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Abstract

Fossil wood is abundant throughout the Cretaceous and Tertiary sequences of the northern Antarctic Peninsula region. The
fossil wood represents the remains of the vegetation that once grew at the southern high palaeolatitudes at 59-62°S through the
general decline in climate, from the Late Cretaceous global warmth through to the mid-Eocene cool period prior to the onset of
glaciation. This study draws on the largest dataset ever compiled of Antarctic conifer and angiosperm woods in order to derive
clearer insights into the palacoclimate. Parameters including mean annual temperature, mean annual range in temperature, cold
month mean, warm month mean, mean annual precipitation are recorded. The fossil wood assemblages have been analysed
using anatomical (physiognomic) characteristics to determine the palacoclimate variables from the Coniacian—Campanian to the
middle Eocene. These results are compared with data derived from Coexistence Analysis of the fossil floras (composed of
leaves, wood and palynomorphs) and published data based on leaf physiognomic characters. These studies indicate a relatively
warm and wet Late Cretaceous that becomes drier and cooler in the Early Paleocene and subsequently returns to warmer, wetter
conditions by the latest Early Paleocene. During the Eocene the climate becomes relatively cool and dry once again. The
discrepancies obtained from these two methods coupled with other published data are discussed in the context of the
fluctuations in the temperatures of the surrounding oceans and global patterns of climate change.
© 2005 Elsevier B.V. All rights reserved.
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operation of Earth’s climate system under greenhouse
conditions and the effects of global warming in polar-
regions. In order to understand these changes a dataset
with good spatial and temporal coverage is required,
yet many areas of the globe remain poorly understood.
This is true of the Antarctic where limited palae-
oclimate data are available. Yet high latitude regions
are areas of great importance for it is these regions
where the amplitude of change is often at its greatest
and thus easiest to detect in the geological record.

Fragmentation of the gondwanan landmass
resulted in the creation of new oceanic basins that
dramatically altered oceanic circulation patterns and
with it the flux of heat around the globe. The
progressive isolation of Antarctica into a polar
position over the last 100 million years is generally
accepted as being important in the evolution of the
Earth’s climate system (Kennett, 1977). Key events
include the opening of oceanic gateways such as that
between Australia (Tasmania) and Antarctica at 33.5
Ma. This isolation resulted in the development of the
southern ocean and ultimately the creation of a polar
water-mass. This event coincided with a major cool-
ing resulting from oceanic and atmospheric isolation
and the build up of ice on the Antarctic continent
(Zachos et al., 2001). However, more recently
modelling experiments have suggested that the effect
of ocean gateways was relatively minor compared
with forcing induced through declining carbon diox-
ide levels coupled with orbital forcing conditions
(DeConto and Pollard, 2003). Although we have a
better understanding of the interplay between different
forcing mechanisms in determining climate states, we
still cannot explain various perturbations in the
oxygen and carbon isotope curves. Indeed it is
becoming clear that regional responses to forcing
processes vary considerably from the global average
(Barrett, 2003).

A consequence of these findings is that we now
require better spatial coverage of palaeoclimatic proxy
data. Furthermore we need to better discriminate from
where the signal contained in those proxies is
originating, be it from deep bottom water, surface
water or the atmosphere. Most proxy evidence of past
climates relies on stable isotopes of marine organisms
that record marine sea surface and bottom water
temperatures but these proxies are associated with
signal dampening and lag effects when used to

retrodict terrestrial palaeoclimates (Poole et al.,
2004). In recent years however, a variety of methods
have been developed to estimate terrestrial climates
(from oxygen isotope ratios of palaeosoil carbonates
to plant physiognomy). Traditionally palaeoclimatic
inferences based on plants have focused on growth
characteristics and/or a ‘bioclimatic’ approach which
relies on using taxonomically identifiable material
under the assumption that the climatic requirements of
the fossils are more or less similar to those of their
‘nearest living relatives’ (NLR) today (Kershaw and
Nix, 1988; Mosbrugger, 1999). In order to quantify
palaeoclimate data derived from the traditional bio-
climatic—or NLR approach, Mosbrugger and
Utescher (1997) devised the so-called Coexistance
Approach (CA). This recent variation of the NLR
approach has been applied to various Tertiary leaf
floras (e.g. Pross et al., 1998; Utescher et al., 2000;
Uhl et al., 2003; Liang et al., 2003). A number of
techniques have also been devised whereby quantita-
tive palaeoclimatic data can be derived from fossil
plant material without relying so much on the
taxonomic identity of the fossil under study. Fossil
leaf assemblages have received the greater part of
such attention whereby techniques exploit the known
correlation between leaf physiognomy and climate
parameters (e.g. Wolfe, 1971, 1979, 1993; Wilf, 1997;
Wiemann et al., 1998a, 2001).

One type of plant material that has been little
utilised in this respect is fossil wood. Yet wood is
often widespread and abundant throughout geological
time, and coupled with its robust nature, can yield a
potentially rich archive of palacoecological and palae-
oclimate data (Poole and van Bergen, in press).
Wheeler and Baas (1991) highlight the considerable
potential for using features of dicot woods as an
additional tool in the study of palaeoclimates. How-
ever this approach was only realised when a better
understanding was gained into the relationship
between qualitative and quantitative wood anatomical
data from modern wood and prevailing climate
(Wiemann et al., 1998b). Although still in its infancy
such ‘anatomical’ approaches for deriving palae-
oclimatic data have found that temperature-related
climate variables, particularly mean annual temper-
ature, yield good correlations with anatomy (Wie-
mann et al., 1999). In this paper we investigate the
growth characteristics of fossil wood and compare the
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results of palaeoclimatic estimates based on wood
anatomical characters with those derived from the CA
for various Late Cretaceous to Paleogene wood floras
from the Antarctic Peninsula. These results are then
placed in context of palaeoclimatic reconstructions
derived from other sources to further our under-
standing of climate change at southern high latitudes.

2. Material and methods
2.1. Material

A total of 600 conifer and angiosperm fossil wood
specimens were used in this study. Most were
collected by the authors (IP and DJC) from Alexander
Island, Livingston Island, and islands within the
James Ross Basin (Fig. 1). These were supplemented
by the extensive wood collection housed at the British
Antarctic Survey (BAS) and additional unpublished

material from the collections housed at the Polish
Academy of Science and the Swedish Museum of
Natural History. The wood is petrified and mostly
preserved in calcite although some samples originate
from volcanogenic sediments and are thus silicified.

Fossil wood specimens were thin-sectioned using
standard techniques (Haas and Rowe, 1999), and
familial affinities determined as outlined in Poole et
al. (2000). Any fossil that might have originated from
root or small stem origin was eliminated from the
dataset since determinations from such organs would
potentially bias the results. Sectioned fossil specimens
are deposited in the collections from which they were
loaned.

Material spanning a stratigraphic range from the
Late Cretaceous to the Middle Eocene was examined.
Wood is unevenly distributed throughout the succes-
sion in Antarctica and sample coverage is poor during
some time intervals (e.g. Cenomanian to Turonian).
However, a number of key intervals contain sufficient
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Fig. 1. Locality map showing key regions for fossil plants and geographic names mentioned in the text.
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sample coverage and taxonomic diversity to the meet
statistical criteria (see below) required for analysis.
Floras from the Coniacian (Williams Point Beds, plus
additional material from the Larsen Basin), Santonian
to Campanian (Santa Marta Formation, Snow Hill
Island Formation), Late Maastrichtian (Lopez de
Bertadano Formation), Early Paleocene (Lopez de
Bertadano Formation, Sobral Formation), early Late
Paleocene (Cross Valley Formation), late Early
Eocene (La Meseta Formation, Telm 1-3), Middle
to Late Eocene (La Meseta Formation, Telm 5-7),
Middle Eocene (Fildes Formation) were included in
the analysis.

2.2. Methods

For a comparison of wood anatomy and NLR
approaches for quantitative palaecoclimate determina-
tions, the multivariate anatomical analyses of Wie-
mann et al. (1998b, 1999) and the Coexistence
Approach (Mosbrugger and Utescher, 1997) were
employed. In addition other wood characters were
studied to determine whether climatic signals could be
determined from anatomical characters.

2.2.1. Wood anatomy

With an increased understanding of wood response
to climate in recent years not all wood characters can
be considered to be reliable palacoclimate proxies (see
Poole and van Bergen, in press and references therein
for further details). Therefore anatomical studies were
restricted to those characters that might provide
general, non-quantitative climatic signals.

Due to overriding intrinsic biases associated with
both taxonomic and ontogenetic status (Falcon-Lang,
2003, 2005, in press; Poole and van Bergen, in press)
general conifer ring sequences were not analysed
using mean sensitivity (cf. Francis and Poole, 2002).
Instead characteristics of individual conifer taxa were
traced through the stratigraphic succession in order to
minimise possible taxonomic biases. Three genera
were selected for analysis: Araucarioxylon, Podocar-
poxylon and Phyllocladoxylon. These genera are
abundant, represented by different organs (branch,
twig and trunk wood) and have good stratigraphic
coverage. Qualitative characteristics such as the
percentage of false rings, indicating an interruption
in growth due to unfavourable conditions, were

examined to look for relative shifts in environmental
indicators. The types of false rings can also give some
indication of environmental conditions. Comparisons
were made between trunk wood and branch woods as
different parts of the plant differ in sensitivity to
events (Chapman, 1994). For example, twigs and
outer branches tend to start growing earlier in the
season and so are more susceptible to spring frost
damage than trunk wood.

In angiosperm wood material, growth ring charac-
ters can also provide additional general, albeit non-
quantitative, climatic signals. Presence of false rings
were studied to this end along with deferred optimum
vessel diameter (DOVD; ring type 10 of Carlquist,
2001). DOVD indicates a commencement of growth
at a time when soil moisture is available (due to rain
or melting snow) but temperatures are probably below
the required threshold such that peak transpiration is
delayed until some weeks after initiation of wood
production (Carlquist, 2001). This scenario is com-
mon to Nothofagus antarctica growing at ca. 55°S
today. Finally, the type of porosity exhibited by fossil
wood is expected to reflect the highly seasonal
Antarctic environment if a similar correlation is
assumed between climate in the past and present.

