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The role of Antarctic fossil leaves

BARBARA VENTO, FEDERICO AGRAIN, GABRIELA G. PUEBLA, and DIEGO PINZON

Vento, B., Agrain, F., Puebla, G.G., and Pinzén, D. 2023. Phylogenetic relationships in Nothofagus: The role of Antarctic

g fossil leaves. Acta Palaeontologica Polonica 68 (1): 175-183.

The Nothofagus (southern beech) has a rich fossil record and a number of living species distributed exclusively in the
Southern Hemisphere. Many attempts have been made to clarify the phylogenetic relationships in Nothofagus but only a
few works have included fossil specimens in a phylogenetic framework for a more accurate resolution. Fossil leaves play
an important role in deciphering of the evolutionary processes and are a necessary complement in phylogenetic studies.
Fossils of Nothofagus have been found in sediments of Antarctica, Australia, New Zealand, New Caledonia, Papua New
Guinea, and South America. Here, we performed a phylogenetic analysis including fossils from these areas and exam-
ined the character evolution, especially those referred to the morphology of the leaf. Fossil leaves from Antarctica were
revised and included in the analysis for the first time. Our results support the monophyly of the four currently recognized
subgenera, and novel relationships between extinct and living taxa are discussed. Morphological features of fossil leaves
were expressed differently, especially in the teeth shape, size, and secondary venation pattern, when compared to the
extant taxa probably related to past climate conditions. The most ancient leaves were recorded in the Upper Cretaceous
of Antarctica and placed in subgenera Lophozonia and Fuscospora. Brassospora and Nothofagus are younger clades
with distinctive plesiomorphic leaf morphological features. The morphological leaf characters proposed herein, and the
inclusion of a considerable number of fossils in our analysis allowed us to provide a study of the evolutionary history of
Nothofagus with more precise resolution.
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Introduction

Fossil plants are an important component in the reconstruc-
tions of past environments. They bring new insights into the
clarification of relationships among extant taxa and con-
tribute to understanding of the evolutionary processes on
the Earth (Carpenter et al. 2014; Donogue et al. 1989; Vento
and Agrain 2018). Over the past decades, a major progress
has been achieved in paleobotany as several new findings
contributed important data to a more accurate reconstruc-
tion of the evolutionary history of plant ecosystems in high
southern latitudes (Carpenter et al. 2014; Dutra and Batten
2000; Hill 1992).
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The family Nothofagaceae is a monogeneric family rep-
resented by the Nothofagus Blume, 1851 (southern beech),
which is distributed exclusively in the Southern Hemisphere.
This genus is a keystone for the reconstructions of past
history because it is one of the few living genera in the
Southern Hemisphere with both a well-researched phylog-
eny and a rich fossil record (Jordan and Hill 1994; Swenson
et al. 2001). The identification of new fossil taxa has led to
considerable progress in clarifying the relationships among
taxa of Nothofagaceae (Carpenter et al. 2014; Jordan and
Hill 1999; Vento et al. 2017; Vento and Agrain 2018). The
macro and microfossil record indicates that the past diversity
of Nothofagus was probably much higher than its current
diversity (Dettmann et al. 1990). Given this, the available
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evidence on both extinct and extant species has to be taken
into consideration while assessing phylogenetic relationships
(Donoghue et al. 1989; Vento and Agrain 2018).

Relationships among living species of Nothofagus are
well understood due to previous molecular studies and
particularly valuable are those merging both morpholog-
ical and molecular data (Cook and Crisp 2005; Hill and
Jordan 1993; Jordan 1999; Manos 1997; Martin and Dowd
1993; Premoli et al. 2011; Sauquet et al. 2012). However,
the molecular clock estimations can only be verified with
the fossil record (Cantrill and Poole 2012). Fossil data have
long been overlooked, most likely due to the small num-
ber of well-preserved specimens available (Heads 20006),
however, their addition to phylogenetic analysis improves
the resolution of the results (Vento and Agrain 2018). A
great diversity of fossil leaves and reproductive structures
of Nothofagus have been discovered during the last decades
(e.g., Birkenmajer and Zastawniak 1989; Carpenter et al.
2014; Dutra and Batten 2000; Hill 1983a, b, 1991; Hiinicken
1967; Jordan 1999; Paull and Hill 2003; Romero and Dibbern
1985; Zastawniak 1981, 1994). Yet most of the findings lack
the organic connection or reproductive structures and were
assigned to separate fossil species (Hill 1991). For this rea-
son, their inclusion in a phylogenetic framework produces
controversial results. Fossil leaves may help in deciphering
the evolution and relationships within the Nothofagus (Hill
1994) as the variations in leaf shape and size of these plants
could have been directly influenced by the surrounding
climate and environmental conditions (Peppe et al. 2011;
Vento et al. 2021; Wilf et al. 1998). The differences in leaf
morphology are important characters in delimiting the spe-
cies of Nothofagus and they also bring information about the
past environmental and climate conditions as well as about
the evolution and adaptation of species (Premoli 1996).

