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Abstract

Abstract

Terrestrial climate and ecosystem evolution during ‘Greenhouse Earth’ phases of the early
Paleogene remain incompletely known. Particularly, paleobotanical records from high
southern latitudes are giving only limited insights into the Paleocene and early Eocene
vegetation of the region. Hence, data from continuous well-calibrated sequences are
required to make progress with the reconstruction of terrestrial climate and ecosystem
dynamics from the southern latitudes during the early Paleogene.

In order to elucidate the terrestrial conditions from the high southern latitudes during the
early Paleogene, terrestrial palynology was applied in the present study to two well-dated
deep-marine sediment cores located at the Australo-Antarctic region: (i) IODP Site U1356
(Wilkes Land margin, East Antarctica) and (ii) ODP Site 1172 (East Tasman Plateau,
southwest Pacific Ocean). The studied sequence from IODP Site U1356 comprises mid-
shelfal sediments from the early to middle Eocene (53.9 — 46 million years ago [Ma]). For
the ODP Site 1172, the studied succession is characterized by sediments deposited in
shallow marine environments of the middle Paleocene to the early Eocene (60.7 — 54.2
Ma).

Based on the obtained pollen and spores (sporomorphs) results from the studied sequences
of Site U1356 and Site 1172, this study aims to: (1) decipher the terrestrial climate
conditions along the Australo-Antarctic region from the middle Paleocene to the middle
Eocene; (2) evaluate the structure, diversity and compositional patterns of forests that
throve in the Australo-Antarctic region during the early Paleogene; (3) understand the
response of forests from the high southern latitudes to the climate dynamics from the early
Paleogene; (4) establish a connection between the generated terrestrial palynomorph data
and published Sea Surface Temperatures (SSTs) from the same cores.

To decipher the terrestrial climatic conditions on the Australo-Antarctic region, this study
relies on the nearest living relative (NLR) concept that assumes that fossil taxa have similar
climate requirements as their modern counterparts. This approach was applied to the
sporomorph results of Site U1356 and Site 1172, following mainly the bioclimatic analysis.
With regard to the structure and diversity patterns of the vegetation from the same region,
the present study presents combined qualitative (i.e., reconstruction of the vegetation based
mainly on the habitats of the known living relatives) and quantitative (i.e., application of
ordination techniques, rarefaction and diversity indices) analyses of the fossil sporomorphs
results.

The overall results from the paleoclimatic and vegetation reconstruction approaches
applied in the present study, indicate that temperate and paratropical forests during the
early Paleogene throve under different climatic conditions on the Wilkes Land margin and
on Tasmania, at paleolatitudes of ~70°S and ~65°S, respectively.

Specifically, the sporomorph results from Site U1356, suggest that a highly diverse forest
similar to present-day forests from New Caledonia was thriving on Antarctica during the
early Eocene (53.9 — 51.9 Ma). These forests were characterized by the presence of
termophilous taxa that are restricted today to tropical and subtropical settings, notably
Bombacoideae, Strasburgeria, Beauprea, Spathiphyllum, Anacolosa and Lygodium. In
combination with MBT/CBT paleotemperature results, they provide strong evidence for



Abstract

near-tropical warmth at least in the coastal lowlands along the Wilkes Land margin. The
coeval presence of frost tolerant taxa such as Nothofagus, Araucariaceaec and
Podocarpaceae during the early Eocene on the same record suggests that paratropical
forests were thriving along the Wilkes Land margin. Due to the presence of this kind of
vegetation, it is possible to suggest that forests in this region were subject to a climatic
gradient related to differences in elevation and/or the proximity to the coastline.

By the middle Eocene, the paratropical forests that characterized the vegetation of the early
Eocene on the Wilkes Land margin were replaced by low diversity temperate forests
dominated by Nothofagus, and similar to present-day cool-temperate forests from New
Zealand. The dominance of these forests and the absence of thermophilous elements
together with the lower temperatures suggested by the MBT/CBT and the sporomorph-
based temperatures indicate consistently cooler conditions during this time interval.

With regard to the sporomorph results of Site 1172, this study suggests that three
vegetation types were thriving on Tasmania from the middle Paleocene to the early Eocene
under different climatic conditions. During the middle to late Paleocene, warm-temperate
forests dominated by Podocarpaceae and Araucariaceae were the prevailing vegetation on
Tasmania. The dominance of these forests was interrupted by the transient predominance of
cool-temperate forests dominated by Nothofagus and Araucariaceae across the middle/late
Paleocene transition interval (~59.5 to ~59.0 Ma). This cool-temperate forest was
characterized by a lack of frost-sensitive elements (i.e., palms and cycads) indicating cooler
conditions with harsher winters on Tasmania during this time interval. By the early Eocene,
and linked with the Paleocene Eocene Thermal Maximum (PETM), Paleocene temperate
forests dominated by gymnosperms were replaced by paratropical rainforests with the
remarkable presence of the tropical mangrove palm Nypa during the PETM and the earliest
Eocene. The overall results from Site U1356 and Site 1172, provide a new assessment of
the terrestrial climatic conditions in the Australo-Antarctic region for validating climate
models and understanding the response of high-latitude terrestrial ecosystems to the climate
dynamics of the early Paleogene on southern latitudes.

The climatic conditions in the higher latitudes during the early Paleogene were further
unravelled by comparing the obtained terrestrial and marine results. The integration of the
obtained sporomorph data with previously published TEXgs-based SSTs from Site 1172
documents that the vegetation dynamics were closely linked with the temperature evolution
from the Australo-Antarctic region. Moreover, the comparison of TEXse-based SSTs and
sporomorph-based climatic estimations from Site 1172 suggests a warm-season bias of
both calibrations of TEXgs (i.e., TEXgs and TEXgs'), when this proxy is applied to high
southern latitudes records of the early Paleogene.
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1.1 Early Paleogene Greenhouse Earth

Globally warm intervals without major icecaps represent close to 75% of the past 540
million years (Crowley, 2000; see Fig. 1.1). In particular, the early Paleogene has long been
known to be the most recent period of extreme global warmth and is characterized by levels
of CO; that may have been above 1,000 ppm (e.g., Pearson and Palmer, 2000; Beerling and
Royer, 2011; see Fig. 1.1). The extreme case is the early Eocene that is distinct by deep sea
temperatures of ~10°C higher than modern values (Miller et al., 1987; Lear, 2000; Zachos
et al., 2001), higher concentrations of CO, with peak values above 2,000 ppm (Pearson and
Palmer, 2000; Beerling and Royer, 2011; Huber and Caballero, 2011) and extremely
reduced latitudinal temperature gradients that are characterized by extremely warm extra-
tropical and above freezing mean temperatures (Barron, 1987; Greenwood and Wing, 1995;
Bijl et al., 2009; Huber and Caballero, 2011). Only since 34 million years ago Earth has
been characterized by lower concentrations of CO,, cooler conditions and a glaciated South
Pole (e.g., Zachos et al., 2008; see Fig. 1.1).
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Figure 1.1. a) Glaciological evidence for continental-scale glaciation of the last 600 Ma from a compilation of
Crowley (2000). b) Earth’s Cenozoic atmospheric CO, reconstructed by marine and continental proxies and global
average of deep-sea temperatures after Beerling and Royer (2011). Symbols with arrow indicate either upper or
lower limits. The vertical dashed line indicates the present-day atmospheric CO, concentration (390 ppm).

On a shorter time scale, hyperthermal events have been recognized superimposed on the
climate trends during the early Paleogene (e.g., Zachos et al., 2008). The best understood
warming event is the Paleocene Eocene Thermal Maximum (PETM) that occurred at ~56

Ma (using the timescale of Gradstein et al. 2012) and lasted for ~170 kyr (Rohl et al.,

10
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2007). This event was caused by the release of a large quantity of carbon into the
atmosphere and ocean over about 10 kyr (Dickens et al., 1995; Cui et al., 2011) that was
accompanied by an increase of temperature of 4 to 8§°C (e.g., Zachos et al., 2003; Sluijs et
al., 2006; Cui et al., 2011). Even though the average of temperature change during the
onset of the PETM (~0.05°C/century; assuming warming of 5°C in 10 kyr) was 20 — 50
times slower than projected anthropogenic warming in the next centuries (IPCC, 2007), the
PETM is considered as the closest analogue for our likely future (e.g., Norris et al., 2013).

Caldeira and Wicket (2003) predict that by the year 2400 humans will have released 5000
gigatonnes of carbon and that as a consequence the partial pressure of CO, will rise to at
least 1800 ppm (Zachos et al., 2008). The uncertainties in the climatic response of a man-
made increase in atmospheric pCO,, have led to an increased interest in past episodes with
high CO; concentrations, particularly those in which the partial pressure of CO, was much
higher than today, such as the early Paleogene and particularly the PETM. The recent
development of different paleoclimatic proxies, sophistication of climatic modelling,
improvements of the timing and pace of past climatic fluctuations together with the new
geologic data from different regions have opened new insights into the understanding of
early Paleogene greenhouse conditions from long to short term climate trends. Particularly,
the higher southern latitudes has garnered special attention during the last decade due to the
fact that this region is important to understand the overturning circulation, which has
significant effects on the redistribution of heat and nutrients in the global ocean (Thomas et
al., 2003; Norris et al., 2013).

Most of the recent marine temperature approaches of the early Paleogene from the higher
southern latitudes are based on organic compounds proxies (notably Texge; Bijl et al., 2009;
2011; 2013a; Hollis et al., 2009; 2012). Sea Surface Temperatures (SSTs) trends derived
from different calibration of TEXgs, reveal extremely warm conditions during the early
Eocene and the Paleocene Eocene Thermal Maximum (PETM) in the southwest Pacific
Ocean on the order of 26 — 28°C (Hollis et al., 2012) and 30° — 35°C (Bijl et al., 2009;
Hollis et al., 2009). Coeval records from the tropical region reveal surface marine and
terrestrial mean temperatures on the order of 30°C (see Jaramillo and Cérdenas, 2013 and
references therein). The above-mentioned highly similar temperatures from the tropics and
high latitudes suggest an extremely low latitudinal temperature gradient during the early
Paleogene (see Fig. 1.2 for comparison of Eocene records). However, the comparison of
SSTs derived from climate models and marine temperature proxies (TEXgs, 80 and
Mg/Ca; Fig. 1.2), suggests that the estimated SSTs of the higher southern latitudes are in
general untenably warm and can not be reconciled with current climate models (Huber and
Caballero, 2011; Hollis et al., 2012).

11
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Figure 1.2.Comparison of modelled Sea Surface Temperatures (SSTs) under 4480 ppmv CO, (Huber and
Caballero, 2011) and SST estimates derived from proxies from the early Eocene. Data are from: (a) Seymour
Island (Ivany et al., 2008); (b) Integrated Ocean Drilling Project (IODP) Site U1356 (TexsﬁL; Bijl et al., 2013a); (c)
Ocean Drilling Project (ODP) 1172 (TexsﬁL; Hollis et al., 2012); (d) ODP 1172 (Texge; Bijl et al., 2009); (e) Deep Sea
Drilling Project (DSDP) Site 277 (Liu et al., 2009); (f) Mid-Waipara sections (TexsﬂL; Hollis et al., 2009); (g, h)
Tanzania (Texge; Pearson et al., 2007); (i) Tanzania (1/Texgs; Pearson et al., 2007; Hollis et al., 2012); (j) ODP 865
(Tripati et al., 2003); (k) New Jersey (Texgs; Sluijs et al., 2007); purple square represents peak PETM SSTs; (1)
Belgian Basin (Vanhove et al., 2011); (m) IODP Site 302-4A, Artic Basin (TexsﬁL; Sluijs et al., 2009; Hollis et al.,
2012); (n) IODP Site M0004, PETM data (Sluijs et al., 2008b). Error bars indicate the range of variation.
Compilation after Bijl et al. (2009) and Huber and Caballero (2011).

The recent SSTs trends from the higher southern latitudes outlined above have become
available over the last decade based on continuous, chronostratigraphically well-calibrated
records (Bijl et al., 2009; 2011; 2013a; Hollis et al., 2009; 2012; 2014). Considering the
potential warm bias on those marine temperature estimations, the use of other proxies
appears indispensable to unravel the actual climatic conditions on the high southern
latitudes of the early Paleogene. Hence, the documentation of the terrestrial ecosystems
responses and the estimation of terrestrial temperatures along high southern latitudes may
create a solid benchmark for our understanding of the climate evolution of the greenhouse
conditions of the early Paleogene.

1.2 Vegetation during the early Paleogene: A focus on the southern high latitudes

The warmer conditions during the early Paleogene, particularly during the early Eocene,
facilitated the expansion of tropical to subtropical forest belts to higher latitudes (see Fig.
1.3). Hence, taxa with a mainly tropical distribution such as Nypa, other members of
Arecaceae (palms) and Bombacoideae have been documented in fossil records from higher
latitudes (see Fig. 1.3b). On the polar latitudes, paleobotanical records from the early
Paleogene reveal that temperate rainforests dominated by Nothofagus and Podocarpaceae

12
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were prevailing on Antarctica (e.g., Askin, 1990; Poole et al., 2001; Truswell and
Macphail, 2009; see Fig. 1.3b). Such forests are restricted today to the southern part of
Australia, Tasmania, New Zealand and South America (Kershaw, 1988; see Fig. 1.3a).
Similarly, macrofloral remains indicate that swamp-cypress and broad floodplain
vegetation similar to present-day vegetation from southeastern North America was the
dominant ecosystem during the Eocene in the Arctic (Eberle and Greenwood, 2011).

B Boreal
B Temperate

B Tropical - Paratropical?
B Tropical

T (swamp-cypress
and broadl leaf floodplain
forests)

Taxodium

A Arecaceae ! )

He

N Nypa \E

‘ B Bombacoideae $

Podocarpus Nothofagus Wollemia
(Araucariaceae)

R Temperate
rainforests

Figure 1.3. (a) Modern extent of vegetation types and (b) interpretation of Eocene vegetation types distribution
after Fine and Ree (2006). Records of Arecaceae (palms) and the mangrove palm Nypa are derived from the
paleomap project (http://www.scotese.com), including Nypa from Patagonia (Palazzesi and Barreda, 2007) and
England (Collinson, 2000). Bombacoideae records are based on sporomorph records from southeast Australia
(Stover and Partridge, 1973) and Alaska (Frederiksen et al., 2002). Presence of swamp cypress and broad leaf
floodplain forests on the Arctic is derived from Eberle and Greenwood (2011). Temperate rainforest on Antarctica
during the middle and late Eocene records are based on Truswell and Macphail (2009) and Poole et al. (2001).

Particularly, paleobotanical records from the high southern latitudes reflect the recurrence
of temperate and tropical rainforests through the early Paleogene (e.g., Morley, 2000; see
Fig. 1.4). For the Paleocene, paleobotanical records indicate that temperate, gymnosperm-
rich forests dominated by podocarps were thriving on Southeast Australia (e.g., Macphail et
al., 1994; Greenwood et al., 2003; Greenwood and Christophel, 2005), Seymour Island
(Antarctica [early Paleocene]; Askin, 1990) and New Zealand (Mildenhall, 1980; Raine et

13
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al., 2009). In Argentina, forests rich in gymnosperms (Araucariaceae and Podocarpaceae)
and angiosperms (e.g., Proteaceae, Arecaceae) were the prevailing vegetation in southern
Patagonia (Palazzesi and Barreda, 2007).

The extreme warm and wet climate during the Eocene, facilitated the presence of
paratropical vegetation on Australia and New Zealand; remarkably mangrove swamps
characterized by the Nypa palm extended as far south as paleolatitude of 65°S on Tasmania
(Pocknall, 1990; Macphail et al., 1994; Pole and Macphail, 1996; Morley, 2000;
Greenwood et al., 2003; Carpenter et al., 2012). On Chile and Argentina, forests called
“Mixed Paleoflora”, which were a blend of taxa with Australo-Antarctic and Neotropical
affinities, were the prevailing vegetation on this region (e.g., Wilf et al., 2003; Gay¢ et al.,
2005; Hinojosa and Villagran, 2005).

By the middle to late Eocene, mixed forests (i.e., paratropical forests) from the early
Eocene were replaced by temperate forests dominated by Nothofagus on Australia, Chile,
Argentina and New Zealand (e.g., Macphail et al., 1994; Hinojosa and Villagran, 1997;
Greenwood et al., 2003; Barreda and Palazzesi, 2007). Similar vegetation dominated by
Nothofagus forests with Araucariaceae and Podocarpaceae as prominent components were
recorded on Antarctica (e.g., Pole et al., 2000; Macphail and Truswell, 2004; Truswell and
Macphail, 2009; Warny and Askin, 2011). Towards the Oligocene, the cooler conditions
resulted in an herb-moss tundra vegetation on Antarctica that was fully developed by
Miocene times (Askin and Raine, 2000; Anderson et al., 2011).

The pronounced recurrence of tropical and temperate forests on the high southern latitudes
summarized above, suggests a noticeable, climatically driven change in terrestrial
environments during the early Paleogene. However, the above-mentioned studies only give
a general picture of the vegetation dynamics during this time interval. This is due to the fact
that paleobotanical studies are mainly based on discontinuous outcrops (Greenwood et al.,
2003) and that sporomorph studies have been predominantly focussed on the generation of
biostratigraphic schemes (e.g., Stover and Evans, 1973; Stover and Partridge, 1973;
Truswell, 1997; MacPhail, 1999). Hence, the timing and nature of the transition between
tropical and temperate forests during the early Paleogene and their connection with the
climate dynamics from the high southern latitudes during this time interval have remained
poorly understood.

14
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Figure 1.4 Comparison of the middle Paleocene to middle Eocene vegetation between different localities at
southern high latitudes. 1. IODP site U1356 (Chapter 2 and 3); 2. Gravity core S36-22/SL (Truswell, 1997; data
based on 4 samples); 3. Lowana Road fossil site (Carpenter et al., 2012); 4. ODP Site 1172 (Chapter 4); 5.
Gippsland and Bass basins (Stover and Evans, 1973; Partridge et al., 2003; Partridge, 2006; composite data from
different exploration wells); 6. Tui-1 exploration well (Raine et al., 2009; data from drill cutting material); 7.
Kumara-2 core from New Zealand (Handley et al.,, 2011); 8. Nahuel Haupi Este and Confluencia localities of
Huitrera Formation (Melendi et al., 2003); 9. Rio Pichileufii outcrop sections (Wilf et al., 2005); 10. Laguna del
Hunco outcrop sections (Wilf et al.,, 2005); 11. Rio Chubut outcrop sections (Palazzesi and Barreda, 2007;
Quatroccio et al., 2011). Paleolatitudes based on the Eocene paleogeographic maps of Cande and Stock (2004) and
Wilf et al. (2005). The presence of temperate rainforests during the middle Eocene in New Zealand is based on an
increase of pollen derived from Nothofagidites spp. (fusca type) and the absence of Nypa palm. Paratropical
rainforests in Argentina is better referred as: “Mixed Paleoflora”.
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1.3 Focus of this research

As outlined above, paleobotanical records from high southern latitudes are giving only
limited insights into the early Paleogene vegetation of the region. Particularly, Antarctica
has remained as ferra incognita for the early Eocene and only sparse macrofloral remains
and terrestrial palynological records are accessible for the early Paleocene, middle and late
Eocene terrestrial ecosystems (e.g., Truswell and Drewry, 1984; Askin, 1989; 1990; Li,
1992; Raine and Askin, 2001; Francis and Poole, 2002; Poole et al., 2005; Truswell and
Macphail, 2009). Clearly, data from longer sequences with high-quality age control are
required to make a step forward to reconstruct the terrestrial conditions of high southern
latitudes during the early Paleogene. Moreover, these data sets may allow a direct
comparison with current marine temperature estimations derived from the same cores (Bijl
et al., 2009; 2013a; 2013b; Hollis et al., 2012; 2014). Based on this notion, this study aims
at reconstructing terrestrial climate and ecosystem dynamics from the higher southern
latitudes during the early Paleogene, based on continuous, chronostratigraphically well-
calibrated records from the Australo-Antarctic region (see below Section 1.4).

Considering the above, this research mainly focuses on the following major questions:

(1) What were the terrestrial climate conditions along the Australo-Antarctic region from
the middle Paleocene to the middle Eocene?

(i1)) How did the forests that prevailed on the Australo-Antarctic region respond to the
climate dynamics of the early Paleogene?

(ii1)) What were the structure, diversity and compositional patterns of the vegetation along
the Australo-Antarctic region during the early Paleogene?

(iv) What is the connection between the generated terrestrial palynomorph data and the
SSTs derived from organic proxies (i.e., Texse)?

1.4 Terrestrial ecosystems from marine pollen records at the Australo-Antarctic
region

As outlined above, a promising avenue towards a better understanding of early Paleogene
climate dynamics on high southern latitudes is the generation of continuous terrestrial
climate and ecosystem records in well-dated, deep-marine sediment cores. Such an
approach has been applied in this study, based on terrestrial palynomorphs of two well-
dated deep-marine sediment cores of Paleocene to middle Eocene age: IODP Hole UI356A
(Wilkes Land margin, East Antarctica) and ODP Hole 1172D (East Tasman Plateau,
southwest Pacific Ocean) (Fig.1.5).
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Figure 1.5. Paleogeographic reconstructions of the East Antarctic/Australian sector of the Southern Ocean for the
early Paleocene (left) and the middle Eocene (right). Warm and cold surface-water currents are marked by red
and blue arrows, respectively. Positions of IODP Site U1356 and ODP Site 1172 are indicated by stars. Dark grey
areas indicate present-day land, light grey areas are submerged continental blocks above 300 m (after Bijl, 2011).
IODP Site U1356 (63°19°S, 168°49’E; Fig. 1.5) is located at the transition between the
continental rise and the abyssal plain close to the Wilkes Land margin (Expedition 318
Scientists, 2011). The paleolatitudes of the Wilkes Land margin and Site U1356 are nearly
identical to the present-day positions. For this study only the early Eocene to middle
Eocene sequence was analysed from this hole. Lithologically, the early Eocene succession
consists of bioturbated claystones with intercalated fine sandstone beds. The middle
Eocene succession is characterized by interbedded sandstones, diamictites, silty claystones,
and siltstones (Expedition 318 Scientists, 2011). The studied succession comprises mid-
shelf sediments of the early Eocene (53.9-51.9 Ma), separated by a ~3 myr-long hiatus,
with an interval from the latest early Eocene to middle Eocene (49.3 — 46 Ma; Tauxe et al.,
2012).The age control of the Eocene strata at Site U1356 is based on the integration of
magnetostratigrapic and dinoflagellate cyst-based biostratigraphic data of Tauxe et al.
(2012).

Cores from the ODP Site 1172 were extracted from a water depth of ~2620 m on the
western side of the East Tasman Plateau (ETP; 43°57.6' S, 149°55.7' E; Fig. 1.5)
(Shipboard Scientific Party, 2001a). During the early Paleogene, the ETP was located at
~65°S, much closer to Antarctica than today (e.g., Cande and Stock, 2004). The present
study focuses on the middle Paleocene to the early Eocene sequence from this hole.
Lithologically, the middle Paleocene to early Eocene succession of ODP Site 1172 consists
mainly of grey to greyish brown clay- and siltstones with low abundances of calcareous
and siliceous microfossils (Shipboard Scientific Party, 2001b; Rohl et al, 2004).
Environmentally, the succession is interpreted to reflect very shallow to restricted marine
conditions, with marked runoff from the nearby shores (Rohl et al., 2004). The age model
of the studied sequence is based on the magneto- and chemostratigraphically calibrated
dinoflagellate cyst zonation of Bijl et al. (2013b).

Surface marine currents from the Australo-Antarctic region were strongly influenced by the
deepening and widening of the Tasmanian Gateway (Stickley et al., 2004b; Bijl et al.,
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2013a). During the Paleocene and early Eocene, the Pacific sector of the ETP was under
the persistent influence of the relatively cool Tasman Current; in contrast, the Wilkes Land
margin at the Australo-Antarctic Gulf was bathed by the low-latitude-derived warm Proto-
Leeuwin Current (Huber et al., 2004; see Fig. 1.5). Onset at ~49-50 Ma, a westbound
Antarctic Counter Current flowed from the Pacific sector of the Tasmania region to the
Australo-Antarctic Gulf linked to deepening of the Tasmanian Gateway (Bijl et al., 2013a;
see Fig. 1.5). An accelerated deepening and widening of the Tasmanian Gateway took
place close to the middle-late Eocene boundary (~35.5 Ma) that led to the inflow of
relatively warm Australo-Antarctic Gulf waters through the Tasmanian Gateway into the
southwest Pacific region during the early Oligocene (Stickley et al., 2004b). The
paleoceanographic reorganizations outlined above had important influences on the
terrestrial climate conditions of the Australo-Antarctic region during the early Paleogene
(Bijl et al. 2013a). This is mainly based on the comparison of MBT/CBT and sporomorph-
based temperatures (same data presented in this study for Site U1356; see Chapter 2), with
dinoflagellate biogeography and sea surface temperatures from the same region (see Bijl et
al. 2013a).

1.5 Proxy for reconstructing vegetation: Pollen and spores

In this study, a total of 225 palynological samples were analysed for pollen and spores
content, 145 taken from the Eocene interval of Site U1356 and 80 from the middle
Paleocene to early Eocene interval of Site 1172. Palynological slides from Site U1356 were
prepared in the present study following the protocols at the Institute of Geosciences of
Goethe University Frankfurt and the Laboratory of Palaeobotany and Palynology of
Utrecht University (see Fig. 1.6 for the laboratory processing applied). Samples from Site
1172 were supplied by the Laboratory of Palaecobotany and Palynology of Utrecht
University.

Samples were analysed using a light microscope at 200x magnification. Up to 12 slides
were necessary for counting 100 to 300 sporomorphs due to the low abundances of
sporomorphs in many of the studied samples. Details of the morphological characteristics
were observed at 1000x magnification. The taxonomical classification of sporomorphs
were carried out following mainly Couper (1960), Harris (1965), Stover and Partridge
(1973), Truswell (1983), Raine et al. (2008), and Truswell and Macphail (2009). The
taxonomical affinities were established after Macphail et al. (1994), Raine (1998) and
Truswell and Macphail (2009).
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Samples were crushed and oven-dried (60°C) for several days

N

Samples were transferred into plastic bottles (pots) and weighted (~14 gr)

7

A tablet of spores (Batch Number 483216; 18,583 +4.1 % Lycopodium spores per tablet) was added to each sample

\/

Samples were wetted with a little bit of Agepon wetting detergent (Agepon:Water [1:100])

\/

A little bit of 10 % HCI was added to dissolve the tablet of Lycopodium

\/

To remove the silicates of the sample, close to 70 ml of 40 % HF was added to each sample

\/

To accelerate the effects of the HF, the pots were put in a shaker for 120 min at 250 rev/min and subsequently decanted

\/

To dissolve the silica gel, 30 % HCI1 was added to the samples (a little bit more than the size of the residue)

G

To settle the residue, samples were centrifuged (speed 2000 rev/min during 5 min) and subsequently decanted

G

Due to the high content of silicates on the samples, the last four steps were repeated

G;

The organic residue was sieved over a 250 pm nylon mesh, and the filtrate was subsequently sieved over a 10 pum mesh

G

To disintegrate the palynodebris, an ultra sonic bath was used in the sieving process

G

To separate heavier particles, the sieved residue was put in a ceramic bowl with water, inside an ultra sonic bath for 5 min

N

The heavier particles were decanted in the ceramic bowl and the remaining material in suspension was transferred into tubes

N/

To settle the organic material, the residue was centrifuged (2200 rev/min during 5 min without
break)

\J

The water was decanted and drops of glycerin were added to the residue (Glicerine : Water [1:1] + Phenol)

\/

The residue was centrifuged in vials (2200 rev/min during 5 min without break) and decanted

N/

The residue was transferred to microscope slides and slide preparations were sealed using nail polish

Figure 1.6 Steps of the palynological laboratory processing used for samples of Site U1356 at Utrecht University
and Goethe University Frankfurt in this study. HCL was used only to dissolve the silica gel during the
palynological processing due to the low content of carbonate in all processed samples.

Considering that terrestrial palynomorphs analysed in the present study were deposited in
marine environments (see Section 1.4), it becomes indispensable to identify the source
region of the studied sporomorphs, in order to obtain better insights into the vegetation and
terrestrial climate conditions. In this study, the recovered sporomorphs from Site U1356
and Site 1172 are thought to reflect the vegetation of the Wilkes Land margin and
Tasmania, respectively. Generally, terrestrial palynological studies from marine settings
rely on the idea that the recorded sporomorphs reflect the vegetation of adjacent

19



Chapter 1. Introduction

landmasses (e.g., Traverse, 1994a; van der Kaars, 2001). However, in the present study
different lines of evidence are presented to further support the provenance of the sediments
from the Wilkes Land margin (Site U1356; see Chapters 2 and 3 for an in depth discussion)
and Tasmania (Site 1172; See Chapter 4 for an in depth discussion).

Considering that water transportation is responsible for the majority of sporomorph
particles deposited in marine settings (e.g., Muller, 1959; Farley, 1987; Traverse, 1994a),
the recorded sporomorphs at Site U1356 and Site 1172 were probably transported from the
Wilkes Land margin and Tasmania mainly via streams and marine currents as clastic
particles. The hydrodynamic sorting during transport of the pollen and spores into the
marine setting may result in assemblages dominated by easily transported, more buoyant,
sporomorphs (e.g., Holmes, 1994; Traverse, 2008). Hence, the selective nature of marine
pollen transport may decrease the diversity of sporomorph types in marine cores compared
with terrestrial sites (Moss et al., 2005). The potential bias effects of the hydrodynamic
sorting, have been taken into account when interpreting the sporomorph results of IODP
Site U1356 and ODP Site 1172 and are further discussed in Chapters 3 and 4.

To further elucidate other potential biases, it appears well possible that pollination
strategies may also affect the relative abundances of the sporomorph assemblages deposited
in marine settings. This is mainly due to the fact that pollen derived from insect-pollinated
species are not likely to be transported over larger distances before they settle and they
reach normally lower abundances in the pollen spectrum when compared to wind-
pollinated taxa (Jackson, 1994). The studied sporomorph assemblages at Site U1356 and
Site 1172 are characterized by low abundances of taxa with living relatives distributed
today mainly in tropical settings (e.g., Arecaceae [palms]), Nypa, Bombacoideae). These
plants are mainly insect-pollinated (Bush and Rivera, 1998; Barfod et al., 2011) and they
appear underrepresented on the sporomorph assemblages of the studied sequences of Site
U1356 and Site 1172. Hence, despite of the low abundances reached by these taxa in the
present study, their presences have significant ecological and climatological implications
and are further discussed in the subsequent chapters.

1.6 Quantitative methods for inferences of diversity and composition of the
vegetation

For assessing the vegetation diversity and compositional changes, different techniques were
used in the present study:

(1) Rarefaction: this interpolation technique is derived from the analysis of the
relative frequencies of specimens within species, which makes possible the
estimation of the number of sporomorph species at a constant sample size
(Raup, 1975).

(1)  Diversity and Evenness indices: Shannon index (H = - Zp, logiopn, with p, =
proportion of individuals that belong to species n) and Evenness (J = H/Hmax)
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were calculated as a measure of species diversity. H= 0 (minimum value) when
the sample unit contains a single specie and increases with the number of
species. For a given number of species, H reaches its maximum when the
individuals are equally distributed among the species (Legendre and Legendre,
1998). When J = 1, all species have the same number of individuals. A low
value indicates that most of the assemblage is dominated by only few species
(Hayek and Buzas, 2010).

Species accumulation curves: This method allows meaningful standardization
and comparison of the richness patterns from different datasets. The sample-
based taxon resampling curves represent the means of richness of repeated re-
sampling of a certain number of pooled samples (Gotelli and Colwell, 2001).

Detrended Correspondence Analysis (DCA) and Multidimensional Scaling:
Both ordination techniques have been mainly applied in palynological studies to
assess the overall variation in floral composition through time (e.g., Harrington,
2001; Jaramillo, 2002; Cardenas et al., 2011; Wing and Currano, 2013). DCA is
an adaption of correspondence analysis that suppresses the curvature of straight
gradients and rescales the axes to remove distortion (Peet et al., 1988).
Multidimensional Scaling helps to evaluate similarities and dissimilarities of
samples based on any distance matrix (e.g., dissimilarity indices). This
technique plots dissimilar objects far apart from each other and similar objects
close to one another and does not maximize the variability associated with
individual axes of the ordination (Legendre and Legendre, 1998).
Multidimensional Scaling was also applied to evaluate the response of
sporomorph taxa to a temperature gradient (see Chapter 2 and Supplement of
this chapter).

A parametric statistic t-test, Mann-Whitney test and ANOSIM for the
Multidimensional Scaling results were carried out to assess the differences in
the floral composition and diversity between the different sporomorph
assemblages.

All analyses were performed using the software R for statistical computing (R
Development Core Team, 2011) and the package Vegan (Oksanen et al., 2011).

1.7 Paleoclimatic estimations based on pollen and spores

Quantitative paleoclimatic evaluations of sporomorph assemblages have been recently used
as a valuable tool in pre-Quaternary climate reconstructions both from terrestrial (e.g.,
Greenwood et al., 2005; Poole et al., 2005) and marine (Eldrett et al., 2009) sedimentary
records. The two approaches most widely applied to pre-Quaternary sporomorph
assemblages are the bioclimatic analysis method (Greenwood et al., 2005; see Fig. 1.7) and
the coexistence approach (Mosbrugger and Utescher, 1997; see Fig. 1.7). Both methods
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rely on the notion that a given fossil taxon has similar ecological requirements as its nearest
living relative (NLR). The climatic estimates are based on presence/absence data and are
hence independent of the percentages of individual sporomorph taxa. This makes these
methods well suited for the climatic evaluation of sporomorph assemblages from marine
sediments, in which the hydrodynamic properties of the different grains may result in
variations in the percentages of individual taxa with respect to the original assemblages on
the continent (see Section 1.5). Although both approaches can work with a single taxon, the
interval width typically increases with the number of taxa with NLR used (Mosbrugger and
Utescher, 1997; Pross et al., 2000).
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Figure 1.7 Temperature profiles for the Coldest Month Mean Temperature of nearest living relatives (NLRs) of
informative taxa used in this study. Shaded areas are derived from the thermal overlap following the bioclimatic
analysis (Greenwood et al., 2005) and the coexistence approach (Mosbrugger and Utescher, 1997). The zone of
overlap from the bioclimatic analysis was calculated using the 10th percentile of the range from the upper limits of
the temperature profiles and 90th percentile of the temperature range from the lower limits of the temperature
profiles. The zone of overlap from the coexistence approach reflects the temperature range where all taxa involved
in the analysis can coexist. Dashed line shows the mid-point value of the interval obtained from the bioclimatic
analysis.

Based on the established botanical affinities, climatic profiles of mean annual temperature
(MAT), coldest month mean temperature (CMMT), mean winter temperatures (MWT),
warmest month mean temperature (WMMT), mean summer temperatures (MST) and mean
annual precipitation (MAP) were generated for each taxon with known NLR. Each profile
contains the maximum and minimum values for a range of climate variables with respect to
each NLR. The climate profiles used here were mainly from two sources: (i) dataset mainly
based on geographical distribution data from the Australian National Herbarium online
database (Australian National Herbarium, 2011) and the mathematical climate surface

22



Chapter 1. Introduction

software ANUCLIM 5.156 (Houlder et al., 1999); provided by David Greenwood (ii)
PALAEOFLORA database that contains climatic information for a plant taxon referring to
its global distribution (Utescher and Mosbrugger, 2013); provided by Torsten Utescher.
After the climate profiles were generated, the bioclimatic analysis and the coexistence
approach were applied to the sporomorph data following Greenwood et al. (2005) and
Utescher and Mosbrugger (2013), respectively (see Fig. 1.7 for clarification of both
methods). Moreover, the same sporomorph-based paleoclimatic approach was applied to
previously published sporomorph records from Southeast Australia (Bass Basin, Gippsland
Basin, South East Highlands) and New Zealand to further constraint our results from Site
1172.

1.8 Comparison with organic proxies

The absence of biogenic carbonate in high-latitude Paleogene sediments leads to the use of
organic approaches for temperature estimations (Bijl et al., 2009). The most recently
developed proxies are TEXgq (Schouten et al., 2002) and MBT/CBT (Weijers et al., 2007d).
Both proxies are based on Glycerol-dialkyl-glycerol-tetracthers (GDGT) lipids that are
synthesized by many phylogenetic groups within the Archea domain and occur
ubiquitously in a wide range of environments, such as the marine and lacustrine water
columns, lacustrine sediments, surface and deeply buried marine sediments, soil, peat and
modern hot springs (see Schouten et al., 2013; and references therein).

The MBT/CBT (methylation index of branched tetraethers/cyclisation ratio of branched
tetraethers) proxy for air temperature is a relatively novel organic geochemical tool
increasingly employed in terrestrial paleoclimatic studies (e.g., Weijers et al., 2007c;
Eberle et al., 2010). This proxy was developed based on the significant correlation between
mean annual air temperature and soil pH with branched GDGT distributions in >130
natural soils (Weijers et al., 2007d). This proxy is derived from branched GDGTs produced
by a yet unknown group of anaerobic soil bacteria that adapt their core membrane lipid
composition to both pH and temperature (Weijers et al., 2007d).

While the CBT is primarily related to the pH of the soil, the MBT is mainly correlated with
the annual mean air temperature and, to a lesser extent, negatively correlated with the pH of
the soil (Weijers et al., 2007a). If both parameters are combined, it appears that the
variation in the MBT is largely explained by both MAT and pH as follows (Weijers et al.,
2007d):

MBT=0.122 + 0.187 x CBT + 0.02 x MAT (r* 0.77) (Eq. 1.1)
Since these lipids are produced in soil, they are likely to reflect soil temperature rather than
air temperature; additionally, like other proxies, results derived from the MBT/CBT proxy

may be biased towards summer temperatures (see Schouten et al., 2013 and references
therein for further discussion). In this study, a comparison of the sporomorph data with
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temperatures derived from MBT/CBT (data provided by Peter Bijl from Utrecht
University) is portrayed in Chapter 2.

With regard to TEXgs, this technique is based on the relative distribution of isoprenoid
GDGTs derived from marine Thaumarchaeota (Schouten et al., 2002; 2013). This proxy
relies on the idea that temperature is one of the main factors influencing the relative
number of cyclopentane moieties, combined with the observation that the distribution of
cyclopentane moieties in marine sediments varied between different latitudes (Schouten et
al., 2002; 2013).

Considering that temperature is an important control on GDGT distribution in the marine
environment, Schouten et al. (2002) presented a significant correlation between the number
of cyclopentane rings of GDGTs and the annual mean sea surface temperatures based on
the following index:

(GDGT-2)+(GDGT-3)+(Chenarchaeol regio isomer)
(GDGT-1) + (GDGT—-2)+(GDGT—-3)+(Chenarchaeol regio isomer)

TEX86= (Eq 1 2)

However, the established correlation by Schouten et al. (2002) is based on a relatively
small set (n=44) of surface sediment data. An extended dataset (n=287) with core top data
from mainly polar oceans improved the correlation and supported that TEXse has a strong
linear relationship with sea surface temperatures (SSTs) between 5°C and 30°C and might
not be directly applicable for the polar oceans (Kim et al., 2008). Moreover, Kim et al.
(2010) extended the global core top data set including samples from polar oceans and
confirmed the general insensitiveness of TEXgs to temperatures on those latitudes. They
also statistically evaluated other GDGT indices other than the ones introduced by Schouten
et al. (2002) and founded two new calibrations (i.e., Texss~ and Texgs ') with a stronger
relationship to SSTs.

The application of TEXse to higher latitudes is still on debate (see further discussion on
Hollis et al., 2012; Bijl et al., 2013a; Pancost et al., 2013, Schouten et al., 2013). In this
study, comparisons with SST estimations derived from Texss~ and Texss " of Site 1172 (Bijl
et al., 2009; 2013b; Hollis et al., 2014) are provided in Chapter 4.

1.9 Framework of this thesis

Summaries of Chapters 2 — 4 are presented as follows:

Chapter 2, Based on the obtained Eocene sporomorph data for Site U1356, the first
continental climate reconstruction of Antarctica for the peak of the early Eocene
greenhouse world is provided in this chapter. Our palynological data indicate that the early
Eocene vegetation along the Wilkes Land margin was highly diverse and contained
thermophilous elements that today are restricted to tropical and subtropical settings (e.g.,
palms and Bombacoideae). In combination with MBT/CBT paleotemperature results, they
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provide strong evidence for near-tropical warmth at least in the coastal lowlands along the
Wilkes Land margin. At the same time, vegetation elements that today prefer cool
temperate settings were consistently present, suggesting a vegetation zonation by altitude
and/or coastline distance. In contrast, the middle Eocene pollen and spores record indicates
a dominance of cool temperate, low-diversity forests dominated by Nothofagus (southern
beech) and conifers. Thermophilous elements are consistently absent and lower
temperatures are also suggested by the MBT/CBT data for this time interval. This cooling
is further corroborated by sporomorph-derived paleoclimatic information that is mainly
based on bioclimatic analyses using the nearest living relative concept. Mean annual
temperature (MAT), mean winter (MWT) and summer (MST) temperatures and mean
annual precipitation (MAP) are provided in this chapter for the lowland (paratropical) and
highland (temperate) biomes. Although the climate estimates presented in this chapter 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 increase CO, forcing.

