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ABSTRACT

Nearly two thirds of the world’s population depend on monsoon rainfall, with monsoon failure and extreme
precipitation affecting societies for millennia. Monsoon hydroclimate is predicted to change as the climate
warms, albeit with uncertain regional trajectories. Multiple glacial-interglacial terrestrial records of east Asian
monsoon variability exist, but there are no terrestrial records of equivalent length from the coupled Indo-
Australian monsoon at its southern limit — Australia. We present a continuous 150,000-year lacustrine record
of monsoon dynamics from the core monsoon region of northern Australia based on the proportion of dryland
tree pollen in the total dryland pollen spectra and the hydrogen isotope composition of long chain n-alkanes. We
show that rainfall at the site depends strongly on sea level, which changes proximity of the coast to the site by
320 km over the last glacial-interglacial cycle. Long-term trends in rainfall are broadly anti-phased with the east
Asian monsoon modulated by coastal proximity. The record also contains multiple, short intervals (~2 to <
10,000 years) of large changes in tree cover (from 5 to 95 % tree pollen over 3000 years in one instance).
Changes in tree cover are frequently but not always, accompanied by synchronous large changes in the other
hydroclimate proxies. While these wetter periods cannot be easily ascribed to orbitally induced changes in
insolation or coastal proximity, they are correlated with most Heinrich events. This relationship implies that
strong asymmetry in inter-hemispheric monsoon rainfall might be one outcome of the current weakening in the
strength of the Atlantic meridional overturning circulation, through a reduction in oceanic heat transfer from the
Southern to the Northern Hemisphere.

1. Introduction

Southern Hemispheres (An et al., 2015; Wang et al., 2017). This oscil-
lation is driven by the annual cycle of maximum insolation between each

The dominant feature of climate across most of the tropics and
subtropics is a seasonal reversal of the prevailing winds across the
Equator, resulting in a wetter summer season and a drier winter in each
hemisphere. At an annual scale, the ‘global monsoon’, approximated
hydrologically by the zone of maximum rainfall associated with the
intertropical convergence zone, oscillates between the Northern and

hemisphere (Deininger et al., 2020), leading to anti-phased summer
rainy seasons in each (Eroglu et al., 2016; Deininger et al., 2020).
Agriculture and ecosystems across the tropics and subtropics depend on
monsoon rainfall (An et al., 2015), and so growing populations and
climate change increase vulnerability to any change in monsoon dy-
namics (Zhang et al.,, 2018; Martinez-Villalobos and Neelin, 2023).
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Indeed, drought associated with monsoon failure, as well as
monsoon-related flooding, have driven major demographic changes in
prehistory (e.g., Cook et al., 2010) and the recent past (Li et al., 2011;
Qian et al., 2012; Wang et al., 2015).

The monsoon system that affects the largest land area and human
population is the east Asian summer monsoon north of the Equator,
coupled by cross-equatorial airflow to the Indo-Australian summer
monsoon south of the Equator (Li and Li, 2014) (Fig. 1). This region
extends from China through Southeast Asia, the maritime continent and
western Indo-Pacific warm pool on the Equator, to Australia. The region
is home to almost a billion people and five terrestrial biodiversity hot-
spots (Myers et al., 2000).

The Indo-Australian summer monsoon represents the dominant
source of rainfall in northern Australia, although atmospheric tele-
connections to other sources of global interannual climate variability,
particularly El Nino-Southern Oscillation, contribute to rainfall vari-
ability (Sharmila and Hendon, 2020; Heidemann et al., 2023; Gallagher
et al.,, 2024). The Indo-Australian summer monsoon in northern
Australia also exhibits its own internal dynamics, due in approximately
equal measure to local oceanic (sea surface temperature, evaporation,
and wind) and terrestrial (land cover, soil moisture, evaporation, and
wind) influences on rainfall (Yu and Notaro, 2020; Sekizawa et al., 2021;
Heidemann et al., 2023; Sekizawa et al., 2023). While the east Asian
summer monsoon is dominant due to the large, high-altitude Asian
landmass, the internal dynamics of the Indo-Australian summer
monsoon can also drive variability in east Asian winter monsoon rainfall
in southern China, suggesting close linkages (Yu and Notaro, 2020;
Sekizawa et al., 2021; Heidemann et al., 2023; Sekizawa et al., 2023).

Terrestrial speleothem oxygen isotope and pollen records (e.g., Ma
et al., 2023; Chen et al., 2023) spanning one or more glacial-interglacial
cycles have demonstrated periods of enhanced/(reduced) east Asian
summer monsoon rainfall at times of higher/(lower) Northern Hemi-
sphere insolation and distinct, weak monsoon intervals, some of which
are coincident with Heinrich events (Cheng et al., 2009, 2016).
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However, equivalent long terrestrial records from the southern end of
the Indo-Australian summer monsoon in northern Australia are
conspicuously absent.

Proxy records of terrestrial runoff have been derived from marine
records off north-western Australia and are correlated with east Asian
summer monsoon records (Pei et al., 2021; Zhang et al., 2020; Sarim
etal., 2023) (Fig. 1). However, those records are potentially confounded
by the adjacent wide continental shelf that introduces an effect of
sea-level change at orbital timescales on the delivery of runoff-derived
sediment to the core locations. The locations are also likely affected
by the large changes in land-sea distribution in the maritime continent
that modify heat and mass transfer through the Indonesian throughflow
upstream of the core sites (Lee et al., 2019). On land, a discontinuous
speleothem time series of oxygen isotope has been generated covering
the last 40 kyr (1 kyr = 1000 years) from northern Western Australia
(Denniston et al., 2017), a location that is under the influence of the
‘pseudo’ monsoon (Suppiah, 1992; Gallagher et al., 2024) where airflow
originates in the eastern Indian Ocean, rather than from equatorial re-
gions to the north (Fig. 1).