The Antarctic Peninsula plays an important role in under-
standing the evolutionary history of Nothofagaceae (Dutra
and Batten 2000; Vento et al. 2022a). Currently, there are no
living representatives of Nothofagus on this continent but
the presence of the oldest fossil leaves from the Cretaceous
has been reported (Dutra 2001; Dutra and Batten 2000;
Hayes et al. 2006; Kvacek and Vodrazka 2016; Leppe et al.
2016; Romero et al. 2019; Zastawniak 1994). Many attempts
to clarify the phylogenetic relationships of Nothofagus have
been made and a few works included fossil species in the
analysis (Carpenter et al. 2014; Jordan and Hill 1999; Vento
and Agrain 2018). However, none of these works included
fossils from Antarctica. Recently, a novel biogeographic
analysis including fossil leaves from Antarctica Peninsula
was performed but the relationships between extinct and
living species were not discussed (Vento et al. 2022a).

The macrofossil record of Nothofagus is fragmentary
and mainly composed of isolated leaves (Hill 1991; Romero
1986). However, morphological features of fossil leaves are
relevant traits and in most cases the only available infor-
mation to be coded for a phylogenetic framework (Vento
and Agrain 2018). Even though some archaic characters are
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found in fossil specimens, their morphological features can
be related to living species (Dutra and Batten 2000).

The goal of this work is to update knowledge on the
phylogenetic relationships and evolutionary patterns of
the Nothofagus. Coding fossil leaves from Antarctica that
have never been included in a phylogenetic framework be-
fore. We sought novel evolutionary insights into one of the
most important plant families distributed in the Southern
Hemisphere. We studied the evolution of morphological leaf
characters among plants with particular emphasis on under-
standing how leaf features shape the dynamics of evolution-
ary change.

Institutional abbreviations—HRL, Ruiz Leal Herbarium,
Mendoza, Argentina; MACN, Museo Argentino de Ciencias
Naturales, Buenos Aires, Argentina.

Other abbreviations—EIW, extended implied weighting
analysis, EW, Equal Weight; IW, Implied Weight; MPTs,
Most Parsimonious Trees; TBR, tree bisection reconnec-
tion; RAM, random access memory.

Material and methods

Taxon sampling: Extinct and living material—We added
a total of 23 fossil taxa of the subgenus Nothofagus from
Australia, Antarctica, New Zealand, Tasmania, and south-
ern South America as terminal taxa, expanding a former
dataset performed by Vento and Agrain (2018). Fossil leaves
of Nothofagus from southern South America previously
studied and described by several authors were also consid-
ered (Berry 1937; Dusén 1899; 1908; Fiori 1939; Romero
and Dibbern 1985; Tanai 1986; Vento et al. 2017; Vento and
Pramparo 2018).

