Quaternary Science Reviews 363 (2025) 109443

Contents lists available at ScienceDirect

Quaternary Science Reviews

FI. SEVIER

journal homepage: www.elsevier.com/locate/quascirev

Check for

A 2000-year record of hydroclimate variability inferred from oxygen | e
isotopes in lake sediments on Kangaroo Island (Karti/Karta),
South Australia

Mahfuzur Rahman *" @, Lucinda Duxbury *°, Haidee Cadd “®, Robert Klaebe *°®,
Geraldine Jacobsen'®, John Tibby ®, Jonathan Tyler *

2 Discipline of Earth Sciences, School of Physics, Chemistry and Earth Sciences, The University of Adelaide, Adelaide, SA, 5005, Australia

b Department of Oceanography, Noakhali Science and Technology University, Noakhali, 3814, Bangladesh

¢ Institute for Marine and Antarctic Studies (IMAS), University of Tasmania, Hobart, TAS, 7004, Australia

4 School of Earth, Atmosphere and Life Sciences, The University of Wollongong, Wollongong, NSW, 2522, Australia

€ Mawson Analytical Spectrometry Services (MASS), Faculty of Sciences, Engineering and Technology, The University of Adelaide, Adelaide, SA 5005, Australia
f Australian Nuclear Science and Technology Organisation (ANSTO), Lucas Heights, New South Wales, 2234, Australia

8 Department of Geography, Environment and Population, School of Social Sciences, The University of Adelaide, Adelaide, SA, 5005, Australia

ARTICLE INFO ABSTRACT

Handling Editor: Dr P Rioual Understanding past hydroclimate variability through high-resolution records is key to assessing the recurrence of

extreme climatic events, including prolonged droughts and floods and for sustainable environmental and eco-

Keywords: nomic planning. This study presents a sub-decadal-scale hydroclimate reconstruction based on oxygen isotope
OStra‘;"dS N analysis of ostracod valves, extracted from the sediments of Lashmars Lagoon, Kangaroo Island, South Australia.
Megadrought

Sediment dating was based on 19 accelerator mass spectrometry (AMS) radiocarbon (1*C) dates from pollen and
Common era plant macrofossils, alongside lead-210 and plutonium concentration analyses. Spanning the last ~2000 years, the
Charcoal oxygen isotopes record a series of multi-decadal wet and dry periods, manifest in the relative precipitation-
SAM evaporation balance of the lake. Of note, the record implies periods of prolonged declines in water balance,
tentatively interpreted as droughts, from ~525 to 575 CE, ~770-790 CE, ~825-850 CE, and ~980-1020 CE. By
contrast, the periods from ~150 to 450 CE and ~600-750 CE were relatively wet. Unfortunately, ostracods were
absent within the sediments deposited between ~1250 and 1590 CE and as a result, no hydroclimatic pattern
could be determined for this time period. The period from ~1590 to 1800 CE appears to have been notably dry,
prior to an increase in effective moisture during the last 200 years. The Lashmars Lagoon record exhibits similar
trends to a record from Blue Lake, Mt. Gambier, approx. 500 km to the southeast. However, these records
contrast with other hydroclimate records from further east, implying a complex relationship with regional
climate drivers. Comparison with instrumental period rainfall data, and reconstructed indices for major
ocean-atmosphere interactions suggests that periods of increased moisture balance on Kangaroo Island were
influenced by a combination of Southern Ocean and Indian Ocean derived climate drivers.

Stable isotopes

1. Introduction

Australia experiences a range of extreme climatic events including
droughts, floods, and bushfires (Binskin et al., 2020). These natural
events significantly impact the infrastructure, economy, ecosystems,
agriculture, communities, and cultural heritage values of the country
(Binskin et al., 2020). Among the aforementioned hazards, drought is a
frequent and prevailing hydroclimatic feature in Australia (Kiem et al.,

2016; Kiem and Austin, 2013). Since the late 19th century, Australia has
experienced four major droughts, the “Tinderbox Drought” from 2017 to
19 CE, the “Millennium Drought” from 1997 to 2010 CE, the “World War
IT Drought” from 1935 to 1945 CE, and the “Federation Drought” from
1895 to 1905 CE (CSIRO and Bureau of Meteorology, 2015; Devanand
et al., 2024; Murphy and Timbal, 2008; Verdon-Kidd and Kiem, 2009).
The Millennium Drought is often referred to as the worst drought in the
history of south-eastern Australia (Van Dijk et al, 2013), with
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widespread economic and ecological impacts (Leblanc et al., 2012). The
Tinderbox Drought (2017-2019) was an extremely harsh event in
Australia, severely affecting water availability, harming agriculture and
ecosystems, and contributing to the devastating Black Summer bushfires
in southeast Australia (Devanand et al., 2024). The combined economic
losses from this drought and the following 2019-2020 CE bushfire crisis
were estimated at A$63 billion (Wittwer and Waschik, 2021). In
contrast, the past two decades have also seen significant flooding events
across parts of Australia including Queensland in 2011, 2019 and 2022
CE (Palmer et al., 2023), as well as 2025. The occurrence of both severe
floods and droughts in recent years has sparked discussions on their
underlying causes and recurrence, emphasizing the importance of
improving our understanding of multidecadal climate variability,
especially over centennial to millennial timescales (Palmer et al., 2023).

Long-term past hydroclimate records, covering multi-decadal to
centennial timescales, are crucial for calibrating climate models,
assessing sensitivity to external forces, and evaluating the likelihood of
prolonged extreme events (Barr et al., 2014; Chamberlayne et al., 2023;
Cook et al., 2016; Kiem et al., 2016). Extending instrumental records
with palaeoclimate datasets enhances our ability to develop robust and
locally specific estimates of extreme event frequency, which are valu-
able for ecological management (Palmer et al., 2023; Saunders and
Taffs, 2009). Despite these benefits, the spatial and temporal patterns of
hydroclimate variability in southern Australia over the past two
millennia remain uncertain. This uncertainty largely stems from the
limited availability of long tree-ring chronologies and the geographi-
cally restricted distribution of lake and speleothem records (Dixon et al.,
2017; Neukom and Gergis, 2012). As a result, alternative approaches to
reconstructing Australian hydroclimate variability have incorporated
distant records, including Antarctic ice cores and Chinese speleothems
(Goodwin et al., 2014; McGowan et al., 2009; Tozer et al., 2016; Van
Ommen and Morgan, 2010; Vance et al., 2013). Yet, significant un-
certainties remain regarding the stability of climate teleconnections
when extended beyond the calibration period and geographic scope
(Datwyler et al., 2018; Gallant et al., 2013).

Teleconnections between major ocean-atmospheric climate drivers
influence extreme climatic events in Australia, in particular the South-
ern Annular Mode (SAM), the El Nino-Southern Oscillation (ENSO), the
Indian Ocean Dipole (I0D) and the Interdecadal Pacific Oscillation (IPO)
(Cai et al., 2011; Dey et al., 2021; Gouramanis et al., 2013; Hughes,
2003; Quigley et al., 2010; Risbey et al., 2009). The Southern Annular
Mode (SAM), in both its positive and negative phases, is the dominant
climate variability pattern in the Southern Hemisphere, controlling
latitudinal rainfall distribution and temperature patterns from the sub-
tropics to Antarctica (Abram et al., 2014). Several studies have linked
positive phases of SAM with a southward shift of the Southern Westerly
Winds (SWW) and decreased rainfall in southeastern Australia (Cai and
Cowan, 2006; Hendon et al., 2007; Risbey et al., 2009). ENSO (El Nino &
La Nina) related rainfall variability occurs predominantly in the north
and east of Australia (Power et al., 2006). The IOD (positive & negative
phases) particularly influences rainfall in southwest and southeast areas
of Australia (Risbey et al., 2009). The Interdecadal Pacific Oscillation
(IPO) plays a key role in modulating ENSO variability, particularly in
Queensland (Cai et al., 2010; Kiem and Franks, 2004; Power et al.,
1999).