2.2.2. Multivariate anatomical analysis

The relationship between wood anatomical char-
acters and climate was explored by Wiemann et al.
(1998b, 1999) who developed models to determine
climate from wood anatomy. For each of the intervals
outlined above five climate variables namely mean
annual temperature (MAT) mean annual range in
temperature (MART) cold month mean temperature
(CMMT), mean annual precipitation (MAP), and
length of dry season (DRY) were determined from
the fossil material using the regression equations of
Wiemann et al. (1998b, Table 1 herein Egs. (1)—(5);
1999, Table 1 herein Egs. (9)—(16)). Since all
angiosperm anatomical characters had evolved by
the late Cretaceous (E. Wheeler, personal communi-
cation) we have not restricted the analysis (cf. Francis
and Poole, 2002) but have used all the arcsine
transformation formulae provided by Wiemann et al.
(1999) for comparative purposes. However it should
be noted that the results obtained for the material
dated as Coniacian—Campanian may be less precise
since the evolution of some anatomical characters
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cannot (yet) be confirmed from the fossil record
(Wheeler and Baas, 1991; E. Wheeler, personal
communication). However the results are included
here for completeness.

The Vulnerability Index and Mesomorphy ratios of
Carlquist (1977, Table 1) were also calculated since
angiosperm xylem characters and available water in
the habitat have been found to be positively correlated
and might provide further insights into the relative
degree of wetness of the Antarctic environment during
the Late Cretaceous and Early Tertiary.

Francis and Poole (2002) undertook a similar study
and their material has been included within this
dataset. The total angiosperm dataset used herein
represents an increase by >60% when compared with
that used by Francis and Poole (2002). It was hoped
that the increased sample size, coupled with greater
refinement for floral stratigraphic determination [as
compared with the general epoch summary plots of
Francis and Poole (2002)] would yield more precise

Table 1

palaeoclimate data at key intervals in the evolution of
Antarctic ecology. Unfortunately the recommended
sample size (i.e. 25 wood types from each locality for
the floras used by Wiemann et al., 1998b), although
greater than those given in Francis and Poole (2002),
is still not considered ideal (Table 1) and thus standard
errors for the variables are probably greater than those
outlined by Wiemann et al. (1998b) although the
degree of error is unknown (Wiemann, personal
communication). Because this uncertainty exists, the
data obtained from the fossil floras studied herein
were plotted onto the original data set of Wiemann et
al. (1999) to determine whether the individual
anatomical characters reveal trends in MAT of
Antarctica over this time. The caveats outlined by
Wheeler and Baas (1991) when using fossil angio-
sperm wood to interpret ecology still apply. Moreover
since the appearance of the angiosperms in the
southern high latitudes and their subsequent radiation
is coupled with the demise of the gymnosperms (and

Climate variable formulae from Wiemann et al. [1998b (Egs. (1)—(5)) and 1999] [arcsine transformation Eqgs. (9)-(16) (note these relate to the
equation numbers used by Wiemann et al., 1999] and Carlquist (1977) with the calculated climate variable for each flora given

Equation ME EE IEP EP LM c-C
n (sample size in number of taxa) 10 6 4 9 11 8
(1) MAT= 13.40 —0.250(spir)+0.637(> 10ser) +0.255(hetd+)+ 8.7 8.0 11.4 6.6 3.4 19.3
0.416(stor) —0.213(abs)
?2) MART=  4.16+0.319(spir)+0.135(<100 pm)— 10.7 11.7 8.2 9.5 9.7 34
0.373(>10ser) — 0.154(het4+)
3) CMMT=  9.91—0.355(spir) —0.098(<100 um)+0.845(>10ser)+ 11.6 7.1 10.3 10.4 8.2 29.0

0.368(hetd+)+0.528(stor) — 0.210(abs)

4) MAP= —6.06+6.332(sept)+7.901(abs)
5) DRY= 6.18 —0.186(mult) — 0.122(sept)
(9)  MAT=  —4.30+34.14(para)
(10) MAT= 21.70+38.23(stor) —20.29
(11) MAT=  27.82—15.16(<100um)~+24.17(stor)
(12) MAT= 24.78+36.57(stor) — 15.61(marg) — 16.41(abs)
(13) MAT= 14.80 — 16.89(homo)+24.86(stor)+ 14.92(para)
(14) MAT= 30.47 — 19.39(homo)+35.35(stor) — 19.27(abs)
(15) MAT= 17.07+25.23(stor) — 23.17(abs)+13.79(sept)
(16) MAT= 6.25+27.15(mult) — 15.72(spir)
—21.83(<100 pm)+16.88(RP)+33.43(para)
Vi= mean vessel diameter/no. mm >
MR= (mean vessel diameter/no. vessels per mm~ %)

x vessel element length

3710 3890 2560 4230 4940 5620

—10.5 —5.4 -9.0 —6.5 -7.9 —10.7
12.0 10.4 17.3 9.3 10.0 8.8
16.7 16.3 17.1 17.3 21.7 21.7
12.6 13.7 16.7 14.5 16.4 11.2

8.8 10.0 12.7 8.1 10.8 9.8
14.9 11.5 16.4 10.5 12.1 16.0
8.2 6.7 11.4 3.1 3.7 7.7
2.3 6.0 9.4 0.3 1.4 0.6
389 26.3 44.9 31.6 332 27.5
0.85 0.55 0.59 0.62 0.83 1.98
552 292 321 341 389 1332

MAT, mean annual temperature; MART, mean annual range in temperature; CMMT, cold month mean temperature; MAP, mean annual
precipitation; DRY, length of dry season in months; MAT, mean annual temperature; ME, middle Eocene; EE, Early Eocene; IEP, latest Early
Paleocene; EP, Early Paleocene; LM, Late Maastrichtian; C—C, Coniacian—-Campanian; spir, vessels with spiral thickenings; stor, rays storied;
abs, axial parenchyma rare or absent; <100 um, vessel diameter less than 100 um; >10ser, rays commonly more than 10 seriate; het4+, rays
heterocellular with 4 or more rows of upright cells; sept, septate fibres; mult, vessels with multiple perforations; para, paratracheal parenchyma;
marg, marginal parenchyma present; homo, homocellular rays; RP, wood ring-porous; VI, Vulnerability Index; MR, Mesomorphy Ratio.
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Table 2
Taxa used in the Coexistence Analysis approach with morphotaxa names and nearest living relatives provided where possible
Family Morphotaxa Nearest living relative Organ Reference
Middle Eocene (King George Island)
Araucariaceae Araucaria sect Eutacta leaf Hunt, 2001
Cupressaceae Cupressinoxylon Libocedrus leaf, wood Hunt, 2001; Poole et al., 2001
Podocarpaceae Podocarpoxylon Podocarpus leaf, wood Hunt, 2001; Poole et al., 2001
Acmopyle leaf Hunt, 2001
Atherospermataceae Laurelites jamesrossii Laureliopsis philippiana wood Cantrill and Poole, 2004
Cunoniaceae Caldcluvioxylon collinsensis Ackama wood Cantrill and Poole, 2004
Weinmannioxylon Weinmannia wood Cantrill and Poole, 2004
nordenskjoeldii Weinmannia leaf Hunt, 2001
Ceratopetalum leaf Hunt, 2001
Anodopetalum leaf Hunt, 2001
Eucryphiaceae Eucryphiaceoxylon fildense Eucryphia wood Cantrill and Poole, 2004
Eucryphia moorei leaf Hunt, 2001
Eucryphia glutinosa leaf Hunt, 2001
Myrtaceae Myceugenelloxylon antarcticus Luma wood Cantrill and Poole, 2004
Nothofagaceae Nothofagoxylon scalariforme Nothofagus antarctica wood Cantrill and Poole, 2004
Nothofagus antarctica leaf Hunt, 2001
Nothofagus pumilio leaf Hunt, 2001
Nothofagus gunnii leaf Hunt, 2001
Nothofagoxylon palaeoalessandri ~ Nothofgaus cunninghamii ~ wood Cantrill and Poole, 2004
Nothofagoxylon corrugatus Nothofagus solandrii wood Cantrill and Poole, 2004
Nothofagoxylon ruei Nothofagus alpina wood Cantrill and Poole, 2004
Proteaceae Gevuina-Hicksbeachia pollen Dettmann and Jarzen, 1991
Adenanthos barbigera pollen Dettmann and Jarzen, 1991
Carnarvonia pollen Dettmann and Jarzen, 1991
Telopea truncata pollen Dettmann and Jarzen, 1991
Beauprea elegans pollen Dettmann and Jarzen, 1991
Knightia excelsa leaf Hunt, 2001
Rubiaceae Dicotyloxylon pluriperforatum Coprosma wood Torres, 1990
Sterculiaceae Dicotyophyllum washbernii Brachychiton populneus leaf Hunt, 2001

Lower Middle Eocene

Cycadales Cyacadopites
Araucariaceae Araucarioxylon Araucaria wood Cantrill and Poole, 2004
Araucariacites australis Araucaria pollen Greenhalgh, 2002
Cupressaceae Cupressinoxylon Libocedrus wood Torres et al., 1994
Podocarpaceae Podocarpoxylon Podocarpus wood Cantrill and Poole, 2004
Phyllocaldoxylon Phyllocladus wood Cantrill and Poole, 2004
Dacrydiumites florinii pollen Greenhalgh, 2002
Phyllocladites mawsonii Phyllocladus, pollen Greenhalgh, 2002
Lagarostrobus
Podocarpidites Podocarpus pollen Greenhalgh, 2002
Podocarpus dacryidioides Dacrydium dacryidioides — pollen Greenhalgh, 2002
Microcachyridites antarcticus Microcachrys pollen Greenhalgh, 2002
?Arecaceae Gemmamonocolpites pollen Askin, 1997
Atherospermataceae Atherospermoxylon Daphnandra wood Cantrill and Poole, 2004
Aquifoliaceae llexpollenites llex pollen Askin, 1997
Casuarinaceae Haloragacidites harrisii Casurina pollen Askin, 1997
Cunoniaceae Weinmannioxylon Weinmannia wood Cantrill and Poole, 2004
nordenskjoeldii
Cunoniaceae/Elacocarpaceae  Tricolporites pollen Askin, 1997
Droseraceae Fischeripollis, Droseridites pollen Askin, 1997

