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The Platanaceae are one of the basal-most branches of the main evolutionary line of the eudicot clade, and one of
the earliest eudicot lineages to be recognized in the macrofossil record. Because of its phylogenetic position, and the
documentation of intralineage temporal morphological change provided by an extensive fossil record, the Platanaceae
provide crucial information for understanding phylogenetic relationships at the base of the eudicots. Staminate and
pistillate inflorescences and flowers from Coniacian-Santonian strata of Georgia, U.S.A., are an important addition to
the known fossil record of Platanaceae. Staminate inflorescences are sessile heads, 0.9-2.5 mm in diameter, formed by
ca. 40 closely spaced flowers. Staminate flowers have a whorled, tetramerous, unicyclic perianth, and a tetramerous
androecium. Each stamen is opposite a perianth member, and all stamens are inserted on a short androecial ring.
Anthers are elongate, the connective is abaxially displaced and is expanded at the apex into a protruding, wedge-shaped
extension. Four short androecial appendages are placed on the androecial ring and alternate with the stamen bases.
Pistillate inflorescences are sessile heads, 1.1-2.4 mm in diameter, formed by ca. 40 flowers. Pistillate flowers have
two weakly differentiated perianth cycles: the outer cycle is connate into a tube, and the inner cycle is also connate,
but with four free apical lobes. The apocarpous gynoecium has eight carpels, with two carpels opposite each of the
free apical lobes of the inner perianth. Carpels are conduplicate, wedge-shaped, and lack a style. Like other Cretaceous
platanaceous taxa, the flowers described from the Coniacian-Santonian of Georgia have a well-developed perianth and
a fixed floral merosity, but their tetramerous floral plan differs from the pentamerous pattern of previously described

Cretaceous and early Tertiary platanaceous flowers.

Introduction

Few families of angiosperms known from the ear-
liest phases of angiosperm evolution have a sequence
of extinct forms that provides a connection to Recent
species. The best such sequence is currently provided
by the family Platanaceae, in which the genus Plata-
nus is the single extant representative of an extremely
ancient and formerly more diverse lineage (Crane
1989; Drinnan et al. 1994). The Platanaceae are
thought to be one of the earliest branches of a major
clade that includes about 75% of living angiosperm
species, the nonmagnoliid dicotyledons, or eudicots
(Crane et al. 1995). The relatively continuous repre-
sentation of the family in the Cretaceous and Tertiary
fossil record has the potential to provide important in-
sights into the basic morphological features of eudi-
cots, possible phylogenetic relationships among major
eudicot taxa, as well as information on evolutionary
patterns of character change during a crucial and rapid
phase of angiosperm evolution.

Reproductive organs of probable platanaceous affin-
ity are known from strata as old as the lower to middle
Albian, from the ‘“Bank near Brooke’ locality in the
Potomac Group of eastern North America (Crane et al.
1993), and similar stamens are known from the even
older Torres Vedras locality of Portugal, which is of
probable Valanginian to Hauterivian age (Friis et al.
1994). Reproductive remains of platanaceous affinity
are subsequently common in Cretaceous strata (see,
e.g., Lesquereux 1892; Krassilov 1973; Knobloch and
Mai 1986; Friis et al. 1988; Pedersen et al. 1994) and
are extensively represented in the Tertiary fossil record
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(see, e.g., BluZek et al. 1967; Kvacek 1970; Manchester
1986; Crane et al. 1988; Pigg and Stockey 1991). Sev-
eral of these platanaceous reproductive structures have
been included as parts of whole-plant reconstructions
(see, e.g., Blzek et al. 1967; Kvacek 1970; Manchester
1986; Crane et al. 1988, 1993; Pigg and Stockey 1991)
and contribute significantly to the understanding of the
morphological diversity encompassed during the evo-
lutionary history of the group.

The fossil record documents significant variation in
leaf form and floral structure among fossil platanoids
(see review by Crane 1989; Drinnan et al. 1994). Pla-
tanoid leaves include pinnatifid forms (e.g., Sapindop-
sis [Berry 1921; Hickey and Doyle 1977]), palmately
lobed forms with numerous lobes (e.g., Macginitiea
angustiloba [Manchester 1986]), palmately lobed
forms with few, mostly three, lobes (e.g., Araliopso-
ides ‘““Sassafras” type [Hickey and Doyle 1977] and
Platanus nobilis type [Wolfe and Wehr 1987; Pigg and
Stockey 1991]), leaves with a terminal palmate and
two lateral asymmetrical leaflets (Platanites hebridicus
[Crane et al. 1988]), entire elliptical leaves with pin-
nate venation (Platanus neptuni [Buzek et al. 1967,
Kvadek 1970]), and perhaps pedately compound forms
(e.g., Dewalquea [Knowlton 1917; Johnson and Gil-
more 1921; Riiffle and Knappe 1977]). There also ap-
pear to be intergradations in morphology between
some of these leaf forms.

