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Abstract. Reconstructing the early Palaeogene climate dy-Palaeocene—Eocene Thermal Maximum (PETM). The tran-
namics of terrestrial settings in the high southern latitudes issient establishment of cool-temperate forests lacking any
important to assess the role of high-latitude physical and biofrost-sensitive elements (i.e. palms and cycads) across the
geochemical processes in the global climate system. Howmiddle/late Palaeocene transition interval indicates markedly
ever, whereas a number of high-quality Palaeogene climateooler conditions, with the occurrence of frosts in winter,
records has become available for the marine realm of then Tasmania during that time. The integration of our sporo-
high southern latitudes over the recent past, the long-ternmorph data with previously published Tggbased sea-
evolution of coeval terrestrial climates and ecosystems issurface temperatures from ODP Site 1172 documents that
yet poorly known. We here explore the climate and vege-the vegetation dynamics on Tasmania were closely linked
tation dynamics on Tasmania from the middle Palaeoceneavith the temperature evolution in the Tasman sector of the
to the early Eocene (60.7-54.2 Ma) based on a sporomorpBouthwest Pacific region. Moreover, the comparison of our
record from Ocean Drilling Program (ODP) Site 1172 on season-specific climate estimates for the sporomorph assem-
the East Tasman Plateau. Our results show that three didlages from ODP Site 1172 with the T%g( and TE>§'6—
tinctly different vegetation types thrived on Tasmania un- based temperature data suggests a warm bias of both calibra-
der a high-precipitation regime during the middle Palaeocendions for the early Palaeogene of the high southern latitudes.
to early Eocene, with each type representing different tem-
perature conditions: (i) warm-temperate forests dominated

by gymnosperms that were dominant during the middle

and late Palaeocene (excluding the middle/late Palaeocene Introduction

transition); (ii) cool-temperate forests dominated by south-

ern beechNothofaguy and araucarians that transiently pre- The Southern Ocean is an important region for early Ceno-
vailed across the middle/late Palaeocene transition intervatoic (65-34 Ma) climates, being the dominant region for
(~59.5 to~59.0 Ma); and (iii) paratropical forests rich in deep-water formation during that time (Thomas et al.,
ferns that were established during and in the wake of the2003; Sijp et al., 2011; Hollis et al., 2012). South Pacific
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sea-surface and global intermediate water temperatures irtouthwest Pacific region. This vegetation is widely known
creased from the late Palaeocene to the early Eocene, witfftom Southeast Australia (Macphail et al., 1994; Greenwood
maximum warmth during the Early Eocene Climatic Opti- et al., 2003; Greenwood and Christophel, 2005), Tasmania
mum (EECO; 53-51 Ma), followed by a cooling trend dur- (Truswell, 1997; Carpenter et al., 2012) and New Zealand
ing the middle and late Eocene (Zachos et al., 2001, 2008(Raine et al., 2009; Handley et al., 2011); notably, it also
Bijl et al., 2009; Hollis et al., 2012). This cooling trend ulti- thrived on the Wilkes Land margin of the Antarctic con-
mately culminated in the establishment of a continental-scaldinent, i.e. at palaeo-latitudes of 70° South (Pross et al.,
ice shield on Antarctica during the earliest Oligocene (e.g.2012; Contreras et al., 2013).
Zachos et al., 1994, 2008; Barrett, 1996), which represented The pronounced vegetation turnover from temperate
a decisive step in the earth’s transition from a “greenhouse’forests during the Palaeocene to near-tropical forests dur-
into an “icehouse” world. ing the early Eocene suggests a marked, climatically driven
Organic geochemical surface-water temperature proxychange in terrestrial environments in the high southern lati-
records from the high-latitude Southwest Pacific Ocean (notudes. However, the transitional process between these two
tably TEXgs; Bijl et al., 2009) closely mirror trends in vegetation types and the underlying change in terrestrial cli-
the benthic foraminiferal oxygen isotope data from the latemate conditions of the Southwest Pacific region have re-
Palaeocene to the early Oligocene (Zachos et al., 2001mained poorly understood. The gaps in the documentation of
2008), which lends further support to the suggestions thaterrestrial climate dynamics during the early Palaeogene ap-
the southern ocean was the main region for deep-water forpear particularly pronounced considering the coeval data sets
mation (Thomas et al., 2003). Irrespective of the calibrationfor the marine realm from the same region (Bijl et al., 2009,
used, Southwest Pacific Tlgderived sea-surface temper- 2013a; Hollis et al., 2009; 2012, 2014). This is due to the
atures (SSTs) were relatively cool during the early and mid-fact that prior palaeobotanical studies are mainly based on
dle Palaeocene. During the late Palaeocene and early Eocersratigraphically discontinuous outcrops that provided only
SSTs gradually rose to tropical values 26°C), with max-  limited insights into the Palaeocene and early Eocene veg-
ima being reached during the Palaeocene—Eocene Thermatation of the region (Greenwood et al., 2003). In addition,
Maximum (PETM; Sluijs et al., 2011) and the EECO (Bijl available studies on sporomorphs from the early Palaeogene
et al., 2009; Hollis et al., 2009, 2012). Towards the end ofof the Southwest Pacific region have predominantly focused
the early Eocene (49-50Ma), a pronounced SST cooling obn the taxonomical characterization of the assemblages and
~ 4°C occurred on the Australo-Antarctic margin; this cool- the generation of biostratigraphic schemes (e.g. Stover and
ing has been attributed to the onset of westbound surfaceEvans, 1973; Stover and Partridge, 1973; Truswell, 1997;
water throughflow across the Tasmanian Gateway (Bijl et al. Macphail, 1999). In any case, estimates of terrestrial temper-
2013a). A similar cooling trend is registered for surface wa-atures in the high southern latitudes and a comparison with
ters off New Zealand (Hollis et al., 2009, 2012) and in the the currently available SST estimates from the marine realm
Tasman sector of the Southwest Pacific Ocean (Bijl et al.can strongly enhance the understanding of the climate evo-
2009; Hollis et al., 2012). Strikingly low SSTs are recorded lution in the high southern latitudes during the early Palaeo-
for the high-latitude Southwest Pacific Ocean during the in-gene.
terval spanning the middle/late Palaeocene transition (59.5— In light of the above, we here explore the vegetation re-
59.0 Ma); TEXgs-derived SST decreased by3°C during  sponse to high-southern-latitude climate forcing from the
that time (Bijl et al., 2009; Hollis et al., 2012, 2014). Along Palaeocene to the “hothouse” conditions of the early Eocene
with this SST drop, lowered sea level and marked bathyabased on a new, chronostratigraphically well-calibrated (Bijl
erosion suggest that a transient growth of an Antarctic iceet al., 2013b) sporomorph record from Ocean Drilling Pro-
sheet may have occurred (Hollis et al., 2014). gram (ODP) Site 1172 off eastern Tasmania. We quanti-
While an increasing amount of data has become availtatively evaluate the compositional variations of the sporo-
able on the marine climate evolution in the southern highmorph assemblages and carry out quantitative sporomorph-
latitudes during the early Palaeogene, the coeval terrestridbased palaeoclimatic reconstructions. For a further assess-
climate dynamics of that region are yet poorly documentedment of the terrestrial climatic conditions in the Southwest
(e.g. Passchier et al., 2013). For the Palaeocene, palaeobotaPacific region, we apply the same palaeoclimate reconstruc-
ical records reflect the thriving of temperate, gymnosperm-tion approach to previously published sporomorph records
rich forests dominated by podocarps in Southeast Australidrom Southeast Australia (Bass Basin, Gippsland Basin,
(e.g. Macphail et al., 1994; Greenwood et al., 2003; GreenSoutheast Highlands) and New Zealand. Finally, we com-
wood and Christophel, 2005), on Seymour Island (Antarc-pare our terrestrial palaeoclimate estimates with previously
tica; Askin, 1990), and in New Zealand (Mildenhall, 1980; published TEXg-based (i.e. TE¥; and TEX\, calibrations;
Raine et al., 2009). Kim et al., 2010) SST reconstructions from the same site
In contrast, highly diverse angiosperm forests containing(Bijl et al., 2009, 2013b; Hollis et al., 2014) in order to con-
taxa that today are restricted to tropical environments chartribute to a better understanding of the early Palaeogene cli-
acterize the early Eocene vegetation in the higher-latitudenate dynamics in the high southern latitudes.
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1.1 Regional setting and palaeoceanography lowing Crouch et al. (2014). The magnetostratigraphic age
model for the Palaeocene section (Rohl et al., 2004) was
During the early Palaeogene, Tasmania and the East Tagdjusted by Bijl et al. (2010) on the basis of the recogni-
man Plateau (ETP) were located at65° S, much closer  tion of the PETM in Core 1172D-15R (611.8 rmbsf; Sluijs et
to Antarctica than today (Exon et al., 2004b). Palaeoceanog|., 2011). The missing interval between Cores 16R and 17R
graphic patterns as determined by winds and gateway configi~ 620 rmbsf) represents -a 1.3 Ma-long hiatus that spans
uration were likely vital for regional climates on land (Sijp et the time interval correlative to between infra-subchrons C26n
al., 2011). The study site was located close to the Tasmaand C25n (57.7-59 Ma; Bijl et al., 2010, 2013b).
nian promontory, which hampered deep ocean exchange be- The upper 60 cm of section in Core 17R (i.e. below the
tween the Southwest Pacific and the Australo-Antarctic GU'fhiatus) are heav"y disturbed and have many sediment char-
for most of the early Palaeogene (Shipboard Scientific Partyacteristics more consistent with Core 16R than with the un-
2001b; Stickley et al., 2004; Fig. 1). During the Palaeocenederlying sediment (Rohl et al., 2004). We therefore follow

and early Eocene, the Tasman region was under the persiRghl et al. (2004) in their suggestion that this interval repre-
tent influence of the Antarctic-derived Tasman Current; in sents caved material of late Palaeocene age.

contrast, the Australo-Antarctic Gulf (west of Tasmania) was The middle Palaeocene to Lower Eocene succession of

bathed by the low-latitude-derived proto-Leeuwin CurrentODP Site 1172 consists mainly of grey to greyish brown
(Huber et al., 2004; Sijp et al., 2011; see Fig. 1). This palaeoclay- and siltstones with low abundances of calcareous and
ceanographic configuration determined marine biogeographsiliceous microfossils (Shipboard Scientific Party, 2001a;
ical patterns in the region (Huber et al., 2004; Bijl etal., 2011, R¢hl et al., 2004). Environmentally, the succession is in-
2013a). The onset of the deepening of the Tasmanian Gateerpreted to reflect very shallow to restricted marine condi-
way at~ 49-50 Ma initiated a westbound Antarctic Counter tions, with marked runoff from the nearby shores (R6hl et
Current flowing along the Antarctic margin from the Pacific a|., 2004).

into the Australo-Antarctic Gulf (Bl]' et al., 20133) Con- Any Study on Sporomorphs from marine sediments crit-
tinued rifting through the Eocene and accelerated deepeningally relies on the identification of the source region in or-
of the Tasmanian Gateway-(35.5Ma) led to the inflow of  der to provide meaningful palaeoclimatic information. An in-
Australo-Antarctic Gulf waters through the Tasmanian Gate-depth discussion of this issue is provided in Sect. 4.1.

way into the southern Pacific during the early Oligocene

(Stlckley et al., 2004; Sljp et al., 2011) These palaeocean02_2 Samp|e processing and data ana]ysis

graphic reorganizations had important effects on terrestrial

climates in the Australo-Antarctic region (BIJ| etal., 20133) Eighty-nine Samp|es from the Palaeocene and Eocene of
ODP Site 1172, originally processed at the Laboratory of
Palaeobotany and Palynology, Utrecht University (Bijl et al.,
2011), were here reanalysed for terrestrial palynomorphs.

The middle Palaeocene to early Eocene strata studied her@®MPple processing followed standard palynological tech-
were recovered at ODP Site 1172, which is locatetDOkm ~ MiAues, including treatment with HCI (10 %) and HF (38 %)

east of Tasmania on the western side of the East Tasmafi"d Siéving through a 15 um nylon mesh (e.g. Pross, 2001).