In the arid interior of Australia, sediments from the former Woods
and Gregory ‘megalakes’ (now small, ephemeral bodies of water) show
that large perennial water bodies existed, dominantly during periods in
Marine Isotope Stage (MIS) 3 around ~ 50 ka ago, MIS 5 around 100 ka
ago, as well as earlier (Bowler et al., 1998, 2001; Veth et al., 2009;
Fitzsimmons et al., 2012). These megalakes were fed by monsoon rain
falling into south-draining catchments, with drainage divides at least
300 km south of the modern north Australian coast (Fig. 1). Kati
Thandi-Lake Eyre in central Southern Australia receives water from the
core monsoon area (and other regions), but it also contains a record of
megalake periods through MIS 5 to ~ 116 ka ago and from 65 to 45 ka
ago (Cohen et al., 2022).

The existence of interior megalakes, orders of magnitude larger than
today’s, implies past periods of higher monsoon rainfall penetrating
these arid interior catchments (Wyrwoll and Valdes, 2003). Debate on

Pacific
Ocean

EASM

\

maritime
continent

Sahul Shelf

monsoon

Girraween Lagoon

Fig. 1. Location of Girraween Lagoon in monsoonal north Australia. Also shown are the Sunda and Sahul continental shelves, with areas landward exposed at times
of lower sea level, and the major pathways for water and heat transport between the Pacific and Indian Oceans via the Indonesian throughflow. Approximate
boundaries of the true and ‘pseudo’ monsoon domains and directions of wet season airflow are in yellow (Suppiah, 1992). Insert shows the approximate dominant
flows of the east Asian summer monsoon (EASM) and the Indo-Australian summer monsoon (IASM). Additional locations mentioned in the text are: 1 and 2: spe-
leothem stable isotope records from KNI-51 and Ballgown Cave, respectively (Denniston et al., 2017); 3: marine core geochemical record of runoff and dust flux
(Zhang et al., 2020; Pei et al., 2021; Sarim et al., 2023); 4: speleothem isotope record from Flores (Scroxton et al., 2022); 5 and 6: Woods and Gregory ‘megalakes’,
respectively (Bowler et al., 1998, 2001; Fitzsimmons et al., 2012). Base image data: Google © 2023 Maxar Technologies. (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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the drivers of megalake-filling events has centred on the relative
importance of sea level, sea surface temperatures, and Northern Hemi-
sphere ‘push’ versus Southern Hemisphere ‘pull’ of monsoonal rain into
the continental interior, as well as the role of vegetation feedbacks in
augmenting moisture transfer inland (Wyrwoll and Valdes, 2003; Liu
et al., 2004; Miller et al., 2005; Pitman and Hesse, 2007; Marshall and
Lynch, 2008; Wyrwoll et al., 2007, 2012).

Here we present multiple, absolute-dated proxy records of sedi-
mentological, hydroclimatic, and vegetation change over the last 150
kyr from a sediment core obtained from the core monsoon region of
northern Australia, the Girraween Lagoon (Fig. 1). This record enables
an assessment of the timing of variation in monsoon strength in the Indo-
Australian summer monsoon domain that can be compared with records
of east Asian summer monsoon strength and tropical hydroclimate.
Together, this enables an assessment of the drivers of variability in the
Indo-Australian summer monsoon.

2. Materials and methods
2.1. Girraween Lagoon in monsoonal north Australia

Girraween Lagoon (12° 31’ 3.6"S, 131° 04' 50.7"E; 25 m above sea
level; Fig. 1) is a perennial waterbody currently 0.45 km? in area and 4.5
m in depth formed from a sinkhole collapse within a small 0.92-km?
catchment (Rowe et al., 2019). The lagoon is in the core monsoon region
of northern Australia, toward the southern margin of influence of the
Indo-Australian summer monsoon. Since its formation, the lagoon has
contained permanent water, and has therefore archived a rare,
high-quality record of vegetation and climate change in the strongly
seasonal Australian tropics (Rowe et al., 2019; Bird et al., 2024). Most
(90 %) of the ~1700 mm annual rainfall is delivered in the wet season
between November and April, currently supporting a mesic savanna that
has developed over the course of the Holocene (Rowe et al., 2019).

A 19.4-m core was collected from the lagoon using a floating plat-
form with hydraulic corer (Rowe et al., 2019). The record is composed of
organic-rich sediments alternating with organic-poor clays (Fig. S1 and
Table S1). An age-depth model for the record is provided by 12 radio-
carbon and 24 optically stimulated luminescence ages, as detailed in
Bird et al. (2024), with the age model reproduced in Fig. S1. Methods
associated with development of the chronology for the Girraween re-
cord, determination of the variation in distance to the coast of the site
over time, as well as the total organic carbon and pollen records, have
been described previously (Bird et al., 2024).

2.2. Compound specific isotope analysis of n-alkanes

We extracted aliquots of 160 freeze-dried sediment samples from the
length of the core of 10-50 g at 5-20 cm intervals depending on total
organic carbon content. These were taken separately from samples used
for the analysis of total organic carbon and pollen; hence, they are not
always from the same depth interval. We placed the samples in
dichloromethane:methanol (9:1) at 100 °C for 15 min in a MARS 6
microwave digestion system. We transferred the resulting total lipid
extract into a 50-ml glass tube and evaporated to dryness under nitro-
gen, followed by transfer in hexane to a 4-ml glass vial. We separated
alkanes using solid-phase extraction on a Restek 12 position solid-phase
extraction vacuum SPE manifold using 6-ml Chroma bond SPE glass
columns (Macherey-Nagel) filled with 1.5 g of silica gel (0.040- to 0.063-
mm mesh size). We eluted the solvents and samples via stainless steel
connectors and valves (Macherey-Nagel) to avoid plastic contamination.
Once we cleaned the columns with n-hexane, dichloromethane, and
acetone, we transferred each total lipid extract onto the column in
hexane and eluted the alkanes with a further 10 ml n-hexane. Next, we
added 10 pg 5a-androstane (Sigma-Aldrich) as an internal standard.