Chapter 3, A qualitative and quantitative characterization of Eocene forests along the
Wilkes Land margin based on the sporomorph assemblages of Site U1356 is provided in
this chapter. The qualitative approach investigates the vegetation structure of forests along
the Wilkes Land margin based on the ecological requirements and habitats of the known
living relatives of the fossil taxa. The quantitative approach describes the composition and
diversity of these ancient forests based on Detrended Correspondence Analysis, rarefaction,
species accumulation curves, and diversity indices. A comparison of species richness of the
Eocene vegetation from the Wilkes Land margin with modern selected tropical and
temperate sites through species accumulations curves further elucidates the characterization
of Eocene forests on Antarctica. The results of the combined qualitative and quantitative
approach indicate that early Eocene forests along the Wilkes Land margin were
characterized by a diverse canopy composed of plants that today occur in tropical settings;
their richness pattern was similar to present-day forests from New Caledonia. In contrast,
middle Eocene forests were characterized by a canopy dominated by Nothofagus and
exhibited low richness patterns similar to modern Nothofagus forests from New Zealand.
Moreover, stratigraphic distribution and characterization of selected taxa through
taxonomical remarks and microphotographs are presented in this chapter and in Appendix
1.

Chapter 4, This chapter explores the climate and vegetation dynamics during the early
Paleogene on Tasmania based on the middle Paleocene to early Eocene record of Site 1172.
Based on the obtained sporomorph data, this study suggests that three vegetation types
were thriving on Tasmania under different climate conditions from the middle Paleocene to
the early Eocene: (i) warm-temperate forests dominated by gymnosperms that were the
dominant vegetation during the middle and late Paleocene; (ii) cool-temperate forests
dominated by MNothofagus and Araucariaceae that transiently prevailed across the
middle/late Paleocene transition interval; and (iii) paratropical forests rich in ferns that
were established in the wake of the Paleocene—Eocene Thermal Maximum (PETM). The
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presence of cool-temperate forests and the absence of frost sensitive taxa (i.e., palms and
Cycadales) during the middle/late Paleocene transition (~59.5 to ~59.0 Ma) indicate
notably cooler conditions and harsher winters on Tasmania during this time interval. The
integration of our data with the available terrestrial information from the Southwest Pacific
region, together with newly generated paleoclimatic estimates, suggests that the
replacement of temperate by paratropical forests was indeed regional and strongly linked to
the PETM event. Moreover, the comparison of our terrestrial (i.e., floristic and climatic)
data from Site 1172 and TEXge-based sea-surface temperatures reveals a strong close
coupling between marine and terrestrial evolution during the early Paleogene and a summer
bias on the TEXgs-derived temperatures.
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Abstract

The warmest global climates of the past 65 Million years (Myr) occurred during the early
Eocene epoch (about 55-48 million years ago), when the Equator-to-pole temperature
gradients were much smaller than today (Greenwood and Wing, 1995; Bijl et al., 2009) and
atmospheric carbon dioxide levels were in excess of one thousand parts per million by
volume (Yapp, 2004; Beerling and Royer, 2011). Recently, the early Eocene has received
considerable interest because it may provide insight into the response of the Earth’s climate
and biosphere to high atmospheric CO, levels that are expected for the near future
(Meinshausen et al., 2011) as a consequence of unabated anthropogenic carbon emissions
(Zachos et al., 2008; Beerling and Royer, 2011). Climatic conditions of the early Eocene
“greenhouse world” are poorly constrained in critical regions, particularly Antarctica. Here

27



Chapter 2. Persistent near-tropical warmth on the Antarctic continent during the early Eocene

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.

2.1 Introduction

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
partially representative of climate and ecosystem conditions on the Antarctic mainland
(Anderson et al., 2011). Terrestrial proxy data generally indicate cool temperate conditions
supporting a vegetation dominated by podocarpaceous conifers during the Palaeocene
(~65-56 Myr ago) and southern beech (Nothofagus) during the middle Eocene (~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 cryosphere around Eocene-
Oligocene boundary times (Francis, 1996; Poole et al., 2005; Truswell and Macphail,
2009). This virtually makes the terrestrial realm of the high southern latitudes a climatic
terra incognita for the peak warmth of the Cenozoic greenhouse world.

We apply terrestrial palynology and palacothermometry based on the methylation index of
branched tetraecthers (MBT) and the cyclization 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; Expedition 318
Scientists, 2011; Fig. 2.1). These datasets provide the framework for the first terrestrial
climate reconstructions for the early Eocene of Antarctica. The record presented here
comprises a succession of mid-shelfal sediments with excellent chronostratigraphic control
(Supplementary Fig. S2.1), representing early Eocene (53.6-51.9 Myr ago) greenhouse
conditions and, separated by a ~2 Myr hiatus, an interval of cooling presumed within the
latest early Eocene to middle Eocene (49.3-46 Myr ago; here informally referred to as
“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
U1356 (see Supplementary Information).
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Figure 2.1 Site location and continental setting of Antarctica at 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. Palaeotopography after Wilson et al. (2012); early Eocene coordinates obtained from the
Ocean Drilling Stratigraphic Network after Hay et al. (1999).

2.2 Results and Discussion

Non-metric multidimensional scaling techniques show that the Eocene sporomorph
assemblages at Site U1356 represent two main biomes (Fig. 2.2 and Supplementary
Information). A highly diverse paratropical 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 (Kershaw, 1988). 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. 2.2).
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 100m (Bush and Rivera, 1998). Hence, even
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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 southernmost 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 (Greenwood and Wing,
1995). 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 (Royer et al., 2002). 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 (Larcher and Winter, 1981), winters must have been essentially frost-free.
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Figure 2.2 Data from Site U1356 for the early to mid-Eocene. (a) Core recovery, m.b.s.f, metres below sea floor; (b)
Geological age; (c) Relative abundances of selected sporomorphs representative of the paratropical and temperate
rainforest biomes, and (d) relative abundances of Proteaceae pollen. Data based on samples with counts =90
specimens; (¢) 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).

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 (Kershaw, 1988), typically account for, 30% of sporomorphs
during the early Eocene. Characteristic taxa include Nothofagus (fusca type),

Araucariaceae, Proteaceae and Podocarpus; mesothermal to megathermal, frostsensitive
taxa are consistently absent. Judging from its floral composition, this temperate rainforest
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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. 2.2). 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 indicate 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 palacoclimatic information, we carried out
bioclimatic analyses using the nearest living relative concept (Greenwood et al., 2005) to
reconstruct the mean annual temperature (MAT), the mean winter and summer
temperatures (MWT and MST) (Fig. 2.3), and the mean annual precipitation
(Supplementary Fig. S2.5). 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 Mosbrugger and Utescher, 1997; 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 indicating temperatures of 16 + 5
°C for MAT, 11 £ 5 °C for MWT and 21 + 5 °C for MST, although a small number also
yields colder and warmer values (Fig. 2.3). 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, respectively. For MST, the data show a strong scatter
between 14 = 1 °C and 18 + 3 °C, and the the values overlap partly with those for the
paratropical rainforest biome. For both biomes, the mean annual precipitation was
persistently more than 100 cm yr'' (Supplementary Information).

For the mid-Eocene 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
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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.
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Figure 2.3 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 (c¢) Relative abundances of sporomorphs
representing the temperate and paratropical rainforest biomes; (d) Estimates of Mean Annual Temperature, Mean
Winter Temperature and Mean Summer Temperature for the temperate (blue) and paratropical (red) rainforest
biomes based on the methodology of Greenwood et al. (2005). Error bars represent the minimum and maximum
estimate returned using that method. The vertical dashed marks the minimium requirements of Bombacoideae for
the mean temperature of the coldest month; (¢) Temperatures derived from the MBT/CBT index with horizontal
error bars indicating the calibration standard error (x5 °C). This error refers to absolute temperature estimates
across all environmental settings oft he modern calibration; thus, the error of the within-record variation is much
smaller. Relative sporomorph abundances and sporomorph-based climate estimates based on samples with counts
=90 specimens.

Independent support for a warm terrestrial climate during the early Eocene and marked
cooling during the mid-Eocene comes from our MBT/CBT palaeothermometry data (Fig.
2.3). 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 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 at least 53.9 to 51.9
Myr ago. Notably, our estimates yield a constraint on Antarctic winter temperatures during
peak greenhouse conditions. The CMMT and MWT estimates of >10 °C and 11 + 5 °C,
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respectively, compare favourably with deep-water temperatures of ~11 °C in the marine
realm at this time (Lear, 2000; Zachos et al., 2008). Because early Eocene deep waters
were sourced from downwelling surface waters in the high southern latitudes off Antarctica
(Thomas et al., 2003), 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 (Shellito et al., 2003), and they produce warm (that is, above-
freezing) winters in the terrestrial high latitudes only when radiative forcing is strongly
enhanced (Huber and Caballero, 2011). 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 simulated MWTs
for the Wilkes Land region when radiative forcings equivalent to 2,240 ppmv. and 4,480
ppmv. CO, are applied (Huber and Caballero, 2011), suggesting that enhancing radiative
forcing in models may help resolve the persistent data—model mismatch. However, factors
other than extremely high atmospheric greenhouse gas forcing may have contributed to the
winter warmth along the Wilkes Land sector of Antarctica. They include winter cloud
radiative forcing over high-latitude land masses (Abbot et al., 2009), possibly connected to
high ocean-to-land moisture transport (Abbot and Tziperman, 2008). Our precipitation
estimates (Supplementary Fig. S2.5) 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 subtropically derived, clockwise-flowing proto-
Leeuwin current (Huber et al., 2004). Warm surface waters off Wilkes Land are
documented by mass occurrences of the subtropical dinoflagellate cyst Apectodinium (Bijl
etal., 2013a).

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
photosynthesis and carbon loss by respiration. Because carbon loss by respiration typically
increases with temperature (Tjoelker et al., 2001), it has been argued that polar winters
must have been cool rather than warm (Read and Francis, 1992). 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. 2.3). They
are similar to, although possibly slightly warmer than, the terrestrial MST predicted by
climate models using high radiative forcing (20-25 °C; Huber and Caballero, 2011). 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
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our vegetation-based climate reconstructions, 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 temperature. 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 (Beerling and Osborne, 2002) and
an increase in photosynthetic carbon gain during the growing season (DeLucia et al., 1999).

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 composition of high-latitude terrestrial ecosystems in a
future anthropogenic greenhouse world with high atmospheric CO; levels and drastic polar
amplification of warming.

2.3 Methods summary

Palynology. Between 10 and 15 g of sediment were processed per sample. The dried
sediment was weighed and spiked with Lycopodium spores to facilitate the calculation of
absolute palynomorph abundances. Chemical processing comprised 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-um mesh and mounted on
microscope slides, which were analyzed at 200x and 1000x magnification. A detailed, step-
by step processing protocol is given in Supplementary Information.

Sporomorph-based climate reconstructions. Bioclimatic analyses were carried out
following Greenwood and Christophel (2005), 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 (Mosbrugger and Utescher,
1997) to the data set using the same underlying database. Supplementary Table S2.1 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
ALO; 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 containing the branched tetraether lipids were
analysed by HPLC/APCI-MS (high-performance liquid chromatography/atmospheric
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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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2.4 Supplementary Information for Chapter 2

2.4.1 Site description, lithology and depositional setting

Integrated Ocean Drilling Program (IODP) Site U1356 (coordinates: 63°18.6138" S,
135°59.9376' E) is located ~300 km off Wilkes Land, Antarctica, at the transition between
the continental rise and the abyssal plain. Water depth is 3992 meters (Expedition 318
Scientists, 2011).

The lowermost 110 meters of sediments recovered at IODP Site U1356 (895.5 to 1000.08
meters below sea floor [mbsf], lithostratigraphic Units X and XI) are dated as Early to
Middle Eocene in age based on the integration of dinoflagellate cyst (dinocyst)
biostratigraphy and magnetostratigraphy (Expedition 318 Scientists, 2011); see also Section
2.4.2 — Age model for the Eocene of IODP Site U1356). Unit X (Cores -96R to -100R;
895.5 to 948.8 mbsf) consists of interbedded stratified and massive sandstones, diamictites,
silty claystones, and siltstones exhibiting graded bedding and parallel lamination.
Intraformational clasts occur abundantly in the fining-upward sandstones. In the lowermost
intervals of Unit X, distinctive reddish brown silty claystones are repetitively interbedded
at the decimeter- to meter-scale with greenish gray and brown, laminated sandy mudstones
(Expedition 318 Scientists, 2011). Unit XI (Cores -101R to -106R; 948.8 to 1000.08 mbsf)
consists predominantly of dark green, bioturbated claystone that is faintly stratified
(millimetre- to meter-scale) as defined by colour variations (light to dark bands), and
subordinate laminated siltstone and sandstone interbeds. Based on information from
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dinocyst assemblages, sediments of Units X and XI were deposited in mid-shelfal settings
(Expedition 318 Scientists, 2011).

2.4.2 Age model for the Eocene of IODP Site U1356

An age-depth plot for the Eocene interval of IODP Site Ul1356 is presented in
Supplementary Figure S2.1 and discussed in the following.

The coeval presence of the dinocyst species Impagidinium cassiculum and Samlandia
delicata in the lowermost samples from IODP Site U1356 correlates to dinocyst zones
NZE2b of Crouch and Brinkhuis (2005) and SPDZ4 as described in Bijl (2011). At the
Tawanui section in New Zealand, NZE2b correlates to nannoplankton zone NP10,
indicating an early Eocene age (correlated to magnetochron C24) (Gradstein et al., 2004).
Core -105R Section 6W contains the First Occurrence (FO) of Schematophora obscura,
thus being correlative to the upper part of the NZE2b zone of Crouch (2001) and Crouch
and Brinkhuis (2005). This makes the oldest magnetic reversal in Core U1356A-106R (at
997.80 mbsf) the C24r—C24n.3n reversal. The FO of Dracodinium waipawaense is
tentatively correlated to nannoplankton zone NP11 in New Zealand (Crouch, 2001). At Site
U1356, we find the FO of D. varielongitudum, which is the Northern Hemisphere
ecophenotype of D. waipawaense (Bijl et al., 2011), correlated to a magnetic reversal
between Cores U1356A-105R and -104R (~986 mbsf) that we here assign to the C24n.3n-
C24n.2r boundary. The overlying cores (U1356-104R and -103R) bear few biostratigraphic
datums that would allow for a high-resolution correlation to other sites; all dinocyst species
present correlate to Subchron C24n (Bijl et al., 2011). The top of Core U1356-104R and
Core -103R have a normal polarity, which we assign to Subchron C24n.1n based on the
presence of D. varielongitudum (which has a Last Occurrence [LO] at 51.5 Ma in Northern
mid-latitudes (Williams et al., 2004). Core U1356-102R has a reversed polarity and still
contains D. varielongitudum, allowing a correlation to Subchron C23r. The FOs of
Wetzeliella samlandica and Charlesdowniea columna within Core U1356-101R (at
~951.04 and 948.9 mbsf, respectively) correlate to the onset of C23n. In turn, the reversal
found in shipboard magnetostratigraphic analyses (but not replicated by shore-based
discrete sampling) within Core U1356-101R (~950 mbsf) is tentatively correlated to the
C23r—C23n.2n reversal.

Dinocyst assemblages and palynofacies in Core U1356-100R and above are distinctly
different from those observed further downhole. Relative abundances of endemic Antarctic
species such as Vozzhennikovia apertura, V. stickleyae, Spinidinium schellenbergii and
Deflandrea antarctica increase dramatically, and the palynofacies assemblages contain
significantly higher amounts of terrestrial debris. Between Cores U1356-101R and -100R,
the LOs of Wetzeliella samlandica, Homotryblium tasmaniense and Palaeocystodinium
golzowense are identified. These species are typical for the early Eocene (Bijl et al., 2011).
Arachnodinium antarcticum has its FO within Core -100R. At ODP Sites 1172 and 1171,
Arachnodinium antarcticum has a FO within the ranges of Charlesdowniea coleothrypta
and C. edwardsii. These two species are also found in the Ashley Mudstone, New Zealand,
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where they are restricted to nannoplankton zone NPI13 (Hollis et al., 2009). This
nannoplankton zone correlates to Magnetochron C22. At Site U1356, we find both these
Charlesdowniea species from Core -99R section 2W to Core -98R Section 1W, but based
on the presence of Arachnodinium antarcticum we assign the normal polarity in Cores -
100R, -99R and -98R up to -98R section 2W to C22n. The absence of Enneadocysta
multicornuta and Enneadocysta dictyostila in Cores U1356-100R through -96R allows this
entire interval to be attributed to Subchron C21r or older (~46 Ma) (Williams et al., 2004).
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Supplementary Figure S2.1. Age-depth plot for the Eocene interval of IODP Site U1356. Plotted are dinocyst
events (red) and shipboard magnetic reversals (black). Orange shading indicates which time intervals are
recovered, interval shaded in yellow is uncertain. Grey line represents best fit through the bio-
magnetostratigraphic control points. Biostratigraphic labels are as follows: bl = first occurrence (FO)
Impagidinium cassiculum; b2 = FO Schematophora obscura; b3 = FO Dracodinium varielongitudum/waipawaense;
b4 = FO Wetzeliella samlandica; bS = FO Charlesdowniea columna; b6 = last occurrence (LO) Palaeocystodinium
golzowense; b7 = FO Arachnodinium antarcticum; b8 = LO Damassadinium crassimuratum; b9 = LO in situ
Membranophoridium perforatum; bl10 = FO Malvinia escutiana. The error bar connected to the
magnetostratigraphic datum at 963.83 mbsf indicates the uncertainty of its stratigraphic position (+4.83 m)
resulting from core loss during drilling operations. Ages based on the GTS 2004 time scale (Gradstein et al., 2004),
with refinements by Westerhold et al. (2008).

Within Section U1356-95R-3, we recognize the FOs of the Eocene species Enneadocysta
multicornuta, E. dictyostila, Deflandrea sp. A sensu Brinkhuis et al. (2003),
Schematophora speciosa, Reticulatosphaera actinocoronata, Turbiosphaera sagena and
Stoveracysta kakanuiensis. All these species have magnetostratigraphically calibrated FOs
in the middle to late Eocene (Subchrons C21n, C20r, Cl6n.1r, Cl6n.1r, C15r, C15r, and
C13r, respectively). Concomitantly, this sample level also contains the FO of Malvinia
escutiana; The FO of this species has been calibrated to the Oligocene isotope event 1 (Oi-
1) in the Southwest Atlantic Ocean (Houben et al., 2011). The LO is not defined at the type
locality (DSDP Site 511), but the species ranges at least to 31.5 Ma (Houben et al., 2011).
The coeval FOs of all abovementioned species suggest a hiatus between Sections U1356-
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95R-3 and -95R-4 that covers at least the time interval correlated to the FO of
Enneadocysta multicornuta and the Oi-1 isotope event. According to the GTS2004 time
scale (Gradstein et al., 2004), the duration of this hiatus spans the time interval from at least
46 Ma to 33.6 Ma. The overlying strata contain numerous dinocyst taxa that have FOs
during the time period covered by the hiatus.

2.4.3 Methods
2.4.3.1. Palynology

Processing and counting

A total of 145 palynological samples, taken from the Eocene interval of Site U1356 at a
resolution of 20-30 cm, were processed using identical protocols at the Institute of
Geosciences of Goethe University Frankfurt and the Laboratory of Palaeobotany and
Palynology of Utrecht University.

Samples were crushed to chips with diameters of several millimeters and oven-dried (60°C)
for several days. Subsequently, they were weighed and transferred into plastic bottles with
screw-on caps. A tablet containing a known amount of Lycopodium spores (Lund
University Batch Number 483216; 18,583 +4.1 % spores per tablet) was added to each
sample to facilitate the calculation of absolute (i.e., specimens per gram of dry sediment)
palynomorph abundances. Samples were wetted with 10 % Agepon wetting detergent, and
subsequently 10 % HCIl was added when no carbonate was present; an excess of 30 % HCl
was added to calcareous samples. The sample solutions were allowed to settle overnight
and then decanted; subsequently, water was added, and the samples were centrifuged (2000
rpm, 5 minutes) and decanted again. Silicates were dissolved by adding an excess of 38 %
HF and shaking the sample bottles on a shaker table for 2 hours. Subsequently, water was
added and the samples were allowed to settle overnight. After decanting, an excess of 30 %
HCI was added to remove silica gels. After centrifuging (2000 rpm, 5 minutes) and
decanting again, the sample bottles were filled to halfway with 38 % HF and shaken on a
shaker table for 2 hours, then filled up with distilled water and allowed to settle overnight.
After decanting, silica gels were removed again by adding an excess of 30 % HCI,
centrifuging (2000 rpm, 5 minutes), decanting, thoroughly rinsing with distilled water, and
centrifuging and decanting again. The organic residue was sieved through a 250 mm nylon
mesh to remove large particles, and the filtrate was subsequently sieved over a 10 um
mesh; an ultrasonic bath was used in the sieving process to disintegrate palynodebris. To
separate heavier particles (pyrite and heavy minerals) from the organic residue, the entire
residue was placed in a ceramic bowl that was kept floating in an ultrasonic bath for 5
minutes. The residue in the ceramic bowl was subsequently decanted, and the organic
material, which remains in suspension during this process, was transferred into a glass vial.
This residue was centrifuged (2000 rpm, 5 minutes) and decanted before diluted glycerol
was added. The residue was then transferred to microscope slides, and slide preparations
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were made using glycerine jelly as a mounting medium and nail polish for sealing. For
each sample, between 2 and 12 slides (average: 5 slides) were prepared and evaluated.

Whenever possible, 300 sporomorphs (excluding bisaccate pollen grains and reworked
sporomorphs) were analysed per sample; this required the analysis of up to 12 slides per
sample. Only samples with counting sums >90 sporomorphs (excluding bisaccate pollen
grains and reworked sporomorphs) were used for further evaluation.

For the calculation of sporomorph percentages, bisaccate pollen grains and reworked
sporomorphs were excluded from the counting sums; bisaccate pollen is generally
overrepresented in marine sporomorph assemblages due to its particularly high buoyancy
and resistance to degradation (Rossignol-Strick and Paterne, 1999; Traverse, 2008). The
botanical affinities of the sporomorphs and the nearest living relatives (NLR) of their
parent plants were determined using mainly Macphail et al. (1994), APSA Members
(2007), Raine et al. (2008) and Truswell and Macphail (2009). The NLR are presented in
Supplementary Table S2.1.

Statistical evaluation of sporomorph assemblages

Statistical and species richness analyses were performed using the software R for statistical
computing (R Development Core Team, 2011) and the package VEGAN (Oksanen et al.,
2011). To evaluate similarities and dissimilarities of samples and assess the response of
sporomorph taxa to gradients resulting from environmental forcing factors, non-metric
Multidimensional Scaling (NMDS) was performed using the function metaMDS. Due to
the variation in sample sizes, the NMDS was applied separately to counts of ~100 and
~300 specimens. The dataset based on sample sizes of ~100 specimens also includes the
counts of the first 100 specimens from all samples that ultimately yielded counting sums of
300 specimens. Relative sporomorph abundances from the two datasets were used as input
to run the metaMDS function. The Bray-Curtis dissimilarity index was used as the distance
parameter, and a three-dimensional ordination was selected because of the lower stress
value obtained; however, for visual simplification the NMDS results are represented in
two-dimensional view in Supplementary Figure S2.2. The function performed square root
transformation and Wisconsin double standardization to give equal weight to all species
and a better ordination. Additionally, metaMDS function returned the best solution after
several random starts.

Based on the NMDS results, two separate clusters were obtained for the samples from the
early and mid-Eocene (Supplementary Figure S2.2). The magnitude of the difference (early
vs. mid-Eocene samples) was tested by analysis of similarities (ANOSIM) using the same
parameters as in the NMDS analysis (i.e., square root transformation, Wisconsin double
standardization, Bray-Curtis dissimilarity index). Statistical values derived from ANOSIM
(R statistic = 0.91, P < 0.01 at counts of ~300 individuals; R statistic = 0.56, P < 0.01 at
counts of ~100 individuals) demonstrate that the overall difference between the early and
mid-Eocene samples are statistically significant.
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Supplementary Figure S2.2. Two-dimensional view of non-metric multidimensional scaling (NMDS) results for
sporomorph data from the Eocene of IODP Site U1356. (a) Sporomorph species scores for samples with ~300
specimens. Red triangles: “warm” taxa, blue triangles: “cold” taxa, diamonds: uncertain or intermediate
temperature preferences; (b) Sample scores for early and mid-Eocene samples with ~300 specimens; (c)
Sporomorph species scores for samples with ~100 specimens. Red triangles: “warm” taxa, blue triangles: “cold”
taxa, diamonds: uncertain or intermediate temperature preferences; (d) Sample scores for early and mid-Eocene
samples with ~100 specimens. Selected key taxa are marked with letters directly above respective symbols. A =
Araucariaceae; B = Bombacoideae; Be = Beauprea; F = Nothofagus (fusca type); L = Nothofagus (subgenus
Lophozonia); S = Strasburgeria; P = Arecaceae (palms).

Based on sporomorph taxa for which the climatic requirements of their nearest living
relatives (NLRs) are particularly well constrained, values along Axis 1 for the species
scores in Supplementary Figure S2.2 represent primarily a temperature gradient.
Sporomorphs can be attributed to two main biomes based on their distribution along Axis
1. The “warm” taxa, with nearest living relatives today occurring in the subtropical to
tropical lowlands of New Guinea and New Caledonia (Paijmans, 1976; Morat, 1993) ,
indicate a megathermal, paratropical rainforest biome. The “cold” taxa, with nearest living
relatives today occurring in New Zealand and montane settings of New Guinea and New
Caledonia (e.g., Kershaw, 1988), indicate a temperate rainforest biome. Taxa that are
located in the central area along Axis 1 (i.e., between the “warm” and “cold” taxa) occurred
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in both main biomes and/or may have responded primarily to environmental variables other
than temperature.

Species richness (i.e., number of sporomorph species) was calculated using rarefaction.
This interpolation technique is derived from an analysis of the relative frequencies of
specimens within species and makes it possible to compare the estimated species richness
at a constant sample size (Raup, 1975). Rarefaction was performed at 280 and 90
individuals (Supplementary Figure S2.3). The results suggest that the sporomorph species
richness at Site U1356 was higher for the early Eocene (mean = 21.9 species/sample, with
standard deviation *2.7 species/sample, n = 52, rarefied at 90 individuals; 37.5+4.4
species/sample, n = 10, rarefied at 280 individuals) than for the mid-Eocene (17.3+2.03
species/sample, n = 14, rarefied at 90 individuals; 24.3%2.3 species/sample, n = 10, rarefied
at 280 individuals). The significance of these differences was assessed through a Mann-
Whitney test. The obtained P values indicate that the species richness of the early Eocene is
significantly higher than that of the mid-Eocene (P < 0.000001 at 90 individuals; P <
0.000005 at 280 individuals).
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Supplementary Figure S2.3. Number of sporomorph species from the Eocene of IODP Site U1356. Values are
derived from the rarefaction analysis at 90 (left column) and 280 specimens (right column).
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Quantitative climate reconstructions based on sporomorph assemblages

The method of bioclimatic analysis is essentially the same as described by Greenwood and
others (Greenwood et al., 2005), but with data sources focused on Southern Hemisphere
(mainly Australian) taxa enabling climatic profiles to be developed for each sporomorph
taxon. The first step in the bioclimatic analysis is to identify as many sporomorph taxa with
NLRs as possible from the fossil floras. Climatic profiles are then produced for each NLR
with respect to various climate parameters such as mean annual temperature (MAT), mean
winter temperature (MWT), coldest month mean temperature (CMMT), mean summer
temperature (MST), and mean annual preciptiation (MAP). For this, we obtained
geographical distribution data from the Australian National Herbarium online database
(Australian National Herbarium, 2011) and determined the climate profile for each NLR
taxon using the mathematical climate surface software ANUCLIM 5.1 (Houlder et al.,
1999). Each profile contains the maximum and minimum values for a range of climate and
related environmental variables with respect to an individual NLR taxon. To determine the
climate envelope that accommodated a majority of taxa from a given fossil assemblage
with respect to a given climate parameter, the zone of overlap was calculated using the 10™
percentile (as lower limit) and 90™ percentile (as upper limit) of the total range for all
NLRs represented in that assemblage. The estimate in bioclimatic analysis is presented as
the midpoint between the lower and upper limits, with the error spanning from the lower to
the upper limit. The sporomorph taxa that were utilised in this study and their NLRs can be
found in Supplementary Table S2.1. Only samples with at least 5 NLRs with climate
profiles were used in our analysis.

To test the fidelity of results derived from this reconstruction, we carried out quantitative
reconstructions for the same climate parameters based on the Coexistence Approach (CA)
of Mosbrugger and Utescher (1997). This approach is also based on the NLR concept, i.e.,
the assumption that the climatic requirements of the fossil taxa are similar to those of their
NLRs. The aim of the CA is to identify for a given fossil flora the range for a specific
climate parameter in which a maximum number of NLRs of this flora can coexist.
Coexistence ranges are calculated separately for each climate parameter; together they are
considered the best description of the palaeoclimatic situation under which the fossil flora
had lived. The climatic requirements of the NLRs are from the same sources as those used
for the bioclimatic analyses sensu Greenwood et al. (2005) (see above). This enables us to
compare the output of both methodologies based on an internally consistent database. The
width of a coexistence interval for a given climate parameter determines the resolution of
the CA with respect to this parameter. Although the CA can in principle work with a single
taxon, the interval width typically increases with the number of taxa with NLR used
(Mosbrugger and Utescher, 1997; Pross et al., 2000). In this study, we only use climate
values derived from the CA if the evaluation of a sample is based on >5 NLRs.
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Botanical affinity
Fossil taxon Biome Taxon Source NLR used for climate Data-
analysis base
Anacolosidites acutullus Olacaceae?/Santalaceae Raine et al., 2008
Anacolosidites Olacaceae (Anacolosa) Raine et al., 2008 Anacolosa 1
luteoides
Araucariacites spp. T Araucariaceae Raine et al., 2008 Araucariaceae 1,2
Arecipites spp. P Arecaceae Nichols et al., 1973 | Arecaceae 1
Baculatisporites T Osmundaceae Raine et al., 2008 Osmundaceae 1
spp./Osmundacidites
spp.
Beaupreaidites spp. Proteaceae (Beauprea) Raine et al., 2008
Bluffopollis scabratus Strasburgeriaceae Jarzen and
(Strasburgeria) Pocknall, 1993
Bombacacidites sp. A P Bombacoideae Bombacoideae (all 1
Australian species)
Bombacacidites? P Bombacoideae? Bombacoideae (all 1
“protocostatus” Australian species)
Brevitricolpites sp. Brownlowia? Comparison with
(Brownlowia type) Perveen et al.,
2010
Crassoretitriletes P Lygodium Germeraad et al., Lygodium 1
vanraadshooveni 1968
Cyathidites spp. P Probably Cyatheaceae Mohr, 2001 Cyatheaceae 1
Dilwynites granulatus Araucariaceae (Wollemia) Macphail et al.,
1995
Foveotriletes lacunosus Huperzia Raine et al., 2008
Gleicheniidites spp. T Gleicheniaceae Raine et al., 2008 Dicranopteris, 1
Diplopterygium,
Gleichenia, Sticherus
Intratriporopollenites Sterculioideae?, Raine et al., 2008
notabilis? Bombacoideae?, Tilioideae?
Kuylisporites P Cyatheaceae (Cyathea, Raine et al., 2008 Cyatheaceae 1,2
waterbolkii Cnemidaria) (Cyathea,
Cnemidaria)
Malvacipollis spp. Euphorbiaceae (Austrobuxus, Raine et al., 2008
Dissiliaria, Petalostigma);
Eumalvoideae?
Margocolporites cf. P Caesalpiniaceae? (similar to Muller, 1981 Caesalpinia (all 1
cribellatus Margocolporites vanwijhei) Australian species)
Myricipites harrisii P/IT Casuarinaceae, possibly also Raine et al., 2008 Casuarinaceae (all 1
Myricaceae Australian species)
Myrtaceidites spp. Myrtaceae Raine et al., 2008
Myrtaceidites tenuis P Myrtaceae, Eucalyptus? Harris, 1965 Eucalyptus 1
Nothofagidites asperus T Nothofagaceae (Nothofagus Truswell and N. cunninghamii, N. 1
complex subg. Lophozonia) Macphail, 2009 moorei
Nothofagidites cf. N. T Nothofagaceae (Nothofagus) Truswell and all subgenera 1,2
emarcidus complex Macphail, 2009 (including
Brassospora)
Nothofagidites flemingii T Nothofagaceae (Nothofagus Raine et al., 2008 Nothofagaceae 1,2
complex subg. Nothofagus) (Nothofagus subg.
Fuscospora)
Nothofagidites T Nothofagaceae (Nothofagus Raine et al., 2008 Nothofagaceae 1,2
lachlaniae complex subg. Fuscospora) (Nothofagus subg.
Fuscospora)
Nothofagidites sp. T Nothofagaceae (Nothofagus) all subgenera 1,2
undifferentiated (including
Brassospora)
Phyllocladidites T Lagarostrobos Raine et al., 2008 Lagarostrobos 1,2
mawsonii

Supplementary Table S2.1. Botanical and climatological background data for fossil sporomorph taxa from the
Eocene of Site U1356. Known botanical affinities, assigned nearest living relatives and sources of the developed
climate profiles are indicated. Fossil sporomorph taxa used in the climatic evaluation through the bioclimatic
analysis and the CA are printed in boldface. P = Paratropical rainforest biome, T = Temperate rainforest biome.
Databases used for climate profiles: 1 — distribution geocode (latitude, longitude, altitude) records from Australian
National Herbarium specimen information register online (http://www.anbg.gov.au/cgi-bin/anhsir), and
bioclimatic envelopes from BIOCLIM (ANUCLIM 6.1; Houlder et al., 1999); 2 — point occurrence and climate
data from South America, New Caledonia, New Zealand and New Guinea, including Mitchell (1991), Norstog and
Nicholls (1997), Read et al. (2005), Duarte et al. (2012) and Mundo et al. (2012).
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Botanical affinity
Fossil taxon Biome Taxon Source NLR used for climate Data-
analysis base
Podocarpidites spp. T Podocarpaceae mainly | Raine et al., 2008 Podocarpus 1,2
Podocarpus
Polycolpoporopollenites Polygalaceae?
sp.
Polypodiaceoisporites sp. Polypodiaceae?
Proteacididites cf. Proteaceae (Knightia excelsa | Raine et al., 2008
amolosexinus type)
Proteacidites annularis P Proteaceae (Xylomelum | Raine et al., 2008 Xylomelum (all 1
occidentale or Lambertia) Australian species)
Proteacidites cf. P Proteaceae (Adenanthos) Raine et al., 2008 Adenanthos 1
adenanthoides
Proteacidites cf. P Proteaceae (Carnarvonia type, | Raine et al., 2009 Carnarvonia 1
pseudomoides cf. Lomatia)
Proteacidites cf. spiniferus Proteaceae (cf. Embothrium) Raine et al., 2008
Proteacidites parvus T Proteaceae (Belladena | Raine et al., 2008 Belladena montana 1
montana type)
Proteacidites P Proteaceae Raine et al., 2008 Gevuina, 1,2
reticuloscabratus (Gevuina/Hicksbeachia type) Hicksbeachia
Proteacidites T Proteaceae  (Symphyonema, | Raine et al., 2008 Symphyonema, 1
symphyonemoides Petrophile) Petrophile
Psilamonocolpites spp. P Arecaceae/Gymnospermopsid Raine et al., 2008 Cycadales: Bowenia, 1,2
(Including Cycadopites a for Cycadopites spp. Lepidozamia,
spp.) Macrozamia
Spathiphyllum sp. Araceae (Spathiphyllum) Hesse and Zetter,
2007
Stereisporites sp. Sphagnaceae Truswell &
Macphail, 2009
Stereisporites Sphagnaceae?
(Tripunctisporis) sp.
Triporoletes cf. reticulatus cf. Riccia beyrichiana Raine et al., 2008
Tubulifloridites sp. Asteraceae subf. Tubuliflorae Raine et al., 2008

Supplementary Table S2.1 (continued).

Summarizing the above, the differences between the methodologies of the bioclimatic
analysis sensu Greenwood et al. (2005) and the CA sensu Mosbrugger and Utescher (1997)
are as follows: In CA, a lower bound with respect to a given climate parameter is defined
by the minimum value of a single taxon-NLR; likewise, the upper bound is defined by the
maximum value of another taxon-NLR. These values provide the coexistence interval
where all taxa overlap; “outliers” (i.e., taxa whose climate profiles sit outside of the zone of
overlap of the majority of taxa) are arbitrarily excluded. In bioclimatic analysis, however,
in order to exclude outliers the zone of overlap is calculated using the 10™ percentile (lower
limit) and 90™ percentile (upper limit) of the total range for all taxa recorded for a single
sample. The estimate derived for an assemblage in bioclimatic analysis is presented as the
midpoint of the two extremes, with the error plotted as the lower and upper bounds. Hence,
the “error bar” in bioclimatic analysis corresponds to the coexistence interval derived

through the CA.

The comparison of the climate estimates through the bioclimatic analyses and the CA is
based on the evaluation of the same taxa (see Supplementary Table S2.1 for a list of taxa).
The application of the two methodologies yields consistent results for all climate
parameters evaluated (Figure 2.3 in main text, Supplementary Figures S2.4 and S2.5). This
indicates that our quantitative reconstructions are robust, thus providing a reliable basis for
further interpretations. For all temperature parameters reconstructed, the CA intervals show
a clear separation of the temperature intervals of the temperate rainforest and the
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paratropical rainforest biomes, with the intervals of both biomes only overlapping in very
few samples. Estimated MAP is very similar in both reconstruction methods, with a
tendency towards higher values for the temperate rainforest biome than for the paratropical

rainforest biome (Supplementary Figure S2.5).
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Supplementary Figure S2.4. Temperature reconstructions for the Wilkes Land sector of Antarctica during the
early and mid-Eocene derived from Site U1356. Reconstructions are based on the Coexistence Approach of
Mosbrugger and Utescher (1997). (a) Core recovery; (b) Age model; (c) Relative abundances of sporomorphs
representing the temperate and paratropical rainforest biomes; (d) Coexistence intervals for mean annual
temperature, mean winter temperature and mean summer temperature for the temperate (blue) and paratropical
(red) rainforest biomes. Blue respectively red bars delineate widths of coexistence intervals, with same-colour dots

marking the centers of these intervals. Data based on samples with counts =90 specimens.
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Supplementary Figure S2.5. Precipitation reconstructions for the Wilkes Land sector of Antarctica during the
early and mid-Eocene derived from Site U1356. (a) Core recovery; (b) Age model; (c) Relative abundances of
sporomorphs representing the temperate and paratropical rainforest biomes; (d) Mean annual precipitation as
reconstructed through bioclimatic analyses following Greenwood et al. (2005). Horizontal error bars represent the
minimum and maximum precipitation values as returned from the method; (e) Coexistence intervals for mean
annual precipitation as reconstructed through the Coexistence Approach of Mosbrugger and Utescher (1997). Blue
respectively red bars delineate widths of coexistence intervals, with same-colour dots marking the centers of these
intervals.

2.4.3.2 Organic geochemistry

Organic compounds were extracted from 100 powdered and freeze-dried sediment samples
with dichloromethane (DCM)/methanol (MeOH) (9:1, v/v) by using the accelerated solvent
extraction technique (Dionex). Excess solvent was removed using rotary evaporation under
vacuum. The total extracts were separated in apolar, ketone, ethyl acetate (EtOAc), and
polar fractions over an activated Al,O3 column using hexane:dichloromethane (DCM) (9:1,
v/v), hexane:DCM (1:1, v/v), EtOAc:DCM (1:1 v/v), and DCM:MeOH (1:1, v/v),
respectively.

Glycerol dialkyl glycerol tetraether (GDGT) analyses

The polar fractions were dissolved in a (99:1; v/v) hexane/propanol solvent and filtered
using a 0.45 pm, 4-mm-diameter polytetrafluoroethylene (PTFE) filter. Subsequently, they
were analyzed using high-performance liquid chromatography/atmospheric pressure
positive ion chemical ionization mass spectrometry (HPLC/APCI-MS); HPLC/APCI-MS
analyses were carried out following Schouten et al. (2007) using an Agilent 1100 series
LC/MSD SL separation and a Prevail Cyano column (2.1 x 150 mm, 3 mm; Alltech)
maintained at 30°C. The GDGTs were eluted using a changing mixture of hexane and
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propanol as follows: 99% hexane : 1% propanol for 5 minutes, then a linear gradient to
1.8% propanol in 45 minutes. Flow rate was 0.2 ml per minute. Single ion monitoring was
set to scan the 10 [M+H]+ ions of the branched GDGTs and crenarchacol with a dwell time
of 237 ms for each ion.