Additionally, literature sources with fossil leave de-
scriptions from Antarctica and the most complete and the
best-preserved specimens were revisited and included in
the phylogenetic analysis (Dutra 2001, 2004; Dutra and
Batten 2000; Hill et al. 1996; HaoMin and ZheKun 2007,
Zastawniak 1981, 1994; Zastawniak et al. 1985). We also
included fossils from Australia, New Zealand, Papua
New Guinea, and New Caledonia to improve the resolu-
tion of the phylogenetic relationships among members of
Nothofagaceae. There are many fossil taxa from these places
in the literature; however, some of them were not depicted
clear enough to observe the diagnostic characters necessary
for our analysis. We only considered those that presented
clearly descriptions of the anatomical and morphological
characters and illustrations to minimize the missing data.
We coded taxa following the taxonomic descriptions and
codification made by Jordan and Hill (1999) and Carpenter
et al. (2014). We included fossils of subgenera Nothofagus,
Fuscospora, Brassospora, and Lophozonia previously rec-
ognized and described (Carpenter et al. 2014; Hill 1983b,
1984, 1991; Jordan 1999; Paull and Hill 2003).
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The character codification of living species was based
on observations from the previous work made by Vento and
Agrain (2018) in which living species were examined from
herbarium sheets held at HRL, MACN, and the herbarium
catalogs of the Royal Botanical Garden available online at
www.kew.org and the Royal Botanical Garden of Edinburgh
available at www.data.rbge.org.uk.

The phylogenetic analysis included both extinct and extant
taxa of the genus Nothofagus (excluding extant hybrids) as fol-
lows: from Antarctica (only fossils), southern South America
(Argentina and Chile; fossil and extant), Australasia (southern
Australia, New Caledonia, New Guinea, New Zealand, and
Tasmania; fossil and extant). Species of Nothofagus were pre-
viously included as members of the Fagaceae (Hill and Jordan
1993; Jordan and Hill 1999; Manos 1997) but were later con-
sidered in Nothofagaceae which were more closely related
to Betulaceae (Dutra 1997; Jones 1986; Nixon 1982, 1989).
Therefore, we selected two outgroups: Fagus Linnaeus, 1753
(Fagaceae) and Betulaceae represented by Betula pendula
Roth, 1788 (SOM 1, Supplementary Online Material available
at http:/app.pan.pl/SOM/app68-Vento_etal SOM.pdf).

Character sampling: Morphological evidence—Morpho-
logical characters 0-35, including fruit, flower, and pol-
len features of the living species were coded directly from
Heenan and Smissen (2013); characters based on leaf mor-
phology (36—45) were coded for both fossil material and liv-
ing species following Vento and Agrain (2018). Fossil mor-
phological characters scored in this contribution were based
on the leaf margin and the venation pattern, such as type of
leaf margin, teeth simple or composite, tooth spacing, teeth
size, primary vein, number of secondary veins, secondary
vein ending, and apex morphology (SOM 2).

Phylogenetic analysis—The data matrix comprises a total
of 46 morphological characters and 45 terminal taxa. All
characters were informative and treated as non-additive.
The phylogenetic analysis was performed using TNT v.1.5
parsimony software (Goloboff et al. 2008). We used the
extended implied weighting analysis approach (EIW), ex-
ploring the topologies of the strict consensus trees resulting
from a range (1-30) of concavity constants (k) (Goloboff
1993). We set the command “xpiwe (*” to avoid the miss-
ing entries generating too much homoplasy of the observed
characters during the optimization of the most parsimonious
trees MPTs (i.e., to receive a high fit). This command is
comparable to using different values of k for each character
according to its percentage of missing entries. Missing en-
tries are assumed to have 50% of the homoplasy of observed
entries as part of the EIW functions of TNT, which allow
us to assign lower values of k to those characters with more
missing data (Goloboff 2014). We performed the EIW anal-
ysis using a traditional heuristic search that was performed
on the base of Wagner trees with 3000 random addition se-
quences, followed by the tree bisection reconnection (TBR)
swapping algorithm, saving ten trees per replicate, and col-
lapsing trees after the search. This was followed by a branch

and bound search based on these trees from RAM. The eval-
uation of branch support was performed using symmetric
resampling (Goloboff et al. 2003) with a change probability
0f 0.33 (default) and 500 replicates with values indicated as a
frequency difference. Winclada v.1.00.08 (Nixon 2002) was
used to map the non-exclusive (ambiguous) and exclusive
(unambiguous) character states supporting each node. The
homoplasy in the cladogram was marked by character state,
considering only discontinuous states as homoplasious.