Epacridaceae/Ericaceae Ericipites scabratus pollen Askin, 1997
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Family Morphotaxa Nearest living relative Organ Reference
Lower Middle Eocene
Eucryphiaceae Eucryphiaceoxylon eucryphioides — Eucryphia wood Cantrill and Poole, 2004
Euphorbiaceae Malvacipollis subtilis pollen Askin, 1997
Gunneraceae Tricolpites reticulates Gunnera pollen Askin, 1997
Liliaceae Liliacidites pollen Askin, 1997
Myrtaceae Myrtaceidites pollen Askin, 1997
Nothofagaceae Nothofagoxylon ruei Nothofagus alpina wood Cantrill and Poole, 2004
Nothofagoxylon scalariforme Nothofagus antarctica wood Cantrill and Poole, 2004
Nothofagoxylon corrugatus Nothofagus solandrii wood Cantrill and Poole, 2004
Olacaceae Anacolosidites pollen Askin, 1997
Proteaceae Gevuina-Hicksbeachia pollen Dettmann and Jarzen, 1991
Adenanthos barbigera pollen Dettmann and Jarzen, 1991
Carnarvonia pollen Dettmann and Jarzen, 1991
Telopea truncata pollen Dettmann and Jarzen, 1991
Beauprea elegans pollen Dettmann and Jarzen, 1991
Banksieaeidites Banksia pollen Askin, 1997
Granodiporites pollen Askin, 1997
Restionaceae Milfordia pollen Askin, 1997
Sapindaceae-Cupanieae Cupanieidites orthoteichus pollen Askin, 1997
Trimeniaceae Periporopollenites polyoratus pollen Askin, 1997
Early—Late Palaeocene (James Ross Basin)
Proteaceae Gevuina-Hicksbeachia pollen Dettmann and Jarzen, 1991
Adenanthos barbigera pollen Dettmann and Jarzen, 1991
Beauprea elegans pollen Dettmann and Jarzen, 1991
Atherospermataceae Atherospermoxylon Daphnandra wood Cantrill and Poole, 2004
Nothofagaceae Nothofagoxylon scalariforme Nothofagus antarctica wood Cantrill and Poole, 2004
Nothofagoxylon ruei Nothofagus alpina wood Cantrill and Poole, 2004
Nothofagoxylon corrugatus Nothofagus solandrii wood Cantrill and Poole, 2004
Mid Early Palaeocene (James Ross Basin)
Araucariaceae Araucarioxylon Araucaria wood Cantrill and Poole, 2004
Phyllocladaceae Phyllocladoxylon Dacryidium, wood Cantrill and Poole, 2004
Podocarpaceae Podocarpoxylon Podocarpus wood Cantrill and Poole, 2004
Phyllocladites mawsonii Phyllocladus, pollen Greenhalgh, 2002
Lagarostrobus
Dacrydiumites florinii Dacrydium pollen Greenhalgh, 2002
Microcachyridites antarcticus Microcachyrs pollen Greenhalgh, 2002
Podocarpus dacryidioides Dacrydium dacrydioides  pollen Greenhalgh, 2002
Cycadopites pollen Greenhalgh, 2002
Atherospermataceae Laurelites jamesrossii Laureliopsis philippiana ~ wood Cantrill and Poole, 2004
Eucryphiaceae Eucryphiaceoxylon eucryphioides — Eucryphia wood Cantrill and Poole, 2004
Tlliciaceae llicioxylon 1llicium wood Cantrill and Poole, 2004
Nothofagaceae Nothofagoxylon kraeuseli Nothofagus cunninghamii ~ wood Cantrill and Poole, 2004
Nothofagoxylon scalariforme Nothofagus antarctica wood Cantrill and Poole, 2004
Myceugenelloxylon antarcticus Luma wood Cantrill and Poole, 2004
Nothofagoxylon ruei Nothofagus alpina wood Cantrill and Poole, 2004
Nothofagoxylon corrugatus Nothofagus solandrii wood Cantrill and Poole, 2004
Nothofagoxylon triseriatum Nothofagus glauca wood Cantrill and Poole, 2004
Proteaceae Gevuina-Hicksbeachia pollen Dettmann and Jarzen, 1991
Adenanthos barbigera pollen Dettmann and Jarzen, 1991
Peninsulapollis gillii pollen Greenhalgh, 2002
Peninsulapollis truswelli pollen Greenhalgh, 2002

(continued on next page)
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Family Morphotaxa Nearest living relative Organ Reference
Mid Early Palaeocene (James Ross Basin)
Proteaceae Beaupreadites verrucosus pollen Greenhalgh, 2002
Propylipollis sp. pollen Greenhalgh, 2002
Gunneraceae Tricolpites Gunnera pollen Greenhalgh, 2002
Clavamonocolpites polygonalis pollen Greenhalgh, 2002
Lilliaceae, Iridiaceae Liliacidites sp. pollen Greenhalgh, 2002
Liliacidites variegatus pollen Greenhalgh, 2002
Liliacidites kaitangataensis pollen Greenhalgh, 2002
?Arecaceae Gemmamonocolpites pilulus pollen Greenhalgh, 2002
?Palmae Arecipites sp. pollen Greenhalgh, 2002
Late Maastrichtian (James Ross Basin)
Araucariaceae Araucarioxylon Araucaria wood and  Cantrill and Poole, 2004;
pollen Dettmann and Thomson, 1987
Araucariacites australis Araucaria pollen Partridge, 2002
Phyllocladaceae Phyllocladoxylon Dacrydium wood Cantrill and Poole, 2004
Phyllocladus wood Cantrill and Poole, 2004
Podocarpaceae Podocarpoxylon Podocarpus wood Cantrill and Poole, 2004
Dacrydium pollen Dettmann and Thomson, 1987
Microcachrys pollen Dettmann and Thomson, 1987
Lagarostrobus pollen Dettmann and Thomson, 1987
Phyllocladiites mawsonii Phyllocladus, pollen Partridge, 2002
Lagarostrobus
Dacrydiumites florinii Dacrydium pollen Partridge, 2002
Podocarpidites sp. Podocarpus pollen Partridge, 2002
Micrcachyridites Microcachrys pollen Partridge, 2002
Cycadales Cycadopites Cycadales pollen Partridge, 2002
Atherospermataceae Laurelites jamesrossii Laureliopsis philippiana wood Cantrill and Poole, 2004
Atherospermoxylon Daphnandra wood Cantrill and Poole, 2004
Aquifoliaceae llex pollen Dettmann, 1989
1llexpollenites sp. pollen Partridge, 2002
Bombacaceae Bombacacidites bombaxoides pollen Askin, 1989
Gunneraceae Gunnera pollen Dettmann, 1989
Tricolpites waiparaensis pollen Partridge, 2002
Tricolpites confessus pollen Partridge, 2002
Illiciaceae Lllicioxylon Hlicium wood Cantrill and Poole, 2004
Lauraceaea Sassafrasoxylon Sassafras wood Cantrill and Poole, 2004
Myrtaceae Myceugenelloxylon antarcticus Luma wood Cantrill and Poole, 2004
- pollen Dettmann, 1989
Nothofagaceae Nothofagoxylon scalariforme Nothofagus antarctica wood Cantrill and Poole, 2004
Nothofagoxylon corrugatus Nothofagus solandrii wood Cantrill and Poole, 2004
Nothofagoxylon aconcaguaense Nothofagus obliqua wood Cantrill and Poole, 2004
Nothofagoxylon ruei Nothofagus alpina wood Cantrill and Poole, 2004
Nothofagoxylon scalariforme Nothofagus antarctica wood Cantrill and Poole, 2004
Nothofagoxylon kraeuseli Nothofagus cunninghamii ~ wood Cantrill and Poole, 2004
Olacaceae Anacolosidites sectus pollen Askin, 1989
Proteaceae Gevuina-Hicksbeachia pollen Dettmann and Jarzen, 1991
Adenanthos barbigera pollen Dettmann and Jarzen, 1991
Knightia pollen Dettmann and Jarzen, 1991
Stirlingia tenuifolia pollen Dettmann and Jarzen, 1991
Grevillea pollen Dettmann and Jarzen, 1991
Telopea truncata pollen Dettmann and Jarzen, 1991
Beauprea elegans pollen Dettmann and Jarzen, 1991

Persoonia lanceolata

pollen

Dettmann and Jarzen, 1991
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Family Morphotaxa Nearest living relative Organ Reference
Late Maastrichtian (James Ross Basin)
Proteaceae Adenanthos barbigera pollen Dettmann and Jarzen, 1991
Beauprea pollen Dettmann and Thomson,
1987; Dettmann, 1989
Macadamia pollen Dettmann, 1989
Gevuina/Hicksbeachia pollen Dettmann, 1989; Dettmann
and Jarzen, 1991
Knightia pollen Dettmann and Jarzen, 1991
Stirlingia tenuifolia pollen Dettmann and Jarzen, 1991
Xylomelum pollen Dettmann, 1989
Grevillea pollen Dettmann and Jarzen, 1991
Carnarvonia pollen Dettmann and Jarzen, 1991
Telopea truncata pollen Dettmann and Jarzen, 1991
Peninsulapollis askinae pollen Partridge, 2002
Peninsulapollis gillii pollen Partridge, 2002
Proteacidites spp. pollen Partridge, 2002
Cranwellipollis palisadus pollen Partridge, 2002
Cranwellia cf striatus pollen Partridge, 2002
Beaupreaidites sp. pollen Partridge, 2002
Sapindaceae-Cupanieae Cupaniedites orthoteichus pollen Askin, 1989
Chloranthaceae Clavamonocolpites polygonalis pollen Askin, 1992
Clavatipollenites hughesi pollen Askin, 1992
Myrtaceae Myrtaceidites sp. pollen Partridge, 2002
Lilliaceae, Iridiaceae Liliacidites spp. pollen Partridge, 2002; Askin, 1992
?Palmae Gemmamonocolpites pilulus pollen Askin, 1992
Arecipites pollen Partridge, 2002
pollen Partridge, 2002
Stellidiopollis annulatus pollen Partridge, 2002
Triporopoellenites spp. pollen Partridge, 2002
Ericipites sp. pollen Partridge, 2002
Retistephanocolporites sp. A pollen Partridge, 2002
Polycolpites cf langstonii pollen Partridge, 2002
Ailanthipites sp. pollen Partridge, 2002
Coniacian to Campanian (James Ross Basin)
Araucariaceae Araucariopitys Araucaria wood, Cantrill and Poole, 2004;
pollen Dettmann and Thomson, 1987
Podocarpcaceae Podocarpoxylon Podocarpus wood Cantrill and Poole, 2004
Microcachrys pollen Dettmann and Thomson, 1987
Dacrydium pollen Dettmann, 1989
Cycadales Centricycas Lepidozamia, stem Cantrill, 2000
Macrozamia,
Encephalartos
Atherospermataceae Atherospermoxylon Daphnandra wood Cantrill and Poole, 2004
Laurelites jamesrossii Laureliopsis wood Cantrill and Poole, 2004
philippiana
Chloranthaceae Ascarina pollen Dettmann and Thomson, 1987;
Dettmann, 1989
Cunoniaceae Weinmannioxylon Weinmannia wood Cantrill and Poole, 2004
nordenskjoeldii
Weinmannioxylon Ackama wood Cantrill and Poole, 2004
ackamoides
Tlliciaceae Lllicioxylon Hllicium wood Cantrill and Poole, 2004

