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Last Glacial Maximum cooling induced positive
moisture balance and maintained stable human
populations in Australia
Haidee Cadd 1,2,3✉, Alan N. Williams4,5, Wanchese M. Saktura 1,3, Tim J. Cohen 1,3, Scott D. Mooney 6,

Chengfei He 7, Bette Otto‐Bliesner 8 & Chris S. M. Turney2,4,9

Long-standing interpretations of the Last Glacial Maximum (21,000 ± 2000 years ago) in

Australia suggest that the period was extremely cold and arid, during which the Indo-

Australian summer monsoon system collapsed, and human populations declined and

retreated to ecological refuges to survive. Here, we use transient iTRACE simulations,

combined with palaeoclimate proxy records and archaeological data to re-interpret the late

Last Glacial Maximum and terminal Pleistocene (21,000 – 11,000 years) in Australia.

The model suggests climates during the peak Last Glacial Maximum were cooler than present

(−4 to −11 °C), but there is no evidence of monsoon collapse or substantial decreases in

moisture balance across Australia. Kernel Density Estimates of archaeological ages show

relatively stable and persistent human activity across most regions throughout the late

Last Glacial Maximum and terminal Pleistocene, consistent with genetic evidence. Spatial

coverage of archaeological sites steadily increased across the terminal Pleistocene; however,

substantial population change is not evident.
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Past major climatic changes and their environmental impacts
provide valuable insights into how the Earth system operates
under a range of boundary conditions. One key period in this

regard is the Last Glacial Maximum (LGM; 23 – 19 ka), which has
previously been characterised as significantly cooler and drier than
present day in Australia1–4. However, consensus on how the cli-
mates of Australia, the driest inhabited continent on Earth, chan-
ged during the LGM has been difficult to establish. Importantly,
despite 60 years of research, the environmental and societal impacts
of the LGM period have never been fully defined spatially or
temporally. This is in part due to the large size of the continent
(~7.7 million km2) and the numerous environments that have
limited potential for preserving palaeoclimate records. Sedimentary
sequences recording evidence of desiccation, depositional hiatuses
and/or low sedimentation rates5–9 and records of vegetation
change to herb and grass dominated ecosystems8–13 have driven
the interpretation of a cool and arid environment. However, iso-
topic evidence for increased moisture from speleothem records14,15

and discontinuous records of fluvial discharge and lake high stands
dated to the LGM period have challenged this hypothesis16–25.

Alongside these conflicting hydroclimate states, increasingly
advanced techniques applied to a growing number of palaeoclimate
records is revealing considerable complexity during the
LGM5,14,26,27. Cadd et al5. recently demonstrated that the LGM
period in Australia was represented by an extended period of
extreme environmental conditions from 28.6 ( ± 2.8) – 17.7 ( ± 2.2)
ka, with evidence of multi-stage changes recorded in some high-
resolution records. Records of sparser arboreal vegetation during
this time have previously been interpreted as a sign of increased
aridity8–13,28, however, more recently, changes in CO2 have been
suggested as a key driver of changes between woody and non-
woody vegetation types29,30. The substantial declines in CO2 dur-
ing the LGM (185 ppm compared to pre-industrial values of 280
ppm) would have reduced the water-use efficiency and resilience of
vegetation, resulting in lower productivity and cover, even without
a reduction of hydrological supply30–33. Examining the influence of
landscape scale moisture balance and effective precipitation in
maintaining vegetation communities and hydrological systems
may help to interpret contradictory disparate proxy records33.

The interpretation of a hyper-arid and cold LGM has in part
guided the interpretation of the Australian archaeological
record34–37. Early work hypothesised that populations withdrew to
macro-ecological refugia – generally on the fringes of the continent
– with regions of the arid centre forming barriers to survival and
occupation34,37. However, a growing amount of data and higher
resolution analyses have resulted in revisions of this previously
accepted model38. Demographic studies show that Aboriginal

populations only appear to reach their lowest point after the LGM
period (~18ka)39, with no major population changes during the
preceding 10,000 years, despite the longer multi-phase character-
istics of this period now becoming apparent5,40. In addition, not all
archaeological sites that contain material culture from this tem-
poral period indicate abandonment41, while genomic research has
not identified bottlenecks or extinctions that reflect substantive
population losses42–44.