Most samples had multiple additional compounds that interfered
with the measurements of the n-alkanes. We removed sulphur by
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loading the samples onto standard long-stem glass pipettes, half-filled
with activated copper powder <425 pm (Sigma-Aldrich with a purity
of 99.5 %). We activated the copper by washing with 6 ml of HCI and
then rinsing with 10 ml Milli-Q water, followed by 6 ml acetone and 6 ml
dichloromethane. We dissolved the samples in dichloromethane, trans-
ferred onto the copper pipette column, and rinsed five times with
dichloromethane.

We removed alkenes from the samples with silver nitrate AgNO3 on
silica gel (Sigma-Aldrich). We activated AgNOs in an oven at 105 °C for
1 h, packed into long stem glass pipettes % full, and kept out of direct UV
light. After cleaning the packed column with acetone, dichloromethane,
and n-hexane, we dissolved the samples, transferred them in n-hexane
onto the AgNO3 column and eluted them five times with n-hexane.

We removed branched alkanes from the samples using urea adduc-
tion. First, we transferred the sample (dissolved in n-hexane) into an 8-
ml screw-top vial and evaporated it until dry with nitrogen. Then, we
added three solutions to the vial: (i) 300 pl 10 % urea solution (Ultra-
Pure Urea >98 %; Thermo-Fischer Scientific), (ii) 300 pl acetone, and
(iii) 300 pl pentane (99 %; Scharlau). We then capped the vials, homo-
genised them with a vortex mixer, and placed into a freezer for 30 min,
followed by evaporation to dryness under Ny. The urea crystallised as a
precipitate with n-alkanes taken into channels in the urea structure
while excluding branched alkanes. We rinsed the extracts with 1 ml n-
hexane, leaving behind the clean urea crystals containing the n-alkanes.
We repeated this procedure twice more, then added 500 pl ultraclean
HPLC Plus grade water (Sigma-Aldrich), 500 pl methanol, and 1.5 ml n-
hexane to dissolve the crystals, with the vial contents again homoge-
nised by vortex mixer. We allowed the immiscible n-hexane (containing
the n-alkanes) to separate above the water and methanol and then
transferred them into another 8-ml vial. We repeated this step thrice.
Once completed, we repeated the entire process 4 to 5 more times to
eliminate all branched alkanes.

We identified and quantified the n-alkanes using a Shimadzu QP2010
gas chromatography-mass spectrometer GC-MS equipped with a mass-
selective detector and a flame-ionisation detector coupled via an elec-
tronic split interface. We quantified through reference to the peak area
of the internal standard 5a-androstane. We injected an aliquot of 1-pl
sample into the GC-MS for each analysis. In addition, the GC-MS enabled
confirmation of the elimination of impurities.

We determined the stable hydrogen isotope composition (§°H) and
stable carbon isotope composition (5'3C) of the purified n-alkane sam-
ples in triplicate using a Trace 1310 gas chromatograph coupled to a
Thermo-Scientific Delta V Plus isotope ratio mass spectrometer. The
mass spectrometer measured the stable isotope composition of each
compound (all n-alkanes present) in each sample. We converted the raw
5%H to the isotopic water Vienna standard mean ocean water (VSMOW)
scale through measurement of a standard containing n-alkanes of known
stable isotope composition (Mix A4; Arndt Schimmelmann, Indiana
University). We calibrated 5'3C with standards (Eicosane; Sigma-
Aldrich, Androstane; Sigma-Aldrich, Docosane; Sigma-Aldrich, and
Squalane; Alfa Aesar) to the international Vienna Pee Dee belemnite
(VPDB) reference standard for carbon isotopes. Triplicate analysis
enabled calculation of the uncertainty of each measurement of each n-
alkane in each sample.

We used the mean of the abundant n-Cy7, n-Cog, and n-C3; alkanes to
represent the 5%H and 53C of terrestrial plants (Hadeen et al., 2025). We
applied a mass balance approach to calculate the equivalent 52H of plant
available moisture (52Hpam), involving correction for the differing
hydrogen isotope fractionation associated with Cs and C4 photosyn-
thesis, and for the effect of change in ocean §?H resulting from changes
in the size of continental ice caps over the last glacial-interglacial cycle
(Konecky et al., 2016). The average deviation from the mean of 62Hpam
calculated in this way was +6 %o. The raw 52H values used for these
calculations are available in Supplementary Table 1 and the 513C of the
same n-Cyy, n-Cyg, and n-Cs; alkanes are available in Hadeen et al.
(2025).
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2.3. Analysis

We applied a resampling approach for the correlations among
proxies to take both age and value uncertainty into account. For each
proxy, we drew 1000 random deviates of age using the rtruncnorm
function in the rtruncnorm library (Mersmann et al., 2023) in the R
programming language®® and the mean and standard deviation of age
(truncating to the interval O to o0), and a random Normal deviate of the
proxy value using the rnorm function. For each resampled time series, we
then standardised the ages to the 150 ka ago to present period in
500-year intervals using the approx function and then scaled and centred
the proxy values using the scale function.

