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This paper provides an incisive review of paleoclimate science and its relevance to natural-resource
management within the Murray-Darling Basin (MDB). The drought of 1997–2010 focussed scientific, pub-
lic and media attention on intrinsic climate variability and the confounding effect of human activity,
especially in terms of water-resource management. Many policy and research reviews make state-
ments about future planning with little consideration of climate change and without useful actionable
knowledge. In order to understand future climate changes, modellers need, and demand, better pale-
oclimate data to constrain their model projections. Here, we present an insight into a number of existing
long-term paleoclimate studies relevant to the MDB. Past records of climate, in response to orbital forc-
ing (glacial–interglacial cycles) are found within, and immediately outside, the MDB. High-resolution
temperature records, spanning the last 105 years, exist from floodplains and cave speleothems, as well
as evidence from lakes and their associated lunettes. More recently, historical climate records show
major changes in relation to El Ni~no–Southern Oscillation cycles and decadal shifts in rainfall regimes. A
considerable body of research currently exists on the past climates of southeastern Australia but, this
has not been collated and validated over large spatial scales. It is clear that a number of knowledge
gaps still exist, and there is a pressing need for the establishment of new paleoclimatic research within
the MDB catchment and within adjacent, sensitive catchments if past climate science is to fulfil its
potential to provide policy-relevant information to natural-resource management into the future.

KEYWORDS: southeastern Australia, Murray-Darling Basin, paleoclimate, climate forcing, glacial cycles,
Holocene, hydrological records, rainfall

INTRODUCTION

Paleoclimate studies have rarely been tailored with the
intention of generating data to inform policies aimed at
improving natural-resource management. An interac-
tive dialogue with natural-resource managers would
enhance the inclusion of paleoclimatic data to inform
natural-resource management. Yet paleoclimate
researchers have generated much data and published
many studies relating to climate change and variability
across southeastern Australia and how such changes

have affected landscapes, vegetation cover and water-
ways (e.g. Kershaw 1986; Gell et al. 1994, 2005, 2009).

Paleoclimate studies have used archives of change
from a range of resources including speleothems, tree
rings, river channels and terraces, dune systems and
lake sediments. A suite of biological, geological and
chemical indicators have been used to infer system
responses to past climate changes. To date, many of these
studies have focussed on the understanding of local cli-
mate change and system responses, or how local records
relate to regional, global or orbital drivers of change.
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With an increase in scientific and public interest fol-
lowing the drought of 1997–2010 in southeastern
Australia (Kiem et al. 2010), attention has turned to the
implications of a warming climate for the Murray-
Darling Basin, especially whether the recent dry phase
is unusual (Bureau of Meteorology 2006; State of the
Environment 2006). One of the major questions pertains
to whether the recent drought is part of a natural cycle
of variability, or whether it is part of anthropogenically
forced climate change.

Records of past climate change and variability can
address this question. While shorter time frames
(decadal to centennial) provide an insight, the use of
long-term records of climate change and ecosystem
response are paramount, as they have brought a legacy
that defines the ecosystems that are managed today. This
review provides a synthesis of a suite of paleodata
within eastern Australia, which is directly relevant to
the understanding of climate change and variability
across the MDB and the implications this has for natu-
ral-resource management considerations. A companion
paper (Mills et al. 2013) takes the long-term natural
climatic variability to understand the nature and
context of historical change and present conditions now
being forced by anthropogenic factors.

THE MURRAY-DARLING BASIN

The Murray-Darling Basin is economically, socially and
environmentally important, being the major water-
supply area for agriculture and contained communities.
The major commercial activity within the MDB is agri-
culture, which produces 40% of Australia’s gross value
production and 70% gross value of irrigated agricultural
production (MDBC 2003).

The MDB extends over 1.06 million km2 and supports
a population of over 2 million people within the Basin
and many more outside (Craik 2005). The climate of the
MDB is controlled by its geographical orientation and is
dominated by winter rainfall in the south, through a
zone of uniformly distributed seasonal rainfall, to sum-
mer-dominated monsoon rainfall in the north (Gentilli
1986). Monsoon influences are derived from the equatori-
ally dominated, northwest monsoon and, particularly,
the quasi-monsoon where moisture is derived from the
Pacific Ocean. Rainfall totals are highest along the east-
ern and southeastern highlands and decrease substan-
tially to the west and, like much of eastern Australia, are
affected by El Ni~no variability and changes in the Indian
Ocean Dipole.

Rainfall across the Basin is highly variable (averag-
ing 480 mm yr�1) and as such the MDB is prone to
extreme flood and drought events. The average annual
runoff is 24 000 GL yr�1, and computer models show that,
under natural (pre-regulation) conditions, 11 000 GL yr�1

is taken up by wetlands and floodplains, and 13 000 GL
yr�1 flows to the sea (MDBC 2003). Climate models sug-
gest that potential evaporation across the MDB is four
times that of rainfall, and observational data (1998–2002)
records a loss of 1400 GL yr�1 through evaporation from
reservoirs (MDBC 2003). With the highly regulated

nature of the MDB and surface-water extraction, the cur-
rent mean discharge at the mouth is only 3000 GL yr�1.

Glacial cycles and long-term climate trends in
the MDB

CLIMATE FORCING IN THE MDB

A context for understanding recent climate variation in
the MDB, and how the pattern of climate may vary in
the future, can be provided by knowledge of longer-term
past climate change and its associated forcing effects.
However, owing to the inherent nature of the MDB (e.g.
climate, geomorphology) there is limited scope for paleo-
ecological studies. This, in addition to likely movements
and reorganisation of the atmospheric circulation sys-
tem through time, means that long-term climate infer-
ences need to be derived from a much larger, almost
continental-scale examination (Figure 1).

Over long time-scales (104–105 years), glacial–intergla-
cial cycles dominate climate change. These cycles are the
result of variations in solar insulation caused by regular
perturbations in Earth’s orbit and rotation (i.e. Milanko-
vitch Cycles). Superimposed on these changes are a
number of complex feedbacks (involving atmospheric,
oceanic and terrestrial interactions), which also includes
the expansion and contraction of northern hemisphere
(NH) icesheets and the fall and rise of sea-level.