MBT/CBT mean annual air temperature proxy

The MBT/CBT proxy for mean annual air temperature is derived from branched GDGT
membrane lipids produced by a yet unknown group of anaerobic soil bacteria (Weijers et
al., 2007d), although a branched GDGT was recently found in soil Acidobacteria
(Sinninghe Damsté et al., 2011). A suite of different branched GDGTs are recognized in
different soils and named as follows: GDGTs I, II and III contain none, one or two extra
methyl branches and can contain either one (Ib; IIb; IIIb) or two (Ic; Ilc, Illc) cyclopentyl
moieties. Studies show that there is strong relation between ambient pH of the soil and the
amount of cyclopentyl moieties incorporated in the branched GDGTs (Weijers et al.,
2007a; Peterse et al., 2009). This is expressed in the cyclisation ratio of branched
tetracthers (CBT) (Weijers et al., 2007a):

CBT = -log [([(I[IE:%BD] (Eq. 2.1)

with the following correlation equation:
CBT =3.33-0.38 * pH (R* = 0.70) (Eq. 2.2)

The amount of methyl groups incorporated in the branched GDGTs (MBT) strongly
correlates with mean annual air temperature and pH (Weijers et al., 2007a):

MBT = [1+ Ib+ Ic] (Eq. 2.3)
[1+ Ib+ Ic] + [ 11+ ITb+ Ic] + [ IT1+ ITTb+ IMIc]| 4

with the following equation:
MBT = 0.867 — 0.096 * pH + 0.021 * MAT (R* = 0.82) (Eq. 2.4)

Correlation of MBT with MAT and CBT yields the following equation (Weijers et al.,
2007a):
MBT =0.122 + 0.187 * CBT + 0.020 * MAT (R* = 0.77) (Eq. 2.5)

This calibration equation has a relatively large error (5 °C), and thus absolute values have
to be interpreted with care. However, this calibration error is a systematic error that applies
between different environmental settings; within settings, this error is reduced as much of
the environmental variables causing the scatter in the calibration (e.g., vegetation type,
hydrology and/or saisonality) are locally less variable. Thus, the point-to-point error within
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a given record is less than the calibration error, but larger than the analytical error (ca. 0.5
°C). This means that temperature trends in the MBT/CBT record of Site U1356, such as the
mid-Eocene cooling, are likely significant despite being smaller than the calibration error.
Unfortunately, it is not possible to give an exact estimate of the error, and therefore we
conservatively give the calibration error as the error in the MBT/CBT record (Fig. 2.3 in
main text). For a detailed discussion on this topic we refer to the Supplementary
Information of the paper by Tierney et al. (2010).

In marine sedimentary records, notably those from shelfal settings, branched GDGTs were
also recognized; they were interpreted to originate from continental soils, with soil erosion
and runoff further transporting the molecules into the marine realm (Hopmans et al., 2004;
Kim et al., 2006; Walsh et al., 2008). Later studies recognized the in sifu production of
branched GDGTs in sediments of some marine settings, though their concentrations
remained relatively low compared to archaeal isoprenoid GDGTs (Peterse et al., 2009).
However, BIT values, a proxy for the relative amount of soil-derived branched GDGTs
versus aquatic archaeal GDGTs (Hopmans et al., 2004), were consistently >0.16 and up to
0.57 in our record, suggesting considerable input of soil-derived GDGTs. Furthermore, we
observed substantial amounts of terrestrial debris in the palynological slides, suggesting
that the input of soil organic matter was relatively large on the Wilkes Land margin when
compared to the amount of marine organic matter. Hence, we argue that, should any marine
production of branched GDGTs have occurred, it is heavily diluted by the branched
GDGTs that originated from Antarctic soils.

The processes involved in the transport from terrestrial soils to the Antarctic shelf imply
that the MBT/CBT temperature signal yields an integration over a larger area and a larger
time interval. However, as it has been described for Late Quaternary deglaciations (Weijers
et al., 2007b) and the Palacocene-Eocene Thermal Maximum in the Arctic Ocean (Weijers
et al., 2007¢c), MBT/CBT records show in general no large temporal offsets (<1 kyr) when
compared to other climate records.

In mid-latitude soils, branched GDGT production over a seasonal cycle does not show any
seasonal pattern, but a seasonal bias could not be excluded (Weijers et al., 2011). Indeed, in
the high latitudes, soil bacterial activity should theoretically increase strongly during the
summer months. Thus, the MBT/CBT proxy potentially could be biased towards summer.
The comparison of our MBT/CBT data with our seasonal pollen-based climate
reconstructions from the Wilkes Land margin provides evidence for a warm-season bias in
the MBT/CBT proxy when applied to high-latitude settings. They are in line with results
from the Eocene of the Canadian Arctic, where a comparison of oxygen isotopes from
biogenic phosphate with MBT/CBT data yielded a good correspondence of warmest month
temperatures with the MBT/CBT proxy (Eberle et al., 2010).
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2.4.4. Source area of terrestrial palynomorphs, biomarkers and GDGTs

The interpretation of the terrestrial palynomorph and biomarker record from Site U1356
depends critically on the origin of the material studied. Evidence from palynology and
isotope geochemistry independently suggests that the vast majority of this material is
derived from the Wilkes Land margin of Antarctica and its hinterland (rather than from
other, lower-latitude landmasses or being reworked), thus providing direct insights into the
vegetation and climate dynamics on the Antarctic mainland.

2.4.4.1 Palynological evidence

Terrestrial palynomorph records in marine sediments reflect the vegetation of adjacent
landmasses. Factors influencing the transport and deposition of sporomorphs in marine
sediments include the hydrodynamic properties of the sporomorphs, their resistence to
degradation, and the transportation mechanisms, the latter mainly being aquatic (i.e., via
runoff and surface-water currents) and/or eolian (Traverse, 2008). Although eolian
transport is the prevalent transportation mechanism for pollen from arid environments with
negligible fluvial activity (Traverse, 1994b), aquatic transport through rivers and surface-
water currents is responsible for the majority of sporomorphs deposited in marine settings
(Muller, 1959; Farley, 1987). The distance of Site U1356 to the Wilkes Land coastline
during the Eocene was on the order of 300 km. A mid-shelfal location is suggested by the
composition of dinocyst assemblages at Site U1356, which contain only low abundances of
typically oceanic taxa such as Cerebrocysta spp. and Impagidinium spp. (Expedition 318
Scientists, 2011). In contrast, the direct distance to the South Australian Margin during that
time amounted to ~1200 km; however, due to the clockwise nature of the Proto-Leeuwin
Current that bathed the coasts of southern Australia, West Tasmania and the Wilkes Land
sector of Antarctica during the early and middle Eocene (Sloan and Rea, 1996; Huber et al.,
2004), any transport of material from southern Australia by surface-water currents would
have had to occur over a considerably larger distance. Similarly, any source area on
Tasmania would have required a transport over ~1200 km. In light of these transport
trajectories, a major input from Australia and/or Tasmania to the assemblages at Site
U1356 is highly unlikely. This is particularly true for pollen from insect-pollinated taxa
such as Arecaceae (palms) and Bombacoideae. Such taxa are extremely underrepresented
in the pollen rain owing to their low pollen production, which reduces their susceptibility to
long-distance transport; this holds particularly true for megathermal forest environments
(Kershaw and Hyland, 1975).

Additional palynological evidence against any long-distance transport from adjacent lower-
latitude environments (notably Australia) comes from the composition of sporomorph
assemblages. If the sporomorph assemblages from the Eocene of Site U1356 were the
result of long-distance transport from southern Australia and/or Tasmania, their
composition should mimic those of coeval sporomorph records from these regions. In
southern Australia, micro- and megafloras of early and middle Eocene age are known from
various locations (Stover and Evans, 1973; Stover and Partridge, 1973; MacPhail, 1999;
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see compilations by Kemp, 1978; Martin, 1978; Macphail et al. 1994 and Greenwood et al.
2003). Because sporomorph percentage data are only available for selected taxa from the
abovementioned studies, any evaluation of the similarities respectively differences between
microfloras from southern Australia and Site U1356 has to be based on a taxon-by-taxon
comparison rather than on numerical similarity indices. Although early Eocene sporomorph
assemblages from southern Australia exhibit strong similarities to the early Eocene record
from Site U1356, important differences exist. For instance, Cupanieidites spp.,
llexpollenites spp., and Santalumidites spp. are characteristic elements of early Eocene
sporomorph assemblages of southern Australia (Macphail et al., 1994; Greenwood et al.,
2003), but do not occur in the U1356 record. Middle Eocene sporomorph assemblages from
southern Australia (notably the Gippsland Basin; Macphail et al., 1994) exhibit a strong
dominance of Nothofagidites spp. (brassii group) types (50-60 %), whereas the mid-Eocene
record of Site U1356 is dominated by Nothofagidites spp. (fusca group) types (38-68 %).
Similarly, Myricipites harrisii reaches percentages of up to 30 % in southern Australia
(Macphail et al., 1994), but only attains ~4 % at Site U1356. On the other hand,
Gambierina edwardsii is consistently present in the Early and mid-Eocene assemblages of
Site U1356, whereas in southern Australia this taxon become extinct in the earliest Eocene
(Partridge, 1999). This mismatch not only highlights the difference between Eocene
sporomorph assemblages of southern Australia and Site U1356, but also suggests that the
parent plants of this taxon were able to survive on Antarctica into mid-Eocene times
(Truswell and Macphail, 2009).

A Tasmanian source for the early Eocene sporomorph assemblages at Site U1356 can also
be excluded. Early Eocene records from Tasmania exhibit a relatively low diversity, with a
dominance of Podocarpidites spp., Myricipites harrisii, and Nothofagidites spp. (brassii
group) (Macphail et al., 1994; Pole and Macphail, 1996). In contrast, the early Eocene
record at Site U1356 represents a highly diverse angiosperm forest. Notably, percentages of
Nothofagidites spp. (brassii group) are much lower (<5 %) than on Tasmania (~35 %), and
Nypa pollen as encountered on Tasmania (Pole and Macphail, 1996) is not present.

The palynological assemblages from the early and mid-Eocene of Site U1356 contain
numerous reworked pollen and spores of Palacozoic (mainly Permian) and Mesozoic
(Triassic, Jurassic and Cretaceous) age ( Expedition 318 Scientists, 2011). Based on their
relatively dark exine colours, which range from pale yellow to orange and brown, they can
be reliably distinguished from contemporaneous Eocene material. The presence of these
reworked elements is characteristic for circum-Antarctic marine sediments, including those
off Wilkes Land (Truswell, 1983). Their abundances show a clear decrease with increasing
distance from the Antarctic continent, which implies that they originate from Antarctica
rather than from other landmasses (Truswell, 1983). Thus, their consistent presence in the
Eocene record of Site U1356 further corroborates an Antarctic origin for the sporomorph
assemblages.

Laboratory contamination as a potential source of the sporomorphs from thermophilous
taxa can be ruled out because (i) the palynological samples processing was carried out in
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two palynological laboratories (Institute of Geosciences, Frankfurt University, and
Laboratory of Palaeobotany and Palynology, Utrecht University), and the samples
processed in both laboratories have consistently yielded thermophilous taxa in the Lower
Eocene of Site U1356; (ii) the palynological laboratory in Frankfurt has been newly set up
in 2008, and since then no material containing such taxa has been processed at this facility;
(ii1) the thermophilous sporomorphs encountered exhibit the same state of preservation and,
based on their exine coloration (which is a sensitive indicator for the
taphonomic/diagenetic history of sporomorphs; compare, e.g., Pross et al., 2007), have
undergone the same taphonomic/diagenetic history as the other members of the
sporomorph assemblages from the Lower Eocene of Site U1356.

2.4.4.2 Constraints on Eocene sediment source based on Nd isotope geochemistry

To further constrain the provenance of Eocene sediments from Site U1356, we analysed
bulk sediment samples for their neodymium isotopic composition. '**Nd is produced by the
decay of radioactive '*’Sm, which results in variations in the '**Nd/'**Nd in natural rocks
dependent on their age and lithology. Since Sm/Nd ratios tend to behave conservatively
during weathering and erosion, Nd isotopic compositions of detrital marine sediments are
valuable indicators of the continental source area (e.g., Goldstein and Hemming, 2003).

Seven samples from the Eocene of Site U1356, representing major core lithologies between
910.77 and 997.57 mbsf, were subjected to flux fusion digestion on board of the research
vessel JOIDES Resolution (Expedition 318 Scientists, 2011). Solutions were shipped back
to Imperial College London, pre-concentrated with an iron co-precipitation step, and passed
through a two-step column chemistry to separate Nd from the sample matrix. The rare earth
elements (REEs) were separated from the sample matrix using 1M HNO3s and 4M HCI on
Tru Spec resin. Subsequently, Nd was separated from the other REEs using a modified
procedure after Pin and Zalduegui (1997) with 0.2M HCI on Ln Spec resin. Neodymium
isotope analyses were performed on the Imperial College London Nu Plasma multiple
collector inductively coupled plasma mass spectrometer in static mode. A '**Nd/"**Nd ratio
of 0.7219 was applied to correct for instrumental mass bias using the exponential law.
Tests with doped standards showed that interferences from '**Sm can be adequately
corrected, if the '**Sm contribution is less than 0.1% of the '**Nd signal. Interferences for
all our samples were significantly below this level. Repeat analysis of the JNd; isotopic
standard during three measurement sessions yielded a precision of 0.3 to 0.4 epsilon units
on '"®Nd/"*Nd (2s standard deviation; n = 7 to 16). All sample results were corrected
relative to the accepted JNd; '**Nd/'**Nd ratio of 0.512115 (Tanaka et al., 2000). Parallel
processing of two BCR-2 rock standards, which went through the same initial preparation
steps as all samples on board the JOIDES Resolution, yielded values within error of the
results reported by Weis et al. (2006). Procedural blank levels of < 300 pg were at least a
factor of 1000 lower than the sample concentrations analysed and hence not significant.
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Supplementary Figure S2.6. Neodymium isotopic compositions for Eastern Antarctica. Individual Nd isotopic
compositions represent onland outcrops (circles) and marine sediment samples (predominantly core-tops;
diamonds) (modified after Pierce et al., 2011). Eocene Antarctic topography is after Wilson et al. (2012), with early
Eocene coordinates derived from the Ocean Drilling Stratigraphic Network following Hay et al. (1999). The colour
coding reflects the modern Nd isotopic composition of samples, with the exception of Site U1356, where the colour
coding reflects the early to mid-Eocene Nd isotopic composition. Sectors highlighted in circled areas are simplified
provenance areas as derived from the combined insights from outcrop and sediment data (for further details see
Pierce et al., 2011 and text).

Results show a range of eng values from -13.9 to -15.0 for Eocene bulk sediments with an
average value of -14.4 £0.9 (2s standard deviation) (eng is defined as the deviation of a
measured 'Nd/'**Nd ratio from the chondritic value in parts per 10,000). Such values are
typical for Proterozoic continental crust, which can be found in sparse outcrops along the
East Antarctic margin (Fitzsimons, 2000). Where direct outcrops are missing, glaciogenic
and terrestrial sediments can be used to infer the geology under the ice (Roy et al., 2007;
Goodge and Fanning, 2010; Pierce et al., 2011). Following this approach, four broad
geological source areas can be defined in the vicinity of Site U1356 (from east to west): (i)
the high-elevation area of Northern Victoria Land (eng = -3 to -16), (ii) the George V Land
area, dominated by drainage from the Wilkes Basin (exg = -13 to -15), (iii) the old cratonic
area of Terre Adélie (eng = -17 to -24), and (iv) the Proterozoic Wilkes Land margin,
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dominated by drainage from the Aurora Basin (exg = -13 to -16) (see Supplementary Figure
S2.6 for references and further information). In light of these data, Eocene sediments at Site
U1356 are tightly matched in their Nd isotopic composition by the George V Land and the
Wilkes Land areas

2.4.5. Reconstruction of Antarctic palacotopography for the early Eocene

Detail on Antarctic palacotopography during the early Eocene is extremely limited,
especially in East Antarctica where the crustal evolution is poorly known. There is
geomorphological evidence that enhanced river incision occurred at this time in the
Transantarctic Mountains, suggesting the climate experienced a wet phase (Baroni et al.,
2005). Although such patterns are not identified in Wilkes Land due to a lack of bedrock
exposure, modeling suggests that fluvial incision was dominant across the continent
because the large-scale river networks are preserved under the ice at the present day
(Jamieson and Sugden, 2008; Jamieson et al., 2010). The inference is that topography in
much of Antarctica was probably higher than at present. Consequently, we use a recent
reconstruction of palaeotopography for the Eocene-Oligocene boundary (Wilson et al.,
2012) to infer a minimum elevation for the Wilkes Land region during the early Eocene.
This is the best constrained pre-ice sheet reconstruction currently available for Antarctica
because it employs offshore sediment volumes identified using coherent seismic reflectors
and adjusted for changes in density to limit the amount of eroded material that is restored to
the continent. The reconstructed landscape adjusts the present-day topography to account
for evolution via glacial erosion, thermal subsidence, volcanic activity, rifting in the Ross
Sea, and isostatic loading associated with the distribution of ice, sediment and water. The
result is a palacotopography that suggests parts of the present Wilkes Land basin may have
been above sea level at the Eocene-Oligocene boundary. We interpret this topography as
representing minimum elevations for early Eocene Wilkes Land.

2.4.6. Comparison with other Antarctic records of Eocene terrestrial environments

Current knowledge of the long-term terrestrial climate evolution of Antarctica through the
Palaecogene is highly incomplete and based on reconstructions from a relatively small
number of stratigraphically discontinuous records from around the Antarctic margin. Prior
to recovery of the lower Eocene section in Hole U1356A during IODP Expedition 318, no
reports of strata of equivalent age were available from the East Antarctic margin — neither
from outcrop sections nor Antarctic shelf cores. Thus, there are no palaecobotanical datasets
from East Antarctica to which we can directly compare our results from Site U1356.
Previous studies, however, allow us to place the early Eocene terrestrial climate
information derived from Site U1356 in the broader context of the long-term climate
evolution of Antarctica through the Eocene.

In the Ross Sea, fossil evidence of middle—late Eocene coastal vegetation is preserved in

displaced glacial erratic boulders deposited in moraines of the McMurdo Sound area at a
palaeolatitude of ~78°S (Harwood and Levy, 2000). Fossil wood, leaves and sporomorphs
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described from these erratics indicate the presence of cool-temperate rainforests in the
coastal region and valleys along the Transantarctic Mountains during the middle—late
Eocene that were dominated by shrubs and trees of Araucariaceae, Podocarpaceae and
Nothofagaceae (Askin, 2000; Francis, 2000; Pole et al., 2000). A sporomorph assemblage
with similar components is also documented in the latest Eocene interval of the nearby
CIROS-1 drillhole (Mildenhall, 1989). On the other side of East Antarctica, in the Prydz
Bay region, strata of middle—late Eocene age recovered at ODP Sites 742 and 1166 contain
sporomorph assemblages that are also interpreted to indicate the presence of cool-temperate
rain forests or rainforest scrub vegetation (Truswell, 1991; Macphail and Truswell, 2004).
Gravity cores collected to the west of Prydz Bay on the Mac. Robertson Shelf containing
material of late Palacocene and middle—late Eocene age have also been recovered (Quilty et
al., 1999), but the sporomorph assemblages from these cores have not been documented in
detail. In summary, published palaco-vegetation records from the East Antarctic margin do
not span the entire Eocene interval. Currently available records from the Ross Sea and
Prydz Bay are confined to the middle-late Eocene and are comparable with the 'mid-
Eocene' sporomorph assemblages documented in Cores U1356A-100R to -96R. Notably,
the early Eocene pollen assemblages of Cores U1356A-106R to -101R, which document
the presence of near-tropical rainforests, stand out as being unique amongst all existing
records from the East Antarctic margin.

A wealth of information on Eocene palaco-vegetation is also available from the Antarctic
Peninsula, but, as with records from East Antarctica, there are no well-dated sections that
document the evolution of terrestrial environments from the peak of early Eocene warmth
through the onset of middle—late Eocene cooling. Eocene fossil wood, leaf, and
sporomorph assemblages have been described from both King George Island and Seymour
Island (see summary in Francis et al., 2008). Outcrop exposures of the La Meseta
Formation on Seymour Island, located on the eastern Weddell Sea side of the Antarctic
Peninsula, have yielded extensive evidence for cool-temperate forests that became less
diverse as climatic conditions cooled from the middle to late Eocene. Sporomorph
assemblages from cores retrieved off Seymour Island and near the South Orkney Islands
provide similar indications for cool-temperate forests in the middle—late Eocene (Mobhr,
1990; 2001; Warny and Askin, 2011).

The age of the lowermost La Meseta Formation has been a subject of debate. Dinocyst
biostratigraphy indicates a latest early Eocene-to-middle Eocene age (Wrenn and Hart,
1988; Cocozza and Clarke, 1992), whereas strontium isotope dating suggests an early
Eocene age (Dutton et al., 2002; Ivany et al., 2008). Precise age determination using the
strontium isotope method, however, is not possible in the lowermost stratigraphic units
(TELMs 2-5) of the La Meseta Formation due to a large degree of scatter in strontium
isotope values (compare Fig. 8 in Dutton et al., 2002) and the low-amplitude variability of
the early-to-middle Eocene marine strontium isotope curve (McArthur and Howarth, 2004).
Additionally, recent calibrations of dinocyst biostratigraphic events in Eocene drillcores
recovered during ODP Leg 189 (Tasman Gateway) (Brinkhuis et al., 2003; Stickley et al.,
2004a; Williams et al., 2004; Bijl, 2011; Bijl et al., 2011) provide a considerably more
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refined age control than that available for earlier studies. The presence of the dinocyst taxa
Enneadocysta diktyostila (presented in Cocozza and Clarke, 1992 as Areosphaeridium cf.
diktyoplokum, but thereafter emended to E. diktyostila), Arachnodinium antarcticum and
Thalassiphora pelagica sensu stricto throughout the section (Wrenn and Hart, 1988S;
Cocozza and Clarke, 1992) indicates an age of <46 Ma (Stickley et al., 2004a; Williams et
al., 2004; Bijl, 2011; Bijl et al., 2011), suggesting that the La Meseta Formation is entirely
middle-to-late Eocene in age. Thus, we conclude that there are no age-equivalent records of
early Eocene vegetation from Seymour Island that we can compare with the Site U1356
record.

Numerous Eocene sections containing fossil wood and leaves have also been reported from
King George Island, which is part of the South Shetland Islands in the northern region of
the Antarctic Peninsula. These sections are poorly dated, constrained only to the late
Palaeocene to late Eocene (see summary in Francis et al., 2008). The majority of the floral
evidence from these deposits indicates cool-temperate forests dominated by Nothofagus
species. One exception to this characterization is a diverse leaf and sporomorph assemblage
from the Fossil Hill Formation on King George Island, which contains taxa affiliated with
both subantarctic and tropical regimes (Cao, 1992; Li, 1992). The age of this section is
broadly constrained to the late Palacocene—middle Eocene, so it is unclear if and to what
extent this assemblage is correlative to part of the early—middle Eocene record from Site
U1356.

Truswell (1997) presented sporomorph assemblages from four samples taken from RV
Sonne gravity core S36-22/SL off western Tasmania. Based on their sporomorph content,
the samples are assigned to the upper part of the Proteacidites asperopolus zone of Stover
and Partridge (1973), which is correlative to magnetochron C21 and therefore falls into the
middle Eocene. The sporomorph assemblages from gravity core S36-22/SL are similar to
those from the mid-Eocene of Site U1356 in that they lack tropical elements such as palms
and Bombacoideae, but also contain considerable amounts of Araucariacites spp.,
Nothofagidites spp., Cyathidites spp., Myricipites harrisii, Podocarpidites spp.,
Proteacidites spp., and Phyllocladidites mawsonii. However, the diversity of the
assemblages from core S36-22/SL is higher than in assemblages from the mid-Eocene of
Site U1356 due to occurrences of taxa such as Cupanieidites orthotheichus, Ilexpollenites
sp., Liliacidites spp., and Myrtaceidites parvus that are not recorded at Site U1356.
Because of this diversity difference and the less pronounced dominances of temperate
rainforest elements such as Araucariacidites spp. and Nothofagidites spp., the sporomorph
assemblages from core S36-22/SL indicate slightly warmer conditions than those from the
mid-Eocene of Site U1356, but markedly cooler conditions than those from the early
Eocene of Site U1356.

Perhaps the most appropriate comparison for the early Eocene sporomorph record from
Site U1356 is with plant-fossil assemblages from western Tasmania. Diverse early Eocene
floral assemblages (mostly consisting of cuticles) are described from tidal estuary and
freshwater deposits at Strahan-Regatta Point — a site approximately positioned at ~66°S at
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that time (Pole, 2007). They provide evidence of mesothermal rainforests with MATs
between 12 and 20 °C, but also contain Nypa mangrove palms and a species of
Rhizophoraceae with affinities to extant mangroves (Pole, 2007). Recently, Carpenter et al.
(2012) published megafloral and palynological evidence for terrestrial MATs of ~24 °C
from the Lowana Road outcrop section on Tasmania (palaeolatitude: ~65 °S). The
maximum age of the Lowana Road fossils is ~53 Myr; its minimum age is less well
constrained, but estimated at ~52 Myr based on a combination of presence/absence data
from dinocysts and pollen. These findings make the Lowana Road fossils partially age-
equivalent to the early Eocene assemblages from the Wilkes Land margin of Antarctica.
Hence, these data from relatively high southern latitudes — although not representing
climate conditions on Antarctica — provide confirmation that the surprisingly warm climatic
estimates derived for the peak of the EECO for the Wilkes Land margin of Antarctica are
realistic.

2.4.7. Remarks on Sporomorph Taxa

Key sporomorph taxa from the Eocene of Site U1356 are discussed below, with selected
forms presented in Supplementary Figure S2.7.

Anacolosidites luteoides Cookson and Pike 1954

Remarks: This distinctive species is here recorded in the lower Eocene of Site U1356,
which constitutes the first record of this taxon for Antarctica. The taxon has been
previously described from the Palacogene of New Zealand (Raine et al., 2008) and the
lower and middle Eocene of Australia (Stover and Partridge, 1973).

Botanical affinity: Anacolosa (Olacaceae) (Raine et al., 2008).

Modern distribution: Tropics and southern Africa (Macphail et al., 1994).

Genus Araucariacites Cookson ex Couper 1953

Remarks: This genus occurs commonly in the early and mid-Eocene interval of Site
Ul1356.

Botanical affinity: Araucaria and Agathis (Araucariaceae) (Raine et al., 2008).

Modern distribution: Southern hemisphere (Hill, 1994).

Genus Arecipites Wodehouse 1933 emend. Nichols et al. 1973

Remarks: The genus Arecipites includes monosulcate pollen grains with a sulcus tapered at
the ends and an exine with a tectate structure. These forms may exhibit columellae in
optical section. The exine can be psilate, scabrate, pitted or scrobiculate, but forms with
true reticulate sculpture are not included within the genus (Nichols et al., 1973).
Cycadopites includes monosulcate pollen grains with a sulcus extending along the full
length of the grain. Arecipites differs from Cycadopites in that members of the former have
a sulcus that is open at the ends (Nichols et al., 1973; Jansonius et al., 1998) , and they lack
any structure within the exine (e.g., Nichols et al., 1973). Arecipites spp. at Site U1356
include pollen grains mainly attributable to A. pseudotranquillus and A. punctatus
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following Nichols et al. (1973). Pollen grains with characteristic morphological features of
the genus Arecipites occur consistently, albeit in low numbers in the lower Eocene of Site
U1356, representing the first record of this taxon for Antarctica.

Botanical affinity: Palms (Arecaceae) (Nichols et al., 1973).

Modern distribution: Tropical to warm temperate regions (Macphail et al., 1994).

Bluffopollis scabratus (Couper 1954) Pocknall and Mildenhall 1984

Remarks: The occurrence of this distinctive species in the lower Eocene of Site U1356
represents the first record of this taxon for Antarctica. Previously identified occurrences
include the Palacocene? to Miocene of southern Australia (Jarzen and Pocknall, 1984), and
the Palacogene and Neogene of New Zealand (Raine et al., 2008).

Botanical affinity: Strasburgeria (Jarzen and Pocknall, 1984).

Modern distribution: New Caledonia (Macphail et al., 1994).

Genus Bombacacidites Couper 1960 emend. Krutzsch 1970

Remarks: The genus Bombacacidites has been proposed for fossil pollen grains with the
typical morphological characteristics of the extant family Bombacaceae. Bombacacidites
has a distinct columellate layer and lacks a post-vestibulum (endexine interlamellarly split)
as it is characteristic of the genus Intratriporopollenites (Jansonius and Hills, 1976).

Bombacacidites sp. A

Diagnosis: Bombacacidites type, mid-sized (~40 wm), amb subcircular, brevitricolporate,
costae 2-4 um wide, exine 1-2 wm thick, semitectate, reticulate, luminae 1-2 um wide.
Remarks: Some specimens of Bombacacidites sp. A are similar to Intratriporopollenites
notabilis of Stover and Evans (Stover and Evans, 1973). Although a detailed description of
the apertures is not available, the illustration of 1. notabilis by Stover and Evans (1973)
(Plate 3, Fig. 4) suggests the presence of a vestibulum (or fastigium, if the grain is
brevitricolporate). Specimens of Bombacacidites sp. A occur in the lower Eocene of Site
U1356, which constitutes the first Cenozoic record of Bombacacidites on Antarctica.
Botanical affinity: Malvaceae, subfamily Bombacoideae sensu Bayer and Kubitzki (2003).
Bombacacidites sp. A is similar to pollen from extant taxa such as Bombax globosum,
Cavanillesia arborea and Ochroma pyramidale (Roubik and Moreno, 1991; Bush and
Rivera, 1998; Members, 2007). Bombax and Cavanillesia are well nested within the
subfamily Bombacoideae, while Ochroma has unresolved phylogenetic relations, but is
consistently basal to both the Malvoideae and Bombacoideae subfamilies (Duarte et al.,
2011).

Modern distribution: Neotropics, with some species occurring in the Old World tropics
(Bayer and Kubitzki, 2003).

Genus Cyathidites Couper 1953

Remarks: Specimens grouped within the fossil genus Cyathidites comprise laevigate and
simple trilete spores. In the present study, they were subdivided into three informal groups
based on size: Cyathidites spp. <25 um; Cyathididites spp. 25 to 50 um (mainly C. minor);
Cyathididites spp. >50 um (mainly C. australis).
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Botanical affinity: Probably Cyatheaceae (Mohr, 2001), but also possibly other fern
families such as Pteridaceae.

Modern Distribution: The family Cyatheaceae is geographically widespread, but occurs
mainly in tropical and warm temperate regions (Macphail et al., 1994).

Crassoretitriletes vanraadshooveni Germeraad et al. 1968

Botanical affinity: Lygodium (Germeraad et al., 1968).

Modern distribution: Tropical to warm temperate regions, including Indo-Malaysia and
Australia (Macphail et al., 1994).

Dilwynites granulatus Harris 1965

Remarks: This specie occurs commonly in the lower and mid-Eocene of Site U1356. It is
distinguished from Araucariacites australis by its relatively coarse, granulate
ornamentation (Truswell and Macphail, 2009).

Botanical affinity: Wollemia (Araucariaceae) (Dettmann and Jarzen, 2000).

Modern distribution: Restricted to southeastern Australia (Jones et al., 1995).

Gambierina edwardsii (Cookson and Pike 1954) Harris 1972

Remarks: Specimens of G. edwardsii occur in the lower and mid-Eocene of Site U1356.
Gambierina edwardsii and G. rudata became extinct in southeastern Australia during the
earliest Eocene, while their stratigraphic ranges in New Zealand are Palacogene to Early
Eocene and Late Cretaceous to Palaeocene, respectively (Wanntorp et al., 2011).

Botanical affinity: Unknown.

Genus Malvacipollis Harris 1965

Remarks: Specimens here attributed to Malvacipollis spp. correspond mainly to
Malvacipollis diversus and Malvacipollis subtilis sensu Stover and Partridge (1973).
Botanical affinity: Euphorbiaceae (genera Austrobuxus and Dissiliaria; Martin, 1974) and
possibly Eumalvoideae (Raine et al., 2008).

Modern distribution: Austrobuxus and Disillaria: Southwest Pacific region (Martin, 1974);
Eumalvoideae: Subtropics to temperate regions (Baum et al., 2004).

Myricipites harrisii (Couper 1953) Dutta and Sah 1970

Botanical affinity: Casuarinaceae, possibly also Myricaceae (Raine et al., 2008). Modern
distribution: Casuarinaceae: Indo-Malaysia and Australia (Macphail et al.,, 1994);
Myricaceae: mainly tropics, but also Northwest Europe (Punt et al., 2002).

Genus Nothofagidites Potonié¢ 1960

Remarks: Specimens belonging to the fossil genus Nothofagidites have been assigned to
four main complexes following Macphail et al. (1994) and Truswell and Macphail (2009).
These are: Nothofagidites asperus complex, Nothofagidites lachlaniae complex,
Nothofagidites flemingii complex, and Nothofagidites spp. cf. N. emarcidus complex.
Botanical affinity: Nothofagidites asperus complex: Nothofagus, subgenus Lophozonia;
Nothofagidites lachlaniae complex: Nothofagus, subgenus Fuscospora, Nothofagidites
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flemingii complex: Nothofagus, subgenus Nothofagus. Nothofagidites emarcidus is related
to the extant subgenus Brassospora, although Truswell and Macphail (2009) suggest that
some specimens assigned to Nothofagidites spp. cf. N. emarcidus may represent immature
pollen grains of other taxa. The Nothofagidites lachlaniae complex and the Nothofagidites
flemingii complex are often referred to as fusca type.

Modern distribution: Lophozonia: Eastern Australia, New Zealand and South America;
Fuscospora: Tasmania, New Zealand and South America (Macphail et al., 1994).

Genus Proteacidites Cookson 1950

Remarks: Proteacidites represents one of the most common and diverse angiosperm pollen
genera in the Cretaceous and Cenozoic of the Southern Hemisphere (Sauquet and Cantrill,
2007). For the Eocene of Site U1356, 28 morphotypes belonging to the genus Proteacidites
were identified.

Botanical affinity: Proteaceae. Some Proteacidites morphotypes from Site U1356 can be
linked to extant genera (compare Supplementary Table S2.1).

Modern distribution: Tropical to temperate regions of the southern hemisphere (Sauquet
and Cantrill, 2007).

Spathiphyllum type sensu Muller (1981)

Remarks: The exposed endexine between the ribs, the presence of a columellate
infratectum and narrow ribs allow to differentiate members of the genus Spathiphyllum
from the genus Ephedripites (see Hesse and Zetter, 2007, for details).

Botanical affinity: Spathiphyllum (Araceae).

Modern distribution: Tropics (Govaerts and Frodin, 2002).
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'b.

Supplementary Figure S2.7. Photomicrographs of key sporomorph taxa from the Eocene of IODP Site U1356. (a) Anacolosidites
luteoides (Anacolosa); (b) Araucariacites australis (Araucariaceae); (c¢) Bluffopollis scabratus (Strasburgeria); (d) Arecipites
punctatus (Arecaceae, palms); (e) Bombacacidites sp. A (Bombacoideae); (f) Nothofagidites flemingii (Nothofagus, fusca type); (g)
Proteacidites reticuloscabratus (Proteaceae); (h) Mpyricipites harrisii (Casuarinaceae/Myricaceae); (i) Crassoretitriletes
vanraadshooveni (Lygodium); (j) Malvacipollis cf. diversus (Euphorbiaceae, Eumalvoideae); (k) Spathiphyllum sp.
(Spathiphyllum); (1) Cyathidites australis (Cyatheaceae); (m) Gambierina edwardsii. Scale bars: 10 pm.
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Abstract

The early Eocene epoch was characterized by extreme global warmth, which in terrestrial
settings was characterized by an expansion of near-tropical vegetation belts into the high
latitudes. During the middle to late Eocene, global cooling caused the retreat of tropical
vegetation to lower latitudes. In high-latitude settings, near-tropical vegetation was
replaced by temperate floras. This floral change has recently been traced as far south as
Antarctica, where along the Wilkes Land margin paratropical forests thrived during the
early Eocene and temperate Nothofagus forests developed during the middle Eocene. Here
we provide both qualitative and quantitative palynological data for this floral turnover
based on a sporomorph record recovered at Integrated Ocean Drilling Program (IODP) Site
U1356 off the Wilkes Land margin. Following the nearest living relative concept and based
on a comparison with modern vegetation types, we examine the structure and diversity
patterns of the Eocene vegetation along the Wilkes Land margin. Our results indicate that
the early Eocene forests along the Wilkes Land margin were characterized by a diverse
canopy composed of plants that today occur in tropical settings; their richness pattern was
similar to that of present-day forests from New Caledonia. The middle Eocene forests were
characterized by a canopy dominated by Nothofagus and exhibited richness patterns similar
to modern Nothofagus forests from New Zealand.

" Appendix 1 Taxonomy Site UI356 belongs to this chapter and is also published in Review of Palaeobotany and Palynology 197, 119-
142
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3.1 Introduction

Characterized by very low equator-to-pole temperature gradients and global warmth
extending into polar regions, the Eocene represents the most recent epoch of extreme
greenhouse conditions (e.g., Zachos et al., 2001; 2008; Bijl et al., 2009; Huber and
Caballero, 2011). Eocene warmth peaked during the Early Eocene Climatic Optimum
(EECO; 51 — 53 Ma), followed by high-latitude cooling through the middle and late Eocene
(e.g., Miller et al., 1987; Zachos et al., 2001; 2008). The final step of this global cooling
occurred around Eocene-Oligocene times when continental ice sheets rapidly expanded
across Antarctica and global icehouse conditions started to develop (e.g., Zachos et al.,
1994; 2001; 2008; Barrett, 1996).

The extreme greenhouse warmth during the EECO facilitated the expansion of tropical to
subtropical vegetation belts into polar latitudes. For the Arctic, macrofloral remains
document the existence of forests during the early Eocene similar to the present-day
swamp-cypress and broadleaf floodplain vegetation in southeastern North America (e.g.,
Eberle and Greenwood, 2011, and references therein). In the southern high latitudes, early
Eocene paleobotanical records from South Australia, Tasmania and New Zealand reflect
the presence of broadleaf paratropical vegetation, notably including records of the
mangrove palm Nypa (Kemp, 1978; Macphail et al., 1994; Greenwood et al., 2003; Raine
et al., 2009; Carpenter et al., 2012). Coeval floras from central Patagonia and central Chile
were highly diverse, including taxa with a mainly tropical distribution such as Lauraceae
and Annona (e.g., Gayo et al., 2005; Wilf et al., 2005). In contrast, middle Eocene
vegetation was characterized by the expansion of temperate Nothofagus-conifer forests in
New Zealand, Australia, Chile, and Argentina (e.g., Kemp, 1978; Macphail et al., 1994;
Hinojosa and Villagran, 1997; Greenwood et al., 2003; Barreda and Palazzesi, 2007).

On the Antarctic continent, paratropical rainforests thrived along the Wilkes Land margin
during the early Eocene; during the middle Eocene, they were replaced by temperate
Nothofagus-dominated rainforests (Pross et al., 2012). The presence of Nothofagus-
dominated forests is also documented for the middle and late Eocene on the Antarctic
Peninsula (Francis et al., 2008; Warny and Askin, 2011) and East Antarctica (Askin, 2000;
Francis, 2000; Pole et al., 2000; Macphail and Truswell, 2004; Truswell and Macphail,
2009); towards the Oligocene, increasingly cooler conditions resulted in a herb-moss
tundra vegetation that was fully developed by Miocene times (Askin and Raine, 2000;
Lewis et al., 2008; Truswell and Macphail, 2009; Anderson et al., 2011).

Qualitative and quantitative analyses of fossil sporomorph assemblages have been widely
applied to decipher vegetation dynamics during the Paleogene (e.g., Harrington, 2001;
Wing and Harrington, 2001; Crouch and Visscher, 2003; Wing et al., 2003; Jaramillo et al.,
2010). The qualitative approach is used to decipher the structure of past vegetation
communities considering the physiognomies of present-day ecosystems (Specht et al.,
1992). It is based on the notion that the physical characteristics of vegetation developing
under similar climates in widely separated geographical regions are highly similar
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irrespective of the number of common taxa (e.g., Wolfe, 1978; Woodward, 1987; Prentice
etal., 1992; Woodward et al., 2004).

The quantitative approach assesses the diversity and composition patterns of vegetation
records (e.g., Jaramillo, 2002; Harrington, 2004; Jardine and Harrington, 2008). This
approach allows interpretation of ancient vegetation dynamics by means of modern
ecological criteria. The application of species accumulation curves has, for instance,
revealed that early Eocene Arctic ecosystems comprised forests with a richness similar to
that found in Holocene forests from southeastern North America (Harrington et al., 2012).
Although combined qualitative and quantitative analyses have become available for high-
latitude Eocene sporomorph datasets from the Northern Hemisphere (e.g., Harrington,
2001; Wing and Harrington, 2001; Harrington and Jaramillo, 2007), this approach has not
yet been applied to Paleogene pollen records from the Southern Hemisphere.

In light of the above, we here characterize the early to middle Eocene vegetation along the
Wilkes Land margin of Antarctica based on sporomorph assemblages recovered from
IODP Site U1356. Besides documenting the stratigraphic distribution of the sporomorph
taxa in the Site U1356 record, we describe selected taxa through photomicrographs and
taxonomical remarks. Moreover, we investigate the vegetation structure along the Wilkes
Land margin based on the ecological requirements and habitats of the known living
relatives of Eocene taxa. In addition, we use quantitative methods (rarefaction, diversity
indices and Detrended Correspondence Analysis) to describe the diversity and composition
of these ancient forests. Finally, we compare the species richness patterns of the Eocene
vegetation from the Wilkes Land margin to those characterizing the vegetation at selected
tropical and temperate sites in New Caledonia and New Zealand during the late Holocene.