In contrast to the LGM, the terminal Pleistocene (17–11ka) has
been relatively under-studied in Australia, yet this period
experienced a range of hydroclimate extremes, including the
Antarctic Cold Reversal (ACR; 14.7–13.0 ka). The influence of
ACR has been identified in proxy records in other regions of the
Southern Hemisphere45, yet evidence of a climatic expression of
the ACR in Australia is rare1,45–48. The limited available infor-
mation regarding the terminal Pleistocene further hampers
understanding of how extreme climates of the LGM were, and
how human societies adapted to changing landscapes during the
transition from the LGM to the Holocene49.

There is a need for quantified climate reconstructions covering
the LGM and terminal Pleistocene from Australia. Spatially dis-
parate quantitative measures of LGM temperatures are limited
and localised3,50–52; and no quantitative precipitation records
exist for continental Australia. Interpretations of the majority of
available proxy records, largely palynological records, are con-
founded by multiple biophysical interactions, making climate
inferences challenging5,29. Here we examine iTRACE modelled
temperature, precipitation and moisture balance (precipitation
minus evaporation; P-E) supported by palaeoclimate proxy
records to provide a record of the late LGM and terminal Pleis-
tocene climates of Australia. We use these data to evaluate long-
standing environmental and archaeological hypotheses.

Results and discussion
For this study we utilised the iTRACE that simulates the deglacial
temperature, precipitation and evaporation, supported by
palaeoclimate proxy records (see Supplement for Methods). It
must be noted that the iTRACE is a single model simulation and
therefore some aspects of the model results, such as the hydro-
logical cycle, may be model dependent53. However, the coherence
observed between rainfall-derived changes in δ18O of calcite in
Australian speleothem records and modelled precipitation sug-
gests the iTRACE precipitation output can accurately reconstruct
past precipitation patterns for Australia. Pre-industrial simulation
from the iCESM1.3 model, the same model version as iTRACE,
shows similar patterns to modern Australian temperature and

Fig. 1 Modern average annual precipitation and temperature for Australia. Average annual precipitation (a) and temperature (b) across Australia. Major
river systems and lakes are shown in blue. Data from Australian Gridded Climate Dataset (AGCD) from Bureau of Meteorology (BOM)87.
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rainfall, further increasing confidence in the model simulations.
The fidelity of the precipitation outputs from the iTRACE have
previously been documented for regions north of Australia,
including the Sunda shelf 54,55.

At a continent scale, the iTRACE data indicates that average
annual continental temperature at 20 ka were 4 – 11 °C cooler
than present (Fig. 1, Fig. 2; Table 1). These cooler conditions are
maintained throughout the terminal Pleistocene, with all latitudes
progressively becoming warmer after 17 ka (Fig. 2, Fig. 3;
Table 1). Average annual temperatures for latitudes below 30°S
experience the greatest declines, with temperatures up to 11 °C
below present during the LGM. Temperatures south of 30°S did

not exceed 17 °C until 12.5 ka, whilst regions above 20°S
remained above 20 °C throughout the LGM and terminal Pleis-
tocene. In both regions temperatures were cooler than present
day, but would have been a reasonable thermal comfort level for
Indigenous populations. A reversal of ~1.5 °C in the warming
temperature trend is evident during the ACR between 14.4 and
13.9 ka.

Modelled precipitation minus evaporation (P-E) trends are
both regionally and seasonally variable, with most regions
reflecting a slightly positive moisture balance between 21 and
11ka (Figs. 2 and 3), similar to recent multi-model ensembles27.
The positive moisture balance at a continental scale is strongly