In the MDB high temperatures during (NH) intergla-
cials are generally associated with extensive and dense
woodlands in the lowland areas of the MDB when com-
pared with glacial intervals. However, while vegetation
records and eolian activity suggest an increase in avail-
able moisture during the Holocene compared with the
Last Glacial Maximum (LGM; the time of greatest global
ice volume, 20–18 kyr BP [years before present]), other
hydrological indicators suggest otherwise (Figure 2).
These results might allow for a simple hydrological inter-
pretation (wet glacial, dry Holocene) contrary to that pro-
vided by the pollen record (dry glacial, wet Holocene)
(Hesse et al. 2004). However, the complex feedbacks
between rainfall, vegetation and runoff may explain this
apparent paradox. For example, the residence time of sed-
iment in the Murrumbidgee River catchment prior to
deposition within the paleochannelswas inversely related
to regional vegetation; periods of low vegetation cover (i.e.
LGM) are related to rapid and efficient sediment trans-
port. When vegetation cover was greatest (ca 100 kyr BP
and during the Late Holocene), the sediment residence
time was an order of magnitude greater (Dosseto et al.
2010). The paleochannels were dominated by reworked
bank sediment with fresh sediment supply restricted by
an effective vegetation cover in the catchment.

It is clear from a number of the Australian hydrologi-
cal records (Figure 2) that the Holocene appears more
arid than the last interglacial (MIS 5e; Hesse et al. 2003a, b;
Kershaw et al. 2007). This evidence of a longer-term
drying trend, affecting northern and eastern Australia,
comes from a number of sources, including dust deposits
in the Tasman Sea (Core E39. 75) (Hesse 1994), the decline
of rivers in the Lake Eyre Basin (Maroulis et al. 2007) and
sea-surface temperature and vegetation changes in tropi-
cal north Queensland (ODP Site 820) (Moss & Kershaw
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2007). The changes in sea surface temperatures can be
interpreted as an expansion of the Indo-Pacific Warm
Pool, an important prerequisite for Pacific El Ni~no–
Southern Oscillation (ENSO) activity. The Warm Pool
may have expanded as a result of a contraction of the
Indonesian Gateway, through which warm water is

transferred from the Pacific to the Indian Ocean, owing to
the continued movement of the Australasian tectonic
plate into that of SE Asia. The mechanism of vegetation
change resulted from increased fire activity, evident from
charcoal concentrations within the pollen records, pro-
moted by increasingly variable climatic conditions, and

Figure 1 (a) Major climate features.
Adapted from: Kershaw & van der
Kaars (2012). (b) Summary diagram
of the various proxy records avail-
able in Australia and their proxim-
ity to the MDB (from Ozpacs,
available online http://www.aqua.
org.au/Archive/OZPACS/OZPACS.
html).

Past, present & future climates in the MDB 3
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Figure 2 Last glacial cycle in the Murray-Darling Basin. (a) Marine Isotope Stages (MIS) 1–6 in the oxygen isotope record from
ODP Site 677 covering the last glacial cycle (Mix et al. 1995). (b) Antarctic Vostok Ice Core atmospheric temperatures derived
from deuterium ratios (Petit et al. 1999), expressed as change in temperature from present values. Kosciuszko glacial advances
also shown as discontinuous lines (Barrows et al. 2001). (c) Paleodischarge ratio of the Murrumbidgee River paleochannels,
expressed as multiples of the modern bankfull discharge (Page & Nanson 1996). (d) Lake level history (0 ¼ dry, 1 ¼ overflowing)
of Lake Mungo (Bowler et al. 2003) based on OSL-supported chronology. Upper shaded bars and dates are periods of high water
level at Lake Urana in the eastern Murray Basin (Page et al. 1994). (e) Proportion of tree and shrub pollen at Caledonia Fen,
Victorian highlands (Kershaw et al. 2007). (f) Number of investigated sites with luminescence dated longitudinal sand dunes
in the Murray-Darling Basin (Hesse et al. 2004; Twidale et al. 2007). All bins ¼ 10 ka, except 0–5 ka where the # sites has been
doubled. (g) Dust flux to the Tasman Sea (core E26.1) (Hesse 1994), partly derived from the MDB and the start of accumulation
of dust in the loess deposits of the Central Tablelands near Orange (Hesse et al. 2003a).
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augmented by human activity, from around 40 000 years
ago. This evidence for anthropogenic burning and associ-
ated vegetation change has formed a basis for explanation
of continental megafaunal extinction and, controversially,
a sustained reduction in monsoon activity within central
Australia (Miller et al. 2005; Pitman & Hesse 2007). While
the debate continues, changes of this magnitude highlight
the capacity for change under the influence of climate
fluctuations and variability over longer time frames.

Paleoclimate records within the MDB

TEMPERATURE ANDGLACIATION

Glaciation was restricted to a small area of the Snowy
Mountains on the eastern margin of the MDB and, for
short periods, at the extremes of the global glacial inter-
vals (Barrows et al. 2001) throughout the Quaternary
period (2.6 my). At the LGM, only 16 km2 of ice was pres-
ent in the Kosciuszko range (Barrows et al. 2001). Peri-
glacial (frozen soil) processes, however, would have acted
over a wider area down to altitudes of 600–800 m (Gallo-
way 1965; Barrows et al. 2002). Modelling of glacier
growth has consistently led to the conclusion that large
decreases in temperature were required to form the
small ice caps, and that moisture supply must have been
lower than today (Galloway 1965; Barrows et al. 2001).
Data from the western MDB and Lake Eyre Basin have
provided evidence for a substantial temperature
decrease at sea-level from 45 to 16 kyr BP (Miller et al.
1997). The degree of temperature change inferred
(6–10�C) has been controversial because sea-surface tem-
peratures (SST) in the region, inferred from fossil plank-
ton assemblages, declined by only 3–5�C (Barrows &
Juggins 2005). More recently, core MD03-2611 (Calvo et al.
2007), offshore of the Murray River mouth, has given the
first continuous, high-resolution temperature record for
the Australian region. Alkenone-inferred SSTs suggest
a significantly colder LGM, with temperatures �8�C
cooler. Such a substantial, relative cooling of the conti-
nent implies a much drier, colder atmosphere during the
glacial period. The timing and amount of temperature
change is consistent with the more complete record of
temperature changes determined from Antarctic ice
cores (Figure 2b) (Petit et al. 1999).

