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CASCADIACARPA SPINOSA GEN. ET SP. NOV. (FAGACEAE):
CASTANEOID FRUITS FROM THE EOCENE OF VANCOUVER
IsLAND, CANADA!
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Documenting the paleodiversity of well-studied angiosperm families serves to broaden their circumscription while also
providing a time-specific reference point to mark the first occurrence of characters and appearance of lineages. More than 80
anatomically preserved specimens of spiny, cupulate fruits in various developmental stages have been studied from the Eocene
Appian Way locality of Vancouver Island, British Columbia, Canada. Details of internal anatomy and external morphology are
known for the cupules, fruits, and pedicels. Cupule spines branch and are often borne in clusters. Cupules lack clear sutures and
are adnate to a single nut that is enclosed entirely with the exception of the apical stylar protrusion of the pistil. A central hollow
cylinder of vascular tissue can be seen extending up the peduncle to the base of the fruit and along the inner wall of the cupule.
The fruit has a sclerotic outer pericarp that grades into a parenchymatous mesocarp and a sclerotic endocarp lining the locules.
Early in development, the two locules are divided by a thin septum to which the ovules are attached. Only one seed develops to
maturity as evidenced by an embryo occupying the locule alongside an abortive apical ovule. Three-dimensional reconstructions
of these fruits have allowed for comparisons to both extinct and extant fagaceous taxa. The Appian Way fruits are most similar to
extant Castanopsis species (Fagaceae) but differ in having only two locules. Cascadiacarpa spinosa gen. et sp. nov. Mindell,
Stockey et Beard is the first occurence of a bipartite gynoecium and earliest known occurrence of hypogeous fruits in Fagaceae.
The appearance of Casacadiacarpa in the Eocene of British Columbia supports a Paleogene radiation of the family. The
numerous derived characters of these fruits show that evalvate, spiny, single-fruited cupules of Fagaceae were present in the

Paleogene of North America.

Key words:

The beech family (Fagaceae) is an integral component of the
canopy in the deciduous forests of the northern hemisphere
(Manos and Stanford, 2001). Given the economically important
hardwoods and edible nuts harvested from trees of this family,
it has been the subject of many systematic, morphological,
anatomical, and ecological studies (Manos et al., 2001). Given
the diverse fossil record of Fagaceae (Crepet, 1989) and the
abundance of data on extant taxa, it serves as a model family
for the integration of paleobotanical and neobotanical knowl-
edge (Manos, 2005).

The family is divided into eight genera that are defined
predominantly by characters of the flowers and cupulate fruits.
Highest generic and specific diversity is found in the tropics of
Southeast Asia, where the endemic genus Castanopsis Spach.
occurs, as does Quercus L., Lithocarpus Blume, Castanea
Mill., and Fagus L. (Soepadmo, 1972). The three anomalous
and monotypic trigonobalanoid genera have small ranges, with
Trigonobalanus Forman restricted to Malaysia, Formanoden-
dron Nixon & Crepet found in Thailand and China, and
Columbobalanus Nixon & Crepet known only from the cloud
forests of Columbia (Nixon and Crepet, 1989). There are more
than 300 species of Quercus found throughout North and
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Central America (Nixon, 1997). Fagus is found across the
northern hemisphere, though the majority of species are
endemic to Europe. Chrysolepis Hjelmqvist is represented by
two species from western North America, though both have
frequently been placed in other genera (Nixon, 1997).

Systematically, Fagaceae were traditionally placed in the
Hammamelidae (Cronquist, 1981) for their reduced, mostly
wind-pollinated flowers. Like many families in that artificial
construct, it has since been placed among the “core” eudicots
within the Fagales as sister to Nothofagaceae in a clade with
Juglandaceae, Betulaceae, Casuarinaceae, Ticodendraceae,
Myricaceae, and Rhoipteleaceae (Manos and Steele, 1997; Li
et. al., 2004).

The family was traditionally divided into three subfamilies,
but recent phylogenetic studies nest Quercus within subfamily
Castaneoideae alongside Castanea, Castanopsis, Lithocarpus,
and Chrysolepis (Manos and Steele, 1997; Manos et al., 2001;
Li et al., 2004). Quercus was traditionally placed in subfamily
Quercoideae (Forman, 1964), alongside Trigonobalanus,
which has since been segregated into three genera (Nixon
and Crepet, 1989), and placed with Fagus in subfamily
Fagoideae (Manos et al., 2001). Fruits in all genera of Fagaceae
are readily recognizable from the cupules that subtend or
enclose them. The subfamilies and genera of Fagaceae are
divided on the basis of diagnostic flower and cupule characters,
including number of flowers per cupule, cupule valve number,
and carpel number (Forman, 1966b).