Fig. 2 iTrace average annual moisture balance and temperature with Kernal Density Estimate of Archaeological ages. iTRACE average annual
precipitation minus evaporation (P-E) (a, c, e) and average annual temperature (b, d, f) at 20, 16 and 11 ka. The location of ages from archaeological sites
(radiocarbon, OSL & TL) that had a probability >0.01 of occurring ± 200 years of each time slice are plotted as grey circles. Size of circles is proportional to
probability of occurrence. Bottom panel shows a Gaussian KDE (bandwidth=30) of archaeological ages (radiocarbon, OSL & TL) through time.
Archaeological ages were extracted from the SahulArch database v.2. Major river systems and lakes are shown in blue.
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influenced by the northern latitudes (Figs. 2 and 3), likely driven
by the continuation of the Indo-Australian summer monsoon
(IASM) system. Continental, north of 20°S and arid – semi-arid
regions display similar trends in P-E, with positive annual and
positive summer P-E and negative winter and spring P-E (Fig. 3;
Figs. S16–S18). The positive P-E values in the arid – semi-arid
zone, defined by modern day precipitation values < 350 mm/yr,
suggest either an increase in the continental penetration of the
IASM or a strong influence of other tropical climate drivers, such
as the Indian Ocean Dipole (IOD). The highest moisture balance
in these regions occurs between 17.5 and 14.7 ka (Fig. 3).

This is in contrast to previous studies that have suggested
the IASM was greatly weakened relative to today during the
LGM56,57 and that the IASM did not ‘switch-on’ until ~13–14
ka58,59. Direct evidence for a substantially weaker IASM and drier
continental climates is limited. Relatively wet conditions, indi-
cative of a strong IASM and southerly inter-tropical convergence
zone (ITCZ), are recorded from ~17 – 14.7 ka in hydroclimate
records from Indonesia60–62 and northern Australia15,63,64

(Fig. 4). Further, multi-model ensembles suggest a strengthening
of the IASM65 and increased monsoonality and summer pre-
cipitation in the central Australian monsoon region during the
LGM66. The wettest phase in the Mairs Cave speleothem record
occurs between 18.9 and 15.8 ka and comparison with regional
records indicates a tropical or sub-tropical source of this
moisture14. The correspondence between the iTRACE precipita-
tion outputs and the δ18O of calcite from well-dated speleothem
records suggest that the IASM was not only active during the

LGM, but penetrated farther south (Fig. 4)14,63 as suggested by
Treble et al.14.

The P-E of southern and eastern regions record similar trends,
with an overall declining trend from 20 to 11 ka (Figs. 2 and 3)
and negative annual P-E south of 30˚S from 20 to 11ka and from
14 to 11ka on the east coast. The changes in moisture balance and
precipitation in the region south of 30°S are primarily seasonal,
with summer and autumn rainfall higher than present day values,
while winter and spring rainfall are lower (Fig. S19, Table 1). The
reduction in winter and spring rainfall may suggest a southward
contraction or reduced strength of the Southern Westerly Winds
(SWW), resulting in reduced winter and spring precipitation in
southern Australia67.

Palynological records that document a reduction in woody and
arboreal vegetation have widely been used as an indicator for
substantial decreases in precipitation during the LGM8–13. This is
in contrast to discontinuous records that suggest increased
hydrological activity and enhanced surface run-off16–24. The
preservation of fluvial geomorphic features representing increased
discharge and lake-full conditions in the Murray-Darling Basin
(MDB) and Lake Eyre Basin (LEB), Australia’s two largest drai-
nage basins, during the LGM and terminal Pleistocene suggest
these hydrological systems were not substantially reduced during
this period (Fig. 4; Fig. S4). The integration of the disparate proxy
records, along with and iTRACE allows these contradictory proxy
records to be fully interrogated.

The low levels of arboreal vegetation during the LGM have been
hypothesised to have occurred as a response to low CO2,

Table 1 Average iTRACE precipitation and temperature values.