To reduce the potential impact of temporal autocorrelation on the
pairwise correlation between proxies, we applied two approaches. First,
we resampled each proxy in the age-standardised and scaled pair
without replacement but ensuring non-sequential values in each
resample. We then applied a standard linear model using the Im function
to each resampled pairwise combination and calculated the adjusted R?
and type I error estimate (prang) for each pairwise model, calculating the
95 % confidence interval for both using the quantile function in R after
1000 iterations.

To test the association between Heinrich events and record time
series, we compared the percentage of dryland tree and shrub pollen in
the total dryland pollen sum (%tree) to the onset and termination of
Heinrich events O to 12. Given that we do not expect immediate tree-
growth responses to the change in climate conditions precipitated by
Heinrich events, we asked whether there was empirical evidence to
support the hypothesis that %tree was on average higher during Heinrich
events than equivalent sampling windows either side of each Heinrich
event. For this comparison, we developed a resampling approach where
we incorporated three separate sources of uncertainty into the analysis
(i) uncertainty in the age (absolute date) of the pollen counts for %tree,
(i) uncertainty in %tree based on the number of pollen grains sampled;
and (iii) uncertainty in the onset of Heinrich events. We then generated
2000 random normal deviates of each dated %tree (i.e., 2000 replicates
of 237 dated %tree values = 474,000 %tree values in total). Next, we
resampled the onset of Heinrich events assuming uncertainties in the
ages ranging from 0 to 2.5 %. For example, an uncertainty of 1 % for the
onset of Heinrich 8 at 88.0 ka ago would give an onset range of 87.18 ka
ago to 88.88 ka ago. In fact, there is some evidence that the true un-
certainties can be at least 1 % of onset ages based on direct comparison
between terrestrial and marine indicators of Heinrich events offshore of
the Amazon River (Jennerjahn et al., 2004). To the randomised onsets,
we added the deterministic duration (e.g., for Heinrich 8, duration = 2.5
kyr) to give a range of Heinrich terminations. We then established two
‘non-Heinrich’ sampling windows either side of each resampled Hein-
rich event of the same duration as the Heinrich event itself. We corrected
for any event overlaps (e.g., no Heinrich or non-Heinrich event could
overlap in time with its nearest event neighbour) by taking the midpoint
for any overlapping events. As we increased uncertainty in onset, the
number of overlaps increased. We then took a random sample of 100 %
tree replicates per event based on the resampled values, noting when
they fell within Heinrich or non-Heinrich events, calculating the median
%tree for each event, and repeated this procedure 100,000 times.

For each of those 100,000 iterations, we recorded when mean %tree
was higher than at least one of the non-Heinrich sampling windows
immediately adjacent to each Heinrich event. We compared the number
of times this occurred in each iteration to the null model of generating
the same response at random (i.e., a binomial-resampled value based on
the number of Heinrich events in each iteration). Here, we calculated the
probability that the instances when %tree in Heinrich events exceeded
those in non-Heinrich events could be generated at random under the
null model (when this probability is low, it indicates statistical support
for the hypothesis that %tree was higher on average during Heinrich
compared to non-Heinrich events). All code and data necessary to repeat
the analyses are available at https://doi.org/10.5281/zenodo
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3. Results and discussion
3.1. Proxy indicators from Girraween lagoon

The percentage of dryland tree (and shrub) pollen in the total
dryland pollen sum (%tree) is a sensitive indicator of past changes in
hydroclimate (Bird et al., 2024). The major determinant of savanna
vegetation structure is moisture availability, determined mainly by
rainfall and evaporation, but modulated by intraseasonal/interannual
rainfall variability and feedbacks on tree recruitment associated with
fire return interval/intensity and herbivory (Hutley et al., 2001, 2011;
Xu et al., 2018; Gosling et al., 2022; Williamson et al., 2024). Across the
broader study region, there is a strong relationship between tree cover
and mean annual precipitation (Bird et al., 2019). Savanna vegetation
can respond rapidly to changes in climate (Oliveras and Malhi, 2016; Xu
et al., 2023), particularly in regions of high rainfall variability such as
northern Australia (Poulter et al., 2014). Tree pollen as a percentage of
total terrestrial pollen in the record ranges from <5 % to >95 % (Fig. 2b
and S2), indicating large shifts on centennial timescales from open
grassy savanna to functionally closed forest. This in turn indicates large,
rapid changes in hydroclimate in the past.

The hydrogen isotope composition of terrestrially derived n-alkanes,
converted to the equivalent hydrogen isotope composition of plant
available moisture (62Hpam; see Methods) provides information on
changes in rainfall regime, likely associated with changes in monsoon
intensity and changes in the distance of the site to the ocean. Controls on
modern rainfall 5°H are well-established from seven years of daily
measurements of rainfall from a location 20 km from the lagoon (Zwart
et al., 2018). More positive rainfall 5°H values (= —40 %o) are associated
with periods where shallow continental convection dominates and
convection is forced by sea breezes. More negative rainfall 5°H (5 —40
%o and as low as —100 %o) is associated with periods of intense rainfall
when the monsoon trough is active and stratiform cloud area is large
(Zwart et al., 2018).

On millennial timescales, 62Hpam will be partly determined by
monsoon intensity. However, (Sszam at this location is also modified by
distance to the coastline because the shallow gradient offshore means
that the coastline position receded up to 320 km during peak glacial
periods (Fig. 2c¢), and there is a rapid decrease in precipitation inland
from the modern coast (Hutley et al., 2001, 2011) that will also have
existed in the past. This is particularly important for the interpretation of
the Girraween record because evapotranspiration of previous precipi-
tation contributes to the penetration of precipitation into the continental
interior (Sharmila and Hendon, 2020). Evaporation moisture contrib-
uting to rainfall farther inland will result in a progressively higher 52H in
subsequent precipitation farther inland, thereby diluting the primary
‘monsoon’ rainfall 5°H. We note also that, 62Hpam can be influenced by
changes in moisture-source region (Konecky et al., 2019). 62Hpam in the
Girraween record ranges widely from —85 %o to +35 %o, reflecting the
sum of all the above sources of variability (Fig. 2b and Fig. S2).

