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Persistent near-tropical warmth on the Antarctic
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The warmest global climates of the past 65 million years occurred
during the early Eocene epoch (about 55 to 48 million years ago),
when the Equator-to-pole temperature gradients were much smaller
than today"* and atmospheric carbon dioxide levels were in excess of
one thousand parts per million by volume®*. Recently the early
Eocene has received considerable interest because it may provide
insight into the response of Earth’s climate and biosphere to the
high atmospheric carbon dioxide levels that are expected in the near
future’ as a consequence of unabated anthropogenic carbon emis-
sions*®. Climatic conditions of the early Eocene ‘greenhouse world’,
however, are poorly constrained in critical regions, particularly
Antarctica. Here we present a well-dated record of early Eocene
climate on Antarctica from an ocean sediment core recovered off
the Wilkes Land coast of East Antarctica. The information from
biotic climate proxies (pollen and spores) and independent organic
geochemical climate proxies (indices based on branched tetraether
lipids) yields quantitative, seasonal temperature reconstructions
for the early Eocene greenhouse world on Antarctica. We show that
the climate in lowland settings along the Wilkes Land coast (at a
palaeolatitude of about 70° south) supported the growth of highly
diverse, near-tropical forests characterized by mesothermal to
megathermal floral elements including palms and Bombacoideae.
Notably, winters were extremely mild (warmer than 10 °C)
and essentially frost-free despite polar darkness, which provides a
critical new constraint for the validation of climate models and for
understanding the response of high-latitude terrestrial ecosystems
to increased carbon dioxide forcing.

The climate and ecosystem evolution on Antarctica before the onset of
continental-scale glaciation at the Eocene/Oligocene transition
(~33.9 Myr ago) is still poorly resolved owing to the obliteration or
coverage of potential archives by the Antarctic ice sheet. Available data
are primarily based on records from the Antarctic Peninsula, which are
only partly representative of climate and ecosystem conditions on the
Antarctic mainland’. Terrestrial proxy data generally indicate cool tem-
perate conditions supporting a vegetation dominated by podocarpaceous
conifers during the Palaeocene epoch (~65-56 Myr ago) and southern
beech (Nothofagus) during the middle Eocene epoch (~49-37 Myr ago),
followed by the final demise of angiosperm-dominated woodlands as a
result of Cenozoic cooling and the development of the Antarctic cryo-
sphere around Eocene/Oligocene boundary times*'. This virtually
makes the terrestrial realm of the high southern latitudes a climatic terra
incognita for the peak warming phase of the Cenozoic greenhouse world.

We apply terrestrial palynology and palaecothermometry based on
the methylation index of branched tetraethers (MBT) and the cycliza-
tion ratio of branched tetraethers (CBT) to a new sedimentary record
from the Wilkes Land margin, East Antarctica, recovered by the
Integrated Ocean Drilling Program (IODP Expedition 318 Site
U1356; see ref. 11 and Fig. 1). These data sets provide the framework
for a terrestrial climate reconstruction for the early Eocene of
Antarctica. The record presented here comprises a succession of
mid-shelfal sediments with excellent chronostratigraphic control
(Supplementary Fig. 1), representing early Eocene (53.6-51.9 Myr
ago) greenhouse conditions and, separated by a ~2 Myr hiatus, an

70° S

Latitude
apnybuo]

100° E

70° S

[
-4,000 -2,000 0 2,000
Palaeo-elevation (m)

-6,000 4,000

Figure 1 | Site location and continental setting of Antarctica during early
Eocene times. Pre-glacial topographical reconstruction for Antarctica during
Eocene-Oligocene times. Reconstructed elevations are used here to define
minimum elevations for the early Eocene (Supplementary Information). The
reconstruction indicates the likely presence of extensive lowlands along the
Wilkes Land margin and higher-altitude settings in the hinterland, both of
which represent the main catchment area for the terrestrial climate proxies
(sporomorphs and biomarkers) studied at Site U1356. Palacotopography after
ref. 29; early Eocene coordinates obtained from the Ocean Drilling
Stratigraphic Network after ref. 30.
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interval of cooling presumed within the latest early Eocene to middle
Eocene (49.3-46 Myr ago; here informally referred to as the ‘mid-
Eocene’). Palynological and geochemical evidence independently
supports the contention that the Wilkes Land sector of Antarctica is
indeed the source region for the Eocene terrestrial palynomorphs
and biomarkers present in the sediment core from Site Ul356
(Supplementary Information).