In floral features, the most striking variation in the
platanoid group involves the degree of development of
the perianth, which appears to be linked to the degree
of variation in floral merosity (Crane 1989; Drinnan et
al. 1994). Variation also occurs in the shape and fine
details of stamens and carpels, and in the presence of
hairs at the base of carpels—a feature probably related
to fruit dispersal.
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Today, the Platanaceae are represented by the single
genus Platanus with six to nine species distributed in
southeastern Asia, the Mediterranean region, and
North America, with the greatest diversity in Mexico
(Cronquist 1981; Kubitzki 1993; Drinnan et al. 1994).
Platanus is subdivided into two subgenera, distin-
guished mostly by the shape of leaves, but also by the
presence or absence of a peduncle supporting the char-
acteristic globose unisexual inflorescence units
(heads). The species included within subgenus Plata-
nus have leaves with a palmately lobed lamina and
palinactinodromous venation. The heads have a pe-
duncle that can vary within a species from short to
relatively long. Platanus kerrii, the single species of
subgenus Castaneophyllum, has elliptical leaves with
pinnate venation, and numerous heads that are sessile
on the inflorescence axis. In spite of the differences in
foliar features and in the placement of the heads, mor-
phological features of flowers, particularly of stamens
and carpels, are homogeneous in extant species of the
genus.

In this study, we present staminate and pistillate in-
florescences and flowers from Upper Cretaceous strata
in southeastern North America that display a suite of
morphological features previously observed in mid-
and late Cretaceous platanaceous reproductive re-
mains, but that also show aspects of floral organization
that have not been previously documented in the pla-
tanoid lineage. These reproductive remains further
document the diversity in floral morphology among
Platanaceae.

Material and methods

A new suite of fossiliferous localities on the Coastal Plain
of Georgia in southeastern North America has provided nu-
merous three-dimensionally preserved angiosperm reproduc-
tive remains, including the platanaceous inflorescences and
detached stamens described here. The fossiliferous sedi-
ments belong to the lower part of the Eutaw Formation, and
crop out along Upatoi Creek on Fort Benning Military Res-
ervation, in central-western Georgia, U.S.A. Upatoi Creek
forms the boundary between Chattahoochee County and
Muscogee County, and the locality from where the platan-
aceous reproductive remains were obtained is on the south
bank of the creek (Chattahoochee County), at 32°24'30"N
and 84°50'W.

The Eutaw Formation was considered to be of pre-Sen-
onian age (latest Cenomanian and Turonian), because of the
absence of structurally advanced Normapolles pollen grains
in palynological assemblages (Leopold and Pakiser 1964;
Christopher 1982). Christopher (1982) suggested possible
stratigraphical equivalence between the Eutaw Formation
and the Austin Group (Coniacian-Santonian) of Texas. Stud-
ies of calcareous nannofossils support this interpretation and
indicate an early to middle Santonian age (Christopher
1982).

The mesofossils occur within unconsolidated clays that
are interspersed in coarse to fine sand and silt deposits. The
mesofossils are preserved as fusainized, three-dimensional
remains, allowing the observation of fine details of floral
form and structure. Platanaceous pistillate and staminate
heads, as well as dispersed stamens similar to those present

in staminate flowers, have been found in only one of the
fossiliferous samples collected at different sites along Upatoi
Creek. The fossils were isolated from the clays by disinte-
grating bulk samples in water and washing through a series
of sieves. Residual lumps of clay were dissolved by immer-
sion in a detergent solution, followed by rinsing with water.
Remaining clay matrix and other minerals were removed by
sequentially soaking the charcoalified remains in HCl and
HF acids, after which the fossils were thoroughly rinsed with
water and air-dried. The fossil remains were then sorted us-
ing a stereoscopic microscope. Platanoid pistillate and sta-
minate inflorescences as well as dispersed stamens were se-
lected for detailed examination. Specimens were mounted on
stubs, coated with gold and observed using a scanning elec-
tron microscope (AMRAY 1810). After scanning, several
pistillate and staminate inflorescences were dissected, and
single flowers were isolated. The staminate and pistillate
flowers were recoated with gold, scanned, and after detailed
examination, further dissections of the flowers were made.
All fossil material is housed in the Paleobotanical Collec-
tions at the Field Museum, Chicago (PP45001-PP45077).

Systematics

FAMILY—PLATANACEAE

GENUS—QUADRIPLATANUS MAGALLON-PUEBLA,
HERENDEEN ET CRANE, GEN. NOV.

