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ABSTRACT

Terrestrial climate responses to orbital forcing during the late Pliocene—early Pleistocene
are poorly understood, particularly in the Southern Hemisphere, but are important for deter-
mination of the timing of regional climate evolution early in the history of the glaciated Qua-
ternary world. We present a pollen record from southeastern Australia that shows marked
cyclic change over some 280,000 yr straddling the Pliocene-Pleistocene boundary. Rainforest
communities responded to climate forcing primarily within the precession and eccentricity
bands, suggesting that major vegetation changes were driven directly by summer insolation,
rather than by obliquity-dominated glacial cycles.
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INTRODUCTION

The late Pliocene to early Pleistocene (ca. 2.6—
0.78 Ma) is a critical interval for understanding the
development of modern climate (Ruddiman et al.,
1989) and terrestrial vegetation (Traverse, 1982).
Extensive Northern Hemisphere glaciation com-
menced abruptly at ca. 2.7 Ma (Haug et al., 2005),
while, at the same time, the cyclicity of ice sheets,
as measured by the marine 8'*0 record from both
hemispheres, became strongly dominated by the
obliquity period, ushering in the “41 k.y. world”
(Raymo and Nisancioglu, 2003).

However, very few sequences are available
in which it is possible to evaluate the response
of terrestrial climate and vegetation during the
late Pliocene—carly Pleistocene. Power spectra
of late Pliocene pollen records from the Medi-
terranean (Klotz et al., 2006) and northwest
Africa (Dupont and Leroy, 1995) suggest vari-
able responses in which some plant groups were
sensitive to forcing by obliquity, while others
responded primarily to a precession-dominated
signal, such as summer insolation. In the South-
ern Hemisphere, the situation is even less cer-
tain. A pollen record from Ocean Drilling Pro-
gram (ODP) 1082, offshore southwest Africa
at 21°S (Dupont, 2006), shows high-frequency
vegetation changes during the late Pliocene, but
it is unclear whether these are primarily preces-
sion or obliquity responses. Between 0.78 and
1.18 Ma, a pollen record from ODP 1123 sug-
gests that vegetation changes in New Zealand
were dominated by a 41 k.y. rhythm (Milden-
hall et al., 2004), but pollen transport to this site,
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~800 km offshore, was likely to be highly influ-
enced by oceanographic processes.

In Australia, it is clear that rainforest (fire-
sensitive, typically evergreen forest), which domi-
nated the plant fossil record through most of the
Cenozoic Era (Macphail et al., 1994), but which
had been in slow decline during the late Neogene,
contrasted dramatically within the late Pliocene—
early Pleistocene to be almost completely replaced
by drought- and fire-tolerant sclerophyllous vege-
tation (Kershaw et al., 1994). The stark ecophysio-
logical contrasts between these two vegetation
formations suggest that this replacement was a
response to a major climate transition, but detailed
information about the nature and timing of the
transition has been elusive (Kershaw et al., 1994,
2000; Macphail, 1997).

Here we present a high-resolution record
of vegetation and climate change from upland
southeastern Australia, which shows the orbital
scale climate response, over some ~280 Kk.y.
straddling the Pliocene-Pleistocene boundary,
of both “Tertiary” rainforest and “Quaternary”
sclerophyll floristic elements. Stony Creek
Basin, a small (~10 ha) paleolake of probable
maar origin (144.13°E, 37.35°S, 550 m above
sea level), preserves ~40 m of black, organic-
rich, partly microlaminated silty clays. These
sediments were cored in 2000 with hollow auger
drilling equipment. Fission-track dating of zir-
cons, recovered from an ~10-cm-thick pyroclas-
tic horizon at 29.9 m depth and from basal fine
sands at 39.8 m yielded ages of 1.93 £ 0.18 Ma
and 1.99 + 0.43 Ma, respectively (GSA Data
Repository'). Paleomagnetic analyses indicate
that the sediments in the upper ~25 m of the

core are of reversed polarity, and must predate
the Brunhes-Matuyama polarity transition at
0.78 Ma. A zone of normal polarity below 25—
28 m is attributed to the Olduvai subchron, con-
sistent with the 1o error of fission-track ages,
the upper boundary of which has an age of 1.781
Ma (Lisiecki and Raymo, 2005).