HYDROLOGICAL RECORDS—RIVERS, FLOODPLAINS AND

CAVES

The changing nature of the large rivers of the Murray-
Murrumbidgee Riverine Plain became obvious with the
availability of aerial photographs (Butler 1950). The mod-
ern rivers were shown to be small compared with the
remnants of older channels still visible on the surface of
the plain. These changes in the riverine hydrology
(Schumm 1968) were speculatively linked to glacial
cycles through stratigraphic analysis and correlations
with other landforms such as sand dunes and dust
(parna) layers (Hesse & McTainsh 1999). While the study
of the past hydrology of the MDB extends back to early
geological mapping, combined with Commonwealth Sci-
entific and Industrial Research Organisation (CSIRO)
soil and land system mapping (Butler et al. 1942), the

timing of events emerged with the advent of radiocarbon
dating in the 1960s (Bowler 1967) and luminescence dat-
ing in later years (Page et al. 1996).

With the exception of early radiocarbon dating of
paleochannels of the Goulburn River (Bowler 1967, 1976),
the current framework for understanding climate-
driven, fluvial evolution is based on the work of Page
and Nanson on the Murrumbidgee River (Page et al.
1991, 1996; Page & Nanson 1996) where thermolumines-
cence dating was used to extend the chronology back to
100 kyr BP. This work (later supplemented by optically
stimulated luminescence ages; Banerjee et al. 2002)
allowed an understanding of the morphology of large
paleochannels and high bankfull discharge through a
range of climatic contexts including late Marine Isotope
Stage (MIS) 5, MIS3 andMIS2, shrinking to much smaller
channels in the Holocene (Figure 2c). The neighbouring
Lachlan River also formed much larger channels in the
period 34–21 kyr BP, prior to the peak of the LGM, with
peak discharges up to 16 times that of the modern river,
and again in the mid-Holocene (up to 3 times larger)
(Kemp & Spooner 2007; Kemp & Rhodes 2010). Evidence
has emerged from other rivers within the MDB, and
while they are only partially dated, they appear to fit the
same general pattern (Darling River, Bowler et al. 1978;
Namoi alluvial plain, Young et al. 2002; Lower Macquarie
River, Watkins 1993 and Yonge & Hesse 2009).

The nature of the climate forcing that caused dra-
matic changes in river channels remains unclear. Bank-
full discharge can be reconstructed from the channel
dimensions (Page & Nanson 1996; Young et al. 2002; Wray
2009) but bankfull discharge may not be the best measure
of total annual discharge or precipitation over the head-
waters. For example, greater seasonality in flows related
to seasonal snow melt during glacial periods has been
suggested, as has the notion that channels may have
been dry or low for many months, allowing deflation of
sand from the river beds to form source-bordering sand
dunes. The northern rivers of the MDB clearly have very
large paleochannels, which contain evidence to test the
snowmelt hypothesis, although these records remain
undated. Other factors, which may have a large impact
on runoff, are vegetation cover, soil thickness and tem-
perature (Hesse &McTainsh 1999). The complexity of ele-
ments that control catchment hydrology means that
there is not a linear relationship between precipitation
and runoff or channel size. The sudden and dramatic
changes in river courses and channel types are of funda-
mental environmental importance. To understand the
drivers of these changes, paleorecords with more direct
links to precipitation are required.

A record of past, effective rainfall (rainfall minus evap-
oration) was determined at Naracoorte Caves, South Aus-
tralia, by Ayliffe et al. (1998), using a stacked record of
uranium-series ages spanning the last 500 kyr. They
found that speleothem growth, a reflection of effective
precipitation, was largely absent from both interglacials
and glacials and, instead, was most prominent during
interstadial intervals (brief warm intervals between
extreme warm and cold stages of the glacial cycles).
Although Naracoorte lies outside the MDB margin, its
location is highly relevant because it represents the entry
point, to southeastern Australia, of westerly air masses.

Past, present & future climates in the MDB 5
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This study suggested that effective moisture was greater
during the periods when the Riverina paleochannels
were at their largest. However, the large, late-glacial riv-
ers of the Riverina are not correlated with strong speleo-
them growth and cannot be explained by this model and
may well represent high seasonal discharge in an overall
drier landscape (e.g. Page & Nanson 1996).

Desmarchelier et al. (2000) suggested that mean
annual temperatures during interstadial MIS 6/5 (�185–
157 kyr BP), inferred from speleothem d18O values,
reached similar levels to those of the present, and that
vegetation at Naracoorte shifted from C4 to C3 domi-
nated flora, and back to C4, during this interval. How-
ever, interpretation of d18O and d13C values, in terms of
temperature and vegetation structure, is perhaps sim-
plistic (Baker et al. 1997; McDermott 2004), and it seems
likely that changes in rainfall were also involved in driv-
ing both isotopic signals.

At Cleifden Caves in the Lachlan catchment,
McDonald (2000) examined trace element and geochemi-
cal variations in speleothems from Murder Cave, span-
ning the intervals 3–1 kyr BP, 65–55 kyr BP and 105–88
kyr BP. The low-resolution sampling methods prevent a
reliable interpretation of the Late Holocene record,
although growth cessation at ca 1 kyr BP could be indica-
tive of reduced effective moisture.

HYDROLOGICAL RECORDS—LAKES AND LUNETTES

Some of the most intensively studied landscapes of the
Murray-Darling Basin are the lakes and lunette dunes of
the Willandra and Darling Rivers. The place of Lake
Mungo in the Quaternary story of Australia is hard to
over-estimate as it was one of the first to be investigated
with intensive radiocarbon dating, contained revolution-
ary evidence of the antiquity of people in Australia and
had a coherent environmental history (Bowler et al.
1972; Bowler 1976). This early work also suggested that
deflation at, or before, the LGM removed sediment
records from the lake floors. As such, much of the longer-
term hydrological history is preserved in the lunette
dunes surrounding the lakes.