Non-metric multidimensional scaling techniques show that the
Eocene sporomorph assemblages at Site U1356 represent two main
biomes (Fig. 2 and Supplementary Information). A highly diverse para-
tropical rainforest biome prevailed during the early Eocene, probably
occupying the coastal lowlands of the Wilkes Land margin. This biome
includes numerous mesothermal to megathermal taxa characteristic of
modern subtropical to tropical settings in Australia, New Guinea and
New Caledonia. In addition to ferns and tree ferns (Lygodium,
Cyatheaceae), it is characterized by the presence of palms (Arecaceae),
Bombacoideae (Malvaceae), Strasburgeria (Strasburgeriaceae), Beauprea
(Proteaceae), Anacolosa (Olacaceae) and Spathiphyllum (Araceae)
(Fig. 2). Although these additional taxa occur only in low abundance,
their presence is highly significant. Because they are pollinated by insects,
their pollen dispersal in extant rainforests is generally restricted to less
than 100 m (ref. 13). Hence, even low percentages of their pollen in the
Site U1356 record indicate that these plants formed a substantial part of
the Wilkes Land margin vegetation.

The palm and Bombacoideae pollen not only represent the southern-
most documented occurrences for both taxa during the Eocene, but,
importantly, imply that winter temperatures remained substantially
above freezing. Extant palms occur naturally only in regions with a
coldest-month mean temperature (CMMT) of =5 °C (ref. 1). Because
their cold-season temperature requirements increase further when
palms grow under a high partial pressure of atmospheric CO,, the
CMMT implied by palms during the early Eocene greenhouse world
was at least 8 °C (ref. 14). Even warmer conditions are suggested by the
record of Bombacoideae, which today occur where CMMT > 10 °C.
Because even the most winter-hardy extant palms are severely

damaged by short-term freezing, with a series of consecutive years of
unfavourable climate eventually being lethal'®, winters must have been
essentially frost-free.

Sporomorphs representing a lower-diversity temperate rainforest
biome, with taxa characteristic of extant forests in montane settings
of Australia, New Caledonia, New Guinea and New Zealand",
typically account for ~30% of sporomorphs during the early Eocene.
Characteristic taxa include Nothofagus (fusca type), Araucariaceae,
Proteaceae and Podocarpus; mesothermal to megathermal, frost-
sensitive taxa are consistently absent. Judging from its floral composi-
tion, this temperate rainforest biome occupied cooler environments of
Wilkes Land located farther inland and/or at higher elevations, and
therefore provides insight into the climate conditions deeper within
the Antarctic continent. The coeval existence of a temperate rainforest
biome in the hinterland and a paratropical rainforest in the lowlands of
the Wilkes Land margin indicates a pronounced continental interior-
to-coastal temperature gradient during the early Eocene.

A markedly different vegetation pattern is documented for the mid-
Eocene time interval, with a strong expansion of the Nothofagus-
dominated temperate rainforest biome and the near-extirpation of
the paratropical rainforest biome; notably, the remainder of the latter
biome is devoid of megathermal elements (Fig. 2). Hence, our data
suggest that the temperate rainforest biome became dominant over the
entire catchment area of Site U1356, also extending into the coastal
regions, and that relict mesothermal components of the paratropical
rainforest biome persisted only in localized pockets along the Wilkes
Land margin. These shifts in dominance and floral composition indi-
cate a strong cooling, which in light of the cold-season sensitivity of
meso- and megathermal taxa was particularly pronounced in winter
temperatures, and a strong weakening of the temperature gradient
between coastal and montane regions of the Wilkes Land margin.

To quantify further the sporomorph-derived palaeoclimatic
information, we carried out bioclimatic analyses using the nearest
living relative concept'® to reconstruct the mean annual temperature
(MAT), the mean winter and summer temperatures (MWT and MST)
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Figure 2 | Data from Site U1356 for the early Eocene to mid-Eocene. a, Core
recovery. m.b.s.f., metres below sea floor. b, Geological age''. ¢, Relative
abundances of selected sporomorphs representative of the paratropical and
temperate rainforest biomes. d, Relative abundances of Proteaceae pollen. Data
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based on samples with counts of =90 specimens. e, Number of sporomorph
species rarefied at 280 grains. The number of sporomorph species from the
early Eocene is significantly higher than that from the mid-Eocene (Mann-
Whitney test, P < 0.000005).
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Figure 3 | Climate reconstruction for the Wilkes Land sector of Antarctica
during the early and mid-Eocene derived from Site U1356. a, Core recovery.
b, Geological age''. ¢, Relative abundances of sporomorphs representing the
temperate and paratropical rainforest biomes. d, Estimates of MAT, MWT and
MST for the temperate (blue) and paratropical (red) rainforest biomes, based
on the methodology of ref. 16. Error bars represent the minimum and
maximum estimates determined using that method. The vertical dashed line

