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Abstract: Premise of research. Winteraceae, a family within the Canellales, is composed of
tropical trees and shrubs broadly distributed in the Southern Hemisphere. The family is
found today in eastern Australia, New Zealand, Malesia, Oceania, Madagascar, and
the Neotropics, across a range of dry to wet tropical to temperate climate regions. The
fossil record of woods related to the Winteraceae in the Southern Hemisphere is limited
to the Late Cretaceous of the Antarctic Peninsula. Here, we present a detailed
anatomical description of the secondary xylem of a well-preserved trunk from the early
Eocene Laguna del Hunco site, Huitrera Formation, Patagonia (Chubut Province,
Argentina), that is referable to a new species of the genus Winteroxylon (Gottwald)
Poole and Francis.

Methodology. The wood material is preserved as a siliceous permineralization; it was
sectioned using standard petrographic techniques and observed under both light and
scanning electron microscopy. The anatomy was compared with extant and fossil
species of Winteraceae.

Pivotal results. The diagnostic anatomical features of Winteraceae preserved in the
fossil include the absence of growth rings; lack of vessels; tracheids rectangular in
cross-section with circular bordered pits; diffuse axial parenchyma; rays showing two
distinct size ranges (uniseriate-biseriate or multiseriate, 3-15 cells wide); and presence
of heterocellular rays containing sclerotic nests, cells with dark contents, and oil cells.
The new fossil species most resembles extant genera within the Zygogynum s.I. clade
from Australasian and Malesian rainforests; its anatomy is very similar to the extant
genus Bubbia. The new Patagonian Winteraceae fossil wood is characterized by the
presence of sclerotic nests and oil cells in the rays that differ from previously described
species of Winteroxylon.

Conclusions. Based on the distinctive characters preserved, we erect Winteroxylon
oleiferum sp. nov. The new fossil is the first reliable macrofossil record of Winteraceae
from South America, supporting the abundant palynological record of the family from
the continent, and it is the oldest record of the Zygogynum s.I. clade, adding to the long
list of southern biogeographic connections between South America and Australasia via
Antarctica during the warm early Cenozoic.
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Premise of research. Winteraceae, a family within the Canellales, is composed of tropical trees and
shrubs broadly distributed in the Southern Hemisphere. The family is found today in eastern Australia,
New Zealand, Malesia, Oceania, Madagascar, and the Neotropics, across a range of dry to wet tropical
to temperate climate regions. The fossil record of woods related to the Winteraceae in the Southern
Hemisphere is limited to the Late Cretaceous of the Antarctic Peninsula. Here, we present a detailed

anatomical description of the secondary xylem of a well-preserved trunk from the early Eocene Laguna
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del Hunco site, Huitrera Formation, Patagonia (Chubut Province, Argentina), that is referable to a new
species of the genus Winteroxylon (Gottwald) Poole and Francis.

Methodology. The wood material is preserved as a siliceous permineralization; it was sectioned using
standard petrographic techniques and observed under both light and scanning electron microscopy. The
anatomy was compared with extant and fossil species of Winteraceae.

Pivotal results. The diagnostic anatomical features of Winteraceae preserved in the fossil include the
absence of growth rings; lack of vessels; tracheids rectangular in cross-section with circular bordered
pits; diffuse axial parenchyma; rays showing two distinct size ranges (uniseriate-biseriate or
multiseriate, 3—15 cells wide); and presence of heterocellular rays containing sclerotic nests, cells with
dark contents, and oil cells. The new fossil species most resembles extant genera within the Zygogynum
s.l. clade from Australasian and Malesian rainforests; its anatomy is very similar to the extant genus
Bubbia. The new Patagonian Winteraceae fossil wood is characterized by the presence of sclerotic
nests and oil cells in the rays that differ from previously described species of Winteroxylon.
Conclusions. Based on the distinctive characters preserved, we erect Winteroxylon oleiferum sp. nov.
The new fossil is the first reliable macrofossil record of Winteraceae from South America, supporting
the abundant palynological record of the family from the continent, and it is the oldest record of the
Zygogynum s.1. clade, adding to the long list of southern biogeographic connections between South

America and Australasia via Antarctica during the warm early Cenozoic.

Keywords: wood anatomy, early Eocene, Huitrera Formation, Winteraceae, Winteroxylon, Zygogynum

s.l. clade.
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Introduction

The early-diverging angiosperm clade Magnoliidae comprises four orders: Magnoliales, Laurales,
Canellales, and Piperales (APG IV 2016; Massoni et al. 2014, 2015a,b). Canellales is the smallest
magnoliid order and includes only the Canellaceae and Winteraceae. The sister relationship of
Canellaceae and Winteraceae is strongly supported in several molecular analyses (Suh et al. 1993, Qiu
et al. 1999, 2005; Zanis et al. 2003; Soltis and Soltis 2004; APG IV 2016; Marquinez et al. 2009;
Massoni et al. 2015a,b; Miiller et al. 2015). Both families are comprised of aromatic woody shrubs and
small trees with disjunct distributions in the Southern Hemisphere (Marquinez et al. 2009; Thomas et
al. 2014).

Today, the Winteraceae include ca. 60—90 species of evergreen trees, shrubs, and rarely
epiphytes. Vink (1985) and Marquinez et al. (2009) recognized five extant genera within Winteraceae:
Drimys J.R. Forst. & G. Forst, Pseudowintera Dandy, Tasmannia R. Br. ex DC., Takhtajania Baranova
& J. Leroy, and Zygogynum Baill. Vink (1988) later recognized four genera within Zygogynum s.1.:
Bubbia Tiegh., Belliolum Tiegh., Exospermum Tiegh., and Zygogynum. Thomas et al. (2014) also
recognized those four genera as a monophyletic group.

