high-resolution palynological records exist for this period on the
Kerguelen Islands (Roche-Bellair and Piveteau, 1976; Young and Scho-
field, 1973), but a Cook Ice Cap glacier reconstructions also show stable
conditions in the Mid Holocene, until readvances after 2,000 cal yr BP
(Charton et al., 2022). This contrasts with other palaeobotanical and
palynological records within the zone of SHW influence that show
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several climatic changes during this time interval (e.g. Moreno et al.,
2018; Van der Putten et al., 2008; Zwier et al., 2022).

During the last 500 years, rising LOI and inc/coh values indicate an
increase in organic productivity (Fig. 2) as a response to a slight
warming as also seen from increased CO, and d'80 values in the EPICA
Dome C (EDC) ice core record (Monnin et al., 2004) (Fig. 6). However,
pollen concentrations were too low in the top sediments to further
substantiate these inferences.

4.3. Wind proxy interpretation

4.3.1. Provenance of LDT pollen

We use LDT pollen fluxes as indicators of regional wind fields. Most
LDT pollen found in our Lake 5 record derive from southern Africa
(Fig. 5, Supplementary Fig. 6), in agreement with forward trajectory
models that show transport of microscopic particles from South Africa in
a south-easterly direction towards the Kerguelen Islands (Neff and
Bertler, 2015). In our record, peaks in total LDT pollen influx occurred in
the Early Holocene when the native pollen indicate that relatively warm
conditions prevailed on the Kerguelen Islands (Fig. 5, section 4.2.1). A
reduced influx of LDT pollen after 8,600 cal yr BP coincided with a shift
to colder conditions captured by native pollen during the Mid-to Late
Holocene (Fig. 5, section 4.2.2). The coincidence of warmer local tem-
peratures with a greater abundance of LDT pollen from the northeast
(southern Africa) during the Early Holocene, is best explained by an
average position of the SHW core belt to the south of the Kerguelen
Islands, as this would bring warm sub-tropical ocean currents and air-
masses and storm tracks containing pollen and charcoal from southern
Africa to the islands (Civel-Mazens et al., 2021; Denton et al., 2021; Fogt
and Marshall, 2020; Hahn et al., 2017; Spoth et al., 2023), similar to
SAM positive-like conditions (Fogt and Marshall, 2020). Similarly, the
coincidence of colder local temperatures with a reduction of
southward-transported LDT pollen, is best explained by an average po-
sition of the SHW core belt further to the north of the Kerguelen Islands,
as this brings cold polar airmasses from around Antarctica to the Ker-
guelen Islands, devoid of LDT pollen, akin to SAM negative-like condi-
tions (Fogt and Marshall, 2020). A similar interpretation was made by
Spoth et al. (2023) with respect to past moisture source-areas of pre-
cipitation on the Falkland Islands, which are located at a similar latitude
(52°S) as the Kerguelen Islands. They inferred that a southern position of
the SHW led to the influence of sub-tropical moisture sources arriving
through storm tracks from north of the Falklands, and vice versa.
Furthermore, local warm conditions on the Kerguelen Island are linked
to increased SST in the area (section 4.2, Fig. 6f and i). Model runs show
that warmer SST around the Kerguelen Islands are caused by a poleward
shift of the SHW (Denton et al., 2021).

Factors that affect the production of LDT pollen in their source re-
gions, also need to be considered. The southern African biomes that
supply LDT pollen to the Kerguelen Islands have distinct geographical
origins (Scott and Neumann, 2018). Species turnover and expansion of
the different biomes are on larger scales mainly modulated by climatic
changes (Davies et al., 2022). Due to the frequently cyclonic nature of
the wind fields over southern Africa (Garstang et al., 1996), we assume
that the pollen load captured in our record contains a mix of pollen from
the different biomes. More research would be needed to get more details
on this relationship. In the Lake 5 record, we observe a relative increase
in pollen from forest and coastal thicket biomes, concurrent with a
relative decline in pollen from fynbos taxa around 8,600 cal yr BP
(Supplementary Fig. 6b), although this occurs in a period with relatively
low LDT pollen influx, and percentage differences are relatively small.
Several records along the south coast of southern Africa indicate local
forest expansion around this time in response to increased precipitation
(Kirsten et al., 2020; Quick et al., 2018). Forest taxa like Podocarpaceae
also have a significantly higher pollen production than non-arboreal
taxa (Runge et al., 2015), which might explain this change in our re-
cord. However, the interactions between the tropical easterlies and
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temperate westerlies provide a complex picture of moisture distribution
and associated vegetation dynamics in the coastal regions and conti-
nental interior of southern Africa (Chase et al., 2015; Chevalier and
Chase, 2015; Strobel et al., 2022). More work studying atmospheric
circulation dynamics and aerial pollen load is needed to decipher how
African vegetation changes are reflected in relative changes of LDT
pollen from the different source regions recorded in Lake 5.