Kangaroo Island (traditionally known as Karti or Karta), South
Australia, is a region heavily impacted by drought and bushfires in
recent decades, including devastating bushfires in 2019-20, which burnt
more vegetation than any previously recorded fire on the island
(Country Fire Service, South Australia). The sediments of Lashmars
Lagoon, on the eastern margin of Kangaroo Island, offer an important
archive of past environmental change on the island, since the seminal
research by Clark (1983). Recently, Duxbury et al. (2024) described a
continuous ~7000-year archive of environmental change from Lash-
mars Lagoon from a new series of sediment cores. Duxbury et al. (2024)
argued that changes in the Leeuwin Current, which brings warm tropical
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waters to southern Australia, acted as an important influence on rainfall
variability on Kangaroo Island through the last 7000 years, with a tel-
econnection to the El Nino Southern Oscillation. Importantly, Duxbury
et al. (2024) demonstrated that the sediments of Lashmars Lagoon
accumulated rapidly in recent millennia, with ~2.5 m of sediment
spanning the last ~2000 years. In this study, we analysed oxygen isotope
ratios of ostracod carbonate valves from Lashmars Lagoon, with a spe-
cific focus on the Common Era (last 2000 years), to constrain
decadal-centennial scale hydroclimate variability in the region and
evaluate the drivers of hydrological change in the context of regional
climate variability.

2. Materials and methods
2.1. Study area

Lashmars Lagoon is located on the Dudley Peninsula in the far east of
Kangaroo Island, bounded by latitude 35.801747°S — 35.812987°S and
longitude 138.059007°E — 138.067108°E (Fig. 1). Kangaroo Island is
the third largest island in Australia covering 4430 km? (Robinson and
Armstrong, 1999). The island is visible from the South Australian
mainland and is separated by the Investigator Strait and Backstairs
Passage. Kangaroo Island is a culturally significant place for Traditional
Owners, whose cultural knowledge and archaeological evidence suggest
that permanent human occupation of the island ceased sometime after
~4300 cal a BP (Lampert, 1981; Walshe, 2005). Lashmars Lagoon is a
nationally important wetland in South Australia (Environment
Australia, 2001).

During fieldwork in September 2020, Lashmars Lagoon water was
brackish (PSU: 7.40 and conductivity: 12,790 pS/cm) with a pH 0f 9.9. A
bathymetric survey indicated largely uniform, flat bottomed lagoon
with a maximum water depth of ~90 cm. The 5'80 and §?H of lake water
was measured as +0.13 %o and —1.77 %o respectively. The lake has been
known to dry out completely during some summers, most dramatically
during early 2025, though the surface sediment at the centre of the lake
remained wet (Clark, 1976). Lashmars Lagoon is located approximately
2 km inland from the shoreline, with the surrounding landmass about
7-26 m above mean sea level (MSL) according to Google Earth. The lake
level is shown as 2 m above MSL, while the sea level is ~1 m below MSL
(Google Earth). With a maximum water column depth of ~90 cm, this
suggests that the lake floor is more than 2 m above MSL. As a very
shallow lake located approximately 2 km inland from the shoreline and
surrounded by landmass ranging from ~7 to 26 m above MSL, we as-
sume that the lagoon floor is not connected to a salt wedge, unless the
sea level was significantly higher in the past. Regional estimates of sea
level change during the late Holocene, such as optically stimulated
luminescence (OSL) ages of beach ridges at Seven Mile Beach, southeast
Tasmania, suggest declining sea levels at ~0.4 m/yr from ~3600 to
~150 years ago (Oliver et al., 2017, 2022). Additionally, Dougherty
(2018) suggested that this progradation may have been driven by
sea-level fall from ~3500 to ~1000 cal a BP ago, based on sea-level
curves from mainland Australia. There is currently no evidence that
these sea level changes apply to coastal Kangaroo Island. However, if the
magnitude of these sea level changes are comparable, this would suggest
that during the Holocene the lake floor at Lashmars Lagoon was lower
than sea level, and that there may have been a marine influence at a
point in the past, although the sedimentary evidence to date does not
imply this (Duxbury et al., 2024).

Lashmars Lagoon is part of a relatively small catchment area of about
60 km?, most of which has undergone gradual land clearing since the
early 1820s on the Dudley Peninsula and its vicinity (Taylor, 2008). As
of 2013, farmland accounted for 60 % of the catchment, although native
vegetation still fringes the lagoon (Environmental Protection Agency,
2013). Three primary creeks supply water to the lagoon, differing in
their flow permanence. The most consistent is a small, unnamed creek in
the northwest, followed by the larger Chapman River to the southwest,
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Fig. 1. Location map of the study area. Coring was conducted within a ~5 m radius of the yellow icon on the lagoon. Service layer credits: Esri, Maxar, GeoEye,
Earthstar, Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS user community. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

while the southeastern creek remains ephemeral and flows primarily in
winter (B. Cooter, personal communication, 2021). The lagoon dis-
charges downstream through Chapman River to the northeast,
continuing for approximately 3 km before reaching a beach berm that is
rarely breached, even after heavy rainfall or storm events (Clark, 1976).

The surface geology of the Lashmars Lagoon catchment is mainly
composed of the Holocene alluvial floodplain and fan deposits belonging
to the Coonambidgal Formation (Source: SARIG). The nearest weather
station is Cape Willoughby lighthouse where, for 30 years (1993-2022),
annual mean rainfall was 493 mm/year and the annual average mini-
mum and maximum temperature recorded was 13.1 °C and 18.4 °C
(Bureau of Meteorology, 2023).

2.2. Core recovery and preparation

Sediment cores were collected in September 2020 using a Bolivia
piston corer fitted with a 1 m long PVC pressure pipe (Wright, 1967).
Three overlapping cores were collected in ~1 m increments at three
locations (LAS20-2, LAS20-3, and LAS20-4), located within a ~5 m
radius. An additional gravity core (LAS20-1; Pylonex HTH; Renberg and
Hansson, 2008) was used to retrieve the sediment-water interface,
subsampled in the field at 2.5 mm intervals. Among them, cores
LAS20-1, LAS20-3, and LAS20-4 was used in this study (Fig. 2). A
detailed description of core recovery and sample processing is given in
Duxbury et al. (2024). The Bolivia core sections were longitudinally split
and visually examined for their colour, grain size, structure, consistency,
and macrofossil content. Core correlation was carried out based on
bromine (Br) Itrax pXRF data, because of its strong association with
organic matter and its distinctive stratigraphic pattern (Pashkova et al.,
2016; Seki et al., 2019) (Fig. 2). Following the methodology detailed by
Francke et al. (2017), the correlation process utilised the software
packages CORRELATOR (cse.umn.edu/csd/correlator) and CORELYZER
(cse.umn.edu/csd/corelyzer) to develop a composite depth scale
(Fig. 2).