STONY CREEK BASIN
POLLEN RECORD

Pollen was analyzed from 208 samples at
~20 cm intervals. An average of 400-500 dry
land pollen grains was counted per sample.
Pollen preservation was generally excellent,
and concentration was high, usually >100,000
grains cm™. Rainforest gymnosperms (Podo-
carpaceae and Araucariaceae), rainforest angio-
sperms, tree ferns, major open-forest dominants
(Eucalyptus [Myrtaceae], Casuarinaceae, and
Callitris [Cupressaceae]), and relatively moist
(woody Pomaderris [Rhamnaceae] and Win-
teraceae) and dry (shrubby/herbaceous Poa-
ceae, Plantago, and Asteraceae) open-forest
understory taxa are plotted as percentages of
total dry land pollen in Figure 1.

The pollen record reveals high-amplitude
cyclic fluctuations of vegetation in upland
southeastern Australia during the latest Pliocene
and early Pleistocene. Many of the rainforest
types represent taxa that were important compo-

!GSA Data Repository item 2007027, zircon fis-

sion-track and paleomagnetism methods, varve chro-
nology, and pollen data, is available online at www.
geosociety.org/pubs/ft2007.htm, or on request from
editing@geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 1. Summary pollen percentage diagram of selected dry land taxa from Stony Creek Basin core, tuned to January 1 insolation, 38°S
(Paillard et al., 1996). Ages of three tuning points are indicated by crosses. Rainforest cycles are correlated with Southern Hemisphere inso-
lation maxima (= odd numbered i-cycles). Orbital eccentricity and composite §'°0 data of Ocean Drilling Program (ODP) Sites 677/846 are
shown for comparison. FTZ—location of fission-track zircon ages. Pomaderris and Plantago are exaggerated x10.

nents of Australian vegetation throughout much
of the Cenozoic (Macphail et al., 1994), but are
now highly restricted or extinct in Australia.
Their Pleistocene histories are largely unknown.
These types include: Dacrydium, Dacrycar-
pus, and extinct Podosporites cf. microsaccatus
(Podocarpaceae); Dilwynites cf. granulatus,
(cf. Wollemi Pine) (Araucariaceae); Beauprea
(Proteaceae), llex (Aquifoliaceae), and the fern
Lophosoria (Lophosoriaceae). Conversely, the
open-forest vegetation includes Pomaderris
and Plantago, which are today characteristic of
eastern Australian open-canopied forests, but
which are unknown prior to the early Pleisto-
cene and late Pliocene, respectively (Macphail
et al., 1995).

CHRONOLOGY DEVELOPMENT AND
TIME SERIES ANALYSIS

Rhythmically alternating light/dark-colored
couplets, ~40-400 um thick, occur in approxi-
mately half of the core. Laminated sediment
samples were resin impregnated, polished, and
observed with backscattered electron imagery,
which translates the average atomic mass of a
target into varying image brightness, reveal-
ing composition and porosity (Pike and Kemp,
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1996). Couplets are composed of an ungraded,
matrix-supported silty clay lamina, and a silt-
poor, organic- and in places diatom-rich lamina.
Each couplet is inferred to represent one year,
based on its petrographic resemblance to annu-
ally generated clastic laminae fabrics typical of
small, enclosed lakes (Dean et al., 1999) and
because the seasonal climatic pulse is normally
the dominant control on sediment production
and deposition (Anderson and Dean, 1988;
Anderson, 1996). These couplets are therefore
interpreted as annual varves. They are unlikely
to represent event deposits from episodic tur-
bidity currents, because the silty clay laminae
are consistently ungraded (Dean et al., 1999).
Twenty-five stratigraphically —representative
laminated sediment samples were photographed
under optical dissecting microscopy, and the
thicknesses of 1653 couplets were measured
with image analysis software. Varve thicknesses
generally increase with depth, and indicate accu-
mulation rates of 0.3-0.2 mm yr! in the lower
15 m, and 0.2-0.1 mm yr' in the upper 25 m of
the sequence. An initial, 265.3-k.y.-long floating
chronology (Data Repository; see footnote 1)
was derived from an exponential function pre-
dicting varve thickness from depth, based on the

significant correlation (Pearson’s r = 0.619, p =
0.001, n = 25) between these two attributes.