4.3.2. Microcharcoal transport

The influx of microcharcoal particles is positively correlated to the
influx of LDT pollen grains into Lake 5 (section 3.3), suggesting a
common source area for the two. Although the size (60-100 pm) of some
of the charred particles and their associated atmospheric lifetime might
insinuate local burning on the Kerguelen Islands, particles up to 80 pm
are known to be transported over distances on continental to global scale
(Clark, 1988). A high frequency and abundance of both natural and
human-induced fires has occurred in southern Africa throughout the
entire Holocene (Davies et al., 2022; Power et al., 2008), while no
natural occurrence of fires on the Kerguelen Island is known in this same
period. Local fires could possibly have been ignited by lightning or
volcanic activity (Castilla-Beltran et al., 2023) from the volcanic com-
plexes in the southwest of the Kerguelen Islands (Gautier et al., 1990).
However, the vegetation on the island provides relatively little fuel for
burning and the oftentimes patchy vegetation cover could prevent fires
from spreading over large areas. Therefore, we suggest that most
microcharcoal particles in our record originate from transport by the
SHW.

4.4. Holocene SHW dynamics

4.4.1. Dynamic Early Holocene SHW

The centennial scale variability in our LDT pollen and charcoal influx
records suggest that the SHW were very dynamic over the Kerguelen
Islands during the Early Holocene (Figs. 5 and 6). The peaks in LDT
particle influx reveal transport of particles from southern Africa to the
Kerguelen Islands and suggest intervals with a position of the SHW core
belt over, or south of the Kerguelen Islands (section 4.3.1). We suggest
that in the Early Holocene the average position of SHW in the Indian
Ocean sector was south of the Kerguelen Islands, and that minor changes
of the SHW and its storm tracks resulted in the centennial scale varia-
tions in the LDT pollen record.

Precipitation on the Kerguelen Islands has been associated with shifts
in SAM; southward moving storm tracks during a positive SAM state
bring precipitation to the Kerguelen Islands (Favier et al., 2016).
Different precipitation regimes during the centennial-scale variability of
the SHW could therefore explain the variability in local taxa (primarily
Poaceae and Acaena) and varying runoff regimes as inferred from the
minerogenic content of the sediment (section 4.1 and 4.2.1).

Combined with other paleoclimatic records, we provide a regional
reconstruction of SHW position shifts during the Holocene. Along the
northern margin of the SHW, a reduced Early Holocene Westerly in-
fluence is seen in the winter-rainfall zone (WRZ) of southern Africa that
experienced a dry period (Quick et al., 2022, and references therein).
Several other terrestrial records support the interpretation of a
southward-placed SHW in the Early Holocene. In Patagonia, pollen re-
cords indicate a more positive SAM-like state — associated with stronger
and more southerly SHW — with a similar centennial scale variability as
our Lake 5 record (Moreno et al., 2018). On the Falkland Islands, fluc-
tuations in plant wax isotopes suggest highly variable alternations be-
tween a northern and southern moisture source in the Early Holocene
(Spoth et al., 2023), indicating southward and northward shifts in the
SHW position, respectively. This could argue for a zonally symmetric
SHW response. However, not all proxy records indicate centennial-scale
fluctuations whilst the SHW has a southerly position during the Early
Holocene (e.g. Lamy et al., 2010; Monteath et al., 2022). This apparent
discrepancy could be due to a number of reasons, including 1) the
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sensitivity of the type of archive and proxies used, 2) a sampling reso-
lution that was too low to pick up centennial-scale shifts, and 3) the
latitudinal distance of the study site to the SHW core belt might have
been too great to capture minor variations of the core wind belt.