2.3. Chronology

The development of the full 7000-year sediment age-depth model is
described in detail by Duxbury et al. (2024). Previous radiocarbon
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Fig. 2. Itrax-derived optical images of cores LAS20-3 and LAS20-4 (LAS20-1
not imaged) and Br concentration in counts per second (CPS) for each of the
cores analysed in this paper, as described in detail by Duxbury et al. (2024). In
lower panel, green data = LAS20-1 (analysed as discrete samples); orange data
= LAS20-3 and purple data = LAS20-4. Overlapping sediment from both
LAS20-3 and LAS20-4 were inspected to confirm the absence of ostracod valves
in the section indicated by a black box. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

analyses were conducted on cores LAS20-3 and LAS20-4, while Pb and
Pu analyses were conducted on core LAS20-2. As the current research
was aimed at establishing a high-resolution hydroclimate record for the
last ~2000 years, 12 additional radiocarbon dates for the upper 2.5 m of
sediment (cores LAS20-3, LAS20-4) were analysed from pollen concen-
trates, following Cadd et al. (2022), which were subsequently converted
to graphite targets for AMS analysis (Hua et al., 2001; Wilcken et al.,
2015). A revised sediment age-depth model was developed using the
rPlum package in R, integrating both new and previously published
(Duxbury et al., 2024) dates for the composite core profile. This package
applies Bayesian statistics to combine 21°Pb and radiocarbon dates
(Aquino-Lopez et al., 2018; Blaauw and Christen, 2011). As per Duxbury
et al. (2024), this model was anchored using the coring date of
September 2020 and the year 1964 CE, based on the depth of maximum
increase in Pu concentration, reflecting fallout from nuclear weapons
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testing (Walling and Meyers, 2012). Radiocarbon dates were calibrated
against the SHCal20 calibration curve (Hogg et al., 2020) and are re-
ported in calibrated years before present (cal a BP), where ‘present’ is
1950 CE. The ages reported in this manuscript are the weighted mean of
potential ages for each depth, with associated uncertainties as inferred
from the Monte Carlo simulation.

2.4. Ostracod extraction

Samples were processed for ostracod extraction from contiguous
0.25 cm intervals for core LAS20-1 and 1 cm intervals for LAS20-3 and
LAS20-4. For each level, a ~1 cm® sample of wet sediment was freeze-
dried for 24 h and then 5 % sodium hexametaphosphate Nag[(PO3)¢]
was added and left overnight at ~20 °C to deflocculate the clay particles.
Samples were sieved through a 125 pm steel mesh using deionised water
and >125 pm fractions were again freeze-dried for 48 h. A stereo mi-
croscope was used to view the ostracod valves which were then picked
using a fine nylon brush. Ostracod valves were cleaned using a fine
nylon paintbrush and methanol to remove adhering sediment. Repre-
sentative high-resolution pictures were prepared through stacking
multiple images at different focus levels together and captured in the
Invertebrate Systematics and Biodiversity Lab, School of Biological
Sciences at The University of Adelaide. Ostracod taxonomy was deter-
mined following De Deckker (1981, 1983) and confirmed through per-
sonal correspondence with Prof. Patrick DeDeckker.

2.5. Stable isotope analyses

Pre-cleaned valves of single adult ostracod species (where available),
between 60 and 140 pg valves per sample, were weighed into glass vials
using a Sartorius Micro Balance CUBIS® II. In many cases, there was no
intact valve to isolate and for those samples, multiple adult ostracod
broken valves (ranging from two to six, with the majority being three to
four) of Mytilocypris mytilodes and Mytilocypris praenuncia were used for
isotope analyses. No adult and juvenile valves were combined for
isotope analyses. A total of 377 oxygen and carbon isotope analyses were
conducted on 235 ostracod samples. Among them, 132 replicate ana-
lyses were performed on 90 randomly selected samples, with the num-
ber of replicates per sample ranging from 1 to 12. A total of 54 replicates
from 8 samples were conducted to examine any isotope offsets between
ostracod species. In most cases, M. mytiloides and M. praenuncia were
analysed. Alboa worooa was analysed in 22 samples, while Candonocypris
novaezelandiae was analysed in only two instances. Diacypris spinosa was
not used due to the unavailability of larger valves. Stable isotope ratios
(*®0/%0 and '3c/'2C) were measured using a Nu Perspective isotope
ratio mass spectrometer coupled to a Nu Carb acid preparation system,
located in the Mawson Analytical Spectrometry Services (MASS) at The
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University of Adelaide. Oxygen and carbon isotope data are reported as
518005tracod and 513C05tracod relative to the Vienna Pee Dee Belemnite
(VPDB) standard using the standard delta (8) notation in parts per mille
(%o). Analytical precision was calculated by repeated measurement of
internal standards ANU P3 and UAC-1 and reference materials CO-1 and
CO-8, and average standard deviation values were found 0.024 %0 and
0.042 %o for 5'3C and §'®0 respectively.

3. Results

3.1. Sediment lithology and chronology

The sediment cores from Lashmars Lagoon are primarily composed
of fine-grained, organic-rich, clay-dominated deposits, exhibiting a ho-
mogenous texture. Their colouration varies from greys and black to
brown and olive. No visible signs of hiatuses or erosional surfaces were
observed (Duxbury et al., 2024).

A Bayesian age-depth model for the full composite 728 cm sediment
profile was constructed using new (Table 1) and previously published
radiocarbon dates from Duxbury et al. (2024) using the rplum package
in R (Aquino-Lopez et al, 2018; Blaauw and Christen, 2011)
(Supplementary Fig. 1). As the current study is focused on the last 2000
years, the revised age model for the upper 262 cm of sediment is pre-
sented and described here (Fig. 3). This age-depth model incorporates
19 radiocarbon and 12 2'°Pb dates. Radiocarbon analyses on samples
from cores LAS20-3 and LAS20-4 (28 ¢cm-261.9 cm in the composite
depth profile) generally display a pattern of increasing age with
increasing depth within the uncertainty of calibrated ranges. 2'°Pb
dates, reported in Duxbury et al. (2024), returned unsupported 21°Pb
concentrations that decreased with depth. The results of AMS radio-
carbon dating and 2'°Pb analyses are summarised in Table S1 in the
Supplementary Information. The model is anchored with the coring date
(September 2020) at 0 cm and the Pu-isotope inferred bomb peak at
1964 CE at 13.5 cm (Duxbury et al., 2024). The Bayesian rplum model,
combining all three dating methods, returned a modelled age of the
deepest sample analysed in this study (composite depth 243.2 cm) with
a median age of 1969 cal a BP (19 BCE; range 1875-2088 cal a BP). The
calculated sediment accumulation rate ranged from 0.9 to 1.4 mm/year.

3.2. Ostracods in the Lashmars Lagoon sediments

A total of five ostracod species were identified in the sediments of
Lashmars Lagoon. The species are Mytilocypris mytiloides (Brady, 1886),
Mytilocypris praenuncia (Chapman, 1936), Diacypris spinosa (De Deckker,
1981), Alboa worooa (De Deckker, 1981), and Candonocypris novaeze-
landiae (Baird, 1843) (Fig. 4A).