(continued on next page)
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Table 2 (continued)

Family Morphotaxa Nearest living relative Organ Reference
Coniacian to Campanian (James Ross Basin)
Lauraceae Sassafrasoxylon Sassafras wood Cantrill and Poole, 2004
Loranthaceae Cranwellia striata pollen Askin, 1989
Monimiaceae Hedycaryoxylon Hedycarya wood Cantrill and Poole, 2004
tambourissoides
Myrtaceae - pollen Dettmann, 1989
Nothofagaceae Nothofagoxylon Nothofagus wood Cantrill and Poole, 2004
scalariforme antarctica
— pollen Dettmann and Thomson, 1987
Proteaceae Macadamia pollen Dettmann and Thomson, 1987;
Dettmann, 1989
Gevuina-Hicksbeachia pollen Dettmann and Jarzen, 1991
Adenanthos barbigera pollen Dettmann and Jarzen, 1991
Telopea truncata pollen Dettmann and Jarzen, 1991
Carnarvonia pollen Dettmann and Jarzen, 1991

Data from the Antarctic Peninsula region—Senonian to middle Eocene—divided into floral assemblages which might characterise changing
climate based on the pollen and wood floral assemblages. Leaf data has not been included because they comprise of compression fossils lacking

the necessary cuticles for definitive identifications.

other) plant taxa (Cantrill and Poole, 2002) factors
other than climate alone would probably have affected
angiosperm wood evolution. This also illustrates the
problems of extrapolating from modern floras into the
past especially back into the Mesozoic. With these
considerations in mind the inferred palacoclimate data
should be interpreted with care and reference to
associated caveats duly acknowledged.

2.2.3. Coexistence approach

All identified conifer and angiosperm wood mate-
rial and identified palynological and leaf material
(Table 2) from specific floras were subject to the
Coexistance Approach (CA) (Mosbrugger and
Utescher, 1997). This approach applies climate toler-
ances of all nearest living relatives (NLRs) known for a
fossil flora to determine intervals for a variety of
climate variables in which most of the taxa can coexist.
The resulting intervals are then used to define the
palaeoclimate conditions for the fossil flora (cf.
Mosbrugger and Utescher, 1997). Since this method
is based on the NLR concept, the approach is suited for
climate reconstructions from the Cenozoic palacobo-
tanical record where it has proved its reliability. The
climatic resolution obtained from the method (i.e. the
widths of the intervals) strongly depends on the
number of NLR-taxa contributing with climate data,
as well as the taxonomic level of identification of
NLRs. The percentages of NLR-taxa coexisting in the

resulting climate intervals are considered as a measure
of the significance of the results obtained. Theoret-
ically, 100% of the NLRs of a fossil flora should
coexist. In practice, percentages range between 85%
and 100% for Tertiary floras (Utescher et al., 2000)
because of the number of potential biasing factors.
Important sources of error include: the taphonomic
conditions of the fossil flora; the misidentification of
NLRs; the fact that certain NLRs, such as monotypic
genera or relicts occurring in isolated areas may not
represent the entire climatic spectrum of their
ancestors; and the proposed underestimation of
CMMT (by 1.5-3 °C for the taxa studied) when
derived from the NLR approach in periods where
atmospheric CO, levels were higher than today
(Royer et al., 2002). However with respect to the
latter, the absence of such studies on the taxa included
herein and species-specific relationship between
atmospheric CO, level and sensitivity remains unclear
with respect to CMMT, corrections or adjustments
during a period of strong CO, fluctuation remain
difficult and have not been undertaken. The last two
sources of error especially become increasingly
important with the age of the floras analysed and
diminish the significance of the results—a fact which
has to be kept in mind when interpreting the data
calculated for the Mesozoic floras.

A list of the taxa in each flora analysed are given in
Table 2 and are derived from a number of published



Table 3

Summary of the quantitative palaeoclimate data published to date from King George Island (KGI) and the James Ross Basin (JRB)

Method Middle Eocene KGI Early Eocene Latest Early Early Late Coniacian—
Paleocene Paleocene Maastrichtian Campanian
Dragon Glacier Fossil Hill JRB
Temperature
MAT, °C LMA 10.5 8.8 - - - - -
CLAMP 10.6 - - 13.5+0.7 - - -
WP mean (n) - 11.7 (*) 10.9 (*) 14.7 (*) 9.9 (*) 11.1 (*) 13.5 (%
CA flora - 12.2-12.6-13.0  14.8-16.1-17.4  11.1-14.6-18.1 12.2-12.6-13 13.9-16-18.1 12.9-17.1-21.3
CA leaves 14.8-15.2 13.8-26.5 - - - - -
mean 12.0 133 13.5 14.2 11.3 13.6 15.3
MART, °C WP+14°C - 10.7 11.7 8.2 9.5 9.7 3.4
CMMT, °C WP+2.6 °C - 11.6 7.1 10.3 10.4 8.2 29.0
CA flora —(9.2-10.8) 7.6-7.65-7.7 7.6-7.65-7.7 7.6-7.65-7.7 7.6-9.7-11.8 7.4-8.3-9.1 7.4-7.6-7.8
(CA leaves) (7.8-25.3)
WMMT, °C  CA flora (20.4-27.0)[19.0]  16.3-16.6-17 22.8-23.3-23.9  152-19.6-239  16.3-17.1-18 18.5-21.8-25 22.3-24.7-27
(CA leaves)[CLAMP] (20.4-27.0)
DRY WP + 1.4 months - —10.5 —5.4 -9.0 —6.5 -7.9 —10.7
Precipitation
MAP, mm LMA 1039 1059 - - - - -
CLAMP 885 - - - - - -
WP + 940 mm - 3707 3889 2548 4225 4944 5620
CA flora (leaves) —(615-1250) 652-733-815 652-733-815 574-894-1215 652-671-691 652-928-1205  887-947-1008
(815-2099)
mean 952 1739 2311 1721 2448 2936 3284 1580 1630
WM, mm CA flora - 74-128.5-183 86-134.5-183 58-120.5-183 148-165.5-183  87-135-183 183-185-187 - -
DM, mm CA flora - 25-31-37 25-31-37 25-27-29 17-23-29 25-33.5-42 19-31.5-44 - -
VI - 0.85 0.57 0.59 0.62 0.83 1.98 - -
MR - 552 299 321 341 389 1332 - -

Temperature data: MAT, mean annual temperature; MART, mean annual range in temperature; CMMT, cold month mean temperature; WMMT, warm month mean temperature. Data derived from leaf margin
analysis (LMA), CLAMP, wood physiognomy (WP), Coexistence Analysis (CA; minimum—mean—maximum values) based on total flora (CA flora) this study and of just leaf flora (CA leaves). DRY, length of
dry season. Precipitation data: MAP, mean annual precipitation; WM, wettest month; DM, driest month derived abbreviations as for temperature data. VI, vulnerability index; MR, mesomorphy ratio. Data
derived from this study except for climate data derived from Santa Marta Formation and Hidden Lake Formation leaf floras (Hayes, 1999), Dragon Glacier flora (Hunt, 2001) and data derived from the Fossil
Hill leaf flora (Hunt, 2001), latest Early Paleocene leaf flora (Francis et al., 2003). See text for details.

121-S6 (S00Z) 77z d8oj022000I0g ‘A30j0IPUII202DIDY ‘AYdp.1302302DID] / "I 12 2]00q |

SOl



106 1. Poole et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 222 (2005) 95121

and unpublished sources. In order to obtain a diversity
of greater than 10 NLR taxa, the level commonly
required by the CA, the paleobotanical record of
particular time intervals have been combined, and
mega- and microfloral remains are analysed together.
In most of the cases the number of taxa contributing
with climate data is sufficiently high (14-33 taxa)
such that reliable results can be expected. For the
Cross Valley flora, with a diversity of only 7
taxonomic diversity is below the lower limit. The
climate data calculated are summarized in Table 3.
With a mean interval width of 4.0 °C for MAT the
climatic resolution is considerably lower when com-
pared with ranges of ca. 1.5 °C obtained from the
analyses Neogene floras (Utescher et al., 2000). As
expected, only rarely did all NLRs of the fossil taxa
coexist within the resulting ranges (see above).
Additional uncertainties arise from the fact that the
single floras analysed represent longer time-spans (up
to a few million years) in which short-term climate
variations might have been present. In addition, the
combined analyses of woods and pollen although
representative of a more complete regional flora could
still be biased by associated taphonomical factors.
However, the percentages of coexisting taxa in the
majority of cases are above 85% and the results can be
regarded as highly significant. In 12 of 36 cases the
data are less reliable with percentages of coexisting
taxa falling between 71% and 85% (i.e. KGI and latest
Early Paleocene floras). As shown by the analyses of
the single floras there are three permanent climatic
outliers observed which are partly responsible for
these inconsistencies. These are Beauprea presently
restricted to New Caledonia, Cupania and Macad-
amia, both growing today in much warmer climates.