The fossil record for the family is extensive, going back to
the late Cretaceous, where the family is represented by flowers
with in situ Normapolles-type triaperturate pollen (Herendeen
et al., 1995). During the Paleogene, fossil fruits and flowers
appear that can be easily accommodated in the diagnoses of
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extant genera. These include Quercus from Europe (Kvacek
and Walther, 1989; Palamarev and Mai, 1998) and North
America (Daghlian and Crepet, 1983; Manchester, 1994);
Trigonobalanus from Europe (Kvacek and Walther, 1989);
Castanea from Tennessee, USA (Crepet and Daghlian, 1980);
and Fagus (Manchester and Dilhoff, 2004), Lithocarpus, and
Castanopsis (Manchester, 1994) from North America. The rich
fossil record for these genera have made Fagaceae a model
family for the integration of paleobotanical and neobotanical
data in phylogenetic (Manos et al., 2001; Manos, 2005) and
biogeographic (Manos and Stanford, 2001) studies.

This paper furthers this goal, describing a new genus of
fagaceous fruits from the Eocene of Vancouver Island. These
fossils represent the first of three types of anatomically
preserved fagaceous fruits (Stockey et al., 2005) to be formally
described from the Appian Way locality and contributes to the
known paleodiversity of Fagaceae.

MATERIALS AND METHODS

The 85 specimens used for this study were collected from the Appian Way
locality (49°54’42” N, 125°10'40” W; UTM 10U CA 5531083N, 343646E) on
the east coast of Vancouver Island, British Columbia on the northern periphery
of the Tertiary Georgia Basin (Mustard and Rouse, 1994). Abundant
permineralized fossil plant material, gastropods, echinoderms, and bivalves
are found in large calcareous nodules embedded in a silty mudstone matrix
representing a shallow marine environment. Characteristic molluscs, decapods
(Schweitzer et al., 2003), and shark teeth indicate that the calcareous nodules
are of Eocene age (Haggart et al., 1997). Sweet (2005) has studied the pollen
from the site and has found it to be stratigraphically precarious, with both late
Paleocene and early Eocene signatures present. The stratigraphy of the area is
currently being examined (J. W. Haggart, Geological Survey of Canada,
personal communication).

Plant material, including abraded wood and fruits representing numerous
taxa, is well preserved in the concretions (Little et al., 2001). Juglandaceae
fruits (Elliott et al., 2006), Platanaceae inflorescences (Mindell et al., 2006a),
taxodiaceous pollen cones (Hernandez-Castillo et al., 2005), schizaeaceous
(Trivett et al., 2006) and gleicheniaceous (Mindell et al., 2006b) fern remains,
and shelf fungi (Smith et al., 2004) have been described from the locality.

Nodules were cut transversely and peeled using the cellulose acetate peel
technique (Joy et al., 1956). Microscope slides were made using Eukitt (O.
Kindler GmbH, Freiberg, Germany) mounting medium. Images were captured
using a PowerPhase digital camera (Phase One, A/S, Frederiksberg, Denmark)
and processed using Photoshop 7.0 (Adobe, San Jose, California, USA).
External morphology of the fruit was reconstructed from serial sections layered,
aligned, and correlated in three-dimensional space using AMIRA 3.1.1
visualization software (TGS Software, San Diego, California, USA). All
specimens and microscope slides are housed in the University of Alberta
Paleobotanical Collections, Edmonton, Alberta, Canada (UAPC-ALTA).

RESULTS

Systematics—

Order: Fagales

Family: Fagaceae

Genus: Cascadiacarpa Mindell, Stockey et Beard gen. nov.

Generic diagnosis—Fruit cupulate. Cupule spiny, indehis-
cent, enclosing, and adnate to single nut; pedicellate. Nut
ovoid to spherical, with apical protrusion. Fruit with two
carpels separated by thin septum. Trichomes absent from
locule. Ovules apical. Single seed at maturity; embryo large,
straight, dicotyledonous.
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Species—Cascadiacarpa spinosa Mindell, Stockey et Beard
sp. nov. (Figs. 1-21).

Specific diagnosis—Pedicel spiny. Cupule spines scattered
on surface, branching one to several times, circular in
transverse section, vascularized, central vascular bundle
ensheathed by sclerenchyma. Nut 5-8 mm long, 4-8 mm in
diameter, circular in transverse section, ovoid to circular in
longitudinal section. Exocarp present, underlain by sclerotic
layer 27 cells wide, grading to parenchymatous zone up to 30
cells thick. Locule lining sclerenchymatous. Septum absent at
maturity, single seed filling cavity.

Holotype—P 13105 Dtop.

Paratypes—AW 357 A, AW 507 Hbot, AW 532 Lobot, AW
646 Bbot, AW 647 Btop, AW 669 Gtop, AW 699 B Surface.

Locality—Appian Way (49°54’42" N, 125°10'40” W; UTM
10U CA 5531083N, 343646E), Vancouver Island, British
Columbia, Canada.

Age—Eocene.

Etymology—The generic name refers to the natural
geographic province of Cascadia, where the fossils were
found. The specific epithet refers to the spiny nature of this
cupulate fruit.