3.2 Study site

The early to middle Eocene sporomorph-bearing strata studied here were recovered at
IODP Site U1356, which is located off the Wilkes Land coast (63°19°S, 168°49’E) of
Antarctica at the transition between the continental rise and the abyssal plain (Expedition
318 Scientists, 2011). This site has evolved into a key location for deciphering the
paleoclimatic evolution of the high southern latitudes during the Paleocene (Pross et al.,
2012; Bijl et al., 2013a; Houben et al., 2013; Passchier et al., 2013). The paleolatitudes of
Wilkes Land and Site U1356 are nearly identical to the present-day positions, which
implies that the Wilkes Land margin was subject to polar darkness for about 50 days per
year. The distance of Site U1356 to the paleo-shoreline during the Eocene was on the order
of 300 km (Pross et al., 2012).

The age control of the Eocene strata at Site U1356 is based on the integration of
magnetostratigrapic and dinoflagellate cyst-based biostratigraphic data. The Eocene
sedimentary sequence recovered dates back to early Eocene times (53.9 — 51.9 Myr); it is
separated from latest early Eocene to middle Eocene (49.3 — 46 Myr; here informally
referred to as “mid-Eocene”) strata by a ~3 Myr-long hiatus (Pross et al., 2012; Tauxe et
al., 2012). Lithologically, the early Eocene succession consists of bioturbated claystones
with intercalated fine sandstone beds. The mid-Eocene succession is characterized by
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interbedded sandstones, diamictites, silty claystones, and siltstones (Expedition 318
Scientists, 2011).

3.2.1 Constraints on sporomorph source area

Several lines of paleoceanographical, palynological and isotope geochemical evidence
suggest that the Eocene sporomorphs recovered at Site U1356 are primarily derived from
the Wilkes Land margin rather than from other, lower-latitude landmasses (compare also
Pross et al., 2012, and Supplementary Information accompanying that paper for an in-depth
discussion). The transport and deposition of sporomorphs in the marine realm depends on
the hydrodynamic characteristics of the sporomorphs, their resistance to degradation, and
the transportation mechanisms, which can be aquatic (i.e., through runoff and surface-water
currents) and/or eolian (Traverse, 2008). Whereas sporomorphs from arid settings are
mainly transported via atmospheric processes (Traverse, 1994b), aquatic transport through
fluvial activity and surface-water currents is responsible for the majority of sporomorphs
deposited in marine settings (Muller, 1959; Farley, 1987). Whereas the distance of Site
U1356 to the Wilkes Land coast during the Eocene was only ~300 km, the direct distance
to the coast of South Australia amounted to ~1200 km; however, due to the clockwise-
flowing Proto-Leeuwin Current that bathed the coasts of South Australia, western
Tasmania and Wilkes Land during the early and middle Eocene (Sloan and Rea, 1996;
Huber et al., 2004; Bijl et al., 2011), the surface-water transport of sporomorphs from
southern Australia would have required an even larger distance.

Similarly, any source area of sporomorphs on western Tasmania would have required a
surface-water transport over ~1200 km (Pross et al., 2012). Hence, an input from Australia
and/or Tasmania to the sporomorph assemblages at Site U1356 is highly unlikely. This
holds particularly true for insect-pollinated canopy species of rain forests; the fact that they
are strongly underrepresented in the pollen spectra of tropical forests (Bush and Rivera,
1998) further reduces their susceptibility to long-distance transport. In line with these
considerations, remarkable differences exist between the Eocene sporomorph records of
Site U1356 and coeval records from Southern Australia (see compilations by Kemp, 1978;
Martin, 1978; Macphail et al., 1994; Greenwood et al., 2003) and western Tasmania (Pole
and Macphail, 1996; Truswell, 1997; Carpenter et al., 2012). Because percentage data are
only available for few sporomorph taxa in the studies cited above, similarities and
differences between sporomorph assemblages from southern Australia and Site U1356
have to be evaluated through a taxon-by-taxon comparison rather than via numerical
similarity indices (compare also Supplementary Information of Pross et al.,, 2012).
Although early Eocene sporomorph spectra from southern Australia are strongly similar to
those from the Eocene of Site U1356, important differences exist. For example,
Cupanieidites spp., Ilexpollenites spp., and Santalumidites spp. do not occur in early
Eocene strata from Site U1356, but are typical of coeval sporomorph spectra from southern
Australia (Macphail et al., 1994; Greenwood et al., 2003). Whereas the mid-Eocene
sporomorph spectra from Site U1356 are dominated by Nothofagidites spp. (fusca group)
types, their middle Eocene counterparts from southern Australia (e.g., Macphail et al.,
1994) show a dominance of Nothofagidites spp. (brassii group) types. Myricipites harrisii
only reaches ~4 % at Site U1356, but attains up to 30 % in southern Australia (Macphail et
al., 1994).

Tasmania can also be excluded as a source region for the early Eocene sporomorphs from
Site U1356. Early Eocene sporomorph spectra from Tasmania are of relatively low
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diversity and are dominated by Podocarpidites spp., Myricipites harrisii, and
Nothofagidites spp. (brassii group) (Macphail et al., 1994; Pole and Macphail, 1996). In
contrast, the early Eocene sporomorphs from Site U1356 are highly diverse. In particular,
Nypa pollen as occurring on Tasmania (Pole and Macphail, 1996) is not present, and
percentages of Nothofagidites spp. (brassii group) are markedly lower (<5 %) than on
Tasmania (~35 %).

Independent support for an Antarctic provenance comes from the Neodymium isotopic
composition of the Eocene sediments at Site Ul1356. Neodymium isotope ratios are
valuable indicators of the continental source areas of detrital marine sediments (e.g.,
Goldstein and Hemming, 2003). Neodymium data from Eastern Antarctica exhibit a tight
match between the Eocene sediments at Site U1356 and those from the George V Land and
Wilkes Land areas, thus suggesting that the main sediment input to Site U1356 during the
Eocene was from the Wilkes Land margin (see Supplementary Information of Pross et al.,
2012, for details).

In a more general sense, near-tropical conditions must have prevailed along the Wilkes
Land margin during the early Eocene in order to facilitate the growth of many of the plants
that are reflected by the Site U1356 sporomorph record and are being portrayed in this
paper. Evidence for such climate conditions comes from three biotic and organic
geochemical proxy records that are completely independent from the sporomorph
assemblages as well as from recent climate modeling (Huber and Caballero, 2011), the
biogeography of palms (Trénel et al., 2007) and other megathermal plants (Bartish et al.,
2011), and dated molecular palm phylogenies (Baker and Couvreur, 2013). The proxy
records comprise organic geochemical terrestrial (MBT/CBT; Pross et al., 2012) and
marine (TEXge) paleothermometry (Bijl et al., 2013a), and mass occurrences of the tropical
dinoflagellate cyst genus Apectodinium (Bijl et al., 2013a). They consistently indicate that
the climatic boundary conditions along the Wilkes Land margin during the early Eocene
were favourable for the development of a paratropical vegetation as evidenced by the Site
U1356 sporomorph record and as discussed in the following.

3.3 Methods

In total, 145 samples from the Lower and mid-Eocene of Site U1356 were analyzed for
their sporomorph assemblages. The samples are from clay- and siltstones. They were
processed following standard palynological techniques including drying, weighting,
treatment with HCl (10%) and HF (38%), and sieving through a 10um nylon mesh.
Separation of heavier particles was carried out in an ultrasonic bath, and slide preparations
were made using glycerine jelly as a mounting medium. Whenever possible, 300
sporomorphs were determined per sample using a Zeiss Axioskop light microscope at 200x
magnification; morphological details of sporomorphs were investigated using a
magnification of 1000x. Reworked sporomorphs (e.g., Appendix 1, Plate VIII), which are
mainly from the Permian, Triassic and Cretaceous, were excluded from the counting sums;
they could be readily identified based on their relatively dark colors and their stratigraphic
ranges as described by Dettmann (1963), Helby et al. (1987) and Raine et al. (2008). The
determination and taxonomical classification of sporomorphs were carried out following
Couper (1960), Harris (1965), Truswell (1983), Raine et al. (2008), and Truswell and
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Macphail (2009); botanical affinities were established after Macphail et al. (1994), Raine
(1998), APSA Members (2007) and Truswell and Macphail (2009).

To quantitatively analyse the Eocene sporomorph assemblages of Site U1356, six different
techniques were employed:

(1) Detrended Correspondence Analysis (DCA), a multivariate statistical technique, was
applied to evaluate the overall variation in floral composition. This method is based on the
principles of the correspondence analysis that summarizes variation in the composition of
the assemblages in a small number of dimensions. DCA was developed to suppress the
curvature of straight gradients and because distances in the ordination space do not have a
consistent meaning in terms of compositional change (Hill and Gauch, 1980). Due to the
different sample sizes, relative sporomorph abundance data were used as an input to
perform the DCA, and only samples with counts =100 individuals were used for the
calculations.

(i1) Sander’s rarefaction, an interpolation technique, was used to estimate the number of
sporomorph species at a constant sample size. This method is derived from an analysis of
the relative frequencies of specimens within species (Raup, 1975).

(ii1) Species accumulation curves allowing a valid richness comparison between different
datasets. The sample-based taxon resampling curves are generated based on random
permutations (without replacement) that find the species richness for certain number of
pooled samples (Gotelli and Colwell, 2001). The extrapolated exact (mean) richness is
based on the estimator Chao (S P = S 0 + al”2/(2*a2)), where S P is the extrapolated
richness in a pool, S 0 is the observed number of species in the collection, and a/ and a2
are the number of species occurring only in one or only in two sites in the collection
(Oksanen et al., 2011).

(iv) The Shannon index (H = - Xp, logio pn, With p, = proportion of individuals that belong

to species n) was calculated as a measure of species diversity. When H is 0 (minimum
value), the sampling unit contains one single species; H increases with the number of
species and reaches its maximum when the individuals are equally distributed among the
species; it is lower when there is a strong dominance by one or few species (Legendre and
Legendre, 1998). Only samples with counts = 100 individuals were used for the
calculations.

(v) Evenness (J = H/Hmax) was calculated as a measure of the abundance distribution of a
population. When J = 1, all species have the same number of individuals. A low value
indicates that most of the assemblage is dominated by only few species (Hayek and Buzas,
2010).

(vi) A parametric statistic t-test was carried out to assess the differences in the floral
composition and diversity between the early and mid-Eocene sporomorph assemblages.
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All analyses were performed using the software R for statistical computing (R
Development Core Team, 2011) and the package Vegan (Oksanen et al., 2011). All
sporomorph data and numerical results (along with the respective R code) for Site U1356,
are permanently archived and accessible at PANGAEA database (www.pangaea.de;
doi:10.1594/PANGAEA.810464; see also supplementary file supplemdatalU1356.x1sx).

To compare the richness of the Eocene sporomorph assemblages from Site U1356 to that of
modern vegetation types, species accumulation curves were generated for two Holocene
sporomorph records from sites with similar climate conditions with regard to mean annual
temperature, (MAT), mean winter and summer temperatures (MWT and MST), and mean
annual precipitation (MAP) as those previously reconstructed for the early and mid-Eocene
of the Wilkes Land margin by Pross et al. (2012; compare Table 3.1). Moreover, the
similarity of the climatic conditions between the modern sites and the paleoclimatic
conditions for the early and middle Eocene records yield insights into the physiognomy of
ancient forests. In this respect, we follow the concept that the physical characteristics of a
vegetation growing under similar climatic conditions are highly similar irrespective of their
floral composition (e.g., Wolfe, 1978; Woodward, 1987; Prentice et al., 1992; Woodward
et al., 2004).

The most direct approach to compare the Eocene sporomorph assemblages from Site
U1356 to recent counterparts would be to utilize (sub-)tropical pollen records of Holocene
age from directly comparable marine depositional settings. However, no such records exist
from regions with climate conditions closely similar to those reconstructed for the early and
mid-Eocene of the Wilkes Land margin. As a basis for a comparison with Holocene
assemblages representing comparable climate conditions, we therefore selected terrestrial
sporomorph records. With regard to a comparison of species richness patterns, this
approach is justified based on the fact that the selective process of the sporomorph
transport into marine depositional settings decreases rather than increases the diversity of
sporomorph types when compared to adjacent terrestrial sites (Moss et al., 2005). This
implies that the sporomorph richness at Site U1356 can only be lower, but not higher than
at archives from the adjacent terrestrial catchment area.

For a comparison with the early Eocene sporomorph assemblages from Site U1356, we
used previously published late Holocene (~6.0 kyr BP) sporomorph data from the Plum
Swamp locality (Core 2 of Stevenson et al. 2001), which is located in a lowland setting at
10 m above sea level (a.s.l.) on the southwest coast of New Caledonia (22°16 S, 166°37’
E; Fig. 3.1). The sporomorph assemblages from the Plum Swamp core are characterized by,
in the order of decreasing abundances, Casuarinaceae, Pandanus (Pandanaceae),
Macaranga (Euphorbiaceae), Poaceae, Myrtaceae, and Araucaria (Stevenson et al., 2001).
Based on the sporomorph assemblages, the Plum Swamp area was surrounded by littoral
forests and lowland rainforest until ~3.0 kyr BP (Stevenson et al., 2001). The present-day
distribution of montane and lowland settings in New Caledonia is comparable with the
Eocene paleotopography as reconstructed for the Wilkes Land margin of Antarctica by
Wilson et al. (2012). To achieve maximum comparability between the sporomorph records
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from the Lower Eocene of Site U1356 and Plum Swamp, taxa that are strongly
overrepresented in the pollen rain and predominantly mirror the local vegetation at the
Plum Swamp locality (i.e., Cyperaceae pollen and fern spores) were excluded from that
dataset following Stevenson et al. (2001).
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Figure 3.1 Maps of Oceania and Antarctica showing the present-day (right) and early-middle Eocene (left)
continental configuration with locations of localities discussed in the text. 1. IODP Site U1356; 2. Plum Swamp,
New Caledonia; 3. Wallaceville Swamp, New Zealand. Maps derived from the Ocean Drilling Stratigraphic
Network (ODSN, http://www.odsn.de/odsn/services/paleomap/paleomap.html) after Hay et al. (1999). Eocene
ocean currents after Huber et al. (2004).

As a basis for the comparison with the mid-Eocene sporomorph assemblages from Site
U1356, a late Holocene sporomorph record from the Wallaceville Swamp in New Zealand
(41°9°, 175°4', compare Fig. 3.1) was employed; the Wallaceville Swamp, measuring
roughly 5 x 1.6 km?, is located in a basinal setting at an altitude of 140 m a.s.l., with
surrounding hills rising over 240 m a.s.l. (Mildenhall and Moore, 1983). The sporomorph
record evaluated here is based on the late Holocene (~5.0 kyr BP) palynological dataset
from the cores R27/f7529 and R27/f7530 of Harris and Mildenhall (1984). In both cores,
the sporomorph assemblages are characterized in order of decreasing abundance by
Nothofagus (fusca group), Gleichenia circinata (Gleicheniaceae), Podocarpaceae,
Dacrydium cupressinum (Podocarpaceae), Leptospermum (Myrtaceae), and Cyathea
(Cyatheaceae) (Harris and Mildenhall, 1984). The present-day vegetation of the
Wallaceville swamp is characterized by remnants of the Nothofagus forest that dominated
the area since ~5.0 kyr BP (Harris and Mildenhall, 1984). A particularly high comparability
between the mid-Eocene sporomorph record from Site U1356 and that from the late
Holocene of the Wallaceville Swamp is warranted by the fact that both records are
dominated by Nothofagus pollen grains.
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3.4 Results

3.4.1. Composition and diversity of sporomorph assemblages at Site U1356

A total of 161 sporomorph types were identified in the Eocene of Site U1356; the
stratigraphic distribution and relative abundances of all taxa that were encountered in at
least two individuals are presented in Fig. 3.2. The three major botanical groups
represented by the sporomorphs (i.e., angiosperms, gymnosperms and pteridophytes)
appear in varying relative abundances (Fig. 3.3). In the order of decreasing abundances, the
assemblages are dominated by Nothofagidites spp., Cyathidites spp. and Araucariacites
spp., which are commonly recorded in both the early and mid-Eocene intervals. The early
Eocene is generally characterised by a higher number of sporomorph taxa than the mid-
Eocene. The occurrences of several sporomorph taxa that consistently reach only low
abundances (<5% of total non-reworked sporomorphs) are confined to specific core
intervals. In particular, 45 taxa (including Arecipites spp., Bluffopollis scabratus and
Margocolporites cribellatus) only occur in the Lower Eocene, whereas one taxon (i.e.,
Dilwynites tuberculatus) only occurs in the mid-Eocene strata (Fig. 3.2).

The DCA results of the entire sporomorph record yield significantly different values of the
Axis 1 sample scores for the early and mid-Eocene intervals (Fig. 3.3). The two groups
marked by different sporomorph assemblages are portrayed in the following sections.

3.4.1.1. Early Eocene (53.9 — 51.9 Ma)

Generally, the sporomorph assemblages are dominated by pteridophyte spores, which on
average account for ~40% of all non-reworked sporomorphs and are represented mainly by
spores of the genus Cyathidites spp. (botanical affinity: probably Cyatheaceae).
Angiosperm pollen grains reach on average ~25% of all sporomorphs, even if Nothofagus,
which is known to produce extremely high amounts of pollen and therefore tends to be
strongly overrepresented in the pollen rain (e.g., Dodson, 1976), is excluded (Fig. 3.3).
Abundantly occurring angiosperms elements are, in the order of decreasing abundances,
Nothofagidites spp. (mainly fusca type; Nothofagus), Proteacidites spp. (Proteaceae),
Malvacipollis spp. (Euphorbiaceae/Malvaceae), and Myricipites harrisii (probably
Casuarinaceae). Gymnosperms are abundant (~20%) and mainly represented by
Araucariacites spp. and Dilwynites granulatus (both Araucariaceae) (Fig. 3.2). Rare, but
characteristic tropical angiosperm elements include, in the order of decreasing abundances,
Arecipites spp. (Arecaceae), Bluffopollis scabratus (Strasburgeria), Bombacacidites sp. A
(Bombacoideae), Anacolosidites luteoides (Anacolosa), and Spathiphyllum type
(Spathiphyllum). Other angiosperm pollen types with unknown botanical affinities are
registered in low abundances (< 5%, see Fig. 3.2) or represented only by one specimen.
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Figure 3.2 Semiquantitative range chart of sporomorphs identified in the Eocene of IODP Site U1356 for samples
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Quantitatively, the early Eocene sporomorph record is characterized both by a high number
of sporomorph species and a high diversity. Based on rarefied values, the number of
sporomorph species is 25.1 £ 2.37 (mean + SD) species/sample at 100 individuals (Fig.
3.3). Shannon diversity index results are between 2.31 and 3.06, with an average of 2.66 +
0.19 (Fig. 3.3). Evenness (J) values are between 0.69 and 0.84, with a mean of 0.77 + 0.03
(Fig. 3.3).

3.4.1.2. Mid-Eocene (49.3 — 46 Ma)

Generally, the mid-Eocene sporomorph record is marked by high abundances of
Nothofagidites spp. (mainly fusca type; Nothofagus) accounting for ~50% of total non-
reworked sporomorphs. Abundantly occurring angiosperm pollen taxa are, in the order of
decreasing abundances, Proteacidites spp. (Proteaceae), Malvacipollis  spp.
(Euphorbiaceae/Malvaceae) and Myricipites harrisii (probably Casuarinaceae); these taxa
reach similar abundances as during the early Eocene. Gymnosperms are represented mainly
by Araucariacites spp. and Dilwynites granulatus (both Araucariaceae), both of which
reach slightly higher abundances (~30%) than during the early Eocene. Pteridophytes are
represented by, in the order of decreasing abundances, Cyathidites spp. (probably
Cyatheaceae), Gleicheniidites  spp. (Gleicheniaceae) @ and  Osmundacidites
spp./Baculatisporites spp. (Osmundaceae); they are markedly less abundant (~10%) than
during the early Eocene (Fig. 3.2).

Quantitatively, the mid-Eocene sporomorph assemblages are characterized by a lower
number of sporomorph species and a lower diversity than those from the early Eocene.
Based on rarefied values, the number of sporomorph species is 19.73 + 2.38 species/sample
at 100 individuals (Fig. 3.3). The Shannon diversity index yields values between 2.08 and
2.64, with an average of 2.31 + 0.16 (Fig. 3.3). Evenness (J) values are between 0.62 and
0.79, with a mean of 0.69 + 0.05 (Fig. 3.3).
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Figure 3.3 Diversity and Detrended Correspondence Analysis (DCA) results for IODP Site U1356. Relative
abundances of Nothofagidites spp., pteridophytes, gymnosperms, angiosperms (excluding Nothofagidites spp.) are
given for all samples with counts >100 sporomorphs. Numbers of sporomorph species are based on Sander’s
rarefaction analysis with samples rarefied at 100 individuals. The Shannon and evenness diversity indices were
calculated for all samples with counts >100 individuals. The results of the DCA are derived from the Axis 1 sample
scores, showing two distinctive compositional groups for the early and mid-Eocene samples.

73



Chapter 3. Early to Middle Eocene vegetation dynamics at the Wilkes Land margin

3.5 Discussion

3.5.1. Qualitative characterization of vegetation structure
3.5.1.1. Early Eocene (53.9 — 51.9 Ma)

The sporomorph record from Site U1356 provides evidence for paratropical rainforests
thriving along the Wilkes Land margin during the early Eocene. This evidence is mainly
based on the documentation of plant taxa that today are restricted to tropical and
subtropical settings, notably Arecaceae (palms), Bombacoideae, Strasburgeria, Beauprea,
Spathiphyllum, Anacolosa, and Lygodium. The coeval presence of plants that today are
restricted to temperate climate regimes such as Nothofagus (subgenera Fuscospora and
Nothofagus) suggests that the vegetation along the Wilkes Land margin was subject to a
climatic gradient that resulted from differences in elevation and/or the proximity to the
coastline. Whereas paratropical rainforests dominated the lowlands and coastal regions,
temperate forests probably prevailed in higher-elevation settings in the hinterland (Pross et
al., 2012).

Based on the botanical affinities of the sporomorphs from Site U1356, the early Eocene
forests in the lowlands of the Wilkes Land margin consisted of overstorey and understorey
vegetation. Considering the known botanical affinities of the encountered sporomorphs, the
overstorey comprised taxa such as Bombacoideae, Strasburgeria, Arecaceae, and
Proteaceae. Extant Bombacoideae are trees with a pantropical distribution (Bayer and
Kubitzki, 2003); they commonly occur both in dry regions and rainforests (e.g., Fedorov,
1966; Pennington et al., 2009). Extant representatives of the genus Strasburgeria are trees
(Dickison, 2007) that form a part of the canopy of dense, evergreen forests on New
Caledonia (Jaffré, 1995). Modern Arecaceae are well represented within the canopy and
understorey of tropical forests (e.g., Paijmans, 1976; Morley, 2000). Proteaceae such as
Carnarvonia (pollen taxon: Proteacidites pseudomoides) and Gevuina/Hicksbeachia
(Propylipollis reticuloscabratus) are trees that form part of rainforests in Australia and
New Caledonia (Specht et al., 1992). Apart from typical tropical taxa, the overstorey of the
lowland vegetation may also have comprised Araucariaceae and Podocarpus. Extant
Araucariaceae are tall trees in tropical to temperate forests restricted to the South American
and Southwest Asia-Western Pacific region (Kershaw and Wagstaff, 2001).
Podocarpaceous trees occur in tropical to temperate forests across a wide elevation range
from high- (>2000 m a.s.l.) to lowland areas (Kershaw, 1988; Punyasena et al., 2011).

The understorey vegetation was probably dominated by shade ferns such as Cyatheaceae,
Osmundaceae and Huperzia, an epiphyte that today thrives from the tropics to the Arctic
and Subantartic zones (Chinnock, 1998). Another element of the understorey was the
evergreen herb Spathiphyllum, which is today restricted to wet settings in tropical forests
(Govaerts and Frodin, 2002). Extant Cyatheaceae, which at least partially thrive well under
low-light conditions (Volkova et al., 2009), are part of the shrub layer of tropical to
temperate forests in lowland and mountainous areas (e.g., Jaffré, 1995; Veblen et al.,
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1996); based on this distribution pattern, Cyatheaceae may have been part of the
understorey of both the lowland and the hinterland vegetation along the Wilkes Land
margin. Whereas present-day osmundaceous ferns occur from intermittent shade to high-
light-level settings, osmundaceous ferns have been attributed to the understorey in the Late
Cretaceous vegetation of the Otway Basin, southeastern Australia (Specht et al., 1992).

In addition, findings of pollen from Proteaceae shrubs such as Adenanthos (pollen taxon:
Proteacidites  adenanthoides), Xylomelum  (Propylipollis  annularis), Beauprea
(Beaupreaidites spp.), and Symphyonema (Proteacidites symphyonemoides) together with
pollen probably derived from Eucalyptus (Myrtaceidites tenuis) and Casuarinaceae
(Myricipites harrisii) indicate the presence of an open-forest community characterized by
sclerophyllous vegetation; such communities are widespread in areas with intermediate
water availability (Martin, 1978; Specht and Specht, 1999). Hence, their presence suggests
the existence of pockets with relatively dry conditions along the Wilkes Land margin.

Pollen grains attributable to Anacolosa (Anacolosidites luteoides) and Myrtaceae
(Myrtaceidites spp.) occur in variable abundances within the early Eocene interval of Site
U1356. As is the case with Proteaceae, the nearest living relatives of these taxa represent
both shrubs and trees (George, 1984; Hill, 1994; Wilson, 2011). Hence, their role within
the early Eocene vegetation along the Wilkes Land margin is difficult to constrain; they
may have been part of the overstorey and/or understorey part of the forests.

A number of climate parameters for the Plum Swamp area (New Caledonia) are
comparable with paleoclimatic estimates derived from the early Eocene record of Site
U1356 (Pross et al., 2012; compare Table 3.1). Whereas MAP and MST as registered at
Plum Swamp compare favorably with the respective values for the early Eocene of the
Wilkes Land margin, MWT at Plum Swamp is markedly higher (Table 3.1). This apparent
shortcoming in the comparability of MWT values results from the lack of a perfect modern
analogue for early Eocene high-latitude climates because of the low meridional temperature
gradients during that time (e.g., Huber and Caballero, 2011). However, abundant
precipitation, high MST and frost-free conditions during winter are the most important
factors in determining the composition and latitudinal distribution of vegetation growing in
tropical to near-tropical climates (Hutchins, 1947; Morley, 2000). Considering that the
early Eocene forests along the Wilkes Land margin thrived under the climate conditions
required for the establishment of extant tropical rainforests, the structure of the vegetation
may also be considered as similar to that of such forests. Based on this notion, the early
Eocene vegetation along the Wilkes Land margin was probably characterized by multi-
storeyed forests with a highly diverse tree component and a floristically varied understorey
(Jaffré, 1995; Morley, 2000). However, in any such comparison the low incident solar
radiation at higher latitudes is exposed to needs to be taken into account. For instance, the
amount of light received by understory vegetation in a dense forest at higher latitudes
would be very low; under these conditions only shade plants and cryptograms can survive
(Specht et al., 1992).
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. Plum Swamp . Wallaceville
Climate Early Eocene (New mid-Eocene Swamp (New
parameter (Site U1356) Caledonia)* (Site U1356) Zealand)*
MAT 16 + 3°C 23.1°C 9.4 +1.5°C 10.5°C
MWT 11+ 4°C 20.3°C 43+15°C 6°C
MST 21+3°C 25.7°C 14.2+1°C 15°C
MAP 132 £ 55 cm/yr 150.3 cml/yr 160 + 53 cml/yr 164 cm/yr

* Present-day data

Table 3.1. Comparison between paleoclimatic estimates derived from the early and mid-Eocene sporomorph
assemblages from IODP Site U1356 (Pross et al., 2012) and present-day climate conditions at the Plum Swamp
(New Caledonia; Pesin et al., 1995) and Wallaceville Swamp (New Zealand; NIWA, 2012) localities. MAT: Mean
annual temperature; MWT: Mean winter temperature, MST: Mean summer temperature; MAP: Mean annual
precipitation. Paleoclimatic estimates for the early and mid-Eocene sporomorph assemblages from IODP Site
U1356 are from Pross et al. (2012) and were generated following the bioclimatic analysis approach of Greenwood
et al. (2005).

Based on present-day climatological parameters and community physiological processes,
Specht et al. (1992) examined the relationships between the structures of present-day
forests and those from Late Cretaceous high-latitude (~65°) settings with a MAT between
16.5 and 19°C. They concluded that the Late Cretaceous vegetation comprised tall open
forests with a conical-shaped crown that enabled some light to penetrate the understorey. In
light of the comparable paleolatitude and temperature regime, these findings have
relevance for the early Eocene forests from the Wilkes Land margin; they suggests that
these forests were probably also characterized by a relatively tall open canopy with a
conical-shaped crown.

3.5.1.2. Mid-Eocene (49.3 — 46 Ma)

Based on the mid-Eocene sporomorph record from Site U1356, the Wilkes Land margin
was characterized by Nothofagus-dominated forests at that time; Araucariaceae were also
present in high abundances. Today, cool temperate forests dominated by Nothofagus are
confined to New Zealand and to Tasmania (Kershaw, 1988). Extant Araucariaceae
predominantly thrive in the lower mid-latitudes (Kershaw and Wagstaff, 2001), but are also
found in cool temperate Valdivian rainforests of Chile where Araucariaceae stands occur in
mountainous areas from 37°20’ to 40°20° S (Veblen, 1982).

Based on the established botanical affinities of the sporomorphs identified at Site U1356,
the overstorey vegetation along the Wilkes Land Margin during the mid-Eocene was
dominated by Nothofagus; further overstorey elements were Araucariaceae, Podocarpus,
Lagarostrobus (pollen taxon: Phyllocladidites mawsonii), and Gevuina/Hicksbeachia
(Propylipollis reticuloscabratus).
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The understorey vegetation was composed by Osmundaceae, Cyatheaceae and probably
Proteaceae; notably, Cyatheaceae were less common than during the early Eocene. Records
of Xylomelum (Propylipollis annularis), Symphyonema (Proteacidites symphyonemoides),
and Casuarinaceae (Myricipites harrisii) suggest the presence of a sclerophyllous
community. Gleicheniaceae represent a further common element throughout the mid-
Eocene record. Today, members of this family occur in habitats affected by intermittent
waterlogging (Specht et al., 1992) and often thrive at the margins of rainforests (Chinnock
and Bell, 1998). The co-occurrence of Nothofagus, Podocarpus, Araucariaceae, and
Proteaceae, which together formed the forest canopy, with sclerophyllous Proteaceae and
with Gleicheniaceae that potentially indicate waterlogged soils might indicate the
development of an ecological gradient in some patches along the Wilkes Land margin. A
similar palynological association from the Upper Cretaceous of the Otway Basin,
southeastern Australia, has been postulated to represent the vegetation response to a
gradient from well-drained, nutrient-rich soils to seasonally waterlogged, nutrient-poor
soils (Specht et al., 1992).

The climate parameters available for the Wallaceville Swamp (New Zealand) are consistent
with the paleoclimatic estimates from the mid-Eocene record of Site U1356 (Pross et al.,
2012; compare Table 3.1). Following the same concept as for the early Eocene, the
structure of the mid-Eocene forests from the Wilkes Land margin may thus have been
similar to that of the modern forests around Wallaceville Swamp. Specifically, considering
the structure of the present-day Nothofagus forests in New Zealand (McGlone et al., 1996),
the mid-Eocene forests along Wilkes Land margin were probably characterized by a single
canopy layer dominated by Nothofagus and open understories.

3.5.2. Quantitative characterization of vegetation

As described above, the early and mid-Eocene sporomorph records from Site U1356
represent two markedly different floral assemblages. Quantitatively, these differences are
reflected by the results of DCA and rarefaction analysis as well as the diversity indices
(Fig. 3.3 and Table 3.2) and species accumulation curves (Fig. 3.4).

With regard to the output of the DCA, the Axis 1 sample scores reflect two distinct
sporomorph assemblages from the early and mid-Eocene (Fig. 3.3 and Table 3.2). The
diversity and richness patterns derived from the diversity indices (H and J), rarefaction
analysis (Fig. 3.3) and species accumulation curves (Fig. 3.4) show that the early Eocene
forests contained a significantly higher number of taxa than those from the mid-Eocene
(Table 3.2). In addition, the early Eocene assemblages on average do not only comprise a
significantly higher number of species per sample, but are also characterized by a more
equitable abundance distribution of its taxa when compared to the mid-Eocene assemblages
(Fig. 3.3 and Table 3.2).
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Figure 3.4 Species accumulation curves derived from the Eocene sporomorph data of IODP Site U1356 and from
the Holocene sporomorph data from the Plum Swamp (New Caledonia; Stevenson et al.,, 2001) and cores
R27/£7529 and R27/f7530 from the Wallaceville Swamp (New Zealand; Harris and Mildenhall, 1984). Data from
IODP Site U1356 are presented separately for the early and mid-Eocene intervals.

Both the early Eocene vegetation at the Wilkes Land margin and extant forests from New
Caledonia are located close to the ecotone between tropical and temperate forests and can
be classified as paratropical rainforests sensu Morley (2000). The term was originally
introduced by Wolfe (1979) for forests that exhibit similar physical characteristics of extant
evergreen rain forests that are delimited by the 20 — 25°C MAT isotherms, and occupy the
coastal lowlands between 17° and 26° N. Additionally, compared to evergreen rainforests
in the equatorial zone, paratropical forests are floristically less diverse, with fewer
megathermal elements and more frost-tolerant species (Morley, 2000). Hence, the coeval
existence of frost-tolerant taxa (e.g., Araucariaceae, Nothofagus, Podocarpaceae) and
megathermal elements (e.g., Bombacoideae, Arecaceae) as observed for the vegetation
along the early Eocene Wilkes Land margin and as highlighted by Morley (2000) prompt
us to here use the term “paratropical” in a broader sense following Morley (2000).

Although the floral composition of the vegetation from New Caledonia and the Wilkes
Land margin during the early Eocene is different because many clades such as Gambierina
edwardsii, Intratriporopollenites notabilis and Proteacidites incurvatus were extirpated in
the southern latitudes during the Cenozoic, and the geological history of New Caledonia
has strongly influenced the floral evolution (Lowry, 1996), the observed richness patterns
exhibit similar trends. This is evidenced through the comparison of the species
accumulation curves (Fig. 3.4) from the early Eocene record from the Wilkes Land margin
and late Holocene (~6.0 kyr BP) palynological data from New Caledonia (Plum Swamp
core; Stevenson et al., 2001).
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Early Eocene mid-Eocene
Analysis Mean (SD) Mean (SD) r<(t-test)
(Fi?)r(;efiigtii\(/)iguals) 25.1 2.37 19.73 2.38 <0.001
Shannon index (H) 2.66 0.19 2.31 0.16 <0.001
Evenness (J) 0.77 0.03 0.69 0.05 <0.001
DCA (Axis 1, 0.26 0.2 0.93 0.16 <0.001

sample scores)

Table 3.2. Summary of quantitative results and significance of the parametric t-test for the comparison between
the early and mid-Eocene sporomorph assemblages from IODP Site U1356.

Both the mid-Eocene record from the Wilkes Land margin and the late Holocene record
from the Wallaceville Swamp in New Zealand (Harris and Mildenhall, 1984) are
dominated by Nothofagus and exhibit similar richness patterns (Fig. 3.4). Richness values
of the assemblages from the mid-Eocene interval at Site U1356 are slightly higher than
those of the Holocene assemblages (Fig. 3.4). This is likely due to the fact that the higher
time condensation characterizing regimes with low sedimentation rates and the larger
source area for sporomorph assemblages deposited in an offshore setting (as it both is the
case for the record from Site U1356) probably increases the sporomorph species richness.

At tropical latitudes, forests grow under small annual temperature variations (Morley,
2000). Modern ecological studies have shown that diversity benefits from high
temperatures in combination with high water availability; hence, species richness tends to
be higher at tropical latitudes (e.g., Francis and Currie, 2003; Kreft and Jetz, 2007; Jansson
and Davies, 2008). A similar picture emerges when the species richness and climate data
from Plum Swamp (New Caledonia) and Wallaceville Swamp (New Zealand) are
compared. Plum Swamp is characterized by a markedly higher species richness than
Wallaceville Swamp (see Fig. 3.4 for comparison); it also exhibits higher mean winter and
summer temperatures (MWT = 20.3°C, MST = 25.7°C) than Wallaceville Swamp (MWT =
6°C, MST = 15°C; compare Table 3.1), although the mean annual precipitation is similarly
high at both sites (150—164 cm/yr).

For the Eocene of the Wilkes Land margin, the available climate reconstructions suggest
markedly higher temperatures during the early Eocene (MWT = ~11°C, MST = ~21°C)
than during the mid-Eocene (MWT = ~4°C, MST = ~14°C), whereas the mean annual
precipitation was similar during both intervals (~130-160 cm/yr; Table 3.1). Considering
the similarities between the early and mid-Eocene diversity records from the Wilkes Land
margin with the diversity records from New Caledonia and New Zealand, respectively, it
appears that under similar precipitation conditions diversity patterns were primarily
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controlled by the prevailing temperature regime. These findings may be particularly
noteworthy in light of the long annual period of darkness along the high-latitude Wilkes
Land margin, which amounted to ~50 days per year (Pross et al., 2012). They suggest that
photoperiod was not obstacle to the development of high plant diversities at high southern
latitudes during the Eocene greenhouse world, which is in agreement with recent findings
from the Arctic (Harrington et al., 2012).

3.6 Conclusions

The early and mid-Eocene sporomorph assemblages from Site U1356 represent two
different vegetation types along the Wilkes Land margin. The early Eocene vegetation was
probably multi-storeyed, with a tall, relatively open canopy and diverse overstorey
containing taxa such as Bombacoideae, Strasburgeria, palms and Proteaceae; the
understorey vegetation was probably dominated by ferns. In contrast, the mid-Eocene
vegetation was predominantly characterized by cool temperate forests with a single canopy
layer dominated by Nothofagus and open understories dominated by ferns. Both during the
early and the mid-Eocene, the forests contained sclerophyllous vegetation elements; this
suggests the presence of patches with reduced water availability along the Wilkes Land
margin. Quantitatively, the sporomorph assemblages from the early and mid-Eocene are
characterized by significant differences with regard to composition and diversity. The early
Eocene assemblages exhibit a high diversity, with sporomorph species richness patterns
comparable to those of present-day forests from New Caledonia; in contrast, the mid-
Eocene assemblages are markedly less diverse and exhibit a sporomorph species richness
similar to that observed in present-day cool temperate forests from New Zealand.
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Abstract

Reconstructing the early Paleogene climate dynamics of terrestrial settings in the high
southern latitudes is important to assess the role of high-latitude physical and
biogeochemical processes in the global climate system. However, whereas a number of
high-quality Paleogene climate records has become available for the marine realm of the
high southern latitudes over the recent past, the long-term evolution of coeval terrestrial
climates and ecosystems is yet poorly known. We here explore the climate and vegetation
dynamics on Tasmania from the middle Paleocene to the early Eocene (60.7 — 54.2 Ma)
based on a sporomorph record from Ocean Drilling Program (ODP) Site 1172 on the East
Tasman Plateau. Our results show that three distinctly different vegetation types thrived on
Tasmania under a high-precipitation regime during the middle Paleocene to early Eocene,
with each type representing different temperature conditions: (i) warm-temperate forests
dominated by gymnosperms that were dominant during the middle and late Paleocene
(excluding the middle/late Paleocene transition); (ii) cool-temperate forests dominated by
southern beech (Nothofagus) and araucarians that transiently prevailed across the
middle/late Paleocene transition interval (~59.5 to ~59.0 Ma); and (iii) paratropical forests
rich in ferns that were established during and in the wake of the Paleocene—Eocene
Thermal Maximum (PETM). The transient establishment of cool-temperate forests lacking
any frost-sensitive elements (i.e., palms and cycads) across the middle/late Paleocene
transition interval indicates markedly cooler conditions, with the occurrence of frosts in
winter, on Tasmania during that time. The integration of our sporomorph data with
previously published TEXge-based sea-surface temperatures from ODP Site 1172
documents that the vegetation dynamics on Tasmania were closely linked with the
temperature evolution in the Tasman sector of the Southwest Pacific region. Moreover, the

" Text of the published version was adapted to British English

81



Chapter 4. Terrestrial climate dynamics in the Tasmanian sector

comparison of our season-specificclimate estimates for the sporomorph assemblages from
ODP Site 1172 with the TEXgs - and TEXgs" -based temperature data suggests a warm bias
of both calibrations for the early Paleogene of the high southern latitudes.

4.1 Introduction

The Southern Ocean is an important region for early Cenozoic (65-34 Ma) climates, being
the dominant region for deep-water formation during that time (Thomas et al., 2003; Sijp et
al., 2011; Hollis et al., 2012). South Pacific sea-surface and global intermediate water
temperatures increased from the late Paleocene to the early Eocene, with maximum warmth
during the Early Eocene Climatic Optimum (EECO; 53-51 Ma), followed by a cooling
trend during the middle and late Eocene (Zachos et al., 2001; 2008; Bijl et al., 2009; Hollis
et al., 2012). This cooling trend ultimately culminated in the establishment of a continental-
scale ice shield on Antarctica during the earliest Oligocene (e.g., Zachos et al., 1994; 2008;
Barrett, 1996), which represented a decisive step in the Earth’s transition from a
“greenhouse” into an “icehouse” world.