Annual DJF MAM JJA SON

Continent Temp ( °C) Precip (mm) Temp ( °C) Precip
(mm)

Temp ( °C) Precip
(mm)

Temp ( °C) Precip
(mm)

Temp ( °C) Precip
(mm)

20 ka 17.4 ± 0.1 636 ± 33 23.0 ± 0.2 329 ± 11 17.6 ± 0.2 150 ± 12 10.5 ± 0.2 63 ± 5 18.5 ± 0.1 91 ± 9
18 ka 17.3 ± 0.1 618 ± 21 22.7 ± 0.2 316 ± 12 17.5 ± 0.1 154 ± 8 10.7 ± 0.1 62 ± 4 18.3 ± 0.1 84 ± 8
16 ka 20.2 ± 0.1 713 ± 30 25.0 ± 0.1 360 ± 15 20.3 ± 0.1 179 ± 12 13.9 ± 0.1 63 ± 6 21.7 ± 0.1 107 ± 12
14 ka 20.0 ± 0.3 605 ± 68 24.5 ± 0.3 294 ± 30 19.8 ± 0.4 147 ± 13 14.1 ± 0.6 62 ± 12 21.5 ± 0.4 99 ± 17
13.5 ka 21.1 ± 0.1 642 ± 19 25.4 ± 0.2 310 ± 8 20.9 ± 0.2 157 ± 9 15.3 ± 0.1 64 ± 6 22.8 ± 0.2 104 ± 9
12.5 ka 21.4 ± 0.1 693 ± 51 25.6 ± 0.3 329 ± 19 20.9 ± 0.2 169 ± 14 15.8 ± 0.2 69 ± 9 23.3 ± 0.2 123 ± 18
11 ka 22.3 ± 0.1 663 ± 29 26.5 ± 0.2 313 ± 16 21.7 ± 0.3 157 ± 7 16.7 ± 0.2 65 ± 6 24.4 ± 0.1 125 ± 7
Present 21.5 ± 0.5 481 ± 30 27.4 ± 0.4 223 ± 25 21.7 ± 0.5 114 ± 9 14.8 ± 0.4 66 ± 5 22.2 ± 0.6 79 ± 8
North 20° Temp ( °C) Precip (mm) Temp ( °C) Precip

(mm)
Temp ( °C) Precip

(mm)
Temp ( °C) Precip

(mm)
Temp ( °C) Precip

(mm)
20 ka 21.8 ± 0.2 1025 ± 48 23.7 ± 0.1 660 ± 15 21.7 ± 0.3 227 ± 36 17.4 ± 0.3 13 ± 2 24.4 ± 0.2 117 ± 8
18 ka 21.7 ± 0.1 1007 ± 37 23.4 ± 0.1 642 ± 21 21.6 ± 0.2 238 ± 16 17.8 ± 0.2 13 ± 2 24.2 ± 0.1 107 ± 13
16 ka 23.7 ± 0.1 1161 ± 41 24.7 ± 0.1 712 ± 22 23.2 ± 0.2 300 ± 21 20.3 ± 0.2 12 ± 2 26.6 ± 0.2 128 ± 16
14 ka 24.2 ± 0.3 985 ± 70 25.1 ± 0.3 604 ± 48 23.4 ± 0.2 235 ± 22 21.2 ± 0.4 13 ± 3 27.0 ± 0.3 127 ± 15
13.5 ka 25.1 ± 0.1 1011 ± 21 26.0 ± 0.1 603 ± 15 24.2 ± 0.2 254 ± 15 22.1 ± 0.2 13 ± 3 28.2 ± 0.1 129 ± 13
12.5 ka 24.9 ± 0.1 1090 ± 48 25.7 ± 0.2 629 ± 27 23.7 ± 0.2 289 ± 21 21.9 ± 0.2 16 ± 4 28.1 ± 0.3 149 ± 24
11 ka 26.1 ± 0.1 1080 ± 43 27.2 ± 0.3 612 ± 28 24.9 ± 0.2 275 ± 11 23.1 ± 0.2 16 ± 3 29.2 ± 0.1 170 ± 10
Present 26.8 ± 0.4 854 ± 45 28.7 ± 0.4 561 ± 39 26.8 ± 0.5 196 ± 13 23.9 ± 0.4 15 ± 4 28.6 ± 0.6 82 ± 8
South 30° Temp ( °C) Precip (mm) Temp ( °C) Precip