Ostracods exhibited a patchy distribution throughout the sediment

Table 1

New radiocarbon dates for samples from the Lashmars Lagoon cores (LAS20-3, LAS20-4).
ANSTO Sample Type Composite Depth (cm) 5'3C per mil percent Modern Carbon Conventional “C Age Calibrated'*C Age

513C 10 pMC 16 aBP 1o Min — Max (cal a BP)

OZBR36 Pollen 24 —25.0° 95.6 £ 0.77 C 360 + 65 28-176
OZBR37 Pollen 42 —25.0° 94.15 £0.92C 480 + 80 247-385
OZBR39 Pollen 69 —25.0% 91.67 £ 0.65C 700 £ 60 540-680
OZBR40 Pollen 83 —25.0° 88.49 £ 0.59 C 980 + 55 687-838
OZBR42 Pollen 101 —25.0° 86.73 £ 0.55C 1140 + 60 841-965
OZBR43 Pollen 119.4 —25.0" 84 £0.69 C 1400 + 70 992-1190
OZBR44 Pollen 133.4 —25.0° 81.57 £ 0.62 C 1640 + 70 1110-1295
OZBR45 Pollen 139.4 —25.0° 83.87 £ 0.54 C 1410 + 60 1177-1320
OZBR48 Pollen 182.2 —25.0° 80.92 £ 0.47 C 1700 + 50 1440-1605
OZBR49 Pollen 196.2 —25.0° 78.6 £ 0.62 C 1930 + 70 1542-1733
OZBR51 Pollen 224.2 —25.0° 77.62 £ 0.65 C 2030 + 70 1735-1930
OZBR52 Pollen 237.2 —25.0° 77.71 £0.81 C 2030 + 90 1826-2030

C- small mass corrected.
2 assumed due to small mass.
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profile (Fig. 4B). The youngest ostracod fossils were found at a com-
posite depth of 0.875 cm with a corresponding age of 2017 CE. Adult
and intact ostracods were found in moderate to abundant concentrations
in each sample between 0.875 and 45.4 cm composite depth
(~2017-1590 CE). Mytilocypris mytiloides, M. preanuncia, and D. spinosa
were common in this section. Alboa worooa was found within the depth
range of 12-45.4 cm (~1590-1974 CE) but was particularly abundant
between 22.375 and 45.4 cm (~1590-1875 CE). Candonocypris novae-
zelandiae (2-5 valves per sample) were found within the depth range
23.125-45.4 cm (~1590-1861 CE). Between 45.4 and 76.4 cm
(~1250-1590 CE), the samples did not contain any ostracod valves,
either broken or intact.

Between 77.4 and 128.4 cm (~787-1250 CE), the quantity of intact
valves of M. mytiloides and M. praenuncia decreased, and the proportion
of broken valves increased. The small-sized ostracod D. spinosa was
present in almost all of these samples. Between 129.4 and 243.2 cm
(~19 BCE - 780 CE), the quantity of both intact and broken valves in the
sediment was very low. As a result, ostracod identification to species was
not possible for the majority of these samples except D. spinosa. How-
ever, it was possible to discern that the genus of broken valves was
Mytilocypris, either M. mytiloides or M. praenuncia. Intact A. worooa was
found at occasional depths: 170.2 cm, 184.2 cm, 185.2 cm, and 209.2 cm
(~511 CE, ~408 CE, ~401 CE, and ~254 CE respectively).

Overall, the distribution of the ostracods in sediment cores can be
divided into four composite depth intervals: a) Higher concentration of
intact ostracod valves between the surface and 45.4 cm; b) No ostracod
valves between 46.4 and 76.4 cm; c¢) Fewer intact valves but compara-
tively more abundant broken valves between 77.4 and 128.4 cm; and d)
Very low intact as well as broken valves between 129.4 and 243.2 cm
(Fig. 4B). In addition to the large gap in ostracod preservation between
46.4 and 76.4 cm, there were a few small depth intervals of 1-3 cm
where ostracods were not found. Except for the depths between 45.4 and
76.4 cm, where no ostracods were found, almost all samples contained
juvenile D. spinosa and, in some cases, four other species. This suggests
that the ostracods were not transported by strong inflows from a river
upstream.

3.3. Oxygen and carbon isotope composition of fossil ostracods

A total of 377 oxygen and carbon isotope analyses were made from
235 ostracod samples. Oxygen isotope (6"804stracod) values ranged from
—1.7 to 9.5 %o with a mean value of 4.3 + 1.7 %0 and carbon isotope
(6"3Costracod) values ranged from —13.4 to —1.5 %o with a mean value of
—-7.9 £ 2.1 %o. Among them, 132 replicates were made from 90
randomly selected samples and the number of replicates ranged from 1
to 12 per sample. These replicates were made to determine whether data
from different species picked from the same sample are statistically
similar or not.Though 5"80stracod from different species within the same
sample exhibited variable values, the T-test results revealed that the
5"800stracod values are statistically similar (not significant) (p = 0.44)
between M. mytiloides and M. praenuncia. Mylitocypris mytiloides and
A. worooa also presented a statistically similar (not significant) result (p
= 0.26) (T-test results between data sets are given in Supplementary
Information, Table S2). Mytilocypris mytiloides and M. praenuncia are
closely related species and in many cases it was not possible to discern
whether it was either M. mytiloides or M. praenuncia. Additionnaly, a T-
test revealed their §'80 values are statistically similar. Therefore, their
580 values has been presented combinedly (Fig. 5a). Although
M. mytiloides and A. worooa 580 exhibited statistically similar values,
they are different genera. As a result, their 520 values are shown
separately to assess their influence on the combined M. mytiloides and
M. praenuncia record (Triangle symbol in Fig. 5a). Candonocypris
novaezelandiae was analysed in only two instances from the same sample
and is presented in Fig. 5a using diamond symbol. The §'80 data from
A. worooa covers only a short time period (~1940-1800 CE) compared
to the last 2000 years. It has minimal impact on the combined
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Fig. 5. 5'"®00stracod and  "3Costracod  values plotted for the combined
M. mytiloides and M. praenuncia species over the last ~2000 years. Values for
A. worooa and C. novaezelandiae are also shown by triangle and diamond
symbols, respectively. The light blue shading represents the 95 % confidence
interval for age uncertainty, while the dark blue shading corresponds to the 68
% confidence interval. Fine grey lines depict the weighted mean of 2000 time
series ensembles, whereas thick grey lines show the original published data in
relation to the weighted mean age model. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

M. mytiloides and M. praenuncia record and does not change the overall
interpretation of regional hydroclimatic change (Supplementary Fig. 2).
These observations support the use of combined 580 data from all
species as a hydroclimatic proxy in this instance. The temporal resolu-
tion of §*80stracoq data varies slightly down-core due to the absence of
ostracod valves in some sediment samples. For the sediments dated
between ~1810-2017 CE, a total of 90 samples were analysed with
sample resolution ranged from 0.48 to 12.4 years. From ~1800 to 1590
CE only nine samples could be analysesd due to missing ostracods in
sediments and temporal resolution ranged from 7.59 to 53.16 years.
Between ~19 BCE - 1250 CE a total of 136 samples were analysed with a
temporal resolution range from 5.47 to 44.33 years. Overall, excluding
the gap with no ostracods (~1590-1250 CE), the average sample reso-
lution is 7.12 years. By calculating the mean 5'80stracod for each sample,
several periods of higher and lower 5'804stracod can be observed for the
last ~2000 years (Fig. 5a). Higher 5'800stracod values were observed
between ~19 BCE - 140 CE, ~460-600 CE, ~750-870 CE, ~960-1060
CE and ~1590-1800 CE. Periods of lower §'®Oqgtracoa Were observed
between ~140 and 460 CE, ~600-750 CE, ~870-950 CE, and
~1060-1250 CE. In general, the mean 5"800stracod values varied by+1
%o about an average of ~4 %o, with a gradual trend of increasing
518005trac0d between ~0 and 1250 CE, a period of high 518005mmd be-
tween ~1600 and 1800 CE and a trend towards lower 6 80ggracod be-
tween ~1800-present (Fig. 5a). From the beginning of the common era
to ~1250 CE, it is clear that periods of lower 5'800stracod WeTE
comparatively longer (approximately 750 years) than periods of higher
518005trac0d (~500 years).