Winteraceae and Canellaceae are each monophyletic (Massoni et al. 2014 and references cited
therein), and several phylogenetic analyses agree that within the Winteraceae, Takhtajania is the
earliest-diverging lineage (Marquinez et al. 2009; Massoni et al. 2014; Thomas et al. 2014; Miiller et al.
2015; Grimsson et al. 2018), followed by Tasmannia and Drimys. All the preceding are collectively
sister to a clade comprising Pseudowintera as sister to Zygogynum s.l. (including Belliolum, Bubbia,
Exospermum, and Zygogynum s.s.; as proposed earlier by Vink 1988). The relationships within
Zygogynum s.l. are not fully resolved (Grimsson et al. 2018). Marquinez et al. (2009) estimated the
divergence of Takhtajania from the rest of the family ca. 91.5 (120-74) Ma and indicated that
Tasmannia may have diverged from other Winteraceae at ca. 69.9 (74.8—-66.9) Ma.

The living Winteraceae species are restricted to Australasia, Malesia, Oceania, Madagascar, and

South and Central America, primarily in rainforest environments, but including a diverse range of dry
3
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to wet tropical to temperate climatic regions (Linsley 1836; Vink 1988, 1993; APG IV 2016). Based on
its fossil record, the early history of Winteraceae can be traced back to the Cretaceous to Eocene of
both hemispheres, after which the range contracted southwards (Doyle 2000; Grimsson et al. 2018).
Several molecular phylogenetic hypotheses based on nuclear and plastid sequence data are generally
consistent, indicating that the Winteraceae had a long and complex biogeographic history that is
explained by a combination of vicariance, long-distance dispersal, and extinction events (Marquinez et
al. 2009; Thomas et al. 2014). The living genera are considered as typical members of the austral flora
(Thomas et al. 2014) and have disjunct distributions in Australasia and Malesia (Tasmannia,
Pseudowintera, Zygogynum, Exospermum, Bubbia, Belliolum), Madagascar (Takhtajania), and the
Neotropics (Drimys) (Grimsson et al. 2018).

This paper reports new fossil material of Winteraceae from South America, consisting of a large
stump sampled at the early Eocene Laguna del Hunco fossil site in the Huitrera Formation, Chubut
Province, Argentina (fig. 1). The Laguna del Hunco biota was first studied by Berry (1925) and
sporadically investigated over ensuing decades (e.g., Frenguelli 1943, Romero et al. 1988). Extensive
research during the last twenty years has yielded an extremely diverse flora and fauna from the fossil
caldera-lake beds (for summaries see, e.g., Wilf et al. 2013; Barreda et al. 2020; Rossetto-Harris et al.
2020) that are highly informative for understanding Southern Hemisphere past and current
biogeographical patterns. The extensive biogeographic links of the Laguna del Hunco flora include, via
ancient Gondwana, living rainforests of Australasia and Malesia, where the largest number of
“survivor” genera are found in Australian and New Guinean lower-montane rainforest floras (e.g.,
Zamaloa et al. 2006; Wilf et al. 2009, 2019; Gandolfo et al. 2011; Carvalho et al. 2013; Gandolfo and
Hermsen 2017; Andruchow-Colombo et al. 2019).

Nearly all reported plant fossils from Laguna del Hunco are compressions (but see Barreda et al.
2020 for a diverse palynoflora), although decades ago, Petersen (1946) found fossilized trunks at the
top of the main lake-bed sequence that were not further studied. Permineralized material has only

recently been described from the area, including a silicified trunk of the fern Todea Willd. ex Bernh.
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(Osmundaceae) with in-situ liverworts, fungi, and coprolites from the same source unit (Tufolitas
Laguna del Hunco), south of the main Laguna del Hunco exposures (Bomfleur and Escapa 2019;
Bippus et al. 2019). Pujana et al. (2020) described a podocarp-dominated conifer wood assemblage
from Laguna del Hunco, including Protophyllocladoxylon francisiae Pujana, Santillana & Marenssi,
Phyllocladoxylon antarcticum Gothan, and cf. Cupressinoxylon sp.1 and sp. 2.

In this paper, we describe the first fossil angiosperm wood from Laguna del Hunco, a new
species of Winteraceae based on anatomical study of a silicified stump. Based on anatomical
comparisons with extant and fossil specimens, we describe and interpret the significance of the new

species with regard to the wood evolution, fossil record, and biogeography of Winteraceae.

Material and Methods

The sample studied here was collected at Laguna del Hunco (LH), Huitrera Formation, by Al
and PW during the November, 2009 field season at S 42°27'36.26", W 70° 2'17.86", elevation 1109 m
(fig. 1). The stump was found lying in horizontal position on an east-facing, steep slope exposure of the
fossiliferous LH caldera-lake beds (Tufolitas Laguna del Hunco; fig. 2), at a position above the highest
productive levels for compression fossils (i.e., quarry LH6, Wilf et al. 2003). The Tufolitas Laguna del
Hunco are well-dated from *“’Ar->Ar analyses of minerals in three different tuffs, all of them below the
resting level of the trunk, and the presence of two paleomagnetic reversals (Wilf et al. 2003, 2005). A
sanidine *°Ar-*Ar age from one tuff of 52.22 + 0.22 Ma is considered most reliable (M. Smith in Wilf
2012) and provides a minimum age for the wood specimen. In addition, the youngest beds of the
underlying local unit, the Ignimbrita Barda Colorada, have recently been “°Ar-?Ar dated as 52.54 +
0.17 Ma (Gosses et al. 2020). The Tufolitas Laguna del Hunco, containing the new fossil, are overlain
by the hill-capping (and completely unfossiliferous) Andesitas Huancache unit (Aragon and Mazzoni
1997). The Andesitas Huancache have not been dated locally using modern techniques, but potentially
correlative strata in the southern caldera exposures have recently been *“°Ar->?Ar dated to 49.19 + 0.24

Ma, providing a likely minimum age of the fossil lake beds (Gosses et al. 2020). Thus, the age of the
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wood specimen is early Eocene, with a possible age range from ca. 52.2-49.2 Ma. We prefer the older
end of this range because of the provenance of the specimen from the Tufolitas Laguna del Hunco (ca.
52.2 Ma radiometric age).