Whenplottedin the time domain with this float-
ing chronology (not illustrated), the rainforest
angiosperms series shows distinct ~20-25 k.y.
cycles that appear to be amplitude modulated by
a much lower frequency cycle. In both the dura-
tion and fluctuating amplitude of its cycles, the
rainforest angiosperms series resembles Earth’s
orbital precession, the amplitude of which is
modulated by its envelope eccentricity. This
similarity suggests that the rainforest angio-
sperms series represents a ‘‘clean” response
(Shackleton, 2000) to a precession-dominated
climate signal, such as mid-latitude summer
insolation (Fig. 1), and this provides a basis for
choosing an astronomical tuning target in order
to place the Stony Creek Basin sequence pre-
cisely within the geological time scale.

In order to locate the stratigraphic position
of an appropriate time window with which to
compare the record, we provisionally located
the floating chronology within the Matuyama
chron by anchoring the core polarity change at
the upper Olduvai boundary. We then compared
the power spectrum of the floating chronology
with power spectra of two likely forcing signals,

GEOLOGY, January 2007



the composite benthic oxygen isotope stratigra-
phy from ODP 677/846 (Shackleton et al., 1990,
1995a), reflecting global ice volume, and of
precession-dominated local summer insolation
(Laskar, 1990) (January 1 insolation at 38°S, the
approximate paleolatitude of the site at 1.5 Ma),
both within 300 k.y. windows spanning between
1550 ka and 1850 ka, similar to the length and
position of the provisionally anchored floating
chronology.

Blackman-Tukey spectral analysis (Jenkins
and Watts, 1968) (Fig. 2) shows that the marine
oxygen isotope record is strongly dominated by
variance near the 41 k.y. obliquity period, while
the insolation series is dominated by a broad
peak combining contributions from 19 k.y. and
23 k.y. precession components, which are not
individually resolved in this short time window.
The floating rainforest angiosperms spectrum is
dominated by variance centered at 23 k.y., with
side peaks at ~100 k.y. and ~12 k.y. This confirms
the impression gained in the time domain, that
rainforest angiosperms cycles are similar in dura-
tion to insolation cycles. Although the insolation
and oxygen isotope series also include some
power in the obliquity and precession bands,
respectively, the log-linear plot of Figure 2 allows
direct comparison of the proportion of variance
in each band (Muller and MacDonald, 2000) and
shows that the power of these secondary con-
tributions is small. On this basis, the insolation
series was chosen as a tuning target. Rainforest
angiosperm peaks were correlated with Southern
Hemisphere insolation peaks, on the simple first-
order assumption that rainforest would expand
at times of higher rainfall, driven by regionally
higher tropical sea-surface temperatures asso-

— Rainforest angiosperms,
floating chronology
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Figure 2. Comparison of floating chronology
with likely forcing functions representing
global ice volume and local summer insola-
tion. Also shown are linear power spectra of
rainforest angiosperms, 38° S January 1 inso-
lation between 1550 and 1850 ka, and Ocean
Drilling Program (ODP) Sites 677/846 §'°O,
between 1551 and 1848 ka. Blackman-Tukey
spectral analyses are shown with 1/3 lags.
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ciated with summer insolation maxima. This is
consistent with patterns in regional terrestrial
and marine paleoenvironmental records from the
mid-late Quaternary that are dominated by the
precessional signal (Hope et al., 2004; Holbourn
etal., 20095).

The record was tuned by matching the ampli-
tude-modulated pattern of rainforest angiosperm
cycles with those of the insolation series. Three
rainforest peaks were tied to correlative insola-
tion peaks (1151 at 1557 ka, 1167 at 1708 ka, and
i177 at 1822 ka, using the i-cycle codification
of Lourens et al., 1996), while the partial-cycle
portions of the record above 1557 ka and below
1822 ka were left untuned. Following tuning, the
record extends between 1554.7 and 1834.5 ka, a
duration of 279.8 k.y., representing an ~5.5%
“stretch” of the 265.3 k.y. floating chronology.
While imperfections remain in the match of indi-
vidual cycles to the insolation series, the use of
only three widely spaced tuning points ensures
that the tuning remains minimal (sensu Muller
and MacDonald, 2000) with respect to insola-
tion, thus limiting the importance of assump-
tions about the nature of climate forcing. More-
over, both before and after tuning, the amplitude
modulation of the insolation target, which is a
distinctive feature of the orbital imprint on cli-
mate proxy records (Shackleton et al., 1995b),
is replicated by rainforest angiosperms, and to a
lesser extent by Podocarpaceae.