(mm)
Temp ( °C) Precip

(mm)
Temp ( °C) Precip

(mm)
Temp ( °C) Precip

(mm)
20 ka 12.3 ± 0.1 483 ± 25 19.5 ± 0.2 142 ± 11 12.7 ± 0.1 125 ± 6 5.3 ± 0.2 120 ± 6 11.9 ± 0.2 95 ± 12
18 ka 12.2 ± 0.1 474 ± 23 19.2 ± 0.2 131 ± 10 12.6 ± 0.1 129 ± 10 5.3 ± 0.1 121 ± 5 11.7 ± 0.1 92 ± 5
16 ka 15.9 ± 0.1 513 ± 24 22.6 ± 0.1 146 ± 8 16.3 ± 0.1 132 ± 9 9.0 ± 0.1 126 ± 8 15.7 ± 0.1 108 ± 10
14 ka 14.9 ± 0.5 474 ± 64 21.0 ± 0.3 125 ± 12 15.2 ± 0.6 121 ± 12 8.6 ± 1.0 126 ± 23 14.9 ± 0.5 101 ± 21
13.5 ka 16.2 ± 0.1 517 ± 22 22.0 ± 0.2 137 ± 7 16.5 ± 0.1 129 ± 9 10.2 ± 0.1 134 ± 9 16.2 ± 0.2 112 ± 7
12.5 ka 17.1 ± 0.1 540 ± 43 22.8 ± 0.3 149 ± 17 17.0 ± 0.2 131 ± 12 11.1 ± 0.1 137 ± 10 17.4 ± 0.1 122 ± 12
11 ka 17.6 ± 0.2 516 ± 19 23.0 ± 0.1 149 ± 8 17.6 ± 0.3 120 ± 7 11.8 ± 0.2 133 ± 7 18.1 ± 0.2 113 ± 3
Present 23.5 ± 0.5 474 ± 22 30.2 ± 0.6 108 ± 12 23.7 ± 0.5 108 ± 9 15.7 ± 0.3 140 ± 7 24.4 ± 0.5 118 ± 9

Austral Summer, DJF December, January, February; Austral Autumn, MAM March, April May; Austral winter, JJA June, July August; Austral spring, SON September, October, November.
Annual and seasonal iTRACE precipitation and temperature values for all continental grid cells, all grid cells North of 20°S latitude and all grid cells South of 30°S latitude at 20, 18, 16, 14, 13.5, 12.5 and
11ka. Each time slice represents the average and standard deviation of the decadal averages for 100 years (50 years either side of the year), except for 20 and 11ka which are a 50-year average. Present
temperature and precipitation values are averaged from 1961 to 1990 average. All present data is sourced from the Bureau of Meteorology Australian Climate Observations Reference Network-Surface
Air Temperature (ACORN-SAT) dataset for temperature averages and Australian Gridded Climate Data (AGCD) dataset for precipitation averages87.
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temperatures, and moisture balance, reducing the resilience of
arboreal vegetation communities whilst favouring switches to less
woody vegetation communities. Interrogation of changepoints
from pollen proxy records indicate that substantial changes in
vegetation occur during the terminal Pleistocene. (Fig. 4; Fig. S6).
The increase in changepoints reflecting changes to greater arboreal
vegetation occurs concurrently with a sustained increase in

temperature from 18.0 ka and CO2 from 17.3 ka, whilst moisture
balance remains stable. This suggests these changes in vegetation
are responding to combined drivers of CO2 and temperature, with
more limited response to moisture balance. However, the trend
towards increased arboreal vegetation declines during the ACR, in
concert with declines in both temperature and moisture balance
(Fig. S6). Changepoints to decreased arboreal vegetation are not

Fig. 3 iTrace decadal average annual temperature and moisture balance. iTrace decadal average annual temperature (a, c, e, g, i) and precipitation minus
evaporation (P-E, b, d, f, h, j) from 20–11 ka averaged across all grid cells for (a) and (b). All continental cells, (c) and (d). latitudes North of 20°S, (e) and
(f). Arid – Semi-arid zone, (g) and (h). East coast continuous proxy record locations, (I) and (j). latitudes South of 30°S. See Fig. S5 for grid cell locations.
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recorded during the ACR, suggesting that vegetation remained
stable during this period. This may be the result of higher CO2

values during the ACR compared to the LGM, or the short-lived
nature of the ACR climate conditions.