Carbon isotope (6"3Costracod) values are presented in a similar manner
to 6'%0 (Fig. 5b); however, 5'3C does not covary with 580, with a
correlation coefficient of 0.038. In open lake systems, 5'>C values typi-
cally exhibit more erratic behavior (Talbot, 1990), which may be
influenced by dissolved inorganic carbon in the lake water, microhabitat
effects, and species-specific vital offsets (Von Grafenstein et al., 1999).
Consequently, interpreting 8'3C is more complicated (Decrouy et al.,
2011; Pérez et al., 2013). Given that Lashmars Lagoon is an open lake
system and '°C shows no correlation with 5'%0, §'3C values were not
used for palaeohydrological interpretation in the present study.
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4. Discussion
4.1. Modern ecology of ostracod taxa in Lashmars Lagoon sediments

All five ostracod species identified in the Lashmars Lagoon sediments
are non-marine, of the family Cyprididae. Overall, their presence in-
dicates that through the last 2000 years, Lashmars Lagoon was a
brackish to fresh wetland, likely subjected to seasonal salinity fluctua-
tions analogous to those observed today. This inference is consistent
with the relatively high surface area to volume ratio of the shallow
lagoon, which promotes summer evaporative enrichment and winter
flushing by freshwater stream discharge. The lagoon does not currently
receive marine influx, and the known ecology of the ostracod taxa
suggests that a marine influence was not prevalent throughout the
studied period. For example, the dominant taxa in the record —
M. mytiloides and M. praenuncia are found in a wide range of permanent
and temporary fresh, brackish and saline environments, but not in ma-
rine ecosystems (De Deckker, 1983, 1981, p-151; Rahman et al., 2023).
Mytilocypris mytiloides has a salinity tolerance ranging from 1.3 to 172.9
g/L, with a median salinity optimum of ~19 g/L, while M. praenuncia
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tolerates salinities from 4 to 51.1 g/L, with the highest median optimum
also around ~19 g/L (Rahman et al., 2023). Diacypris spinosa is generally
found in ephemeral or permanent salt lakes across Australia but is absent
in lakes where salinity remains consistently above 20 %o (De Deckker,
1981, p-98). Alboa worooa inhabits lakes and temporary pools that may
sometimes hold mildly saline water, reaching up to 5 %o (De Deckker,
1983, 1981, p-45). Candonocypris novaezelandiae is a freshwater species
typically found in permanent and semi-permanent pools and dams.
While adults are strictly benthic and have never been observed swim-
ming, juveniles are strong swimmers (De Deckker, 1981, p-80).

4.2. Possible reasons for missing ostracods

Our ability to derive a high-resolution, continuous record of hydro-
climate variability relies on the continued accumulation of ostracods
within the sediments. Unfortunately, no ostracods were found in the
sediment samples of Lashmars Lagoon dated to between ~1250 and
1590 CE, as also indicated by the low concentration of Ca (as CaCOs) in
the sediment (Fig. 6b). As well as ostracods, carbonate gyrogonites are
also abundant in the Lashmars Lagoon sediments, yet these too are
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Fig. 6. Ostracod oxygen isotope data, illustrating the gap in ostracod preservation between ~1250 and 1590 CE (a) compared to the concentration of Ca (b), Si (d),
Mn (e), and Fe (f) measured using ITRAX pXRF core scanning in counts per second (CPS), reported by Duxbury et al. (2024). Also shown is charcoal concentration in
particles per cm® (c) from Duxbury (2022). Red lines indicate a locally weighted sum of squares (loess) fit with span = 0.1 (Cleveland et al., 2017). This span of 0.1 is
used for all cases in this manuscript. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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absent in this particular unit. Gyrogonites are the calcified outer crust of
oospores, which are non-calcified spores produced by charophytes - in
this case possibly of the genus Lamprothamnium (A. Garcia, pers. comm)
(Garcia, 1987; Leitch, 1989; Soulié-Marsche and Garcia, 2015). Oo-
spores and gyrogonites are frequently found in articulated pairs in the
Lashmars Lagoon sediments (Fig. 7a—c), however in the sediments dated
~1250-1590 CE, while gyrogonites are absent, oospores remain abun-
dant, indicating that charophytes were still present in the lagoon at this
time. This pattern implies that either the calcified gyrogonites were
dissolved due to lower pH, either in the lake water or sediment pore
water, or that gyrogonites could not form due to low pH and carbonate
ion concentration. Encrustration of charophytes as well as gyrogonites is
predominantly dependent on calcium concentrations and pH in lake
water (Herbst et al., 2018). Charophytes normally grow in lake water
with a minimum calcium concentration of 8.2 mg/L (Kufel et al., 2016)
and pH > 8 (Anadon et al., 2002). On the contrary, the dissolution of
carbonate encrustation is facilitated by decreasing the pH and saturation
index of calcite in lake water (Strzatek et al., 2024). At the time of
coring, Lashmars Lagoon water was brackish (PSU: 7.40 and conduc-
tivity: 12,790 pS/cm) with a pH of 9.9, which is very suitable for
gyrogonite growth but for some reason these conditions were absent in
Lashmars Lagoon between ~1250 and 1590 CE.

In organic-rich sediments, microbial degradation of organic matter
can lead to oxygen (O2) depletion and accumulation of metabolic carbon
dioxide (CO,) which leads to progressive acidification (Arvidson and
Morse, 2014; Nesbitt and Mucci, 2021) and the dissolution of carbonate
minerals (Kurganskaya and Churakov, 2018). A similar situation can
arise following the century-long deposition of bushfire-produced char-
coal, which can lower pH in both lake waters and sediments due to in-
creases in SO3 ™, albeit countered by a potential increase in base cations
(Granath et al., 2021). Duxbury (2022) demonstrated a marked increase
in charcoal concentration in the sediments of Lashmars Lagoon in the
sediments dated ~1100-1350 CE (Fig. 6¢). The beginning of this char-
coal peak occurs prior to the absence of ostracods in the Lashmars
Lagoon sediments, but it may signify a perturbation to the lake and
catchment that influenced the chemistry of the lake water and sediment
for the subsequent ~300 years. As an alternative, or possibly comple-
mentary mechanism, higher Si concentrations in the sediments dated
~1250-1550 CE indicate higher sand concentrations, which also sug-
gest an increase in catchment erosion, possibly in response to the loss of
vegetation. The increase in sand may have been responsible for the
dilution of carbonate in the sediment and possible physical breakage of
carbonate minerals (Fig. 6d). Similarly, the catchment erosion may have
increased water turbididty. These factors do not explain the continued
presence of charophyte oospores in the sediments, however, which
imply that the charophytes persisted in the lake despite the absence of
gyrogonites. A decreasing trend in Mn concentration (Fig. 6e) and a
relatively higher concentration of Fe (Fig. 6f) can be observed during the
period when ostracods are absent. Mn and Fe are well-known pH and
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redox-sensitive elements (Koinig et al., 2003). Studies on lake sediments
by Carignan and Nriagu (1985) and Young and Harvey (1992) have
demonstrated that low Mn concentrations in sediments are associated
with lower water pH, which reduces particulate Mn by facilitating the
diffusion of reduced Mn precipitates as insoluble oxides. Additionally,
these studies suggested that higher Fe concentrations in acidic lake
sediments result from the precipitation of Fe-humic substances from the
water column. In short, the cause of absent ostracod and gyrogonite
fossils between ~1250 and 1590 CE is uncertain but possibly relates to
fire disturbance and associated change in lake water or sediment
pore-water pH within the lake.

