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65,000 Years of Vegetation
Change in Central Australia and
the Australian Summer

Monsoon

B. J. Johnson,"2*1 G. H. Miller,2 M. L. Fogel," J. W. Magee,?
M. K. Gagan,* A. R. Chivas®

Carbon isotopes in fossil emu (Dromaius novaehollandiae) eggshell from Lake
Eyre, South Australia, demonstrate that the relative abundance of C, grasses
varied substantially during the past 65,000 years. Currently, C, grasses are more
abundant in regions that are increasingly affected by warm-season precipita-
tion. Thus, an expansion of C, grasses likely reflects an increase in the relative
effectiveness of the Australian summer monsoon, which controls summer
precipitation over Lake Eyre. The data imply that the Australian monsoon was
most effective between 45,000 and 65,000 years ago, least effective during the
Last Glacial Maximum, and moderately effective during the Holocene.

The Lake Eyre Basin (LEB) extends across
one-sixth of Australia’s arid and semiarid
zones (Fig. 1). Data from lacustrine, fluvial,
and eolian deposits within the LEB show that
the climate varied during the Quaternary (/,
2). These changes exerted a dominant con-
trol on vegetation; however, paleovegetation
records in the Australian interior are sparse,
particularly before 18,000 years ago (18 ka)
(3, 4). Long-term paleovegetation records for
central Australia are important for under-
standing the interplay between natural cli-
mate variability, the arrival of the first human
immigrants [~60 ka (5)], and the extinction
of an element of the Australian megafauna,
Genyornis newtoni [~50 ka (6)]. In our
study, we used stable carbon isotopes in emu
eggshell (EES) calcite from Lake Eyre, South
Australia, to develop a proxy for paleoveg-
etation over the past 65,000 years.

The carbon isotope composition (3'3C)
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(7) of avian eggshell reflects the isotopic
composition of the bird’s diet integrated over
3 to 5 days (8), offset by a biochemical
fractionation (9). EES carbonate is enriched
in 13C by 10 = 2 per mil relative to the diet
(Web Table 1, available at www.sciencemag.
org/feature/data/990227.shl). During the egg-
laying season [July through September (/0)],
emus are primarily mixed-feeder herbivores,
consuming leaves, shoots, fruits, and flowers
of trees, shrubs, forbs, and grasses (//). Vari-
ations in the 8'3C values of EES (8'3C.g)
reflect changes in emu diet, which are ulti-
mately driven by changes in the isotopic
composition of the flora.

Fig. 1. Map of the Australian mainland and
Kangaroo Island (KI), illustrating the locations
(solid circles) of sampling sites of modern EES,
Lake Eyre, and the Lake Eyre Basin (gray region).
Site locations are abbreviated as follows: CD,
Carpentaria Downs, QLD; JC, Millungera, QLD;
OD, Olga Downs, QLD; G, Glenormiston, QLD;
MD, Marion Downs, QLD; K, Kulgera, NT; Ka,
Kallakoopah Creek, SA; R, Roseberth, QLD; D,
Dulkanina, SA; SG, St. George, QLD; Mu, Mu-
loorina, SA; Wi, Wirrona, NSW; Wp, Wil-
poorinna, SA; LF, Lake Froma, SA; |, Ivanhoe,
NSW; LV, Lake Victoria, NSW; Md, Mildura,
NSW; and T, Tidbinbilla, NSW. Precipitation
across northern and central Australia is highly
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Two isotopically distinct sets of plants
dominate the Australian interior: those with
C, (average 8'>C = -26.5 per mil) or those
with C, (average 8'3C = -12.5 per mil)
photosynthetic pathways (/2—14). In Austra-
lia, the photosynthetic pathway of grasses
depends primarily on the most effective sea-
son of rainfall and varies from north to south
(12). C, grasses dominate in regions most
affected by winter precipitation (southern
Australia), and C, grasses become increas-
ingly dominant in regions increasingly affect-
ed by summer monsoonal precipitation (cen-
tral to northern Australia). Almost all of the
trees, shrubs, and forbs across Australia are
C, plants.

We hypothesize that 8'3C.¢ from Lake
Eyre reflects changes in the relative propor-
tion of C; to C, vegetation and therefore
serves as an indirect proxy for the predomi-
nant season of rainfall during the past 65 ka.
To test this hypothesis, we measured 8'3C in
the carbonate fraction of 55 modern EESs
from a range of seasonal precipitation and
vegetation regimes across Australia (Fig. 1
and Web Table 1). We then compared the
313C of modern EES and ambient vegetation
with the 8'3C of 219 dated (/5) fossil EESs
from deposits located along the south-
eastern border of Lake Eyre (Web Table 2,
available at www.sciencemag.org/feature/data/
990227.shl) (16).