(Fig. 3), and the mean annual precipitation (Supplementary Fig. 5).
These results were critically assessed through a comparison with
reconstructions using a different methodology that also relies on the
nearest living relative concept (the coexistence approach of ref. 17;
see Supplementary Information). Because the two recognized biomes
represent distinct environments with different climatic conditions, our
approach allows a spatiotemporally differentiated view of the climate
evolution of Wilkes Land from early Eocene peak warmth through the
onset of mid-Eocene cooling. Our temperature estimates for the
paratropical rainforest biome show that climate along the Wilkes
Land margin was generally warm until at least 51.9 Myr ago. Most
samples indicate temperatures of 16 = 5°C for MAT, 11 =5 °C for
MWT and 21 = 5°C for MST, although a small number also yield
colder or warmer values (Fig. 3). A markedly cooler climate emerges
for the temperate rainforest biome, in particular for MAT and MWT,
for which most samples yield values of 9 = 3 °C and 5 = 2 °C, respect-
ively. For MST, the data show a strong scatter between 14 = 1 °C and
18 = 3 °C, and the values overlap partly with those for the paratropical
rainforest biome. For both biomes, the mean annual precipitation was
persistently more than 100 cmyr ™' (Supplementary Information).
For the mid-Focene interval, our reconstructions based on the relicts
of the paratropical rainforest biome suggest a pronounced cooling,
although this trend is partly within the error limits of the data. The
estimated MAT is 14 = 3 °C, which represents a decline of ~2 °C from
the early Eocene. Our data also indicate a decline in MWT and MST,
although these trends are again within the error limits. Temperatures
reconstructed for the temperate rainforest biome are comparable to
those from the early Eocene, which is consistent with there being no
major changes in the composition of this biome between both intervals.
Independent support for a warm terrestrial climate during the early
Eocene and marked cooling during the mid-Eocene comes from our
MBT/CBT palacothermometry data (Fig. 3). Soil temperatures of
~24-27°C are estimated for the early Eocene, and ~17-20 °C for
the mid-Eocene. These temperatures fall close to the MSTs derived
for the paratropical rainforest biome. This suggests that the branched
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marks the minimum requirements of Bombacoideae for the mean temperature
of the coldest month. e, Temperatures derived from the MBT/CBT index, with
horizontal error bars indicating the calibration standard error (%5 °C). This
error refers to absolute temperature estimates across all environmental settings
of the modern calibration; thus, the error of the within-record variation is much
smaller. Relative sporomorph abundances and sporomorph-based climate
estimates are based on samples with counts of =90 specimens.

tetraethers in Site U1356 sediments originated from coastal lowland
soils of the Wilkes Land sector of Antarctica and could imply a bias
of the MBT/CBT proxy towards summer temperatures, although
such a bias has not been observed in modern mid-latitude climates
(Supplementary Information).

Our data, which provide continental temperature reconstructions
for the high southern latitudes during the early Eocene greenhouse
world, show that paratropical conditions persisted in the lowlands of
the Wilkes Land margin of Antarctica from atleast 53.9 to 51.9 Myr ago.
Notably, our estimates yield a constraint on Antarctic winter tempera-
tures during peak greenhouse conditions. The CMMT and MWT
estimates of =10 °C and 11 * 5 °C, respectively, compare favourably
with deep-water temperatures of ~11 °C in the marine realm at this
time*'®. Because early Eocene deep waters were sourced from
downwelling surface waters in the high southern latitudes off
Antarctica'’, winter temperatures in these regions cannot have dropped
much below 11 °C. Although our MWT estimates are not representative
of the Antarctic continent as a whole, they bear implications for the
current debates on the general ability of climate models to reproduce
extreme greenhouse conditions and the response of polar ecosystems
to increased CO, forcing.