4.3. Interpretation and validation of ostracod 5'%0 as a hydroclimate
proxy at Lashmars Lagoon

Changes in the 61800mac0d values reflect a combination of the 5§80 of
lake water, water temperature, and species-specific ‘vital’ effects on
carbonate-water oxygen isotope fractionation (Decrouy et al., 2011;
Devriendt et al., 2017; Li et al., 2012; Li and Liu, 2010; Liu et al., 2009).
Additional complexities include variation in the season of ostracod
growth, inter-annual variability within a composite sample (in our case
~5-10 years), and the potential for growth in micro-habitats, such as
freshwater springs within otherwise saline/evaporated lakes (Decrouy
et al., 2011; Devriendt et al., 2017; Von Grafenstein et al., 1999).

Specific fractionation factors for the species analysed in this study,
predominantly M. mytiloides and M. praenuncia have not been estab-
lished to date. In this study, we demonstrated that while 5'800stracod
values do vary between taxa within individual samples, those 518005_
tracod Values are not significantly different, and there is no consistent
trend whereby one taxon exhibits higher or lower 5'®0 than another
(Table S2). Decrouy et al. (2011) reported that fractionation factors
among different species within the family Cyprididae are similar. This
supports the findings of the present study, as Mytilocypris belong to the
Cypridae family. In general, the differences between 5"800stracod for
different taxa are equivalent to differences between 618005trac0d of
sequential samples of the same taxon. Therefore it is difficult to discern
whether differences are due to different species-specific fractionation
factors, or whether they relate to inherent spatial and temporal vari-
ability in the lake environment.

The effect of temperature on §'%0 within ostracod shell carbonate is
relatively small ~0.21 %o per °C (Beck et al., 2005; Decrouy et al., 2011;
Devriendt et al, 2017), close to inorganic calcite-water or
bicarbonate-water oxygen isotope fractionation (Beck et al., 2005;
Decrouy et al., 2011; Devriendt et al., 2017; Kim and O’Neil, 1997). Asa
result, the range of measured 618005trac0d values (—1.7 to 9.5 %o), is too
high to be feasibly explained by temperature variability alone. By
contrast, changes in lake water §'%0 on the order of >5 %o are
commonplace on both seasonal and inter-annual timescales in Austra-
lian wetlands due to changes in the rainfall to evaporation hydrological

I mm

Fig. 7. Representative pictures of oospore (a), oospore partially covered by gyrogonite (b), and gyrogonite (c) extracted from the same sediment samples

as ostracods.
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balance (Ankor, 2020; Tyler et al., 2022). Increased rainfall amount can
also lead to lower §'80 values in rainfall (Dansgaard, 1964), as has been
demonstrated across southern Australia (Fischer and Treble, 2008;
Treble et al., 2005; Dixon, 2019). Furthermore, increased relative hu-
midity can lead to decreased kinetic fractionation of lake water (Holmes
et al., 2023). As a consequence, the combined effects of rainfall amount,
and particularly the balance of inflow to evaporation, are the most likely
drivers of §"80gstracod variability at Lashmars Lagoon. We, therefore,
focus our interpretation on the mean 5'80 of all ostracods analysed in
each sample, as well as the multi-decadal scale variability in the
618005tracod signal, as an archive of multi-decadal hydroclimate vari-
ability. Similar interpretation of ostracod (Gouramanis et al., 2010,
2012; Wilkins et al., 2013) and mollusc 580 (Chamberlayne et al.,
2023) has been made from wetland sediments in south-western Western
Australia, coastal lagoon sediments from South Australia and lakes in
South Australia and Victoria.

To validate the relationship between 5"800stracod and regional
climate variability, we compared our data from Lashmars Lagoon with
instrumental climate records from the Australian Bureau of Meteorology
(BoM), since 1880 CE (Fig. 8). Validating 5'800stracod variability against
instrumental climate records is challenging, due to imprecision in the
sediment chronology, the integration of multiple years in the sediment
record, likely seasonal or inter-annual bias within the sediment record
and the potential impact of post-colonial anthropogenic impacts on lake
and catchment hydrology. Nevertheless, a comparison of the sediment
record with instrumental climate data over the period 1900-2020 CE
can help clarify the interpretation of the sedimentary record deeper into
the past.

Firstly, we explored the potential effects of changes in temperature
and the 580 of precipitation on the 50 of ostracod valves. Tempera-
ture effects were estimated based on the carbonate-water fractionation
factor described in Beck et al. (2005), Decrouy et al. (2011), and Dev-
riendt et al. (2017), namely ~0.21 %o per °C. This equation was applied
using the annual average air temperature from Cape Willoughby
weather station, with the estimated mean-variance added to the mean
5'804stracod deposited within the post-1900 sediments. These results are
largely invariable throughout the last 120 years, suggesting that

Precip — Evap
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temperature would have imparted a negligible effect upon 5'800stracod
(Supplementary Fig. 3).

The effects of changes in the 580 of precipitation were considered
using 680 values measured from a recent stalagmite collected from
Kelly Hill Cave in western Kangaroo Island, which spans ~1911-2014
CE (Dixon, 2019). Speleothem &0 is commonly interpreted as
reflecting the 580 of precipitation (Parker et al., 2021), albeit with
some exceptions (Treble et al., 2005). The Kelly Hill Cave values exhibit
a range of +1 %o (Dixon, 2019), suggesting that changes in the 5180 of
precipitation also contributed a relatively small amount to the full range
of 618005trac0d variability, although it is possible that multi-annual
accumulation of rainwater within the aquifer may have dampened the
range of variability recorded in the speleothem. These observations lead
to the conclusion that variability in the hydrological balance of evapo-
ration vs. precipitation is the most likely cause of 5'80stracod variability
at Lashmars Lagoon. Given the aforementioned effects of changing P-E
on lake water oxygen isotopes, we hypothesised that P-E is the primary
driver of 518005tracod and would exhibit a negative correlation with
518005tracod-

This hypothesis that 6'800stracoq relates to P—E is partly supported by
the comparison between ﬁlsOosmcod and P—E (Fig. 8). Moving window
correlation analyses at 10 and 20-year intervals generally show negative
correlations between the two, with some exceptions, with Pearson’s R
ranging from —0.5 to +0.1. Periods of lower/higher P—E e.g. around
1900, 1915, 1962, and between ~1975-1990 CE, appear to correspond
with increases in 618005trac0d (Fig. 8), as well as periods of increased
rainfall and reduced evaporation between ~1900-1920 CE and between
~1940-1960 CE, correspond with lower 6'800stracod. However, this is
not always the case, for example between ~1920-1940 CE and in
particular the period after ~2000 CE when no relationship is observed.
It is possible that periods of poor correlation relate to changes in sedi-
mentation rate not captured by the chronology.