Plateau (ETP; 4%57.6 S, 149 55.7 E; Fig. 1) (Shipboard The microscope slides were prepared using glycerine jelly
Scientific Party, 2001b). as a mounting medium. The residues and slide preparations

are stored in the collection of the Laboratory of Palaeob-
2.1 Age model, lithology and depositional environment ~ Otany and Palynology at Utrecht University. Whenever possi-

ble, 300 sporomorphs (excluding reworked specimens) were
We here follow the corrected sample depths for ODP Holeanalysed per sample and determined to the species level; this
1172D as published in Sluijs et al. (2011) based on detailedequired the analysis of up to six slides per sample. The anal-
correlation of the X-ray fractionation core scanning to the yses were performed using a light microscope at 200x mag-
y-ray downhole log. The age model of the studied sequencaification; morphological details were studied with a mag-
is based on the magnetostratigraphy, chemostratigraphy anaification of 1000x. Sporomorph identifications are mainly
dinoflagellate cyst (dinocyst) biostratigraphy as presented irbased on Couper (1960), Harris (1965), Stover and Partridge
Bijl et al. (2013b). For the interval studied (60.7-54.2 Ma), (1973), Truswell (1983), Raine et al. (2008) and Truswell and
the age model is based on three magnetic reversals confMacphail (2009). The botanical affinities are given follow-
dently correlated to the Geomagnetic Polarity Time Scaleing Macphail et al. (1994), Raine (1998) and Truswell and
(GPTS) of Vandenberghe et al. (2012), the PETVBE Ma), Macphail (2009). All sporomorph data (including photomi-
which exhibits a negative carbon isotope excursioty %o crographs of key taxa) are provided in the Supplementary
between 611.89 and 611.86 rmbsf (revised metres below selaformation.
floor) (Sluijs et al., 2011), and several dinocyst first and Rarefaction was applied to evaluate sporomorph diversity;
last occurrence data that have been calibrated regionally folthis allows us to estimate the number of sporomorph species

2 Material and methods
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Figure 1. Map of the Southwest Pacific Ocean showing the early Eoceis3 (Ma) continental configuration, illustrating modern continents

(grey), areas shallower than 300 m (blue) and locations of ODP Site 1172 and localities listed in Table 1. SM = Southern Monaro Sections
(Southeast Highlands), B =Burong-1, K =Kingfish-8, Ko = Konkon-1, MW-OS = 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).

at a constant sample size (Raup, 1975). Detrended corresporary. Due to the differences in sample sizes, sporomorph per-
dence analysis (DCA) is an ordination technique that wascentages were used as input for the DCA, and only samples
used to analyse floral composition change through time.  with counts> 100 individuals were evaluated.

To constrain the source region of the sporomorphs from
ODP Site 1172, we compared the floristic composition of 2.3 Sporomorph-based climate reconstructions
our record with coeval sporomorph records from Southeast . ) )
Australia (Bass Basin — data from Blevin, 2003; Gippsland Quantltatwe sppromorph-_bas_ed gllmate es_tlmates were car-
Basin — Department of Primary Industries, 1999; Southeasfiéd out following the bioclimatic analysis approach of
Highland sections — Taylor et al., 1990) and New ZealandC"e€nwood etal. (2005). For each taxon with a known near-
(Middle Waipara and Otaio River sections — Pancost et al. €St Ving relative (NLR; Table 2), climatic profiles were
2013) using DCA (see Fig. 1 for locations and Table 1 9enerated with regard to mean annual temperature (MAT),
for further details and references). From all records derived-©/dest month mean temperature (CMMT), warmest month
from drill holes, only data from core or sidewall core sam- Méan temperature (WMMT), and mean annual precipitation
ples were evaluated to avoid potential contamination by cav{MAP). The climate profiles are derived from (i) the data set
ing. To exclude a bias as it could have been introduced®’ Pross etal. (2012), which is mainly based on distribution
into our comparison through different taxonomic criteria, data from the Australian National Herbarium online database

we have standardized all data sets using broader group@ust_ralian National Herbarium, 2011) and the mathemati-
of taxa (e.g.Gleicheniiditesspp.Clavifera spp.,Phyliocla-  ¢@l climate surface software ANUCLIM 5.156 (Houlder et

diditesspp.,Nothofagiditesspp. fuscagroup]) when neces- &l 1999), and (i) the PALAEOFLORA database, which
contains climatic information for a plant taxon based on its

Clim. Past, 10, 1401442Q 2014 www.clim-past.net/10/1401/2014/
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Table 1. Sporomorph data sets 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 Appendix C of Blevin (2003). Biozones and ages are based on Stover and
Evans (1973), Stover and Partridge (1973) and Partridge (2006).

Section Region Age Pollen biozone Authors

Southern Monaro  highlands of southeastern  60-58 Ma Lygistepollenites Taylor et al. (1990)

sections Australia balmei

Burong-1 onshore Gippsland Basin  late Palaeocene Upper L. balmei * Partridge and Macphail (1997)

Kingfish-8 offshore Gippsland Basin  early Eocene Lower Malvacipollis  * Partridge (1992)

diversus

Konkon-1 Bass Basin middle to late Palaeocene, L. balmeiand + Partridge (2003)
early Eocene Lower M. diversus

Otaio and Middle  New Zealand 58-56 Ma Pancost et al. (2013).

Waipara sections

Poonboon-1 Bass Basin late Palaeocene, early Upper L. balmei, + Partridge (2003)
Eocene Lower M. diversus

Roundhead-1 offshore Gippsland Basin  middle to late Palaeocene, L. balmei, * Partridge (1989)
early Eocene Lower M. diversus

Sweetlips-1 offshore Gippsland Basin  middle to late Palaecocene L. balmei * Partridge (1989)

Turrum-4 offshore Gippsland Basin  middle to late Palaeocene L. balmei * Partridge (1993)

Turrum-4 offshore Gippsland Basin  middle to late Palaeocene L. balmei * Partridge (1993)

global distribution (Utescher and Mosbrugger, 2013). Fol-moph assemblages from the early Palaeogene of the higher
lowing Greenwood et al. (2005), the climatic values for eachsouthern latitudes (Greenwood et al., 2003; Carpenter et al.,
assemblage were calculated based on the zone of overlaf012; Pross et al., 2012; Contreras et al., 2013); the validity
of the majority of taxa from that assemblage with respectof the NLR-based results has been demonstrated through the
to a given climate parameter. This overlap interval was cal-comparison with data from other, independent proxies.
culated using the 10th percentile (as lower limit) and 90th
percentile (as upper limit) of the total range of the NLRs 2.4 Statistical examination of the connection between
recorded in that assemblage. The climate estimate is given  floristic composition and temperature
as the midpoint between the lower and upper limits, with the
error spanning from the lower to the upper limit. Only sam- To examine the correlation between the floristic composition
ples with counts> 100 individuals were used in the climate of our sporomorph record from ODP Site 1172 (as repre-
reconstructions. sented by DCA Axis 1 sample scores; Figs. 2 and 4) and
Palaeoclimate estimates based on the NLR concept mayEx'§6- and TE)QG-derived SST values from the same site
be influenced by a number of factors that need to be con{Bijl et al., 2013b; Hollis et al., 2014), we applied a state
sidered prior to the application of NLR-based reconstructionspace model. State space models or dynamic linear models
methods (e.g. Mosbrugger and Utescher, 1997; Mosbruggeallow data distributed along time to be interpreted as the com-
1999; Pross et al., 2000; Utescher et al., 2000). These famination of several components, such as trends, or seasonal
tors include (i) the potential misidentification of the fossil or regressive components (Petris et al., 2009; see West and
taxa and/or NLRs; (i) the potentially incomplete coverage of Harrison, 1997, for further details on the advantages and de-
the climatic tolerances of the NLRs; (iii) potentially uniden- velopment of the method). In essence, we modelled the dy-
tified differences between the climatic tolerances of fossilnamics of the “true” (but unknown) SST and DCA Axis 1
taxa and their NLRs; and (iv) a weakening of the connec-sample scores in time, and modelled the observed values as
tion between fossil taxa and NLRs the further one goes backjeviations from these true values.
in time. Generally, these issues become increasingly impor- The model was fitted with a Bayesian approach. The like-
tant with the age of the floras analysed and may diminishlinood is defined by Egs. (1) and (2), with both SST and
the significance of the results (e.g. Poole et al., 2005). TheyDCA for each time point where either one or both was mea-
can, however, be identified and corrected via the applicatiorsured. We compared 60 SST data points with our 40 values
of multi-proxy approaches. In particular, the NLR concept of the DCA Axis 1 scores. Because only six of the SST data
has been successfully applied to both macrofloral and sporogoints and DCA Axis 1 sample scores are from the exact

www.clim-past.net/10/1401/2014/ Clim. Past, 10, 140142Q 2014
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Table 2. List of fossil sporomorph taxa from the middle Palaeocene 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.

Fossil taxon Botanical affinity Source NLR used for Database
climate analysis
Araucariacitesspp. Araucariaceae Raine et al. (2008) Araucariaceae 1,2
Arecipitesspp. Arecaceae Nichols et al. (1973) Arecaceae 1
Baculatisporitesspp. Osmundaceae Raine et al. (2008) Osmundaceae 1
Banksieaeidites arcuatus ProteaceaeBanksia, Dryandra,  Raine et al. (2008)
Musgravea
Beaupreaiditesf. diversiformis ProteaceaeBeauprea Raine et al. (2008)
Caryophilliditessp. Caryophyllaceae Raine et al. (2008)
Ceratosporitespp. Lycopodiaceae, Selaginellaceae Raine et al. (2008)
Crassoretitrilete<f. vanraadshooveni  Lygodium Germeraad et al. (1968) Lygodium 1
Cyathiditesspp. Probably Cyatheaceae Mohr (2001) Cyatheaceae 1
Cycadopitespp. Cycadales Raine et al. (2008) Cycadakswenia 1
Lepidozamia, Macrozamia
Dacrycarpites australiensis Podocarpacea®@crycarpus Raine et al. (2008) Dacrycarpus 1
dacrydioide$
Dacrydiumites florinii Podocarpacea®@crydium Raine et al., 2008 Dacrydium 1
Dacrydiumitesspp. Podocarpacea®@crydium) Raine et al. (2008) Dacrydium 1
Dilwynites granulatus Araucariaceae Macphail et al. (2013)
(Wollemia/Agathis
Dilwynites tuberculatus Araucariaceae Macphail et al. (2013)
(Wollemia/Agathis
Ephedripitessp. Ephedra
Gleicheniidites senonicus Gleicheniaceae Raine et al. (2008) Dicranopteris, Diplopterygium, 1
Gleichenia, Sticherus
Gleicheniiditesspp. Gleicheniaceae Raine et al. (2008) Dicranopteris, Diplopterygium, 1
Gleichenia, Sticherus
Intratriporopollenitescf. notabilis Sterculioideae?, Bombacoideae?,Raine et al. (2008)
Tilioideae?
Malvacipollis diversus EuphorbiaceaeNustrobuxus, Raine et al. (2008) Euphorbiaceae 1
Dissiliaria, Petalostigm
Eumalvoideae?
Microalatidites spp. Podocarpaceae (dPhyllocladu3  Raine et al. (2008) Phyllocladus 1
Microcachrydites antarcticus Podocarpacead/(crostrobos, Raine et al. (2008)
Microcachrys tetragong
Myricipites harrisii Casuarinaceae, possibly also Raine et al. (2008) Casuarinaceae (all Australian 1
Myricaceae species)
Myrtaceiditesspp. Myrtaceae Raine et al. (2008) Myrtaceae 1
Nothofagidites asperus NothofagaceaeNothofagusubg. Truswell and Macphail N. cunninghamii, N. moorei 1
complex Lophozonia (2009)
Nothofagidites brachyspinulosus NothofagaceaeNothofagusubg. Truswell and Macphail NothofagaceadNothofagus 2
complex Fuscospora (2009) subg.Fuscospora)
Nothofagidites emarcidusomplex Nothofagacead\othofaguy Truswell and Macphail all subgenera (including 2
(including N. endurug (2009) Brassospora
Nothofagidites flemingiicomplex NothofagaceaeNothofagusubg. Raine et al. (2008) Nothofagaceaéothofagus 2
Nothofaguy subg.Fuscospora)
Nothofagidites lachlaniaecomplex NothofagaceaeNothofagusubg. Raine et al. (2008) Nothofagaceaéothofagus 2
Fuscospora subg.Fuscospora)
Nothofagiditessp.1 NothofagaceaeNothofaguy all subgenera (including 2
Brassospora
Nothofagiditesspp. undifferentiated NothofagaceaeNothofagup all subgenera (including 2
Brassospora
Osmundaciditespp. Osmundaceae Raine et al. (2008) Osmundaceae 1
Parvisaccites catastus Podocarpacea¢i@locarpug Raine et al. (2008)
Phyllocladidites mawsonii Lagarostrobos Raine et al. (2008) Lagarostrobos 2
Podocarpidites ellipticus Podocarpacea®@docarpuy Raine et al. (2008) Podocarpus 1
Podocarpidites exiguus Podacarpaceae Raine et al. (2008)
Proteacidites adenanthoides ProteaceaeNdenanthols Raine et al. (2008) Adenanthos 2
Proteacidites annularis ProteaceaeXylomelum Raine et al. (2008) Xylomelum(all Australian 2

occidentaleor Lambertig

species)

Clim. Past, 10, 1401442Q 2014
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Table 2. Continued.