Organic geochemical surface-water temperature proxy records from the high-latitude
Southwest Pacific Ocean (notably TEXgs; Bijl et al., 2009) closely mirror trends in the
benthic foraminiferal oxygen isotope data from the late Paleocene to the early Oligocene
(Zachos et al., 2001; 2008), which lends further support to the suggestions that the southern
ocean was the main region for deep-water formation (Thomas et al., 2003). Irrespective of
the calibration used, Southwest Pacific TEXgs-derived sea-surface temperatures (SSTs)
were relatively cool during the early and middle Paleocene. During the late Paleocene and
early Eocene, SSTs gradually rose to tropical values (>26°C), with maxima being reached
during the Paleocene-Eocene Thermal Maximum (PETM; Sluijs et al.,, 2011) and the
EECO (Bijl et al., 2009; Hollis et al., 2009; 2012). Towards the end of the early Eocene
(49-50 Ma), a pronounced SST cooling of ~4°C occurred on the Australo-Antarctic
margin; this cooling has been attributed to the onset of westbound surface-water
throughflow across the Tasmanian Gateway (Bijl et al., 2013a). A similar cooling trend is
registered for surface waters off New Zealand (Hollis et al., 2009; 2012) and in the Tasman
sector of the Southwest Pacific Ocean (Bijl et al., 2009; Hollis et al., 2012). Strikingly low
SSTs are recorded for the high-latitude Southwest Pacific Ocean during the interval
spanning the middle/late Paleocene transition (59.5-59.0 Ma); TEXgs-derived SST
decreased by ~3°C during that time (Bijl et al., 2009; Hollis et al., 2012; 2014). Along with
this SST drop, lowered sea level and marked bathyal erosion suggest that a transient growth
of an Antarctic ice sheet may have occurred (Hollis et al., 2014).

While an increasing amount of data has become available on the marine climate evolution
in the southern high latitudes during the early Paleogene, the coeval terrestrial climate
dynamics of that region are yet poorly documented (e.g., Passchier et al., 2013). For the
Paleocene, paleobotanical records reflect the thriving of temperate, gymnosperm-rich
forests dominated by podocarps in Southeast Australia (e.g., Macphail et al., 1994;
Greenwood et al, 2003; Greenwood and Christophel, 2005), on Seymour Island
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(Antarctica; Askin, 1990), and in New Zealand (Mildenhall, 1980; Raine et al., 2009). In
contrast, highly diverse angiosperm forests containing taxa that today are restricted to
tropical environments characterize the early Eocene vegetation in the higher-latitude
Southwest Pacific region. This vegetation is widely known from Southeast Australia
(Macphail et al., 1994; Greenwood et al., 2003; Greenwood and Christophel, 2005),
Tasmania (Truswell, 1997; Carpenter et al., 2012) and New Zealand (Raine et al., 2009;
Handley et al., 2011); notably, it also thrived on the Wilkes Land margin of the Antarctic
continent, i.e., at paleo-latitudes of ~70° South (Pross et al., 2012; Contreras et al., 2013).

The pronounced vegetation turnover from temperate forests during the Paleocene to near-
tropical forests during the early Eocene suggests a marked, climatically driven change in
terrestrial environments in the high southern latitudes. However, the transitional process
between these two vegetation types and the underlying change in terrestrial climate
conditions of the Southwest Pacific region have remained poorly understood. The gaps in
the documentation of terrestrial climate dynamics during the early Paleogene appear
particularly pronounced considering the coeval datasets for the marine realm from the same
region (Bijl et al., 2009; 2013a; Hollis et al., 2009; 2012; 2014). This is due to the fact that
prior paleobotanical studies are mainly based on stratigraphically discontinuous outcrops
that provided only limited insights into the Paleocene and early Eocene vegetation of the
region (Greenwood et al., 2003). In addition, available studies on sporomorphs from the
early Paleogene of the Southwest Pacific region have predominantly focussed on the
taxonomical characterization of the assemblages and the generation of biostratigraphic
schemes (e.g., Stover and Evans, 1973; Stover and Partridge, 1973; Truswell, 1997;
MacPhail, 1999). In any case, estimates of terrestrial temperatures in the high southern
latitudes and a comparison with the currently available SST estimates from the marine
realm can strongly enhance the understanding of the climate evolution in the high southern
latitudes during the early Paleogene.

In light of the above, we here explore the vegetation response to high-southern-latitude
climate forcing from the Paleocene to the “hothouse” conditions of the early Eocene based
on a new, chronostratigraphically well-calibrated (Bijl et al., 2013b) sporomorph record
from Ocean Drilling Program (ODP) Site 1172 off eastern Tasmania. We quantitatively
evaluate the compositional variations of the sporomorph assemblages and carry out
quantitative sporomorph-based paleoclimatic reconstructions. For a further assessment of
the terrestrial climatic conditions in the Southwest Pacific region, we apply the same
paleoclimate reconstruction approach to previously published sporomorph records from
Southeast Australia (Bass Basin, Gippsland Basin, Southeast Highlands) and New Zealand.
Finally, we compare our terrestrial paleoclimate estimates with previously published
TEXge- (i.e., TEXge~ and TEXg" calibrations; Kim et al., 2010) based SST reconstructions
from the same site (Bijl et al., 2009; 2013b; Hollis et al., 2014) in order to contribute to a
better understanding of the early Paleogene climate dynamics in the high southern latitudes.

83



Chapter 4. Terrestrial climate dynamics in the Tasmanian sector
4.1.2 Regional setting and paleoceanography

During the early Paleogene, Tasmania and the ETP were located at ~65°S, much closer to
Antarctica than today (Exon et al., 2004b). Paleoceanographic patterns as determined by
winds and gateway configuration were likely vital for regional climates on land (Sijp et al.,
2011). The study site was located close to the Tasmanian promontory, which hampered
deep ocean exchange between the Southwest Pacific and the Australo-Antarctic Gulf for
most of the early Paleogene (Shipboard Scientific Party, 2001b; Stickley et al., 2004; Fig.
4.1). During the Paleocene and early Eocene, the Tasman region was under the persistent
influence of the Antarctic-derived Tasman Current; in contrast, the Australo-Antarctic Gulf
(west of Tasmania) was bathed by the low-latitude-derived Proto-Leeuwin Current (Huber
et al, 2004; Sijp et al., 2011; see Fig. 4.1). This paleoceanographic configuration
determined marine biogeographical patterns in the region (Huber et al., 2004; Bijl et al.,
2011; 2013a). The onset of the deepening of the Tasmanian Gateway at ~49-50 Ma
initiated a westbound Antarctic Counter Current flowing along the Antarctic margin from
the Pacific into the Australo-Antarctic Gulf (Bijl et al., 2013a). Continued rifting through
the Eocene and accelerated deepening of the Tasmanian Gateway (~35.5 Ma) led to the
inflow of Australo-Antarctic Gulf waters through the Tasmanian Gateway into the southern
Pacific during the early Oligocene (Stickley et al., 2004; Sijp et al., 2011). These
paleoceanographic reorganizations had important effects on terrestrial climates in the
Australo-Antarctic region (Bijl et al., 2013a).
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Figure 4.1 Map of the Southwest Pacific Ocean showing the early Eocene (~53 Ma) continental configuration,
illustrating modern continents (gray), areas shallower than 300 m (blue) and locations of ODP Site 1172 and
localities listed in Table 4.1. SM = Southern Monaro Sections (Southeast Highlands), B = Burong-1, K = Kingfish-
8, Ko = Konkon-1, MW-0OS = Middle Waipara and Otaio River sections, P = Poonboon-1, R = Roundhead-1, S =
Sweetlips-1, T = Turrum-4, ETP = East Tasman Plateau. Modified after Cande and Stock (2004) and Sluijs et al.
(2011).
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4.2 Material and methods

The middle Paleocene to early Eocene strata studied here were recovered at ODP Site

1172, which is located ~100 km east of Tasmania on the western side of the East Tasman
Plateau (ETP; 43°57.6' S, 149°55.7"' E; Fig. 4.1) (Shipboard Scientific Party, 2001a).

4.2.1 Age model, lithology and depositional environment

We here follow the corrected sample depths for ODP Hole 1172D as published in Sluijs et
al. (2011) based on detailed correlation of the X-ray fractionation core scanning to the y-ray
downhole log. The age model of the studied sequence is based on the magnetostratigraphy,
chemostratigraphy and dinoflagellate cyst (dinocyst) biostratigraphy as presented in Bijl et
al. (2013b). For the interval studied (60.7-54.2 Ma), the age model is based on three
magnetic reversals confidently correlated to the Geomagnetic Polarity Time Scale (GPTS)
of Vandenberghe et al. (2012), the PETM (~56 Ma), which exhibits a negative carbon
isotope excursion of ~3%o between 611.89 and 611.86 rmbsf (revised meters below sea
floor) (Sluijs et al., 2011), and several dinocyst first and last occurrence data that have been
calibrated regionally following Crouch et al. (2014). The magnetostratigraphic age model
for the Paleocene section (Rohl et al., 2004) was adjusted by Bijl et al. (2010) on the basis
of the recognition of the PETM in Core 1172D-15R (611.8 rmbsf; Sluijs et al., 2011). The
missing interval between Cores 16R and 17R (~620 rmbsf) represents a ~1.3-Ma-long
hiatus that spans the time interval correlative to between infra-Subchrons C26n and C25n
(57.7-59 Ma; Bijl et al., 2010; 2013b).

The upper 60 cm of section in Core 17R (i.e., below the hiatus) are heavily disturbed and
have many sediment characteristics more consistent with Core 16R than with the
underlying sediment (R6hl et al., 2004). We therefore follow Rohl et al. (2004) in their
suggestion that this interval represents caved material of late Paleocene age. The Middle
Paleocene to lower Eocene succession of ODP Site 1172 consists mainly of gray to grayish
brown clay- and siltstones with low abundances of calcareous and siliceous microfossils
(Shipboard Scientific Party, 2001a; Rohl et al., 2004). Environmentally, the succession is
interpreted to reflect very shallow to restricted marine conditions, with marked runoff from
the nearby shores (Ro6hl et al., 2004).

Any study on sporomorphs from marine sediments critically relies on the identification of
the source region in order to provide meaningful paleoclimatic information. An in-depth
discussion of this issue is provided in Section 4.4.1 (“Constraints on sporomorph source
region”).

4.2.2 Sample processing and data analysis

Eighty-nine samples from the Paleocene and Eocene of ODP Site 1172, originally

processed at the Laboratory of Palacobotany and Palynology, Utrecht University (Bijl et
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al., 2011), were here reanalysed for terrestrial palynomorphs. Sample processing followed
standard palynological techniques, including treatment with HC1 (10%) and HF (38%) and
sieving through a 15 um nylon mesh (e.g., Pross, 2001). The microscope slides were
prepared using glycerine jelly as a mounting medium. The residues and slide preparations
are stored in the collection of the Laboratory of Palacobotany and Palynology at Utrecht
University. Whenever possible, 300 sporomorphs (excluding reworked specimens) were
analysed per sample and determined to the species level; this required the analysis of up to
six slides per sample. The analyses were performed using a light microscope at 200x
magnification; morphological details were studied with a magnification of 1000x.
Sporomorph identifications are mainly based on Couper (1960), Harris (1965), Stover and
Partridge (1973), Truswell (1983), Raine et al. (2008), and Truswell and Macphail (2009).
The botanical affinities are given following Macphail et al. (1994), Raine (1998), and
Truswell and Macphail (2009). All sporomorph data (including photomicrographs of key
taxa) are provided in the Supplementary Information.

Rarefaction was applied to evaluate sporomorph diversity; this allows to estimate the
number of sporomorph species at a constant sample size (Raup, 1975). Detrended
Correspondence Analysis (DCA) is an ordination technique that was used to analyse floral
composition change through time.

To constrain the source region of the sporomorphs from ODP Site 1172, we compared the
floristic composition of our record with coeval sporomorph records from Southeast
Australia (Bass Basin — data from Blevin 2003; Gippsland Basin — Department of Primary
Industries, 1999; Southeast Highland sections — Taylor et al., 1990) and New Zealand
(Middle Waipara and Otaio River sections — Pancost et al., 2013) using DCA (see Fig. 4.1
for locations and Table 4.1 for further details and references). From all records derived
from drillholes, only data from core or sidewall core samples were evaluated to avoid
potential contamination by caving. To exclude a bias as it could have been introduced into
our comparison through different taxonomic criteria, we have standardized all datasets
using broader groups of taxa (e.g., Gleicheniidites spp./Clavifera spp., Phyllocladidites
spp., Nothofagidites spp. [fusca group]) when necessary. Due to the differences in sample
sizes, sporomorph percentages were used as input for the DCA, and only samples with
counts =100 individuals were evaluated.
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Section

Region

Age

Pollen Biozone

Authors

Southern Monaro
sections

Burong-1

Kingfish-8

Konkon-1

Otaio and Middle
Waipara sections

Poonboon-1

Roundhead-1

Sweetlips-1

Turrum-4

Turrum-4

highlands of

southeastern Australia

onshore Gippsland
Basin

offshore Gippsland
Basin

Bass Basin

New Zealand

Bass Basin

offshore Gippsland
Basin

offshore Gippsland
Basin

offshore Gippsland
Basin

offshore Gippsland
Basin

60 - 58 Ma

late Paleocene

early Eocene

middle to late
Paleocene, early
Eocene

58 - 56 Ma

late Paleocene,
early Eocene

middle to late
Paleocene, early
Eocene

middle to late
Paleocene
middle to late
Paleocene

middle to late
Paleocene

Lygiestepollenites
balmei

Upper L. balmei

Lower Malvacipollis
diversus

L. balmei and Lower
M. diversus

Upper L. balmei,
Lower M. diversus

L. balmei, Lower M.
diversus

L. balmei

L. balmei

L. balmei

Taylor et al., 1990

* Partridge and
Macphail, 1997

* Partridge, 1992

+ Partridge, 2003

Pancost et al.
2013

+ Partridge, 2003

* Partridge, 1989

* Partridge, 1989

* Partridge, 1993

* Partridge, 1993

Table 4.1 Sporomorph datasets evaluated in this study from the Southeast Australia (Bass Basin, Gippsland Basin,
Southeast Highlands) and New Zealand (Middle Waipara and Otaio River sections). Asterisks indicate data
derived from palynological reports in Department of Primary Industries (1999); Plus signs denote data derived
from the Appendix C of Blevin (2003). Biozones and ages are based on Stover and Evans (1973), Stover and
Partridge (1973) and Partridge (2006)

4.2.3 Sporomorph-based climate reconstructions

Quantitative sporomorph-based climate estimates were carried out following the
bioclimatic analysis approach of Greenwood et al. (2005). For each taxon with a known
nearest living relative (NRL; Table 4.2), climatic profiles were generated with regard to
mean annual temperature (MAT), coldest month mean temperature (CMMT), warmest
month mean temperature (WMMT), and mean annual precipitation (MAP). The climate
profiles are derived from (i) the dataset of Pross et al. (2012), which is mainly based on
distribution data from the Australian National Herbarium online database (Australian
National Herbarium, 2011) and the mathematical climate surface software ANUCLIM
5.156 (Houlder et al., 1999), and (ii) the PALAEOFLORA database, which contains
climatic information for a plant taxon based on its global distribution (Utescher and
Mosbrugger, 2013). Following Greenwood et al. (2005), the climatic values for each
assemblage were calculated based on the zone of overlap of the majority of taxa from that
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NLR used for

Fossil taxon Botanical affinity Source climate analysis database
Araucariacites spp. Araucariaceae Raine et al., 2008 Araucariaceae 1,2
Arecipites spp. Arecaceae Nichols et al., 1973 Arecaceae 1
Baculatisporites Osmundaceae Raine et al., 2008 Osmundaceae 1
spp-
Banksieaeidites Proteaceae (Banksia, Raine et al., 2008
arcuatus Dryandra, Musgravea)
Beaupreaidites cf. Proteaceae (Beauprea) Raine et al., 2008
diversiformis
Caryophillidites sp. Caryophyllaceae Raine et al., 2008
Ceratosporites spp. Lycopodiaceae, Raine et al., 2008
Selaginellaceae
Crassoretitriletes Lygodium Germeraad et al., Lygodium 1
cf. 1968
vanraadshooveni
Cyathidites spp. Probably Cyatheaceae Mohr, 2001 Cyatheaceae 1
Cycadopites spp. Cycadales Raine et al., 2008 Cycadales: 1
Bowenia,
Lepidozamia,
Macrozamia
Dacrycarpites Podocarpaceae Raine et al., 2008 Dacrycarpus 1
australiensis (Dacrycarpus
dacrydioides)
Dacrydiumites Podocarpaceae Raine et al., 2008 Dacrydium 1
florinii (Dacrydium)
Dacrydiumites spp. Podocarpaceae Raine et al., 2008 Dacrydium 1
(Dacrydium)
Dilwynites Araucariaceae Macphail et al., 2013
granulatus (Wollemia/Agathis)
Dilwynites Araucariaceae Macphail et al., 2013
tuberculatus (Wollemia/Agathis)
Ephedripites sp. Ephedra
Gleicheniidites Gleicheniaceae Raine et al., 2008 Dicranopteris, 1
senonicus Diplopterygium,
Gleichenia,
Sticherus

Table 4.2 List of fossil sporomorph taxa from the Middle Paleocene to Lower Eocene of ODP Site 1172 with known
botanical affinities and literature source, the nearest living relative (NLR) used in the climate reconstruction, and
database where climate profiles of the NLRs are derived from. Database (1) = PALAEOFLORA (Utescher and
Mosbrugger, 2013), Database (2) = Pross et al. (2012). Taxa used in the climatic evaluation are printed in boldface.
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NLR used for

Fossil taxon Botanical affinity Source . . database
climate analysis
Gleicheniidites Gleicheniaceae Raine et al., 2008 Dicranopteris,
spp. Diplopterygium, 1
Gleichenia,
Sticherus
Intratriporopollenites  Sterculioideae?, Raine et al., 2008
cf. notabilis Bombacoideae?,
Tilioideae?
Malvacipollis Euphorbiaceae Raine et al., 2008 Euphorbiaceae 1
diversus (Austrobuxus,
Dissiliaria,
Petalostigma);
Eumalvoideae?
Microalatidites Podocarpaceae (cf. Raine et al., 2008 Phyllocladus 1
spp. Phyllocladus)
Microcachrydites Podocarpaceae Raine et al., 2008
antarcticus (Microstrobos,
Microcachrys tetragona)
Myricipites harrisii  Casuarinaceae, Raine et al., 2008 Casuarinaceae (all 1
possibly also Australian species)
Myricaceae
Myrtaceidites spp. Myrtaceae Raine et al., 2008 Myrtaceae 1
Nothofagidites Nothofagaceae Truswell and N. cunninghamii, N. 1
asperus complex (Nothofagus subg. Macphail, 2009 moorei
Lophozonia)
Nothofagidites Nothofagaceae Truswell and Nothofagaceae 2
brachyspinulosus (Nothofagus subg. Macphail, 2009 (Nothofagus subg.
complex Fuscospora) Fuscospora)
2
Nothofagidites Nothofagaceae Truswell and all subgenera
emarcidus (Nothofagus) Macphail, 2009 (including
complex (including Brassospora)
N. endurus)
2
Nothofagidites Nothofagaceae Raine et al., 2008 Nothofagaceae
flemingii complex (Nothofagus subg. (Nothofagus subg.
Nothofagus) Fuscospora)
2
Nothofagidites Nothofagaceae Raine et al., 2008 Nothofagaceae
lachlaniae complex (Nothofagus subg. (Nothofagus subg.
Fuscospora) Fuscospora)
2
Nothofagidites sp.1 Nothofagaceae all subgenera
(Nothofagus) (including
Brassospora)
Nothofagidites Nothofagaceae all subgenera 2
spp. (Nothofagus) (including
undifferentiated Brassospora)
Osmundacidites Osmundaceae Raine et al., 2008 Osmundaceae 1
spp.
Parvisaccites Podocarpaceae Raine et al., 2008
catastus (Halocarpus)

Table 4.2 (continued)
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NLR used for

Fossil taxon Botanical affinity Source climate analysis database
Phyllocladidites Lagarostrobos Raine et al., 2008 Lagarostrobos 2
mawsonii
Podocarpidites Podocarpaceae Raine et al., 2008 Podocarpus 1
ellipticus (Podocarpus)
Podocarpidites Podacarpaceae Raine et al., 2008
exiguus
Proteacidites Proteaceae Raine et al., 2008 Adenanthos 2
adenanthoides (Adenanthos)
Proteacidites Proteaceae (Xylomelum Raine et al., 2008 Xylomelum (all 2
annularis occidentale or Australian species)
Lambertia)
Proteacididites cf. Proteaceae (Knightia Raine et al., 2008
amolosexinus excelsa type)
Proteacidites cf. Proteaceae Raine et al., 2008 Adenanthos 2
adenanthoides (Adenanthos)
Proteacidites Proteaceae (Bellendena Raine et al., 2008 Bellendena montana 2
parvus montana type)
Proteacidites Proteaceae Raine et al., 2008 Gevuina, 2
reticuloscabratus (Gevuina/Hicksbeachia Hicksbeachia
type)
Proteacidites Proteaceae Raine et al., 2008 Symphyonema, 2
symphyonemoides (Symphyonema, Petrophile
/ P. pseudomoides  Carnarvonia)
Pseudowinterapollis ~ Winteraceae Raine et al., 2008
sp.
Retitriletes cf. Lycopodiaceae Raine et al., 2008
rosewoodensis (Lycopodium)
Retitriletes facetus Lycopodicaceae Raine et al., 2008
(Lycopodium)
Rubinella cf. major Leptolepis? Raine et al., 2008
Spinizonocolpites Nypa (Arecaceae) Muller 1968 Nypa 1
prominatus
Stereisporites sp. Sphagnaceae Truswell and

Triporoletes cf.
reticulatus

Troporopollenites
ambiguus

Tripunctisporites
maastrichtiensis

cf. Riccia beyrichiana

Proteaceae (Telopea
truncata, Oreocallis
pinnata)
Sphagnaceae?

Macphail, 2009

Raine et al., 2008

Raine et al., 2008

Table 4.2 (continued)
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assemblage with respect to a given climate parameter. This overlap interval was calculated
using the 10th percentile (as lower limit) and 90th percentile (as upper limit) of the total
range of the NLRs recorded in that assemblage. The climate estimate is given as the
midpoint between the lower and upper limits, with the error spanning from the lower to the
upper limit. Only samples with counts > 100 individuals were used in the climate
reconstructions.

Paleoclimate estimates based on the NLR concept may be influenced by a number of
factors that need to be considered prior to the application of NLR-based reconstruction
methods (e.g., Mosbrugger and Utescher, 1997; Mosbrugger, 1999; Pross et al., 2000;
Utescher et al., 2000). These factors include (i) the potential misidentification of the fossil
taxa and/or NLRs; (ii) the potentially incomplete coverage of the climatic tolerances of the
NLRs; (iii) potentially unidentified differences between the climatic tolerances of fossil
taxa and their NLRs; and (iv) a weakening of the connection between fossil taxa and NLRs
the further one goes back in time. Generally, these issues become increasingly important
with the age of the floras analyzed and may diminish the significance of the results (e.g.,
Poole et al., 2005). They can, however, be identified and corrected via the application of
multi-proxy approaches. In particular, the NLR concept has been successfully applied to
both macrofloral and sporomoph assemblages from the early Paleogene of the higher
southern latitudes (Greenwood et al., 2003; Carpenter et al., 2012; Pross et al., 2012;
Contreras et al., 2013); the validity of the NLR-based results has been demonstrated
through the comparison with data from other, independent proxies.

4.2.4 Statistical examination of the connection between floristic composition and
temperature

To examine the correlation between the floristic composition of our sporomorph record
from ODP Site 1172 (as represented by DCA Axis 1 sample scores; Figs. 4.2, 4.4) and
TEXgs"- and TEXgs -derived SST values from the same site (Bijl et al., 2013b; Hollis et
al., 2014), we applied a state space model. State space models or dynamic linear models
allow data distributed along time to be interpreted as the combination of several
components, such as trends, or seasonal or regressive components (Petris et al., 2009; see
West and Harrison, 1997, for further details on the advantages and development of the
method). In essence, we modelled the dynamics of the 'true' (but unknown) SST and DCA
Axis 1 sample scores in time, and modelled the observed values as deviations from these
true values.

The model was fitted with a Bayesian approach. The likelihood is defined by Equations
(4.1) and (4.2), with both SST and DCA for each time point where either one or both was
measured. We compared 60 SST data points with our 40 values of the DCA Axis 1 scores.
Because only six of the SST data points and DCA Axis 1 sample scores are from the exact
same depths, we treated the missing data with multiple imputation; in essence, we
estimated them as extra parameters to be estimated (e.g., Gelman et al., 2003). The cross-
covariance between two points was calculated following Equation (4.3) and the final
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correlation using Equation (4.4).

SST; ~N (xsst(t(i)) ,£ss7) (Eq. 4.1)

DCA; ~N (xpea(d(i)) £ pca) (Eq. 4.2)

Ad < ot P(711azz>+ (O-S?ST S ) (Eq. 4.3)
PO11 022 0  0pca

corr(SST, DCA)= ALPIDCATSST (Eq. 4.4)

J@ar+ah ) (btodsradsr)

The model was fitted using OpenBUGS run through the BRugs package (Thomas et al.,
2006) of the R software for statistical computing (R Development Core Team, 2011) fitted
in a Bayesian framework using the BRugs package. The R script and further explanation of
the analysis is given in the Supplementary Information.

4.3 Results

4.3.1 Sporomorph results from ODP Site 1172

Of the 89 palynological samples processed from the Middle Paleocene to Lower Eocene of
ODP Site 1172, 40 samples yielded sporomorph counts >100 individuals and were further
used in our analyses. The preservation of sporomorphs is generally good. A total of 197
sporomorph types were identified. A range chart with the relative abundances of key taxa is
presented in Fig. 4.2; a full account of the identified taxa and their abundance data along
with photomicrographs of key taxa is provided in the Supplementary Information. Based on
rarefied values, the entire study interval is characterized by rich sporomorph assemblages
(mean + s.d. = 29.2 + 3.4 taxa/sample at 100 individuals, n = 40). Remarkably low
sporomorph species numbers are recorded for the samples corresponding to the PETM
(22.8 and 24.5 species/sample at 100 individuals; Fig. 4.2).

The DCA results of our sporomorph record yield distinctly different values for the Axis 1
and Axis 2 sample scores (Fig. 4.3a). They allow to define three sample groups, with each
sample group being characteristic for specific time intervals of our record (Fig. 4.3a).
These intervals are: (i) the middle (60.7 — 59.5 Ma) and late Paleocene (59.0 — 55.6 Ma);
(i1) the middle/late Paleocene transition (~59.5 to ~59.0 Ma); and (iii) the early Eocene
including the PETM (55.6 — 54.2 Ma). All three sample groups comprise characteristic
sporomorph assemblages that are portrayed in the following.
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Figure 4.2 Relative abundances of selected sporomorph taxa ([A] angiosperms, [G] gymnosperms, [P]
pteridophytes) representative of the middle Paleocene to early Eocene assemblages from ODP Site 1172. DCA Axis
1 scores represent the fluctuations in floristic composition between samples. Relative abundances and DCA results
are based on samples with counts >100 individuals only. Numbers of sporomorph species are rarefied at 100
individuals. The intervals corresponding to the middle/late Paleocene transition and PETM are marked by
horizontal blue and red bars, respectively. Age model and dinocyst zonation after Bijl et al. (2013b).
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4.3.1.1 Middle Paleocene (60.7 — 59.5 Ma) and late Paleocene (59.0 — 55.6 Ma)
intervals

The sporomorph assemblages from the middle and late Paleocene intervals (excluding the
middle/late Paleocene transition, see below) are represented by 20 samples. They are
dominated by gymnosperm pollen, which on average accounts for 45% of all sporomorphs.
The gymnosperm pollen is represented mainly, in the order of decreasing abundances, by
Podocarpidites spp. (botanical affinity: Podocarpaceae; podocarps), Dilwynites granulatus
(Wollemia [Wollemi pinel/Agathis [Kauri]; Macphail et al., 2013), Phyllocladidites
mawsonii (Lagarostrobos franklinii; Huon pine), and Araucariacites spp. (Araucariaceae;
Agathis [Kauri] and Araucaria) (Fig. 4.2). Other abundant sporomorphs are, in the order of
decreasing abundances, Cyathidites spp. (probably Cyatheaceae), Nothofagidites spp.
(Nothofagus, southern beech), Gambierina spp., Gleicheniidites spp. (Gleicheniaceae), and
Ceratosporites spp. (Lycopodiaceae, Selaginellaceae).

Although the sporomorph assemblages from the middle to late Paleocene have very similar
floristic compositions, differences exist with regard to the percentages of some taxa (Fig.
4.2). For instance, the early part of the middle Paleocene exhibits relatively high (~30%)
percentage of podocarpaceous pollen (mainly Podocarpidites spp. [Podocarpaceae;
podocarps] and Phyllocladidites mawsonii [Lagarostrobos franklinii; Huon pine]). In
contrast, the latest Paleocene is characterized by lower abundances of these taxa (~14%),
but exhibits higher percentages of Cyathidites spp. (~18%) and the constant presence of
Mpyricipites harrisii (probably Casuarinaceae; sheoak). Remarkably, both the middle and
late Paleocene are characterized by the presence of Arecipites spp. (Arecaceae; palms) and
Cycadopites spp. (Cycadales).

4.3.1.2 Middle/late Paleocene transition interval (59.5 — 59.0 Ma)

The sporomorph assemblages of the middle/late Paleocene transition interval are
represented by ten samples. They exhibit higher percentages of Araucariacites spp.
(Araucariaceae; ~19%), Nothofagidites spp. (Nothofagus; ~13%), and Ceratosporites spp.
(Lycopodiaceae, Selaginellaceae; ~6%) than the assemblages from the under- and
overlying Paleocene strata described in Section 4.3.1.1 above (Fig. 4.2). Other abundant
taxa are, in the order of decreasing abundances, Cyathidites spp. (Cyatheaceae), Dilwynites
granulatus (Wollemia/Agathis) and Gleicheniidites spp. (Gleicheniaceae). The percentages
of podocarpaceous types (Podocarpidites spp. [Podocarpaceae] and Phyllocladidites
mawsonii [Lagarostrobos franklinii]) are lower (~10%) than in assemblages from the
under- and overlying middle and late Paleocene. Notably, the assemblages from the
middle/late Paleocene transition interval are devoid of Arecipites spp. (Arecaceae; palms)
and Cycadopites spp. (Cycadales) pollen.
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4.3.1.3 PETM and early Eocene interval (55.6 — 54.2 Ma)

Assemblages from the PETM are documented in two samples with counts =100
individuals. They are characterized by high percentages (up to 39%) of Dilwynites
granulatus (Wollemia/Agathis). Other abundant taxa are, in the order of decreasing
abundances, Cyathidites spp. (Cyatheaceae), Araucariacites spp. (Araucariaceae), and
Gleicheniidites spp. (Gleicheniaceae). The assemblages of the PETM interval are further
characterized by the presence of Malvacipollis spp. (Euphorbiaceae, probably
Eumalvoideae) and Myricipites harrisii (probably Casuarinaceae). Findings of
Spinizonocolpites prominatus (Nypa palm) are restricted to the PETM and the earliest
Eocene (Fig. 4.2).

Sporomorph assemblages of the early Eocene interval are documented in 8 samples. They
show in general very high percentages (mean: 20%) of Cyathidites spp. (probably
Cyatheaceae; Fig. 4.2). Other abundant taxa are, in the order of decreasing abundances,
Dilwynites  granulatus (Wollemia/Agathis), Araucariacites spp. (Araucariaceae),
Podocarpidites spp. (Podocarpaceae), and Phyllocladidites mawsonii (Lagarostrobos
franklinii). The early Eocene interval is also characterized by relatively high percentages of
Proteacidites spp. (~7%) and the constant presence of Malvacipollis spp. (Euphorbiaceae,
probably Eumalvoideae), Myricipites harrisii (probably Casuarinaceae), Arecipites spp.
(Arecaceae; palms), and Cycadopites spp. (Cycadales).

4.3.2 Sporomorph-based paleoclimate estimates

The paleoclimate estimates derived from the sporomorph assemblages from ODP Site 1172
are presented in Fig. 4.4. Weighted averages with their respective propagated errors are
given in Table 4.3. For the middle Paleocene (60.7-59.5 Ma), all reconstructed temperature
parameters yield relatively cool values (MAT =9 — 16°C; CMMT =5 — 9°C; WMMT = 15
—22°C). A pronounced further cooling is documented in all temperature parameters for the
middle/late Paleocene transition interval (59.5-59.0 Ma). The reconstructed values
represent the lowest temperatures of the entire record; values are 8§ — 14°C for MAT, 4 —
7°C for CMMT and 15 — 20°C for WMMT (see Fig. 4). Markedly higher temperatures
prevailed during the late Paleocene (59.0-55.6 Ma) and early Eocene (55.6-54.2 Ma), with
estimates for that interval being on the order of 11 — 22°C for MAT, 6 — 18°C for CMMT
and 17 — 26°C for WMMT. The highest temperatures of the entire study interval are
recorded for the Paleocene/Eocene transition interval (including the PETM); MAT, CMMT
and WMMT reached values of ~22°C, ~18°C and ~26°C, respectively, during that time
(Fig. 4.4). The sporomorph-based MAP estimates yield high (138 — 208 cm/yr; see Fig. 4.4
and Table 4.3), near-constant values throughout the sequence studied.
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Age Location SST MAT CMMT WMMT MAP
(°C) (°C) (°C) (°C) (cmlyear)
early ODP Site 1172 234 £1.7 (L) 125+3.8 6.9+3.8 19.3+3.7 180 = 86
Eocene 27.8 £2.5(H)
Bass Basin 202+48 123+34 248=x24 198 + 114
Gippsland Basin 172+64 91+6 21.3+3 201 =119
Otaio section 189+34 11811 241=:04 125 + 24
late ODP Site 1172 22 +1.2 (L) 127+52 74+33 209=x29 172 + 98
Paleocene 25.5£1.1 (H)
Bass Basin 15.8+58 9.3+4 215+29 195 + 112
Gippsland Basin 15.8+59 8.6+4.1 20.4 =+ 3.6 200 = 108
Southem Morano 153+6.4 8538 207+41 194 =105
sections
Middle Waipara 14 1.6 (L) 152+28 69=x24 15129 179 = 98
section 19.3+1.7 (H)
middle/late  ODP Site 1172 16.5+1.5(L) 10639 59=+28 15+24 177 = 86
Paleocene 21211 (H)
transition
middle ODP Site 1172 18.1 1.9 (L) 112+46 6435 15.2 + 3.1 181 = 89
Paleocene 235+ 1 (H)
Bass Basin 148+87 7.5+5.1 19.9+45 205 = 121
Gippsland Basin 14158 75+44 19.3+3.6 198 + 99

Table 4.3. Sporomorph-based climate estimates for Paleocene to early Eocene records from Southeast Australia
(Bass Basin, Gippsland Basin, Southeast Highlands), New Zealand (Middle Waipara and Otaio River sections) and
ODP Site 1172. SST values given for each stratigraphic interval represent average values of the data of Bijl et al.
(2013b) and Hollis et al. (2014), with (H) and (L) denoting TEXSBH (calibration error = 2.5°C) respectively TEXSGL
(calibration error = 4.0°C). Sporomorph-derived climate estimates are based on the methodology of Greenwood et
al. (2005) and are presented with the weighted averages and their respective propagated errors (See
Supplementary Information for further details). MAT = Mean Annual Temperature, CMMT = Coldest Month
Mean Temperature, WMMT= Warmest Month Mean Temperature, MAP = Mean Annual Precipitation.

4.4 Interpretation

4.4.1 Constraints on sporomorph source region

Several lines of evidence suggest that eastern Tasmania was the main source of the
sporomorphs encountered in the Middle Paleocene to Lower Eocene of ODP Site 1172.
The distance of this site to the paleo-shoreline of eastern Tasmania during the Paleocene—
early Eocene was on the order of ~100 km, whereas the minimum distance to George V
Land (Antarctica) amounted to ~500 km (Fig. 4.1). A Tasmanian source is further
suggested based on the distribution pattern of reworked Permian and Triassic sporomorphs.
The assemblages from ODP Site 1172 are characterized by the constant presence of
elements reworked from Permian and Triassic strata (e.g., Cannanoropollis spp.,
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Protohaploxypinus spp., Alisporites spp.; see Supplementary Information, Plate II); the
percentages of reworked sporomorphs reach up to 16% of the total assemblages. A similar
input of reworked Permian and Triassic material is known for sporomorph assemblages
from Paleocene—Eocene strata along the Australo-Antarctic Gulf (Otway Basin; Harris,
1965) and from the Eocene of the Wilkes Land margin (Contreras et al., 2013). In the
Tasmania region, reworked Permian and Triassic sporomorphs are recorded in the
Paleocene—Eocene of the Bass Basin (Partridge et al., 2003) as well as in Eocene strata off
western Tasmania and on the South Tasman Rise (Truswell, 1997). This pattern is
consistent with the fact that sporomorph-bearing sediments of Permian and Triassic age
occur in several regions of Tasmania (e.g., Playford, 1965; Truswell, 1978; Calver et al.,
1984). In contrast, reworked sporomorphs on the continental shelf off George V Land
(Antarctica; Fig. 4.1) comprise only taxa with Cretaceous and Cenozoic ages (Truswell,
1983). A similar picture emerges for the Cenozoic of the Gippsland Basin where Permian
and Triassic sporomorphs occur only sporadically and in low numbers (see reports in
Department of Primary Industries, 1999).
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Figure 4.3 Comparison of the floristic composition based on the DCA sample scores for (a) middle Paleocene to
early Eocene sporomorph assemblages from ODP Site 1172; (b) Paleocene/early Eocene sporomorph assemblages
from Southeast Australia (Bass Basin, Gippsland Basin, Southeast Highlands), New Zealand (Middle Waipara and
Otaio River sections) and ODP Site 1172. Results are based on samples with counts >100 individuals.

A further constraint on the source of the sporomorphs at ODP Site 1172 comes from the
DCA-based comparison of the floristic composition of the Site 1172 record with other
coeval Paleocene—Eocene sporomorph records from Southeast Australia (Bass and
Gippsland Basins, Southeast Highlands) and New Zealand (Middle Waipara and Otaio
River sections) (Fig. 4.3b; see Fig. 4.1 and Table 4.1 for site locations and details on
records). It suggests marked differences in floristic compositions between most records, a
result that can be further corroborated for the Bass and Gippsland Basins based on carbon-
isotope data from both basins. The Paleocene—Eocene successions of these basins exhibit
distinctly different bulk carbon isotope values, which is interpreted to reflect the signal
from different plant communities contributing to the organic carbon input into the basins
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during that time (Boreham et al., 2003). However, despite the floristic differences between
the records analysed, there is a remarkable similarity in DCA scores between the records
from ODP Site 1172 and the Bass Basin (Fig. 4.3b), which is located mainly on the shelf
off northern Tasmania, but also extends into Northeast Tasmania (Moore et al., 1984). This
similarity further corroborates the scenario of a Tasmanian source for the ODP Site 1172
sporomorph assemblages.

4.4.2 Floristic and climatic evolution

Based on our qualitative and quantitative results from the sporomorph record from ODP
Site 1172, three main vegetation types prevailed on Tasmania from the middle Paleocene to
early Eocene. These vegetation types (i) exhibit different floristic compositions based on
the DCA results (Figs. 4.2 and 4.3a), (ii) show similar diversities based on the rarefaction
results (Fig. 4.2), and (iii) represent specific climatic conditions based on our sporomorph-
derived paleoclimatic reconstructions (Fig. 4.4). The floristic characteristics and climatic
requirements of all three vegetation groups are discussed in the following sections.
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Temperature (°C) Temperature (°C) Temperature (*C) Precipitation (cm/yr) Axis 1, DCA Temperature TEXgg (°C)
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Figure 4.4 Comparison of the sporomorph-derived climate estimates, SST values based on TEX86L and TEXSGH,
and DCA Axis 1 sample scores from the Middle Paleocene to Lower Eocene of ODP Site 1172. Sporomorph-
derived climate estimates are based on the methodology of Greenwood et al. (2005). Error bars represent the
minimum and maximum estimates determined using that method. SST data are from and Hollis et al. (2014).
Sporomorph-derived climate estimates and DCA results are based on samples with counts >100 individuals only.
The intervals corresponding to the middle/late Paleocene transition and the PETM are marked by horizontal blue
and red bars, respectively. Age model and dinocyst zonation after Bijl et al. (2013b).
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4.4.2.1 Middle Paleocene (60.7 — 59.5 Ma) and late Paleocene (59.0 — 55.6 Ma)
intervals

During both time intervals, the flora of Tasmania was characterized by gymnosperm-rich
forests dominated by podocarps; Araucariaceae, ferns, Proteaceaec and Nothofagus were
further important components of the vegetation. Arecaceae (palms) and Cycadales were
present during both time intervals. Although the middle Paleocene and late Paleocene
forests exhibited a strongly similar composition, important differences existed. Podocarps
reached a markedly stronger dominance during the middle Paleocene than during the late
Paleocene, whereas the late Paleocene was characterized by higher abundances of ferns
(mainly Cyatheaceae) and the presence of Casuarinaceae (Fig. 4.2).