Description—The 85 specimens are known as both cupulate
fruits and isolated nuts. The globose shape and spiny cupules
distinguish these fruits from others present in the concretions.
They are known from both internal anatomy (Figs. 1-3, 5-17)
and fractured surfaces (Fig. 4). Fruits are preserved in different
developmental stages and were subjected to varying degrees of
abrasion prior to final deposition. Bacterial degradation is
evidenced by the abundant pyrite crystals found throughout
the tissues.

Cupule—The sclerenchymatous cupule is adnate to the nut
wall and entirely encloses the fruit (Figs. 1-5). There are no
tissue zones in the cupule that would indicate a suture (Figs. 1,
2), and the surface reconstruction shows no signs of dehiscence
(Figs. 18-20). Cupules are circular to ovoid in transverse
section (Figs. 1, 2) and ovoid in longitudinal section (Figs. 3,
5). The cupule wall is up to 1.5 mm thick, thinning from base
to tip (Fig. 3). A spiny pedicel is evident at the base of the
cupule in which a continuous ring of vascular tissue is present
(Fig. 6). At the base of the cupule numerous lobed spine bases
are evident, while distally spine bases are narrower. Spines
along the pedicel are continuous with those on the surface of
the cupule. They are numerous, frequently branched, elongate,
conical, up to 5 mm long, 1 mm wide at the base, and randomly
distributed across the entire cupule surface. Spines can be
simple or branched up to five times (Figs. 4, 6, 20). In
transverse section, spines are circular (Figs. 6, 7) with a central
vascular strand surrounded by sclerenchyma fibers (Figs. 7, 8).
Secondary wall thickenings of the tracheary elements in these
spines are scalariform (Fig. 9).

Nut—Nuts are globose, circular in transverse section, up to
8 mm in diameter, and ovoid in longitudinal section, up to 8
mm long. One specimen found on a fractured rock surface (Fig.
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Figs. 1-4.  Cascadiacarpa spinosa gen. et sp. nov. fruits. Scale bar = 1 mm in all figures. 1. Transverse section of cupule and nut. Holotype P 13105
Dtop #29. 2. Transverse section of cupule and nut showing large cupule spines. AW 357 A #2. 3. Longitudinal section of cupule enclosing nut. Note apical
protrusion of nut and pedicel. AW 654 A #1. 4. Surface view showing external morphology. Note smooth nut wall and distally branching cupule spines at
bottom left. AW 699 B Surface.
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Figs. 5-11. Cascadiacarpa spinosa gen. et sp. nov. fruits. 5. Longitudinal section showing lobed spine bases and vascular tissues of pedicel and
cupule. AW 507 Hbot #3. Scale bar = 1 mm. 6. Transverse section through basal portion of cupule. Note sclerotic nut wall at center, ring of vascular tissue
(arrow) along inner wall of cupule, and spines. AW 532 Lbot #13. Scale bar = 1 mm. 7. Transverse section of cupule spine showing sclerotic ground
tissue enclosing vascular bundle. Holotype P 13105 Dtop #153. Scale bar = 100 pm. 8. Longitudinal section of simple cupule spine. Note thin strand of
vascular tissue. Holotype P 13105 Dtop #40. Scale bar = 1 mm. 9. Longitudinal view of vascular tissue in cupule spine. Holotype P 13105 Dtop #40. Scale
bar = 20 pm. 10. Oblique transverse section near fruit apex showing ovules attached to thin septum. AW 103 Etop #l. Scale bar = 1 mm.
11. Transverse section of nut showing septal remnant (arrow) at later stage of fruit development. AW 357A #38. Scale bar = 1 mm.
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4) shows the three-dimensional shape of the nut and its smooth
external wall. Nuts are always found in attachment to cupular
tissues, though these are often abraded (Fig. 14); thus, they are
adnate to the cupule. The exocarp is represented by small-
diameter parenchymatous cells underlain by a layer composed
of small-diameter sclerenchyma cells up to seven cells thick
(Figs. 11, 13). The middle layer of the fruit wall is parenchy-
matous up to 30 cells thick (Figs. 11, 13). The innermost layer
of the nut wall is made up of small-diameter sclerenchymatous
cells (Figs. 11, 13). In transverse section, two sutures are
observed traversing the nut wall (Figs. 14, 16). Numerous
specimens have been peeled through entirely and have no
evidence of an enclosing “fruit receptacle” as observed in some
species of Lithocarpus and Castanopsis (Cannon and Manos,
2000).

The fruit is bilocular, the locules divided by a thin septum
present early in development (Fig. 10). In mature fruits with
seed and embryo tissues, this septum is present as a broken
remnant (Fig. 11). Placentation is axile with at least one ovule
per locule attached near the apex of the fruit (Figs. 10, 15). In
one specimen, an abortive apical ovule can be observed
alongside remnants of a mature seed (Fig. 15). Remnants of the
seed commonly fill the area of both locules in mature fruits
(Figs. 12, 13, 15). The integuments are one to several cells
thick, mostly represented by cuticle and commonly invaded by
fungi. Embryos are present in several specimens (Figs. 3, 12,
15). In most specimens, cellular detail is obscured by fungi, but
it can be seen in one specimen (Fig. 12). The embryo is straight
and large, filling the entire seed cavity (Fig. 12), with two
elongate cotyledons, a dome-shaped shoot apex, and a short
hypocotyl (Figs. 3, 15). Endosperm is apparently absent.