Fossil taxon Botanical affinity Source NLR used for database
climate analysis
Proteacididitescf. amolosexinus Proteaceaeknightia excelsa Raine et al. (2008)
type)
Proteaciditexf. adenanthoides ProteaceaeNdenanthok Raine et al. (2008) Adenanthos 2
Proteacidites parvus ProteaceaeBellendena montana Raine et al. (2008) Bellendena montana 2
type)
Proteacidites reticuloscabratus ProteaceaeGevuina/ Raine et al. (2008) Gevuina, Hicksbeachia 2
Hicksbeachiaype)
Proteacidites symphyonemoides/ ProteaceadSymphyonema, Raine et al. (2008) Symphyonema, Petrophile 2
P. pseudomoides Carnarvonia)
Pseudowinterapollisp. Winteraceae Raine et al. (2008)
Retitriletescf. rosewoodensis Lycopodiaceaelfycopodium Raine et al. (2008)
Retitriletes facetus Lycopodicaceaelfycopodium Raine et al. (2008)
Rubinellacf. major Leptolepi8 Raine et al. (2008)
Spinizonocolpites prominatus Nypa(Arecaceae) Muller (1968) Nypa 1
Stereisporitesp. Sphagnaceae Truswell and Macphail
(2009)
Triporoletescf. reticulatus cf. Riccia beyrichiana Raine et al. (2008)
Troporopollenites ambiguus Proteacea€lglopea truncata, Raine et al. (2008)
Oreocallis pinnata
Tripunctisporites maastrichtiensis Sphagnaceae?

same depths, we treated the missing data with multiple imputheir abundance data along with photomicrographs of key
tation; in essence, we estimated them as extra parameters taxa is provided in the Supplementary Information. Based
be estimated (e.g. Gelman et al., 2003). The cross-covariancen rarefied values, the entire study interval is characterized
between two points was calculated following Eqg. (3) and theby rich sporomorph assemblages (mgasd.=29.2+3.4

final correlation using Eq. (4): taxa/sample at 100 individualg,= 40). Remarkably low
2 sporomorph species numbers are recorded for the samples
SSTi ~ N(xsst(t (1)), 7557 (1) corresponding to the PETM (22.8 and 24.5 species/sample at
DCA; ~ N (xpca(d(i)), TI%CA) 2 100 individuals; Fig. 2). The DCA results of our sporomorph
o2 o110 o2 0 record yield distinctly different values for the Axis 1 and
Ad < 11 POLI922 ) + ( SOST 2 ) (3)  Axis 2 sample scores (Fig. 3a). They allow us to define three
pou 022 9DcA sample groups, with each sample group being characteristic
corSST, DCA) = AlpopcaTsst . (4 forspecific ime intervals of our record (Fig. 3a). These inter-
(Adr + TI%CA) (A’USZST"' TéST) vals are: (i) the middle (60.7-59.5Ma) and late Palaeocene

(59.0-55.6 Ma); (ii) the middle/late Palaeocene transition
The model was fitted using OpenBUGS run through the(~59.5 to~59.0 Ma); and (iii) the early Eocene including
BRugs package (Thomas et al., 2006) of the R software fothe PETM (55.6-54.2 Ma). All three sample groups comprise
statistical computing (R Development Core Team, 2011) fit-characteristic sporomorph assemblages that are portrayed in
ted in a Bayesian framework using the BRugs package. Thé¢he following.
R script and further explanation of the analysis is given in the

Supplementary Information. 3.1.1 Middle Palaeocene (60.7-59.5 Ma) and late
Palaeocene (59.0-55.6 Ma) intervals
3 Results )
The sporomorph assemblages from the middle and late
3.1 Sporomorph results from ODP Site 1172 Palaeocene intervals (excluding the middle/late Palaeocene
transition, see below) are represented by 20 samples. They
Of the 89 palynological samples processed from the middleare dominated by gymnosperm pollen, which on average ac-
Palaeocene to Lower Eocene of ODP Site 1172, 40 samplesounts for 45 % of all sporomorphs. The gymnosperm pollen
yielded sporomorph counts 100 individuals and were fur- is represented mainly, in the order of decreasing abundances,
ther used in our analyses. The preservation of sporomorphs isy Podocarpiditesspp. (botanical affinity: Podocarpaceae;
generally good. A total of 197 sporomorph types were iden-podocarps),Dilwynites granulatus (Wollemia [Wollemi
tified. A range chart with the relative abundances of key taxapine]/Agathis [Kauri]; Macphail et al., 2013),Phyllocla-
is presented in Fig. 2; a full account of the identified taxa anddidites mawsoni{Lagarostrobos frankliniiHuon pine), and
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Figure 2. Relative abundances of selected sporomorph taxa ((A) angiosperms, (G) gymnosperms, (P) pteridophytes) representative of the
middle Palaeocene 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 £80rnitslividuals only. Numbers of sporomorph

species are rarefied at 100 individuals. The intervals corresponding to the middle/late Palaeocene transition and PETM are marked by
horizontal blue and red bars, respectively. Age model and dinocyst zonation after Bijl et al. (2013b).

Araucariacites spp. (AraucariaceaeAgathis [Kauri] and 3.1.2 Middle/late Palaeocene transition interval

Araucarig) (Fig. 2). Other abundant sporomorphs are, in (59.5-59.0 Ma)

the order of decreasing abundandggathiditesspp. (prob-

ably CyatheaceaelNothofagiditesspp. (Nothofagussouth- ~ The sporomorph assemblages of the middle/late Palaeocene

ern beech)Gambierinaspp.,Gleicheniiditesspp. (Gleiche-  transition interval are represented by 10 samples. They ex-

niaceae) aneratosporitespp. (Lycopodiaceae, Selaginel- hibit higher percentages dgtraucariacitesspp. (Araucari-

laceae). aceae;~ 19 %), Nothofagiditesspp. (Nothofagus ~ 13 %)
Although the sporomorph assemblages from the middle tc@2nd Ceratosporitesspp. (Lycopodiaceae, Selaginellaceae;

late Palaeocene have very similar floristic compositions, dif-~ 6 %) than the assemblages from the under- and over-

ferences exist with regard to the percentages of some taxing Palaeocene strata described in Sect. 3.1.1 (Fig. 2).

(Fig. 2). For instance, the early part of the middle Palaeocen&ther abundant taxa are, in the order of decreasing abun-

exhibits relatively high £ 30 %) percentage of podocarpa- dancesCyathiditesspp. (Cyatheacead)jlwynites granula-

ceous pollen — mainlfPodocarpiditesspp. (Podocarpaceae; tus (Wollemia/Agathisand Gleicheniiditesspp. (Gleicheni-

podocarps) andPhyllocladidites mawsoni{Lagarostrobos ~ aceae). The percentages of podocarpaceous tpee¢ar-

franklinii; Huon pine). In contrast, the latest Palaeocene isPidites spp. (Podocarpaceae) arkhyllocladidites maw-

characterized by lower abundances of these tax&4(%),  Sonii (Lagarostrobos franklinj) are lower ¢ 10%) than

but exhibits higher percentages®yathiditesspp. 18 %) in assemblages from the under- and overlying middle and

and the constant presenceMfricipites harrisii (probably ~ late Palaeocene. Notably, the assemblages from the mid-

Casuarinaceae; sheoak). Remarkably, both the middle andl€/late Palaeocene transition interval are devoidAcd-

late Palaeocene are characterized by the presendeeof Cipitesspp. (Arecaceae; palms) aitycadopitesspp. (Cy-

cipites spp. (Arecaceae; palms) ai@ycadopitespp. (Cy-  cadales) pollen.

cadales).
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Figure 3. Comparison of the floristic composition based on the DCA sample scorés)fimriddle Palacocene to early Eocene sporomorph
assemblages from ODP Site 1172 (Axis 1: 14.6 % of variance; Axis 2: 9.6 % of varigbyéalaeocene/early Eocene sporomorph as-
semblages from Southeast Australia (Bass Basin, Gippsland Basin, Southeast Highlands), New Zealand (Middle Waipara and Otaio River
sections) and ODP Site 1172 (Axis 1: 38.9 % of variance; Axis 2: 23 % of variance). Results are based on samples with1@flnts
individuals only.

3.1.3 PETM and early Eocene interval (55.6-54.2 Ma) 3.2 Sporomorph-based palaeoclimate estimates

Assemblages from the PETM are documented in two sam-The palaeoclimate estimates derived from the sporomorph
ples with counts> 100 individuals. They are characterized assemblages from ODP Site 1172 are presented in Fig. 4.
by high percentages (up to 39 %) Dflwynites granulatus = Weighted averages with their respective propagated errors
(Wollemia/Agathis Other abundant taxa are, in the order are given in Table 3. For the middle Palaeocene (60.7—
of decreasing abundanceSyathiditesspp. (Cyatheaceae), 59.5 Ma), all reconstructed temperature parameters yield
Araucariacites spp. (Araucariaceae), an@leicheniidites relatively cool values (MAT=9-186C; CMMT =5-9°C;
spp. (Gleicheniaceae). The assemblages of the PETM inteWWMMT = 15-22°C). A pronounced further cooling is doc-
val are further characterized by the presenddalvacipollis umented in all temperature parameters for the middle/late

spp. (Euphorbiaceae, probably Eumalvoideae) dgdcip- Palaeocene transition interval (59.5-59.0 Ma). The recon-
ites harrisii (probably Casuarinaceae). Findings $ini- structed values represent the lowest temperatures of the en-
zonocolpites prominatufNypa palm) are restricted to the tire record; values are 8-2€ for MAT, 4-7°C for CMMT
PETM and the earliest Eocene (Fig. 2). and 15-20C for WMMT (see Fig. 4). Markedly higher tem-

Sporomorph assemblages of the early Eocene intervaperatures prevailed during the late Palaeocene (59.0-55.6
are documented in 8 samples. They show in general veryvia) and early Eocene (55.6-54.2 Ma), with estimates for
high percentages (mean: 20 %) G¥athiditesspp. (prob-  that interval being on the order of 11-22 for MAT, 6—
ably Cyatheaceae; Fig. 2). Other abundant taxa are, ii8°C for CMMT and 17-26C for WMMT. The highest
the order of decreasing abundanc@&slwynites granula- temperatures of the entire study interval are recorded for the
tus(Wollemia/Agathiys Araucariacitespp. (Araucariaceae), Palaeocene/Eocene transition interval (including the PETM);
Podocarpiditesspp. (Podocarpaceae), aRthyllocladidites  MAT, CMMT and WMMT reached values of-22°C,
mawsonii(Lagarostrobos franklin)i. The early Eocene in- ~18°C and~ 26°C, respectively, during that time (Fig. 4).
terval is also characterized by relatively high percentages offhe sporomorph-based MAP estimates yield high (138-
Proteaciditesspp. ¢ 7 %) and the constant presenceMl- 208cm /yrl; see Fig. 4 and Table 3), near-constant values
vacipollis spp. (Euphorbiaceae, probably Eumalvoideae),throughout the sequence studied.

Myricipites harrisii (probably Casuarinaceaefrecipites
spp. (Arecaceae; palms), aBgcadopitespp. (Cycadales).
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Table 3. Sporomorph-based climate estimates for Palaeocene to early Eocene records from Southeast Australia (Bass Basin, Gippslanc
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) denoglgg TEX
(calibration errott 2.5°C) respectively TE%G(caIibration errott 4.0°C). Sporomorph-derived climate estimates are based on the method-
ology of Greenwood et al. (2005) and are presented with the weighted averages and their respective propagated errors (see Supplementa
Information for further details). MAT = Mean Annual Temperature, CMMT = Coldest Month Mean Temperature, WMMT = Warmest Month
Mean Temperature, MAP = Mean Annual Precipitation.

Age Location SST MAT CMMT WMMT MAP
(°C) (°C) (°C) C) (cmyr )
Early Eocene ODP Site 1172 234.7 (L) 12.5+3.8 6.9+£3.8 19.3+3.7 180+86
27.84+ 2.5 (H)
Bass Basin 20.24.8 12.3t34 24824 198+114
Gippsland Basin 17264 9.1+6 21.3+3 201+ 119
Otaio section 18934 11.86-1.1 24.1+04 125+24
Late Palaeocene ODP Site 1172 2£2.2 (L) 12.745.2 7.4+3.3 20.9£2.9 172+98
25.5+1.1 (H)
Bass Basin 15458 9.3+4 21.5+29 195+112
Gippsland Basin 15&59 8.6+4.1 20.4£3.6 200+ 108
Southern Morano sections 15:%.4 8.5+3.8 20.7+4.1 194+ 105
Middle Waipara section 14 1.6 (L) 152+28 6.9£24 151+29 17998
19.3+1.7 (H)
Middle/late ODP Site 1172 16561.5(L) 10.6+39 5.9+238 15+2.4 177+ 86
Palaeocene transition 2H21.1 (H)
Middle Palaeocene ODP Site 1172 1819(L) 11.2+46 6.4+35 15.2+3.1 181+89
23.5+1 (H)
Bass Basin 14887 7.5t5.1 19.9+45 205+121
Gippsland Basin 14458 7.5+4.4 19.3+3.6 198+99
4 Interpretation sic sporomorphs are recorded in the Palaeocene—Eocene of
the Bass Basin (Partridge et al., 2003) as well as in Eocene
4.1 Constraints on sporomorph source region 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
Several lines of evidence suggest that eastern Tasmania War in several regions of Tasmania (e.g. Playford, 1965;

the main source of the sporomorphs encountered in the ity gyl 1978; Calver et al., 1984). In contrast, reworked
die Palaeocene to Lower Eocene of ODP Site 1172. They,,omorphs on the continental shelf off George V Land
d|sta_nce o_f this site to the palaeo-shoreline of eastern Tas(Antarctica; Fig. 1) comprise only taxa with Cretaceous and
mania during the Palaeoceng—garly chene was of the ordgte 7 gjic ages (Truswell, 1983). A similar picture emerges
of ~100km, whereas the minimum distance to George Vi, the Cenozoic of the Gippsland Basin where Permian and