With regard to modern analogues, these forests bear resemblance to the extant warm-
temperate, Podocarpaceae-dominated forests of Southeast Australia and New Zealand (e.g.,
Kershaw, 1988). Based on the structure of extant temperate forests from the southern
latitudes (Kershaw, 1988; Enright and Hill, 1995; Veblen et al., 1996; Reid et al., 1999),
the overstorey of Tasmanian forests during the middle and late Paleocene was dominated
by Podocarpaceae and, to a somewhat lesser extent, Araucariaceae and Nothofagus. The
understorey, in turn, was likely dominated by ferns, with Cyatheaceae being particularly
abundant during the late Paleocene. Considering the habitats of their extant representatives,
Arecaceae (palms), Cycadales, Proteaceae, and Casuarinaceae formed parts of both the
over- and understorey (compare Johnson and Wilson, 1993; Hill, 1994; Morley, 2000;
Jones, 2002).

Climatically, the presence of tree ferns (i.e., Cyatheaceae), Arecaceae and Cycadales
implies mild climates with no or merely rare frost events. Owing to physiological
constraints (including manoxylic wood, large, unprotected buds, soft, water-rich tissues,
and a near-absence of frost-“hardening” mechanisms), all these plants are unable to cope
with sustained freezing (Sakai and Larcher, 1987; Wing and Greenwood, 1993); today,
they only occur in settings with CMMT =5.5°C (Greenwood and Wing, 1995; Utescher and
Mosbrugger, 2013).

4.4.2.2 Middle/late Paleocene transition interval (59.5 — ~59.0 Ma)

Across the middle/late Paleocene boundary, the warm-temperate forests characterizing the
vegetation on Tasmania during most of the middle and late Paleocene as described above
were transiently replaced by cool-temperate forests dominated by Nothofagus (mainly N.
fusca type) and Araucariaceae. Ferns, podocarps and Proteaceae were further prominent
components of this vegetation. Palms (Arecaceae) and Cycadales, as they occurred both
during the preceding part of the middle (60.7-59.5 Ma) and the subsequent part of the late
Paleocene (59.0-55.6 Ma; see above), were absent (Fig. 4.2). In light of the age control and
the temporal resolution of our record, these cool-temperate forests prevailed on Tasmania
for ~0.5 Ma (based on the duration of elevated Nothofagus percentages) respectively ~0.3
Ma (based on the absence of tropical to subtropical indicators such as palms and
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Cycadales). The 1.3-Myr-long hiatus precludes us from firmly determining the complete
duration of the cold interval in the mid-Paleocene (Fig. 4.2), however from marine records
from New Zealand we deduce a duration of 0.5 Ma (Waipara section and ODP Site 1121;
Hollis et al., 2014).

Today, vegetation dominated by Nothofagus (N. fusca type) is typical of cool-temperate
forests from southern Australia and New Zealand (Kershaw, 1988). Considering the
structure of such forests (e.g., McGlone et al., 1996; Reid et al., 1999), the vegetation
thriving during the middle/late Paleocene transition interval was characterized by a canopy
dominated by Nothofagus and open understories dominated by ferns (mainly Cyatheaceae
and the parent plants of Ceratosporites spp. [Lycopodiaceae, Selaginellaceae]).
Araucariaceae were also present. Because extant members of Araucariaceae are tall trees
generally confined to the lower mid-latitudes (Kershaw and Wagstaff, 2001), their presence
appears at first sight incompatible with an occurrence of cool-temperate forests. However,
members of the genus Araucaria also thrive in cold temperate forests in mountainous areas
of Chile (Veblen, 1982) and can withstand frost events as cold as -15°C (Prentice et al.,
1992), which supports our observation that Araucariaceae were a component of the cool-
temperate forests of Tasmania across the middle/late Paleocene transition.

Based on the overall floristic evidence, Tasmania witnessed a transient period of cooler
conditions lasting from ~59.5 to ~59.0 Ma. In light of the frost sensitivity of Arecaceae,
Cycadales and Cyatheaceae (compare Section 4.4.2.1), the decline or total absence of these
taxa across the middle/late Paleocene transition (Fig. 4.2) suggests harsher winters (with
particularly frequent and/or cold frost events) during that time. Such lower temperatures are
corroborated by the comparison with coeval TEXgs - and TEXss -based SST data from
ODP Site 1172 (Bijl et al., 2009; 2013b; Hollis et al., 2014). For the interval from ~59.4 to
~59.0 Ma, they show the lowest values of the entire Paleocene—Eocene SST record (Fig.
4.4, Table 4.3).

4.4.2.3 PETM and Early Eocene interval (55.6 — 54.2 Ma)

During the early Eocene, the composition of the forests on Tasmania was distinctly
different from that of the temperate forests thriving during the Paleocene (Figs. 4.2, 4.3a);
the underlying floristic turnover coincides with the onset of the PETM (see DCA Axis 1
sample scores in Fig. 4.2). Based on our sporomorph data, the early Eocene vegetation was
dominated by ferns and different angiosperms (mainly Proteaceae, Casuarinaceae and
Euphorbiaceae/Eumalvoideae). Remarkably, taxa that were common during the Paleocene
(e.g., Ceratosporites spp. [Lycopodiaceae, Selaginellaceae] and Gambierina spp. [extinct
clade]) declined dramatically in abundance or disappeared completely during that time
(Fig. 4.2). Because extant Selaginellaceae and Lycopodiaceae are cosmopolitan families
(Jermy, 1990; Ollgaard, 1990), it is difficult to connect the disappearance of these taxa on
Tasmania during the earliest Eocene with specific ecological and climatic conditions.
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The coexistence of frost-tolerant (e.g., Araucariaceae, Podocarpaceae) and thermophilous
taxa (e.g., Casuarinaceae, Arecaceae [palms]) suggests the presence of paratropical forests
sensu Morley (2000). In particular, the occurrence of Nypa from the PETM onward into the
early Eocene suggests the presence of tropical mangrove vegetation along the coast of
Tasmania. A similar vegetation, also containing thermophilous taxa such as Nypa and
Gymnostoma (Casuarinaceae), is documented in early Eocene macrofloras from western
Tasmania (Pole, 2007; Carpenter et al., 2012). Hence, forests on Tasmania during the early
Eocene consisted temporarily of at least two vegetation associations: (i) A mangrove
association characterized by Nypa, which is only recognized during the PETM and the
earliest Eocene, and (i) a paratropical association characterized by the coexistence of frost-
tolerant taxa (i.e., Araucariaceae, Podocarpaceae and Nothofagus) and thermophilous
elements such as palms and Casuarinaceae.

Considering the ecology of the nearest living relatives of the plants represented by the
encountered sporomorphs, the overstorey vegetation during the early Eocene comprised
taxa such as Araucariaceae, Podocarpaceae and Nothofagus, whereas the understorey was
probably dominated by ferns (mainly Cyatheaceae). Members of the Proteaceae,
Casuarinaceae, Cycadales, Arecaceae (palms), and Euphorbiaceae/Eumalvoideae may have
been both components of the over- and the understorey (Johnson and Wilson, 1993; Hill,
1994; Morley, 2000; Jones, 2002).

The number of sporomorph species registered at ODP Site 1172 remained relatively
constant from the middle Paleocene to the early Eocene (Fig. 4.2). This observation is in
contrast to Southeast Australia, where sporomorph assemblages from non-marine and
marginal marine settings (Partridge, 1976) exhibit a considerably higher diversity during
the early Eocene than during the Paleocene (Macphail et al., 1994; see Section 4.4.3.2.
below). The reasons behind this discrepancy may be sought in the particularly high sea
level during the early Eocene as it is recorded regionally based on sedimentological and
paleontological data from ODP Site 1172 (Exon et al., 2004a) and globally (Miller et al.,
2005; Cramer et al., 2011). Owing to the selective nature of marine sporomorph transport
as a function of transport distance (e.g., Moss et al., 2005), the higher sea level during the
early Eocene than during the Paleocene potentially caused a diversity decrease of the
sporomorph assemblages at ODP Site 1172 (see also below).

Our data suggest that the floristic change connected to the PETM is similar to that
registered for the early Eocene. However, unravelling the exact anatomy of vegetation
change across the PETM at ODP Site 1172 is difficult due to the low sporomorph yields in
the respective sediments at that site. In addition, the interpretation of the available data is
hampered by the sea-level rise during the PETM (Sluijs et al., 2011); the transgression-
induced change in depositional setting towards more distal conditions may have caused a
bias in the composition and diversity patterns of sporomorph assemblages, with the
resulting assemblages being skewed towards a dominance of easily transported
sporomorphs (compare Traverse, 1994; 2008). In light of this bias, the high abundances (up
to 39%; Fig. 4.2) of Dilwynites granulatus (Wollemia/Agathis) and the remarkably low
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diversities (Fig. 4.2) in the PETM samples from ODP Site 1172 likely represent a change in
depositional setting rather than a true paleoecological signal. This interpretation is
supported by the higher abundances of the same species (~35%) in early Paleogene
sediments deposited in distal environments of the Bass Basin when compared to the
markedly lower abundances (~10%) in coeval sediments from nearshore settings in the
same basin (see reports in Partridge et al., 2003). Nevertheless, our data show that the
environmental perturbations connected to the PETM had a profound impact on the
vegetation on Tasmania. They lead to the extirpation of various ferns (e.g.,
Perinomonoletes spp., Ceratosporites spp. [Lycopodiaceae, Selaginellaceae]) and
angiosperms (e.g., Gambierina rudata, Nothofagidites sp. 1 [Nothofagus]), and the
appearance of new angiosperms mainly within the Proteaceae family (e.g., Proteacidites
grandis).

4.4.3 Integration with other terrestrial vegetation records and temperature estimates
from the southern high latitudes

Our results from ODP Site 1172 yield a ~6.5-Ma-long vegetation record for the Tasman
sector of the SW Pacific region spanning from the middle Paleocene to the early Eocene.
To obtain insights into the potential regional differentiation of terrestrial ecosystems and
climates in the high southern latitudes during that time, we have integrated our data from
ODP Site 1172 with the available information on terrestrial ecosystems and temperatures
from other parts of the SW Pacific domain. Our integration is augmented by newly
generated temperature estimates for previously published sporomorph records from
Southeast Australia and New Zealand (see Tables 4.1 and 4.3 for further information on
records evaluated and results). Because other continuous, stratigraphically well-calibrated
vegetation records across the middle/late Paleocene transition interval are not yet available
for the SW Pacific region, we focus our comparison on the middle Paleocene, late
Paleocene and early Eocene.

4.4.3.1 Middle and late Paleocene

Paleobotanical records for the middle and late Paleocene are well known from Southeast
Australia (e.g., Bass Basin — Macphail et al., 1994; Blevin, 2003; Gippsland Basin — Stover
and Partridge, 1973; Macphail et al., 1994; Department of Primary Industries, 1999). In
summary, the middle and late Paleocene vegetation in this region consisted predominantly
of warm temperate forests characterized by podocarps, Araucariaceae and ferns;
angiosperms were represented mainly by Proteaceae (e.g., Taylor et al., 1990; Macphail et
al., 1994; Greenwood et al., 2003; Greenwood and Christophel, 2005). Similar warm
temperate forests dominated by podocarps and Araucariaceae, and with a strong
contribution of Proteaceae, thrived on New Zealand (Mildenhall, 1980; Raine et al., 2009).

Based on our results, Podocarpaceae together with Araucariaceae, Cyatheaceae and
Proteaceae were also the prevailing group of plants during the middle and late Paleocene
on Tasmania (Fig. 4.2; compare also Section 4.4.2.1). However, important floristic
differences existed between Southeast Australia, New Zealand and Tasmania (Fig. 4.3b);
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they are mainly based on the restriction of certain sporomorph taxa to specific regions (e.g.,
Liliacidites spp., Cibotiidites tuberculiformis — New Zealand; Ilexpollenites spp. —
Southeast Australia [Bass and Gippsland Basins, Southeast Highlands]; Tripunctisporis
maastrichtiensis — New Zealand, Bass Basin and Tasmania). Despite the differences in
floristic composition, the remarkable dominance of Podocarpaceae and Araucariaceae in
Southeast Australia, Tasmania and New Zealand suggests that warm-temperate forests
dominated by gymnosperms were the prevalent vegetation type in the Southwest Pacific
region during the middle and late Paleocene. Moreover, thermophilous taxa such as palms,
Olacaceae (Anacolosa) and Cupanieae first appeared and/or increased significantly in
abundance and diversity during the latest Paleocene in Southeast Australia (Kemp, 1978;
Macphail et al., 1994). On New Zealand, typical tropical taxa (e.g., Cupanieae,
Austrobuxus [Euphorbiaceae], Nypa) also begin to appear during the latest Paleocene prior
to the PETM (Crouch and Brinkhuis, 2005; Raine et al., 2009). Hence, the arrival of
thermophilous elements indicates the onset of warmer conditions in the Southwest Pacific
region during the latest Paleocene. A scenario of warm conditions is further corroborated
by MAT estimates reaching ~18°C as derived from latest Paleocene macrofloras in
Southeast Australia (Greenwood et al., 2003).

Considering our sporomorph-based climate estimates for Southeast Australia and Tasmania
(Table 4.3), temperatures were higher during the late Paleocene than during the middle
Paleocene. Hence, the overall climatic and vegetation signal suggests that terrestrial
settings across the Southwest Pacific region consistently experienced a pronounced
warming during the late Paleocene.

4.4.3.2 PETM and Early Eocene

The effects of the PETM on terrestrial ecosystems in the high southern latitudes are yet
poorly constrained. Available records from Southeast Australia (Bass and Gippsland
Basins) covering the PETM and the earliest Eocene suggest the widespread presence of
Nypa during that time (Partridge, 1976). Climatically, this indicates a MAT >21.7°C
(Utescher and Mosbrugger, 2013). For the South Island of New Zealand, sporomorph data
from nearshore marine sediments document the development of Nypa mangrove swamps
and the appearance of pollen from the thermophilous subfamily Cupanieae connected to the
PETM interval (Handley et al., 2011); moreover, the PETM is characterized by a
percentage increase of fern spores as well as of Euphorbiaceae/Eumalvoideae and
Myrtaceae pollen at the expense of gymnosperm pollen percentages (Handley et al., 2011).
Similarly, sporomorph data for the North Island of New Zealand as available from the
Tawanui section show the presence of Nypa pollen connected to the PETM (Crouch and
Visscher, 2003). However, besides a marked increase of Dilwynites granulatus
(Wollemia/Agathis) pollen, no other significant changes in floristic composition occur
(Crouch and Visscher, 2003). Considering that the PETM sediments of the Tawanui section
are part of a transgressive systems tract (Crouch and Brinkhuis, 2005; Sluijs et al., 2008),
the high abundances of Dilwynites granulatus (Wollemia/Agathis) may represent a
taphonomic rather than a paleoecological signal as suggested for the sporomorph record of

103



Chapter 4. Terrestrial climate dynamics in the Tasmanian sector

the PETM from ODP Site 1172 (see Section 4.4.2.3).

With regard to the early Eocene, the majority of vegetation records in the Southwest Pacific
region come from Southeast Australia; they suggest that by early Eocene times the warm
temperate, conifer-dominated forests of the late Paleocene had been replaced by more
diverse, meso- to megathermal angiosperm forests (Macphail et al., 1994; Greenwood et
al., 2003; Greenwood and Christophel, 2005). Although sporomorph percentages are
extremely variable within the available records from Southeast Australia, Araucariaceae,
Casuarinaceae, Euphorbiaceae/Eumalvoideae, Proteaceae, and ferns are generally the
dominant taxa; typical tropical elements such as Nypa, Anacolosa and Cupanieae are also
recorded (Kemp, 1978; Macphail et al., 1994). This trend in vegetation development during
the early Eocene is also documented for Tasmania.

On New Zealand, early Eocene sporomorph assemblages exhibit a mixed Paleocene-
Eocene character, with a continued high abundance of conifer pollen (Crouch and Visscher,
2003; Raine et al., 2009). However, thermophilous taxa such as Cupanieae, Casuarinaceae
and Euphorbiaceae (Austrobuxus) are constantly present in these records (Pocknall, 1990;
Raine et al., 2009), and Casuarinaceae pollen abruptly started to dominate the sporomorph
assemblages from ~54.5 Ma onwards (Raine et al., 2009). On the Wilkes Land margin
(Antarctica), paratropical vegetation has been recorded during the early Eocene (53.9-51.9
Ma) with the notable presence of thermophilous taxa such as Arecaceae (palms) and
Bombacoideae (Pross et al., 2012; Contreras et al., 2013),

With regard to temperature conditions, early Eocene macrofloras from Southeast Australia
suggest a MAT of ~19°C from ~56 to ~53 Ma (Greenwood et al., 2003), which is very
similar to our MAT estimates for coeval sporomorph records (~55.8-54.3 Ma; lower
Malvacipollis diversus zone of Partridge, 2006; Table 4.1) from the Bass and Gippsland
Basins (~18°C; Table 4.3). On the Wilkes Land margin, climatic estimates for the early
Eocene (53.9-51.9 Ma) suggest a MAT of ~16°C for the lowland regions (Pross et al.,
2012). Although occasionally MAT values as high as ~23°C are recorded during the
earliest Eocene at ODP Site 1172, the MATs for this time interval are on the order of 12 —
14°C (Fig. 4.4). This is markedly lower than those from Southeast Australia, and even
lower than those from the Wilkes Land margin. Considering that our sporomorph-derived
climate data from ODP Site 1172 mainly reflect climate conditions along the coast of
eastern Tasmania (compare discussion on sporomorph source region in Section 4.4.1),
these relatively low values may suggest that the eastern part of Tasmania was influenced by
the relatively cool Tasman Current (Fig. 4.1). However, this argument is not supported by
the TEXs¢-derived SSTs from ODP Site 1172 for the early Eocene, which are much higher
(mean: 23°C - TEXgs , 28°C - TEXss ; Bijl et al., 2013b). Terrestrial, macroflorally
derived temperatures on the order of 24°C from western Tasmania (Carpenter et al., 2012)
suggest that this region was significantly warmer than the eastern part of Tasmania.
Alternatively, another potential explanation for this discrepancy is that the sea-level rise
during the early Eocene biased the composition of the sporomorph assemblages at ODP
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Site 1172 (compare Section 4.4.2.3) towards a dominance of easily transported and/or
particularly abundant sporomorphs indicative of cool conditions at the expense of rarer
sporomorphs indicative of warmer conditions. This scenario is supported by the fact that
many thermophilous plants from the Lower Eocene of the Southwest Pacific region (e.g.,
Arecaceae [palms], Cupanieae, Ilex, Nypa) are mainly insect-pollinated (Bush and Rivera,
1998; Barfod et al., 2011). Hence, these taxa reach only low abundances in pollen spectra
when compared to wind-pollinated taxa, and they are not likely to be transported over
larger distances before they settle (Jackson, 1994).

Despite of the potential bias on the early Eocene sporomorph assemblages at Site 1172, the
supraregional replacement of temperate forests by paratropical forests during the early
Eocene on Southeast Australia, New Zealand and Tasmania and the widespread occurrence
of Nypa palms during the PETM in the same regions consistently indicate a pronounced
reorganization of the vegetation during the early Eocene in the high southern latitudes
connected to the PETM.

4.4.5 Integration with other precipitation records from the southern high latitudes

Based on our paleoclimatic results from the sporomorph record of ODP Site 1172, MAP on
Tasmania was relatively constant (~180 cm/yr) from the middle Paleocene to the early
Eocene (Fig. 4.4; Table 4.3). These values are comparable to the present-day precipitation
received by rainforests in western Tasmania at ~42 °S (185 cm/yr, Corinna; Bureau of
Metereology, 2012), along the west coast of the South Island of New Zealand (212 cm/yr;
Westport; NIWA, 2012), northern Australia (180 cm/year, Darwin Botanic Gardens;
Bureau of Metereology, 2012) and on the east coast of New Caledonia (197 cm/year,
Puoébo; Pesin et al., 1995). The high-precipitation regime on Tasmania during the early
Paleogene as deduced from the sporomorphs is further corroborated by the dominance of
the dinocyst genus Senegalinium at ODP Site 1172 during this time interval (Sluijs et al.,
2011); this genus is characterized by many freshwater-tolerant species (Sluijs et al., 2005;
Brinkhuis et al., 2006). Hence, the observed Senegalinium dominance, which is best
explained by substantial freshwater input, is well compatible with high precipitation on
Tasmania and a resulting strong freshwater influx on the Tasmanian continental shelf
during the early Paleogene.

Because of the general lack of precipitation data from other sites at high southern latitudes
we can mainly compare our estimates from Tasmania with values deduced from other
coeval paleobotanical records. Based on our results from sporomorph assemblages from
Southeast Australia (Table 4.3), this region experienced similarly high precipitation (MAP:
~200 cm/yr) during the early Paleogene; this is consistent with MAP mean estimates (186—
240 cm/yr) as derived from macrofloral records from the Upper Paleocene to Lower
Eocene of the same region (Greenwood et al., 2003). On the Wilkes Land margin
(Antarctica), high precipitation values (MAP mean: ~132 cm/yr) are also suggested for the
early Eocene (Pross et al., 2012). These high precipitation values (>100 cm/yr) have been
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corroborated recently by alkaline major element geochemistry for Eocene sediments from
Antarctica (Passchier et al., 2013).

Based on the overall precipitation data, Tasmania and the Australia-Antarctic region
experienced high rainfall conditions during the early Paleogene, comparable with present-
day rainforests from southern latitudes. This lends support to modeling studies that include
high atmospheric humidity as an important warming mechanism for the higher latitudes
(e.g., Abbot et al., 2009).

4.4.6 Comparison with marine temperature evolution

Based on our sporomorph data (as evidenced in the Axis 1 sample scores of the DCA
results, which represent the variation in floristic composition along the studied interval;
Fig. 4.4) and the TEXgs" and TEXgs" data of Bijl et al. (2009; 2013b) and Hollis et al.
(2014), there is a strong correlation between the vegetation composition on eastern
Tasmania and SST at ODP Site 1172 (Fig. 4.4). This connection is clearly borne out by our
results from the state space model, where there is a very strong correlation of 0.997 when
DCA Axis 1 sample scores are compared with TEXgs~ (95% highest posterior density:
0.633-0.999 based on Equation [4.4]; compare Section 4.2.4) and 0.978 when DCA Axis 1
sample scores are compared with TEXgs " (95% highest posterior density: 0.879-0.997
based on Equation [4.4]; compare Section 4.2.4). Hence, the strong correlation between the
temperature variability derived from TEXse and the floristic composition recorded at ODP
Site 1172 demonstrates the impact of temperature on the vegetation dynamics in the
Southwest Pacific region during the early Paleogene.

A close coupling between the temperature evolution in the marine and the terrestrial realms
is also evident through the comparison of our sporomorph-based temperature estimates
(notably WMMTs) with the TEXgs-derived SSTs (Fig. 4.4 and Table 4.3); it is only during
the early Eocene that the pronounced warming trend recorded by TEXgs" and TEXg' is not
clearly reflected in the sporomorph-based temperature estimates, likely due to the sea-level
increase during the early Eocene (compare Sections 4.4.2.3 and 4.4.3.2).

The terrestrial, sporomorph-derived MATs are markedly cooler than the SSTs derived from
TEXgs~ and TEXss" (Fig. 4.4), which based on the traditional perception of the TEXgs
proxy are supposed to represent surface-water MAT (e.g., Schouten et al., 2002). At the
same time, the TEXgs-derived SSTs are closely related to the sporomorph-derived
WMMTs (Fig. 4.4, Table 4.3). These observations suggest that TEXs¢-based temperatures
may be biased towards warm conditions when applied to early Paleogene records from the
high southern latitudes. Such a warm (summer) bias has also been suggested for other early
Paleogene records from the high southern latitudes based on different multiproxy
approaches (Bijl et al., 2009; 2013a; Sluijs et al., 2011; Hollis et al., 2012; Pancost et al.,
2013).
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4.5 Conclusions

The middle Paleocene to early Eocene vegetation on Tasmania as reconstructed from the
sporomorph record of ODP Site 1172 was characterized by three different forest types that
thrived in high-precipitation regimes under different temperature conditions. These forest
types were: (i) warm-temperate rainforests dominated by Podocarpaceae during the middle
and late Paleocene; (ii) cool-temperate rainforests dominated by Nothofagus and
Araucariaceae that transiently prevailed across the middle/late Paleocene transition interval
(iii1) paratropical rainforests dominated by Cyatheaceae during the early Eocene with the
remarkable presence of the mangrove palm Nypa during the PETM and the earliest Eocene.
The comparison with other, previously published floral records from the Southwest Pacific
region (including Southeast Australia and New Zealand) supports the validity of our data
for Tasmania. It shows that temperate forests were replaced by paratropical forests during
the early Eocene throughout the Southwest Pacific region. This reorganisation in vegetation
composition included an increase in fern (mainly Cyatheaceae) and angiosperm
abundances (e.g., Proteaceae, Euphorbiaceae/Eumalvoideae, Casuarinaceae) at the expense
of gymnosperms (mainly podocarps).

The integration of terrestrial (i.e., floristic) and previously published marine (i.e., TEXg¢-
based SST) climate information from ODP Site 1172 shows that the surface-water cooling
of ~3°C across the middle/late Paleocene transition interval (~59.5 to ~59.0 Ma) was
paralleled by a transient demise of frost-sensitive plants (i.e., palms and cycads) and the
establishment of cool-temperate forests dominated by Nothofagus and Araucariaceae on
Tasmania. This suggests that cooler conditions (and notably harsher winters with strong
and/or frequent frosts) prevailed on Tasmania during that time.

In light of the statistically robust connection between the floristic composition of the
sporomorph record from ODP Site 1172 and the previously published TEXgs- based SST
record from the same site, the vegetation dynamics on Tasmania during the middle
Paleocene to early Eocene were mainly driven by temperature; precipitation remained high
(with a MAP mean of ~180 cm/yr) throughout that time. Based on the comparison of our
sporomorph-derived temperatures with the TEXgs-based SSTs, we conclude that TEXgs -
and TEXgs" -derived temperatures for the high southern latitudes of the early Paleogene are
likely biased towards summer conditions.
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4.6 Supplementary Information for Chapter 4

Supplementary table with all sporomorph data for this study is provided in
supplemdatal 172 xlsx and accessed trough doi:10.5194/cpd-10-291-2014.

4.6.1 State space models

State space models assume there is an underlying “true” system, and what we observe is
corrupted by observational noise. In particular, we assume that the “true” DCA axis score
and Sea Surface Temperature (SST) evolve according to a bivariate Wiener process (e.g.,
Varughese and Pienaar, 2013), i.e. if x(¢)={xpca (¢), xsst(¢)} is a vector of the DCA axis
score and SST,

x(t + Dt) ~ MVN(x(?), Dt S) (Eq. 4.5)

where S is a covariance matrix:

5= { O-[%CA UDCAUSSTP} (Eq. 4.6)

2
OpcAaOssTP OssT

Thus, the “true” DCA axis score and SST both diffuse over time, and if they are correlated,
the off-diagonal term in S will be non-zero and can be read as a correlation between the
true values.

We assume that the observed values of the DCA axis score and SST are corrupted by
random noise, which we assume is independent and normally distributed:

SST; ~N (xsst(t(i)) ,ss7) (Eq. 4.7)
DCA; ~N (xpca(d(i)) ,£pca) (Eq. 4.8)

The correlation between observations decays with time, but we can estimate the correlation
between SST and DCA based on:

corr(SST,DCA) = ALPIDCATSST (Eq. 4.9)

J@ar+a ) otodsreder)
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We compared 60 SST datapoints with our 40 values of the DCA Axis 1 scores. Because
only six of the SST datapoints and DCA Axis 1 sample scores are from the exact same
depths, we estimated the values of DCA Axis 1 sample scores and SST through multiple
imputation (e.g., Nakagawa and Freckleton, 2008); the missing data are treated as extra
variables that are estimated in the same model. We took a Bayesian approach to the model
fitting, which requires setting prior distributinos on the parameters and missing data. The
initial “true” values, xpca(?) and xss1(?), were given independent normal priors with mean
zero and standard deviation of 100. spca, Ssst, Ipca and ssst were all given uniform priors
between 0 and 100, and the prior for the correlation, », was a uniform distribution between -
I and 1.

Two chains were run and after a burn-in of 10° iterations, a further 10° iterations were run,
thinned to every 10" iteration to give a total of 20.000 draws from the posterior. The R

script for the analysis is given below.

R code script for the state space model

(written by Robert B. O’Hara)

# Read in data, and merge into one data frame
DCA=read.xls("To bob.xIsx", sheet=2)
SST=read.xls("To bob.xIsx", sheet=3)
names(SST)=c("Depth", "SST")

Data=merge(DCA,SST, by="Depth", all=T)
Data=Data[order(Data$Depth), ]

# write.csv(Data, file="DCA_SST.csv")

# Write data for BUGS
DataToBUGS=list(NObs=nrow(Data), DCA=Data$DCA1, SST=Data$SST, Time=Data§Depth)
bugsData(DataToBUGS, "DCA SSTbugs.txt")

# DataToBUGS=source("DCA_SSTbugs.txt")$value

# Plot the data

svg("Data.svg", width=8, height=6)

par(mfrow=c(2,1), mar=c(2,4,3,1), oma=c(2,0,0,0))

plot(DataToBUGS$Time, DataToBUGSS$SDCA, type="1", xlab="", ylab="DCA")

points(DataToBUGS$Time, DataToBUGS$DCA, pch=19, col=1+!is.na(DataToBUGS$SST),
cex=0.5)

points(DataToBUGS$Time[!is.na(DataToBUGS$SST)],
DataToBUGS$DCA[!is.na(DataToBUGSS$SST)], pch=19, col=2, cex=0.5)

mtext("First DCA Coordinate", 3, line=0.5, adj=0.1)

plot(DataToBUGS$Time, DataToBUGSS$SST, type="1", xlab="", ylab="Temperature")

points(DataToBUGS$Time, DataToBUGS$SST, pch=19, col=1+!is.na(DataToBUGS$DCA),
cex=0.5)

points(DataToBUGS$Time[!is.na(DataToBUGS$DCA)],
DataToBUGSS$SST[!is.na(DataToBUGS$DCA)], pch=19, col=2, cex=0.5)
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mtext("Sea Surface Temperature", 3, line=0.5, adj=0.1)
mtext("Depth", 1, line=2.53)
dev.off()

# Plot data with both SST and DCA

svg("Joint.svg", width=6, height=6)

par(mfrow=c(1,1), mar=c(4.1,4.1,1,1), oma=c(0,0,0,0))

plot(DataToBUGS$SST, DataToBUGS$DCA, xlab="Sea Surface Temperature", ylab="DCA
score"

dev.off()

# Look at the correlation between values where we have both
cor(DataToBUGS$SST, DataToBUGS$DCA, use="c")

# The BUGS model: 2D diffusion + observation error
TheModel=function() {
for(t in 1:NObs) {
SST[t] ~ dnorm(X[t,1], tauSST)
DCAJt] ~ dnorm(X[t,2], tauDCA)

}
for(p in 1:2) {
X[1,p] ~ dnorm(0,0.0001)
}
for(t in 2:NObs) {
for(p in 1:2) {
for(pp in 1:2) {
TauT[t,p,pp] <- Tau[p,pp]/max(sqrt(Time[t] - Time[t-1]),0.00001)
¥
}

X[t,1:2] ~ dmnorm(X[t-1,1:2], TauT[t,,])
}
for(p in 1:2) {
SD.tau[p] ~ dunif(0,100)
Sigma[p,p] <- SD.tau[p]*SD.tau[p]
Sigma[p,3-p] <- tho*SD.tau[p]*SD.tau[3-p]
}
rho ~ dunif(-1,1)
Tau[1:2,1:2] <- inverse(Sigmal,])

Var[l,1] <- Sigma[1,1] + 1/tauSST
Var[2,2] <- Sigma[2,2] + 1/tauDCA
for(p in 1:2) {
StdDev|[p] <- sqrt(Var[p,p])
Var[p,3-p] <- Sigma[p,3-p]
for(pp in 1:2) {
\ Corr[p.pp] <- Var[p,pp]/sqrt(Var[p,p]*Var[pp,pp])
§

sdSST ~ dunif(0,100); tauSST <- pow(sdSST,-2)
sdDCA ~ dunif(0,100); tauDCA <- pow(sdDCA,-2)
}
writeModel(TheModel, "BUGSmodel.bug")
# Function to simulate initial values for the MCMC

SimlInits=function(dat) {
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#dat=DataToBUGS

Use=!is.na(dat$SST) & !is.na(datSDCA)

DCA.Im=Im(dat$DCA[Use]~dat$SST[Use])

DCA .newdata=data.frame(SST=dat$SST[is.na(dat$DCA)])
DCApred=rnorm(sum(is.na(dat$DCA)), predict(DCA.Im,
newdata=DCA.newdata),sd(resid(DCA.Im))/sqrt(2))

DCAuinit=ifelse(!is.na(dat$DCA), datSDCA, DCApred)

SST.Im=Im(dat$SST[Use]~dat$DCA[Use])
SST.newdata=data.frame(DCAT=dat$DCA[is.na(dat$DCA)])
SSTpred=rnorm(sum(is.na(dat$SST)), predict(SST.Im,
newdata=SST.newdata),sd(resid(SST.Im))/sqrt(2))

SSTinit=ifelse(!is.na(dat$SST), dat$SST, SSTpred)

list(

DCA-=ifelse(!is.na(dat$DCA), NA, DCApred),
SST=ifelse(!is.na(dat$SST), NA, SSTpred),

X=cbind(

rnorm(length(dat$DCA), DCAinit, sd(DCAInit)/sqrt(2)),
rnorm(length(dat$SST), SSTinit, sd(SSTinit)/sqrt(2)) ),
sdDCA=sd(dat$DCA, na.rm=T)/4, sdSST=sd(dat$SST, na.rm=T)/4,
SD.tau=rgamma(2,10,100), rho=rbeta(1,48,2)

)

}
# SimlInits(DataToBUGS)

# Run BUGS

NChains=2 # 2 chains (mixes well, but takes time to converge)

bugslnits(replicate(NChains, SimlInits(DataToBUGS), simplify=F), NChains,
paste("DCA_SSTinits", 1:NChains,".txt",sep=""))

modelCheck("BUGSmodel.bug")
modelData("DCA_SSTbugs.txt")

modelCompile(NChains)

modellnits(paste("DCA_SSTinits", 1:NChains,".txt",sep=""))

# Burn in for 1076 iterations

# Could do in 1 line, but sometimes BUGS traps, and this lets it continue
modelUpdate(1e4, thin=10) # 10k
modelUpdate(1e4, thin=10) # 20k
modelUpdate(1e4, thin=10) # 30k
modelUpdate(1e4, thin=10) # 40k
modelUpdate(1e4, thin=10) # 50k
modelUpdate(1e4, thin=10) # 60k
modelUpdate(1e4, thin=10) # 70k
modelUpdate(1e4, thin=10) # 80k
modelUpdate(1e4, thin=10) # 90k
modelUpdate(1e4, thin=10) # 100k

modelSaveState("DCA_SST1mlnits")
# Record interesting variables
samplesSet("StdDev'")
samplesSet("sdDCA")
samplesSet("sdSST")
samplesSet("rho")
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# Run for another 1075 iterations, thin to every 10
modelUpdate(1e3, thin=10) # 1k
modelUpdate(1e3, thin=10) # 2k
modelUpdate(1e3, thin=10) # 3k
modelUpdate(1e3, thin=10) # 4k
modelUpdate(1e3, thin=10) # 5k
modelUpdate(1e3, thin=10) # 6k
modelUpdate(1e3, thin=10) # 7k
modelUpdate(1e3, thin=10) # 8k
modelUpdate(1e3, thin=10) # 9k
modelUpdate(1e3, thin=10) # 10k

# Check convergence by eye
samplesHistory("rho")

# Save posteriors
samplesStats("*")
samplesCoda("*", "BasicModel")

rho=samplesSample("rho")
library(MCMCglmm) # only for posterior.mode

posterior.mode(rho)
HPDlInterval(rho)

4.6.2. Weighted averages and propagated errors

Weighted averages were calculated following Equation (4.10) and their corresponding
standard deviations (i.e., propagated errors) using Equation (4.11), w is each climatic
estimate, and o is the error of each climatic estimate. For all climatic estimates with their
corresponding errors see supplementary file supplemdatal172.xlsx. The R script for these
calculations is given below.

_ 1 1
A= o Lic1 2 Hi (Eq. 4.10)
=157 L
1 _ 1
std = \/—n_l (= w)*+ =X 0f (Eq. 4.11)

R code script for the weighted averages and propagated errors

(written by Robert B. O’Hara)

Table3=read.xls("all data for Table 3.xIsx", sheet=1, as.is= )
Table3$Group=paste(Table3$Location, Table3§Age, sep="_")

Table3$SMAT...C.=as.numeric(Table3SMAT...C.)
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Table3$MAP...cm.year.=as.numeric(Table3SMAP...cm.year.)
Table3$MAP .error=as.numeric(Table3$MAP.error)
Table3$CMMT...C.=as.numeric(Table3$CMMT...C.)
Table3SWMMT...C.=as.numeric(Table3SSWMMT...C.)

anl=Im(MAT...C.~Group+0, weights=MAP...cm.year.”-2, data=Table3)

GetMeanVar= (vals, sds) {
(length(vals)==0) { res=c(mean=-1, sd=-1) } {
(length(vals)==1) { res=c(mean=vals, sd=sds) } {

mean=weighted.mean(vals, sds”-2)
var=var(vals) + sum(sds”2)/(length(vals)-1)
res=c(mean=mean, sd=sqrt(var))

by(Table3, list(Table3$Location, Table3$Age), (df) {
#df=Table3[Table3$Location=="0taio Section" & Table3$Age=="early Eocene",]
res=rbind(GetMeanVar(dfSMAT...C., dfSMAT.error),
GetMeanVar(dfSMAP...cm.year., dfSMAP.error),
GetMeanVar(dfSCMMT...C., dfSCMMT .error),
GetMeanVar(df§WMMT...C., dAf$WMMT .error))
colnames(res)=c("Mean", "STDDev")
rownames(res)=c("MAT", "MAP", "CMMT", "WMMT")
res

1)

4.6.3. Selected sporomorph taxa
Plate I.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10
pm.

1. Gleicheniidites senonicus Ross, 1949; Sample 17R-4, 40-42 cm (629.87-629.89
rmbsf), Slide 4, England-Finder coordinates L9.

2. Evansispora senonica Raine, 2008; Sample 17R-7, 20-22 cm (634.17-634.19
rmbsf), Slide 1, E35.

3. Cyathidites australis Couper, 1953; Sample 15R-5, 134-136 cm (612.85-612.87
rmbsf), Slide 1, C24/3.

4.-5. Ceratosporites spp. complex; Sample 15R-5, 134-136 cm (612.85-612.87 rmbsf),
Slide 2, P38; Sample 15RS5, 124-126 cm (612.75-612.77 rmbsf), Slide 1, M26/4.

6. Podocarpidites exiguus Harris, 1965; Sample 20R-5, 40-43 cm (660.18-660.21
rmbsf), Slide 1, Q28/3.

7. Phyllocladidites mawsonii Cookson, 1947 ex Couper, 1953; Sample 20R-5, 4043
cm (660.18-660.21 rmbsf), Slide 1, M20.

8. Araucariacites australis Cookson, 1947; Sample 17R-6, 40-42 cm (631.37-631.39
rmbsf), Slide 1, 022.
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0. Dilwynites granulatus Harris, 1965; Sample 19R-1, 40-42 cm (644.58-644.6
rmbsf), Slide 2, Q22.

10. Spinizonocolpites prominatus (Mclntyre) Stover and Evans, 1973; Sample 15R-4,
135-137 cm (611.36—611.38 rmbsf), Slide 1, E28/1.

11. Cycadopites follicularis Wilson & Webster, 1946; Sample 15R-3, 4042 cm
(608.9-608.92 mbsf), Slide 2, M33/1.

12. Arecipites sp.; Sample 14R-3, 40-42 cm (599.74-599.76 rmbsf), Slide 4, N20/4.

Plate I1.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10
pm.

1. Banksieaeidites arcuatus Stover in Stover and Partridge 1973, Sample 15R-7, 40—
42 cm (614.91-614.93 rmbsf), Slide 2, G15/4.

2. Propylipollis latrobensis (Harris) Martin and Harris, 1974; Sample 15R-6, 50-52
cm (613.51-613.53 rmbsf), Slide 1, X19/1.

3. Proteacidites teuiexinus Stover in Stover and Partridge, 1973; Sample 15R-5, 114—
115 cm (612.65-612.66 rmbsf), Slide 1, E16/2.

4, Proteacidites adenanthoides Cookson, 1950; Sample 15R-5, 5-7 cm (611.56—
611.58 rmbsf), Slide 1, U32.

5. Mpyricipites harrisii (Couper) Dutta and Sah, 1970; Sample 15R-5, 44-45 cm
(611.95-611.96 rmbsf), Slide 1, Q20.

6. Gambierina edwardsii (Cookson and Pike) Harris, 1972; Sample 20R-5, 40-43 cm
(660.18-660.21 rmbsf), Slide 2, V22/1.

7. Malvacipollis subtilis Stover in Stover and Partridge, 1973; Sample 15R-5, 19-21
cm (611.7-611.72 rmbsf), Slide 1, X29.