The history of Lake Mungo is intrinsically linked to
the fluvial history of the Lachlan River anabranch, the
former course of Willandra Creek. Variations in the lake
hydrology reflect both variations in the discharge of the
trunk stream (in response to upper catchment hydrology
and climate) and the tenuous conveyance of water down
a long and shrinking channel. Lake Mungo was deep and
fresh between 60 and 40 kyr BP (Figure 2d) (Bowler et al.
2003). Desiccation around the time of the LGM was most
likely the result of channel avulsion. A similar history
applies to lakes and their lunettes on the Darling, Mur-
ray and other river systems where post-glacial river
avulsion isolated the lakes and fundamentally altered
their hydrology. Similar lakes have not formed along the
new river courses since post-glacial climatic ameliora-
tion. Conversely, Lake Tyrrell has been subjected to the
avulsion of its feeder river, and as such is the site of sea-
sonal lakebed deflation today. Its lunette record shows a
deep lake from 131 � 10 kyr BP to 77 � 4 kyr BP followed
by stable dry conditions and then lakebed deflation
around 27 � 2 kyr BP (Stone 2006). During the Holocene,

there has been renewed lakebed deposition as well as
contemporary deflation (Luly 1993). In contrast, Lake
Urana, on the eastern edge of the Murray Basin, has a
high water-level phase associated with the LGM (30–12
kyr BP; Figure 2d), which was produced by a reduction
in evaporation under low temperatures, as opposed to
increased precipitation (Page et al. 1994). There are
numerous studies of lunettes and lakes across the MDB,
although their paleohydrological history is chronologi-
cally uncertain (Ward 1992). Older compilations of lake
levels, including some from the MDB, draw on uncali-
brated, sparse or unreliable radiocarbon chronologies
and require updating (Wasson & Donnelly 1991; Harrison
1993). Ongoing research at Lake Mungo, and other sites,
has the potential to reveal high(er)-resolution paleohy-
drological records for parts of the late Pleistocene.

Bowler recognised the related, but lagged, influence
of groundwater on the hydrology of these lakes, which
was important in determining the growth of the lunette
dunes by lakebed deflation (Bowler 1973, 1986). In addi-
tion, the ever-deepening closed-lake basins acted as evap-
oration pans and have become windows to large
groundwater brine pools, which persist to the present
day (Macumber 1991). The lakes, and their neighbouring
fluvial or eolian sediments, have a strong impact on the
passage and distribution of salt in the landscape today
(Macumber 1969).

Outside the MDB, the understanding of long-term
water balance has relied on the records of change
archived in the large crater lakes of the western Victo-
rian volcanic plains. Sedimentary and microfossil analy-
ses, mostly of ostracods, diatoms and pollen have
revealed lake level changes since the LGM. Deeper sites,
such as Lake Bullenmerri, retained water through the
dry glacial and reveal low effective rainfall and higher
salinity from 15 to 10 kyr BP (Dodson 1979). This is sup-
ported by the record from Tower Hill (D’Costa et al. 1989)
that shows shallow lake conditions through the LGM but
maximum aridity from 15 to 10 kyr BP, arising from
increasing temperatures.

POLLEN RECORDS OF VEGETATION AND FIRE

Lakes suitable for paleoecological study are largely
restricted to the humid highland margins of the
MDB. Lake George, near Canberra, provides the lon-
gest pollen and charcoal record in Australia, extend-
ing beyond 700 000 years BP (Singh et al. 1981; Singh
& Geissler 1985). It was also the first record to demon-
strate a major shift in vegetation associated with
increased burning in the late Quaternary. Evidence
from Lake George suggests that interglacials were
warm and wet, supporting a Casuarinaceae forest or
woodland, while glacials were cool and dry, denoted
by the presence of extensive herbaceous vegetation,
although patches of cool temperate rainforest did
exist. Fire, as indicated by charcoal particles, was
largely restricted to the interglacial phases owing to
limited fuel availability during glacials. This pattern
changed at the onset of the last interglacial (Singh
et al. 1981; Singh & Geissler 1985).

The general replacement of Casuarinaceae by Euca-
lyptus, the persistence of charcoal through the last

6 K. Mills et al.
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glacial period and the decline of rainforest taxa were
considered to be a result of a sustained increase in burn-
ing owing to Aboriginal activity (Kershaw 1986). Debate
continues over the interpretation of this record, particu-
larly its dating and degree of continuity, because of the
suggestion that people may have arrived some
100 000 years before the first archeological evidence
(Kershaw et al. 1993). However, the mounting evidence
for a long-term drying trend in climate, with increased
variability, may provide the basis for a more acceptable
explanation of the record (Kershaw 1986).

A more recently published pollen record from Caledo-
nia Fen, in the southeastern highlands of Victoria, does
not display the same degree of sustained change
(Figure 2e), although there is evidence for the local
extinction of cool temperate rainforest elements between
40 and 30 kyr BP (Kershaw et al. 2007). At this altitude
(1300 m), rainfall variation was not as important as tem-
perature, and human activity is assumed to have been
low. The last glacial period was dominated by alpine
steppe vegetation existing in temperatures at least 5�C
cooler than present. The last interglacial (MIS 5e) and
Holocene, together with a short interstadial dated to 68
kyr BP, are clearly marked by forest expansion to pres-
ent-day levels (Kershaw et al. 2007).