Land (Antarctica) amounted to- 500km (Fig. 1). A Tas-  yjaqgic sporomorphs occur only sporadically and in low
manian source is further suggested based on the d'St”b”t'OHumbers (see reports in Department of Primary Industries,
pattern of reworked Permian and Triassic sporomorphs. Thqggg)_

assemblages from ODP Site 1172 are characterized by the A further constraint on the source of the sporomorphs at

constant presence of elements reworked from Permian angynp site 1172 comes from the DCA-based comparison of
Triassic strata (_e.gCannfamoropollsspp., Protohaploxypi- e floristic composition of the Site 1172 record with other
nus spp..,Allsporltesspp., see Supplementary Information, qeya| Palaeocene—Eocene sporomorph records from South-
Plate 1I); the percentages of reworked sporomorphs reacli sy aystralia (Bass and Gippsland Basins, Southeast High-
up to 16 % of the total assemblages. A similar input of ré-|54q) and New Zealand (Middle Waipara and Otaio River
worked Permian and Triassic material is known for Sporo-gectinns) (Fig. 3b; see Fig. 1 and Table 1 for site locations and
morph assemblages from Palaeocene-Eocene strata aloyyiis on records). It suggests marked differences in floristic
the Australo-Antarctic Gulf (Otway Basin; Harris, 1965) and ¢, myositions between most records, a result that can be fur-

from the Eocene of the Wilkes Land margin (Contreras et al.yyqr corroborated for the Bass and Gippsland Basins based
2013). In the Tasmania region, reworked Permian and Trias-
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Figure 4. Comparison of the sporomorph-derived climate estimates, SST values based ?éﬁ?ﬁ)ﬂ'E)QG, and DCA Axis 1 sample scores

from the middle Palaeocene 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 Bijl et
al. (2009, 2013b) and Hollis et al. (2014). Sporomorph-derived climate estimates and DCA results are based on samples withGfbunts
individuals only. The intervals corresponding to the middle/late Palaeocene transition and the PETM are marked by horizontal blue and red
bars, respectively. Age model and dinocyst zonation after Bijl et al. (2013b).

on carbon-isotope data from both basins. The Palaeocenebased on our sporomorph-derived palaeoclimatic reconstruc-
Eocene successions of these basins exhibit distinctly differtions (Fig. 4). The floristic characteristics and climatic re-
ent bulk carbon isotope values, which is interpreted to re-quirements of all three vegetation groups are discussed in the
flect the signal from different plant communities contribut- following sections.

ing to the organic carbon input into the basins during that

time (Boreham et al., 2003). However, despite the floristic4.2.1 Middle Palaeocene (60.7-59.5 Ma) and late
differences between the records analysed, there is a remark- Palaeocene (59.0-55.6 Ma) intervals

able similarity in DCA scores between the records from ODP

Site 1172 and the Bass Basin (Fig. 3b), which is locatedDuring both time intervals, the flora of Tasmania was
mainly on the shelf off northern Tasmania, but also extendscharacterized by gymnosperm-rich forests dominated by
into Northeast Tasmania (Moore et al., 1984). This similarity podocarps; Araucariaceae, ferns, ProteaceaeNmiHofa-
further corroborates the scenario of a Tasmanian source fogus were further important components of the vegetation.

the ODP Site 1172 sporomorph assemblages. Arecaceae (palms) and Cycadales were present during both
time intervals. Although the middle Palaeocene and late
4.2 Floristic and climatic evolution Palaeocene forests exhibited a strongly similar composition,

important differences existed. Podocarps reached a markedly
Based on our qualitative and quantitative results from thestronger dominance during the middle Palaeocene than dur-
sporomorph record from ODP Site 1172, three main vegetaing the late Palaeocene, whereas the late Palaeocene was
tion types prevailed on Tasmania from the middle Palaeoceneharacterized by higher abundances of ferns (mainly Cy-
to early Eocene. These vegetation types (i) exhibit differentatheaceae) and the presence of Casuarinaceae (Fig. 2).
floristic compositions based on the DCA results (Figs. 2 and With regard to modern analogues, these forests bear re-
3a), (ii) show similar diversities based on the rarefaction re-semblance to the extant warm-temperate, Podocarpaceae-
sults (Fig. 2), and (iii) represent specific climatic conditions dominated forests of Southeast Australia and New Zealand

www.clim-past.net/10/1401/2014/ Clim. Past, 10, 140142Q 2014
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(e.g. Kershaw, 1988). Based on the structure of extant tematosporitesspp. [Lycopodiaceae, Selaginellaceae]). Arau-
perate forests from the southern latitudes (Kershaw, 1988cariaceae were also present. Because extant members of
Enright and Hill, 1995; Veblen et al., 1996; Reid et al., Araucariaceae are tall trees generally confined to the lower
1999), the overstorey of Tasmanian forests during the mid-mid-latitudes (Kershaw and Wagstaff, 2001), their pres-
dle and late Palaeocene was dominated by Podocarpaceaace appears at first sight incompatible with an occurrence
and, to a somewhat lesser extent, Araucariaceadlatitbfa-  of cool-temperate forests. However, members of the genus
gus The understorey, in turn, was likely dominated by ferns, Araucariaalso thrive in cold temperate forests in mountain-
with Cyatheaceae being particularly abundant during the lateus areas of Chile (Veblen, 1982) and can withstand frost
Palaeocene. Considering the habitats of their extant represervents as cold as15°C (Prentice et al., 1992), which sup-
tatives, Arecaceae (palms), Cycadales, Proteaceae and Cperts our observation that Araucariaceae were a component
suarinaceae formed parts of both the over- and understoregf the cool-temperate forests of Tasmania across the mid-
(compare Johnson and Wilson, 1993; Hill, 1994; Morley, dle/late Palaeocene transition.
2000; Jones, 2002). Based on the overall floristic evidence, Tasmania wit-
Climatically, the presence of tree ferns (i.e. Cyatheaceae)nessed a transient period of cooler conditions lasting from
Arecaceae and Cycadales implies mild climates with no or~59.5 to~ 59.0 Ma. In light of the frost sensitivity of Are-
merely rare frost events. Owing to physiological constraintscaceae, Cycadales and Cyatheaceae (compare Sect. 4.2.1),
(including manoxylic wood, large, unprotected buds, soft,the decline or total absence of these taxa across the mid-
water-rich tissues, and a near-absence of frost-“hardeningtlle/late Palaeocene transition (Fig. 2) suggests harsher win-
mechanisms), all these plants are unable to cope with sugers (with particularly frequent and/or cold frost events) dur-
tained freezing (Sakai and Larcher, 1987; Wing and Greening that time. Such lower temperatures are corroborated by
wood, 1993); today, they only occur in settings with CMMT the comparison with coeval TE%— and TE)§‘6-based SST
>5.5°C (Greenwood and Wing, 1995; Utescher and Mos-data from ODP Site 1172 (Bijl et al., 2009; 2013b; Hollis et

brugger, 2013). al., 2014). For the interval from 59.4 to~59.0 Ma, they
show the lowest values of the entire Palaeocene—Eocene SST
4.2.2 Middle/late Palaeocene transition interval record (Fig. 4, Table 3).

(59.5-~59.0 Ma)
4.2.3 PETM and early Eocene interval (55.6-54.2 Ma)

Across the middle/late Palaeocene boundary, the warm-
temperate forests characterizing the vegetation on Tasmd uring the early Eocene, the composition of the forests on
nia during most of the middle and late Palaeocene as deTasmania was distinctly different from that of the temper-
scribed above were transiently replaced by cool-temperatate forests thriving during the Palaeocene (Figs. 2 and 3a);
forests dominated biothofagugmainly N. fuscatype) and  the underlying floristic turnover coincides with the onset of
Araucariaceae. Ferns, podocarps and Proteaceae were furtitbe PETM (see DCA Axis 1 sample scores in Fig. 2). Based
prominent components of this vegetation. Palms (Arecaceae)n our sporomorph data, the early Eocene vegetation was
and Cycadales, as they occurred both during the precedingominated by ferns and different angiosperms (mainly Pro-
part of the middle (60.7-59.5 Ma) and the subsequent part ofeaceae, Casuarinaceae and Euphorbiaceae/Eumalvoideae).
the late Palaeocene (59.0-55.6 Ma; see above), were abseRemarkably, taxa that were common during the Palaeocene
(Fig. 2). In light of the age control and the temporal reso- — e.g.Ceratosporitespp. (Lycopodiaceae, Selaginellaceae)
lution of our record, these cool-temperate forests prevailedandGambierinaspp. (extinct clade) — declined dramatically
on Tasmania for 0.5 Ma (based on the duration of elevated in abundance or disappeared completely during that time
Nothofagugpercentages) respectively0.3 Ma (based onthe (Fig. 2). Because extant Selaginellaceae and Lycopodiaceae
absence of tropical to subtropical indicators such as palmsire cosmopolitan families (Jermy, 1990; @ligaard, 1990), it
and Cycadales). The 1.3-Myr-long hiatus precludes us fronis difficult to connect the disappearance of these taxa on Tas-
firmly determining the complete duration of the cold inter- mania during the earliest Eocene with specific ecological and
val in the mid-Palaeocene (Fig. 2). However, from marine climatic conditions.
records from New Zealand we deduce a duration of 0.5 Ma The coexistence of frost-tolerant (e.g. Araucariaceae,
(Waipara section and ODP Site 1121; Hollis et al., 2014). Podocarpaceae) and thermophilous taxa (e.g. Casuarinaceae,

Today, vegetation dominated bjothofagus(N. fusca  Arecaceae [palms]) suggests the presence of paratropical
type) is typical of cool-temperate forests from southern Aus-forests sensu Morley (2000). In particular, the occurrence of
tralia and New Zealand (Kershaw, 1988). Considering theNypa from the PETM onward into the early Eocene sug-
structure of such forests (e.g. McGlone et al., 1996; Reidgests the presence of tropical mangrove vegetation along
et al., 1999), the vegetation thriving during the middle/late the coast of Tasmania. A similar vegetation, also contain-
Palaeocene transition interval was characterized by a canoping thermophilous taxa such adypa and Gymnostoma
dominated byNothofagusand open understories dominated (Casuarinaceae), is documented in early Eocene macroflo-
by ferns (mainly Cyatheaceae and the parent plantSenf ras from western Tasmania (Pole, 2007; Carpenter et al.,
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2012). Hence, forests on Tasmania during the early Eocenposited in distal environments of the Bass Basin when com-
consisted temporarily of at least two vegetation associapared to the markedly lower abundancesl(Q %) in coeval
tions: (i) a mangrove association characterized Nypa sediments from nearshore settings in the same basin (see re-
which is only recognized during the PETM and the earli- ports in Partridge et al., 2003). Nevertheless, our data show
est Eocene, and (ii) a paratropical association characterizethat the environmental perturbations connected to the PETM
by the coexistence of frost-tolerant taxa (i.e. Araucariaceaehad a profound impact on the vegetation on Tasmania. They
Podocarpaceae aibthofaguyand thermophilous elements lead to the extirpation of various ferns (eRgrinomonoletes
such as palms and Casuarinaceae. spp.,Ceratosporitespp. [Lycopodiaceae, Selaginellaceae])

Considering the ecology of the nearest living relatives and angiosperms (e.Gambierina rudata, Nothofagiditep.
of the plants represented by the encountered sporomorphg4, [Nothofagus]), and the appearance of new angiosperms
the overstorey vegetation during the early Eocene comprisedainly within the Proteaceae family (eRyoteacidites gran-
taxa such as Araucariaceae, PodocarpaceaeNatidofa-  dis).
gus whereas the understorey was probably dominated by
ferns (mainly Cyatheaceae). Members of the Proteaceae}.3 Integration with other terrestrial vegetation records
Casuarinaceae, Cycadales, Arecaceae (palms) and Euphor- and temperature estimates from the southern high
biaceae/Eumalvoideae may have been both components of latitudes
the over- and the understorey (Johnson and Wilson, 1993;

Hill, 1994; Morley, 2000; Jones, 2002). Our results from ODP Site 1172 yielda6.5 Ma-long vege-

The number of sporomorph species registered at ODRation record for the Tasman sector of the SW Pacific region
Site 1172 remained relatively constant from the middle spanning from the middle Palaeocene to the early Eocene.
Palaeocene to the early Eocene (Fig. 2). This observation i3o obtain insights into the potential regional differentiation
in contrast to Southeast Australia, where sporomorph assen®f terrestrial ecosystems and climates in the high southern
blages from non-marine and marginal marine settings (Partatitudes during that time, we have integrated our data from
tridge, 1976) exhibit a considerably higher diversity during ODP Site 1172 with the available information on terrestrial
the early Eocene than during the Palaeocene (Macphail etcosystems and temperatures from other parts of the SW Pa-
al., 1994; see Sect. 4.3.2). The reasons behind this discregific domain. Our integration is augmented by newly gener-
ancy may be sought in the particularly high sea level duringated temperature estimates for previously published sporo-
the early Eocene as it is recorded regionally based on sedimorph records from Southeast Australia and New Zealand
mentological and palaeontological data from ODP Site 1172(see Tables 1 and 3 for further information on records eval-
(Exon et al., 2004a) and globally (Miller et al., 2005; Cramer uated and results). Because other continuous, stratigraph-
et al., 2011). Owing to the selective nature of marine sporo-cally well-calibrated vegetation records across the mid-
morph transport as a function of transport distance (e.g. Mosslle/late Palaeocene transition interval are not yet available
etal., 2005), the higher sea level during the early Eocene thafor the SW Pacific region, we focus our comparison on the
during the Palaeocene potentially caused a diversity decreasuiddle Palaeocene, late Palaeocene and early Eocene.
of the sporomorph assemblages at ODP Site 1172 (see also
below). 4.3.1 Middle and late Palaeocene