An apical protrusion of the nut and cupule is seen in
numerous specimens (Figs. 3, 15). In transverse section,
possible perianth and stylar remnants are present (Fig. 17). At
the apex of the fruit, the cupule is absent, and the fruit wall
becomes lobed. Vascular tissue in this region suggests that up
to 12 perianth parts or floral organs were attached (Fig. 17).

Three-dimensional reconstruction reveals a profusely spiny
cupule surface, with spines extending down the pedicel (Figs.
18-21; Appendix S1, see Supplemental Data with online
version of this article). Spines lack a clear arrangement, and the
cupule surface is devoid of sutures (Figs. 18-21). The
morphology of spines is readily seen from this model, with
enlarged bases branching up to five times (Fig. 20).

DISCUSSION

The fruits described in this paper have a suite of characters
consistent with Fagaceae: cupules, nuts, abortive apical ovules,
large, straight embryos, and a lack of endosperm (Cronquist,
1981; Kubitzki, 1993). Furthermore, at the apex of the nut in
the Appian Way fossil fruits is a protrusion with thin,
vascularized lobes surrounding a sclerotic central mass to
which styles and tepals were likely attached. The 12
vascularized lobes most likely represent perianth parts, while
the sclerotic central tissue may have terminated in two styles.
In extant Fagaceae, perianth members are highly reduced,
scale-like appendages (Abbe, 1974; Kubitzki, 1993), and this
seems a likely case for the fossil. Only the very apex of the fruit
is not enclosed by the cupule at maturity, and two styles
probably protruded earlier in development. The large, non-
endospermic seed, with an embryo filling both locules at
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maturity with two fleshy cotyledons is consistent with many
taxa of extant Fagaceae with hypogeal germination (Forman,
1964; Corner, 1976). This type of embryo observed in the
indehiscent cupulate fruits suggests that the seeds and fruits
were dispersed in the cupule, as in many extant Fagaceae,
subfamily Castaneoideae (Manos et al., 2001). The fruit is
interpreted as being bilocular because of the numerous
specimens that occur with a thin septum dividing the two
locules. This septum can be distinguished from the woody
partitions that occur in some species of Fagaceae in having
ovules attached. Furthermore, the locule space is always
lenticular in transverse section, having no evidence of a third
chamber as would by expected in a tripartite gyneocium.

Within Fagaceae, genera are distinguished primarily by
cupule, fruit, and inflorescence characters (Forman, 1966a, b).
Cupule shape, attachment, valve number, presence of internal
valves, spines, trichomes, fruit shape, number of nuts per
cupule, presence of wings, germination type, number of nuts
per cupule, and number of carpels per nut are all relevant
characters that can be used to key out living genera (Table 1;
Brett, 1964; Forman, 1966a; Soepadmo, 1972; Nixon, 1997;
Soepadmo et al., 2000).

Through time, taxonomy within the family has been unstable
due to varying interpretations of the homology of cupule
structure (Brett, 1964; Forman, 1964b; Fey and Endress, 1983;
Nixon, 1989; Corner, 1990). Presently, nine genera are
recognized: Fagus, Trigonobalanus, Colombobalanus, Forma-
nodendron, Quercus, Lithocarpus, Chrysolepis, Castanea, and
Castanopsis (Nixon, 1989; Manos et al., 2001). The southern
hemisphere genus Nothofagus, once placed in the family based
on its cupulate trigonal fruits has since been placed in its own
family, Nothofagaceae (Nixon, 1989; Hill and Jordan, 1993;
Manos and Steele, 1997; Li et al., 2004). The remaining genera
have, through time, been placed in various subfamilies. Using
morphology, Nixon (1989) placed Fagus, Quercus, Trigono-
balanus, Colombobalanus, and Formanodendron in the
subfamily Fagoideae and distinguished the subfamily by
morphological features conducive to anemophily (e.g., unisex-
ual inflorescences and broad stigmatic surfaces). The remaining
genera have long been placed in subfamily Castaneoideae
(Forman, 1966b). Molecular phylogenetic analyses (Manos and
Steele, 1997; Manos et al., 2001; Li et al., 2004) have since
supported the placement of Quercus in the subfamily
Castaneoideae, subsequently interpreting an independent der-
ivation of wind pollination in the genus and suggesting
hypogeous fruits as a synapomorphy for the subfamily.