A number of shorter records have been produced
from ephemeral lakes on the semiarid margin, including
Lake Tyrrell (Luly 1993) and sites in the Little Desert
(Thomas et al. 2001), the Darling Anabranch region
(Cupper et al. 2000; Cupper 2005) and northwestern NSW
(Cuddie Springs) (Field et al. 2002). Two continuous
records from the Darling Anabranch region provide the
clearest picture of change within a drier part of the MDB
since the late Pleistocene (70 kyr BP) (Cupper 2005). Con-
sistent with the patterns observed in southeastern Aus-
tralia, the predominance of herbaceous vegetation and
chenopodiaceous shrubland indicates that the last gla-
cial period was much drier and cooler than today. Tem-
peratures began to increase from the end of the LGM
and led to an increase in vegetation structural complex-
ity and floristic diversity, but trees did not become abun-
dant until the Holocene (Cupper 2005). This history is
common to the headwater site of Ulungra Springs (Cas-
tlereagh catchment) where trees in MIS3 gave way to
treeless Chenopodiaceae/Asteraceae-dominated vegeta-
tion during the LGM that only returned at the glacial ter-
mination (Dodson & Wright 1989). As with the region
generally, the late glacial period was variable (Turney
et al. 2006) and probably exhibited the driest conditions
of the last glacial cycle (Kershaw & Nanson 1993).

Pollen records from the upper Goulburn River catch-
ment show that at the height of the LGM, the vegetation
was dominated by alpine taxa (McKenzie 2002). In the
same study, lower-elevation sites had alpine communi-
ties, subalpine woodland and chenopod steppe occurring
until 12 kyr BP. Alpine taxa were absent from the lowest
site at Buxton from 12 kyr BP, successively disappearing
from more elevated sites, showing a major decline at
1177 m between 8.9 and 7.5 kyr BP (McKenzie 2002). The
major climatic control at this time was temperature. The
persistent ‘alpine’ plant communities, despite slightly
warmer sea-surface temperatures of 1–2�C near the Mur-
ray River mouth (Calvo et al. 2007) between 12 and 10 kyr

BP, suggest continental conditions cooler than today.
This is consistent with insulation-driven warming
occurring in the NH, transferring into the southern
hemisphere through ocean warming, with lagged warm-
ing on land. McKenzie (2002) suggests that mean annual
temperatures in the late Pleistocene were several
degrees cooler than today. A confounding factor in paleo-
climatic reconstructions from pollen is that lower atmo-
spheric CO2 may also have played a part in the reduced
presence of woody vegetation under drier and colder
conditions experienced over large areas of southeastern
Australia (Hesse et al. 2003a).

DUNES AND DUST

Dunefields and marginal sand plains are extensive in the
lowlands of the Murray Basin, Darling River corridor,
Paroo and Warrego fans (Hesse 2010). While the LGM
activity of the longitudinal dunefield is accepted, many
of the sites have poor stratigraphic control (Hesse et al.
2004). Overall, the records suggest a dramatic increase in
dune activity after 50 kyr BP (Figure 2f), with no clear
pattern of activity prior to this time (Hesse et al. 2004;
Twidale et al. 2007). The increase in dune activity after
50 kyr BP is concomitant with the pollen evidence, sug-
gesting sparse vegetation leading into the LGM. The per-
sistence of dune activity in the Holocene appears to be
real and not due to near-surface sampling effects, based
on results from the Strzelecki Desert (Fitzsimmons et al.
2007). Dune activity continues to the present day with
major instability brought about by agricultural practi-
ces. The source-bordering sand dunes associated with
paleochannels of the Murray and Murrumbidgee Rivers
(Page et al. 1991, 1996, 2001; Spooner et al. 2001) among
others (e.g. Wasson 1976; Watkins 1993; Kemp & Spooner
2007), demonstrate that throughout the last glacial cycle
(except for the Holocene), dunes were formed whenever
broad, sandy channels were exposed. Hence, these
records provide evidence of fluvial activity rather than
‘aridity’ or wind strength (Hesse et al. 2004).

The first deposits of dust (parna) identified in Aus-
tralia (Butler 1956) were on the Riverine Plain, yet they
remain largely under-studied (Hesse & McTainsh 2003),
and ambiguity surrounds their origin (Butler & Hutton
1956; Hutton 1980; Ryan & Cattle 2006). However, dust is
an important component of many soils in the region,
especially in the cropping belt (Cattle et al. 2009). Dust
mantles identified in the highlands are well established
(Dickson & Scott 1998; Gatehouse et al. 2001; Hesse et al.
2003b) and give some sedimentological, chronological
and provenance information. Dust began accumulating
on the highlands near Blayney around 50 kyr BP
(Figure 2g), contemporaneously with other indicators of
increased aridity (Hesse et al. 2003b), and reached a max-
imum flux around the LGM. However, the unchanging
size of the dust deposited shows wind strength was
unchanged throughout the record. There has been
research on historical wind erosion and dust raising
(Shao & Leslie 1997) but the most complete record of
wind erosion from the MDB is found in Tasman Sea sedi-
ments (Figure 2g; Hesse 1994; Kawahata 2002). From
these, it is clear that dust export was greatest in glacial
stages, with dust flux around three times greater than

Past, present & future climates in the MDB 7

D
ow

nl
oa

de
d 

by
 [

T
he

 U
ni

ve
rs

ity
 O

f 
M

el
bo

ur
ne

 L
ib

ra
ri

es
] 

at
 1

8:
26

 1
7 

Ju
ly

 2
01

3 



TAJE_A_804879.3d (TAJE) 18-06-2013 8:2

the modern day. The increase was driven by changes in
aridity in the source areas (south of 30�S) rather than
wind strength (Hesse & McTainsh 1999). Dust, derived in
part from the MDB, was also deposited over southeast
Queensland during the LGM (McGowan et al. 2008;
Petherick et al. 2008, 2009), having been carried further
north owing to an extensive source area and the
expanded domain of the westerly winds. Dust and parna
often appear to be invoked in studies of phenomena
within the MDB where there is little compelling evi-
dence. The relationship to dryland salinity, for example,
rests on spurious and misinterpreted evidence (Hesse &
McTainsh 2003).