Our data suggest that the floristic change connected to the
PETM is similar to that registered for the early Eocene. How- Palaeobotanical records for the middle and late Palaeocene
ever, unravelling the exact anatomy of vegetation changere well known from Southeast Australia (e.g. Bass Basin
across the PETM at ODP Site 1172 is difficult due to the low— Macphail et al., 1994; Blevin, 2003; Gippsland Basin —
sporomorph yields in the respective sediments at that site. Ifstover and Partridge, 1973; Macphail et al., 1994; Depart-
addition, the interpretation of the available data is hamperednent of Primary Industries, 1999). In summary, the mid-
by the sea-level rise during the PETM (Sluijs et al., 2011); thedle and late Palaeocene vegetation in this region consisted
transgression-induced change in depositional setting towardsredominantly of warm-temperate forests characterized by
more distal conditions may have caused a bias in the compodocarps, Araucariaceae and ferns; angiosperms were rep-
position and diversity patterns of sporomorph assemblagegesented mainly by Proteaceae (e.g. Taylor et al., 1990;
with the resulting assemblages being skewed towards a donMacphail et al., 1994; Greenwood et al., 2003; Greenwood
inance of easily transported sporomorphs (compare Traverse@nd Christophel, 2005). Similar warm temperate forests
1994, 2008). In light of this bias, the high abundances (updominated by podocarps and Araucariaceae, and with a
to 39 %; Fig. 2) oDilwynites granulatugWollemia/Agathis  strong contribution of Proteaceae, thrived on New Zealand
and the remarkably low diversities (Fig. 2) in the PETM sam- (Mildenhall, 1980; Raine et al., 2009).
ples from ODP Site 1172 likely represent a change in de- Based on our results, Podocarpaceae together with Arau-
positional setting rather than a true palaeoecological signalcariaceae, Cyatheaceae and Proteaceae were also the prevail-
This interpretation is supported by the higher abundances oing group of plants during the middle and late Palaeocene
the same species-(35 %) in early Palaeogene sediments de-on Tasmania (Fig. 2; compare also Sect. 4.2.1). However,
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important floristic differences existed between SoutheasWisscher, 2003). However, besides a marked increagal-of
Australia, New Zealand and Tasmania (Fig. 3b); they arewynites granulatugWollemia/Agathispollen, no other sig-
mainly based on the restriction of certain sporomorph taxanificant changes in floristic composition occur (Crouch and
to specific regions (e.d.iliacidites spp.,Cibotiidites tuber-  Visscher, 2003). Considering that the PETM sediments of
culiformis — New Zealandjlexpollenitesspp. — Southeast the Tawanui section are part of a transgressive systems tract
Australia [Bass and Gippsland Basins, Southeast Highlands]{Crouch and Brinkhuis, 2005; Sluijs et al., 2008), the high
Tripunctisporis maastrichtiensis New Zealand, Bass Basin abundances oDilwynites granulatus(Wollemia/Agathik
and Tasmania). Despite the differences in floristic composi-may represent a taphonomic rather than a palaeoecological
tion, the remarkable dominance of Podocarpaceae and Arawsignal as suggested for the sporomorph record of the PETM
cariaceae in Southeast Australia, Tasmania and New Zealanfdom ODP Site 1172 (see Sect. 4.2.3).
suggests that warm-temperate forests dominated by gym- With regard to the early Eocene, the majority of vegetation
nosperms were the prevalent vegetation type in the Southrecords in the Southwest Pacific region come from Southeast
west Pacific region during the middle and late PalaeoceneAustralia; they suggest that by early Eocene times the warm
Moreover, thermophilous taxa such as palms, Olacaceatemperate, conifer-dominated forests of the late Palaeocene
(Anacolosd and Cupanieae first appeared and/or increasedhad been replaced by more diverse, meso- to megathermal
significantly in abundance and diversity during the latestangiosperm forests (Macphail et al., 1994; Greenwood et al.,
Palaeocene in Southeast Australia (Kemp, 1978; MacphaiR003; Greenwood and Christophel, 2005). Although sporo-
et al.,, 1994). On New Zealand, typical tropical taxa (e.g.morph percentages are extremely variable within the avail-
CupanieaeAustrobuxugEuphorbiaceae]Nypg also begin  able records from Southeast Australia, Araucariaceae, Ca-
to appear during the latest Palaeocene prior to the PETMuarinaceae, Euphorbiaceae/Eumalvoideae, Proteaceae, and
(Crouch and Brinkhuis, 2005; Raine et al., 2009). Hence,ferns are generally the dominant taxa; typical tropical el-
the arrival of thermophilous elements indicates the onset oements such abdlypg Anacolosaand Cupanieae are also
warmer conditions in the Southwest Pacific region during therecorded (Kemp, 1978; Macphail et al., 1994). This trend in
latest Palaeocene. A scenario of warm conditions is furthevegetation development during the early Eocene is also doc-
corroborated by MAT estimates reachindl8°C as derived  umented for Tasmania.
from latest Palaeocene macrofloras in Southeast Australia On New Zealand, early Eocene sporomorph assemblages
(Greenwood et al., 2003). exhibit a mixed Palaeocene—Eocene character, with a con-
Considering our sporomorph-based climate estimates fotinued high abundance of conifer pollen (Crouch and Viss-
Southeast Australia and Tasmania (Table 3), temperaturesher, 2003; Raine et al., 2009). However, thermophilous
were higher during the late Palaeocene than during the midtaxa such as Cupanieae, Casuarinaceae and Euphorbiaceae
dle Palaeocene. Hence, the overall climatic and vegetatioiAustrobuxupare constantly present in these records (Pock-
signal suggests that terrestrial settings across the Southwesall, 1990; Raine et al., 2009), and Casuarinaceae pollen
Pacific region consistently experienced a pronounced warmabruptly started to dominate the sporomorph assemblages

ing during the late Palaeocene. from ~ 54.5 Ma onwards (Raine et al., 2009). On the Wilkes
Land margin (Antarctica), paratropical vegetation has been
4.3.2 PETM and early Eocene recorded during the early Eocene (53.9-51.9 Ma) with the

notable presence of thermophilous taxa such as Arecaceae
The effects of the PETM on terrestrial ecosystems in the(palms) and Bombacoideae (Pross et al., 2012; Contreras et
high southern latitudes are yet poorly constrained. Avail-al., 2013),
able records from Southeast Australia (Bass and Gippsland With regard to temperature conditions, early Eocene
Basins) covering the PETM and the earliest Eocene sugmacrofloras from Southeast Australia suggest a MAT of
gest the widespread presence\yfpaduring that time (Par- ~ 19°C from ~56 to ~53 Ma (Greenwood et al., 2003),
tridge, 1976). Climatically, this indicates a MA¥ 21.7°C which is very similar to our MAT estimates for coeval sporo-
(Utescher and Mosbrugger, 2013). For the South Island ofmorph records (55.8-54.3 Ma; lower Malvacipollis diversus
New Zealand, sporomorph data from nearshore marine sedizone of Partridge, 2006; Table 1) from the Bass and Gipp-
ments document the developmeniyfpamangrove swamps sland Basins+ 18°C; Table 3). On the Wilkes Land mar-
and the appearance of pollen from the thermophilous subgin, climatic estimates for the early Eocene (53.9-51.9 Ma)
family Cupanieae connected to the PETM interval (Hand-suggest a MAT of~ 16°C for the lowland regions (Pross
ley et al., 2011); moreover, the PETM is characterized byet al., 2012). Although occasionally MAT values as high
a percentage increase of fern spores as well as of Euphoas~ 23°C are recorded during the earliest Eocene at ODP
biaceae/Eumalvoideae and Myrtaceae pollen at the expensgite 1172, the MATs for this time interval are of the or-
of gymnosperm pollen percentages (Handley et al., 2011)der of 12-14C (Fig. 4). This is markedly lower than those
Similarly, sporomorph data for the North Island of New from Southeast Australia, and even lower than those from
Zealand as available from the Tawanui section show the presthe Wilkes Land margin. Considering that our sporomorph-
ence ofNypapollen connected to the PETM (Crouch and derived climate data from ODP Site 1172 mainly reflect
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climate conditions along the coast of eastern Tasmania (comtolerant species (Sluijs et al., 2005; Brinkhuis et al., 2006).
pare discussion on sporomorph source region in Section 4.1}lence, the observe8enegaliniundominance, which is best
these relatively low values may suggest that the eastern pagxplained by substantial freshwater input, is well compatible
of Tasmania was influenced by the relatively cool Tasmanwith high precipitation on Tasmania and a resulting strong
Current (Fig. 1). However, this argument is not supportedfreshwater influx on the Tasmanian continental shelf during
by the TEXgs-derived SSTs from ODP Site 1172 for the the early Palaeogene.
early Eocene, which are much higher (mean®@3- TEX'éG, Because of the general lack of precipitation data from
28°C - TEXg'G; Bijl et al., 2013b). Terrestrial, macroflo- other sites at high southern latitudes we can mainly compare
rally derived temperatures on the order of°Z4from west-  our estimates from Tasmania with values deduced from other
ern Tasmania (Carpenter et al., 2012) suggest that this resoeval palaeobotanical records. Based on our results from
gion was significantly warmer than the eastern part of Tas-sporomorph assemblages from Southeast Australia (Table 3),
mania. Alternatively, another potential explanation for this this region experienced similarly high precipitation (MAP:
discrepancy is that the sea-level rise during the early Eocene- 200 cmyrt) during the early Palaeogene; this is consis-
biased the composition of the sporomorph assemblages dent with MAP mean estimates (186-240cmi) as de-
ODP Site 1172 (compare Sect. 4.2.3) towards a dominance ofved from macrofloral records from the Upper Palaeocene to
easily transported and/or particularly abundant sporomorphgower Eocene of the same region (Greenwood et al., 2003).
indicative of cool conditions at the expense of rarer sporo-On the Wilkes Land margin (Antarctica), high precipitation
morphs indicative of warmer conditions. This scenario isvalues (MAP mean> 132cmyr?) are also suggested for
supported by the fact that many thermophilous plants fromthe early Eocene (Pross etal., 2012). These high precipitation
the Lower Eocene of the Southwest Pacific region (e.g. Arevalues ¢ 100cmyrt) have been corroborated recently by
caceae [palms], Cupanieadgx, Nypd are mainly insect- alkaline major element geochemistry for Eocene sediments
pollinated (Bush and Rivera, 1998; Barfod et al., 2011).from Antarctica (Passchier et al., 2013).
Hence, these taxa reach only low abundances in pollen spec- Based on the overall precipitation data, Tasmania and the
tra when compared to wind-pollinated taxa, and they are nofustralia-Antarctic region experienced high rainfall condi-
likely to be transported over larger distances before they settions during the early Palaeogene, comparable with present-
tle (Jackson, 1994). day rainforests from southern latitudes. This lends support
Despite the potential bias on the early Eocene sporoto modelling studies that include high atmospheric humidity
morph assemblages at Site 1172, the supraregional replac@s an important warming mechanism for the higher latitudes
ment of temperate forests by paratropical forests during thée.g. Abbot et al., 2009).
early Eocene in Southeast Australia, New Zealand and Tas-
mania and the widespread occurrenceNgpa palms dur- 4.5 Comparison with marine temperature evolution
ing the PETM in the same regions consistently indicate
a pronounced reorganization of the vegetation during theBased on our sporomorph data (as evidenced in the Axis 1
early Eocene in the high southern latitudes connected to théample scores of the DCA results, which represent the varia-

PETM. tion in floristic composition along the studied interval; Fig. 4)
and the TEX, and TEX) data of Bijl et al. (2009, 2013b)
4.4 Integration with other precipitation records from and Hollis et al. (2014), there is a strong correlation between
the southern high latitudes the vegetation composition on eastern Tasmania and SST at

ODP Site 1172 (Fig. 4). This connection is clearly borne out
Based on our palaeoclimatic results from the sporomorphby our results from the state space model, where there is
record of ODP Site 1172, MAP on Tasmania was relativelya very strong correlation of 0.997 when DCA Axis 1 sam-
constant ¢ 180 cmyr 1) from the middle Palaeocene to the ple scores are compared with T§6X(95% highest poste-
early Eocene (Fig. 4; Table 3). These values are compararor density: 0.633—-0.999 based on Eq. 4; compare Section
ble to the present-day precipitation received by rainforests ir2.4) and 0.978 when DCA Axis 1 sample scores are com-
western Tasmania at42° S (185 cmyr?, Corinna; Bureau pared with TE)g'6 (95 % highest posterior density: 0.879—
of Meteorology, 2012), along the west coast of the South 1s-0.997 based on Eq. 4; compare Sect. 2.4). Hence, the strong
land of New Zealand (212 cmy#; Westport; NIWA, 2012),  correlation between the temperature variability derived from
northern Australia (180 cmyt, Darwin Botanic Gardens; TEXgg and the floristic composition recorded at ODP Site
Bureau of Meteorology, 2012) and on the east coast 0fl172 demonstrates the impact of temperature on the vege-
New Caledonia (197 cmyf, Puoébo; Pesin et al., 1995). tation dynamics in the Southwest Pacific region during the
The high-precipitation regime on Tasmania during the earlyearly Palaeogene.
Palaeogene as deduced from the sporomorphs is further cor- A close coupling between the temperature evolution in the
roborated by the dominance of the dinocyst ge®esegalin-  marine and the terrestrial realms is also evident through the
ium at ODP Site 1172 during this time interval (Sluijs et comparison of our sporomorph-based temperature estimates
al., 2011); this genus is characterized by many freshwater{notably WMMTSs) with the TEXs-derived SSTs (Fig. 4 and
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Table 3); it is only during the early Eocene that the pro- strong and/or frequent frosts) prevailed on Tasmania during

nounced warming trend recorded by Tgmnd TE>§'6 is that time.

not clearly reflected in the sporomorph-based temperature es- In light of the statistically robust connection between the

timates, likely due to the sea-level increase during the earlyfloristic composition of the sporomorph record from ODP

Eocene (compare Sects. 4.2.3 and 4.3.2). Site 1172 and the previously published Tggbased SST
The terrestrial, sporomorph-derived MATs are markedly record from the same site, the vegetation dynamics on Tas-

cooler than the SSTs derived from T@(and TE)§'6 mania during the middle Palaeocene to early Eocene were

(Fig. 4), which, based on the traditional perception of themainly driven by temperature; precipitation remained high

TEXgs proxy, are supposed to represent surface-water MAT(with a MAP mean of~ 180 cm yr'1) throughout that time.