The four remaining genera of Fagoideae have trigonal,
epigeous fruits enclosed or partially enclosed in scaly cupules
(Table 1). In the common beech (Fagus), fruits are always two
per cupule, the cupule having four valves (Langdon, 1939). In
Trigonobalanus, Colombobalanus, and Formanodendron, the
number of fruits per cupule varies substantially along the
inflorescence axis (Forman, 1964; Nixon and Crepet, 1989). As
in Fagus, the cupules are split between the valves at maturity,
releasing the nuts. The fossils described in this paper can be
easily distinguished from these genera in having globose, likely
hypogeous fruits, which occur singly in each cupule.
Furthermore, the cupules in the Appian Way fossils have no
obvious valves, and at maturity, the fruit is still enclosed.

The fossil fruits can be readily distinguished from those of
some genera within the subfamily Castaneoideae (Table 1).
This group is united by hypogeous fruits (Manos et al., 2001), a
condition strongly suggested by the presence of large
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Figs. 12-17.  Cascadiacarpa spinosa gen. et sp. nov. fruits. 12. Transverse section of isolated nut showing embryo tissue filling both locules. P 13105
Dtop #92b. Scale bar = 1 mm. 13. Detail of pericarp showing sclerenchyma of outer layer (OL), parenchyma of middle layer ML, and sclerenchyma of
inner layer (IL). AW 357 A#2. Scale bar =0.25 mm. 14. Transverse section near apex of nut showing seed coat remnants and lateral nut sutures (arrows).
AW 532 Lrbot #1. Scale bar = 1 mm. 15. Longitudinal section of cupulate nut showing apical protrusion of nut, embryo with cotyledons (c), and abortive
apical ovule (arrow). AW 669 Gtop #1. Scale bar = 1 mm. 16. Transverse section through apex of cupulate fruit showing ensheathing cupule and lateral
sutures of fruit wall (arrows). AW 646 Bbot #53. Scale bar = 0.25 mm. 17. Transverse section through most distal portion of fruit showing vascularized
lobes at arrowheads. AW 646 Bbot #67. Scale bar = 100 pum.
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Cupulate fruit characters of extant and relevant fossil genera of Fagaceae.

TaBLE 1.

Number
of carpels

Nuts enclosed

Fruit shape
in cross section

Germination

Fruit winged

Nuts per cupule

Internal valves  Cupule Spines by cupule

Stratigraphic range Cupule shape Attachment of cupule Valves

Genus

Hypogeal

3

No

Trigonous
Plano-convex

Present Present Yes (1-)3-many  Circular to

2—many

Subglobose Sessile

Recent

Chrysolepis

6(—9) Hypogeal

No

1-3

Absent Present Yes

Solitary on rachis 2-4

Subglobose

Recent

Castanea

to circular

Circular to

Hypogeal

3

No

1-3(=7)

Yes

Absent Present

Solitary on rachis O-many

Subglobose

Eocene to

Castanopsis

sub-triangular

Circular

Recent
Eocene to

Hypogeal

3

No

Present/ Yes/No

Absent

Sessile

Cup-shaped

Lithocarpus

Absent
Absent

Recent
Paleocene

3-6  Hypogeal

No

Circular

Rarely

Absent

Sessile

Cup-saucer-

Quercus

goblet-shaped

Irregular

to Recent

Eocene to

Epigeal

3

No

(1-)3-7(—15+) Trigonous

Absent Absent Yes

(2-)4-(many)

Sessile

Trigonobalanus

Recent
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=33 g E cotyledons and a stony nut wall in the Appian Way fruits.
%%% < § g Quercus, like the Appian Way fruits, can have globose nuts,
Sapeapeal T § but these solitary fruits are typically subtended by a scaly

O cupule and the ovary is trilocular (Kubitzki, 1993; Nixon,
e & € 1997), whereas in the fossil fruits the enclosing cupule is spiny
=) and the ovary is bilocular.

o © g Lithocarpus, a speciose (~300 sp.) East Asian genus (with
E « % 2 o = the exception of L. densiflorus (Hooker & Arnott) Rehder of
xS = 2 E western North America) also has globose, trilocular solitary
= z nuts borne typically on scaly, indehiscent cupules (Forman,

g 1966b; Soepadmo, 1972; Kaul, 1987, 1989; Soepadmo et al.,
E 2000). While most members in this genus lack totally enclosing
S cupules, some species of Lithocarpus have a cupule that almost
£ © S entirely encloses the nut (Cannon, 2001) as in the Appian Way

SEE =z (2 fruits. Spines are present in a few species of Lithocarpus;

é“ é“ éﬂ é é g however, they are unbranched (Soepadmo, 1970; Cannon and
% Manos, 2000). Many species of Lithocarpus (e.g., those in
EE & section Synaedrys) have a differentiated mass of tissue at the
T x base of the nut, which encloses the seeds and is referred to as
EEo o - = the “fruit receptacle” (Cannon and Manos, 2000). While the
papa %. Appian fruits are entirely enclosed in a cupule as in some
i) S Lithocarpus, no fruit receptacle occurs in the fossils, and
= cupule spines are branched.