The sampled stump is 150 cm in preserved length and 50 cm in diameter, increasing toward the
base to 124 cm, with several woody roots of 4-15 cm diameter that are oriented mostly in axial
orientation (fig. 2B), although some broad roots are perpendicular to the main stem (fig. 2B).
Secondary wood from the distal part of the base of the main stem (fig. 2C) was sampled, leaving the
bulk of the specimen intact at the site. The silicified trunk has well-preserved secondary xylem. Thin
sections were made using standard petrographic techniques (transverse, tangential longitudinal, and
radial longitudinal). The anatomical terms used in this paper follow the IAWA List of Microscopic
Features for Softwood Identification (IAWA Committee 1989). The taxonomic assignment,
descriptions, and comparisons with extant and fossil species were performed following the InsideWood
website (InsideWood 2004-onwards; Wheeler 2011) and previous descriptions by Bailey and
Thompson (1918), Bailey (1944), Bailey and Swamy (1948), Metcalfe and Chalk (1950), Swamy and
Bailey (1950); Tortorelli (1956); Patel (1974); Carlquist (1981, 1982, 1983a, 19835, 1987, 1988, 1989,
2000, 2001); Scott and Wheeler (1982); Rancusi et al. (1987); Poole and Francis (2000); Carlquist and
Schneider (2001), and Schweingruber et al. (2011).

The specimen was studied with a Nikon Eclipse E200 light microscope, and photomicrographs
were taken with an attached Nikon Coolpix S4 digital camera. The values in the anatomical description
are averages of 25 measurements. In all cases, the average value is cited first, followed by the
minimum and maximum values, which are given in parentheses. The material was prepared for
scanning electron microscopy (SEM) by cutting 1 cm? blocks of fossil wood, mounting them on SEM
stubs, and coating them with platinum/palladium; observation and photographs were done using a FEI
Nova Nano SEM-230 microscope at the Laboratorio de Microscopia - Caracterizacion de Materiales -

Centro Atomico Bariloche (CAB-CNEA), Argentina. The macrofossil specimens and slides are
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deposited at the Museo Paleontologico Egidio Feruglio paleobotanical collection in Trelew, Argentina

(acronym MPEF-Pb).

Results

Systematic Paleobotany

Order —Canellales

Family—Winteraceae

Genus—Winteroxylon (Gottwald) emend Poole & Francis 2000

Type species. Winteroxylon mundlosi Gottwald 1992

Species— Winteroxylon oleiferum Brea, Iglesias, Wilf, Moya & Gandolfo sp. nov. (fig. 3—6)
Etymology. The specific name refers to the abundance of oil cells in the wood.

Specific diagnosis. Growth rings indistinct. Tracheids thick-walled with circular bordered pits, mainly
in uniseriate, biseriate, and triseriate rows, alternate to opposite. Axial parenchyma either diffuse or in
tangentially or radially oriented pairs of parenchyma strands. Rays of two different types (narrow and
broad), heterocellular and very tall, 1-2 seriate and multiseriate (3—15 cells wide). Bordered pits in ray
cells. Sclerotic nests, oil cells, and dark contents in rays present.

Holotype. MPEF-Pb 3997a—e (one macrofossil and four microscope slides).

Locality. Laguna del Hunco (LH), early Eocene of northwestern Chubut Province, Argentina
(S42°27'36.26", W70° 2'17.86"), Huitrera Formation.

Description. The description is based on the mature wood of one stump specimen. In transverse
section, the mature wood is vesselless, composed exclusively of imperforate tracheids and parenchyma
(fig. 34-C, 4A4), with indistinct growth rings (fig. 34—C). The tracheids are quadrangular to rectangular
(fig. 44, 4D, 5F) and have a mean tangential diameter of 24 (14-33) um and a mean radial diameter of
27 (19-31) um. They are thick-walled (fig. 5F), with a wall thickness of 7 (5-9) um. Middle lamellae
and pits are observed on the tracheids (fig. 5E). Triangular or quadrangular intercellular spaces (fig. 44,

4D) are present between tracheids. The axial parenchyma is diffuse and scarce, presenting as



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

occasional radially oriented pairs of parenchyma strands (fig. 44, 4D). The parenchyma cell pits are
small, circular, and simple (fig.4D, 4F).

In tangential longitudinal section, the tracheid pitting is circular, bordered, and contiguous, with
elliptic pit apertures (fig. 54—C). The circular pits have a mean diameter of 8 (7-10) um and are
frequently uniseriate (fig. 54), occasionally biseriate (fig. 5B, 6C), and rarely triseriate (fig. 5C); when
bi-triseriate, pits are alternate to opposite. Some tracheids have trabeculae on their walls (fig. 5D). The
rays are of two distinct types, 1-2 seriate and multiseriate (3—15 cells), and both are heterocellular,
composed of predominantly upright cells (fig. 3/, 4G) and occasionally with procumbent cells (fig. 31,
4F).

The sclerotic nests (fig. 3G, 4F, 5SH), sclereids (fig. 5G), and oil cells (fig. 3E—F, 4H) are
abundant and associated with ray parenchyma. The oil cells are similar in size to parenchyma cells and
are found scattered in rays; oil cavities are occasionally present in central portions of multiseriate rays
and surrounded by three or more layers of parenchyma cells (fig. 3E—F, 4H). Sclereid cells are
polygonal or hexagonal in outline (fig. 4F, 5G—H), with a diameter of 99 (43—178) um and thick-
walled with a wall thickness of 34 (8—64) um (fig. SH). Each sclerotic nest has 3 to 11 sclereid cells.
The multiseriate rays have a mean height of 2089 (1035-4105) um and a mean width of 547 (188—
1504) um. Probable sheath cells occur in the multiseriate rays (fig. 3D). The uniseriate (fig. 4B) and
biseriate (fig. 4B) rays are more common (86%) than multiseriate rays (14%) (fig. 3D-G, 44—C). The
uniseriate rays are heterocellular and have a mean height of 314 (131-655) um and a mean width of 35
(23-55) um. In both ray types (narrow and broad), dark amorphous contents are observed inside the ray
cells, probably attributable to resins (fig. 3G, 41, 5G).