3. Results
3.1. Climate signals from growth characters

3.1.1. Conifer woods

One feature typifying the coniferous wood is the
relatively narrow late wood zone of just a few cells.
This is a feature of high latitude coniferous wood and
has been suggested to be a function of day length
induced dormancy (since these latitudes experience
one month of total winter darkness and light induced

photoinhibition for several weeks either side) rather
than limiting growing conditions such as water
availability or cold temperatures (Parish and Spicer,
1988). Within the araucarian wood, a group that
generally has weakly developed rings, this feature is
well developed. Araucarioxylon and Araucariopitys
from Williams Point (Livingston Island) have wide
(0.8-5.0 mm), well-defined growth rings but with
only a few late wood cells (2—4). Well-defined rings
are also seen in the Late Maastrichtian although a few
specimens (20%) have growth interruptions (defined
as a few, ca. 2-4, cells with reduced dimensions
forming a visible interruption in growth but not
similar in magnitude or extent to a true ring) within
each annual ring cycle. This percentage increases in
the Early Paleocene and by the late Early Paleocene
had risen to 40% of the specimens. This suggests that
environmental conditions such as water availability or
temperature became limiting for short periods during
the growing season resulting in a slowing in growth.
By the Early Eocene and into the Middle Eocene the
percentage of specimens with growth interruptions
declines (to ca. 20%), but the characteristics of the
ring boundary changes. In general the late wood zone
expands in width and cell walls become thicker. Thick
cell walls in the late wood are more typical of conifers
from temperate regions where water becomes limiting
in the later part of the growing season. This suggests
the control of the growing season changes from being
light induced in the mid-Cretaceous to being caused
by limiting factors such as temperature and/or water
availability. This would be consistent with changes
from a warm mid-Cretaceous interval to cooler
Paleogene period.

It might be expected that given the high palae-
olatitude and the associated seasonal darkness, frost-
including (unseasonally) early or late frosts—would
be part of the climatic regime manifesting itself as
areas of frost damage or false rings (defined here as a
more pervasive interruption in growth resembling to
the greater extent true rings). Within this dataset only
one ring with disorganized cell growth and traumatic
parenchyma was observed in the araucarian conifers
even though Chapman and Smellie (1992) recorded
false rings in 75% (n=28) of the podocarpaceous and
araucariaceous wood taxa described from Livingston
Island and Jefferson (1982) noted the presence of frost
damage in conifer woods from the more southerly
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Alexander Island. Most false rings do not appear to be
the result of severe frosts resulting in cell death but
rather short term interruptions to cell expansion.

Recent studies have demonstrated that frost rings
are remarkably rare even within trees growing in
regions with significant frosts and when present are
confined to the outer twigs and branches and early
ontogenetic stages of the upper trunk and branch
wood and absent from mature trunk wood (Chapman,
1994; Falcon-Lang, 2005). Moreover elevated atmos-
pheric CO, concentrations (DeConto and Pollard,
2003) present at this time have been hypothesised to
increase plant frost sensitivity by raising the temper-
ature at which the leaf tissues freeze (Beerling et al.,
2002) and thus increasing the likelihood of frost ring
formation. The conifer wood studied here are gen-
erally from large branches and possibly trunk wood
and thus may have been protected from any unseaso-
nally late frosts although given the higher than
ambient atmospheric CO, concentrations it seems
unlikely that near freezing temperature (unseasonally
cold conditions) were experienced after the onset of
the growing season. This is perhaps not that surprising
given the palaecogeographic setting close to the sea
would have resulted in a more maritime climate with
the consequent dampening of extreme temperature
variability relative to continental climates.

3.1.2. Angiosperm woods

If light and/or temperature were the limiting
environmental factor the incidence of rings exhibiting
deferred optimum vessel diameter might be assumed
to be high. Moreover unfavourable conditions during
the growing season would manifest itself as a false
ring (see Section 3.1.1). In the Coniacian—Campanian
warm period there is no evidence for DOVD or
growth interruptions suggesting that growth resumed
uninterrupted when all requirements were above the
minimum threshold.

In the Late Maastrichtian the incidence of DOVD
is at its greatest (32%) suggesting light and/or
temperature were controlling factors in the southern
latitude environment. Following this peak, the inci-
dence of DOVD gradually decreases from the Late
Maastrichtian through the Early Paleocene to the
Middle Eocene (11%) suggesting an increased accli-
mation of the angiosperms to the high latitude
environments.

The angiosperm wood, unlike that of the conifer
material, records the presence of growth interruptions
from the Late Maastrichtian with an increase in the
Eocene. This might imply that not all conditions
remained favourable for the angiosperms. If temper-
ature were a likely candidate, this could be discounted
since these taxa are evolving under falling palae-
oatmospheric CO, concentrations, which would make
them less sensitive to unseasonal fluctuations in
temperature relative to the conifers. Alternatively,
the occurrence of growth interruptions might suggest
once more that the angiosperms were not totally
adapted to these high latitude palacoenvironments.

The vast majority of angiosperm woods from the
Maastrichtian to Eocene have semi-ring porous woods
and distinct, albeit narrow, growth rings. Only in the
Coniacian—Campanian warm period does the diffuse
porous condition dominate with the oldest angiosperm
woods described (i.e. from Williams Point, Livingston
Island; Poole and Cantrill, 2001) exhibiting both
diffuse porosity and indistinct growth rings. Ring
porosity is most obvious in Sassafrasoxylon from the
Late Cretaceous (Poole et al., 2000). This is the
earliest know occurrence of ring porosity suggesting
that this condition might have evolved in response to
the seasonal high latitude environment.

The virtual absence of ring porosity, coupled with
the high incidence of indistinct growth rings in the
Coniacian—Campanian material, from plants growing
in the highly seasonal Antarctic environment suggests
that the associated physiological responses may have
only evolved across taxa in general during the later
Tertiary. This supports the conclusion drawn by
Wheeler and Baas (1991). Therefore the use of
growth characters in wood, often associated with
general ecological variables, for climatic determina-
tion prior to the Tertiary may be confounded by the
incomplete evolution of adaptational strategies.

3.2. Multivariate anatomical analyses

Five climate variables MAT, MART, CMMT, MAP
and DRY were determined (Table 1). The negative
values for DRY for the six floras can be explained by
the complete absence of a distinct dry season from the
Late Cretaceous through to the Middle Eocene. The
predictions of CMMT derived from wood physiog-
nomy range from 29 °C in the Coniacian to
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Campanian warm period to ca. 7 °C in the Early
Eocene (Table 1). The evidence of frost and ice mass
accumulation in Antarctica during the Eocene (Zachos
et al., 2001) implies that the CMMT for the Eocene, at
least, are overestimates. Moreover considering that the
estimated CMMTs are often greater (50%) than the
mean MAT (Table 3) coupled with the conclusions of
Wiemann et al. (1998b) who state that CMMT is less
precise than other climate variables, these values are
considered to be too imprecise, especially for the
Coniacian—Campanian material, to warrant further
discussion but have been included for completeness.

MART values obtained here range from ca. 3.5 °C
in the Coniacian—Campanian to ca. 12 °C in the late
Early Eocene (Table 1). These data suggest that the
Coniacian—Campanian was equable all year but
became more seasonal in the Eocene. However, it
would be expected that given the length of winter
darkness experienced at these latitudes, MARTSs
would be greater than 3 °C even in a period of
relative warmth and greater than 12 °C during the
Eocene cooling. Wiemann et al. (1998b) also con-
clude that MART is less precise than other climate
variables and are therefore recorded here for com-
pleteness but will not be discussed further.

The relative shifts in MAP (Table 1, Fig. 2) show a
progressive drying of the climate from the Coniacian—
Campanian into the Late Paleocene with a sharp
decrease in the late Early Paleocene. Thereafter annual
precipitation levels rise again into the Middle Eocene
before falling again in the later middle Eocene.
Wiemann et al. (1998b) state that MAP values derived
in this way are probably overestimated. Therefore
relative shifts may be more reliable than absolute
values. Interestingly the Vulnerability Index and
Mesomorphy Ratio also indicate a wetter Conia-
cian—Campanian period relative to the Late Maas-
trichtian and Tertiary (Table 1) suggesting that the
trends may be real.

Mean annual temperatures derived from the abun-
dance of individual anatomical characters show no
logical trend with MAT derived for the 37 regions
analysed by Wiemann et al. (1998b) (Fig. 3). Therefore
we do not consider the abundance of individual
characters alone to be a reliable technique to enhance
understanding of palaeotemperatures. The MAT esti-
mates derived from abundance data of anatomical
character combinations in the equations given in Table

1 (from Wiemann et al., 1998b). The data from Eqs.
(15) and (16) were not used since the MATs of 2645
°C (Eq. (16)) are considered too high relative to data
derived from independent sources (see below) whereas
estimates of MAT of 0.6 °C (Eq. (15)) for the
Coniacian—Campanian are considered to be unrealisti-
cally low therefore all data derived from these two
equations have been excluded from further analysis.
The remaining data, along with the calculated mean
MAT, are plotted in Fig. 4. Although the absolute
temperatures given by the formulae differ, there is a
general underlying trend in the directionality of the
temperature excursions (Table 1, Fig. 4). Fig. 4
indicates the Coniacian—Campanian was a period of
relative warmth with the mean MAT estimated to be up
to 13.5 °C (Table 3). The Late Maastrichtian is slightly
cooler with mean MATs of ca. 11 °C. A warming trend
develops from ca. 10 °C the Early Paleocene to ca. 15
°C in the late Early Paleocene. The Eocene is
characterised by cooler conditions once again (ca. 11—
12 °C). These data are compared with other published
MAT estimates in Table 3 and discussed below.

3.3. Coexistence approach

The climate variables MAT, CMMT, warm month
mean temperature (WMMT), MAP as well as
precipitation in the wettest and driest month were
determined by the Coexistence Approach (Table 3 and
Fig. 2). The significance of the climate data obtained
from the Coexistence Approach (CA) is not as
rigorous as for data obtained from Neogene material
due to the additional problems associated with
climatic tolerance variations through geological time.
With this caveat in mind the data obtained can be
compared with those using the wood anatomy of the
angiosperm samples and other climate data derived
from plant proxies (Figs. 2 and 5).