Hesse et al.16 previously argued that even with lower pre-
cipitation, a reduction in evaporation and evapotranspiration loss,

driven by lower temperatures and reduced arboreal vegetation,
would result in increased run-off, greater discharge volumes and
larger river channels. The modelled P-E from the Lake Eyre and
Murray-Darling Basins support this hypothesis, with both basins
indicating positive moisture balance during the LGM and term-
inal Pleistocene. The modelled P-E shows strong coherence with
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the ages recorded from discontinuous fluvial features in both
basins. The P-E values in the MDB suggest a long-term decline in
moisture balance from 21 – 11 ka, in concert with proxy records.

We apply this improved understanding of the environmental
conditions to archaeological records to explore human population
dynamics during the terminal Pleistocene using the new Sahu-
lArch database68. Kernel Density Estimates (KDEs) of all radio-
carbon (14C), optically stimulated luminescence (OSL) and
thermoluminescence (TL) ages associated with archaeological
material (minus replicate and superseded analyses) across the
time period from 22 to 10 ka indicate broad stability in the
number of ages (Fig. 2; Figs. S9–S15, see supplement for more
details on methodology). A slight peak is evident between 20 and
18 ka, reflecting a focus of past research in the MDB during this
temporal window (Figs. S9 and S10; 32). The data does not
indicate evidence of substantial changes in archaeological data
between 21 and 11 ka. The KDE is remarkably consistent
throughout the late LGM and terminal Pleistocene period, only
beginning to show increases into the Holocene. The relative
stability of archaeological ages over this 10,000-year period may
suggest a stable population across Australia, with no evidence of
large-scale population decline or collapse during this time.

A spatial re-organisation in sites is reflected in the archae-
ological data during the terminal Pleistocene, after 18 ka, possibly
indicating different land use or activity across the landscape
(Fig. 2; Fig. S9–S15). The late LGM is characterised by archae-
ological sites around the fringe of the continent, and in areas that
coincide with the highest moisture balance, either in the mon-
soonal north, northwest rangelands or along the eastern seaboard
(Fig. 2). With the exception of Tasmania, archaeological ages
appear to be concentrated on major river systems fed by water
from the northern rainfall systems, most evident in the north
west69–71 and north central regions (Fig. 2; 30,52,53,72,73). Notably,
there are no archaeological ages recorded in extensive parts of the
interior arid zone between 20 – 18 ka or in the LEB between 20 –
16 ka (Fig. 2; Figs. S9–S11), however this may be a function of
sampling bias identified with use of the SahulArch database68 and
the reduced chance of site preservation in the low-elevation riv-
erine and dune dominated environments. Given recent studies
that suggest superhighways of movement through the arid
interior during Marine Isotope Stage 374, this may suggest this
zone was lesser used during the LGM and beginning of the
terminal Pleistocene, rather than abandonment38. This proposed
reduced use is despite the modelled P-E across the arid – semi-
arid interior being consistent with early Holocene values (Figs. 3
and S18), when the region is widely populated39,41,75,76. As such,
it may be demographic growth or socio-economic change in the
Holocene that prompted the use of these interior environments,
rather than behaviour driven solely by climatic conditions (Fig. 2;
Fig. S16).

The large number of archaeological ages from Tasmania during
the LGM and terminal Pleistocene is less clear but suggests the
low temperatures during this period were not a barrier to human
activity. Average annual temperatures were likely moderated by

maritime proximity during the LGM and would be considered
adequate for human thermal comfort at ~8˚C. The majority of
archaeological material is documented from the west coast77,78

where, although precipitation values were reduced by up to
300 mm/year, moisture balance was always positive and sufficient
for human persistence in the region.