In radial longitudinal section, the tracheid pitting is more abundant on the radial compared with
the tangential walls (fig. 4J). The rays are heterocellular, composed of upright and procumbent cells
(fig. 4G). The ray cell pits are circular, bordered, and alternate to irregular in arrangement (fig. 4K, 51,
64, 6B). The procumbent cells are 97 (73—154) um in height and 26 (16-35) um in width, and upright

cells are 51 (43-58) in height and 32 (22-38) in width.
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Discussion
Comparison with extant and fossil taxa

The absence of the typical conifer cross-field pitting, and the presence of heterocellular uni- to
multiseriate rays, axial parenchyma, cells with contents (i.e., oil cells, idioblasts), and sclereids,
confirm that this fossil corresponds to a vesselless angiosperm. Vesselless woods are present in five
early-diverging angiosperm families: Amborellaceae, Tetracentraceae, Trochodendraceae,
Chloranthaceae, and Winteraceae (Bailey and Thompson 1918; Bailey 1944; Bailey and Swamy 1948;
Metcalfe and Chalk 1950; Swamy and Bailey 1950; Carlquist 1987; Schweingruber et al. 2011).
Amborella trichopoda Baill. is the only known member of Amborellaceae; it is endemic to New
Caledonia, inhabiting the understory of humid forests, where it grows as shrubs or small trees. Its wood
is characterized by vesselless xylem with very weakly defined growth rings, bordered circular and
scalariform pits on the tracheids, diffuse apotracheal axial parenchyma, dark contents in parenchyma
cells, uniseriate and multiseriate (up to 5 cells) rays, and heterocellular rays with >4 marginal upright
cells (Carlquist and Schneider, 2001; Schweingruber et al. 2011). This extant species differs from the
new fossil specimen in having multiseriate rays of 3—5 cells width, scalariform pits on the tracheids,
and rays with >4 marginal upright cells.

Tetracentraceae, native to southern China and the eastern Himalayas, includes the sole extant
species Tetracentron sinense Oliv. It grows along streams or forest margins in broad-leaved evergreen
forests and mixed evergreen-deciduous forests (Suzuki et al. 1991), as trees that can reach up to 40 m
tall. The secondary xylem is characterized by having axial parenchyma diffuse and diffuse-in-
aggregates, and uniseriate and homocellular multiseriate rays 3—4 cells wide (Poole and Francis 2000;
InsideWood 2004-onwards). Tetracentron differs from the fossil and extant Winteraceae woods in
having rays of 3—4 cells width and exclusively procumbent cells. Also, Tetracentron has unusual thin-

walled tracheids, arranged in radial files, with crowded, alternate, circular to elliptical bordered pits in
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the tangential walls and the radial walls without pitting (Suzuki et al. 1991); all of these features unlike
those of the new fossil.

Trochodendron aralioides Sieb. & Zucc. belongs to the monospecific Trochodendraceae. They
are evergreen trees or large shrubs growing up to 20 m tall, confined to montane temperate forests in
Southeast Asia and Taiwan (APG IV 2016). Its secondary xylem has distinct growth rings, bordered
scalariform pit tracheids, axial parenchyma rare or absent, and rays in two types: uniseriate and
heterocellular multiseriate with 3—6 cells width. There are large and simple pits in ray cells
(Schweingruber et al. 2011). Trochodendron difters from the new Patagonian taxon in having distinct
growth rings, axial parenchyma absent or extremely rare, bordered scalariform pits in tracheids, simple
pits in cell rays, and multiseriate rays with very tall uniseriate extensions (Scott and Wheeler 1982;
Richter and Dallwitz 2000).

Sarcandra Gardner, the only vesselless genus within the Chloranthaceae, includes small shrubs
native to Southeast Asia; its wood has distinct growth rings, axial parenchyma absent or rare, tracheids
and transitional tracheid-vessel elements present, and heterocellular rays commonly 4-10 seriate
(Swamy and Bailey 1950; Carlquist 1987; InsideWood 2004-onwards). Sarcandra has fascicular
uniseriate rays and interfascicular multiseriate rays. These large multiseriate (up to 5 cells wide)
parenchyma rays in Sarcandra are derived from a cambial variant that produces axial vascular elements
in segments and interfascicular multiseriate rays (Pipo et al. 2020). Cambial variant features are absent
in Winteroxylon oleiferum sp. nov.

Of all these vesselless angiosperms, only Winteraceae have woods with >10-seriate rays, oil
cells, and sclerotic nests in heterocellular rays as seen in the fossil. The new fossil species shares
additional character states with Winteraceae, including growth rings absent; tracheids rectangular in
transverse section with circular bordered pits; diffuse axial parenchyma; rays of two distinct sizes, 1-2
seriate and multiseriate (3—15 cells wide) rays; and cells with dark contents.

We summarize the anatomical comparison between the new fossil species and the extant species

of Winteraceae (table 1). Clearly, the new Patagonian fossil species is most similar to the extant species
10
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in the Zygogynum s.1. clade (Bubbia, Belliolum, Exospermum, and Zygogynum s.s). The extant genera
Pseudowintera, Takhtajania, and Belliolum are different from the new Patagonian species in their
absence of oil cells, silica bodies, and sclerotic nests. The American genus Drimys does not produce oil
cells or sclerotic nests and has smooth and irregular silica bodies, a feature absent in the fossil wood.
Tasmannia differs in having uniseriate and biseriate radial tracheid pits with helical thickenings and
rays that do not have oil cells. Exospermum lacks sclerotic nests in rays, and has rectangular tracheids
in transverse section and axial parenchyma in bands. Zygogynum s.s. differs because it has uniseriate
tracheid pitting and absence of trabeculae in tracheids (table 1). On the other hand, Bubbia shares with
Winteroxylon oleiferum sp. nov. the arrangement of tracheid pitting in radial walls that is uniseriate,
biseriate, and triseriate; the presence of trabeculae in tracheids; square to irregular tracheid transverse
section; and the oil cells associated with the rays.