All temperature variables analysed by the CA
indicate that warm conditions existed during the
Coniacian—Campanian with MAT, CMMT and
WMMT decreasing slightly into the Maastrichtian. In
the earliest Paleocene a significant drop of MAT and
WMMT are observed followed again by a warmer
phase in the late Early to early Middle Eocene. In the
Middle Eocene temperatures again decrease. The
warm month mean shows the most significant varia-
tions in terms of palacotemperature which is contrary
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Fig. 2. Compilation of data showing the change in terrestrial climate in terms of mean annual precipitation (MAP mm) and mean annual
temperature (MAT °C) with range/error when greater than the data point from the Coniacian—-Campanian to Middle Eocene for the Antarctic
Peninsula region. See Table 2 for details. (A) MAP curve based on quantitative data derived from wood physiognomy (black circles) and leaf
physiognomy given in 'Hayes (1999), *Hunt (2001), *Hunt and Poole (2003). (B) MAP curve based on quantitative data calculated by the
Coexistence Approach from this study (black circles) and from fossil leaf floras (black rectangle) given in “Hunt (2001) and estimates derived
from nearest living floras (grey rectangles) after 'Birkenmajer and Zastawniak (1989) Late Cretaceous—early Palacogene (56.8+ 1.2 Ma)
Dufayel Island (KGI) flora (1000—4000 mm), “Doktor et al. (1996) Late Paleocene—Eocene floras of Seymour and KG Islands (600—1200 mm),
*Birkenmajer and Zastawniak (1989) Eocene (47+2 Ma; dating updated from Hunt, 2001) Point Hennequin floras (600-4300 mm),
3 Birkenmajer and Zastawniak (1989) for the Late Eocene (37.4 + 1.1 Ma) Cytadela flora (1220-3225 mm). (C) Mean MAT curve derived from
wood physiognomy equations (see Table 1 and text for details, black circles) and quantitative data from leaf physiognomy (black squares) given
in 'Hayes (1999), *Francis et al. (2003), *Hunt (2001), “Hunt and Poole (2003). (D) MAT curve based on quantitative data calculated by the
Coexistence Approach in this study (black circles) and from leaf floras (black rectangles) given in Hunt (2001) and estimates derived from
nearest living floras (grey rectangles) after ' Askin (1992) latest Maastrichtian (8—15 °C), *Birkenmajer and Zastawniak (1989) Late Cretaceous—
early Palacogene (56.8 + 1.2 Ma) Dufayel Island (KGI) flora (10~13 °C), *Doktor et al. (1996) Late Paleocene—Eocene floras of Seymour and
KG Islands (10-15 °C), 4Birkenmajer and Zastawniak (1989) Eocene (47 + 2 Ma; dating updated from Hunt, 2001) Point Hennequin floras (5-8
°C), *Birkenmajer and Zastawniak (1989) for the Late Eocene (37.4 + 1.1 Ma) Cytadela flora (11.7-15 °C).

to that found in studies utilising the CA on Tertiary
floras from the mid-latitudes (e.g. Utescher et al.,
2000). Moreover the maximum estimated temperatures
do not surpass 27 °C. Once again there is a sharp
decrease over the K—T boundary from a relatively
warm WMMT (ca. 21.8 °C) during the Maastrichtian
decreasing to ca. 17 °C by the earliest Paleocene.
Annual precipitation (MAP) levels during the time
interval under discussion here are relatively constant.

Estimates derived from CA are consistently over 575
mm and mean annual levels generally above 700 mm.
The VI and MR suggest that during the Coniacian—
Campanian was a period of relative abundant water
availability but these levels had roughly halved by the
Maastrichtian and continued to remained relatively dry
throughout the Early Tertiary. The CA undertaken in
this study however suggests relatively constant MAP
in the Coniancian—Campanian and Maastrichtian (ca.
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(or remaining) sites.

900 mm) but with a decrease in the early Paleocene
(ca. 700 mm) with levels returning to Cretaceous
levels in the latest Early Paleocene. MAPs remained
fairly constant until the Middle Eocene. Leaf margin
analyses and CA analyses of leaf floras suggested a

relatively high MAP of >1000 mm for the Middle
Eocene (Hunt and Poole, 2003) whereas the CA of the
total flora estimates a level of ca. 700 mm (Table 3).
Valdivian ecosystems (the closest living analogue to
these Antarctic floras; Poole et al.,, 2001, 2003)
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Fig. 4. Results for mean annual temperature derived from different formulae (numbers refer to the formulae defined in Table 1). Grey circles

indicate the mean value of the data for each stage referred to in the text.

however are supported today in areas where MAP is
between 900 and 2500 mm (Ohga, 1987), so 700 mm
is a somewhat low estimate. Nevertheless, moisture
may have been introduced to the system through
means other than direct precipitation, i.e. sea mists,
etc., given the proximity of the sea and probable
maritime climate. The results obtained for the precip-
itation rates in the wettest and driest month, respec-
tively, point to a pronounced seasonality. For the driest
month, mean precipitation rates remain fairly constant
ranging between 27 and 34 mm, except in the Early
Paleocene where precipitation of the driest month was
23 mm. For the wettest month very high rates of
around 185 mm are calculated for the Coniacian—
Campanian (range 183—187 mm), decreasing into the
Maastrichtian (range 8§7-183 mm, mean 135 mm). In
the later Paleocene and in the Eocene, relatively wide
ranges of wet month precipitation occur (range 58—
183 mm, mean 121 mm) suggesting greater variability.

In summary therefore, it seems that warm, perma-
nently wet conditions (Fig. 2) reflecting a warm
temperate/subtropical environment were at an opti-
mum in the Coniacian—Campanian. MATs then
decreased to the end of the Maastrichtian (Fig. 2),

accompanied by a decrease in the WMMT and
CMMT (Table 3), i.e. more warm/cool temperate,
but still relatively wet conditions prevailing through-
out this time. This is followed by a decrease in both
MAT and MAP combined with reduced mean
precipitation of the driest month (more cool temper-
ate) by the ecarliest Paleocene (Table 3). WMMT
continued to fall across the KT boundary (Table 3).
MATs increased through the Paleocene (reflecting a
possible return to warm temperate conditions) and
remained relatively high until the Middle Eocene (Fig.
3) when they began their final demise as glaciation in
East Antarctica began. MAP levels had increased by
the Eocene and then underwent a decrease through the
middle Eocene. CMMT levels remained fairly con-
stant after the Early Paleocene-only the WMMT data
show an increase to the end of the Early Eocene
before decreasing once again (Table 3).

3.4. Comparison of the results obtained from the
different approaches

Conifer wood characters document a growing
season dictated by light in the Late Cretaceous and



112 1. Poole et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 222 (2005) 95121

probably by temperature in the Eocene, this is also
implied from wood characters of angiosperm wood
although this ecological signal may be confounded by
evolutionary and adaptational processes associated
with angiosperm evolution at this time.

Multivariate anatomical analyses and Coexistence
Approach both suggest a relatively warm, wet Late
Cretaceous becoming much cooler and drier at the
very end of the Maastrichtian into the early Paleocene
(Fig. 2). The results obtained from the VI and MR
regarding relative degree of wetness in the environ-
ment are also in agreement. The driest phase is
considered to be the early to middle Paleocene as
determined from CA and multivariate anatomical
analysis. In the Eocene results from the multivariate
anatomical analysis suggest a drier climate whereas
those derived from the CA suggests a continuation of
the relatively low precipitation levels. With regard to
temperature both approaches resulted in similar trends
with a warming from the early Paleocene followed by
cooling, after the hiatus, into the middle Eocene.
Absolute values in MAP and MAT differ between
these two approaches with the greatest discrepancy
occurring in the Late Cretaceous and Early Eocene. In
the Paleocene and Middle Eocene the mean estimates
are within 2.5 °C. Interestingly nearest living relative
estimates (grey bars in Fig. 2) show no relationship to
the data derived herein with regard to MAP but do
show a general decline in MAT during the middle
Eocene similar to that obtained from the CA.

In conclusion therefore although the results
obtained from the different approaches differ, the
general trends observed from the CA and multivariate
anatomical analysis are in general concordance and
may be used to infer palacoclimatic trends in
Antarctica at this time.

4. Discussion

4.1. Implications for growth in the high southern
latitudes

During the Cretaceous and Tertiary, the Antarctic
Peninsula region was the site of an active continental
arc. The geology suggests a narrow peninsula with a
central range of mountains. Although we have no
direct evidence for the heights of the mountains they

were probably in the order of 2000-3000 m—similar
to those seen in similar continental arcs such as Japan
today. Bordering an ocean, and lying at latitude 59—
62°S (Lawver et al., 1992), the Antarctic Peninsula
lay in the path of a westerly air stream and this
coupled with the topography would have resulted in a
strong orographic control on rainfall. The closest
setting would be similar to that seen in Tasmania
(latitude 41-43°S) today where the contrast in annual
rainfall between the west (3600 mm) and east (500
mm) is great. Other such settings occur in South
Island, New Zealand (41-47°S) where 4000—12000
mm of rain falls in the west versus 300—800 mm in the
east, or southern south America (48-53°S) which has
4000-8000 mm in the west versus 200—500 mm in the
east. However, being surrounded by water masses on
both sides, the Antarctic palacoclimate would have
been maritime with reduced contrasts in temperature
and precipitation throughout the year.

Vegetation growing on the active arc also experi-
enced strong environmental disturbance as a result of
arc processes. Volcanic eruption and ecosystem
disturbance played a major role and strongly influ-
enced vegetation composition (Poole et al., 2001). As
vegetation composition determines the taxa preserved
and therefore analysed, these processes can potentially
bias the climate signal. This is also true for environ-
mental processes as increases in volcanic frequency
change soil conditions and probably influence water
availability.