8. Nothofagidites cf. endurus (Cookson) Harris, 1965; Sample 20R-1, 40-42 cm
(654.18-654.20 rmbsf), Slide 2, N24.

9. Nothofagidites brachyspinulosus (Cookson) Harris, 1965; Sample 15R-3, 40-42 cm
(608.9—608.92 rmbsf), Slide 2, Y49.

10. Alisporites sp.; Sample 18R-6, 4042 cm (641.97-641.99 rmbsf), Slide 1, R26/4
[reworked].

11. Cannanoropollis sp.; Sample 20R-4, 4042 cm (658.67-658.69 rmbsf), Slide 2,
Q29/2 [reworked].

12. Protohaploxypinus sp.; Sample 20R-5, 40-43 cm (660.18-660.21 rmbsf), Slide 1,
C28/3 [reworked].
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Plate I.
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4

Plate II.
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Chapter 5. Conclusions and Outlook

5.1 Conclusions

This study yields new quantitative, mean annual and seasonal temperatures derived from
sporomorph records of well-date marine sediments deposited on east Antarctica and
Tasmania during the early Paleogene. Particularly, the present study presents the first
terrestrial climate reconstruction of the early Eocene on Antarctica and provides the first
continental evidence of the recently traced cooling event that took place during the
middle/late Paleocene transition.

Particularly, on east Antarctica, the sporomorph-based climatic estimations of Site U1356
from this study combined with MBT/CB derived temperatures from the same hole suggest
that the climate in lowland settings along the Wilkes Land coast (at a paleolatitude of ~70°
south) was near-tropical during the early Eocene (53.9 — 51.9 Ma). Based on the
sporomorph results presented in this study, we concluded that the extremely high
temperatures during this time interval allowed the growing of highly diverse, near-tropical
forests characterized by termophilous elements such as palms and Bombacoideae.
Moreover, the sporomorph-based climatic estimations reflect that winters were extremely
mild (warmer than 10°C) and essentially frost-free despite the polar darkness during the
early Eocene along the Wilkes Land margin. Considering the 50 days of polar darkness for
a latitude of 70°S, this study provides evidences that the photoperiod was not an obstacle to
the development of high plant diversities at higher latitudes and that the high atmospheric
concentration of CO:2 during the early Eocene was probably an important factor in the
physiological adaptation of high-latitude forests.

With regard to the mid-Eocene record (49.3 — 46 Ma), the sporomorph assemblages from
the present study reflect that temperate forests dominated by Nothofagus were the
prevailing vegetation along the Wilkes Land margin during this time interval. The
dominance of temperate forests together with the absence of termophilous elements reflects
cooler conditions during the mid-Eocene when compared to the early Eocene record. This
conclusion is further supported by the lower temperatures derived from the MBT/CBT
proxy and the sporomorph-based climatic reconstructions presented in this study.

The combined quantitative and qualitative analyses of the vegetation used in this study
reflect that two types of markedly different vegetation were thriving along the Wilkes Land
margin during the early and mid-Eocene times. Quantitatively, these differences are
reflected on the results of DCA and rarefaction analyses as well as on the diversity indices
and species accumulation curves portrayed in the present study. Qualitatively, the results
from this study reflect that the early Eocene vegetation was probably multi-storeyed, with a
tall, relatively open canopy and diverse overstorey. In contrast, the mid-Eocene vegetation
was predominantly characterized by cool temperate forests with a single canopy layer
dominated by Nothofagus. Moreover, the comparison of the diversity results from the
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present study with modern (i.e., Holocene) records through species accumulation curves
suggests that the early Eocene forests along the Wilkes Land margin were characterized by
richness patterns similar to present-day forests from New Caledonia. In contrast, mid-
Eocene forests along the Wilkes Land margin were characterized by similar richness to
modern Nothofagus forests from New Zealand.

The results provided in this study from Site 1172 suggest that three different vegetation
types were thriving on Tasmania, under different temperature conditions from the middle
Paleocene to the early Eocene. During the middle to late Paleocene, warm-temperate
forests dominated by gymnosperms were the prevailing vegetation on Tasmania. These
warm-temperate forests were transiently replaced by cool-temperate forests dominated by
Nothofagus and Araucariaceae during the middle/late Paleocene transition (~59.5 to ~59.0
Ma). The consistent absence of frost sensitive elements (i.e., palms and cycads) across the
middle/late Paleocene transition interval, together with the transient establishment of cool-
temperate forests, indicate markedly cooler conditions, with harsher winters on Tasmania
during that time. Moreover, based on the present study results, it is possible to infer that
paratropical forests were established on Tasmania during the early Eocene and that this
vegetation replacement was strongly related to the PETM event. The integration with
available information of terrestrial vegetation and climatic conditions from other regions
along the southwest Pacific region further supports the validity of the sporormoph data
derived from Site 1172. This integration was augmented by newly generated climate
estimates in the present study of previously published sporomorph records from Southeast
Australia and New Zealand.

Based on the paleoclimate results from ODP Site 1172, we suggest that MAP on Tasmania
was nearly constant (~180 cm/yr) from the middle Paleocene to the early Eocene. On East
Antarctica, the MAP estimates from Site U1356 reflect an average of ~132 cm/yr during
the early Eocene and a mean of 160 cm/yr for the mid-Eocene record. Hence, based on the
estimated precipitation data from both sites, it is possible to establish that the Australo-
Antarctic region experienced high rainfall conditions (>100 cm/yr) during the early
Paleogene comparable with MAP values of present-day rainforests from southern latitudes.
These precipitation values support modeling studies that include high atmospheric
humidity as an important mechanism for warming the higher latitudes during the early
Paleogene.

The integration of the sporomorph results of Site 1172 from this study with previously
published TEXs¢-based SSTs from the same hole documents that the vegetation dynamics
on Tasmania were closely linked with the temperature evolution of the marine realm from
the same region. Moreover, the comparison of our sporomorph-based climatic estimates
from Site 1172 with the TEXgs - and TEXgs -based temperature data suggests a warm-
season bias of both calibrations for the early Paleogene when applied to high southern
latitudes.
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5.2 Outlook

A major obstacle in understanding the ecosystem and climatic conditions from Antarctica
during the Cenozoic is the general lack of well-dated terrestrial records from this region
(Lewis et al., 2008). The present study provides new climatic and vegetation data from the
Wilkes Land margin (east Antarctica) for the Eocene based on chronostratigraphically
well-calibrated (Bijl et al., 2013b) sporomorph records. However, the results from the
present study do not represent the terrestrial conditions of Antarctica as a whole during the
early to middle Eocene. Hence, the documentation of floral assemblages from strata with
well-constrained ages from other regions in Antarctica appears indispensable to elucidate
the terrestrial ecosystems on polar regions during the greenhouse conditions of the early
Paleogene. Any such effort focusing on the early Eocene should take into account the
presence of the low-latitude-derived warm Proto-Leeuwin Current as an important
mechanism for warming the terrestrial settings along the Australo-Antarctic Gulf (Bijl et
al., 2013a). Hence, it appears possible that the extremely warm conditions that
characterized the Wilkes Land margin during the early Eocene might be only recorded in
localities where the Proto-Leeuwin Current had influence during this time interval.

The “equable climate problem” can be explained as a response to increased radiative
forcing in the form of very high pCO, (Huber and Caballero, 2011). However, additional
factors such as the relative humidity have also been thought to play an important role on
the extremely warm higher latitudes (equable climates) during the early Paleogene (Abbot
et al., 2009). Although this study presents new MAP estimates from high southern latitudes
during the early Paleogene, a comparison with other proxies (e.g., deuterium/hydrogen
[D/H]; alkaline major element geochemistry) seems indispensable to further explore the
effects of high atmospheric humidity on higher latitudes during the early Paleogene.

Comparison with other southern latitudes records appears essential to understand the
connection between climate and vegetation during the early Paleogene from a regional
point of view. In this study a preliminary comparison in Sections 1.2, 2.4.6 and 4.4.3 is
presented. However, further studies would first have to focus on a critical assessment of the
ages given for the different floras along the high southern latitudes mainly for data derived
from South America and Antarctica. Particularly, no radiometric ages are available for
paleobotanical records from Argentina and Chile with the exception of the macrofloras
studied by Wilf et al. (2005) of the early Eocene. Moreover, early Eocene records have
been thought to be founded on the Antarctic peninsula (Ivany et al., 2008). However,
dinocyst-based evaluation of the age for these records suggests that the early Eocene is not
recorded in this region (compare Section 2.4.6). The scarcity of comparable sites, as
outlined above, indicates that few records along high southern latitudes are directly
comparable with the obtained data from the present study.

The vegetation effects of the PETM along high southern latitudes are still insufficiently

constrained. Most of the studies related to this time interval are focused on marine pollen
records from New Zealand (Crouch and Visscher, 2003; Crouch and Brinkhuis, 2005;
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Handley et al., 2011). Moreover, the new results presented in this study from Site 1172
reflect that the current marine records of the PETM from the high southern latitudes are
probably biased toward easily transported sporomorphs, due to the high sea level during
this time interval (Contreras et al., 2014; see Chapter 4). Additionally to this potential bias,
the obtained sporomorph data of Site 1172 for the PETM interval are characterized by
extremely low counting sums. Considering these evidences, it seems possible that future
sporomorph analyses at Site 1172, may have not provided relevant results to constrain the
terrestrial conditions during the PETM interval. Hence, it becomes indispensable to
compare with potential terrestrial PETM records that were not affected by sea level change
during this time interval. In such an effort, a particular emphasis should be placed on high-
resolution studies of terrestrial records with well-constrained ages.

The middle/late Paleocene transition cooling event has been recently traced on marine
records from the southwest Pacific region (Hollis et al., 2014). The SSTs recorded during
this time interval indicates cooler conditions comparable to the cooler conditions at ~34 Ma
when first major ice sheets of the Cenozoic appeared on Antarctica (Bijl et al., 2009;
2013b). Moreover, current studies in the southwest Pacific region reveal a short-lived ice
sheet growth on Antarctica during this time interval (Hollis et al., 2014). The results
provided in the present study are in good agreement with the inferred extremely cool
conditions on Antarctica during this time interval. However, they are currently the only
terrestrial evidence of this transient cooling event. Hence, in order to obtain more insights
into the mechanisms involved in this short-lived cooling, it seems indispensable to apply an
integrated perspective that takes into account an assessment of the terrestrial conditions
including different localities along high southern latitudes.
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Zusammenfassung

Zusammenfassung

Das frilhe Paldogen war durch ein globales Treibhausklima charakterisiert: die
klimatischen Bedingungen waren durch hohe Temperaturen gekennzeichnet, des Weiteren
waren die Konzentrationen an Treibhausgasen in der Atmosphére deutlich hoher als heute.
Das Klima im spéten Paldozdn war durch eine stetige Erwdrmung gekennzeichnet, die im
frithen Eozdn mit dem ,,Early Eocene Climatic Optimum*“ (EECO; 53-51 Ma) ihren
Hohepunkt erreichte. Der generelle Langzeittrend zu wiarmeren Bedingungen, wurde von
kurzfristigen Ereignissen iiberlagert, in denen rasche Temperaturanstiege auftraten. Ein
solches Ereignis ist das ,,Paleocene Eocene Thermal Maximum® (PETM, ~56 Ma). Das
PETM ist nicht nur durch eine rasche Erwdrmung, sondern auch durch eine negative
Kohlenstoffisotopenexkursion von 3-8%o gekennzeichnet. Auf die warmen Bedingungen
folgte im mittleren bis spédten Eozén eine Abkiihlung in den hohen Breiten. Die Eozin-
Oligozédn Grenze markiert den Endpunkt dieser Abkiihlungsphase: rasant dehnten sich
Innlandeismassen im Gebiet der Antarktis aus, die den Beginn globaler ,,Eishaus*-
Bedingungen anzeigen.

Klimatische Trends und die Entwicklung von Okosystemen wihrend der
,», I reibhausbedingungen® des frithen Paldogen sind fiir das terrestrische Milieu noch nicht
ausreichend bekannt. Existierende paleobotanischen Datensétze bieten einen gewissen
Einblick in die Vegetation, die in dieser Region im Paldozén und frithen Eozéin
vorherrschte. Es ist allerdings notig, Datensédtze zu generieren, die aus vollstandigen und
gut datierten sedimentiren Sequenzen stammen. In der vorliegenden Arbeit wurden
Pollenanalysen an Tiefsee-Sedimentbohrkernen aus der australisch-antarktischen Region
durchgefiihrt: (i) IODP Site U1356 (Wilkes Land margin, Ostantarktis) und (ii)) ODP Site
1172 (Osttasmanisches Plateau, siidwestpazifischer Ozean).

Die hier untersuchte Sequenz des Bohrkerns, der an der JODP-Site U1356 gezogen wurde,
enthédlt Ablagerungen des mittleren Schelfs. Diese stammen aus dem frithen bis mittleren
Eozén (53.9-46 Ma). Die Paldobreiten der Bohrstelle und des Wilkes Land margin sind
nahezu identisch mit den heutigen Positionen. Lithologisch besteht die Abfolge des frithen
Eozén aus bioturbierten Tonsteinen, in die feinkdrnige Sandsteinlagen zwischengeschaltet
sind. Mit Hilfe eines Altersmodells, das auf Magnetostratigraphie, sowie auf
Biostratigraphie (basierend auf Dinoflagellatenzysten) beruht, konnten die eozénen
Sedimente des Bohrkerns der Site U1356 stratigrafisch zugeordnet werden.

Des Weiteren wurden Sedimente des Bohrkerns ODP Site 1172 untersucht. Diese umfassen
ein Alter vom mittleren Paldozdn bis in das frithe Eozdn (60.7-54.2 Ma). Sie stellen marine
Flachwasserablagerungen dar. Die Position der Site 1172 befindet sich auf dem
Osttasmanischen Plateau. Dieses befand sich im frithem Paldogen bei ~65°S und damit sehr
viel ndher an der Antarktis als heute. Der Bohrkern besteht vorwiegend aus grauen bis
graubraunen Ton- und Siltsteinen. Kalkige und kieselige Mikrofossilien kommen nur in
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geringer Hiufigkeit vor. Das Altersmodell zur zeitlichen Einordnung der Ablagerungen
beruht auf Magneto-Chemostratigraphie und Dinoflagellatenzysten-Zonierung.

Die hier vorgestellte Studie umfasst palynologische Untersuchungen an 225 Proben. Zum
einen wurden Pollen- und Sporenvergesellschaftungen von 145 Proben aus dem Eozin
bestimmt (/ODP Site U1356), zum anderen 80 Proben aus dem mitteren Paldozén bis
frithen Eozén (ODP Site 1172). Die Proben wurden mit einem Lichtmikroskop bei 200-
facher VergroBerung untersucht. Allerdings war die Hiufigkeit von Sporomorphen in
vielen analysierten Proben sehr gering. Um auf Sporenzahlen zwischen 100 und 300 zu
kommen, mussten bis zu 12 Deckgldser von jeweils einer Probe angefertigt werden. Die
detaillierte Bestimmung morphologischer Merkmale wurde bei 1000-facher Vergroferung
durchgefiihrt.

Fiir die Identifizierung des Einzugsgebietes muss in Betracht gezogen werden, dass die hier
untersuchten Sporen- und Pollenproben der Site U1356 und der Site 1172 aus dem marinen
Milieu stammen (siche Kapitel 1.4). In dieser Studie wird deswegen angenommen, dass die
terrestrischen Komponenten in den Sedimenten zum einen ihren Ursprung im Wilkes Land
margin haben (Site U1356), sowie zum anderen aus Tasmanien stammen (Site 1172). Die
Ablagerungen liefern somit Einblicke in die damalige Vegetation dieser Gebiete. Diese
Annahme konnte durch weitere Hinweise bestitigt werden, die in Kapitel 2 und 3 (Site
U1356) und in Kapitel 4 (Site 1172) ausfiihrlich diskutiert werden.

Die vorliegende Arbeit hatte folgende Schwerpunkte, die mit Hilfe von Pollen- und
Sporenanalysen an Sedimentgesteinen der Sife U1356 und Site 1172 bearbeitet wurden: (1)
die Rekonstruktion der klimatischen Bedingungen im terrestrischen Milieu (Wilkes Land
margin und Tasmanien) fiir das Zeitintervall mittleres Paldozin bis mittleres Eozén; (2) die
Untersuchung der Struktur, sowie der Diversitét und der Zusammensetzung der Wélder, die
im frithen Paldogen entlang von Wilkes Land margin und Tasmanien vorhanden waren; (3)
die Rekonstruktion der Reaktion der Wilder in den siidlichen Breiten auf die Dynamik des
Klimas im frithen Paldogen; (4) die Ausarbeitung der Beziehung zwischen den ermittelten
terrestrischen ~ Palynomorphen-Daten und den publizierten Temperaturen des
Oberflachenwassers des Ozeans, die an den gleichen Bohrkernen bestimmt wurden.

Die hier durchgefiihrte Rekonstruktion der klimatischen Bedingungen im terrestrischen
Milieu der australisch-antarktischen Region beruht auf dem Aktualititsprinzip (nearest
living relative, NLR). Es wird angenommen, dass fossile Taxa die gleichen klimatischen
Anspriiche hatten wie ihre heutigen néchsten lebenden Verwandten. Dieser Ansatz wurde
auf die Pollen- und Sporendaten der Lokationen Site U1356 und Site 1172 angewendet,
unter Einsatz der ,,bioklimatischen Analyse®. Basierend auf den botanischen Vorlieben, die
die Taxa, fiir die der NRL bekannt ist, aufweisen, konnten daher folgende Klimaparameter
bestimmt werden: die Jahresdurchschnittstemperatur (mean annual temperature, MAT),
die Durchschnittstemperatur des kéltesten Monats (coldest month mean temperature,
CMMT), die Winterdurchschnittstemperatur (mean winter temperature, MWT), die
Durchschnittstemperatur des wérmsten Monats (warmest month mean temperature,
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WMMT), die Sommerdurchschnittstemperatur (mean summer temperature, MST) und der
durchschnittliche Jahresniederschlag (mean annual precipitation, MAP). Alle Profile
enthalten sowohl die hdochsten, als auch die niedrigsten Werte fiir verschiedene
Klimavariablen, die mit Hilfe jedes NRLs bestimmt wurden. Die bioklimatischen Analysen
wurden angewendet, um die Zonen klimatischer Uberschneidungen fiir die Mehrzahl der
Taxa zu bestimmen.

In dieser Studie wurden qualitative und quantitative Analysen von fossilen Sporomorpha
kombiniert. Es wurde sowohl die Struktur, als auch die Diversitit der Vegetation derselben
Region untersucht. Die Struktur der Vegetation sollte mittels des qualitativen Ansatzes
rekonstruiert werden. Diese Ergebnisse basieren auf den 6kologischen Anforderungen und
den Lebensrdumen heutiger eng verwandter Arten. Der quantitative Ansatz wurde gewdhlt,
um beides, sowohl die Diversitét, als auch die Struktur der Vegetation zu bestimmen. Dafiir
wurden Ordinationsverfahren (Detrended Correspondence Analysis und Multidimensional
Scaling), Rarefizierung (Rarefaction) und Diversitétsindizes angewendet.

Die wesentliche Erkenntnis aus dieser Studie ist, dass temperierte und paratropische
Wiilder wihrend des frithen Paldogens in den siidlichen hohen Breiten wuchsen (zum einen
am Wilkes Land margin bei ~70°S, zum anderen in Tasmanien bei ~ 65°S). Diese Aussage
basiert auf den durchgefiihrten Rekonstruktionen paleoklimatischer Bedingungen und
Vegetationsmuster.

Im Speziellen zeigen die Pollendaten des Site U1356, dass wihrend des frithen Eozén (53.9
— 51.9) in der Antarktis ein hochdiverser Wald wuchs. Charakteristisch ist das Auftreten
thermophiler Taxa, wie Bombacoideae, Strasburgeria, Beauprea, Spathiphyllum,
Anacolosa and Lygodium. Heute sind diese Arten lediglich in den tropischen und
subtropischen Breiten zu finden. Paldotemperaturen, die mittels des MBT/CBT-Proxies
bestimmt wurden, geben, ebenso wie die Pollendaten, Hinweise darauf, dass nahezu
tropische Temperaturen am Wilkes Land margin geherrscht haben, zumindest in den
Kiistenniederungen. Neben den tropisch/subtropischen Arten treten wihrend des Eozéns
zeitgleich Pflanzen auf, die heute auf temperierte Klimata beschrénkt sind. Ein Beispiel ist
Nothofagus (subgenus Fuscospora und Nothofagus). Dies weist darauf hin, dass die Wélder
in dieser Region einen klimatischen Gradienten nachzeichneten, der von der Hohe iiber
dem Meerespiegel und/oder der Néhe zur Kiistenline abhing. Die Vegetation am Wilkes
Land margin war im frilhen Eozdn durch paratropische Wilder charakterisiert. Diese
wurden aber im mittleren Eozén durch temperierte Wélder verdringt, die eine geringere
Diversitdt aufwiesen und von Nothofagus dominiert wurden. Der stetige Abkiihlungstrend
wiahrend dieses Zeitintervalls ist durch folgende Beobachtungen belegt: (1) das
Vorkommen von ,,Nothofagus-Wéldern*; (2) das Fehlen von warmeliebenden Pflanzen; (3)
die Rekonstruktion von geringen Temperaturen, die zum einen auf MBT/CBT
Paldothermometrie beruhen, zum anderen mit Hilfe von Pollenanalysen ermittelt wurden.

Die MAT-, MWT-, MST- und MAP-Daten fiir die Site U1356 wurden in dieser Studie
sowohl fiir die Biome in den Niederungen (paratropische Bedingungen), als auch fiir die
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Biome in den Hochlédndern (temperierte Bedingungen) bestimmt. Allerdings sind die Werte
nicht fiir den gesamten antarktischen Kontinent reprisentativ. Dennoch spielen sie in den
derzeitig gefiihrten Debatten iiber Klimawandel und Okosysteme eine groBe Rolle. Zum
einen wird diskutiert, ob es mit Hilfe von Klimamodellen iiberhaupt moglich ist, extreme
Treibhausbedingungen zu rekonstruieren, zum anderen stellt sich die Frage, wie polare
Okosysteme auf ansteigende CO, Konzentrationen in der Atmosphire reagieren.

Ein weiterer Aspekt dieser Arbeit war die qualitative und quantitative Charakterisierung
der Wilder im Eozdn am Wilkes Land margin. Diese basiert auf Pollen- und
Sporengemeinschaften von Site U1356. Die Kombination der qualitativen und
quantitativen Analysen zeigt, dass die Wélder im friihen Eozén am Wilkes Land margin
sehr divers waren: die Zusammensetzung der Pflanzengemeinschaften ist typisch fiir die
der heutigen Tropen; die Artenvielfalt entspricht der, die in den heutigen Wéldern auf
Neukaledonien zu finden sind. Die Wélder des mittleren Eozdns waren durch Nothofagus
dominiert. Thre Biodiversitit war gering, dhnlich wie die der heutigen Nothofagus-Wilder
in Neuseeland. Die stratigraphische Verteilung ausgewihlter Taxa ist in Appendix 1 dieser
Arbeit zu finden; des Weiteren ist dort die Charakterisierung der Gruppen, die mit Hilfe
taxonomischer Merkmale und Photos bestimmt wurden, dargestellt.

Die in dieser Studie ermittelten Sporomorphadaten und klimatischen Rekonstruktionen fiir
Site 1172 weisen darauf hin, dass vom mittleren Paldozidn bis in das friihe Eozédn drei
verschiedene Vegetationstypen in Tasmanien auftraten. Das Vorkommen der
verschiedenen Typen hing von den klimatischen Bedingungen wéhrend dieses
Zeitintervalls ab. Wéhrend des mittleren bis spdten Paldozdns wuchsen warm-temperierte
Wilder auf Tasmanien, in denen Podocarpaceae und Araucariaceae dominierten. Am
Ubergang vom mittleren zum spiten Paliozin (~59.5 to ~59.0 Ma) wurden diese Wilder
vorribergehend durch Vegetationsstrukturen, die fiir ein kalt-temperiertes Klima
charakteristisch sind, ersetzt. Nothofagus und Araucariaceae bestimmten die Wilder,
frostsensitive Elemente wie Palmen (Arecaceae) und Palmfarne (Cycadales) fehlten. Im
frithen Eozdn und gekoppelt an das PETM wurde die im Paldozédn vorherrschende
Vegetation von paratropischen Regenwildern ersetzt: anstelle von Gymnospermen, die fiir
temperierte Klimata charakteristisch sind, traten im frithesten Eozdn und wéhrend des
PETM Mangroven (Nipapalme; Nypa) auf. Der Vergleich mit bisher verdffentlichten
Pollen- und Sporen-Datensdtzen aus der siidwestpazifischen Region (einschlielich
Stidostaustralien und Neuseeland) unterstiitzt die Aussagekraft der prasentierten Daten aus
Tasmanien. Er zeigt, dass wihrend des frithen Eozins in der ganzen Region im
stidwestlichen Pazifik temperierte Walder von paratropischen Wéldern abgeldst wurden.
Diese Neuaufstellung in der Zusammensetzung der Vegetation beinhaltet ein hiufigeres
Vorkommen von Farnen (iiberwiegend Cyatheaceae) und Angiospermen (unter anderem
Proteaceae, Euphorbiaceae/Eumalvoideae, Casuarinaceae), die sich auf Koten der
Gymnospermen (hauptsidchlich Podocarpiden) ausbreiteten. Die in dieser Studie
gewonnenen Daten von Sife 1172 ermoglichen Riickschliisse auf Klimabedingungen im
terrestrischen Milieu. Bisher existieren Studien, in denen die marinen Ablagerungen
desselben Kerns untersucht wurden.
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Wesentliche publizierte Ergebnisse sind Temperaturrekonstruktionen fiir das
Oberflichenwassers des Ozeans (sea-surface temperature; SST), die auf TEXgs-Messungen
basieren. Wihrend des Ubergangs vom mittleren zum spiten Paldozin (~59.5 bis ~59.0
Ma) wurde eine Abkiihlung des Oberflichenwassers um ~3 °C ermittelt. Der Hinweis auf
kiltere Bedingungen, stimmt mit den hier gewonnen Daten iiberein: frostsensitive Pflanzen
(d. h. Palmen und Palmfarne) wurden in Tasmanien zunehmend verdringt, des Weiteren
entwickelten sich Wailder, die fiir kalt-temperierte Klimata typisch sind und von
Nothofagus and Araucariaceae dominiert wurden. Dies weist darauf hin, dass zu dieser Zeit
in dieser Region ein kilteres Klima herrschte (und vor allem harsche Winter auftraten, die
durch starken und/oder hdufige Frostperioden gekennzeichnet waren).

Die in dieser Arbeit ermittelten Niederschlagsrekonstruktionen fiir die Lokalitdt ODP Site
1172 geben Hinweise, dass in Tasmanien die MAP-Werte vom mittleren Paldozén bis in
das friihe Eozén bei ~180 cm/a weitgehend konstant waren. Fiir die Ostantarktis (Site
U1356) wurde ein MAP-Mittelwert von ~132 cm/a fiir das frithe Eozdn und 160 cm/a fiir
das mittlere Eozén bestimmt. Die Niederschlagsrekonstruktionen beider Lokalititen deuten
darauf hin, dass wihrend des friihen Paldogens die australisch-antarktischen Region durch
starke Niederschldge (>100 cm/a) charakterisiert war. Die damaligen Bedingungen sind mit
heutigen Zustdnden in den Regenwildern der siidlichen Breiten vergleichbar.

Die hier dargestellten Ergebnisse ermdglichen die Rekonstruktion von Klimabedingungen
im terrestrischen Milieu in der australisch-antarktischen Region im frithen Paldogen. Das
Gesamtresultat hilft schlieBlich, Klimamodelle zu priifen und die Reaktion terrestrischer
Okosysteme der hohen Breiten auf die Klimadynamik im frithen Paliogen in den siidlichen
Breiten zu verstehen.

Um die klimatischen Bedingungen, die in den hohen Breiten im Paldogen herrschten,
aufzukldren, wurden in der vorliegenden Arbeit terrestrische und marine Ergebnisse
verglichen. Aus der Kombination von den hier ermittelten Sporomorphadaten mit
publizierten SSTs, die auf TEXgs-Messungen an Site 1172, kann folgende Aussage
gemacht werden: die Verdnderungen in der Vegetation war eng mit der
Temperaturentwicklung mariner und terrestrischer Gebiete der australisch-antarktischen
Region gekoppelt. Des Weiteren wird deutlich, dass beide Kalibrierungsmethoden (d. h.
TEXgs und TEXgs") eine einseitige Tendenz zur Rekonstrukion warmer Bedingungen
zeigen, wenn sie auf Datensdtze aus dem frithen Paldogen angewendet werden.
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Appendix 1 Taxonomy Site U1356

Selected sporomorph taxa are depicted on Plates I to VIII; an alphabetical list of all
pictured taxa is provided below. For a full list of identified sporomorph taxa and their
stratigraphic distribution in the Eocene of Site U1356 see Fig. 3.2. Slides and residues are
stored in the collection of the Institute of Geosciences, Goethe University Frankfurt,
Germany.

Alisporites spp. (Plate VIII, 1-2; reworked)

Anacolosidites luteoides Cookson and Pike, 1954 (Plate V, 10; botanical affinity:
Anacolosa [Olacaceac])

Araucariacites australis Cookson, 1947 (Plate III, 4; Araucariaceae)

?Arecipites sp. A (Plate 111, 9; Arecaceae?)

Arecipites spp. (Plate III, 7-8; Arecaceae)

Baculatisporites sp. (Plate 11, 8; probably Osmundaceae)

Beaupreaidites sp. aff. B. orbiculatus Dettmann and Jarzen, 1988 (Plate VI, 11; Beauprea
[Proteaceae])

Beaupreaidites sp. cf. B. verrucosus Cookson, 1950 (Plate VII, 8; Beauprea [Proteaceae])
Bluffopollis scabratus (Couper) Pocknall and Mildenhall, 1984 (Plate IV, 1-2;
Strasburgeria [Strasburgeriaceae))

Bombacacidites sp. A (Plate IV, 5-6; Bombacoideae [Malvaceae])

Camarozonosporites ohaiensis (Couper) Dettmann and Playford, 1968 (Plate I, 12)
Cannanoropollis sp. (Plate VIII, 5; reworked)

Cicatricosisporites sp. (Plate VIII, 8; reworked)

Cingulatisporites sp. (Plate 11, 1)

Classopollis sp. (Plate VIII, 6; reworked)

Crassoretitriletes sp. cf. C. vanraadshooveni (Germeraad) Hopping and Muller, 1968
(Plate 11, 2; Lygodium)

Cyathidites sp. cf. C. splendens Harris, 1965 (Plate I, 7; Cyatheaceae, Adiantaceac)
Cyathidites australis Couper, 1953 (Plate I, 8; probably Cyatheaceae)

Cyathidites minor Couper, 1953 (Plate I, 9; probably Cyatheaceae)

Cycadopites sp. (Plate III, 10; Cycadophyta and other gymnosperms)

Dacrycarpites australiensis Cookson and Pike, 1953 (Plate II, 11; Dacrycarpus
dacrydioides [Podocarpaceae])

Dacrydiumites sp. (Plate 111, 3; Dacrydium [Podocarpaceae])

Dilwynites granulatus Harris, 1965 (Plate 111, 5; Wollemia [ Araucariaceae])

Dilwynites tuberculatus Harris, 1965 (Plate 111, 6; Wollemia [ Araucariaceae])

Ericipites sp. (Plate V, 6; Ericaceae)

Foveotriletes lacunosus Partridge, 1973 (Plate 11, 3; Huperzia [Lycopodiaceae])
Gambierina edwardsii (Cookson and Pike) Harris, 1972 (Plate V, 8)

Gambierina rudata Partridge and Stover, 1973 (Plate V, 9)
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Gleicheniidites senonicus Ross 1949 (Plate 11, 4)

Ischyosporites sp. (Plate I, 10-11)

Klukisporites sp. (Plate VIII, 9; reworked)

Laevigatosporites sp. (Plate 1, 4)

Lycopodiumsporites sp. (Plate VIII, 7; reworked)

Malvacipollis subtilis Stover in Stover and Partridge, 1973 (Plate V, 4-5; Euphorbiaceae,
Malvaceae?)

Margocolporites cribellatus Srivastava, 1972 (Plate IV, 3-4)

Microcachryidites antarcticus Cookson, 1947 (Plate I, 10; Microstrobos, Microcachrys
tetragona [Podocarpaceae))

Mpyricipites harrisii (Couper) Dutta and Sah, 1970 (Plate V, 2-3; Casuarinaceae,
Myricaceae?)

Mpyrtaceidites sp. (Plate 111, 11; Myrtaceae)

Mpyrtaceidites tenuis Harris, 1965 (Plate 111, 12; Myrtaceae)

Neoraistrickia truncata (Cookson) Potonié 1956 (Plate VIII, 10; reworked)

Nothofagidites asperus (Cookson) Romero, 1973 (Plate IV, 9; Nothofagus subg.
Lophozonia)

Nothofagidites flemingii complex sensu Macphail and Truswell, 2004 (Plate IV, 7;
Nothofagus subg. Nothofagus)

Nothofagidites lachlaniae complex sensu Macphail and Truswell, 2004 (Plate IV, 8;
Nothofagus subg. Fuscospora)

Nothofagidites sp. cf. N. senectus Dettmann and Playford, 1968 (Plate IV, 10; Nothofagus)
Nothofagidites emarcidus complex sensu Truswell and Macphail, 2009 (Plate IV, 11;
Nothofagus subg. Brassospora?)

Osmundacidites sp. (Plate 11, 7; Osmundaceae)

Phyllocladidites mawsonii Cookson, 1947 ex Couper, 1953 (Plate 11, 1-2; Lagarostrobos
franklinii [Podocarpaceae])

Podocarpidites ellipticus Cookson, 1947 (Plate 11, 12; Podocarpus [Podocarpaceae])
Polypodiisporites sp. (Plate I, 3)

Propylipollis sp. cf. P. annularis Cookson, 1950 (Plate VI, 9; Proteaceae)

Propylipollis sp. cf. P. reticuloscabratus Harris, 1965 (Plate VII, 12; Proteaceae)
Propylipollis annularis Cookson, 1950 (Plate VI, 7-8; Xylomelum occidentale, Lambertia
[Proteaceae])

Propylipollis reticuloscabratus Harris, 1965 (Plate VII, 10-11; Gevuina/Hicksbeachia type
[Proteaceae])

Propylipollis sp. 3 (Plate VI, 4-5; Proteaceae)

Proteacidites adenanthoides Cookson, 1950 (Plate VIII, 9; Adenanthos ([Proteaceac])
Proteacidites incurvatus Cookson, 1950 (Plate VI, 3; Proteaceae)

Proteacidites pachypolus Cookson and Pike, 1954 (Plate VII, 6; Proteaceac)

Proteacidites similis Harris, 1965 (Plate VI, 12; Proteaceac)

Proteacidites sp. 2 (Plate VII, 1; Proteaceae)

Proteacidites sp. cf. P. amolosexinus Dettmann and Playford, 1968 (Plate VI, 7;
Proteaceae)

Proteacidites sp. cf. P. callosus Cookson, 1950 (Plate VII, 5; Proteaceae)
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Proteacidites sp. cf. P. parvus Cookson, 1950 (Plate VII, 2-3; Belladena montana type,
Proteaceae)

Proteacidites sp. cf. P. spiniferus Mclntyre, 1968 (Plate VII, 4; Embothrium? [Proteaceae])
Proteacidites sp. cf. P. tuberculatus Cookson, 1950 (Plate VI, 6; Proteaceae)
Protohaploxypinus spp. (Plate VII, 3-4; reworked)

Punctatosporites sp. (Plate I, 1-2)

Rhoipites sp. (Plate V, 7)

?Scabramonoletes sp. (Plate 1, 5,6)

Scabratriporites sp. (Plate VI, 1-2)

Spathiphyllum type (Plate 111, 13; Spathiphyllum [ Araceae])

Stereisporites sp. (Plate 11, 5; Sphagnaceae)

Tetracolporites sp. aff. T. oamaruensis Couper, 1953 (Plate V, 11)

Tetracolporites sp. (Plate IV, 12)

Trichotomosulcites subgranulatus Couper 1953 (Plate II, 9; Podocarpaceae)

Tricolpites sp. cf. T. fissilis Couper, 1960 (Plate V, 1)

Triporopollenites sp. cf. T. ambiguus Stover in Stover and Partridge, 1973 (Plate VI, 10)
Tripunctisporis maastrichtiensis (Krutzsch) Herngreen et al., 1986 (Plate II, 6;
Sphagnaceae?)

Taxonomic Remarks

Pteridophyte and bryophyte spores
Genus Cingulatisporites Thomson in Thomson and Pflug, 1953 emend. Hiltman, 1967

Cingulatisporites sp. (Plate 11, 1)

Dimensions: 41-52 um (equatorial diameter; n = 5)

General description: amb subtriangular to circular, trilete mark distinct and reaching the
equator, sporoderm scabrate to granulate, cingulate (cingulum 3—4 um thick with spongious
appareance).

Genus Ischyosporites Balme, 1957

Ischyosporites sp. (Plate I, 10-11)

Dimensions: 22—-34 um (equatorial diameter; n = 5)

General description: amb subtriangular, trilete, simple laesura reaching almost the equator,
sporoderm 2 um thick. In proximal view laevigate, in distal view foveolate to fossulate and
surrounded by anastomosing ribs, foveolae and fossulae 2-3 pm wide.

Genus Punctatosporites Tbrahim 1933 emend. Alpern and Doubinger, 1973

Punctatosporites sp. (Plate I, 1-2)
Dimensions: 23-26 x 27-30 pm (width x length; n = 4)
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General description: amb elliptical, monolete, laesura distinct and extending across % of
the length of the equatorial axis, sculpture granulate, granulae ~0.5 pm in diameter,
sporoderm 1-2 pm thick.

Genus Scabramonoletes Ramanujam, 1966

?Scabramonoletes sp. (Plate 1, 5)

Dimensions: 30-x 42—49 pum (width x length; n = 7)

General description: amb elliptical, laesura indistinct, sporoderm 2—-2.5 um thick, sculpture
scabrate. The taxon is provisionally assigned to Scabramonoletes because the laesura is not
visible in the examined specimens.

Angiosperm pollen

Genus Arecipites Wodehouse, 1933 emend. Nichols et al., 1973

Arecipites spp. (Plate 111, 7,8)

Dimensions: 21-34 x 44—60 um (width x length; n = 10)

General description: amb elliptical, monosulcate, sulcus long and tapered at the ends, exine
1 um thick, tectate, columellae distinct in some specimens, sculpture scabrate to psilate.
Specimens of Arecipites spp. at Site U1356 are comparable to A. pseudotranquillus and A.
punctatus of Nichols et al. (1973). Arecipites is different from Cycadopites in that members
of the former have a sulcus that is open at the ends and lack any structure within the exine
(Nichols et al., 1973; Jansonius et al., 1998).

Botanical affinity: Arecaceae

?Arecipites sp. A (Plate 111, 9)

Dimensions: 29 x 54 wm (width x length; n = 1)

General description: amb elliptical, monosulcate, sulcus long, exine 1 um thick, tectate?,
sculpture verrucate (verrucae 0.5-1.5 um wide and sparsely distributed), surface
interverrucae scabrate. The taxon is provisionally assigned to Arecipites because the
emendation of the genus by Nichols et al. (1973) does not include specimens with a
verrucate sculpture.

Botanical affinity: Arecaceae?

Genus Bombacacidites Couper, 1960 emend. Krutzsch, 1970

Bombacacidites sp. A (Plate IV, 5-6)

Dimensions: 35-50 um (equatorial diameter; n = 8)

General description: Bombacacidites type, amb subcircular, brevitricolporate, costae 2—4
um wide, exine 1-2 um thick, semitectate, sculpture reticulate, lumina 1-2 pm wide. Some
specimens of Bombacacidites sp. A are similar to Intratriporopollenites notabilis of Stover
and Evans (1973). Although a detailed description of the apertures is not available, the
illustration of 1. notabilis in Stover and Evans (1973; Plate 3, Fig. 4) suggests the presence
of a vestibulum (or fastigium, if the grain is brevitricolporate).

Botanical affinity: Bombacoideae
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Genus Margocolporites Ramanujam ex Srivastava, 1969

Margocolporites cribellatus Srivastava, 1972 (Plate IV, 3-4)

Dimensions: 34—46 um (equatorial diameter; n = 5)

General description: amb circular to subtriangular, tricolporate. Colpi long, broad at the
equator, marginate and costate; margines produced by thinning of sexine, costaec 2 pum
wide, exine 2 um thick, tectate, columellae distinct, sculpture micropitted to
microreticulate, lumina ~0.5 pm wide, homobrochate.

Genus Proteacidites Cookson, 1950

Proteacidites sp. 2 (Plate VII, 1)

Dimensions: 48 um (equatorial diameter; n = 1)

General description: amb triangular with straight sides, triporate, pores 10 pm wide, exine
2.5 um thick, exine thinner towards the apertures, semitectate, columellae distinct,
sculpture reticulate, lumina ~1 um wide.

Genus Propylipollis Martin and Harris, 1975

Propylipollis sp. 3 (Plate VI, 4-5)

Dimensions: 42—46 um (equatorial diameter; n = 2)

General description: amb triangular with straight sides, triporate, pores 4 um wide. Exine 3
um thick, thick endexine, columellae distinct, pores with postatrium, semitectate, sculpture
microreticulate, lumina ~0.5 pm wide.