After the LGM, and particularly after 18 ka, the spread of
human occupation appears to expand across large areas of the
continent, coincident with increases in moisture balance and
temperature (Fig. 2), yet the overall density of ages does not
change. Two potential interpretations for the observed spatial
patterning are: (1) an intensification of short term use of a large
number of sites (point-to-point strategy) in response to dwind-
ling resources41 as populations move more regularly through the
landscape or, (2) improving resources that facilitated population
spread and lengthier occupation in a given region, thereby
leaving an increased archaeological signal49,79. Given the timing
of the spatial spread in concert with an increase in moisture
balance, in particular across regions north of 20°S and the arid –
semi-arid zone, the latter scenario seems more probable for most
parts of the continent with the data reflecting increased residence
times at individual sites across an ecologically ameliorating
landscape. This pattern of occupation is more consistent with
logistical mobility (establishing a base camp for a group, and
then using a number of surrounding specialised satellite camps),
technological strategies and settlement behaviour seen primarily
in the late Holocene and ethnographically observed societies
across Australia38,80–82.

It is interesting to note that the ACR appears to play a sub-
stantial role in influencing Australia’s climate (Fig. 3). Changes in
temperature appear to be relatively short-lived, however P-E
declines of up to 100mm/yr are evident in some regions and are
long lasting (up to 2000 years). All proxy records examined here
indicate an influence of the ACR, although they are often cryptic
in nature. Speleothem records from both Cave 126 and Mairs
Cave terminate at the onset of the rainfall decline associated with
the ACR, or immediately prior. In addition, the δ18O record from
KNI 151 indicates a growth hiatus during the ACR, while the Ball
Gown Cave record shows a slow growth rate and isotopically high
δ18O across the ACR (Fig. 3), indicating reduced moisture
availability. The ACR also coincides with a decline in fluvial
geomorphic ages from the MDB83 and a minimum in ages in the
LEB (Fig. 4). Changepoints from continuous proxy records to
higher proportions of arboreal vegetation peak during the ACR
period before a decline and a slight increase in changepoints
towards less arboreal vegetation (Fig. 4). This finding suggests
that the ACR was a climatic period of similar conditions to the
LGM, albeit shorter in duration, as recently suggested by Mooney
et al.46. Whilst substantially influencing continental climates, the
ACR does not appear to have had an influence on the archae-
ological record (Fig. 4), however the influence of the ACR on
human populations may be less obvious due to the limited
temporal resolution and associated age uncertainty of the
archaeological data used here.

Fig. 4 iTRACE moisture balance and temperature with speleothem, fluvial and vegetation proxy data and kernal density estimate of
Archaeological data. a, b Decadal averaged iTRACE precipitation minus evaporation (P-E) averaged across all grid cells for a. Australian latitudes North of
20°S (see Fig. S5). b Australian latitudes South of 30°S (Fig. S5). c–f Decadal averaged iTRACE modelled precipitation (grey lines) from grid cell locations
of Australian speleothem records from (c). KNI 151, (d). Ball Gown Cave, (e). Cave 126, (f). Mairs Cave (Fig. S2). Coloured lines represent δ18O of calcite
from each speleothem record. g KDEs of OSL and TL ages from all beach/shoreline, channel and overbank geomorphological features dated within the LEB
(purple) and MDB (green) (Fig. S4). h Summed probability density function of all change points identified in vegetation, δ13C, δ18O and GDGT records as
representing a change to decreasing climate/vegetation indicators (including temperature, precipitation, and CO2) (orange line) and all change points
identified representing a change to increasing climate/vegetation indicators (including temperature, precipitation, and CO2). i Gaussian KDE
(bandwidth=30) of archaeological ages (radiocarbon, OSL & TL) through time.
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Conclusion
Here we examined continental scale modelled temperature, pre-
cipitation and P-E data for Australia during the late LGM and
terminal Pleistocene. Reinterpretation of published data and new
data presented here provide a different perspective on long-
standing ideas and concepts about the LGM in Australia. Most
notably, evidence presented here suggests that the IASM did not
collapse during the LGM and that regions north of 20°S experi-
enced positive average annual moisture balance and higher than
present day precipitation throughout this period. Our data sug-
gests that the this northerly sourced moisture either directly or
indirectly maintained hydrological systems fed from the north of
the continent. Whilst summer precipitation in southern latitudes
was slightly higher than present day during the LGM and much
of the terminal Pleistocene, it was lower during winter and spring,
perhaps reflecting a poleward contraction of the Southern Wes-
terly Winds. Furthermore, although temperatures indicate the
period was cooler, average continental values were on average
only ~4 °C lower than present, with the higher latitudes showing
the most substantive temperature decreases. We propose that
reduced temperatures and CO2 primarily led to the changes in
key vegetation data from southern and eastern Australia that have
previously been interpreted as an indication of extreme aridity.
The ACR – a period that is rarely detected in Australian
palaeoclimate research – appears to have been a key point of
change in the broader continental climate and environments
during the terminal Pleistocene.