Models indicate that a southward position of the SHW drives an in-
crease in upwelling around Antarctica (Denton et al., 2021). Indeed,
Anderson et al. (2009) found an increase in Southern Ocean upwelling in
the Early Holocene when we infer a southward displacement of SHW
(Fig. 6d). In addition, during the Early Holocene, the EDC ice-core re-
cord reveals relatively high atmospheric CO, concentrations concurrent
with peaks in LDT pollen to Lake 5 (Fig. 6g). The Lake 5 record from the
Kerguelen Islands provides strong support for the suggested connection
between a southern SHW position, increased upwelling, and increased
CO; ventilation from the ocean to the atmosphere (Anderson et al.,
2009; Gottschalk et al., 2020; Toggweiler et al., 2006).

4.4.2. Stable mid-to Late Holocene SHW

Beginning ~8,600 cal yr BP, the reduced influx of LDT pollen (Figs. 5
and 6) indicates a northward movement of the SHW core belt. A SHW
core belt position north of the Kerguelen Islands, allowing greater
incursion of cold polar air, can explain the abundance of locally derived
Azorella selago and Pringlea antiscorbutica pollen (Fig. 5). We interpret
the northward shift of SHW to be analogous to the present-day austral
winter state of the SHW when the wind belt is located further north and
cold polar air reaches more northerly latitudes (Lamy et al., 2010).

Along the southwest coast of Africa, a shift to a predominantly winter
rainfall regime is recorded around 8,000 cal yr BP, associated with an
increased influence of the SHW (Kirsten et al., 2020; Quick et al., 2018).
Proxy records from other sub-Antarctic islands also support a north-
wards SHW shift (McGlone et al., 2010; Monteath et al., 2022; Saunders
et al., 2018; Spoth et al., 2023). LDT pollen and dust records from the
Falkland Islands indicate the SHW shifted north between 10,000 and 6,
500 cal yr BP (Monteath et al., 2022). Saunders et al. (2018) infer
increased windblown dust over Macquarie Island (54°S) from 9,200 cal
yr BP onwards, indicating increasing wind strength over the island. As
Macquarie Island is currently located towards the northern edge of the
SHW core belt, this increase in wind strength could indicate a northward
shift in the SHW core belt towards the island’s position/latitude.
Diverging land- and sea surface temperature records from Campbell Is-
land (52°S) and surrounding marine sites are also attributed to a
northwards SHW shift after 9,000 cal yr BP (McGlone et al., 2010). The
contemporaneous changes among these records indicate a
hemisphere-wide symmetric northwards shift of the SHW.

From 7,400 cal yr BP onwards, climatic conditions were compara-
tively stable over the Kerguelen Islands, arguing that the SHW remained
north of the Kerguelen Islands, and that a local stable cold climate
prevailed in the Mid-to Late Holocene. In the WRZ of southern Africa
reduced precipitation, linked to a reduced SHW influence, is recorded
from ~7,500 until ~2,000 cal yr BP (Kirsten et al., 2020; Zhao et al.,
2016). This might indicate that the SHW remained north of the Ker-
guelen Islands but not far enough north to influence southern Africa, or
that wind speeds along the northern SHW margin decreased. We note
that a number of other pollen records capture variations in SHW
strength during this time (e.g. Mayr et al., 2007; Moreno et al., 2018;
Zwier et al., 2022). These records are all from the Atlantic section of the
Southern Hemisphere and might reflect a transition to zonally asym-
metric behaviour of the SHW (Landschiitzer et al., 2015). Increased
zonal asymmetry in SHW starting around 5,000 cal yr BP — expressed by
differences in the SHW position and strength in different sectors of the
southern mid-latitudes — was suggested by Fletcher and Moreno (2012),
and attributed to modern-day El Nino Southern Oscillation (ENSO)-like
processes. Another possibility is that differences observed among the
Atlantic sector records result from their meridional proximity to the
northward-shifted SHW position, resulting in greater sensitivity to
smaller-scale variability of the wind belt position during the Mid-to Late
Holocene, while the Kerguelen Islands were too far south of the SHW to
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be influenced.