Winteroxylon oleiferum sp. nov. is placed in Winteroxylon based on the presence of indistinct
growth rings; axial parenchyma predominantly diffuse; tracheids with circular bordered pits; and rays
predominantly multiseriate up to 13 cells or 1-2 seriate, heterocellular, and non-storied (Poole and
Francis 2000). All the features of the new fossil fit within Winteroxylon, and thus there is no basis for
erecting a new genus. Until now, there were only two reliable fossil woods assigned to the
Winteraceae, Winteroxylon jamesrossi Poole & Francis from the early Campanian Santa Marta
Formation, Antarctic Peninsula (Poole and Francis 2000; Olivero 2012; fig. 1) and Winteroxylon
mundlosi Gottwald from the late Eocene Helmstedt Formation, lignite opencast mine, Lower Saxony,
Germany (Gottwald 1992; fig. 1). Winteroxylon jamesrossi lacks oil cells and sclerotic cells as seen in
the new fossil, whereas V. mundlosi differs from the Patagonian fossil in having taller rays and with
absence of oil cells (table 2). Also, both of the previously known Winteroxylon species have distinct
scalariform tracheid pitting not seen in the new species. Page (1979, 1981) described a minute (7 mm
in diameter) twig of putative Winteraceae affinity from the Maastrichtian Great Valley Sequence

(California, USA, fig. 1) that can be easily distinguished from the new fossil because of its abundant
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axial parenchyma, absence of bi-triseriate rays, and absence of both oil cells and sclerotic cells (table
2).

According to Poole and Francis (2000), the anatomical characters of Winteroxylon jamesrossi
are related to those exhibited in extant Bubbia. However, as also noted by those authors, there are many
differences between the extant genus and the Antarctic fossil. It seems clear that W. jamesrossi matches
most closely anatomically with extant Takhtajania and Tasmannia, especially in ray height, type of
tracheid pitting, and absence of both trabeculae and oil cells (table 1).

Winteroxylon mundlosi has a central pith with sclerotic cells; rays greater than 2 mm in height
and up to eight cells wide, and sclerotic cells present (table 2). Although Gottwald (1992) did not
identify oil cells in W. mundlosi, they were noted as possibly present in this taxon by Poole and Francis
(2000). Gottwald (1992) placed W. mundlosi as closely related to extant Drimys and Bubbia. In Table
1, the European fossil matches most closely with extant Takhtajania and Tasmannia. Based on this
discussion, Winteroxylon oleiferum sp. nov. may represent the sole fossil sharing wood anatomy with
the Zygogynum s.1. clade (following Thomas et al. 2014).

Sherwinoxylon winteroides Boura & Saulnier, a vesselless angiosperm of uncertain family from
the middle Cenomanian of the Envigne Valley in western France, has exclusively multiseriate rays, up
to nine cells wide, heigh 1.03—10.53 mm and composed of square cells, and up to four upright marginal
cells. This fossil show similarities with extant and fossil Winteraceae, but the absence of uniseriate rays
led Boura et al. (2018) to suggest that it may belong to an extinct group, either unrelated to
Winteraceae or belonging to stem Winteraceae. Sherwinoxylon winteroides also differs from
Winteroxylon oleiferum sp. nov. in having tracheids with exclusively uniseriate bordered pits and

absence of uniseriate rays, oil cells, and sclerotic cells.

Biogeography and phylogenetic relationships of Winteraceae
The living genera of Winteraceae have disjunct distributions in Australasia (Pseudowintera,

Zygogynum, Exospermum, Bubbia, Belliolum, Tasmannia), Madagascar (Takhtajania), and the
12
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Neotropics (Drimys) (e.g., Grimsson et al. 2018). The habit and geographical distribution of the extant
genera of Winteraceae is shown in Table 3.

Winteraceae has fossil records since the Cretaceous in Laurasia and Gondwana, suggesting the
group was globally distributed from the Cretaceous until at least the Eocene in the northern
hemisphere, subsequently becoming extinct (Grimsson et al. 2018). In the Southern Hemisphere, this
family has been a persistent component of rain forests or wet sclerophyll forests (Hill, 1994; Marquinez
et al. 2009) with records since the middle Cretaceous (Barreda and Archangelsky 2006; fig. 1).

In addition to the Winteraceae fossil wood record (table 2), pollen tetrads of Walkeripollis
gabonensis Doyle, Hotton & Ward were reported from the Barremian-Aptian of Gabon, Africa (Doyle
et al. 1990; fig. 1). Qatanipollis valentini Schrank is a putative Winteraceae pollen type described from
the late Aptian-Albian of Israel (Schrank 2013), originally reported by Walker et al. (1983) and then
designated by Doyle et al. (1990) as Walkeripollis sp. In Australasia, the fossil record of this family
dates from mid-Campanian sediments of the Otway Basin (Dettmann and Jarzen, 1990; Grimsson et al.
2018). Grimsson et al. (2018) proposed that Winteraceae pollen fossils recorded in the Paleocene and
Eocene of North America and Greenland represent interchange with Europe via the North Atlantic
Land Bridge. This hypothesis could also explain the presence of Winteraceae woods in California and
Germany (fig. 1, table 2).