Total organic carbon in the Girraween record is interpretable as a
record of past lake level. Currently, the lake extends over 0.45 km?
(doubling again in size during flood events), with the area < 2.5 m deep
(~70 % of the total area) suitable for colonisation by rooted macro-
phytes. At such times of high lake level there is therefore an excess of
photosynthetic organic matter production over what can be respired.
The Holocene sediments in the lake are carbon-rich for this reason,
similar to previous intervals in the record with high (or indeed higher)
total organic carbon (Fig. S1 and Table S1). At other times of low lake
level, the sediments were entirely different — greenish to greyish clays
with little organic matter. The transition between these sediment types
tends to be abrupt in most cases because during dry phases the local
water table decreased and the lagoon retreated into the steep-walled
sinkhole itself. Lagoon surface area was reduced by 1-2 orders of
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Fig. 2. (a) Composite east Asian summer monsoon speleothem oxygen isotope record (Cheng et al., 2016) and the Dole effect (ADE*) record (Huang et al., 2020). (b)
52Hpam (hydrogen isotope composition of plant available moisture) and %tree pollen of total dryland pollen records from Girraween Lagoon summer (Januar-
y-February—March) insolation at 18 °S; all values are scaled and centred for correlation (see Methods, and extended data Figs. S2 and S3 for unscaled time series in
original units with analytical errors). (c) Total organic carbon record from Girraween Lagoon and distance to coast (Bird et al., 2024). The timing of Heinrich events is
indicated as grey shading and Marine Isotope Stage boundaries also shown, both from Lisieki and Stern (2016). The age of 140 ka for ‘H12’ in Lisieki and Stern (2016)
is derived from the average age of two events centred on 135.5 ka and 144.3 ka (with no duration given for either event) identified by Channell et al. (2012), so ‘H12’

is likely of longer duration than shown above.

magnitude and there was limited shallow water area for carbon pro-
duction by rooted macrophytes due to the deep water of the sinkhole.
Photosynthetic production that was possible was mostly respired in the
water column or surface sediment, hence the low total organic carbon in
the sediments. Thus, total organic carbon exhibits a threshold ‘on-off’
response to changes in rainfall (Bird et al., 2024). Total organic carbon
ranges from <0.5 % to >40 % (Fig. 2c), with periods of highest total

organic carbon (2 20 %) occurring at times of high local insolation,
when the coast was < 200 km distant, in MIS 5 and 1.

3.2. Comparison with other monsoon proxies

Our proxy records can be compared with time series of (i) local wet
season insolation (Fig. 2b), (ii) the Chinese speleothem oxygen isotope
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compilation representing east Asian summer monsoon dynamics (Cheng
et al., 2016) (Fig. 2a and S3), and (iii) ADE* — the modified Dole effect
that mainly reflects the intensity of the low-latitude terrestrial hydro-
logical cycle globally, where more negative ADE* values indicate
intensification (Huang et al., 2020) (Fig. 2a and S3).

We acknowledge that these comparator records are more highly
resolved than the Girraween records and are supported by more precise
age models. Nevertheless, the multiproxy nature of the Girraween re-
cord (Fig. 2b and c) provides the opportunity for more nuanced inter-
pretation of local hydroclimate dynamics than any single-proxy time
series. The age model is reliable to within ~5 % of the mean with 95 %
confidence for its entire length, and therefore sufficiently constrained to
be able to examine correlations between the records.

To demonstrate that our age model is reliable at the older end of the
range, we compare the average chain length of the n-alkanes from the
Girraween record with the 115-150 ka marine n-alkane record of Huang
et al. (2015) from the Timor Sea, 500 km northwest of our site (Fig. S4).
There is no reason for the detail in the two records to match, because the
marine record is more influenced by vegetation on the islands of Wal-
lacea, while our record is influenced by local conditions in northern
Australia. However, it is reasonable to expect that the major climate
changes associated with the start of Termination II (~136 ka) should be
visible in both records and the major change occurs within 2000 years of
each other in both records.

Statistical comparison between our results and other time series in-
dicates that there is some concordance between the major increases in
monsoon intensity in the Girraween record at times of high local inso-
lation centred on 115 ka, 92 ka, 75 ka, and in the Holocene when the
coast was near (Fig. 2), but neither %tree nor 52Hpam in the Girraween
record is correlated with insolation in its entirety (%tree: resampled R?
= 0-0.18, p = 0.0012-0.8764, § = —0.01-0.46, p = —0.035-0.399;
5°Hpam: resampled R? = 0-0.05, p = 0.0762-0.9853, § = —0.25-0.17, p
= —0.220-0.192). There is also a strong anti-phase between the timing
of maxima and minima in the Girraween proxies and the east Asian
summer monsoon speleothem isotope record, although the changing
distance to coast at Girraween decreases the evidence for correlation
over the full time series (‘20 speleothem—%tree: resampled R% = 0-0.16;
p = 0.0028-0.9265; g = —0.06-0.42; p = —0.087-0.365; 80 speleo-
them-6"Hpam: resampled R* = 0-0.07; p = 0.0407-0.9726; § =
—0.21-0.27; p = —0.216-0.273; ADE*—%tree: resampled R = 0-0.22; p
= 0.0004-0.8611; = 0.001-0.49; p = —0.019-0.450; ADE*—ﬁszam:
resampled R? = 0-0.09; p = 0.0177-0.9692; g = —0.35-0.13; p =
—0.321-0.131).