Growing at a palaeolatitude of ca. 60°S (Lawver et
al., 1992) and experiencing higher than ambient
atmospheric CO, concentrations, plant physiological
processes would have differed from plants growing at
any location on Earth today. The vegetation would
have experienced a dormant phase (of at least 1
month) as a result reduced light intensity which was
probably limiting for a number of weeks either side of
the period of total winter darkness. Temperature
extremes may have been buffered by the high
atmospheric CO, (up to 2000 ppm in the Late
Paleocene and Early Eocene; Pearson and Palmer,
2000) coupled with the maritime setting, thereby
keeping the soil and air temperature above freezing.
However, the vegetation was probably more sensitive
to frost (Beerling et al., 2002) than under the lower
CO, concentrations of the present day. Therefore light
in particular, coupled with temperature (probably to a
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lesser extent if ambient temperatures remained high
enough during the growing season), may have been
the limiting factor causing growth cessation. Growth
rates (including radial growth) of trees were also
probably enhanced due to the elevated atmospheric
CO, concentration (e.g. Norby et al., 1999; Osborne
and Beerling, 2002). This renders the use of palae-
oclimatic determination from the growth rings of
fossil woods, without considering plant sensitivity to
levels of atmospheric CO,, problematical especially in
relation to estimates of warm month mean temperature
(Osborne and Beerling, 2002) and mean annual
sensitivity.

The question of whether the plants exhibited an
evergreen or deciduous habit in polar ecosystems has
been a focus of discussion for decades. The evergreen
habit would not have been detrimental during the dark
winter month(s) if extreme cold had prevailed as
metabolic processes are minimal. In early spring
evergreenness would have been advantageous because
little energy would be required to initiate photosyn-
thesis (Spicer and Chapman, 1990). However the
climate is known to have been warm and atmospheric
CO; high so winter respiration rates may have been
high enough to deplete the stored metabolites espe-
cially in the juvenile growth stages (Spicer and
Chapman, 1990). The overriding conjecture has
favoured a deciduous habit since carbon could be
conserved as respiration is avoided during the long
winter months (e.g. Spicer and Chapman, 1990).
Recent modelling experiments (Osborne and Beerling,
2003; Royer et al., 2003; Osborne et al., 2004) on
“living fossils” show that such conclusions can be
refuted since the carbon cost of annually shedding
leaves in deciduous trees greatly exceeds the cost of
respiration in an evergreen canopy. Therefore atten-
tion needs to be paid to the morphology and anatomy
(e.g. Falcon-Lang, 2000) exhibited by the fossils to
determine whether the plants were evergreen or
deciduous. This approach was adopted by Falcon-
Lang and Cantrill (2001) to determine the habit of late
Albian Antarctic conifers. Based on five independ-
ent techniques they concluded that the canopy
forming vegetation was predominantly evergreen.
Araucarians and podocarps, which dominated the
vegetation, held on to their leaves for at least 5-13
years whereas some of the rarer taxodiaceous
conifers were evergreen but with much shorter leaf

retention times. Based on other morphological evidence,
Cantrill and Nichols (1996) concluded that other
?taxodiaceous conifers, ginkgos and taeniopterids were
all deciduous along with the fern and angiosperm
components of the understorey.

Angiosperm woods lack any evidence for leaf
retention. Less than five specimens in total (including
those specimens considered too small for palae-
oclimate analysis) showed evidence of leaf traces
and only one had a trace which possibly crossed more
than one ring boundary. Therefore the angiosperm
habit was probably not evergreen. The angiosperm
material also show regular interruptions in growth,
which would be expected if the plants were adapted to
the polar environment by being deciduous. Growth
interruptions are noted in the majority of angiosperm
woods examined. The majority of specimens from the
end of the Cretaceous through to the Middle Eocene
exhibit distinct growth ring boundaries with little
latewood suggesting a rapid transition from summer
to winter. The period of global warmth during the Late
Cretaceous (Coniacian—Campanian) is reflected in the
absence of distinct growth rings in most specimens
(also noted by Torres and Lemoigne, 1989; Chapman
and Smellie, 1992). Interestingly although the angio-
sperm woods described from the Coniacian of
Williams Point (Livingston Island) all appear diffuse
porous with indistinct growth rings, the conifers from
the same locality have wide, well-defined growth
rings suggesting the climate was indeed seasonal, at
least with regard to light intensity. The absence of
distinct growth rings in angiosperm woods from the
same flora remains problematical. Parish and Spicer
(1988) suggest that the conifer ring characteristics
seen in northern high latitude wood are a response to a
rapid change in photoperiod at the end of the growing
season through a biomechanical switch rather than as
a result of a progressive limitation of resources such
as water, temperature or light. This may suggest that
the growth controls at the onset of dormancy in
angiosperm wood were different when compared with
conifer wood from the same locality (Chapman and
Smellie, 1992). Considering the latitude and a cold
month mean above 7.5 °C (Table 3) it seems likely
that the controls for growth ring formation varied in
different taxa such that conifers responded relatively
quickly to a change in day length/light intensity when
compared with the angiosperms which probably had a
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greater photosynthetic tolerance for lower light
intensities/shorter day lengths.

The incidence of deferred optimum vessel diameter
observed in a number of specimens studied, peaks in
the Late Maastrichtian cool period suggesting that
light and/or temperature were a controlling factor. The
decrease in incidence throughout the Paleocene and
into the Eocene not associated with proposed temper-
ature fluctuations (Figs. 2 and 5) suggests that light
exerted the overriding control.

Considering the palacogeography of the Peninsula,
seasonal hydrological variations would not have been
great with precipitation distributed throughout the
year and probably not limiting. In such environments

ring porous woods would be expected to be relatively
rare with semi-ring porous or diffuse porous woods
being most common. Indeed diffuse porosity domi-
nates during the Coniacian—Campanian warm period
and the semi-ring porous condition is the usual state
observed in woods dating from the Late Cretaceous
through to the Middle Eocene suggesting relatively
greater volumes of water per unit time were available
early in the growing season.

False rings are totally absent from the specimens
dating from the Coniacian-Campanian warm, wet
period helping to confirm favourable conditions
prevailing in the southern high latitudes during the
mid Cretaceous. Conversely the greatest incidence of
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false rings occurs in the woods from the Middle
Eocene which is not surprising considering high
latitude glaciation is thought to have begun at this
time in East Antarctica (Dingle and Lavelle, 1998)
causing climate deterioration in the West. The
incidence of woods with frost rings is also relatively
high (ca. 10%) in the latest Early Paleocene and Early
Eocene when annual precipitation levels are at their
lowest suggesting unseasonally cold and/or dry
conditions during the growing season.

4.2. Late Cretaceous and Paleogene climate of the
Antarctic Peninsula

Attempts to understand the evolution of the Earth’s
climate system in deep time rely on a variety of proxy
evidence. The most abundant data comes from fossil
marine organisms that record surface and bottom
water temperatures through stable isotope ratios. In
contrast fossil floras provide information about
atmospheric and terrestrial climatic conditions. The
large heat capacity of the ocean compared with the
atmosphere means that marine proxies are often seen
as a measure of global climate when in reality they are
a measure of oceanic conditions. A cursory examina-
tion of the present Earth reveals considerable contrast
between oceanic conditions and neighbouring terres-
trial environments. Cool water currents such as the
Benguela along the west coast of Africa contrast
markedly with the hot, arid desert environments of the
adjacent land (e.g. Namibia) such that the juxtaposi-
tion of similar currents in the geological record would
manifest as quite different results in the terrestrial and
marine proxy data. Therefore it is important to
consider both marine and terrestrial data wherever
possible to retrodict past atmospheric conditions.
Moreover recent work has suggested that under-
standing regional patterns of change are probably just
as important in determining global processes of
climatic change on geological scales (Barrett, 2003).

4.2.1. Marine temperature fluctuations in the
Antarctic Peninsula

In the Antarctic Peninsula region oxygen isotope
analyses of Early Cretaceous marine macrofossils and
foraminifera (Barrera et al., 1987; Pirrie and Marshall,
1990; Ditchfield et al., 1994; Dutton et al., 2002)
provide information on marine water temperatures

(Fig. 5). The data coverage compared with other
regions of the southern hemisphere is relatively
sparse, but indicates relatively cool Aptian—Albian
marine temperatures followed by a warming into the
Coniacian—Early Campanian. The lack of data from
the Cenomanian to Turonian is problematic as peak
temperatures are seen in this interval elsewhere in
southern high latitudes (Huber et al., 1995). However,
late Albian to late Turonian strata of the Whisky Bay
Fm (Riding and Crame, 2002) contain elements of a
re-worked shallow-water marine fauna with probable
Tethyan affinities. This includes a colonial coral,
oysters and other thick-shelled bivalves (J.A. Crame,
personal communication). These taxa are not seen in
younger strata of the James Ross Basin and thus
suggest much warmer conditions during this interval
in the Antarctic.

Long term cooling began in the latest Coniacian or
Early Santonian based on the oxygen isotope analyses
of marine macrofossils and foraminifera from the
James Ross Basin (Ditchfield et al., 1994; Fig. 5).
This cooling accelerates into the Maastrichtian with a
steep decrease from 11.8 °C to 4-8.5 °C between 71
Ma and 68.5 Ma (Fig. 5). Temperatures recover
slightly towards the end of the Cretaceous through
into the earliest Paleocene. No data is available for the
Late Paleocene and Early Eocene interval but by the
late Early Eocene temperatures had warmed by
around 7 °C. Temperatures initially remained stable
until the Middle Eocene after which they started to
decline (Dutton et al., 2002; Fig. 5).

4.2.2. Terrestrial climatic variation in the Antarctic
Peninsula

Palaeoclimatic studies of the terrestrial southern
high latitude environment have traditionally focused
on extrapolations of climates using nearest living
relative approaches (e.g. Doktor et al., 1996; Birken-
majer and Zastawniak, 1989). More recent studies
have made quantitative determinations using mor-
phology and anatomy of plant assemblages (e.g.
Hayes, 1999; Hunt, 2001; Hunt and Poole, 2003;
Francis and Poole, 2002; Francis et al., 2003). Here
we attempt to bring together the results of previous
studies and compare them with the quantitative data
derived from the largest dataset ever compiled from
fossil plant material from the Antarctic Peninsula
region.
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Comparisons between the various methods that
have been utilised to determine terrestrial climates
highlight some important differences. In general the
NLR and CA approaches yielded broader ranges than
the multivariate anatomical analysis (Fig. 2). This is
probably due to problems associated with assigning
fossil taxa to extant groups from Early Tertiary and
Cretaceous sequences. For example, in our CA
analysis certain pollen types could only be assigned
at generic or higher level, which probably results in a
wider climatic range and consequently lower contrast.
Despite the differences between the two approaches
the pattern in MAT is broadly similar (Fig. 2). Peak
temperatures were experienced in the Coniacian to
Campanian interval and declined into the Maastrich-
tian with maximum cooling in the early Paleocene and
a relatively cool middle Eocene.