(e.g. Schouten et al., 2002). At the same time, the gEX Based on the comparison of our sporomorph-derived temper-

derived SSTs are closely related to the sporomorph-derivedtures with the TE¥s-based SSTs, we conclude that Tgx

WMMTs (Fig. 4, Table 3). These observations suggest thatand TEX,-derived temperatures for the high southern lati-

TEXge-based temperatures may be biased towards warnpudes of the early Palaeogene are likely biased towards sum-

conditions when applied to early Palaeogene records fronmer conditions.

the high southern latitudes. Such a warm (summer) bias has

also been suggested for other early Palaeogene records from

the high southern latitudes based on different multiproxy ap-The Supplement related to this article is available online

proaches (Bijl et al., 2009, 2013a; Sluijs et al., 2011; Hollis at doi:10.5194/cp-10-1401-2014-supplement

et al., 2012; Pancost et al., 2013).

AcknowledgementsThis research used samples and data provided
by the Ocean Drilling Program (ODP). ODP was sponsored by the

. . US National Science Foundation and participating countries under
The middle Palaeocene to early Eocene vegetation on Tasnanagement of Joint Oceanographic Institutions (JOI) Inc. Discus-

mania as reconstructed from the sporomorph record of ODRjons with C. Hollis and A. Partridge are gratefully acknowledged.

Site 1172 was characterized by three different forest typess. Harrington and L. Dupont are thanked for their constructive

that thrived in high-precipitation regimes under different reviews. N. Welters is thanked for technical support and processing

temperature conditions. These forest types were: (i) warmof samples. Support through the German Research Foundation

temperate rainforests dominated by Podocarpaceae during®FG; grant PR 651-10) and the Biodiversity and Climate Centre

the middle and late Palaeocene; (i) cool-temperate rainfrankfurt (Bik-F) is gratefully acknowledged. P. K. Bijl thanks the.

forests dominated byNothofagusand Araucariaceae that LPP Foundation and the N_etherlands Organization for Scientific

transiently prevailed across the middle/late Palaeocene trarEeseamh (NWO) for funding VENI grant # 863.13.002. The

sition interval (iii) paratropical rainforests dominated by Cy- uropean Research Council under .the European Cc.)mmumtys
. . Seventh Framework Programme provided funding for this work by

atheaceae during the early Eoceng with the remarkable preg-o~ Starting Grant #259627 to A. Sluijs.

ence of the mangrove paliMypaduring the PETM and the

earliest Eocene. The comparison with other, previously pub£dited by: D.-D. Rousseau

lished floral records from the Southwest Pacific region (in-

cluding Southeast Australia and New Zealand) supports the

validity of our data for Tasmania. It shows that temperate References

forests were replaced by paratropical forests during the earlYAbbot D. S.. Huber, M., Bousquet, G., and Walker, C. C.. High
Eocene throughout the Southwest Pacific region. This reor* CO», cloud radiative forcing feedback over both land and ocean

?an|zat|9nl|n vegitatlon compgsmon mcludedban ljncrease N0 global climate model, Geophys. Res. Lett., 36, L5702,
ern (mainly Cyat eaqeae) and angiosperm abundances (e.g.doi:10_1029/2008@036702009.
Proteaceae, Euphorblaceae/Eumglv0|deae, Casuarinaceaepgkin, R. A.: Campanian to Paleocene spore and pollen assem-
the expense of gymnosperms (mainly podocarps). blages of Seymour Island, Antarctica, Rev. Palaeobot. Palynol.,

The integration of terrestrial (i.e. floristic) and previously 65, 105-113, doi0.1016/0034-6667(90)90061;M990.
published marine (i.e. TEg§-based SST) climate informa- Australian National Herbarium: ANHSIR: ANH Specimen Infor-
tion from ODP Site 1172 shows that the surface-water cool- mation Register, IBIS database, available hitp://www.anbg.
ing of ~3°C across the middle/late Palaeocene transition gov.au/cpbr/program/hc/hc-ANHSIR htnflast access: 2012),
interval (~59.5 to ~59.0Ma) was paralleled by a tran-  2011. . _
sient demise of frost-sensitive plants (i.e. palms and cycadsﬁgafr_fc’d' A. S"f Hagen, M., an: Borc(;jhsenlusl,l_ F. Twent);]-
and the establishment of cool-temperate forests dominated V€ Years of progress in understanding pollination mech-

. . . anisms in palms (Arecaceae), Ann. Bot.,, 108, 1503-1516,
by Nothofagusand Araucariaceae on Tasmania. This sug- -
" . ° doi:10.1093/aob/mcr192011.

gests that cooler conditions (and notably harsher winters with

5 Conclusions

Clim. Past, 10, 1401442Q 2014 www.clim-past.net/10/1401/2014/


http://dx.doi.org/10.5194/cp-10-1401-2014-supplement
http://dx.doi.org/10.1029/2008gl036703
http://dx.doi.org/10.1016/0034-6667(90)90061-M
http://www.anbg.gov.au/cpbr/program/hc/hc-ANHSIR.html
http://www.anbg.gov.au/cpbr/program/hc/hc-ANHSIR.html
http://dx.doi.org/10.1093/aob/mcr192

L. Contreras et al.: Southern high-latitude terrestrial climate change

Barrett, P. J.: Antarctic paleoenvironment through Cenozoic times —
areview, Terra Antart., 3, 103-119, 1996.

1417

Australo-Antarctic margin, western Tasmania, Geology, 40, 267—
270, doi10.1130/G32584,12012.

Bijl, P. K., Schouten, S., Sluijs, A., Reichart, G. J., Zachos, J. Contreras, L., Pross, J., Bijl, P. K., Koutsodendris, A., Raine,

C., and Brinkhuis, H.: Early Palaeogene temperature evolu-
tion of the southwest Pacific Ocean, Nature, 461, 776—779,
doi:10.1038/nature08392009.

Bijl, P. K., Houben, A. J., Schouten, S., Bohaty, S. M., Sluijs, A,

J. I, van de Schootbrugge, B., and Brinkhuis, H.: Early
to Middle Eocene vegetation dynamics at the Wilkes Land
Margin (Antarctica), Rev. Palaeobot. Palynol., 197, 119-142,
doi:10.1016/j.revpalbo.2013.05.008013.

Reichart, G. J., Sinninghe Damsté, J. S., and Brinkhuis, H.: Tran-Couper, R. A.: New Zealand Mesozoic and Cainozoic plant micro-

sient Middle Eocene atmospheric @@nd temperature vari-

fossils, NZ Geol. Surv. Paleontol. Bull., 32, 1-88, 1960.

ations, Science, 330, 819-821, ddi:1126/science.1193654 Cramer, B. S., Miller, K. G., Barrett, P. J., and Wright, J. D.: Late

2010.

Bijl, P. K., Pross, J., Warnaar, J., Stickley, C. E., Huber, M.,
Guerstein, R., Houben, A. J. P., Sluijs, A., Visscher, H., and
Brinkhuis, H.: Environmental forcings of Paleogene South-

Cretaceous—Neogene trends in deep ocean temperature and con-
tinental ice volume: Reconciling records of benthic foraminiferal
geochemistry {180 and Mg/Ca) with sea level history, J. Geo-
phys. Res., 116, C12023, db.1029/2011jc007252011.

ern Ocean dinoflagellate biogeography, Paleoceanography, 26Crouch, E. M. and Brinkhuis, H.: Environmental change across the

PA1202, doi10.1029/2009PA001902011.
Bijl, P. K., Bendle, J. A., Bohaty, S. M., Pross, J., Schouten, S.,
Tauxe, L., Stickley, C. E., McKay, R. M., Roéhl, U., Olney,

Paleocene—Eocene transition from eastern New Zealand: A ma-
rine palynological approach, Mar. Micropaleontol., 56, 138-160,
doi:10.1016/j.marmicro.2005.05.002005.

M., Sluijs, A., Escutia, C., Brinkhuis, H., and Expedition 318 Crouch, E. M. and Visscher, H.: Terrestrial vegetation record across

Scientists: Eocene cooling linked to early flow across the Tas-
manian Gateway, P. Natl. Acad. Sci. USA, 110, 9645-9650,
doi:10.1073/pnas.12208721,12013a.

Bijl, P. K., Sluijs, A., and Brinkhuis, H.: A magneto- and
chemostratigraphically calibrated dinoflagellate cyst zonation of

the initial Eocene thermal maximum at the Tawanui marine sec-
tion, New Zealand, in: Causes and Consequences of Globally
Warm Climates in the Early Paleogene, edited by: Wing, S., Gin-
gerich, P. D., Schmitz, B., and Thomas, E., Geological Society of
America Special Paper 369, Boulder, Colorado, 351-363, 2003.

the early Palaeogene South Pacific Ocean, Earth-Sci. Rev., 124 rouch, E. M., Willumsen, P. S., Kulhanek, D., and Gibbs, S.: A

1-31, doi10.1016/j.earscirev.2013.04.012D13b.

Blevin, J. C.: Petroleum Geology of the Bass Basin — Interpretation
Report, An Output of the Western Tasmanian Regional Minerals
Program, Geoscience Australia, Record 2003/19, 2003.

Boreham, C. J., Blevin, J. E., Radlinski, A. P., and Trigg, K. R.:

revised Paleocene (Teurian) dinoflagellate cyst zonation from
eastern New Zealand, Rev. Palaeobot. Palynol., 202, 47-79,
doi:10.1016/j.revpalbo.2013.12.002014.

Department of Primary Industries: Gippsland basin biostratigraphic

reports, petroleum data packages, version O.5c, Minerals and

Coal as a source of oil and gas: a case study from the Bass Basin, Petroleum Division, Geoscience Victoria, Victoria, Australia,

Australia, APPEA Journal, 43, 117-148, 2003.

1999.

Brinkhuis, H., Schouten, S., Collinson, M. E., Sluijs, A., Sinninghe Enright, N. J. and Hill, R. S.: Ecology of the Southern Conifers,

Damsté J. S., Dickens, G. R., Huber, M., Cronin, T. M., On-

Melbourne University Press, Carlton, 342 pp., 1995.

odera, J., Takahashi, K., Bujak, J. P, Stein, R., van der BurghExon, N. F., Brinkhuis, H., Robert, C.M., Kennett, J. P, Hill, P. J.,

J., Eldrett, J. S., Harding, I. C., Lotter, A. F., Sangiorgi, F.,
van Konijnenburg-van Cittert, H, de Leeuw, J. W., Matthiessen,
J., Backman, J., Moran, K., and the Expedition 302 Scientists:
Episodic fresh surface waters in the Eocene Arctic Ocean, Na-
ture, 441, 606-609, ddi0.1038/nature04692006.

Bureau of Metereology: Climate Data Online, Australia Govern-
ment, available atittp://www.bom.gov.au/climate/datéast ac-
cess: 2013), 2013.

Bush, M. B. and Rivera, R.: Pollen dispersal and representation in
a neotropical rain forest, Global Ecol. Biogeogr., 7, 379-392,
doi:10.1046/j.1466-822x.1998.002931998.

and Macphail, M. K.: Tectono-sedimentary history of uppermost
Cretaceous through Oligocene sequences from the Tasmanian re-
gion, a temperate Antarctic margin, in: The Cenozoic Southern
Ocean: Tectonics, Sedimentation, and Climate Change Between
Australia and Antarctica, edited by: Exon, N. F., Kennett, J. P.,
and Malone, M., Geophysical Monograph Series, 151, American
Geophysical Union, Washington, 319-344, 2004a.

Exon, N. F., Kennett, J. P., and Malone, M. J.: The Cenozoic South-

ern Ocean: Tectonics, Sedimentation and Climate Change Be-
tween Australia and Antarctica, Geophysical Monograph Series,
151, American Geophysical Union, Washington, 367 pp., 2004b.