The 3!3C values of modemn EES mirror
the photosynthetic pathways that prevail lo-
cally; a pure C, signal is found in the south,
where all plants (including grasses) use the
C, pathway, and a mixed C,;-C, signal is
found in the north as a result of the inclusion
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seasonal; the Australian monsoon delivers precipitation to the north during the summer months,
and the westerly storm track delivers precipitation to the south during the winter months (30).
Dashed lines represent the approximate boundaries between the areas influenced primarily by the
Australian monsoon and the westerly storm tracks. The intermediate area receives a modicum of

precipitation throughout the year.
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of C, grasses in emu diets (Fig. 2). The
8'3Cypg values reflect an overall increase in
C, grass consumption in areas increasingly
influenced by the summer monsoon. Emu
eggs are laid during the winter months; thus,
a dietary preference for C, plants, which
often flower and seed in winter (/7), and a
dietary bias against seasonally burned or se-
nescent summer C, grasses is probably re-
flected in the 8'3C values. Nevertheless, EES
collected from C, grasslands near Julia Creek
indicate that emus can subsist on up to 70%
C, grasses during the egg-laying season. Our
modern calibration data set confirms that the
813C of modern EES reflects that of ambient
vegetation and serves as an indirect proxy for
the effectiveness of the summer monsoon.
Between 65 and 45 ka, 3'C, . values are
highly variable [average &'3C value
(813Cavg) = 6.4 = 4.0 per mil; n = 85],
with a significant proportion of the popula-
tion subsisting either entirely on C, plants or
on C, plants (Fig. 3). The bimodal distribu-
tion of the isotopic data may result from
relatively short-lived climatic oscillations
during this time interval-—periods when the
summer monsoon was highly effective and
C, grasses dominated and vice versa. These
climatic oscillations would have occurred
over periods shorter than the resolution of
current dating techniques [£8000 years for
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Fig. 2. The 8"3C of modern EES calcite versus
the percentage of mean annual precipitation
(% MAP) delivered to the collection site during
the summer months [December, January, and
February (D, J, F)] (37) and the ratio of C.:C,
plants consumed, calculated from the 3'3C, ¢
values (32). The three collection sites circled
illustrate the variability expected within indi-
vidual nests [8'3C_  at JC = 6.8 = 0.3 per mil
(n=3)and 3'3C, at T = —16.8 = 0.4 per mil
(n = 8)] and variability expected for specific
precipitation regimes [3'3C_, at Lake Eyre (Mu,
D, and Wp) = -12.5 *+ 1.3 per mil (n = 9)]. The
isotopic variability measured within specific
precipitation regimes results from changes in
feeding patterns during the egg-laying season
and a response to interannual differences in
rainfall with consequent impacts on vegetation
over the 17-year sampling interval. In the fossil
record, neither of these factors can be con-
trolled; thus, detection of long-term trends re-
quires analysis of large suites of eggshells
(>10) from each time period.
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samples older than 40 ka (6, 15)]. Alterna-
tively, the ecosystem may have been stable
and dominated by C, grasses, with some C,
shrubs and trees, similar to the savanna grass-
lands of Africa. These isotopic data imply
that the Australian summer monsoon was
highly effective during much of this time
interval or that its intensity varied greatly.

Between 28 and 15 ka, the 8'3C, values
decrease and are less variable (3'°C,_,, =
—11.8 = 1.3 per mil; n = 23), reflecting a
near total absence of C, grasses during the
Last Glacial Maximum (LGM). This con-
trasts with paleovegetation records from
tropical Africa (/8) and the southwestern
United States (/9), where expansion of C,
grasslands occurs. During the LGM, atmo-
spheric pressure of CO, (PCO,) values
were ~190 parts per million by volume
(20), and the average mean annual temper-
ature at Lake Eyre was ~11°C (21), con-
ditions favoring the crossover from C; to
C, grasslands (22). On the basis of the
8'3Cgpg values, we surmise that the low
temperatures and reduced warm-season
precipitation of the LGM overwhelmed any
PCO,-induced shift toward increased C,
grass biomass at Lake Eyre.

The 8!3C values of Holocene EES are
slightly higher (3'°C,,, = -9.9 * 1.6 per
mil; n = 43) than the LGM EES, suggesting
that the range of C, plants expanded, al-
though in much lower proportions than the
range before 45 ka. Decreased global aridity
at the end of the last glaciation and a decrease
in chenopod/grass ratios at nearby Lake
Frome (4) support our interpretation that the
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Fig. 3. The 3"3C of fossil EES calcite from sites
across the southern margin of Lake Eyre versus
sample age (calibrated to calendar years) and
the ratio of C,:C, plants consumed, as estimat-
ed from the 8'3C,.. Dietary calculations have
been adjusted for preindustrial atmospheric
CO, §"3C values by assuming that the average
8'3C values of preindustrial C; and C, plants
were 1.5 per mil more enriched in 1§C than
present values. The data are discussed in four
different blocks of time, which are defined on
the basis of consistency in the isotopic data as
follows: 65 to 45 ka (largest range and most
isotopically enriched values), 28 to 15 ka (iso-
topically depleted values), 10 to 1 ka (moderate
isotopic values), and samples younger than 150
years old (isotopically depleted values).

isotopic change observed at the LGM-Holo-
cene transition results from the expansion of
C, grasses at Lake Eyre and, at least, irregu-
lar increases in monsoonal moisture. Thus,
the Holocene Australian summer monsoon
was more effective than the LGM monsoon
but much less effective than the monsoon
between 65 and 45 ka.