Reliable leaf fossils of Winteraceae are very rare (fig. 1). Zygogynum poratus Liang & Zhou is a
leaf compression from the middle Miocene of Yunnan, southwest China that shares cuticular features
and morphological characters with Zygogynum s.s. (Lian et al. 2018). A leaf impression assigned to
Drimys antarctica Dusén from the Cross Valley Formation, Seymour Island, Antarctic Peninsula, is
poorly preserved and lacks diagnostic features that would provide a reliable taxonomic position within
Winteraceae (Dusén 1098; Tosolini et al. 2013). In Patagonia, a leaf impression dubiously assigned to
Drimys, D. patagonica Berry from the middle Eocene Rio Pichileuft flora (Berry 1938), Argentina,

needs further study to clarify its taxonomic status.
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The oldest occurrence of Winteraceae pollen in South America was dated to the late Albian-
Cenomanian Kachaike Formation (Barreda and Archangelsky 2006; fig. 1). From the Paleogene,
Pseudowinterapollis couperi (Krutzsch) emend. Mildenhall & Crosbie pollen grains were recovered
from Argentine Patagonia in the late Eocene Sloggett Formation (Olivero et al. 1998), late Oligocene?—
Miocene Chenque Formation (Barreda 1997a), and the Oligocene San Julian Formation (Barreda
1997b), among others (e.g., Kooyman et al. 2014). According to Doyle (2000), the sculpture and
presence of a well-defined annulus in the Oligocene Pseudowinterapollis couperi, from the Chenque
Formation, could indicate production by plants closely related to Drimys, whereas Grimsson et al.
(2018) proposed that the South American fossil pollen could be linked to the extant genera Drimys,
Tasmannia, and Pseudowintera, along with the Miocene tetrad Pseudowinterapollis africanensis
Grimsson, Neumann & Zetter of South Africa (Grimsson et al. 2017).

As discussed earlier, Winteroxylon oleiferum sp. nov. resembles members of the extant
Zygogynum s.1. clade because it has distinctive sclerotic nests and oil cells. Furthermore, most of its
anatomical characters match those of extant Bubbia (table 1), including the presence of tracheid pitting
uniseriate, biseriate, and triseriate in radial walls; trabeculae in tracheids; square to irregular tracheid
transverse section; and oil cells associated with ray cells. Today, the Zygogynum s.1. clade is distributed
in eastern Australia, New Guinea, the Moluccas, and New Caledonia, and predominantly in tropical
premontane and montane cloud forests (table 3), locations and environments that are well identified for
having large numbers of “survivor” taxa from the Laguna del Hunco flora and late-Gondwanan fossil
floras in general (e.g., Wilf et al. 2009, 2013, 2019; Kooyman et al. 2014, 2019). The only previous
fossil record assigned to the Zygogynum s.1. clade is Miocene leaves of Zygogynum poratus from
Southwest China, indicating an additional past distribution of the clade in mainland Asia that is thought
to be sourced from Gondwana (Liang et al. 2018).

The phylogenetic analyses of Suh (1993), Marquinez et al. (2009), and Thomas et al. (2014)
show that the Zygogynum s.1. clade can be resolved into two subclades: the (Zygogynum + Belliolum +

Exospermum) subclade from New Caledonia, and the other with the Bubbia species, distributed in
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eastern Australia, New Guinea, the Moluccas, and New Caledonia (table 3). Thus, Winteroxylon
oleiferum sp. nov. is the oldest reliable macrofossil record of Winteraceae resembling species of the
Zygogynum s.l. clade —a derived clade within extant Winteraceae— that today lives in Australasian and
Malesian rainforests. The presence of Bubbia-like Winteraceae at middle latitudes of Patagonia during
the early Eocene reinforces the evidence for southern biogeographic connections between South
America with Australasia via Antarctica during the warm early Cenozoic and subsequent extinction of

some Winteraceae clades in South America.
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Figure captions

Figure 1. Distribution of extant (dark gray shading) and fossil (light gray, Cretaceous; black, Cenozoic;
star, pollen; circle, wood; rectangle, leaf) Winteraceae. Fossil wood records labeled: Winteroxylon
mundlosi (Helmstedt Formation, late Eocene, Lower Saxony, Germany); Winteroxylon jamesrossi
(Santa Marta Formation, James Ross Island, early Campanian, Antarctica); Winteroxylon? (Great
Valley Sequence, Maastrichtian, California, USA); Winteroxylon oleiferum sp. nov. (arrow, Laguna del
Hunco, Huitrera Formation, early Eocene, Chubut province, Argentina). Modified from Grimsson et al.
(2018). References: Doley 2000; Barreda and Archangelsky 2006; Marquinez et al. 2009; Liang et al.

2018; Grimsson et al. 2018, and others cited therein.

Figure 2. A, Panoramic view of Eocene strata at Laguna del Hunco (LH), looking southwest from the
LH4 fossil locality and showing the positions of selected fossil plant localities. 1. location of the
Winteraceae fossil stump sampled here; and 2. fossil locality LH4 (Wilf et al. 2003). B, The fossil
stump in basal view, showing roots at the base of the stump (black arrow = roots disposed
perpendicular to the main stem; white arrow = roots disposed in axial orientation). C, Lateral view of
the stump, clearly showing the two regions: stump with roots (left) and base of the main stem (right).
D, View from the apical part of the preserved stem, showing the variation in stump diameter toward the

base. Pick for scale = 30 cm length.

Figure 3. Winteroxylon oleiferum sp. nov., MPEF-Pb 3997. 4, General view in transverse section,
showing uniseriate rays (white arrows) and tracheids. B—C, General view in transverse section, showing
uniseriate (white arrows) and multiseriate rays (black arrows) and tracheids. D, General view in
tangential longitudinal section, showing uniseriate and multiseriate rays (white arrow) composed of
procumbent and upright cells and probable sheath cells (black arrows). E—F, General view in tangential
longitudinal section, showing oil cavities (white arrows) surrounded by parenchymatic cells inside the

multiseriate rays. G, General view in tangential longitudinal section, showing sclerotic nests (white
24
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arrow) and dark amorphous contents (black arrow) in a multiseriate ray. H—I, General view in radial
longitudinal section, showing heterocellular rays composed of procumbent and upright cells (white

arrows). Scale bars =400 um.