Calver, C. R., Clarke, M. J., and Truswell, E. M.: The stratigraphy Gelman, A., Carlin, J. B., Stern, H. S., and Rubin, D. B.: Bayesian
of a late Palaeozoic borehole section at Douglas River, Eastern Data Analysis (2nd edition), Chapman and Hall/CRC, Boca Ra-
Tasmania: a synthesis of marine macro-invertebrate and palyno- ton, Florida, 696 pp., 2003.
logical data, Pap. Proc. R. Soc. Tasman., 118, 137-161, 1984. Greenwood, D. R. and Christophel, D. C.: The origins and Tertiary

Cande, S. C. and Stock, J. M.: Cenozoic reconstruction of the
Australia-New Zealand-South Pacific sector of Antarctica, in:

history of australian “tropical” rainforests, in: Tropical Rain-
forests: Past, Present and Future, edited by: Bermingham, E.,

The Cenozoic Southern Ocean: Tectonics, Sedimentation and Dick, C. W., and Moritz, C., The University of Chicago Press,

Climate Change Between Australia and Antarctica, edited by:

Chicago, 336-373, 2005.

Exon, N. F.,, Kennett, J. P., and Malone, M., Geophysical Mono- Greenwood, D. R. and Wing, S. L.: Eocene continental climates

graph Series, 151, American Geophysical Union, Washington,
5-18, 2004.

and latitudinal temperature gradients, Geology, 23, 1044-1048,
doi:10.1130/0091-7613(1995)023<1044:eccalt>2.3,cboD5.

Carpenter, R. J., Jordan, G. J., Macphail, M. K., and Hill, R. Greenwood, D. R., Moss, P. T., Rowett, A. |., Vadala, A. J., and

S.: Near-tropical Early Eocene terrestrial temperatures at the

www.clim-past.net/10/1401/2014/

Keefe, R. L.: Plant communities and climate change in southeast-

Clim. Past, 10, 140142Q 2014


http://dx.doi.org/10.1038/nature08399
http://dx.doi.org/10.1126/science.1193654
http://dx.doi.org/10.1029/2009PA001905
http://dx.doi.org/10.1073/pnas.1220872110
http://dx.doi.org/10.1016/j.earscirev.2013.04.010
http://dx.doi.org/10.1038/nature04692
http://www.bom.gov.au/climate/data/
http://dx.doi.org/10.1046/j.1466-822x.1998.00293.x
http://dx.doi.org/10.1130/G32584.1
http://dx.doi.org/10.1016/j.revpalbo.2013.05.009
http://dx.doi.org/10.1029/2011jc007255
http://dx.doi.org/10.1016/j.marmicro.2005.05.002
http://dx.doi.org/10.1016/j.revpalbo.2013.12.004
http://dx.doi.org/10.1130/0091-7613(1995)023%3C1044:eccalt%3E2.3.co;2

1418 L. Contreras et al.: Southern high-latitude terrestrial climate change

ern Australia during the early Paleogene, in: Causes and Condones, D. L.: Cycads of the world, Reed New Holland, Sydney, 456
sequences of Globally Warm Climates in the Early Paleogene, pp., 2002.

edited by: Wing, S., Gingerich, P. D., Schmitz, B., and Thomas, Kemp, E. M.: Tertiary climatic evolution and vegetation history in
E., Geological Society of America Special Paper 369, Boulder, the southeast Indian Ocean region, Palaeogeogr. Palaeocl., 24,
Colorado, 365-380, 2003. 169-208, 1978.

Greenwood, D. R., Archibald, S. B., Mathewes, R. W., and Moss,Kershaw, A. P.: Australasia, in: Vegetation History, edited by: Hunt-
P. T.: Fossil biotas from the Okanagan Highlands, southern ley, B., and Webb, T., Kluwer Academic Publisher, Dordrecht,
British Columbia and northeastern Washington State: climates The Netherlands, 237-306, 1988.
and ecosystems across an Eocene landscape, Can. J. Earth S&ershaw, A. P. and Wagstaff, B.: The southern conifer family Arau-
42, 167-185, doi:0.1139/e04-10@005. cariaceae: history, status and value for paleoenvironment recon-

Handley, L., Crouch, E. M., and Pancost, R. D.: A New Zealand struction, Annu. Rev. Ecol. Syst., 32, 397-414, 2001.
record of sea level rise and environmental change during thekim, J. H., van der Meer, J., Schouten, S., Helmke, P., Willmott, V.,
Paleocene—Eocene Thermal Maximum, Palaeogeogr. Palaeocl., Sangiorgi, F., Koc, N., Hopmans, E. C., and Sinninghe Damsté,

305, 185-200, dal0.1016/j.palaeo.2011.03.001011. J. S.: New indices and calibrations derived from the distribution
Harris, W. K.: Basal Tertiary microfloras from the Princetown area, of crenarchaeal isoprenoid tetraether lipids: Implications for past
Victoria, Australia, Palaentogr. Abt. B, 115, 75-106, 1965. sea surface temperature reconstructions, Geochim. Cosmochim.

Hill, R. S.: The history of selected Australian taxa, in: History of  Ac., 74, 4639-4654, ddi0.1016/J.Gca.2010.05.02010.
the Australian Vegetation: Cretaceous to Recent., edited by: HillMacphail, M. K.: Palynostratigraphy of the Murray Basin,
R. S., Cambridge University Press, Cambridge, 390-419, 1994. inland southeastern Australia, Palynology, 23, 197-240,

Hollis, C. J., Handley, L., Crouch, E. M., Morgans, H. E. G., Baker,  d0i:10.1080/01916122.1999.998952899.

J. A., Creech, J., Collins, K. S., Gibbs, S. J., Huber, M., Schouten Macphail, M. K., Alley, N. F., Truswell, E. M., and Sluiter, I. R.

S., Zachos, J. C., and Pancost, R. D.: Tropical sea temperatures in K.: Early Tertiary vegetation: evidence from spores and pollen,
the high-latitude South Pacific during the Eocene, Geology, 37, in: History of the Australian Vegetation: Cretaceous to Recent,
99-102, doil0.1130/g25200a, 2009. edited by: Hill, R. S., Cambridge University Press, Cambridge,

Hollis, C. J., Taylor, K. W. R., Handley, L., Pancost, R. D., Huber, = 189-261, 1994.

M., Creech, J. B., Hines, B. R., Crouch, E. M., Morgans, H. E. Macphail, M. K., Carpenter, R. J., Iglesias, A., and Wilf,
G., Crampton, J. S., Gibbs, S., Pearson, P. N., and Zachos, J. P.: First Evidence for Wollemi Pine-type PolleDifwynites

C.: Early Paleogene temperature history of the Southwest Pacific Araucariaceae) in South America, PLOS ONE, 8, 69281,
Ocean: Reconciling proxies and models, Earth Planet. Sc. Lett., doi:10.1371/journal.pone.0069281.g0@013.

349, 53-66, doit0.1016/j.epsl.2012.06.022012. McGlone, M. S., Mildenhall, D. C., and Pole, M. S.: History and

Hollis, C. J., Tayler, M. J. S., Andrew, B., Taylor, K. W., Lur- paleoecology of New Zealandothofagudorests, in: The Ecol-
cock, P., Bijl, P. K., Kulhanek, D. K., Crouch, E. M., Nelson, ogy and Biogeography dfothofagud-orests, edited by: Veblen,

C. S,, Pancost, R. D., Huber, M., Wilson, G. S., Ventura, G. T.T., Hill,R.S., and Read, J., Yale University Press, New Haven,

T., Crampton, J. S., Schigler, P., and Philips, A.: Organic-rich 293-353, 1996.

sedimentation in the southwest Pacific Ocean associated wittMildenhall, D. C.: New Zealand late Cretaceous and Cenozoic plant
Late Paleocene climatic cooling, Earth-Sci. Rev., 134, 81-97, biogeography: a contribution, Palaeogeogr. Palaeocl., 31, 197—
doi:10.1016/j.earscirev.2014.03.Q014. 233, 1980.

Houlder, D., Hutchinson, M., Nix, H., and McMahon, J.: ANU- Miller, K. G., Kominz, M. A., Browning, J. V., Wright, J.
CLIM User's Guide, Centre for Resource and Environmental D., Mountain, G. S., Katz, M. E., Sugarman, P. J., Cramer,
Studies, Australian National University, Canberra, 1999. B. S., Christie-Blick, N., and Pekar, S. F.: The Phanerozoic

Huber, M., Brinkhuis, H., Stickley, C. E., Doos, K., Sluijs, record of global sea-level change, Science, 310, 1293-1298,
A., Warnaar, J., Schellenberg, S. A., and Williams, G. L.: doi:10.1126/science.1116412005.

Eocene circulation of the Southern Ocean: Was Antarctica keptMoore, W. R., Baillie, P. W., Forsyth, S. M., Hudspeth, J. W.,,
warm by subtropical waters, Paleoceanography, 19, PA4026, Richardson, R. G., and Turner, N. J.: Boobyalla Sub-Basin: a
doi:10.1029/2004pa001012004. Cretaceous onshore extension of the southern edge of the Bass

Jackson, S. T.: Pollen and spores in Quaternary lake sediments as Basin, APPEA Journal, 24, 110-117, 1984.
sensors of vegetation composition: theoretical models and emMorley, R. J.: Origin and Evolution of Tropical Rain Forests, John
perical evidence, in: Sedimentation of Organic Particles, edited Wiley & Sons, United Kingdom, 362 pp., 2000.
by: Traverse, A., Cambridge University Press, Cambridge, 253-Mosbrugger, V.: The nearest living relative method, in: Fossil Plants
286, 1994. and Spores: Modern Techniques, edited by: Jones, T. P. and

Jermy, A. C.: Selaginellaceae, in: Pteridophytes and Gymnosperms Rowe, N. P., Geological Society, London, 261-265, 1999.
edited by: Kramer, K. U. and Green, P. S., The families and gen-Mosbrugger, V. and Utescher, T.: The coexistence approach — a
era of vascular plants, 1, Springer, Berlin, 39—45, 1990. method for quantitative reconstructions of Tertiary terrestrial

Johnson, L. A. S. and Wilson, K. L.: Casuarinaceae, in: Flowering palaeoclimate data using plant fossils, Palaeogeogr. Palaeocl.,
Plants. Dycotyledons: Magnoliid, Hamamelid and Acryophyllid 134, 61-86, doi0.1016/S0031-0182(96)00154-X997.

Families, edited by: Kubitzki, K., Rohwer, J. G., and Bittrich, V., Moss, P. T., Kershaw, A. P., and Grindrod, J.: Pollen transport and

The families and genera of vascular plants, 2, Springer, Berlin, deposition in riverine and marine environments within the humid

237-242,1993. tropics of northeastern Australia, Rev. Palaeobot. Palynol., 134,
55-69, doi10.1016/j.revpalbo.2004.11.003005.

Clim. Past, 10, 1401442Q 2014 www.clim-past.net/10/1401/2014/


http://dx.doi.org/10.1139/e04-100
http://dx.doi.org/10.1016/j.palaeo.2011.03.001
http://dx.doi.org/10.1130/g25200a.1
http://dx.doi.org/10.1016/j.epsl.2012.06.024
http://dx.doi.org/10.1016/j.earscirev.2014.03.006
http://dx.doi.org/10.1029/2004pa001014
http://dx.doi.org/10.1016/J.Gca.2010.05.027
http://dx.doi.org/10.1080/01916122.1999.9989528
http://dx.doi.org/10.1371/journal.pone.0069281.g001
http://dx.doi.org/10.1126/science.1116412
http://dx.doi.org/10.1016/S0031-0182(96)00154-X
http://dx.doi.org/10.1016/j.revpalbo.2004.11.003

L. Contreras et al.: Southern high-latitude terrestrial climate change 1419

NIWA: CliFlo: NIWAs National Climate Database on the Web: Pross, J., Contreras, L., Bijl, P. K., Greenwood, D. R., Bohaty, S.
http://cliflo.niwa.co.nz{last access: 2013), 2012. M., Schouten, S., Bendle, J. A., R6hl, U., Tauxe, L., Raine, J. I,
Jllgaard, B.: Lycopodiaceae, in: Pteridophytes and Gymnosperms, Huck, C. E., van de Flierdt, T., Jamieson, S. S. R., Stickley, C. E.,
edited by: Kramer, K. U. and Green, P. S., The families and gen- van de Schootbrugge, B., Escutia, C., Brinkhuis, H., and IODP
era of vascular plants, 1, Springer, Berlin, 31-39, 1990. Expedition 318 Scientists: Persistent near-tropical warmth on the

Pancost, R. D., Taylor, K. W. R., Inglis, G. N., Kennedy, E. M., Antarctic continent during the early Eocene epoch, Nature, 488,
Handley, L., Hollis, C. J., Crouch, E. M., Pross, J., Huber, M.,  73-77, doi10.1038/nature1130Q@012.

Schouten, S., Pearson, P. N., Morgans, H. E. G., and Raine, R Development Core Team: R: A language and environment for
|.: Early Paleogene evolution of terrestrial climate in the SW  statistical computing, R Foundation for Statistical Computing,
Pacific, Southern New Zealand, Geochem. Geophy. Geosy., 14, available athttp://www.R-project.org/Vienna, Austria, 2011.
5413-5429, doi:0.1002/2013gc004932013. Raine, J. |.: Terrestrial palynomorphs from Cape Roberts Project

Partridge, A.: The geological expression of eustacy in the early Drillhole CRP-1, Ross Sea, Antarctica, Terra Antart., 5, 539—
Tertiary of the Gippsland Basin, APPEA Journal, 1976, 73-79, 548, 1998.