3.3. Cyclic and abrupt changes in monsoon hydroclimate over the last
150,000 years

All proxy records from Girraween Lagoon indicate large changes in
local hydroclimate occurred over both multi-millennial and sub-
millennial time scales. Coincident intervals of negative 52Hpam, high
tree cover, and high total organic carbon unequivocally indicate periods
of higher rainfall. Over the entire record, glacial stages MIS 2 and MIS 6
clearly represent periods of (usually) lower rainfall, while interglacial
MIS 1 and (periodically) MIS 5 represent periods of highest rainfall,
generally consistent with the available body of evidence for northern
Australia (Bowler et al., 1998, 2001; Fitzsimmons et al., 2012; Cohen
et al., 2022).

Two wet events are suggested by increases in the %tree record that
occur in MIS 6. The earliest at 140 ka is coincident with Heinrich 12. The
coast was ~300 km distant at this time, and the change in rainfall was
not large enough to cause a change is observed in 62Hpam or total organic
carbon content. The second wet event is coincident with Heinrich 11
(Termination II; Fig. 2b) and despite the coast being >150 km distant at
that time, it is recorded in all three proxies (Fig. 2c).

A relative reduction in monsoon activity during MIS 5e is indicated
by a decrease in total organic carbon and tree cover despite the coast
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being adjacent to the site at that time. A regionally drier MIS 5e, even
though the coast was adjacent to the site, is consistent with model
predictions due to low local insolation at that time (Nilsson-Kerr et al.,
2021; Yeung et al., 2021).

The most intense monsoon event in the record is centred on the local
summer insolation maximum at 115 ka (MIS 5d), culminating in a brief
period at 112 ka of low 52Hpam and the development of functionally
closed forest (>95 % tree pollen), despite the coast being 150 km
distant. This timing, during a period of high insolation, is consistent with
the existence of ‘megalakes’ south of the site (Bowler et al., 2001;
Fitzsimmons et al., 2012; Cohen et al., 2022). Wyrwoll and Valdes
(2003) modelled an increase to 130 % of modern rainfall across
north-western Australia at 115 ka, the time of maximum local insolation
over the full length of the record, despite sea level being lower than
present and hence the coast being ~ 100 km farther away than present.

Another peak in monsoon activity expressed as rapid changes in %
tree, 52Hpam, and total organic carbon (Fig. 2b) is broadly coincident
with another peak in local insolation centred at 90 ka. This event
differed from earlier wet events in being accompanied by a consistent
increase of ~10 %o in 62Hpam from 97 ka to 88 ka, suggesting a change in
moisture-source area involving a shift to the east of the monsoon-
‘pseudo’ monsoon boundary, a possibility also supported by model
predictions (Wyrwoll et al., 2012). The timing of this wet interval is also
consistent with ‘megalake’ filling to the south (Bowler et al., 2001;
Cohen et al., 2022).

Increases in total organic carbon, %tree, and a small but abrupt
decrease 52Hpam between 88 ka and 85 ka occurred at a time equivalent
to Heinrich 8. It is possible that an additional increase in total organic
carbon in line with increasing local summer insolation toward 69 ka was
truncated because of the rapid increase in distance to the coast to
beyond 200 km (Fig. 2c) that attended rapid sea level fall at the
beginning of MIS 4 through to MIS 2. MIS 4 is characterised in the
regional literature as a return to ‘full glacial’ conditions (Schaefer et al.,
2015; De Deckker et al., 2019). Nevertheless, wet events are evident in
increased tree cover within chronological uncertainty of Heinrich events
7, 6, and 5a (Fig. 2b) between 65 ka and 45 ka, a timing that overlaps
with ‘megalake’ filling events farther south (Bowler et al., 1998; Veth
et al., 2009; Cohen et al., 2022).

52Hpam exhibits a progressive increase from the beginning of MIS 4
that continues into the Last Glacial Maximum. During this time the coast
was always >200 km (and up to 320 km) distant, total organic carbon
was uniformly low, and this resulted in a poorly resolved 62Hpam record
due to adjacent samples being combined to provide a large enough
sample for analysis. In addition, rainfall reaching the site as the coastline
receded would be progressively modified to higher §°H by an evapo-
rated, recycled soil moisture component (Sharmila and Hendon, 2020).

As a result of the progressive retreat of the coastline, the 52Hpam
record does not indicate any periods of increased monsoon activity
during that time, even when tree cover increased and therefore moisture
availability increased or seasonality decreased, for example during
Heinrichs 3 and 2. 52Hpam over this interval suggests overall decreasing,
increasingly evaporated, local moisture availability into the Last Glacial
Maximum. Annual rainfall during maximum sea-level depression
(~320 km) accompanying the Last Glacial Maximum, a time of low local
insolation, has been estimated from the pollen spectra at < 1000 mm
(Rowe et al., 2021). This is equivalent to a >43 % decrease compared to
modern rainfall at the site.

Heinrich Event 1 (Termination I) is characterised by a large, rapid
increase in tree cover (briefly to 78 %) between 17.5 ka and 14.5 ka. This
suggests increased rainfall, and/or decreased seasonality at the time, but
any increase did not result in the lagoon filling to the point where total
organic carbon increased. Only two 62Hpam estimates are available at
that time due to low total organic carbon that required the bulking of
adjacent samples encompassing almost 10 kyr; hence, no monsoon
isotope signal can be discerned. However, that Termination 1 was
accompanied by a wet event in the region is supported by speleothem
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records to the west (Denniston et al., 2017) and Flores to the north
(Scroxton et al., 2022) of the site (Fig. S6). Wyrwoll and Miller (2001)
also identified monsoon ‘reactivation’ around the time of Termination 1
with dated material indicating wetter conditions ranging in age from
15.6 ka to 13.1 ka. The lake-level threshold leading to high total organic
carbon was not exceeded until 11 ka at Girraween Lagoon, 52Hpam
returned to the range observed in MIS 5 and tree cover increased pro-
gressively during the Holocene indicating active monsoon conditions.