When run with conservative estimates of atmospheric CO, levels for
the early Eocene, fully coupled climate models yield high-latitude
terrestrial winter temperatures considerably below freezing®, and they
produce warm (that is, above-freezing) winters in the terrestrial high
latitudes only when radiative forcing is strongly enhanced*'. Hence,
our winter temperatures for Wilkes Land provide a critical reference
point for understanding the climate dynamics of the early Eocene
greenhouse world. They are in remarkably close agreement with simu-
lated MWTs for the Wilkes Land region when radiative forcings equi-
valent to 2,240 p.p.m.v. and 4,480 p.p.m.v. CO, are applied (ref. 21),
suggesting that enhancing radiative forcing in models may help resolve
the persistent data-model mismatch. However, factors other than extre-
mely high atmospheric greenhouse gas forcing may have contributed to
the winter warmth along the Wilkes Land sector of Antarctica. They
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include winter cloud radiative forcing over high-latitude land masses™,
possibly connected to high ocean-to-land moisture transport®. Our
precipitation estimates (Supplementary Fig. 5) and the presence of
rainforest biomes consistently suggest high moisture availability
throughout the year, thus lending support for this mechanism being
in operation in the Wilkes Land sector of Antarctica. A high moisture
flux from the ocean was facilitated by the presence of extremely warm
surface waters in the Australo-Antarctic gulf, resulting from the sub-
tropically derived, clockwise-flowing proto-Leeuwin current**. Warm
surface waters off Wilkes Land are documented by mass occurrences of
the subtropical dinoflagellate cyst Apectodinium''.

Our data also provide new insights into the physiological ecology of
high-latitude forests, which are subject to seasonally extreme changes
in light levels. The ~50 days of polar darkness on the Wilkes Land
margin poses severe constraints on the plants’ carbon gain by pho-
tosynthesis and carbon loss by respiration. Because carbon loss by
respiration typically increases with temperature®, it has been argued
that polar winters must have been cool rather than warm?®. Our MBT/
CBT temperature data, which under the most conservative (that is,
‘coldest’) assumption represent MST, are typically between 24 and
27°C for the early Eocene (Fig. 3). They are similar to, although
possibly slightly warmer than, the terrestrial MST predicted by climate
models using high radiative forcing (20-25 °C; ref. 21). Over a wide
range of CO, forcing, the models yield a temperature seasonality of the
order of 10 °C, thus suggesting a MWT of 10-15 °C. This evidence,
which is strictly independent of our vegetation-based climate recon-
structions, contradicts the scenario of cold winters on Wilkes Land,
therefore suggesting that respiration losses under a highly seasonal
polar light regime were compensated for by a factor other than tem-
perature. We suggest that the high atmospheric CO, levels of the early
Eocene greenhouse climate were a decisive factor in the physiological
ecology of high-latitude forests, most probably through causing a
reduction in carbon respiration during the polar winter” and an
increase in photosynthetic carbon gain during the growing season®.

Our new data from the peak early Eocene greenhouse world indicate
that a highly diverse forest vegetation containing evergreen elements
can successfully colonize high-latitude, warm winter environments
when atmospheric CO, levels are high. Depending on the thresholds
in atmospheric CO, required by such plants, the duration of polar
winters and the temperatures at which such forcing factors become
significant, these results have important implications for the composi-
tion of high-latitude terrestrial ecosystems in a future anthropogenic
greenhouse world with high atmospheric CO, levels and drastic polar
amplification of warming.

METHODS SUMMARY

Palynology. Between 10 and 15 g of sediment was processed per sample. The dried
sediment was weighed and spiked with Lycopodium spores to facilitate the
calculation of absolute palynomorph abundances. Chemical processing com-
prised treatment with 30% HCI and 38% HF for carbonate and silica removal,
respectively. Ultrasonication was used to disintegrate palynodebris. Residues were
sieved over a 10-pm mesh and mounted on microscope slides, which were
analysed at X200 and X 1,000 magnification. A detailed, step-by-step processing
protocol is given in Supplementary Information.

Sporomorph-based climate reconstructions. Bioclimatic analyses were carried
out following ref. 16, but with data sources including Southern Hemisphere taxa,
allowing the development of climatic profiles for each taxon as described in
Supplementary Information. The results of the bioclimatic analyses were critically
assessed through the application of the coexistence approach'” to the data set using
the same underlying database. Supplementary Table 1 lists all taxa that were
evaluated through the bioclimatic analyses and the coexistence approach, their
botanical affinity and the nearest living relatives used in the analyses.

Organic geochemistry. For MBT/CBT analyses, freeze-dried, powdered
samples were extracted with an accelerated solvent extractor using a 9:1 (v/v)
dichloromethane (DCM):methanol solvent mixture. The obtained extracts were
separated over an activated Al,O5 column, using 9:1 (v/v) hexane:DCM, 1:1 (v/v)
hexane: DCM, 1:1 (v/v) ethylacetate:DCM and 1:1 (v/v) DCM:methanol, into
apolar, ketone, ethylacetate and polar fractions, respectively. The polar fractions
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containing the branched tetraether lipids were analysed by HPLC/APCI-MS
(high-performance liquid chromatography/atmospheric pressure chemical
ionization mass spectrometry) using an Agilent 1100 LC/MSD SL. MBT/CBT
indices were calculated and converted into temperature estimates as described
in Supplementary Information.
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