1976. Raine, J. I., Mildenhall, D. C., and Kennedy, E. M.: New Zealand

Partridge, A. D.: Late Cretaceous — Cenozoic palynology zonations fossil spores and pollen: an illustrated catalogue, GNS Sci-
Gippsland Basin, Australian Mesozoic and Cenozoic palynology ence Miscellaneous Series, 4, availablégp://www.gns.cri.nz/
zonations-update to the 2004 Geologic Time Scale, Geoscience what/earthhist/fossils/spore_pollen/catalog/index, [2808.
Australia, Record 2006/23, 2006. Raine, J. I., Kennedy, E. M., and Crouch, E. M.: New Zealand Pa-

Partridge, A. D., Trigg, K. R., Montgomerie, N. R., and Blevin, J.  leogene vegetation and climate, Climatic and Biotic events of
E.: Review and compilation of open file micropaleontology and  the Paleogene, GNS Science Miscellaneous Series, 18, 117-122,
palynology data from offshore Tasmania: An Output of the West-  2009.
ern Tasmanian Regional Minerals Program, Geoscience AusRaup, D. M.: Taxonomic diversity estimation using rarefaction, Pa-
tralia, Record 2003/7, 2003. leobiology, 1, 333-342, 1975.

Passchier, S., Bohaty, S. M., Jiménez-Espejo, F., Pross, JReid, J. B., Hill, R. S., Brown, M. J., and Hovenden, M. J.: Vegeta-
Roéhl, U., van de Flierdt, T., Escutia, C., and Brinkhuis, H.:  tion of Tasmania, Monotone Art Printers, Hobart, 455 pp., 1999.
Early Eocene to middle Miocene cooling and aridification of Roéhl, U., Brinkhuis, H., Sluijs, A., and Fuller, M.: On the search
East Antarctica, Geochem. Geophy. Geosy., 14, 1399-1410, for the Paleocene/Eocene Boundary in the Southern Ocean: Ex-
doi:10.1002/ggge.2010@013. ploring ODP Leg 189 Holes 1171D and 1172D, Tasman Sea, in:

Pesin, E., Blaize, S., and Lacoste, D.: Atlas climatique de la The Cenozoic Southern Ocean: Tectonics, Sedimentation, and
Nouvelle-Calédonie, Météo-France, Nouméa, New Caledonia, Climate Change Between Australia and Antarctica, edited by:
104 pp., 1995. Exon, N. F., Kennett, J. P., and Malone, M., Geophysical Mono-

Petris, G., Petrone, S., and Campagnoli, P.: Dynamic Linear models graph Series, 151, American Geophysical Union, Washington,
with R, Springer, New York, 252 pp., 2009. 113-125, 2004.

Playford, G.: Plant microfossils from Triassic sediments near Poat-Sakai, A. and Larcher, W.: Frost Survival of Plants: Responses and
ina, Tasmania, J. Geol. Soc. Aust., 12, 173-210, 1965. Adaptation to Freezing Stress, Springer-Verlag, Berlin, 321 pp.,

Pocknall, D. T.: Palynological evidence for the early to  1987.
middle Eocene vegetation and climate history of New Schouten, S., Hopmans, E. C., Schefu3, E., and Sinninghe
Zealand, Rev. Palaeobot. Palynol., 65, 57—69,1d01:016/0034- Damsté, J. S.: Distributional variations in marine crenarchaeo-
6667(90)90056-01990. tal membrane lipids: a new tool for reconstructing ancient sea

Pole, M.: Early Eocene dispersed cuticles and mangrove to rain- water temperatures?, Earth Planet. Sc. Lett.,, 204, 265-274,
forest vegetation at Strahan-Regatta Point, Tasmania, Palaentol. doi:10.1016/S0012-821X(02)00979-2002.

Electron., 10, 1-66, 2007. Shipboard Scientific Party: Site 1172, in: Proc. ODP, edited by:

Poole, I., Cantrill, D., and Utescher, T.: A multi-proxy approach  Exon, N. F., Kennett, J. P., and Malone, M. J., Init. Repts., 189,
to determine Antarctic terrestrial palaeoclimate during the Late 1-149, doi10.2973/odp.proc.ir.189.107.20@001a.

Cretaceous and Early Tertiary, Palaeogeogr. Palaeocl., 222, 95Shipboard Scientific Party: Leg 189 Summary, Proc. ODP, Init.
121, doi10.1016/j.palae0.2005.03.012005. Repts., 189, 1-39, ddi0.2973/odp.proc.ir.189.101.20@0D01b.

Prentice, I. C., Cramer, W., Harrison, S. P., Leemans, R., MonserudSijp, W. P., England, M. H., and Huber, M.: Effect of the deepening
R. A., and Solomon, A. M.: A global biome model based on plant  of the Tasman Gateway on the global ocean, Paleoceanography,
physiology and dominance, soil properties and climate, J. Bio- 26, PA4207, doit0.1029/2011pa002143011.
geogr., 19, 117-134, 1992. Sluijs, A., Pross, J., and Brinkhuis, H.: From greenhouse to ice-

Pross, J.: Paleo-oxygenation in Tertiary epeiric seas: evidence house; organic-walled dinoflagellate cysts as paleoenvironmen-
from dinoflagellate cysts, Palaeogeogr. Palaeocl., 166, 369-381, tal indicators in the Paleogene, Earth-Sci. Rev., 68, 281-315,
doi:10.1016/S0031-0182(00)002192001. doi:10.1016/j.earscirev.2004.06.0®005.

Pross, J., Klotz, S., and Mosbrugger, V.: Reconstructing palaeotemSluijs, A., Brinkhuis, H., Crouch, E. M., John, C. M., Handley, L.,
peratures for the Early and Middle Pleistocene using the mu- Munsterman, D., Bohaty, S. M., Zachos, J. C., Reichart, G.-J.,
tual climatic range method based on plant fossils, Quaternary Schouten, S., Pancost, R. D., Sinninghe Damsté, J. S., Welters, N.
Sci. Rev., 19, 1785-1799, dt0.1016/S0277-3791(00)00089-5 L.D., Lotter, A. F., and Dickens, G. R.: Eustatic variations during
2000. the Paleocene-Eocene greenhouse world, Paleoceanography, 23,

PA4216, doi10.1029/2008pa001613008.

www.clim-past.net/10/1401/2014/ Clim. Past, 10, 140142Q 2014


http://cliflo.niwa.co.nz/
http://dx.doi.org/10.1002/2013gc004935
http://dx.doi.org/10.1002/ggge.20106
http://dx.doi.org/10.1016/0034-6667(90)90056-O
http://dx.doi.org/10.1016/0034-6667(90)90056-O
http://dx.doi.org/10.1016/j.palaeo.2005.03.011
http://dx.doi.org/10.1016/S0031-0182(00)00219-4
http://dx.doi.org/10.1016/S0277-3791(00)00089-5
http://dx.doi.org/10.1038/nature11300
http://www.R-project.org/
http://www.gns.cri.nz/what/earthhist/fossils/spore_pollen/catalog/index.htm
http://www.gns.cri.nz/what/earthhist/fossils/spore_pollen/catalog/index.htm
http://dx.doi.org/10.1016/S0012-821X(02)00979-2
http://dx.doi.org/10.2973/odp.proc.ir.189.107.2001
http://dx.doi.org/10.2973/odp.proc.ir.189.101.2001
http://dx.doi.org/10.1029/2011pa002143
http://dx.doi.org/10.1016/j.earscirev.2004.06.001
http://dx.doi.org/10.1029/2008pa001615

1420 L. Contreras et al.: Southern high-latitude terrestrial climate change

Sluijs, A., Bijl, P. K., Schouten, S., Rohl, U., Reichart, G. J., and Truswell, E. M.: Palynomorph assemblages from marine Eocene
Brinkhuis, H.: Southern ocean warming, sea level and hydro- sediments on the west Tasmanian continental margin and the
logical change during the Paleocene-Eocene thermal maximum, South Tasman Rise, Aust. J. Earth Sci., 44, 633-654, 1997.
Clim. Past., 7, 47-61, ddi0.5194/cp-7-47-2012011. Truswell, E. M. and Macphail, M. K.: Polar forests on the

Stickley, C. E., Brinkhuis, H., Schellenberg, S. A., Sluijs, A., edge of extinction: what does the fossil spore and pollen evi-
Rohl, U., Fuller, M., Grauert, M., Huber, M., Warnaar, J., dence from East Antarctica say?, Aust. Syst. Bot., 22, 57-106,
and Williams, G. L.: Timing and nature of the deepening  doi:10.1071/SB080462009.
of the Tasmanian Gateway, Paleoceanography, 19, PA4026Jtescher, T. and Mosbrugger, V.: The Palaeoflora Database, avail-
doi:10.1029/2004PA001022004. able athttp://www.geologie.unibonn.de/Palaeofl@last access:

Stover, L. E. and Evans, R.: Upper Cretaceous-Eocene spore-pollen 2013), 2013.
zonation, offshore Gippsland Basin, Australia, SP Geol. Soc.Utescher, T., Mosbrugger, V., and Ashraf, A. R.: Terres-
Aust., 4, 55-72, 1973. trial climate evolution in northwest Germany over the last

Stover, L. E. and Partridge, A. D.: Tertiary and Late Cretaceous 25 million years, Palaios, 15, 430-449, d€i:1669/0883-
spores and pollen from the Gippsland Basin, southeastern Aus- 1351(2000)015<0430:TCEING>2.0.CQZ000.
tralia, Proc. R. Soc. Vic., 85, 237-286, 1973. Vandenberghe, N., Hilgen, F. J., and Speijer, R. P.: The Paleocene

Taylor, G., Truswell, E. M., McQueen, K. G., and Brown, M. C.: Period, in: The Geologic Time Scale 2012, edited by: Gradstein,
Early Tertiary palaesogeography, landform evolution, and palaeo- F. M., Ogg, J. G., Schmitz, M. D., and Ogg, G. M., Elsevier,
climates of the Southern Monaro, N.S.W., Australia, Palaeo- Amsterdam, 855-922, 2012.

geogr. Palaeocl., 78, 109-134, 1990. Veblen, T. T.: Regeneration patternsAraucaria araucandorests
Thomas, A., O’'Hara, B., Ligges, U., and Sturtz, S.: Making BUGS in Chile, J. Biogeogr., 9, 11-28, 1982.
Open, R News, 6, 12-17, 2006. Veblen, T. T., Hill, R. S., and Read, J.: The ecology and biogeog-

Thomas, D. J., Bralower, T. J., and Jones, C. E.: Neodymium raphy ofNothofagugorests, Yale University Press, New Haven,
isotopic reconstruction of late Paleocene-early Eocene ther- 403 pp., 1996.
mohaline circulation, Earth Planet. Sc. Lett.,, 209, 309-322,West, M. and Harrison, J.: Bayesian forecasting and dynamic mod-
doi:10.1016/S0012-821X(03)00096-2003. els, Springer, New York, 700 pp., 1997.

Traverse, A.: Sedimentation of palynomorphs and palynodebrisWing, S. and Greenwood, D. R.: Fossils and fossil climate: the case
an introduction, in: Sedimentation of Organic Particles, edited for equable continental interiors in the Eocene, Phil. T. R. Soc.
by: Traverse, A., Cambridge University Press, Cambridge, 1-8, Lond. B, 341, 243-252, ddi0.1098/rstb.1993.0109993.

1994. Zachos, J., Stott, L. D., and Lohmann, K. C.: Evolution of early

Traverse, A.: Paleopalynology, 2nd edition, edited by: Landman, N. Cenozoic marine temperatures, Paleoceanography, 9, 353-387,
H. and Douglas, S. J., Springer, Dordrecht, The Netherlands, 813 do0i:10.1029/93PA03266.994.
pp., 2008. Zachos, J. C., Pagani, M., Sloan, L., Thomas, E., and Billups, K.:

Truswell, E. M.: Palynology of the Permo-Carboniferous in Tasma-  Trends, rhythms, and aberrations in global climate 65 Ma to
nia: an interim report, Geol. Surv. Bull. Tasman., 56, 1-39, 1978. present, Science, 292, 686—693, #6i1126/science.1059412

Truswell, E. M.: Recycled Cretaceous and Tertiary pollen and 2001.
spores in Antarctic marine sediments: a catalogue, PalaentogZachos, J. C., Dickens, G. R., and Zeebe, R. E.: An early Cenozoic
Abt. B, 186, 121-174, 1983. perspective on greenhouse warming and carbon-cycle dynamics,

Nature, 451, 279-283, d4i0.1038/nature06582008.

Clim. Past, 10, 1401442Q 2014 www.clim-past.net/10/1401/2014/


http://dx.doi.org/10.5194/cp-7-47-2011
http://dx.doi.org/10.1029/2004PA001022
http://dx.doi.org/10.1016/S0012-821X(03)00096-7
http://dx.doi.org/10.1071/SB08046
http://www.geologie.unibonn.de/Palaeoflora
http://dx.doi.org/10.1669/0883-1351(2000)015%3C0430:TCEING%3E2.0.CO;2
http://dx.doi.org/10.1669/0883-1351(2000)015%3C0430:TCEING%3E2.0.CO;2
http://dx.doi.org/10.1098/rstb.1993.0109
http://dx.doi.org/10.1029/93PA03266
http://dx.doi.org/10.1126/science.1059412
http://dx.doi.org/10.1038/nature06588