Results

The results using EIW were: 6 MPTs for k1, 1 MPT for k2
to k5, 2 MPTs for k6 to k8, and 1 MPT for k9 to k30. Most
of the changes observed in the topology of these trees af-
fect the relationships among the species within polytomies.
Phylogenetic relationships among and within the subgenera
will be discussed based on the k=9 selection tree with a fit of
6.21. Even though the support values were low, several nodes
have a support value of more than 50 (SOM 3). The genus
Nothofagus is supported by the exclusive synapomorphies
absence of giant stomata on veins (17') and composite teeth
(37Y). The fossil taxa included in our analysis were placed into
four differentiated clades that corresponded to the subgen-
era Lophozonia, Fuscospora, Brassospora, and Nothofagus.
Many relationships between fossils and living species were
clear and largely resolved (Fig. 1). Lophozonia is the sister
clade of the other three subgenera. Subgenera Brassospora
+ Nothofagus + Fuscospora are grouped by four exclusive
synapomorphies (7!, 13!, 27, 329). Subgenus Lophozonia is
supported by six synapomorphies, five of which are exclusive
(5, 83,231, 28!, 35Y). Brassospora is supported by 12 synapo-
morphies, with seven exclusive (0%, 82, 192, 22!, 282, 301, 31?).
Subgenus Nothofagus is supported by three synapomorphies,
of which only 16! is exclusive, while Fuscospora is supported
by one non-exclusive synapomorphy 12°.

The clade Lophozonia is split into two main clades.
One clade is represented by the association of species from
Australasia. This clade includes a branch with the fossil
Nothofagus microphylla Hill, 1991. The other branch in-
cludes the fossil only taxa Nothofagus maidenii (Deane,
1902) Pole, 1993 + Nothofagus cunninghamii (Hooker,
1844) Oersted, 1871 + Nothofagus tasmanica Hill, 1983b +
Nothofagus pachyphylla Jordan, 1999. The other main clade
is represented by species from the Antarctic Peninsula,
Transantarctic Mountains, and southern South America.
It shows a polytomy with three branches where the fossil
taxa Nothofagus carpinoides HaoMin and ZheKun, 2007 +
Nothofagus elongata (Dusén, 1899) Romero and Dibbern,
1985. The last branch shows the association of the fossil
only taxa Nothofagus glaucifolia Dutra and Batten, 2000,
Nothofagus multinervis HaoMin and ZheKun, 2007, and
Nothofagus beardmorensis Hill, Harwood, and Webb, 1996.

The clade Fuscospora contains the fossil only taxa
Nothofagus betulifolia Dutra, 2000 + Nothofagus cretacea
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Zastawniak, 1994 + Nothofagus subferruginea (Dusén,
1899) Tanai, 1986 + N. zastawniakiae Dutra and Batten,
2000, grouped in a polytomy, and the species with a long
temporal range, Nothofagus gunnii (Hooker, 1844) Oersted,
1871.

The clade Brassospora is split into two sister groups.
One has the fossil only taxa Nothofagus palustris Carpenter,
Bannister, Lee, and Jordan, 2014 + Nothofagus kiandrensis
Paull and Hill, 2003. The other sister group has the fossil spe-
cies Nothofagus serrata Hill, 1991 + Nothofagus mucronata
Hill, 1991.

The clade Nothofagus is split into two sister clades; one
of them contains the fossil only taxon Nothofagus lobata
Hill, 1991. The fossil only Nothofagus serrulata Dusén,
1899 + Nothofagus variabilis Dusén, 1899 + Nothofagus
crenulata Dusén, 1899 + Nothofagus simplicidens Dusén,
1899, are grouped in the other sister clade.

All the foliar characters (36—45) proposed in our anal-
ysis are present with their different states as non-exclusive
synapomorphies both in living and fossil taxa. The extinct
taxa associated with each subgenus show leaf morphological
variations in the margin type, teeth, venation pattern, apex,
and base. Only one leaf character (36°) that corresponds to
the dentate margin, is an exclusive synapomorphy for the
living Nothofagus antarctica (Forster, 1789) Oersted, 1871,
and the extinct N. variabilis. The rest of the characters (0—
35) were only coded in living species, except for some ana-
tomical characters that were available for nine Australasian
extinct taxa, and they are shown in the cladogram as non-
exclusive and exclusive synapomorphies. These characters
support the division of the four subgenera. Variations in
leaf and apex morphology (43—44) are observed in different
members of the main clades as also in the venation pattern
(40—-42, and 45). Changes in the number of secondary veins
(41) are shown with a reduction of veins in fossil represen-
tatives of subgenus Nothofagus compared with members of
Lophozonia, restricted to Antarctica-South America, and of
Fuscospora.