Following the nuclear weapons testing of the 1960s, recorded by a
marked increase in Pu concentration in the Lashmars Lagoon sediment,
the sediment chronology is modelled to be more precise. However, since
the 1950s, Kangaroo Island saw widespread land clearance with
approximately 53 % of the island’s native vegetation removed and
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Fig. 8. Validation of §'®0qsracoq as a hydroclimate proxy for Kangaroo Island, South Australia. Biannually binned (blue lines) precipitation-evaporation (P-E) data
(upper figure) were compared with biannually binned 5'®0ogracoq Values (middle figure) by testing for Pearson’s correlation at 10 (bottom figure; red line) and 20
year (blue line) windows. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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converted to various agricultural grasslands and crops (Davies et al.,
2002), which would have led to increased runoff, decreased water
residence time and potentially an increase in sedimentation at Lashmars
Lagoon, reducing the volume of the lake. These anthropogenic distur-
bances potentially explain the trend towards lower 5"80stracod etween
~1975-2005 CE, despite a corresponding decrease in effective moisture
(Fig. 8). As aresult, a comprehensive validation of 5'800stracod s a proxy
for effective moisture remains challenging but the generally negative
correlation with P—E, as well as the extensive literature on lake isotope
hydrology (Rex et al., 2024; Vystavna et al., 2020, 2021) and ostracod
isotope geochemistry (De Deckker and Forester, 1988; Holmes and De
Deckker, 2012; Ito et al., 2003) lead us to conclude that this is the pri-
mary driver for long term 5'80stracod variability at Lashmars Lagoon.
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4.4. Hydroclimatic variability over the last 2000 years

Our 6'80,stracoq Tecord enables the identification of several multi-
decadal to centennial-scale dry and wet periods through the last ~2000
years. A total of four dry and four wet phases were determined from ~19
BCE - 1250 CE followed by the data gap from ~1250 to 1590 CE, then
again a dry period from ~1590 to 1800 CE, and lastly a variable
hydroclimate from ~1800 CE to the present (Fig. 9a). At the beginning
of the Common Era, a dry period occurred up to around 140 CE followed
by a prolonged wet period up to ~460 CE. A. worooa, an ostracod species
which lives in predominantly freshwater environments, was found in
samples from ~140 to 460 CE, supporting the inferred wet period based
on lower 680ugracoq values. Relatively wet periods are inferred for
~600-750 CE, ~870-950 CE, and ~1060-1250 CE. In the intervening
periods, higher 5"800stracod suggest relatively dry climates from ~460 to
600 CE, ~750-870 CE, and ~950-1060 CE. The overall duration of wet

Years (CE)
0 250 500 750 1000 1250 1500 1750 2000
a.
2. 2
gz
go
32 4
23
==
Egy ¢
gz~
e 3
)
3 ¥
Y
2.0 < =
—
25 | 88
£5
8§85 S
coﬁé% 3.0{ ¢
8971 35
o R 4.0
§g 45
R
© m o o~
d. 35 &
25 2o
g g
3 0 [S%
E 15 | 2a
S
EE 0 222
E25 e “S5E
£ % 21000{*
P
A 2 [ 2000
£z 3
£ 5 | 3000 &
< = & ~
&S 24000 =
£ §R £ 0 3E3
=S ; 5w
o 2500 % g3
C 5000 | & &
) 7500 | o %
S 100007 ‘£ 8
= ges
22 2 &
— O
g2z & §°
a1 15 3
o g 10
o @
& 2 S
S <
[ E 0
3 0 250 500 750 1000 1250 1500 1750 2000
Years (CE)

Fig. 9. a. Comparison of the 5'800stracod record from Lashmars Lagoon with other records from south-eastern Australia, namely (b) ostracod 5'%0 data from Blue
Lake, Mt. Gambier, South Australia (Gouramanis et al., 2010); (c) bivalve §'80 data from site C18, Coorong Lagoon, South Australia (Chamberlayne et al., 2023); (d)
Grain size inferred lake water depth at Lake Keilambete, Victoria (Wilkins et al., 2013); diatom inferred lake water conductivity (salinity) from (e) Lake Elingamite;
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winds (Moreno et al., 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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periods was found to be relatively longer (~750 years) than the dry
periods (~500 years), and as a result, it can be concluded that the first
millennium of the Common Era was relatively wet in the region.

The Lashmars Lagoon 5'804stracod record exhibits some similarities to
other hydroclimate records from south-eastern Australia, despite the
limited age control of previous studies. In particular, the closest com-
parable study — based on oxygen isotope analyses of the ostracod
G. australica in the sediments of Blue Lake, Mt. Gambier, South Australia
(Gouramanis et al., 2010) exhibits a similar pattern of hydrological
variation to Lashmars Lagoon (Fig. 9b). Interpretation of 50 at Blue
Lake is complicated by the marked influence of groundwater through-
flow, however isotope variability in lake water is ultimately tied to
changes in regional precipitation and evaporation (Herczeg et al., 2003).
By contrast, 520 analyses of the valves of the bivalve mollusc Arthritica
helmsi in the sediments of the Coorong Lagoon, South Australia
(Chamberlayne et al., 2023) only partially corresponds (wet periods
~195-275 CE, ~1060-1200 CE and dry periods ~500-600 CE,
~750-870 CE, and ~950-1050 CE) with the current study (Fig. 9c). It
should be noted that the sediment chronology for the Coorong sediments
was based on radiocarbon dating of fossil bivalve valves, with a reservoir
age correction of ~600 years (Chamberlayne et al., 2023). Changes in
the reservoir age of Coorong waters, e.g. due to changes in fluvial or
marine or groundwater mixing in that dynamic estuarine lagoon, could
therefore impart substantial alterations to the determined ages of the
multi-decadal wet/dry events (Chamberlayne et al., 2023).

The lake level reconstruction from Lake Keilambete, Victoria, is
arguably the most iconic record of hydroclimate variability in southern
Australia (Wilkins et al., 2013), however, the comparison with Lashmars
Lagoon §'80 for the last ~2000 years does not reveal clear similarities
(Fig. 9d). Lakes Surprise and Elingamite in Victoria both offer
sub-decadal records of hydroclimate variability, via diatom-inferred
salinity (Barr et al., 2014). While these records also do not consis-
tently align with the Lashmars Lagoon 5'800stracod record, they both
exhibit three clear multi-decadal periods of higher salinity (lower
effective moisture), which is similar to those inferred from this study,
albeit offset in time. Of note, the present study infers that a wetter
climate persisted between ~600 and 750 CE and that a drier climate
occurred between ~750 and 870 CE. These wetter and drier periods
largely align with the periods of low and high lake water salinity iden-
tified by Barr et al. (2014) (Fig. 9e and f). Pluvial conditions have been
determined from Lake Callabonna in central southern Australia between
1050 + 70 and 1100 + 60 CE (Cohen et al., 2012) and clearly resemble
the wet period of the current study.