HOLOCENE CLIMATE CHANGE IN THE MDB

Of critical importance to natural-resource management
is an understanding of the sensitivity of rivers to hydro-
logical change of the kind that has been experienced in
the Holocene, as this is the period in which the impor-
tant boundary conditions (insulation, temperature, sea-
level, greenhouse-gas composition of the atmosphere)
are most similar to today and of most direct relevance to
future climate-change scenarios. Unfortunately, the tran-
sitions to the modern river systems, and changes within
the Holocene, have largely been overlooked. The trans-
formation of all the large rivers, around the time of the
last glacial termination (15–13 kyr BP), is well known
but, with studies based on few dates, it is difficult to con-
clude if the changes were synchronous or lagged (Bowler
et al. 1978; Page et al. 1996; Ogden et al. 2001; Young et al.
2002; Kemp & Spooner 2007; Yonge & Hesse 2009). In
many systems, this transition remains undated. Like-
wise, some river systems have multiple channel transfor-
mations within the Holocene, but there is little
geomorphic or chronological detail. Kemp & Spooner
(2007) found significantly larger, mid-Holocene paleo-
channels on the Lachlan. Tareena Billabong, on the Cho-
willa Floodplain of the lower Murray River, is a remnant
of a much larger Murray paleochannels abandoned prior
to 5 kyr BP (Gell et al. 2005). However, mapped channels
on other river systems have not been studied in such
detail (Yonge & Hesse 2009). Since the transformations
involved include discharge of water, sediment load,
channel behaviour and channel avulsion, there is much
value in the generation of better understanding of the
response of the rivers to Holocene climate change.

Lake George (Canberra), a closed lake that can over-
flow into the MDB headwaters when full, provides a
hydrological record from the Eastern Highlands, the
region which provides most of the runoff for the south-
ern MDB. A new luminescence-based study (Fitzsim-
mons & Barrows 2010) has shown that for much of the
Holocene the currently ephemeral lake was perennial
and more than 15 m deep; only for the intervals around
7.5–6.5 kyr BP, 4.5–3 kyr BP and in the last 300 years have
there been substantially lower water levels (Fitzsim-
mons & Barrows 2010).

The timing of these drier episodes at Lake George is
slightly out of phase with drier intervals recorded by
lakes on the southern and western margins of the MDB.
From the commencement of the Holocene, effective

rainfall was sufficient to generate surface water in most
depressions in western Victoria, and this increased
through to 7 kyr BP when several large crater lakes are
known to have overflowed (Bowler 1981; Gell et al. 1994).
Wetter conditions were also experienced in the south-
western MDB at Lake Tyrrell (Luly 1993) extending to
the Flinders Ranges (Quigley et al. 2010), Lake Frome
and Lake Eyre (Magee et al. 1995). Lake levels fell across
the region from 6 to 5.5 kyr BP reaching minima between
3.5 and 2.5 kyr BP (Dodson 1974). The onset of this phase
appears to be associated with widespread evidence for
the onset of the ENSO phenomenon (Woodroffe et al.
2003; Vargas et al. 2006; Donders et al. 2008). In southern
Victoria, lake levels show a degree of recovery, until
about 650 kyr BP, where drier and perhaps warmer con-
ditions ensued (Jones et al. 1998). Trees, which colonised
the crater slopes of Lake Keilambete during the low lake
phase, were drowned when levels rose again after 2.2 kyr
BP; and are being now exposed with 19th- and 20th-
century drying. The largest regional climate event of the
past two millennia occurred in AD 1840, when the lakes
in southern Victoria began a long-term decline that has
been ascribed to natural climate change (Jones et al.
2001).

McKenzie (2002) suggests the peak of rainforest
expansion in the Victorian highlands occurred at about
6 kyr BP, although the role of temperature is unclear.
Subsequently, drier and probably more variable condi-
tions, most likely related to the latest period of high
ENSO activity, reduced the extent of rainforest species.
Burning levels appeared to relate positively with precip-
itation and, hence, fuel availability, with charcoal values
being lowest during the last glacial period and highest
during the early–mid-Holocene (Kershaw et al. 2002).
Although a common pattern within the southeast Aus-
tralian region, there is variation in relation to the rain-
fall gradient, with wetter areas often being able to carry
fire during dry conditions and exclude fire when rainfall
is high (Kershaw et al. 2002). After the initial impact of
Aboriginal people, it appears that a new vegetation–fire
relationship was established with temporal burning pat-
terns largely controlled by climate (Kershaw et al. 2002).
However, this pattern was altered with the arrival of
Europeans. In some areas, generally in drier areas like
the Mallee, charcoal levels indicate that fire activity was
reduced, while, in wetter areas like Lake George, fire
became a major management tool, and charcoal values
became very high until the recent trend to fire exclusion.

PRESENT CLIMATE REGIME OF THE MDB

Historical climate step-changes, system states
and natural-resource management

The historical record allows us to understand the scale
and types of climatic change that are required to induce
environmental and hydrological shifts. For example, two
identifiable modes of decadal rainfall variability affect:
(1) the frequency and intensity of seasonal rainfall, and
(2) decadal average rainfall. The first is the oscillating El
Ni~no–La Ni~na dominated modes of ENSO affected by the
Inter-decadal Pacific Oscillation (IPO), which can alter
the frequency and magnitude of both floods and
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droughts. Changes in a cycle lasting roughly 22 years
can be observed around 1895, 1923, 1946–1948, 1976 and
1999 (Power et al. 1999a, b, 2005; Kiem et al. 2003; Kiem &
Franks 2004). The second mode is seen in oscillating
drought and flood-dominated periods that affect rainfall
averages and intensity for periods of several decades or
more (Warner 1987; Power et al. 1999a, b, 2005; Kiem et al.
2003; Kiem & Franks 2004; Wyatt et al. 2004; Viv�es &
Jones 2005). Viv�es & Jones (2005) identified and analysed
evidence for step changes (a sudden, discontinuous
change) in historical Australian rainfall records. Testing
of Australian rainfall series >60 years in length from
1890 to 1989 against an independent, random reference
series showed three abrupt shifts over that period (Viv�es
& Jones 2005).

The first shift occurred in the early 1890s and affected
both summer and winter rainfall across much of Aus-
tralia, especially eastern Australia, which led to drought
conditions and impacted the grazing success and stock
numbers in western New South Wales (Williams & Oxley
1979).