4.5. Potential driving mechanisms

The warm climate conditions on the Kerguelen Islands and the
southward shift of the SHW during the Early Holocene are difficult to
explain by orbital forcing alone as Southern Hemisphere summer inso-
lation was stable and low at the time (Fig. 6a). Alternatively, it has been
suggested that similar millennial scale SHW shifts are driven by inter-
hemispheric (tele)connections via changes in meridional heat trans-
port (Anderson et al., 2009; Broecker, 1998; Buizert et al., 2018; Chase
et al.,, 2011; Lamy et al., 2010; Orme et al., 2020; Toggweiler et al.,
2006; Yuan et al., 2018). Notably, short-term Northern Hemisphere cold
events weaken the Atlantic meridional overturning circulation (AMOC),
affecting the heat distribution in both hemispheres, and forcing the
thermal equator - expressed by the Inter Tropical Convergence Zone
(ITCZ) (Fig. 6b)- into the warmer Southern Hemisphere (Baker et al.,
2005; Ng et al., 2018; Schneider et al., 2014; Teller et al., 2002; Togg-
weiler, 2009). Such shifts also drive the SHW further south (Fogt and
Marshall, 2020; Lee et al., 2011; Mariani et al., 2017; Yuan et al., 2018).
While the main Northern Hemisphere cold events recognized to impact
the Southern Hemisphere after deglaciation are Heinrich Event 1 and
the Younger Dryas (Anderson et al., 2009 and references therein),
smaller scale events also occurred during the Early Holocene (Studer
et al., 2018; Thornalley et al., 2013). Throughout this period, several
freshwater discharge events from the melting Laurentide Ice Sheet
cooled North Atlantic climate (Jennings et al., 2015). In keeping with
the afore-mentioned mechanism to redistribute heat across both hemi-
spheres, meltwater forcing could have pushed the SHW southwards
during the Early Holocene. This notion is supported by the agreement
between peaks in LDT particles (pollen and charcoal) in Lake 5 and
meltwater discharge peaks (Fig, 6¢ and e). We should, however, note
that the uncertainties of both age-depth models and the short duration of
these event, hinder confident attribution.

Considering the on-going amplified warming of the Northern hemi-
sphere, and the expected increase in freshwater fluxes from the melting
of the Greenland ice sheet affecting meridional overturning circulation
(Aguiar et al., 2021; Yuan et al., 2018 and references therein), this is
especially important for understanding what might happen to major
atmospheric and oceanic circulation patterns under future climate sce-
narios (King et al., 2023).

5. Conclusions

Native pollen and geochemical characteristics of the sediment
revealed relative warm but variable climate conditions on the Kerguelen
Islands in the Early Holocene, followed by a transition to colder, more
stable conditions beginning 8,600 cal yr BP. The LDT pollen and
microcharcoal records allowed us to reconstruct the timing and lat-
itudinal position of SHW in the Indian Sector of the Southern Ocean.
Based on changes in the influx of LDT pollen and microcharcoal from
southern Africa to our field site on the Kerguelen Islands, we infer that
the core belt of the SHW was on average located south of the Kerguelen
Islands during the Ealy Holocene and shifted northward beginning
8,600 cal yr BP. These results place important latitudinal constraints on
the timing of the SHW dynamics through a direct tracer of atmospheric
circulation and support interpretations of an Early Holocene southwards
displacement of the SHW proposed by other paleoclimate studies in the
sub-Antarctic. We suggest that these changes might be driven by tele-
connections to climate events in the Northern Hemisphere, but further
work on the timing of events needs to be done to constrain these in-
ferences. Our findings indicate that future studies on LDT pollen grains
as tracers of atmospheric circulation on sub-Antarctic islands might help
constrain the timing, latitudinal extent, and circumpolar symmetry of
SHW shifts.
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