Discussion

On the importance of fossils.—The fossil record of Notho-
fagus has proven to be useful for reconstructing past distri-
butions and evolutionary events of this genus. Moreover, it
appears to be extremely conservative which is potentially
important for past vegetation reconstruction and climate
interpretations (Hill 1992). The addition of extinct taxa
occasionally results in a high degree of homoplasy which
makes it difficult to resolve some particular relationships.
In our cladogram, unresolved polytomies can be observed.
However, most of the nodes resulted in resolved relation-
ships (SOM 3). Jordan and Hill (1999) added extinct taxa
integrating a molecular and morphological data set into a
phylogenetic framework but they only included seven ex-
tinct taxa from Australasia due to the preservation and the
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observable characters that could be coded. Carpenter et al.
(2014) added extinct taxa in a phylogeny with anatomical
and morphological characters but only considered four ex-
tinct species of subgenus Brassospora. Ancient records of
Nothofagus have provided relevant clues for reconstructing
past distribution and evolutionary events (Hayes et al. 2006;
Hill 1994, 2001). It appears that the diagnostic characteris-
tics of Nothofagus were established early in the history of
the group and were maintained during its evolution (Dutra
and Batten 2000).

The inclusion of extinct taxa into a phylogenetic frame-
work (Fig. 1) agrees with the previous analyses where
both living and extinct representatives were put together
(Carpenter et al. 2014; Jordan and Hill 1999; Vento and
Agrain 2018) and some novelties were observed. For exam-
ple, N. mucronata and N. serrata were considered a single
terminal taxon in previous works because the characters
that distinguish them were autapomorphic (Jordan and Hill
1999). However, there is a clear distinction between them in
our analysis (Fig. 1).

The morphological and molecular evidence re-affirm the
monophyly of the four subgenera with the endemic sub-
genus Brassospora, now restricted to New Caledonia and
New Guinea and Nothofagus restricted to southern South
America (Hill and Read 1991; Hill and Jordan 1993; Manos
1997; Martin and Dowd 1993; Premoli et al. 2011; Vento and
Agrain 2018). We recovered four deeply divergent clades
which are coincident with the four subgenera of Nothofagus
(Fig. 1). We detected phylogenetic associations within Notho-
fagus that help to infer the evolutionary history of this genus
and the relationships between extinct and living taxa.

Leaf changes through time—Here, we provide an over-
view of the evolutionary changes in leaf morphology to
better understand the possible evolutionary drivers of di-
versification in leaf shape and the functional significance
in the genus Nothofagus. Fossil evidence suggests that
evolutionary changes within Nothofagus have been slow.
Ancient fossil remains have been assigned to living spe-
cies for example the leaves of N. gunnii found in the upper
Oligocene of west Antarctica and lower Eocene—Oligocene
of Tasmania (Hill 1984, 1991). A large number of fossil leaf
shapes previously described indicated the leaf morphology
in Nothofagus is a conservative character and clear differ-
ences may be detected in new phylogenetic analyzes (Bastos
et al. 2013). Plant leaves are sensitive to environmental and
climate changes and provide reliable information about the
surrounding area where they developed. The physiognomy
of an individual leaf reflects the microclimate conditions
and may reveal the adaptive strategies adopted by plants in
different habitats or environments (Davis and Taylor 1980;
McPherson et al. 2004). Leaf shape and size of both liv-
ing and extinct angiosperms have been strongly related to
temperature and rainfall conditions respectively (Peppe et
al. 2011; Vento et al. 2022b; Wilf et al. 1998; Wright et
al. 2017). Extinct and living species of Nothofagaceae are
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mainly characterized by the presence of compound teeth, a
feature that distinguishes the Fagaceae from the Betulaceae
(Fig. 1). Nothofagus species have distinctly multiple teeth
while a few of them have single teeth (Jordan and Hill 1999).
A exception is a few living species with untoothed margins
such as Nothofagus solandri (Hooker, 1844) Oersted, 1871,
Nothofagus grandis Steenis, 1952, Nothofagus balansae
(Baillon, 1874) Steenis, 1954, and Nothofagus aequilater-
alis (Baumann-Bodenheim, 1953) Steenis, 1954 (Carpenter
et al. 2014; Jordan and Hill 1999). The smooth versus the
toothed margin is putatively a reflection of temperature
(Wolfe 1993). The fossil only N. mucronata has a smooth
margin with apical serrations. However, N. serrata pos-
sesses a crenate margin. Even though both these extinct
taxa were recorded in Tasmania, changes in margin shape
could reflect a transition toward a leaf adaptation (since
Miocene) to warmer and humid climate conditions in New
Caledonia and Papua New Guinea (Hill 1992). On the other
hand, deciduous taxa are more likely to be toothed than ev-
ergreen taxa, and the leaf life-span (deciduous or evergreen)
influences on size and number of teeth (Peppe et al. 2011;
Royer et al. 2005).