Mean annual precipitation shows greater variation
and the two approaches result in different shifts
through this time interval. Physiognomic quantitative
analysis shows wide variation in absolute levels
between the different methods which is difficult to
explain. The same result is also seen in the Middle
Eocene (Fig. 2). This discrepancy not too surprising
since many studies have noted the unreliable nature of
MAP estimates using techniques such as CLAMP.
Despite this high moisture levels are inferred from
both approaches in the late Cretaceous whereas the
Paleocene is characterised by drier conditions before
becoming wetter again in the middle Eocene (Fig. 2).
Mean annual precipitation shows greater variation and
the two approaches result in different shifts through
this time interval. As shown on Fig. 2, the curve
derived from wood physiognomy shows major
fluctuations with precipitation rates highest in the late
Cretaceous (almost 6000 mm) decreasing to ca. 2500
in the middle Eocene. CA and CLAMP, in contrast,
consistently result in much lower MAP rates ranging
about between 500 and 2500 mm. In addition, the CA
curve shows little variation in MAP within the time-
interval regarded. The reasons for the observed
discrepancies are still unclear. Despite this, higher
moisture levels are inferred from both approaches in
the late Cretaceous whereas the Paleocene is charac-
terised by drier conditions before becoming wetter
again in the middle Eocene (Fig. 2).

Other studies in the Antarctic Peninsula region
have attempted to determine terrestrial climatic con-

ditions based on geological proxy evidence such as
chemical alteration indices (Dingle and Lavelle, 1998,
2000). Although our data points are sparser than those
in the study of Dingle and Lavelle (2000) the results
have yielded similar patterns. Dingle and Lavelle
(2000) suggested that the Early Paleocene was a
period of cool to cold conditions with seasonal rainfall
and was followed by warmer wetter conditions in the
late Early Paleocene. Our data for rainfall shows a
similar pattern with a decline in rainfall during this
interval (Figs. 2 and 5) and more seasonal in nature
(Table 3). A similar rainfall pattern was also suggested
for the Santonian (Dingle and Lavelle, 2000) and this
is consistent with our CA data.

4.2.3. Comparison with global pattern of climate
change

The fragmentation of Gondwana through the
Cretaceous and Paleogene had a profound effect on
the Earth’s oceanic and atmospheric circulation
system. This interval has some of its most dramatic
fluctuations in climate with maximal greenhouse
conditions in the mid-Cretaceous culminating the
warming trend that began in the Late Permian. Long-
term cooling through the Late Cretaceous and
Cenozoic is overprinted by warming intervals such
as the early Paleogene and some extremely short-
lived warm intervals, such as the Paleocene/Eocene
Thermal Maximum (PETM, ~55 Ma; Speijer and
Wagner, 2002). Much of the information about these
events is derived from high resolution deep sea
oxygen and carbon isotope records (Zachos et al.,
2001; Fig. 5).

The isolation of the Antarctic leading to widespread
glaciation of the continent should have markedly
changed global latitudinal temperature gradients.
Cooling of the surface waters began in the late Early
Campanian and continued through to the end of the
Maastrichtian (Huber et al., 1995; Abreu et al., 1998).
Global curves also show a cooling trend in the Late
Maastrichtian (Huber, 1998). This trend is seen in the
Antarctic Peninsula marine temperature record (Fig. 5)
and the terrestrial proxy data although the cooling
seems to be more rapid and pronounced in the marine
realm. A steep decline in temperature is seen in the
marine proxies during the Late Maastrichtian (Huber,
1992, 1998; Dingle and Lavelle, 2000; Fig. 5) and in
the terrestrial realm this decline continues into the
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Early Paleocene. Dingle and Lavelle (2000) suggested
that this trend may be related to the creation of a cold
current on the west coast of Antarctica perhaps bought
about by the separation of New Zealand and Lord
Howe Rise from Australia leading to a cooler more
polar circulation route. The lag between the marine
and terrestrial record, along with the greater depth of
cooling experienced in the marine realm supports this
hypothesis with later but less intense cooling in the
terrestrial record being a consequence of such a
developing current. Cooler conditions as a result of
such a change would also lead to lower rainfall as
evidenced by the MAP curve (Fig. 5).

Despite the absence of Late Paleocene and Early
Eocene strata in the Antarctic Peninsula, a comparison
with the global temperature curve (Zachos et al.,
2001) reveals certain similarities. A decline in marine
temperatures is seen from the Early Eocene thermal
optimum through to the Oligocene. This period of
temperature decline does not appear to be coupled to
the carbon cycle as the global carbon curve during this
period is relatively flat (Fig. 5). The global curve has a
distinct early Middle Eocene ‘shoulder’ before declin-
ing again to the Eocene—Oligocene boundary. One
feature of the Antarctic marine data is the relative
steepness of this curve compared with the global
record. This suggests faster cooling between the early
Middle Eocene and Oligocene boundary and greater
isolation of the southern landmass and the develop-
ment of steeper pole to equator temperature gradients.
Limited sample points in the terrestrial realm also
suggest a steeper rate of change during this interval.
The fact that globally temperatures decline from the
Early Eocene thermal peak apparently unlinked to
fluctuations in the carbon cycle suggests carbon
dioxide was not forcing climate during this period in
Earth history and that some other process was
responsible for long-term trends. Although circum-
stantial, it appears that the high latitude regions cooled
more rapidly probably in response to plate reorgan-
ization and the creation of the southern ocean.

5. Conclusions
Remains of vegetation that once grew at high

southern latitudes is represented by the abundant
fossil wood that occurs in Cretaceous and Paleogene

strata of the Antarctic Peninsula. The wood anatomy
and the taxonomic makeup of the floras provide
proxies for climate that prevailed at this time.
However evolutionary processes associated with the
physiological responses of plants to their environ-
ment manifesting themselves in wood characteristics
may confound interpretations especially during the
Cretaceous.

High ambient levels of atmospheric CO, coupled
with the proximity of the vegetated volcanic arc to the
Southern Ocean during the Late Cretaceous to Middle
Eocene suggest a prevailing maritime climate moder-
ating temperature extremes and distributing precip-
itation throughout the year. Moreover the prevailing
westerly windstream coupled with the mountainous
terrain resulted in orographic rainfall. This is evi-
denced by negative values for the dry month mean
estimates from the multivariate anatomical analyses,
the presence of fungi in the majority of wood
specimens, and the overriding diffuse porous and
semiring porous condition exhibited by the angio-
sperm woods.

Seasonal winter darkness (and probable leaf fall in
deciduous taxa) rather than precipitation deficit and/
or cold winter temperatures was the primary cause
for growth cessation resulting in the high incidence
of distinct growth rings in angiosperm woods. A
similar scenario was probably experienced by the
conifers, yet in the Paleogene wood with pronounced
late wood zone of thickened cells suggests that this
response was less marked. The presence of woods
with deferred optimum vessel diameters from the
Late Maastrichtian to Middle Eocene may also attest
to this. The (surprising) dominance of angiosperm
woods with indistinct growth rings and diffuse
porosity in the Coniacian—Campanian is probably
explained by wood physiology still evolving to adapt
to seasonal environments.

A period of peak terrestrial warmth during the
Coniacian—-Early Campanian is supported by MAT
estimates of up to 19 °C from leaf physiognomy
(similar to that of Harare, Zimbabwe today) and up to
21 °C calculated by the CA. These high temperatures
were associated with high levels of annual precip-
itation (Table 3, Figs. 3 and 5). However, peak
warmth may have occurred earlier but cannot be
detected due to a lack of Cenomanian to Turonian
floras.
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The Late Cretaceous—Early Paleocene cooling
phase is supported by wood physiognomy with
temperatures possibly dropping to as low as ca. 3.5
°C (Table 3, Figs. 2 and 4) although CA suggests
MAT dropped by ca. 5 °C, from about 17.5 °C in the
Maastrichtian to ca. 12.5 °C in the earliest Palacocene.
WMMT also dropped by almost 7.5 °C from about 25
°C to 17.5 °C over this time-interval. MAT estimates
for the Late Maastrichtian varies between 3.4 °C and
14 °C although more evidence indicates temperatures
towards the upper end of this range (Table 3, Fig. 2).
For the Early Paleocene temperatures are estimated to
have gone up to ca. 12-13 °C. Wood physiognomy
suggests annual precipitation remained high with
levels peaking in the Maastrichtian.

The distinct warming phase climaxing at the Late
Paleocene—Early Eocene is observed with MAT
estimates having risen to ca. 12 °C by the latest Early
Paleocene. This compares well with estimates of ca.
13.5 °C from leaf fossils of the same flora (Francis et
al., 2003) and 14.6 °C from CA (Table 3; Fig. 2). In
addition, significantly higher WMMT is calculated for
this time-period (CA). Wood anatomical data esti-
mates annual precipitation to have halved relative to
the preceding Early Paleocene which may account for
the relatively high incidence of false rings observed in
the angiosperm woods at this time. The extent of this
warming, drying period at southern high latitudes on
land is not determinable as Late Paleocene and Early
Eocene sediments are missing from the northern
Peninsula region of Antarctica.

Climate deteriorated through the late Early and
Middle Eocene with temperatures dropping to ca. 9 °C
by the Middle Eocene which compares well with
estimates ca. 8 °C derived from leaf analysis of the
same flora. Moreover the CA records a decreasing
temperature trend in WMMT by almost 6 °C. The
incidence of growth interruptions in angiosperm woods
is highest in the Middle Eocene supporting the
hypothesis of less favourable growing conditions at
this time. According to multivariate analyses precip-
itation levels were once again rising. There is no
immediate change from semi-ring to ring porous
condition noted in the angiosperm woods at this time
suggesting that seasonality had not greatly intensified.
This would support the hypothesis for environmental
dynamics rather than climatic change (Poole et al.,
2001) controlling shifts in the vegetation seen this time.
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