oz o o § The North American genus Chrysolepis has formerly been

Zyrm o= = |8 placed within Castanopsis (see Berridge, 1914; Hjelmqvist,
z. 1948; Brett, 1964; Forman, 1966b). While molecular phylog-
) enies have grouped Chrysolepis with the anomalous L.
ez =2 =2 4ensiﬂog‘u§ (Manos et al., 2001), Chrysolepis has morpholog-
222 2 3|4 ically distinct fruiting structures useful for comparison to the
<<A < A&y Appian Way fruits. As in the fossils, it has a spiny cupule wall,
5 and the nut is occasionally globose, but unlike the fossils, the

e e oo j:‘? cupules have numerous valves, external and internal, that
3 § § § 3¢ typically enclose many trilocular fruits (Berridge, 1914;
S22 = = § Hjelmqvist, 1948; Brett, 1964; Forman, 1966b; Nixon,

& 1997). In the Appian Way fossils, there is only one bilocular
2 ) fruit per cupule, and no obvious valves can be observed.

§ g S Fruits of Castanea superficially resemble the fossils in
JI¥ = ° .:% having an enclosing cupule with branched spines (Prantl, 1889;
a0 = Langdon, 1939; Fey and Endress, 1983). Furthermore, species
== a in this genus can have cupules enclosing only one globose nut.

2 3L E|E However, the Appian Way fruits are significantly different in
8§ E g X having a bilocular ovary, as opposed to the 6-9 locular
E -258 : condition known in Castanea (Table 1). The spine bases, while
seb o g E branched in Castanea, form a distinctive bandqd pattern on the
% % 5 % g5 8 cupule wall (Brett, 1964; Forman, 1966b), while in the fossils
A their distribution is apparently random. Lastly, the cupule of
o Castanea is divided into valves. Such valves are clearly lacking

- in the Appian Way fruits.

- B § ,§ The genus of Fagaceae most comparable to the fruits
=ZE B =2 described in this paper is Castanopsis. Compression leaves
g E 2|3 attributed to the genus are known from the Upper Eocene of
= B < Europe (Kvacek and Walther, 1989; Palamarev and Mai,

=N 1998), and isolated fruits are known from the Eocene of Europe

o E g % e (Kvacek and Walther, 1989; Palamarev and Mai, 1998) and
588 ;g g 3 .'E North America (Manchester, 1994). Extant species in the genus
L8 5 8 2 are endemic to East Asia (Camus, 1929; Soepadmo, 1968a,

= 1972) and have great variability in fruit and cupule

gz £ morphology (Langdon, 1966a; Soepadmo, 1972; Kaul, 1988;
S 5 g|g S Soepadmo et al., 2000). Spiny, indehiscent cupules enclosing
I3 S|Ag solitary nuts like those described in this paper are known in
§~§ . é S84 Castanopsis (Forman, 1966b; Soepadmo, 1972; Kaul, 1988;
£5§ ¢ %2 § Soepadmo et al., 2000). As in the Appian Way fruits, the spines
€SE & S = branch, and the nuts are typically ovoid to globose. The fossils
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Figs. 18-21.
cupulate fruit. Cupule is dark grey, nut is white, and locule is light grey. 19. View of cupule wall and spiny pedicel. 20. Detail of spines showing enlarged
spine base and five branches. 21. Lateral view of pedicel and cupule wall. Note lack of sutures and valves.

described in this paper are morphologically identical externally
to some extant species of Castanopsis (e.g., C. hypophoenicea
(Von Seeman) Soepadmo and C. malacennsis Gamble
(Soepadmo, 1972)). Soepadmo (1968b) described fruit wall
anatomy in C. javanica as being composed of at least five
different layers of cells, including a palisade layer, several
layers of parenchyma, and scattered, very distinct sclerenchy-
ma bundles. In the fossil fruits, the wall is differentiated into
three layers, lacks a palisade, and has only one parenchymatous
zone. Soepadmo (1968b) described only one of more than a
hundred species in Castanopsis, and a more extensive survey
of fruit anatomy needs to be undertaken. However, the
bilocular and thus bicarpellate ovary in the Cascadiacarpa
differs from the trilocular condition in Castanopsis.

Three-dimensional reconstructions of Cascadiacarpa spinosa gen. et sp. nov. fruits from Holotype P 13105 Dtop. 18. Cutaway view of

The fossil record for the family has been greatly extended by
the discovery of three kinds of charcoalified Upper Cretaceous
(Santonian) cupulate nuts from Georgia, USA (Herendeen et
al., 1995). By the Paleocene/Eocene boundary, well-studied
flowers and fruits of both Castaneoideae and Fagoideae are
present (Crepet and Nixon, 1989). By the Middle Eocene,
modern genera are easily recognized from fruits and leaves
(Kvacek and Walther, 1989; Manchester, 1994). Around the
Eocene-Oligocene boundary, fruits occur that do not fit
existing generic concepts (Manchester and Crane, 1983;
Crepet, 1989).