The next major shift, to wetter conditions, occurred in
the late 1940s and was concentrated over eastern Aus-
tralia, marking the end of a 50-year dry period. Pittock
(1975) suggested that shifts in rainfall may be related to
the movement of mid-latitude and sub-tropical weather
systems; however, subsequent work has not confirmed
this link, suggesting that internal feedbacks may be the
driving force behind the changes. Later analyses have
tended to concentrate on post-1950 climate data for rea-
sons of quality. Analyses using these data identify ENSO
as the largest contributor to inter-annual variability and
Pacific (PDO) and Indian Decadal Oscillations (that
modulate inter-annual variability) as the second most
important driver (Smith et al. 2000). However, long-term
decreases in sea-level pressure, consistent with the latitu-
dinal movement of weather systems, have occurred
simultaneously resulting in decreases in rainfall in SW
Western Australia (WA) (Smith et al. 2000). The third shift
occurred between 1967 and 1972 manifesting as a decrease
in rainfall in SW WA in the late 1960s and an increase in
eastern Australia in the early 1970s (Smith et al. 2000).

Hydrological impacts of shifts in decadal rainfall
regimes

Jones & Pittock (2002) analysed the impacts of decadal
rainfall regimes on flows in the Macquarie River, in the
eastern MDB. The baseline analysis used inputs of his-
torical daily rainfall and potential evaporation from
1890 to 1996 applied to 1996 infrastructure and supply
management rules (i.e. simulated how today’s river
would behave under historical conditions). The results
show a 20th century of two halves. Between 1895 and 1946
(drought-dominated regime) (DDR) simulated irrigation
allocations were below 50%, 38% of the time; flows into
the Macquarie Marshes were below 300 000 GL (prevent-
ing bird breeding) 48% of the time; and storage in the
largest dam was below 500 000 GL, 38% of the time. How-
ever, from 1947 to 1995 (flood-dominated regime) (FDR),
these occurrences fell to 8%, 16% and 16%, respectively.
Under the National Land and Water Resources Audit in
2001, the Macquarie catchment was classified as over

allocated even during a flood-dominated climate. It can
be assumed that if a DDR similar to the early 20th cen-
tury returned, ecological and economic hardship would
increase markedly (Jones & Pittock 2002).

With historical rainfall records indicating a step
change (sudden, discontinuous change) in mean decadal
rainfall, which can last for two to more than five decades,
current management practices within the MDB are
based on extrapolated data derived from what is now
known to have been a largely wet phase (Viv�es & Jones
2005; Murphy & Timbal 2008). The post-WWII scaling up
of the system’s regulation and water volume diversion
(State of the Environment 1996) occurred during a period
of water surplus, which has led to allocation of water
resources that can be considered to be excessive, given
the longer-term view. During the Millennium drought
(Kiem et al. 2010), irrigators in NSWand Victoria experi-
enced seasonal allocations lower than in any previous
season. South Australia, in particular, experienced the
longest period of limited ‘Entitlement Flow,’ which cre-
ated difficulties with low flow levels and high salinities
in the lower lakes (MDBC 2003). Water-resource manage-
ment must now consider, and adapt to, limits in water
availability caused by a switch to a dry state in a natu-
rally oscillating system, as well as the potential of addi-
tional desiccation from human-driven changes to the
natural climate system (Connell 2007).

THE CONSEQUENCES OF FUTURE CLIMATE
CHANGE

Based on the projected increase in global mean surface
air temperatures (1.1–6.4�C) through the 21st century,
exacerbated by increases in anthropogenic greenhouse-
gas concentrations, a similar temperature increase is
projected for Australia (CSIRO & BoM 2007; Hennessy
et al. 2007; Meehl et al. 2007). Similarly, evaporation is
modelled to increase by almost 8%, although predictions
for rainfall are uncertain (Meehl et al. 2007). Relative to
1990, different regions of Australia will experience
warming of between 0.1�C and 1.5�C by 2020 (Hennessy
et al. 2007), with more days per year with temperatures
over 35�C. The IPCC suggest a tendency towards
decreased rainfall over most of southern and sub-
tropical Australia and increases in Northern Territory
and northern NSW. A decline in runoff in southern and
eastern Australia is also expected. Drought simulations
suggest a 20% increase over much of Australia by 2030,
with increases in the Palmer Drought Severity Index
(PDSI) over much of eastern Australia (Burke et al. 2006;
Cai & Cowan 2008).

Pittock (2003) demonstrated that mean minimum and
mean maximum temperature anomalies over the Mur-
ray-Darling Basin have followed an increasing linear
trend from 1952 to 2002. Since 1952, mean maximum and
minimum temperatures in the region have been increas-
ing at rates of 1.75�C and 1.74�C per century, respectively.
This has led to the increasing severity of drought, for a
given rainfall deficiency, through further or more rapid
reduction in soil moisture and greater water demand
(Karoly et al. 2003; Pittock 2003; Nicholls 2004).
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Arnell (1999) suggests that the MDB will experience a
12–35% decrease in mean flow by 2050, while recent
modelling suggests stream flow to Burrendong Dam on
the Macquarie River will decrease by 0–15% by 2030 and
0–35% by 2070 (Jones et al. 2001). Annual streamflow in
the basin is likely to fall 10–25% by 2050, and there is a
50% chance that the average salinity of the Lower Mur-
ray River will exceed the desirable 800 EC threshold
(MDBC 1999) by 2020 (Hennessy et al. 2007). In effect, sce-
narios of drying suggest all freshwater-dependent sys-
tems will be impacted by changes to patterns of
droughts, floods and water quality.

Inter-annual variability of ENSO is the cause of both
major flood and drought events in Australia. These var-
iations are expected to continue under climate models
and enhanced greenhouse conditions, with greater
hydrological extremes as a result of more intense rain-
fall in La Ni~na years, and more intense drought resulting
from higher rates of evaporation during El Ni~no years
(Walsh et al. 1999; McCarthy et al. 2001). A more El Ni~no-
like mean state of the tropical Pacific Ocean, which is
projected by some climate models (Cai & Whetton 2000),
would imply greater drought frequency (Kothavala 1999;
Walsh et al. 2000), as does the drying trend found over
the Murray-Darling Basin in model simulations (Arnell
1999).