Figure 4. Winteroxylon oleiferum sp. nov., MPEF-Pb 3997. 4, Detail in transverse section, showing
tracheids, axial parenchyma (white arrows), and a multiseriate ray; scale bar =200 pm. B, Detail in
tangential longitudinal section, showing multiseriate, biseriate (black arrow) and uniseriate (white
arrow) rays; scale bar = 200 pm. C, Detail in tangential longitudinal section, showing multiseriate rays
up to 15 cells; scale bar =200 um. D, Detail in transverse section, showing axial parenchyma with pits
(white arrows); scale bar = 50 um. E, Detail of a parenchyma pit in transverse section (white arrow);
scale bar =20 um. F, Detail in tangential longitudinal section, showing sclerotic nest; scale bar =200
um. G, Detail in radial longitudinal section, showing heterocellular ray composed of procumbent and
upright cells; scale bar = 200 um. H, Detail in tangential longitudinal section, showing oil canal (white
arrow); scale bar = 200 um. /, Detail in tangential longitudinal section, showing dark content in ray
cell; scale bar = 50 um. J, General view in radial longitudinal section, showing bordered pits in ray
cells (black arrow); scale bar = 200 um. K, Detail in radial longitudinal section, showing bordered pit

in ray cell (black arrow); scale bar = 50 um.

Figure 5. Winteroxylon oleiferum sp. nov., MPEF-Pb 3997. 4, Detail in tangential longitudinal section,
showing circular bordered and uniseriate pits; scale bar = 20 um. B, Detail in tangential longitudinal
section, showing circular bordered, biseriate and alternate pitting; scale bar = 50 um. C, Detail in
tangential longitudinal section, showing circular bordered, triseriate and alternate to opposite pitting;
scale bar = 50 um. D, Detail in tangential longitudinal section, showing biseriate ray and trabeculae in
tracheids (white arrows); scale bar = 50 um. E, Detail in transverse section, showing three tracheid
cells with middle lamellae (white arrow) and pit (black arrow); scale bar = 20 pm. F, Detail in radial

longitudinal section, showing bordered pits that are alternate to irregular in arrangement (black arrow)
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in ray cells; scale bar = 50 pm. G, Detail in tangential longitudinal section, showing sclerotic cells
(white arrow) and dark amorphous accumulations in a cell (black arrow); scale bar = 50 um. H, Detail

in tangential longitudinal section, showing a sclerotic nest; scale bar = 50 pm.

Figure 6. Winteroxylon oleiferum sp. nov., MPEF-Pb 3997, under SEM. 4, Detail in radial longitudinal
section, showing bordered pits in ray cells, alternate to irregular in arrangement; scale bar = 100 um. B,
Detail in radial longitudinal section, showing bordered pits; Scale bar =30 um. C, Detail in tangential

longitudinal section, showing biseriate, bordered and alternate to opposite pits in a tracheid; Scale bar =

30 um.

Table 1. Wood anatomical comparisons of Winteroxylon oleiferum sp. nov. with extant and fossil taxa

of Winteraceae. *Tracheid diameter measured in tangential section.

Table 2. Further comparison among fossil wood species of Winteraceae.

Table 3. Comparison of stem morphology, habit preference, phenology, habit, and geographic

distribution of the genera of Winteraceae. References: Tortorelli (1956); Patel (1974); Carlquist (1981,

1982, 1983a, 1983b, 1988, 1989, 2000); Feild et al. (2000).
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clade

Zygogynum s.l.

Click here to access/download;Table;Table 1.pdf 2

. . . tracheid . . .
growth tracheid radial tracheid K . . ray height . cell . silica  sclerotic
taxa X X . diameter tracheid pitting axial parenchyma ray type and structure ray cell pits oil cells ) references
rings section pitting (um)* (um) contents bodies nest
Bailey and Thompson
X i uniseriate and uniseriate present 1918
. o 6-16 um diameter circular, L .
. o square to uniseriate, biseriate, . . multiseriate (300-3370) dark smooth Bailey 1944
Drimys indistinct . o 25-69 bordered, opposite, scarce or absent, diffuse . bordered absent absent .
irregular triseriate . (4-10 cells) multiseriate amorphous and Tortorelli 1956
alternate, scalariform ) )
heterocellular (1250-4800) irregular Rancusi et al. 1987
Carlauist 1988
L o o uniseriate
uniseriate and . uniseriate, biseriate and Lo
L quadrangular to . . circular, bordered, . . (mean 1473) tannin-like .
Takhtajania absent biseriate, helical mean 38 . very scarce, diffuse multiseriate (upto5 L bordered . absent absent absent Carlquist 2000
rectangular . . scalariform multiseriate material
thickenings cells) heterocellular
(mean 4176)
. scarce, diffuse occasional . o uniseriate
absent or uniseriate and . . ; uniseriate, biseriate and .
. K quadrangular to o . circular, bordered, tangentially or radially o (286-1816) sclerotic .
Tasmannia slightly biseriate, helical 16-46 . . . . multiseriate L bordered = ------ absent absent Carlquist 1989
o rectangular . . scalariform to transitional oriented pairs of multiseriate nest
distinct thickenings heterocellular
parenchyma strands (1093-5148)
indistinct t uniseriate, biseriate iseriate. biseriat p iseriat
indistinct to uniseriate, biseriate an uniseriate )
. K square to and triseariate. Spiral circular, bordered, alternate, scarce, diffuse and diffuse- o . Bailey 1944
Pseudowintera slightly . R . 13-46 . R . multiseriate (7-29 cells) multiseriate bordered absent absent absent absent
e irregular thickenings and opposite and scalariform in-aggregates Patel 1974
distinct heterocellular (300-6100)
trabeculae
circular, bordered,
. quadrangular to biseriate and R . scarce, diffuse resin-like Carlquist 1983a
Belliolum absent L 42-60 scalariform to transitional to . heterocellular - bordered . absent absent absent .
rectangular triseriate . and in short bands material Bailey 1944
opossite
o L . . uniseriate, biseriate and
uniseriate, biseriate, 7-14 um diameter, circular, i X L . Lo
. square to L R : diffuse or in bands 1-3 multiseriate circular, resin-like X
Bubbia absent ] triseriate. Trabeculae 23-51 opposite, occasionally . 600->1500 . present absent absent Carlquist 1983b
irregular . cells thick (3-7 cells) bordered material
common elongated and scalariform
heterocellular
uniseriate and
quadrangular to biseriate and circular to elongated, diffuse or in bands 1-3 o multiseriate resin-like .
Exospermum absent L 55 (mean) . multiseriate bordered . present absent absent Carlquist 1982
rectangular triseriate alternate cells thick (mean 6812) material
(up to 7 cells)
. scarce, diffuse, diffuse-in- L X
square to L circular, bordered, . uniseriate and . Bailey 1944
Zygogynum s.s. absent ] uniseriate = - ] aggregates and in bands e bordered = ----- present absent sclereids .
irregular scalariform . multiseriate Carlquist 1981
2-3 cells thick
L . scarce, diffuse, occasional uniseriate, biseriate and uniseriate
. uniseriate, biseriate, ) ) ) ) . ) .
Winteroxylon . quadrangularto . 7-10 um diameter, circular,  tangentially or radially multiseriate (131-665) circular, dark sclerotic .
) Indistinct triseriate. Trabeculae 14-33 R ) R L present absent this paper
oleiferum n. sp. rectangular alternate to opposite oriented pairs of (3-15 cells) multiseriate bordered amorphous nest
common
parenchyma strands heterocellular (1035-4105)
L L uniseriate and
Wint . uniseriate, biseriate, ltiseriat I hich ircul
interoxylon multiseriate all rays higher circular,
y. Indistinct - sometimes 23-36 circular uniseriate bands s g present absent absent present Gottwald 1992
mundlosi . (3-7 cells) than 2000 bordered
scalariform
heterocellular
o L ) ) ) ) uniseriate, biseriate and uniseriate
i uniseriate, biseriate, . diffuse or in radial pairs . . .
Winteroxylon - circular to multiseriate (200-1636) circular, X Poole and Francis
. . Indistinct - elongate to 30-50 and short strands of up to L occasional absent absent absent
jamesrossi ) more elongate . (3—13 cells) multiseriate bordered 2000
scalariform ca. 4 cells thick