The most ancient fossil leaves of Nothofagaceae are re-
corded in sediments of Antarctica (Zastawniak 1994; Dutra
and Batten 2000; Vento et al. 2022a). These fossil leaves
are placed in subgenera Fuscospora and Lophozonia and
have leaf features such as big size, toothed margins, spaced
teeth, and a large number of secondary veins. Fossil leaves
of N. zastawniakiae, N. glaucifolia, N. cretacea, N. betuli-
folia, and N. subferruginea have mostly more than 12 pairs
of secondary veins and larger size compared with those of
taxa included in the subgenus Nothofagus (Fig. 1). Among
the living species, the close representative for the mentioned
fossils is Nothofagus alessandrii Espinosa, 1928, sharing
some morphological features such as the leaf shape, number
of secondary veins, and teeth (Kellner et al. 2007) and it is
considered the most primitive living taxon (Hill and Jordan
1993; Vento et al. 2022a).

The venation pattern is a leaf feature that seems to have
experienced some changes through time as the reduction of
the number of secondary veins from ancient to more recent
species. The close disposition of the secondary veins and the
plicate vernation character found in species of Fuscospora
have also been detected in leaves of N. subferruginea from
Antarctica, re-classified as Nothofagus hillii Dutra and
Batten, 2000 (Keller et al. 2007) and also in records of
southern South America (Vento and Pramparo 2018). The
leaf features of N. glaucifolia as the teeth shape could rep-
resent an ancestral form of the living N. glauca (Philippi,
1858) Krasser, 1896 (Dutra and Batten 2000), an endemic
species of southernmost Chile (Moya et al. 2017). The fos-
sil taxon N. beardmorensis has a leaf margin and venation
pattern similar to the living deciduous species, N. alessan-
drii and N. obliqgua (Mirbel 1827) Oersted, 1871 (Hill et al.
1996). According to our cladogram, it is placed in the clade
Lophozonia and is closely related to N. glauca and N. obli-
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qua sharing features such as the number of secondary veins
and margin type (Fig. 1).

Ancestral species presented less pronounced, spaced,
and bigger teeth as can be observed in members of sub-
genera Lophozonia and Fuscospora. In contrast, more re-
cent species (from Paleocene—Eocene to present) showed
a reduction in the secondary veins, less spaced teeth, and
deeper serrations as for example the species of subgenus
Nothofagus (Fig. 1). Leaves from the Oligocene species were
more deeply serrate, and as the subgenus adapted to warmer
conditions the serrations, as in the species of Brassospora,
were reduced and completely lost. Moreover, toothed spe-
cies recorded changes in the venation pattern from craspe-
dodromous to semicraspedodromous, and finally, to species
with smooth and brochidodromous venation pattern (Hill
1991). On the other hand, plicate vernation is an indicator
of deciduousness (Hill et al. 1996). This character is some-
times hardly being coded for fossils. However, N. beard-
morensis, from Pliocene sediments in the Transantarctic
Mountains, showed a plicate vernation similar to its living
relatives (Fig. 1). The winter deciduous habit in the Pliocene
suggests different temperature conditions in Antarctica than
present (Hill et al. 1996).