A major isotopic shift has been measured
in samples postdating European colonization
of the LEB (~150 years ago) (3'°C,,, =
—12.5 = 1.3 per mil; » = 9) in relation to EES
dated between 2 and 1 ka (8'°C, . =
—8.9 * 2.1 per mil; n = 7). Less than half of
the 4 per mil isotopic depletion in modern
EES may be explained by the decrease of 1.5
per mil in isotopic composition of atmospher-
ic CO, concomitant with the industrial revo-
lution (23). We surmise that the remaining
isotopic depletion of 2.5 per mil in modern
samples results from the arrival of European
pastoralists and the introduction of exotic
animals. Overgrazing or trampling of grasses
[which are primarily C, at Lake Eyre (/2)] by
nonnative animals (sheep and rabbits),
changes in fire regimes, and extinction of
smaller marsupials should bias the ecosystem
toward C, vegetation (24). These data sug-
gest that grassland ecosystems declined
greatly across the semiarid zone of Australia,
without obvious changes in monsoonal
forcing.

Over the past 65,000 years, environmen-
tal factors other than climate have substan-
tially influenced Australian ecology (25).
Vegetation change in northeastern and
southeastern Australia, brought about by an
increase in fire frequency (26), has been
attributed to the arrival of the first human
immigrants at ~60 ka (5) and has been
suggested as the cause of extinction of G.
newtoni at ~50 ka (6). Our isotopic data
are consistent with a human overprint on
natural climate change. The effectiveness
of the summer monsoon at Lake Eyre de-
creased substantially at approximately the
same time as megafauna extinction (6) and
never fully recovered, despite an invigorat-
ed planetary monsoon during the early Ho-
locene (27). The transfer of moisture from the
biosphere to the atmosphere is an important
feedback mechanism that enhances the pen-
etration of monsoon moisture into the interior
of other continents (28). A change in vegeta-
tion type across northern Australia brought
about by the burning practices of the first
human colonizers may have reduced this wet-
season feedback and, consequently, dimin-
ished the effectiveness of the summer mon-
soon at Lake Eyre during the early Holocene
(29). Continuous records of vegetation change
from the semiarid interior of central and
northern Australia, such as the one presented
here, are required to evaluate the magnitude
of human impact.
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Electrostatic Modulation of
Superconductivity in Ultrathin
GdBa,Cu,0,_, Films

C. H. Ahn, S. Gariglio, P. Paruch, T. Tybell, L. Antognazza,
J.-M. Triscone

The polarization field of the ferroelectric oxide lead zirconate titanate
[Pb(Zr,Ti,_)O,] was used to tune the critical temperature of the high-
temperature superconducting cuprate gadolinium barium copper oxide
(GdBa,Cu,0,_,) in a reversible, nonvolatile fashion. For slightly underdoped
samples, a uniform shift of several Kelvin in the critical temperature was
observed, whereas for more underdoped samples, an insulating state was
induced. This transition from superconducting to insulating behavior does not
involve chemical or crystalline modification of the material.

Superconductor-insulator transitions have been
investigated theoretically and experimentally in
a variety of systems, including three-dimen-
sional (3D) ionic crystals, 2D films, and Jo-
sephson junction arrays. These transitions are
examples of the modulation of superconductiv-
ity by means of control parameters such as
pressure, magnetic field, disorder, and thickness
(1-4). For applications, superconducting bo-
lometers operate on changes in the temperature,
and superconducting quantum interference de-
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Geneva 4, Switzerland.

vices rely on the application of small magnetic
fields that modulate the critical current of a
Josephson junction.

Here we report on nonvolatile, reversible
modulation of superconductivity in the high-
temperature copper oxide superconductor
GdBa,Cu,0,_, (GBCO), using an electro-
static field as the control parameter. A unique
feature of these cuprate materials, as com-
pared to the elemental BCS superconductors,
is that their properties depend strongly on the
carrier concentration, as shown by their ge-
neric temperature-doping phase diagram
(Fig. 1), which depicts an antiferromagnetic
insulating state at low doping levels that is

14 MAY 1999 VOL 284 SCIENCE www.sciencemag.org