heterocellular

(500-4300)
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Table 2

Winteroxylon jamesrossi

Winteroxylon mundlosi

Poole and Francis 2000 Gottwald 1992
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Winteroxylon ?

Page 1979, 1981

Winteroxylon oleiferum
sp. nov.
this contribution

Stratigraphic horizon

Fossil locality

Helmstedt area
Lower Saxony
Germany

Lachman Crags
James Ross Island
Antarctica

Santa Marta Fm. Annenberg Fm.

Diablo Range Central
California

USA

Great Valley Sequence
Maastrichtian

Laguna del Hunco
Chubut, Argentina

La Huitrera Fm.
early Eocene

and age early Campanian late Eocene
Growth rings indistinct indistinct ? indistinct
diffuse or in radial pairs uniseriate bands or in diffuse, occasional
Axial parenchyma forms short axial strands  tangential apotracheal abundant tangentially or radially
of up to four cells uniseriate bands oriented strand pairs
tangential diameter
30 (35) 50 23(29) 36 13 (26) 38 14 (24) 33
(um)
radial diameter
" 15(28)40 e e 19(27) 31
] (km)
] -
wall thickness
E (um) 2.5-10 5(7)9 thick-walled 5(7)9
o m
= pitting“diameter
2.5-15 um circular to 7(9) 11 pm 7 (8) 10 um
(nm) . small, rounded .
more elongate circular circular
and shape
uniseriate, biseriate, uniseriate, biseriate, uniseriate, biseriate,
overlapped area . K . ? .
elongate to scalariform sometimes scalariform triseriate
heterocellular
rocumbent cells
P ) heterocellular upright .
becoming square to . L heterocellular heterocellular upright
structure R . X cells in uniseriate and .
periphery upright cells in L R square or upright cells and procumbent cells
o multiseriate wings
uniseriate and
multiseriate wings
uniseriate all rays uniseriate
w .
> height 131 (314) 655
k3 ( r’i ) 200-1636 um higher than ? y I(t'ser)'ate
ult I
" Multiseriate 500-4300 2000
1035 (2089) 4105
. . L uniseriate and . L
width uniseriate, biseriate uniseriate multiseriate uniseriate, biseriate
uiti I
and 4 to 13 cells and 3 to 8 celled and 3 to 15 cells
4to5 cells
cell pitting . .
minute pits on
circular, bordered circular .p circular, bordered
tangential walls
2 dark amorphous occasional present absent? present
[
'g' oil cells absent absent absent present
(%)
E sclerotic cells absent present absent present
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Table 3

Zygogynum s.l. clade
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Stem

Stem

Growth Leaf
diameter height . . Habitat Extant geographic distribution
habit habit
(cm) (m)
moist mountain forests (tropical and temperate frost-free) in .
3 shrub to . . . . Neotropics
Drimys 0.6-10 up to 20 evergreen Neotropics, maritime temperate rainforests and Subantarctic . .
small trees (from southern Mexico to southern South America)
temperate forests
L. shrub to L
Takhtajania upto4.5 upto5 It evergreen sub-humid higher montane forests (~1000 m) Madagascar
small trees
) moist mountain forests and in wet areas in the drier forests, Australia, New Guinea, Celebes, Borneo,
Tasmannia 4-34 4 or more small trees evergreen . . .
alpine and lowland temperate rainforests and Philippines
i shrub to . o_p9e0
Pseudowintera 2.5-6.6 1-8 small trees evergreen lowland to higher montane forests (from 35°-42° S) New Zealand
understory and subcanopy treeless to trees
Belliolum ca. 10 - small trees evergreen X v X Py R Solomon Islands and New Caledonia
in subtropical lowland rainforests
. small to . Eastern Australia, New Guinea,
Bubbia | - 15 evergreen tropical premontane and montane cloud forests )
large trees New Caledonia, and Moluccas
. X Eastern Australia, New Guinea,
Exospermum ca 24 - large trees evergreen subtropical lowland rainforests ]
New Caledonia, and Moluccas
small trees subcanopy trees in subtropical lowland rainforests .
Zygogynums.s. | = ---—-- 2-3 evergreen New Caledonia
to shrubs and montane cloud forests
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