3.4. A relationship between Heinrich events and north Australian
monsoon intensification?

If local insolation, modulated by distance to the coast, were the main
drivers of hydroclimate change over the length of the record, we would
expect to see a correlation between these drivers and all the Girraween
proxies of hydroclimate. While there is some concordance between the
major increases in monsoon intensity in the Girraween record at times of
high local insolation when the coast was near (see results for statistics),
the 52Hpam and %tree records longer-term trends in both are interspersed
by often large, relatively short-term perturbations to higher monsoon
intensity occurring over ~1 to < 10 kyr (Fig. 2). In the most extreme
case, %tree changes from 20 % to 95 % over 3 kyr, and back to 5 % over
an additional 3 kyr, in the six samples between 110 and 116 ka (this
relative change in measured values is independent of uncertainty in the
absolute age). Over the same interval, 62Hpam decreased from —55 %o to
—80 %o, and then increased to —45 %o (Fig. S2). Likewise, large changes
in both %tree and 52Hpam between 138 and 128 ka during Heinrich 11
(Termination II), are evident in a coherent increase then decrease over 8
samples representing ~ 10 kyr, at a time when the coast was >200 km
distant but approaching, and insolation was decreasing. Other instances
of rapid change occur throughout the record, that appear mostly inde-
pendent of either insolation or distance to coast.

There is concordance between these rapid, short-term increases in
monsoon intensity in the Girraween record that coincide with (n = 7), or
are within, chronological uncertainty of (n = 3), Heinrich events
including Termination II (Heinrich event 11), and Termination I
(Heinrich event 1), noting that the manifestation of perturbations
associated with Heinrich events in the North Atlantic might involve a lag
to other parts of the world (e.g., Jennerjahn et al., 2004). A random-
isation of the onset of Heinrich events versus the %tree record (that in-
corporates uncertainties in both the age model and pollen counts; see
Methods) reveals a non-random association (type 1 error <0.03 to <
0.05) for uncertainties in Heinrich onset timing from 0 to 1.8 % (see
Methods and Fig. S5). This indicates strong evidence for an association
between the timing of Heinrich Events and the timing of changes in the
pollen record indicating monsoon intensification at Girraween Lagoon.
There are also clear, negative excursions in the 52Hpam series during
Heinrich events where the record is sufficiently resolved and the coast is
< 100 km distant. Overall, the 62Hpam association with Heinrich events
is weaker (prana = 0.1506), the relationship in parts of the record being
confounded by decreased sensitivity associated with a long distance to
the coast and low sample resolution through MIS 6 and most of MIS 4 to
MIS 2.

The strong anti-phase between the timing of maxima and minima in
the Girraween proxies and the east Asian summer monsoon speleothem
isotope record suggests strong, cross-equatorial coupling resulting in an
anti-phase, precession-driven relationship. Thus, peaks in monsoon ac-
tivity at 140 ka, 126 ka, 106 ka, and 80 ka in the east Asian summer
monsoon domain correspond to dry intervals in the Girraween record —
wet intervals in the Girraween record at 135 ka, 115 ka, and 92 ka are
dry periods in the east Asian summer monsoon domain. From MIS 4, the
coast was always >200 km from Girraween until the end of MIS 2 and
the Girraween record becomes less strongly correlated to the east Asian
summer monsoon record.

There are few other regional terrestrial records to compare, but wet
events considered to be most likely attributed to Heinrich events 5a, 5, 2,
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1, and O are recorded in a Flores speleothem isotope record (Scroxton
et al., 2022) 1000 km northwest of Girraween Lagoon also in the
Indo-Australian summer monsoon domain (Fig. S6). A discontinuous
composite speleothem record (Denniston et al., 2017), 1000 km south-
west of the Girraween site, indicates wetter periods coinciding with
Heinrich event 4, (no data for 3), 2, 1, and 0 (Fig. S6).

In combination with the Girraween record (that records no obvious
signal for Heinrich events 9, 4 or 0), the data available from the Gir-
raween site and broader Indo-Australian summer monsoon region sug-
gest that all Heinrich events except Heinrich event 9 resulted in
detectable change in monsoon intensity, generally toward intensifica-
tion. In contrast to their expression in northern Australia, Heinrich
events coincide with weak monsoon intervals (Cheng et al., 2009, 2016)
in the east Asian summer monsoon domain (Fig. 2a).

The %tree record appears the most consistently sensitive to changes
in moisture balance (amount and/or seasonality), even when the coast
was far from the site, but the 52Hpam record also indicates increased
intensity of monsoonal rainfall coinciding with Termination II (Heinrich
event 11), Heinrich events 10, 8, and possibly 6. After Heinrich event 6,
the long distance to the coast, and the low sample numbers due to low
total organic carbon rendered the 62Hpam record insensitive to short-
term change until the Holocene. With the exception of Termination II
(Heinrich event 11), the gross changes recorded by the total organic
carbon record appear more driven by long-term changes in insolation,
although these generally wet intervals encompass Heinrich events 10, 8,
and possibly 0.

The wet periods inferred from the Girraween record correlated to
Heinrich events coincide closely in time with major or minor peaks in
the ADE* record occurring at, or within, chronological uncertainty of all
Heinrich events except 9, 1, and 0; however, the full ADE* time series is
not associated with the position of Heinrich events (pyang = 0.3436).