Climate change of this magnitude may cause signifi-
cant change to the MDB environment. The post-glacial
decline in river discharge saw the shrinkage of most
MDB rivers and the formation of large ephemeral wet-
lands on those rivers which broke down once the thresh-
old for effective sediment transport was crossed (Ralph
& Hesse 2010). The predicted decreases in runoff for the
southern MDB rivers may be expected to bring the big-
gest rivers, the Murray, Murrumbidgee and Darling,
closer to the threshold of stability and potentially lead to
channel breakdown and disconnection of the tributaries
from the trunk stream. For the smaller rivers, wetland
declines, shrinking discharge and upstream migration
of the points of channel migration, can be anticipated.
The impacts for water yields downstream, aquatic vege-
tation and fauna from such events are easily imagined.
Similarly, changes in native vegetation may favour those
types associated with past dry climates: chenopods,
ephemeral forbs and grasses. In such a landscape, re-
activation of dunes and generation of dust would be
more common and widespread, especially in the drier,
western portion of the basin.

Natural variability of the climate system has brought
about changes in river flow regime, which has driven
responses observed in the wetlands, landscape and the
biota (Gell et al. 2005, 2009; Reid et al. 2007). Prior to the
human settlement of the catchment, the natural system
operated inside a dynamic equilibrium driven by natu-
ral climate variability. Only when extreme events or cir-
cumstances pushed these systems beyond their natural
thresholds were changes in river channel avulsion and
drying of wetlands observed, forcing the system to enter
a new stable state (Reid & Ogden 2008). With added pres-
sures of catchment clearance and agricultural develop-
ment, water regulation and diversion, the likelihood of
system thresholds being exceeded is increasing. Such
state shifts may closely follow the changes caused by

human activities or by paleoclimatic changes. The
response may be rapid, or there may be lags, which
cause the system to respond years or decades after the
initial perturbation. In many instances, once a state shift
has occurred, the possibility of restoration or a return to
prior states diminishes, as newly established feedback
mechanisms create resistance, even if the original driver
of change ceases to exist (e.g. Resilience Thinking)
(Walker & Salt 2007). The paleoclimatic evidence tells us
that the responses to large climate change can be
extreme, long-lasting and beyond the range of variability
observed in the landscape today.

The predominance of irrigation across the MDB has,
for much of the region, inextricably linked water secu-
rity to the rainy season. Effective responses in terms of
natural-resource management to changing climate can
only come from understanding the drivers of changes.
Effective prediction of future climate scenarios across
the MDB is needed, especially when modelling at a basin,
rather than continental scale and at inter- and intra-
annual time-scales. The short instrumental record (dat-
ing only to the 19th century) (Harle et al. 2007) does not
capture a time series of sufficient duration to under-
stand the amplitude and frequency of natural climatic
events, nor the long-term complexities and interactions
of the climate system (Harle et al. 2007); hence the need
to use paleoecological records for policy development.

CONCLUSION

A considerable body of research currently exists on the
past climates of southeastern Australia; however, this
has not been collated and validated over large spatial
scales. There is a clear need to consolidate the paleocli-
mate science relevant to natural-resource management
in the MDB. While much paleoclimatic research has
been undertaken, there remains a paucity of climate
records developed across the MDB itself. Most available
evidence is from the periphery of the MDB, or in catch-
ments of contrasting geomorphic and hydroclimatologi-
cal conditions. While marginal sites are relevant to the
MDB, there is a need to develop high-quality, high-
resolution records of climate change and variability
from within the MDB to evaluate the responsiveness of
within-basin climates to regional atmospheric circula-
tion patterns. There are potentially many records of wet-
land, river and landscape change available from within
the MDB. Sites located in the upper reaches are
‘response’ sites that record the effect of climate change
and variability, to a degree distilled by catchment pro-
cesses. Many of the sites in the MDB are affected by the
influence of anthropogenic catchment changes, so their
records contain accounts of changes most relevant to the
natural-resource management of the MDB. However, in
these sites, particularly those in the lower reaches of the
system, distinguishing between climate and catchment
drivers can be problematic. This can be overcome by co-
ordinating a suite of research endeavours on sub-
catchment scales that have climate-sensitive archives,
usually located in the upper catchment, with matching
downstream response sites.
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Changes in rainfall regime raise key questions for
management, especially in terms of natural resources
(e.g. availability of freshwater), including whether the
current drought phase is likely to persist, and, more crit-
ically, will it remain in place for several decades (as did
the extended period of rainfall deficit from 1895 to 1946/
1948) (Jones et al. 2001; Viv�es & Jones 2005). Also critical
is whether this dry phase is a repeat of the step changes
observed in the past, or whether it is a response to
anthropogenic climate forcing (McGowan et al. 2009).
The confounding impacts of human climate forcing, cou-
pled with natural inter-decadal variability, leads to an
increased risk of extreme, or unusual, climate events
within the MDB.

The development and management of the MDB water-
ways would benefit from the identification and under-
standing of the cyclicity of inter-decadal variations in
drought and flood events. With this knowledge, previous
plans to develop and allocate waters yielded by the MDB
may have been more conservative, rather than the cur-
rent challenge of trying to retrofit the system commen-
surate with a drier climate. Looking to the future, plans
for allocation, agricultural intensity and ecosystem res-
toration can draw on the longer record of change, both
from direct catchment modification and from natural
and anthropogenic climatic variability and change.

There is a perception among the paleoclimate science
community that the management and policy makers
have not fully acquired the value of understanding past
climate change and variability and its application to the
management of natural systems. Most research on past
climatic changes and variability takes the form of peer-
reviewed journal articles that are not particularly suited
to management needs. There is a clear need for the pale-
oclimate science community to actively interpret its
findings in a manner accessible and relevant to the natu-
ral-resource management community. Improved esti-
mates of past climate variability will help contextualise
future change scenarios and the natural-resource man-
agement measures required to address them.
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