Protofagacea allonensis Herendeen, Crane and Drinnan
(1995) is the earliest known macrofossil of Fagaceae s.l.
Herendeen et al. (1995) described fossil staminate flowers along
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with associated fruits and cupules from Santonian (Late
Cretaceous) age sediments in eastern North America. Cupules
associated with Protofagacea have three fruit scars, and the
associated fruits are typically trigonous. These remains bear
little resemblance to the single-fruited cupule of the Appian Way
fossils, but are relevant because of the occurrence of lenticular
fruits with only two styles (Herendeen et al., 1995). Either these
fruits were formed from a bipartite ovary, as in the fruits
described in this paper, or the third style did not develop, as is
occasionally observed in lenticular fruits of extant Nothofagus.

Antiquacupula sulcata Sims, Herendeen and Crane (1998) is
represented by fossil flowers, both staminate and bisexual,
along with fruits and cupules, from the Santonian (Late
Cretaceous) of Georgia. The fruits of Antiquacupula are sharply
trigonal, tricarpellate, and occur in clusters of at least six per
cupule (Sims et al., 1998), like the condition observed in some
trigonobalanoids (Nixon and Crepet, 1989). The locules of
Antiquacupula, like those of the Appian fruits, are not lined with
trichomes, but otherwise, the two fossils share little similarity.

After the Paleocene—Eocene boundary, trigonal fruits with
affinities to subfamily Fagoideae become common (Crepet,
1989; Crepet and Nixon 1989a, b; Kvacek and Walther, 1989;
Denk and Meller, 2001; Manchester and Dilhoff, 2004). The
anomalous genus Fagopsis Manchester and Crane (1983) was
described from fruits, flowers, inflorescences, and leaves from
the Oligocene of Colorado (Table 1). With a globose
inflorescence and minute, wedge-shaped, three-fruited cupules,
they have no clear subfamilial affinities and differ from the
large, globose, single-fruited, spiny cupules of the Appian Way
fruits. Furthermore, fruits of Fagopsis are observed to have three
styles and, by inference, develop from the fusion of three carpels
(Manchester and Crane, 1983), while the fossils described in this
paper clearly develop from the fusion of two carpels.

The oldest castaneoid fruits are known from compressions
from the Paleocene—Eocene boundary of Tennessee (Crepet
and Nixon, 1989a). Castanopsoidea columbiana Crepet &
Nixon has scaly cupules enclosing three fruits, each with three
styles (Crepet and Nixon, 1989a). Thus, it can be inferred that
this castaneoid fruit formed from a trilocular ovary. This is in
considerable contrast to the bilocular Appian Way fruits, which
occur singly in spiny cupules.

Crepet and Daghlian (1980) describe staminate castaneoid
flowers of Castaneoidea puryearensis Crepet & Daghlian
associated with fruits from the Middle Eocene of Tennessee.
These authors suggest that an unnamed spiny cupulate fruit
compression (Fig. 37 in Crepet and Daghlian, 1980) from this
locality could represent the first occurrence of extant Castanea.
The Eocene also marks the first appearance of Fagus
(Manchester and Dilhoff, 2004), Quercus (Manchester,
1994), and Castanopsis (Kvacek and Walther, 1989; Man-
chester, 1994).

The unique bilocular condition of the Appian Way fruits
distinguishes them from all extant and fossil genera of
Fagaceae. In every other respect, the fossils share the characters
of the family (Table 1). Ovaries in Fagaceae are three-parted,
with the exception of Castanea, where the ovary can be 6-9
loculed. The construction of the fruit in the Appian Way fossil
is identical in almost all other respects to that found in extant
Fagaceae. This includes the sclerotic outer wall of the nut, axile
placentation, and abortive apical ovules alongside one mature
seed. No generic diagnosis within Fagaceae, extinct or extant,
however, can accomodate the bilocular form present in the
Appian Way fossil. Thus, we place it in Cascadiacarpa
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spinosa gen. et sp. nov. These fruits clearly fall within the
boundaries of subfamily Castaneoideae and are most similar to
extant Castanopsis.

While the bilocular ovaries of Cascadiacarpa spinosa are
unique for the family, they are present in other taxa of the order
(Stone, 1973; Abbe, 1974; Endress, 1977). Nothofagaceae,
now considered sister to all other Fagales (Manos and Steele,
1997; Li et al., 2004) typically has three fruits per cupule. The
central fruit in these cupules, lenticular and compressed
between two trigonous lateral fruits, has been observed to be
bilocular (Langdon, 1947). The gynoecia in Betulaceae,
Rhoipteleaceae, Myricaceae, Casuarinaceae, and Juglandaceae
are also fundamentally two-parted (Stone, 1973). Thus, the
bipartite ovary of Cascadiacarpa could represent a holdover of
an ancestral condition within the order or an autapomorphic
state within the family. The former scenario if correct calls to
question the long-held and well-supported hypotheses that
indehiscent, evalvate, single-fruited cupules are the result of
fusion and reduction from a multifruited, valvate ancestor
(Forman, 1966b; Manos et al., 2001).