The results presented here suggest that within these four identified
dry periods, possible megadroughts (persistent, multi-year droughts
(Cook et al., 2022)) occurred on Kangaroo Island from ~525 to 575 CE,
~770-790 CE, ~825-850 CE, and ~980-1020 CE. This does not pre-
clude the presence of shorter droughts or droughts where ostracods are
absent from the record. Vance et al. (2015) identified eight mega-
droughts using chloride from sea-salt in an ice core from Law Dome (East
Antarctica) as a proxy for westerly wind activity, putatively linked to
precipitation in Australia, including one 39-year drought over eastern
Australia (1174-1212 CE). These droughts occurred between 1102 and
1212 CE. This finding is not supported by the findings at Lashmars
Lagoon, as well as the studies conducted by Chamberlayne et al. (2023);
Gouramanis et al. (2010); and Wilkins et al. (2013). The difference be-
tween the dry period we identified in this study and the eight mega-
droughts identified by Vance et al. (2015) is around 100 years. Given the
inherent uncertainty of dating and age calibration, it is possible that
these two separate dry periods are actually the same megadrought
event.

Due to the absence of ostracods from ~1250 to 1590 CE, no hydro-
climatic variability could be established for this time period. Following
the gap in data, the 518005tramd record from Lashmars Lagoon suggests a
possible trend towards drier conditions between ~1590 and 1800 CE,
albeit poorly resolved, followed by a clear trend towards lower
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518005tramd from ~1800 CE to the present, suggesting an increase in
effective moisture. The post-1800 CE sediments also conatin abundant
A. worooa and C. novaezelandiae, which suggest a predominantly fresh-
water environment, supporting our interpretation of the 51800mc0d
data. This trend is very similar to the ostracod 820 record from Blue
Lake (Gouramanis et al., 2010), yet the trend is not observed in the
Coorong Lagoon 5*80 data (Chamberlayne et al., 2023) and the opposite
trend is inferred from Lake Keilambete grain size data (Wilkins et al.,
2013). The Lake Elingamite and Lake Surprise diatom inferred con-
ductivity data suggest a trend towards increased effective moisture into
the mid-1800s (Barr et al., 2014; Tibby et al., 2018), although the
interpretation of climate change from diatoms and lake water salinity
following European colonisation is confounded by the impact of land
clearance and agriculture (Barr et al., 2014). Further afield, the
pigment-inferred precipitation record from Rebecca Lagoon, north-west
Tasmania (Saunders et al., 2012) also suggest wetter climate during the
19th century. However, some records for south-eastern Australia,
including the recorded decline in lake levels since colonisation, suggest a
trend towards declining effective moisture since ~1900 CE (Tibby et al.,
2018). This drying is opposite to the trend observed in the Lashmars
Lagoon 5'804stracod and other sediment records which suggests wetter
conditions in the recent past. These differences may relate to the impact
of intensified land use and land clearance on local hydrology, or alter-
natively to inter-regional differences in climate trends.

4.5. Drivers of regional hydroclimate in Kangaroo Island and south
Australia

Australia’s hydroclimate is driven by several major ocean-
atmospheric interactions, including ENSO, IOD, SAM, and the IPO.
These climatic drivers impact rainfall patterns across spring, autumn,
and summer, operating on varying timescales (Cai et al., 2011; Gallant
etal., 2012; Risbey et al., 2009; Vance et al., 2015). These drivers are not
independent, but rather highly correlated (Risbey et al., 2009). Though
South Australian rainfall is predominantly controlled by the SAM, ENSO
and the IOD also act to reinforce dry or wet conditions in the region
(Evans et al., 2009). Duxbury et al. (2024) suggested that the Leeuwin
Current, which brings warm tropical waters to southern Australia and is
teleconnected with ENSO, influences rainfall on Kangaroo Island. Van
Ommen and Morgan (2010) identified an inverse precipitation rela-
tionship between Law Dome, East Antarctica, and south-western West-
ern Australia (SWWA), linked by large-scale meridional atmospheric
flow south of Australia, highlighting the strong influence of the SAM on
SWWA rainfall. Over the last century, rainfall at the Cape Willoughby
weather station, eastern Kangaroo Island, exhibits significant correla-
tions with rainfall data from Perth (Western Australia) (R* = 0.95),
Hobart (Tasmania) (R? = 0.95), and Melbourne (Caulfield, Victoria) (R?
= 0.95) testifying to the prominent role of the Southern Westerly Winds
(SWW) upon winter-dominant rainfall across the southern seaboard of
Australia. The Southern Annular Mode (SAM) relates to the position and
strength of the SWW, yet few high-quality reconstructions of the SAM
exist which span the last ~2000 years. Moreno et al. (2014) used the
deposition of non-arboreal pollen (NAP) in the sediments of Lago Cipr-
eses, Patagonia, to reconstruct Holocene SAM variability. Similarly,
Fletcher et al. (2018) inferred SAM variability using pollen from Lake
Vera, Tasmania. Both the Lago Cipreses and Lake Vera records suggest
two relatively brief but prominent periods of positive SAM centred
around ~500 CE and ~1000 CE. Positive SAM is typically associated
with drier climates in southern Australia, and these episodes roughly
correspond with the periods of reduced effective moisture inferred from
518005tramd at Lashmars Lagoon, as well as other records in south-eastern
Australia. The Lago Cipreses record also has a smaller peak in NAP at
~50 CE, which also corresponds with a period of reduced effective
moisture at Lashmars Lagoon (Fig. 9g). However, this comparison is
contradicted by the inferred shift towards positive SAM after ~1900 CE,
which corresponds with 518005trac0d evidence for wetter climate at
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Lashmars Lagoon. This contradiction may relate to the aforementioned
influence of post-colonial land clearance on the hydrology of Lashmars
Lagoon, as well as similar effects upon the groundwater hydrology of
Blue Lake, Mt. Gambier (Herczeg et al., 2003). However, it may also
relate to inconsistencies in SAM reconstructions for the last millennium.
Several studies have reconstructed the SAM index in detail for the last
1000 years using annually resolved ice core, coral, and tree ring records
(Abram et al., 2014; Datwyler et al., 2018; Villalba et al., 2012). Of note,
these reconstructions suggest a shift towards positive SAM after ~1800
CE, i.e. earlier than that inferred from Lago Cipreses, and potentially
corresponding with the drier conditions inferred from Lashmars Lagoon
between ~1750 and 1800 CE (Fig. 9g). We therefore conclude that
while further evidence is required to fully reconcile the drivers of
hydroclimate variability in southern Australia, a dominant influence of
the SWW is likely, as described by prominent, multi-decadal to
centennial-scale oscillations changes in the Southern Annular Mode.

5. Conclusions

We have presented an ostracod-based oxygen isotope record for the
past ~2000 years from the sediments of Lashmars Lagoon, Kangaroo
Island. Validation of this record in comparison with instrumental
climate data through the last century supports the interpretation that
618005tracod at Lashmars Lagoon exhibits a negative relationship with
hydrological precipitation vs evaporation. Variations in 5"804stracod
values primarily reflect past hydroclimate, being driven by changes in
the balance of rainfall and evaporation amount. However, complexities
in our proxy-instrumental comparison highlight the need for further
such studies in Australia. On the basis of 5'0qgtracod data, significant dry
events occurred around ~525-575 CE, ~770-790 CE, ~825-850 CE,
and ~980-1020 CE, superimposed by several decadal-scale episodes of
wetter/drier climate. Though the current study revealed a period of
relatively dry climate between ~1590 and 1800 CE, this contrasts with
several studies, which were interpreted to reflect wetter climates in
south-eastern Australia. Comparison with reconstructed indices for
major ocean-atmospheric interactions suggests that periods of drier
climate on Kangaroo Island coincided with periods of positive Southern
Annular Mode, reflecting the southwards shift of the southern westerly
winds and a reduction in winter rainfall in southern Australia.
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