The leaf morphology of the genus Nothofagus may re-
flect local environmental and climate conditions (Hill 1991;
Hinojosa et al. 2016; Jordan and Hill 1994; Read 1990).
Differences have been observed between environmental
and climate requirements of particular species as in the
case of the subtropical subgenus Brassospora with smooth
margin leaf and the remaining clades from cooler climates,
which are characterized by a serrate margin (Troncoso and
Encinas 2006). Leaf size is an important feature related to
temperature conditions (Peppe et al. 2011; Vento et al. 2021;
Wolfe 1993). In this sense, a larger leaf size could indicate
warmer conditions. Many living species of New Guinea,
New Caledonia, and New Zealand have large leaves with a
smooth or crenate margin that can be related to temperate
and tropical conditions (Carpenter et al. 2014; Jordan and
Hill 1999; Steenis 1971). Since the end of the Cretaceous
global climate at high latitudes became warmer and more hu-
mid until the beginning of the middle Eocene (Birkenmajer
and Zastawniak 1989; Cantrill and Poole 2012; Pramparo et
al. 2018). These conditions can be reflected in the large fos-
sil leaves from Antarctica (Fig. 1). The occurrence of larger
leaves is also related to the availability of nutrients and wa-
ter for their development (Wolfe 1993). Smaller leaves are
probably indicative of a climate deterioration with cooling
events during the late Eocene—Oligocene and changes in
the rainfall patterns (Dutra 2004; Vento et al. 2021). Many
extinct and living species show a reduction in size over
time. For example, fossil leaves of the predecessor of N.
cunninghamii from older sediments (Eocene—Oligocene)
in Tasmania showed a larger length variation than fossil
leaves of younger sediments (Hill 1983a; Jordan and Hill
1994). The decrease in leaf size during the glacial and in-
terglacial periods is probably a response to cooling events
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(Hill 1983b). Present cool-temperate climate conditions are
characterized by a higher proportion of small leaves in spe-
cies of Nothofagus. The preponderance of small-toothed
fossil leaves in Antarctica in the middle Miocene proba-
bly indicates a transition toward cooling climate conditions
(Barton 1964). Living winter deciduous species of subge-
nus Nothofagus distributed in southern South America have
small leaves (Vento and Agrain 2018) except for N. glauca,
N. obliqua, and N. alessandrii endemic to southernmost
Chile placed on slopes and exposed to humid conditions
(Amigo and Rodriguez 2011). From the late Eocene to pres-
ent leaves placed in the southern South American clade
showed a smaller size, fewer secondary veins, and less pro-
nounced teeth (Fig. 1).

Finally, the morphology of the leaf apex can be related
to humid environmental conditions (Premoli 1996). As the
growing season becomes drier in microthermal climates, the
apex becomes sharp and finally rounded. Therefore, acute
apices are found typically in wet, microthermal climates,
whereas rounded apices predominate in dry megathermal to
microthermal climates (Wolfe 1993). Fossil only taxa placed
in the four subgenera showed variations in their apexes with
acute or attenuate and rounded shapes that probably reflect
the local past climate conditions (Fig. 1).

Conclusions

The discovery of new fossils of subgenus Nothofagus is
crucial for understanding its past distribution and possi-
ble ancestors of the crown group. The findings from the
Antarctic Peninsula are the most ancient ones found to date.
They have not been coded and included in a phylogenetic
framework previously. Our analysis reveals clear relation-
ships between these extinct and living species of subge-
nus Nothofagus. The use of morphological leaf characters
proposed herein, for fossil and living species, allows us
to infer clear relationships among taxa and helps to better
understand the evolutionary history of Nothofagus. The in-
tegration of morphological, anatomical, and molecular data
in future research can bring more accurate results for sup-
porting extinct and living relationships.

The first records of Nothofagus leaves are of Late
Cretaceous age and have been placed in the subgenera
Fuscospora and Lophozonia. Our analysis supports the
hypothesis that ancient taxa possessed larger leaf size,
spaced and fewer teeth, and more secondary veins, proba-
bly adapted to warmer and humid conditions. Additionally,
most of these leaves have a plicate vernation which indicates
a winter deciduous habit. Contrary to these, species placed
in younger clades as subgenus Nothofagus have smaller leaf
sizes, more toothed leaves, and less secondary veins prob-
ably as an adaptation to cooler conditions. Changes in leaf
morphological features in Nothofagaceae can be strongly
related to the climate and the environmental conditions that
allow its adaptation and survival through time.
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