Terrestrial records from elsewhere in the Southern Hemisphere
monsoon domain are sparse but suggest that monsoon intensification
across the low latitudes of the Southern Hemisphere during Heinrich
events might have been a widespread phenomenon. A record of episodic
speleothem and travertine formation from semi-arid northeastern Brazil
indicates brief wet events coinciding with Heinrich events 11 (Termi-
nation II), 10, 6, 5, 4 and 1 (Termination 1) (Wang et al., 2004), while a
50 kyr salt lake record from the Bolivian altiplano recorded Heinrich
events 2, 1, and 0 (Baker et al., 2001). Cheng et al. (2013) identified
speleothem isotope excursions associated with Heinrich events 5 to 1.
Placzek et al. (2013) identified wet intervals associated with Heinrich
events 5, 2, 1 and 0 on the Pacific Ocean side of the Bolivian altiplano.
Modelling has also suggested that freshwater hosing associated with
Heinrich events leads to southward displacement of the inter-tropical
convergence zone because of increased sea-surface temperatures in the
Southern Hemisphere generally (Singarayer et al., 2017).

4. Conclusions
4.1. Link between Indo-Australian summer monsoon and Heinrich events?

We have demonstrated that over the last 150 kyr, monsoon rainfall at
the southern limit of the Indo-Australian summer monsoon domain in
northern Australia is strongly anti-phased with east Asian summer
monsoon rainfall, particularly during interglacial periods. This is un-
surprising given the cross-equatorial coupling of the two monsoon sys-
tems. We have also identified that the large changes in coastal position
that occur in response to seal level change on a wide flat coastal shelf
reduced rainfall on what is now the Australian continent, regardless of
changes in the intensity of the monsoon. This would have diverse im-
plications for the interpretation of all long environmental records in
northern Australia. Indeed, the drying of Kati Thandi-Lake Eyre after 43
ka (Cohen et al., 2022) might be partly a consequence of the retreat of
the northern Australian coastline from MIS3 into the Last Glacial
Maximum.
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We have demonstrated evidence for an association between
monsoon intensity (and/or seasonality of rainfall) in northern Australia,
inferred from rapid, short-term increases in tree cover and decreases in
some cases in 62Hpam, and the timing of Heinrich events. Our interpre-
tation is supported by the observations that (i) short, dry periods evident
in the east Asian summer monsoon speleothem record have been
securely linked to Heinrich events (Cheng et al., 2009, 2016), (ii) the
Indo-Australian and east Asian summer monsoons are known to be
coupled in anti-phase (Li and Li, 2014), (iii) modelling suggests a
southward shift in the Southern Hemisphere monsoon globally in
response to Heinrich event forcing (Singarayer et al., 2017), and (iv) that
other Southern Hemisphere records also suggest Heinrich events result
in wetter conditions (Baker et al., 2001; Wang et al., 2004; Cheng et al.,
2013; Placzek et al., 2013). Indeed, it is difficult to envisage another
driver that could explain such rapid and large, but short-term changes in
vegetation, let alone a driver that coincides so consistently with the
timing of Heinrich events.

4.2. Implications of a link between the Indo-Australian summer monsoon
and Heinrich events

Changes in inter-hemispheric thermal contrast driven by sea surface
temperature and influenced by different land-ocean areas in the two
hemispheres contribute to north-south asymmetry in tropical rainfall
over multidecadal timescales (Sun et al., 2013; Xue et al., 2022). It is
possible that differences in thermal contrast between the hemispheres
on glacial-interglacial time frames also create an asymmetry in rainfall
response between the east Asian and Indo-Australian summer mon-
soons, and indeed between the Northern and Southern Hemispheres
more generally (Singarayer et al., 2017; Xue et al., 2022).

If Heinrich events in the past were the catalyst for the major abrupt,
millennial-scale increases in monsoon intensity identified in the Gir-
raween Lagoon and other regional records, then a link possibly exists
between the Indo-Australian summer monsoon and the strength of the
Atlantic meridional overturning circulation, decreases thought to trigger
Heinrich events (Bohm et al., 2015). Decreased strength of the Atlantic
meridional overturning circulation leads to reduced oceanic heat
transport from the Southern to Northern Hemisphere (Shackleton et al.,
2020; Max et al., 2022).

Modelling based on modern boundary conditions predicts a shut-
down of the Atlantic meridional overturning circulation has diverse
implications across the tropics. These include Southern Hemisphere
warming and development of an anomalous, inter-hemispheric tem-
perature gradient (Orihuela-Pinto et al., 2022), as well as southward
displacement of the intertropical convergence zone and a weakened east
Asian summer monsoon (Zhang and Delworth, 2005). Slowing of the
Atlantic meridional overturning circulation during Termination II is also
predicted to have had similar outcomes (Guarino et al., 2023).

Current weakening of the Atlantic meridional overturning circula-
tion was probably initiated in the 20th Century (Dima et al., 2021;
Pontes and Menviel, 2024) and has been measured over the last 40 years
(Piecuch and Beal, 2023). This weakening is projected to continue
because of anthropogenic climate change (Dima et al., 2021). Indeed,
recent work has suggested that the Atlantic meridional overturning
circulation is on track to pass a tipping point, two results of which will be
drying in Southeast Asia, and an increase in rainfall across much of the
Southern Hemisphere tropics, including Australia (van Westen et al.,
2024).

A trend to decreasing rainfall in the east Asian summer monsoon
identified in speleothem isotope records has been underway since the
late 19th Century (Zhao et al., 2023), and is evident in rainfall records
(Guo et al., 2020) since the 1960s. A trend to increasing Indo-Australian
summer monsoon rainfall in north-western Australia has been underway
for the last century (Heidemann et al., 2023), accelerating since the
1950s. The data from our study suggest that further weakening of the
Atlantic meridional overturning circulation could reinforce these trends
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in the future.
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