Attachment of the isolated, cupulate fruits of C. spinosa with
other organs of the plants that bore them could provide very
useful information in light of the extensive record of fagaceous
leaves from the Tertiary of western North America (MacGi-
nitie, 1941; Axelrod, 1983). Fruits that do not fit within extant
genera have been described from other localities attached to
leaves that in isolation could be placed in extant genera (Smiley
and Huggins, 1981; Manchester and Crane, 1983). The
existence of another distinct fruit serves as a reminder that
we should cautiously approach the assignment of generic
affinities to isolated leaves of Fagaceae. At present, no leaves,
staminate flowers, or whole inflorescences are known from the
Appian Way locality. Characters of pollen are another useful
tool in distinguishing generic affinities of fossil Fagaceae
(Crepet and Daghlian, 1980). No pollen grains are found in
proximity to any of the specimens described in this paper. It is
curious that pollen reports from the locality (Sweet, 2005) are
devoid of any definitively fagaceous pollen. Castaneoid pollen
forms a significant palynological component of many Tertiary
localities in northwestern North America (e.g., Mustard and
Rouse, 1994; Moss et al., 2005). Given the predominance of
Fagaceae fruits in the concretions (Stockey et al., 2005), pollen
would be expected. However, these fossils were deposited in a
shallow marine environment, likely transported some distance
from their source area. The absence of pollen suggests that the
source area for the macrofossils may not be the same as the
source area of the microfossils.

Radiation of Fagaceae in the Paleogene is not limited to
extant genera. Some forms that appeared during this time are
entirely novel. The bizarre inflorescences of Fagopsis (Man-
chester and Crane, 1983) have cupules and fruits that were
seemingly wind-dispersed. Almost all other fruits in the family
are large and almost exclusively animal-dispersed (Tiffney,
1986). Members of Fagaceae, subfamily Fagoideae have
varying degrees of wing development, suggesting past wind
dispersal (Tiffney, 1986; Manchester and Dilhoff, 2004).
Cascadiacarpa spinosa is small, but its spiny, indehiscent
cupule was certainly not conducive to wind dispersal. If living
spiny cupules of Fagaceae are any indication, the large spines
could be interpreted as a defense mechanism against fructivory
(Vander Wall, 2001). The first clear association of Fagaceae
fruits with rodents occurs in the Miocene of Germany, where
Castanopsis nuts occur in burrows (Gee et al., 2003).
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Borghardt and Pigg (1999) speculated that abrasion marks on
the surface of Miocene Quercus from Washington State might
have been caused by rodents. Fruits of Cascadiacarpa spinosa
are adnate to the spiny cupule wall and were likely dispersed
by rodents, as is observed in extant Fagaceae with this type of
morphology (Vander Wall, 2001).

Historical biogeography of Fagaceae has been summarized
by Manos and Stanford (2001). Among living castaneoids,
Castanopsis is endemic to Southeast Asia. The roughly 150
species of Lithocarpus are concentrated in Southeast Asia, with
the exception of two species in western North America, where
they overlap with the monotypic genus Chrysolepis (Soepad-
mo, 1972; Kubitzki, 1993; Manos and Stanford, 2001).
Quercus is found across the northern hemisphere, but is most
diverse in North and Central America (Nixon, 1997).
Castanea, the true chestnuts, are known across the northern
hemisphere (Manos and Stanford, 2001). By the Eocene—
Oligocene boundary, all castaneoid genera are known from
North America with the exception of Chrysolepis (Crepet,
1989; Manchester, 1994; Manos and Stanford, 2001). The
occurrence of a new genus within Castaneoideae during the
Eocene of North America lends more support to the continent
being a center of generic diversification in the Eocene (Crepet,
1989). Furthermore, it adds another dimension to the
predominance of Fagaceae in the Eocene of Cascadia.

The abundance of data—fossil and living, morphological
and molecular—accumulating for Fagaceae makes it a model
family for the integration of neobotanical and paleobotanical
information (Manos, 2005). The diagnostic cupules are an ideal
focus for testing hypotheses on reproductive trait evolution.
Cascadiacarpa spinosa contributes to this framework as the
earliest fossil castaneoid fruit known both anatomically and
developmentally. Brett (1964) and Forman (1966b) postulated
that indehiscent, single-fruited cupules were a highly evolved
character in Fagaceae resulting from the reduction in flower
number and fusion of cupule valves. This hypothesis was later
supported by phylogenetic work (Manos and Steele, 1997;
Manos et al., 2001; Li et al., 2004). The Appian Way fossil
fruits suggest that this type of fruit and cupule configuration
was present by the Middle Eocene. Cascadiacarpa spinosa
also provides the earliest evidence in the family for hypogeous
fruits. The bicarpellate gynoecium of this new taxon represents
a novel configuration for the family. Cascadiacarpa spinosa
has a unique combination of characters, where highly derived
features, such as spiny, indehiscent cupules bearing a single
nut, co-occur with an anomalous two-parted gynoecium.
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