Genus Scabratriporites van der Hammen ex van Hoeken-Klinkenberg, 1964

Scabratriporites sp. (Plate VI, 1-2)

Dimensions: 28—45 um (equatorial diameter; n = 2)

General description: amb triangular with convex sides, triporate, pores 5—7 um wide, exine
~1 pum thick, tectate, columellae distinct, sculpture scabrate.

Spathiphyllum type sensu Hesse and Zetter, 2007 (Plate III, 13)

Dimensions: 64 x 24 pm (polar diameter x equatorial diameter; n = 1)

General description: prolate, polyplicate, narrow ribs, exine 1 pum thick, tectate, sculpture
psilate, exposed endexine between the ribs.

Genus Tetracolporites Couper, 1953 emend. Pocknall and Mildenhall, 1984
Tetracolporites sp. aff. T. oamaruensis Couper, 1953 (Plate V, 11)
Dimensions: 24-32 um (equatorial diameter; n = 2)

General description: amb circular, stephanocolporate (5 colpori), long colpi with protruding
costae, costae ~0.5 um wide, pores lalongate, exine 2-3 pum thick, columellae distinct,
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semitectate, sculpture foveolate, foveolae 1 um wide. 7. oamaruensis is psilate to finely
punctate and has a thicker exine.

Tetracolporites sp. (Plate IV, 12)

Dimensions: 32 um (equatorial diameter; n = 1)

General description: amb rhombic, stephanocolporate (4 colpori), short colpi, colpori
costate, costae 2 um wide, exine 1 um thick, tectate, sculpture psilate.

Plate 1.

All specimens are from the Eocene of IODP Hole U1356. Scale bars equal 10 um.
Asterisk (*) indicates specimen previously pictured in Supplementary Information of Pross
et al. (2012).

1.-2.  Punctatosporites sp.; Sample 101R-1, 30-32 cm (949.1-949.12 mbsf), Slide 1,
England-Finder coordinates O33; Sample 104R-4, 130-132 cm (983.32-983.34
mbsf), Slide 1, England-Finder coordinates Q22/1.

3. Polypodiisporites sp.; Sample 103R-1, 60—62 cm (968.6-968.62 mbsf), Slide 5,
D3/4.

4. Laevigatosporites sp.; Sample 97R-CC, 8-11 cm (911.61-911.64 mbsf), Slide 4,
V24/1.

5.-6.  ?Scabramonoletes sp.; Sample 103R-4, 135-137 cm (973.85-973.87 mbsf), Slide 1,
T20/2; Sample 96R-CC, 14—17 cm (900.74-900.77 mbsf), Slide 4, R&/2.

7. Cyathidites sp. cf. C. splendens Harris, 1965; Sample 103R-4, 135-137 cm
(973.85-973.87 mbsf), Slide 4, G46.

8*. Cyathidites australis Couper, 1953; Sample 101R-2, 4042 cm (950.7-950.72
mbsf), Slide 2, G10.

9. Cyathidites minor Couper, 1953; Sample 104R-4, 130-132 cm (983.32-983.34
mbsf), Slide 1, N24/3.

10.-11. Ischyosporites sp.; Sample 106R-2, 40—43 cm (998.56-998.59 mbsf), Slide 1,
S25/3.

12. Camarozonosporites ohaiensis (Couper) Dettmann and Playford, 1968; Sample
96R-CC, 14-17 cm (900.74-900.77 mbsf), Slide 1, P20/3.

Plate I1.

All specimens are from the Eocene of IODP Hole U1356. Scale bars equal 10 um.
Asterisk (*) indicates specimen previously pictured in Supplementary Information of Pross
et al. (2012).

1. Cingulatisporites sp.; Sample 102R-1, 0-2 cm (958.4-958.42 mbsf), Slide 2,
England-Finder coordinates L18/2.

2% Crassoretitriletes sp. cf. C. vanraadshooveni (Germeraad) Hopping and Muller,
1968; Sample 102R-1, 60—62 cm (959-959.02 mbsf), Slide 2, W29/2.

3. Foveotriletes lacunosus Partridge, 1973; Sample 104R-5, 65-67 cm (984-984.02
mbsf), Slide 2, J31/4.

4. Gleicheniidites senonicus Ross 1949; Sample 101R-2, 4042 cm (950.7-950.72
mbsf), Slide 1, W12/1.

5. Stereisporites sp.; Sample 102R-1, 0-2 cm (958.4-958.42 mbsf), Slide 1, J11/2.
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6. Tripunctisporis maastrichtiensis (Krutzsch) Herngreen et al., 1986; Sample 101R-2,
40-42 cm (950.7-950.72 mbsf), Slide 1, F12/3.

7. Osmundacidites sp.; Sample 104R-3, 20-22 c¢m (980.75-980.77 mbsf), Slide 2, M6.

8. Baculatisporites sp.; Sample 105R-5, 100-102 cm (993.98-994 mbsf), Slide 1,
V10/2.

0. Trichotomosulcites subgranulatus Couper 1953; Sample 103R-1, 0-2 cm (968—
968.02 mbsf), Slide 7, V31.

10. Microcachryidites antarcticus Cookson, 1947; Sample 104R-3, 20-22 cm (980.75—
980.77 mbsf), Slide 1, O15/1.

11.  Dacrycarpites australiensis Cookson and Pike, 1953; Sample 99R-1, 122-125 cm
(930.62-930.65 mbsf), Slide 6, C19/1.

12.  Podocarpidites ellipticus Cookson, 1947; Sample 104R-3, 120-121 cm (981.75—
981.76 mbsf), Slide 1, T25/3.

Plate III.

All specimens are from the Eocene of IODP Hole U1356. Scale bars equal 10 um.
Asterisk (*) indicates specimen previously pictured in Supplementary Information of Pross
et al. (2012).

1.-2.  Phyllocladidites mawsonii Cookson, 1947 ex Couper, 1953; Sample 101R-2, 80-82
cm (951-951.12 mbsf), Slide 2, England-Finder coordinates E26/1; Sample 97R-
CC, 8-11 cm (911.61-911.64 mbsf), Slide 5, W39/4.

3. Dacrydiumites sp.; Sample 103R-1, 20-22 cm (968.2-968.22 mbsf), Slide 2, V24/3.

4*  Araucariacites australis Cookson, 1947; Sample 102R-1, 0-2 cm (958.4-958.42
mbsf), Slide 2, S13.

5. Dilwynites granulatus Harris, 1965; Sample 103R-1, 20-22 cm (968.2-968.22
mbsf), Slide 1, Q31.

6. Dilwynites tuberculatus Harris 1965; Sample 100R-1, 10-13 cm (939.2-939.23
mbsf), Slide 3, E4.

7*.-8. Arecipites spp.; Sample 106R-1, 60—63 cm (997.4-997.43 mbsf), Slide 5, K16/4;
Sample 103R-2, 70-72 c¢cm (970.2-970.22 mbsf), Slide 2, E17/4.

9. ?Arecipites sp. A; Sample 105R-4, 139-141 cm (992.88-992.9 mbsf), Slide 1,
N18/2.

10.  Cycadopites sp.; Sample 101R-2, 120-121 cm (951.5-951.51 mbsf), Slide 4, P43/3.

11. Mpyrtaceidites sp.; Sample 99R-1, 2—5 cm (929.42-929.45 mbsf), Slide 3, M42/4.

12. Mpyrtaceidites tenuis Harris, 1965; Sample 102R-1, 60—-62 cm (959.9-959.02 mbsf),
Slide 1, N34/2.

13. Spathiphyllum type; Sample 105R-2, 70-72 cm (989.3-989.32 mbsf), Slide 4,
D20/1.

Plate IV.

All specimens are from the Eocene of IODP Hole U1356. Scale bars equal 10 um.

Asterisk (*) indicates specimen previously pictured in Supplementary Information of Pross
et al. (2012).

1.-2*. Bluffopollis scabratus (Couper) Pocknall and Mildenhall, 1984; Sample 105R-4,

60-62 cm (992.09-992.11 mbsf), Slide 2, England-Finder coordinates H35; Sample
105R-6, 95-98 cm (994.95-994.98 mbsf), Slide 4, V22/4.
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3.-4.  Margocolporites cribellatus Srivastava, 1972; Sample 105R-3, 100-101 cm
(991.11-991.12 mbsf), Slide 2, D29/3; Sample 105R-4, 60—-62 cm (992.09-992.11
mbsf), Slide 2, S23.

5.-6. Bombacacidites sp. A; Sample 105R-5, 71-73 cm (993.69-993.71 mbsf), Slide 1,
O31; Sample 101R-2, 120-121 cm (951.5-951.51 mbsf), Slide 1, E36/2.

7. Nothofagidites flemingii complex sensu Macphail and Truswell, 2004; Sample 98R-
5, 0-3 cm (924.38-924.41 mbsf), Slide 5, N23/1.

8. Nothofagidites lachlaniae complex sensu Macphail and Truswell, 2004; Sample
103R-3, 60—62 cm (971.6-971.62 mbsf), Slide 2, M22/2.

9. Nothofagidites asperus (Cookson) Romero, 1973; Sample 99R-2, 40-43 cm
(931.28-931.3 mbsf), Slide 3, H16/3.

10. Nothofagidites sp. cf. N. senectus, Dettmann and Playford, 1968; Sample 101R-1,
30-32 cm (949.1-949.12 mbsf), Slide 3, Q24.

11.  Nothofagidites emarcidus complex sensu Truswell and Macphail, 2009; Sample
97R-CC, 811 cm (911.61-911.64 mbsf), Slide 4, Q14/2.

12. Tetracolporites sp.; Sample 104R-5, 95-97 cm (984.3-984.32 mbsf), Slide 5,
D20/4.

Plate V.

All specimens are from the Eocene of IODP Hole U1356. Scale bars equal 10 um.

Asterisk (*) indicates specimen previously pictured in Supplementary Information of Pross
et al. (2012).

1. Tricolpites sp. cf. T. fissilis Couper, 1960; Sample 103R-4, 135-137 cm (973.85—
973.87 mbsf), Slide 1, England-Finder coordinates S9.

2.-3*. Mpyricipites harrisii (Couper) Dutta and Sah, 1970; Sample 101R-2, 40-42 cm
(950.7-950.72 mbsf), Slide 1, X23/2; Sample 101R-1, 110-112 cm (949.9-949.92
mbsf), Slide 2, S28/2.

4* -5. Malvacipollis subtilis Stover in Stover and Partridge, 1973; Sample 99R-2, 4042
cm (931.28-931.3 mbsf), Slide 3, M7; Sample 103R-4, 135-137 cm (973.85—
973.87 mbsf), Slide 2, M15.

6. Ericipites sp.; Sample 99R-2, 120-123 cm (932.08-932.1 mbsf), Slide 4, V15/2.

7. Rhoipites sp.; Sample 101R-2, 80—82 cm (951.1-951.12 mbsf), Slide 1, V24/4.

8%, Gambierina edwardsii (Cookson and Pike) Harris, 1972; Sample 104R-5, 95-97 cm
(984.3-984.32 mbsf), Slide 2, G12.

0. Gambierina rudata Partridge and Stover, 1973; Sample 104R-3, 120-121 cm
(981.75-981.76 mbsf), Slide 1, F10/4.

10*.  Anacolosidites luteoides Cookson and Pike, 1954; Sample 101R-2, 120-121 cm
(951.5-951.51 mbsf), Slide 3, L6/3.

11. Tetracolporites sp. aff. T. oamaruensis Couper, 1953; Sample 103R-1, 40—42 cm
(968.4-968.41 mbsf), Slide 1, F32/2.

Plate VI.

All specimens are from the Eocene of IODP Hole U1356. Scale bars equal 10 ¢z m.

1.-2.

Scabratriporites sp.; Sample 105R-3, 0-2 cm (990.11-990.13 mbsf), Slide 5,
England-Finder coordinates R43; Sample 106R-1, 40—43 cm (997.2-997.23 mbsf),
Slide 2, L29/M29.
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3. Proteacidites incurvatus Cookson, 1950; Sample 104R-3, 120-121 cm (981.75—
981.76 mbst), Slide 2, T10/2.

4.-5.  Propylipollis sp. 3; Sample 105R-5, 10-13 cm (993.08-993.11 mbsf), Slide 7,
M27/1; Sample 105R-2, 90-92 cm (989.5-989.52 mbsf), Slide 5, W18/4.

6. Proteacidites sp. cf. P. tuberculatus Cookson, 1950; Sample 106R-1, 60—-63 cm
(997.4-997.43 mbsf), Slide 12, O33/3.

7.-8.  Propylipollis annularis (Cookson) Martin and Harris, 1975; Sample 102R-1, 60—62
cm (959-959.02 mbsf), Slide 1, L26/2; Sample 101R-1, 30-32 cm (949.1-949.12
mbsf), Slide 1, O23.

0. Propylipollis sp. ct. P. annularis (Cookson) Martin and Harris, 1975; Sample 101R-
1, 110-112 cm (949.9-949.92 mbsf), Slide 2, F28/2.

10. Triporopollenites sp. cf. T. ambiguus, Stover in Stover and Partridge, 1973; Sample
103R-1, 100-101 cm (969—969.01 mbsf), Slide 2, K38/4.

1. Beaupreaidites sp. aff. B. orbiculatus Dettmann and Jarzen, 1988; Sample 103R-1,
0-2 cm (968-968.02 mbsf), Slide 1, Q33.

12. Proteacidites similis Harris, 1965; Sample 99R-1, 42—45 cm (929.82-929.85 mbsf),
Slide 5, Q48.

Plate VII.

All specimens are from the Eocene of IODP Hole U1356. Scale bars equal 10 um.

Asterisk (*) indicates specimen previously pictured in Supplementary Information of Pross
et al. (2012).

1.

2.-3.

8.

9.

Proteacidites sp. 2; Sample 105R-4, 139-141 cm (992.88-992.9 mbsf), Slide 1,
England-Finder coordinates V23/2.

Proteacidites sp. cf. P. parvus Cookson, 1950; Sample 101R-2, 40—42 cm (950.7—
950.72 mbsf), Slide 1, V24/2; Sample 102R-1, 0-2 cm (958.4-958.42 mbsf), Slide
2, G21.

Proteacidites sp. cf. P. spiniferus Mclntyre, 1968; Sample 103R-1, 80-82 cm
(968.8-968.82 mbsf), Slide 3, E43/3.

Proteacidites sp. cf. P. callosus Cookson, 1950; Sample 104R-5, 95-97 cm (984.3—
984.32 mbsf), Slide 7, G32/4.

Proteacidites pachypolus Cookson and Pike, 1954; Sample 98R-1, 100-103 cm
(920.8-920.83 mbsf), Slide 10, Q38/1.

Proteacidites sp. ct. P. amolosexinus Dettmann and Playford, 1968; Sample 97R-1,
811 c¢m (910.28-910.31 mbsf), Slide 6, L.42.

Beaupreaidites sp. cf. B. verrucosus Cookson 1950; Sample 101R-2, 100-101 cm
(951.3-951.31 mbsf), Slide 1, N29/4.

Proteacidites adenanthoides Cookson, 1950; Sample 103R-3, 110-112 cm (972.1—
972.12 mbsf), Slide 5, C39.

10*.-11. Propylipollis reticuloscabratus (Harris) Martin and Harris 1975; Sample 104R-3,

12.

20-22 cm (980.75-980.77 mbsf), Slide 1, V22/1; 103R-4, 135-137 cm (973.85—
973.87 mbsf), Slide 2, W18/2.

Propylipollis sp. ct. P. reticuloscabratus (Harris) Martin and Harris 1975; Sample
102R-1, 0-2 cm (958.4-958.42 mbsf), Slide 1, L12/4.
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Plate VIII.
All specimens are from the Eocene of IODP Hole U1356. Scale bars equal 10 ¢z m.

1-2.  Alisporites spp.; Sample 101R-2, 4042 cm (950.7-950.72 mbsf), Slide 1, England-
Finder coordinates N23/2 [reworked]; Sample 103R-4, 135-137 cm (973.85-973.87
mbsf), Slide 2, S11/1 [reworked].

3.-4.  Protohaploxypinus spp.; Sample 105R-4, 30-32 cm (991.79-991.81 mbsf), Slide 2,
D17/3 [reworked]; Sample 104R-5, 95-97 cm (984.3-984.32 mbsf), Slide 1, U7/U8
[reworked].

5. Cannanoropollis sp.; Sample 102R-1, 0-2 cm (958.4-958.42 mbsf), Slide 1, Ul2
[reworked].

6. Classopollis sp.; Sample 104R-4, 100-101 cm (983.02-983.03 mbsf), Slide 1,
023/1 [reworked].

7. Lycopodiumsporites sp.; Sample 102R-1, 0-2 cm (958.4-958.42 mbsf), Slide 2,
MS8/4 [reworked].

8. Cicatricosisporites sp.; Sample 105R-1, 125-126 cm (988.45-988.46 mbsf), Slide
2, E9 [reworked].

9. Klukisporites sp.; Sample 102R-1, 0-2 cm (958.4-958.42 mbsf), Slide 1, N16/2.

10.  Neoraistrickia truncata (Cookson) Potonié, 1956; Sample 105R-3, 0-2 cm
(990.11-990.13 mbsf), Slide 5, W38 [reworked].
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Plate Ill.
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Plate IV.
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Plate V.
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Plate VI.
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Plate VII.
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Plate VIII.
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Appendix 2 Taxonomy Site 1172

Selected sporomorph taxa are depicted on Plates XI to XII; an alphabetical list of all
pictured taxa is provided below. For a full list of identified sporomorph see supplementary
tables of Chapter 4 (supplemdatal172.xIsx). For key sporomorph taxa studied at Site 1172
refer to Section 4.5.3. Slides and residues are stored in the collection of the Institute of
Geosciences, Goethe University Frankfurt, Germany

Baculatisporites sp. (Plate X, 7; Osmundaceae)

Bacutriletes? sp.1 (Plate X, 8)

Banksieaeidites arcuatus Stover in Stover and Partridge 1973 (Plate XII, 7)
Beaupreaidites cf. diversiformis Milne 1998 (Plate XII, 12; Beauprea)
Camarozonosporites cf. Lycopodium cerniidites (Ross) Brenner 1963 (Plate X, 2)
Camarozonosporites sp.? (Plate X, 7-8)

Cibotiumspora sp. (Plate X, 12)

Cyathidites sp. (Plate IX, 1)

Dicotetradites clavatus? Couper 1953 (Plate XI, 8)

Diporites sp. (Plate XII, 8)

Evansispora senonica Raine, 2008 (Plate IX, 11)

Forcipites sp. (Plate XIII, 5)

Gemmate inaperturate pollen type (Plate XI, 7)

Granulatisporites sp. (Plate IX, 5-6)

Granulatisporites? sp. (Plate X, 11)

Ischyosporites? crateris Balme 1957 (Plate IX, 12)

Leptolepidites verrucatus Couper 1953 (Plate IX, 3)

Neoraistrickia cf. truncate (Cookson) Potonie 1956 (Plate XI, 2)
Nothofagidites sp.1 (Plate X1, 11; Nothofagus)

Nothofagidites sp. (Plate XI, 9-10; Nothofagus)

Ornamentifera sentosa Dettmann and Playford 1969 (Plate X, 9)
Peninsulapollis cf. askiniae Dettmann and Jarzen, 1988 (Plate XII, 10-11)
Peromonolites cf. densus Harris 1965 (Plate XI, 3)

Peromonolites densus Harris 1965 (Plate XI, 5)

Peromonolites sp. (Plate XI, 4)

Peromonolites? sp. (Plate XI, 6)

Perotriletes sp. (Plate XI, 1)

Proteacidites aff. adenanthoides Cookson 1950 (Plate X VI, 8; Proteaceae)
Proteacidites aff. angulatus Stover in Stover and Partridge 1973 (Plate XVII, 10;
Proteaceae)

Proteacidites aff. reflexus Partridge in Stover and Partridge 1972 (Plate XVI, 10;
Proteaceae)

Proteacidites aff. similis Harris 1965 (Plate XVI, 3-4; Proteaceae)
Proteacidites cf. adenanthoides Cookson 1950 (Plate X VI, 5-7; Adenanthos?)
Proteacidites cf. asperatus Dettmann 1963 (Plate XIV, 12; Proteaceac)
Proteacidites cf. obscurus Cookson 1950 (Plate XIII, 7-9; Proteaceac)
Proteacidites ct. parvus Cookson 1950 (Plate XIV, 7; Bellendena montana)
Proteacidites cf. similis Harris 1965 (Plate XV, 12; Proteaceac)
Proteacidites cf. similis Harris 1965 (Plate X VI, 1; Proteaceac)
Proteacidites concretus? Harris 1972 (Plate XV, 8-9; Proteaceae)
Proteacidites concretus? Harris 1972 (Plate XV, 6-7; Proteaceae)
Proteacidites concretus? Harris 1972 (Plate XV, 10; Proteaceae)
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Proteacidites scaboratus Couper 1960 (Plate XV, 3-5; Proteaceac)
Proteacidites scaboratus? Couper 1960 (Plate XV, 1-2; Proteaceac)
Proteacidites similis? Harris 1965 (Plate X VI, 2; Proteaceace)
Proteacidites sp. (Plate XIV, 1-3; Proteaceae)

Proteacidites? sp. (Plate X1V, 4)

Proteacidites sp./Cranwellipollis sp. (Plate XIII, 1; Proteaceac)
Proteacidites sp.2 (Plate XV1, 12; Proteaceae)

Proteacidites sp.3 (Plate XVI, 11; Proteaceae)

Proteacidites sp.4 (Plate XVII, 4; Proteaceae)

Proteacidites? sp.5 (Plate XVII, 6-7)

Proteacidites sp.6 (Plate XV, 11; Proteaceae)

Proteacidites sp.7 (Plate XVII, 9; Proteaceae)

Proteacidites sp.9 (Plate XVII, 12; Proteaceae)

Proteacidites sp. 8 (Plate XIV, 5-6; Proteaceae)

Proteacidites sp.10 (Plate XIII, 11; Proteaceae)

Proteacidites sp.11 (Plate XIII, 10; Proteaceae)

Proteacidites sp.12 (Plate XVII, 11; Proteaceae)

Proteacidites sp.14 (Plate XVII, 5; Proteaceae)

Proteacidites sp.15 (Plate XVI, 9; Proteaceace)

Proteacidites subscabratus Couper 1960 (Plate XIII, 12; Proteaceae)
Proteacidites symphyonemoides/P. pseudomoides (Plate XIV, 8-11; Symphyonema,
Petrophile)

Proteacidites tenuiexinus Stover in Stover and Partridge 1973 (Plate XVII, 1; Proteaceac)
Proteacidites tenuiexinus? Stover in Stover and Partridge 1973 (Plate XVII, 2-3;
Proteaceae)

Psilatricolporites sp.2 (Plate XII, 6)

Retitricolpites sp.1 (Plate XIII, 2)

Retitricolporites sp.1 (Plate XII, 1)

Retitricolporites sp.2 (Plate XII, 2)

Retitricolporites sp.4 (Plate XII, 4)

Retitriletes cf. rosewoodensis (de Jersey) McKellar 1974 (Plate IX, 9-10)
Retitriletes sp. (Plate X, 3)

Retitriletes sp.2 (Plate X, 10)

Retitriletes sp.3 (Plate X, 5)

Retitriletes? facetus (Dettmann) Srivastava 1972 (Plate X, 6)
Retritricolporites sp.3 (Plate XII, 3)

Rubinella ct. major (Couper) Norris 1968 (Plate IX, 4)

Stereisporites regium (Drozhastichich) Drugg 1967 (Plate X, 1-2; Sphagnaceae?)
Tetracolporites sp. (Plate XI, 12)

Tricolpites lilliei Couper 1953 (Plate XII, 9)

Tricolporites? microreticulatus Harris 1965 (Plate XII, 5)

Trilete spore undet. (Plate X, 4)

Triorites fragilis Couper 1953 (Plate XIII, 3-4)

Triorites sp./Proteacidites sp. Macphail 1990 (Plate XVII, 8)
Triporopollenites sp.1 (Plate XIII, 6)
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Plate IX.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10

wm.

1. Cyathidites sp.; Sample 15R-4, 119-120 cm (601.26-601.27 rmbsf), Slide 1,
England-Finder coordinates H20.

2. Camarozonosporites cf. Lycopodium cerniidites (Ross) Brenner 1963; Sample 15R-
5,99-100 cm (611.0-611.01 rmbsf), Slide 1,V18/2.

3. Leptolepidites verrucatus Couper 1953; Sample 19R-1, 4042 cm (644.58-644.6
rmbsf), Slide 1, 023/2.

4. Rubinella ct. major (Couper) Norris 1968; Sample 14 R-3, 4042 cm (599.74—
599.76 rmbsf), Slide 1, G31/3.

5.-6.  Granulatisporites sp.; Sample 15R-5, 79—80 cm (612.29-612.31 rmbsf), Slide 1,
R27/1. Sample 16R-5, 20-22 cm (621.57—621.59 rmbsf), Slide 2, L21.

7.-8.  Camarozonosporites sp.?; Sample 15R-5, 19-21 cm (611.7-611.72 rmbsf), Slide 1,
U22. Sample 19R-1, 40-42 cm (644.58-644.6 rmbsf), Slide 2, L.24/4.

9.-10. Retitriletes cf. rosewoodensis (de Jersey) McKellar 1974; Sample 16R-5, 20-22 cm
(621.57-621.59 rmbsf), Slide 1, L20. Sample 15R-5, 110-112 c¢cm (612.61-612.63
rmbsf), Slide 1, L19/4.

11. Evansispora senonica Raine, 2008; Sample 17R-7, 20-22 cm (634.17-634.19
rmbsf), Slide 1, E35.

12.  Ischyosporites? crateris Balme 1957; Sample 15R-5, 4041 cm (611.91-611.92
rmbsf), Slide 1,T27.

Plate X.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10

o m.

1.-2.

(98]

N

10.
11.

Stereisporites regium (Drozhastichich) Drugg 1967; Sample 20R-1, 4042 cm
(654.18-654.2 rmbsf), Slide 1, England-Finder coordinates V23/1. Sample 20R-5,
4043 cm (660.18-660.21 rmbsf), Slide 1, J28/1.

Retitriletes sp.; Sample 14R-5, 40—42 cm (602.9-602.92 rmbsf), Slide 4, N15/2.
Trilete spore undet.; Sample 14R-3, 4042 cm (599.74-599.76 rmbsf), Slide 3,
N44/4.

Retitriletes sp.3; Sample 14R-2, 4042 cm (598.24-598.26 rmbsf), Slide 1, B18.
Retitriletes? facetus (Dettmann) Srivastava 1972; Sample 15R-2, 40—42 cm (607.4—
607.42 rmbsf), Slide 4, W49/2.

Baculatisporites sp.; Sample 16R-5, 20-22 cm (621.57-621.59 rmbsf), Slide 2,
036/2.

Bacutriletes? sp.1; Sample 18R-6, 4042 cm (641.97-641.99 rmbsf), Slide 1,
N22/3.

Ornamentifera sentosa Dettmann and Playford 1969; Sample 18R-1, 4042 cm
(634.98-635.0 rmbsf), Slide 1, Q30/3.

Retitriletes sp.2; Sample 16R-5, 20-22 cm (621.57-621.59 rmbsf), Slide 1, U32/4.
Granulatisporites? sp.; Sample 14R-6, 4042 cm (604.44—604.46 rmbsf), Slide 3,
51/3.
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12. Cibotiumspora sp.; Sample 17R-2, 70-72 cm (627.17-627.19 rmbsf), Slide 1,
V36/1.
Plate XI.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10

um,

1. Perotriletes sp.; 18R-1, 40-42 cm (634.98—635.0 rmbsf), Slide 1, England-Finder
coordinates J17/2.

2. Neoraistrickia cf. truncate (Cookson) Potonie 1956; Sample 19R-3, 4042 cm
(647.57-647.59 rmbsf), Slide 1, G18/1.

3. Peromonolites cf. densus Harris 1965; Sample 15R-5, 19-21 c¢cm (611.7-611.72
rmbsf), Slide 1, U21/4.

4, Peromonolites sp.; Sample 15R-5, 52-53 cm (612.02—612.03 rmbsf), Slide 1, T33.

5. Peromonolites densus Harris 1965; Sample 15R-5, 104-106 cm (612.55-612.57
rmbsf), Slide 1, V31/1.

6. Peromonolites? sp.; Sample 16R-1, 4042 cm (615.77-615.79 rmbsf), Slide 1,
N35/2.

7. Gemmate inaperturate pollen type; Sample 14R-4, 40-42 cm (601.26-601.28
rmbsf), Slide 1, L16/1.

8. Dicotetradites clavatus? Couper 1953; Sample 14R-4, 40—42 cm (601.26—601.28
rmbsf), Slide 2, S46/3.

9.-10. Nothofagidites sp.; Sample 17R-7, 20-22 cm (634.17-634.19 rmbsf), Slide 1, L19.
Sample 16R-5, 20-22 cm (621.57—621.59 rmbsf), Slide 1, X29/2.

11. Nothofagidites sp.1; Sample 16R-3, 40-42 cm (618.77-618.79 rmbsf), Slide 2,
R30/2.

12. Tetracolporites sp.; Sample 15R-5, 85-86 cm (612.36-612.37 rmbsf), Slide 10,
V30.

Plate XII.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10

o m.

Retitricolporites sp.1; Sample 16R-5, 20-22 cm (621.57-621.59 rmbsf), Slide 1,
England-Finder coordinates H31.

Retitricolporites sp.2; Sample 14R-3, 40-42 cm (599.74-599.76 rmbsf), Slide 4,
J19/3.

Retritricolporites sp.3; Sample 15R-5, 52-53 cm (612.02—612.03 rmbsf), Slide 1,
L29.

Retitricolporites sp.4; Sample 14R-3, 40-42 cm (599.74-599.76 rmbsf), Slide 1,
K46.

Tricolporites? microreticulatus Harris 1965; Sample 15R-5, 0-2 cm (611.52—
611.54 rmbsf), Slide 1, K33.

Psilatricolporites sp.2; Sample 15R-2, 4042 cm (607.4-607.42 rmbsf), Slide 2,
L42.

Banksieaeidites arcuatus Stover in Stover and Partridge 1973; Sample 15R-7, 40—
42 cm (614.91-614.93 rmbsf), Slide 2, G15/4.
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8. Diporites sp.; Sample 15R-6, 4042 cm (613.41-613.43 rmbsf), Slide 2, G19/3.

9. Tricolpites lilliei Couper 1953; Sample 17R-5, 40—42 cm (631.37-631.39 rmbsf),
Slide 1, U23/4.

10.-11. Peninsulapollis cf. askiniae Dettmann and Jarzen, 1988; Sample 14R-3, 4042 cm
(599.74-599.76 rmbsf), Slide 2, N24. Sample 17R-6, 40—42 cm (632.87-632.89
rmbsf), Slide 1, 022/1.

12.  Beaupreaidites cf. diversiformis Milne 1998; Sample 15R-4, 4042 cm (610.41—
610.43 rmbsf), Slide 1, W19/2.

Plate XIII.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10
wm.

1. Proteacidites sp./Cranwellipollis sp.; Sample 14R-2, 40-42 cm (598.24-598.26
rmbsf), Slide 1, England-Finder coordinates B36/4.

2. Retitricolpites sp.1; Sample 15R-2, 40-42 cm (607.4-607.42 rmbsf), Slide 1,
018/4.

3.-4.  Triorites fragilis Couper 1953; Sample 18R-6, 4042 cm (641.97-641.99 rmbsf),
Slide 2, J18/2. Sample 15R-5, 124—126 cm (612.75-612.76 rmbsf), Slide 1, K35/3.

5. Forcipites sp.; Sample 17 R-7, 20-22 cm (634.17-634.19 rmbsf), Slide 1, M23/2.

6. Triporopollenites sp.1; Sample 19R-1, 4042 cm (644.58—644.6 rmbsf), Slide 1,
G27/2.

7.8.-9. Proteacidites cf. obscurus Cookson 1950; Sample 19R-1, 40-42 cm (644.58-644.6
rmbsf), Slide 2, M22. Sample 17R-6, 40-42 cm (632.87-632.89 rmbsf), Slide 1,
Q31/4. Sample 17R-5, 40-42 cm (631.37-631.39 rmbsf), Slide 2, H18.

10. Proteacidites sp.11; Sample 17R-7, 20-22 cm (634.17-634.19 rmbsf), Slide 1,
K28/4.

11. Proteacidites sp.10;, Sample 16R-1, 4042 cm (615.77-615.79 rmbsf), Slide 1,
U26/2.

12.  Proteacidites subscabratus Couper 1960; Sample 20R-1, 40-42 cm (654.18-654.2
rmbsf), Slide 1, N28/4.

Plate XIV.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10
wm.

1.2.-3. Proteacidites sp.; Sample 20R-5, 40-43 cm (660.18-660.21 rmbsf), Slide 2,
England-Finder coordinates W25/4. Sample 17R-7, 20-22 cm (634.17-634.19
rmbsf), Slide 2, M31/4. Sample 20R-5, 40—43 cm (660.18-660.21 rmbsf), Slide 2,
V22/1.

4, Proteacidites? sp.; Sample 17R-4, 40-42 cm (629.87-629.89 rmbsf), Slide 1, Q20.

5.-6.  Proteacidites sp. 8; Sample 15R-4, 146-147 cm (611.47-611.48 rmbsf), Slide 1,
J27. Sample 20R-1, 4042 cm (654.18-654.2 rmbsf), Slide 2, S32.

7. Proteacidites cf. parvus Cookson 1950; Sample 15R-5, 124-126 cm (612.75—
612.77 rmbsf), Slide 1, W20/3.

174



Appendices

8.-9.  Proteacidites symphyonemoides/P. pseudomoides; Sample 17R-5, 40-42 cm
(631.37-631.39 rmbsf), Slide 1, F35. Sample 17R-7, 20-22 cm (634.17-634.19
rmbsf), Slide 2, N32.

10.-11. Proteacidites symphyonemoides/P. pseudomoides; Sample 16R-3, 40-42 cm
(618.77-618.79 rmbsf), Slide 1, O34/1. Sample 16R-5, 20-22 cm (621.57-621.59
rmbsf), Slide 1, L25/4.

12.  Proteacidites cf. asperatus Dettmann 1963; Sample 15R-4, 69-70 cm (610.71—
610.72 rmbsf), Slide 1, R23/3.

Plate XV.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10
wm.

1.-2.  Proteacidites scaboratus? Couper 1960; Sample 14R-4, 4042 cm (601.26—601.28
rmbsf), Slide 2, England-Finder coordinates G11. Sample 14R-3, 4042 cm
(599.74-599.76 rmbsf), Slide 3, K47/4.

3.4.-5 Proteacidites scaboratus Couper 1960; Sample 15R-5, 85-86 cm (612.36-612.37
rmbsf), Slide 1,V30. Sample 14R-2, 4042 cm (598.24-598.26 rmbsf), Slide 2,
J49/1. Sample 14R-6, 40—42 cm (604.44—604.46 rmbsf), Slide 3, K40/1.

6.-7. Proteacidites concretus? Harris 1972; Sample 14R-4, 4042 cm (601.26-601.28
rmbsf), Slide 4, R14/4. Sample 16R-3, 40—42 cm (618.77-618.79 rmbsf), Slide 1,
W28/4.

8.-9.  Proteacidites concretus? Harris 1972; Sample 14 R-5, 40-42 cm (602.9-602.92
rmbsf), Slide 4, X33/2. Sample 14 R-2, 4042 cm (598.24-598.26 rmbsf), Slide 1,
B33/2.

10. Proteacidites concretus? Harris 1972; Sample 14R-6, 40-42 cm (604.44-604.46
rmbsf), Slide 2, U22/1.

11. Proteacidites sp.6; Sample 14R-2, 40-42 cm (598.24-598.26 rmbsf), Slide 1,
053/3.

12. Proteacidites cf. similis Harris 1965; Sample 14R-4, 40-42 cm (601.26—601.28
rmbsf), Slide 1, P20/4.

Plate XVI.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10
wm.

1. Proteacidites cf. similis Harris 1965; Sample 14R-6, 40-42 cm (604.44-604.46
rmbsf), Slide 4, England-Finder coordinates F40/4.

2. Proteacidites similis? Harris 1965; Sample 15R-2, 40-42 cm (607.4-607.42 rmbsf),
Slide 2, P33.

3.-4.  Proteacidites aff. similis Harris 1965; Sample 18R-6, 40-42 cm (641.97-641.99
rmbsf), Slide 1, E29 /1. Sample 15 R-5, 4445 cm (611.95-611.96 rmbsf), Slide 1,
S34/1.

5.-6.  Proteacidites cf. adenanthoides Cookson 1950; Sample 15R-4, 69—70 cm (610.71-
610.72 rmbsf), Slide 1, N18/4. Sample 15R-5, 104-106 cm (612.55-612.57 rmbsf),
Slide 1, Y25/2.

7. Proteacidites cf. adenanthoides Cookson 1950; Sample 20R-5, 40—43 cm (660.18—
660.2 rmbsf), Slide 2, E16/1.

175



Appendices

8. Proteacidites aff. adenanthoides Cookson 1950; Sample 17R-7, 20-22 cm (634.17—
634.19 rmbsf), Slide 1, J32.

0. Proteacidites sp.15; Sample 15R-5, 139-141 cm (612.9-612.92 rmbsf), Slide 1,
D19/1.

10.  Proteacidites aff. reflexus Partridge in Stover and Partridge 1972; Sample 15R-5,
59—60 cm (612.1-612.11 rmbsf), Slide 1, O16.

11.  Proteacidites sp.3; Sample 14R-2, 4042 cm (598.24-598.26 rmbsf), Slide 1,
B41/1.

12. Proteacidites sp.2; Sample 15R-1, 40—42 cm (605.9-605.92 rmbsf), Slide 4, L23/1.

Plate XVII.

All specimens are from the Paleocene and Eocene of ODP Site 1172. Scale bars equal 10
wm.

1. Proteacidites tenuiexinus Stover in Stover and Partridge 1973; Sample 15R-5, 114—
115 cm (612.65-612.66 rmbsf), Slide 1, England-Finder coordinates E16/2.

2.-3.  Proteacidites tenuiexinus? Stover in Stover and Partridge 1973; Sample 14R-6, 40—
42 cm (604.44—604.46 rmbsf), Slide 3, Q15/2. Sample 14R-5, 4042 cm (602.9—
602.92 rmbsf), Slide 1, K23.

4, Proteacidites sp.4; Sample 17 R-6, 4042 cm (632.87-632.89 rmbsf), Slide 3,
Q36/4.

5. Proteacidites sp.14; Sample 15R-4, 135-137 cm (611.36-611.38 rmbsf), Slide 1,
T20.

6.-7. Proteacidites? sp.5; Sample 15R-5, 120-121 cm (612.71-612.72 rmbsf), Slide 1,
R27/4. Sample 16R-4, 40-42 cm (620.27—620.29 rmbsf), Slide 2, U22/1.

8. Triorites sp./Proteacidites sp. Macphail 1990; Sample 14R-6, 40-42 cm (604.44—
604.46 rmbsf), Slide 4, U21/1.

0. Proteacidites sp.7; Sample 16R-5, 20-22 cm (621.57-621.59 rmbsf), Slide 1,
U33/1.

10.  Proteacidites aff. angulatus Stover in Stover and Partridge 1973; Sample 15R-5,
139-141 cm (612.9—612.92 rmbsf), Slide 1, D33/4.

11. Proteacidites sp.12; Sample 15R-1, 40—42 cm (605.9—605.92 rmbsf), Slide 3, J41/1.

12. Proteacidites sp.9; Sample 16R-5, 20-22 cm (621.57-621.59 rmbsf), Slide 2,
U33/4.
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Contreras, L., Ochoa, D., Jaramillo, C., Mora, G., 2007. Floristic changes in the
neotropics at the PETM. AASP 40th Annual Meeting. Panama.

V. Relevant courses

VI

Molecular Organic biogeochemistry. Royal Netherlands Institute for Sea Research.
Texel, September 26 — October 1. 2010.

Secuence stratigraphy. Ph.D. German Bayona. Universidad EAFIT- Smithsonian
Tropical Research Institute. Bogota (Colombia) March — June 2007.

Sedimentological description and stratigraphy of cores from Northern Colombia.
Ph.D. Flavia Fiorini, M.Sc Andrés Reyes, Ph.D, German Bayona. Instituto
Colombiano del Petroleo and Smithsonian Tropical Research Institute.
Bucaramanga (Colombia). February 19 — 21, 2007.

Dynamics and Evolution of Cenozoic Climate, Urbino Summer School in
Paleoclimatology. James Zachos, Gerry Dickens, Gabriel Bowen, Henk Brinkhuis,
and others. Urbino University. Italy. July 19 — August 2, 2006.

R Basic Statistics, Richard Condit. Smithsonian Tropical Research Institute.
Panama. December 4 — 7, 2006.
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Distinguished oral presentation. Climate and Biota of the Early Paleogene.
Salzburg. Austria. 2011.

Scholarship to attend Summer school in Paleoclimatology. Urbino — Italy. 2006.

Banco de la Republica Grant. “Fundacion para la Promocion de la Investigacion y
la Tecnologia”. Project: “Cambios Floristicos en respuesta a calentamientos
extremos: el caso del PETM”. § 8.700. January 2007.

Scholarship for Master studies and internship. Instituto Colombiano del Petroleo —
Smithsonian Tropical Research Institute. January 2006 — June 2007.
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