Cross-spectral analyses of 38°S January 1
insolation with the tuned record confirm that
cyclic fluctuations of rainforest angiosperms
and Podocarpaceae (Fig. 3) primarily represent
a response to insolation forcing. Nonzero coher-
ency with insolation, at the 95% confidence
level, is present for both rainforest types in the
precession band and, for Podocarpaceae, in the
obliquity band. The rainforest angiosperm spec-
trum also varies at ~100 k.y. and at ~12 k.y.,
periods which are not present in calculated inso-
lation. Because the direct influence of eccentric-
ity on insolation changes is very small (<0.1%)
(Clemens and Tiedemann, 1997), these features
are difficult to attribute directly to eccentricity.
Instead, they probably reflect the transfer of vari-
ance that occurs when an amplitude-modulated
climate proxy, such as the rainforest angiosperms
series, is truncated at one end of its response
spectrum (i.e., it drops close to zero at times of
low-amplitude insolation) (Clemens and Tiede-
mann, 1997). Cross-spectral analyses of Euca-
lyptus and Poaceae indicate a different pattern in
which variance is concentrated predominantly in
the eccentricity band, although these taxa are also
coherent with insolation in the precession band at
95% confidence. Since these open-forest indica-
tors are essentially out of phase with rainforest
within the 100 k.y. band, this appears to reflect
the pacing by eccentricity of low-amplitude
insolation cycles (Ridgwell et al., 1999), during
which these taxa are best represented.

----Jan insolation
38°S

BW for 1/3 lags

100 41

23 19
- Coherency

— Rainforest
angiosperms

Coherency

3 Jl ||\
01 | /1 L1 NA

D PR
NI
| ‘I I+ —— Poaceae
I ooy
I [ T
0.9 | I R Y
I N ¢l
1 I\ |
| I\ /\,J\
0.5{ 1 N, 1 "
e I
0.1 L/ [
0.02 0.04 0.06 0.08 0.1
Frequency (kyr")
100 40 30 20 15 10

Period (k.y.)

Figure 3. Cross-spectral comparison of
selected pollen types representing rainforest
and open forest with calculated summer inso-
lation. Bandwidth (BW) at 1/3 lags shown.
Insolation was calculated for 38°S 1 January,
1550-1850 ka. Insolation changes account
for increases in (A) rainforest angiosperms,
(B) Podocarpaceae, (C) Eucalyptus, and
(D) Poaceae. Cross-spectral comparisons
with insolation indicate significant (nonzero
coherency at 95% confidence limit) coheren-
cies for all four pollen types in precession
band, and for Podocarpaceae in obliquity
band. Spectral power is plotted on log scales.
Coherency spectra (solid line with crosses)
are plotted on hyperbolic arc-tangent scales.
Solid horizontal line indicates nonzero coher-
ence at 95% confidence level. Dashed vertical
lines denote primary orbital bands.

CONCLUSIONS

The changing amplitude of the seasonal cycle
exerted the primary influence on the distribution
of rainforest in southeastern Australia during the
late Pliocene—early Pleistocene. The obliquity
period, which strongly dominates the marine
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oxygen isotope record during this interval, is dif-
ficult to discern in the Stony Creek Basin vege-
tation record, where instead, diverse rainforests
alternated at precessional time scales with
sclerophyllous forests. Such bimodal vegetation
dynamics resemble dramatic glacial-interglacial
vegetation changes familiar later in the Quater-
nary, but, because they were paced directly by
effects of fluctuating seasonality, cannot accu-
rately be described in terms of globally synchro-
nized, glacial-interglacial cyclicity.

Such precessional dominance of climate
responses was not universal in the Southern
Hemisphere, since Pacific Ocean sea-surface tem-
perature records from the late Pliocene near New
Zealand (Sabaa et al., 2004) and from the early
Pleistocene in the equatorial Pacific (Medina-
Elizalde and Lea, 2005) were paced by obliquity.
However, Raymo et al. (2006) suggested that the
41 k.y. world arose by cancellation of the preces-
sion component of high-latitude insolation, as ice
growth and ablation were antiphased between
Antarctic and Northern Hemisphere terrestrial ice
sheets. If true, the 41 k.y. world may have been a
predominantly oceanographic phenomenon that
did not necessarily influence the climate of mid-
latitude continents.
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