We find no substantive change in the frequency of archaeological
ages between 20 – 12 ka. Archaeological age data density during the
peak LGM is greatest in Tasmania, coastal regions, along major
river systems in the northwest rangelands and the MDB. The
archaeological data suggests reduced use, but not absence, of the
arid centre until after 18 ka. This revised view of continued
population numbers, albeit with a decline in spatial utilisation,
aligns more closely with archaeological and genomic records, that
do not suggest large-scale population change, abandonment, or
mass migration after the initial peopling of most regions >40,000
years ago.

With our improved understanding of the palaeoclimate record,
some LGM palaeoenvironmental and archaeological archives may
need to be revisited and, in some instances, reconsidered. We
demonstrate that on such a large continent, there is increasingly
complexity in the data, and simplified models – notably in human
behaviour – cannot robustly explain all observations. While
researchers continue to develop continental scale interpretations,
further regional and local level of investigation and interrogation
is needed to provide their foundation. Finally, our data continues
to demonstrate the importance of the terminal Pleistocene for
Aboriginal societies and their adaption to change, suggesting a far
greater agency in the occupation and movement across Australia,
irrespective of environmental conditions.

Materials and methods
The iTRACE utilises the Community Earth System Model (CESM)
version 1.3 with fully coupled water isotope (δ18O and δD) mod-
ules (iCESM) in the atmosphere, ocean, land, sea ice and river run-
off components84. Precipitation (mm/day) combines the large-
scale (stable) precipitation rate (including both liquid and ice; mm/
day) and convective precipitation rate (including both liquid and
ice; mm/day). The temperature output represents the radiative
surface temperature (TS; degree Celsius; oC). Evaporation is the
total surface water flux, including evaporation plus transpiration
(mm/day), with P-E the Precipitation minus Evaporation. Simu-
lations are presented from time slices at 20, 18, 16, 14, 13.5, 12.5
and 11 ka. Model outputs from the same grid cells were compared

to δ18O of calcite from Australian speleothem records obtained
from the Speleothem Isotope Synthesis and Analyses (SISAL)
database (Figure S2, S3; 85). A Kernel Density Estimation (KDE)
was determined from optically stimulated luminescence (OSL) and
thermo luminescence (TL) ages from lacustrine beach and shore-
line ages and fluvial overbank and channel ages was from the two
largest river systems in Australia, the Murray Darling Basin, and
the Lake Eyre Basin (Figure S1). Discontinuous archive ages were
accessed from the OCTOPUS database v.2 (https://octopusdata.
org/)86. Continuous lacustrine proxy records (n= 35) were ana-
lyzed for the period 22 – 8ka using the same methodology as Cadd
et al.5. Model outputs, supported by palaeoenvironmental proxy
records, were examined in relation to radiocarbon (14C), OSL and
TL ages associated with archaeological artefacts and deposits from
the SahulArch V2 database68. For detailed description and full
methods see Supplement.

Data availability
iTRACE climate simulation data is available at https://www.earthsystemgrid.org/dataset/
ucar.cgd.ccsm4.iTRACE.html. Speleothem records are available at https:/doi.org/10.17864/
1947.256. Discontinuous proxy records and Archaeological data are available at https://
octopusdata.org/. Modern precipitation and temperature data are available via the Australian
Bureau of Meteorology (BOM) http://www.bom.gov.au/climate/data/. Additional data
supporting these findings are archived at Zenodo https://zenodo.org/records/10360104.

Code availability
The code related to the analyses are available at https://zenodo.org/records/10360104.
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