TYPE SPECIES—QUADRIPLATANUS GEORGIANUS
MAGALLON-PUEBLA, HERENDEEN ET CRANE, SP. NOV.

GENERIC DIAGNOSIS.  Spherical to hemispherical in-
florescence units bearing strictly pistillate or staminate
flowers. Staminate flowers actinomorphic, formed by
a tetramerous perianth and a tetramerous androecium.
Perianth unicyclic, with four tepals, each opposite a
stamen. Androecium unicyclic, formed by four sta-
mens and four short androecial appendages. Stamens
and androecial appendages alternating and originating
from a continuous short ring of tissue. Stamens sessile
or with a very short filament; anthers basifixed, long,
with valvate dehiscence; connective thin and basally
narrow, abaxially displaced at the level of the thecae,
and forming a pronounced wedge-shaped extension
above the thecae. Androecial appendages formed by a
short stalk and a broad apex extending toward the cen-
ter of the flower; may be weakly developed or absent.
Pollen grains spherical to prolate, tricolpate; exine or-
namentation reticulate. Pistillate flowers tetramerous,
actinomorphic, hypogynous with dicyclic perianth and
apocarpous gynoecium. Perianth cycles weakly differ-
entiated. Gynoecium with eight free carpels. Carpels
wedge-shaped, strongly conduplicate with the adaxial
region extending into the center of the flower forming
an adaxial edge; ventral suture extending along the
length of the adaxial edge and also onto the flat apex
of carpel; tissue flanking the suture extending to apex
of carpel forming a broad bilobed platform. Each car-
pel contains one pendulous ovule.

DERIVATION OF GENERIC NAME. From the Latin pre-
fix quadri-, in reference to the tetramerous organiza-
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tion of both staminate and pistillate flowers, and plat-
anus, in reference to the affinity to Platanaceae.

REMARKS ON THE GENUS. The new genus differs
from other genera of fossil and extant Platanaceae in
its regular tetramerous floral organization. Previously
known fossil platanaceous spheroidal heads bearing
staminate flowers with a developed perianth have been
assigned to Platananthus or to Hamatia. Platananthus
was erected by Manchester (1986) and emended by
Friis et al. (1988) to accommodate extinct platana-
ceous inflorescences and flowers that differ mostly
from extant Platanus in having flowers with a well-
developed perianth and five stamens. Hamatia (Ped-
ersen et al. 1994) includes staminate heads and flowers
that are similar in most respects to those of Platan-
anthus but differ in stamen morphology, particularly
in the presence of an adaxial, downward extension of
the connective between the thecae. The staminate in-
florescences and flowers of Quadriplatanus are similar
to those of Platananthus in general morphology. The
stamens frequently exhibit a downward adaxial pro-
longation of the connective that is similar to, and
sometimes as extensive as, the one present in the sta-
mens of Hamatia. However, the staminate flowers of
Quadriplatanus differ from other known staminate
platanaceous flowers in having a tetramerous pattern
of organization, which includes four stamens.

Previously known fossil platanaceous heads bearing
pistillate flowers with a developed perianth have been
accommodated within the genera Macginicarpa and
Platanocarpus. Macginicarpa was erected by Man-
chester (1986) to include fossil platanaceous pistillate
spheroidal heads that differ mostly from extant Platz-
anus in having a well-developed perianth, and five car-
pels. Platanocarpus was established by Friis et al.
(1988) for fossil platanaceous spheroidal inflores-
cences that bear pistillate flowers with a well-devel-
oped perianth, apocarpous gynoecium, and carpels
lacking a differentiated style. The number of carpels
in the flowers of Platanocarpus was not specified, but
all the species assigned to this genus have five carpels.
The pistillate flowers of Quadriplatanus are similar in
general structural features and morphological details to
the flowers of Platanocarpus, especially regarding the
absence of a differentiated style, but differ in having
flowers organized on a tetramerous plan. Although
most morphological characteristics of staminate and
pistillate flowers of Quadriplatanus are known in pre-
viously described fossil platanaceous taxa, the strong
evidence indicating that staminate and pistillate inflo-
rescences were produced by the same plant species,
and the tetramerous meristic pattern of staminate and
pistillate flowers, provide the basis for establishing a
new genus to accommodate these reproductive struc-
tures.

SPECIES—QUADRIPLATANUS GEORGIANUS MAGALLON-
PUEBLA, HERENDEEN ET CRANE, SP. NOV. (FIGS. 1-64)

SPECIFIC DIAGNOSIS. Unisexual spherical to hemi-
spherical heads attached helically on inflorescence

axis. Staminate flowers obconical. Tepals spatulate
with expanded, rounded apices; tepals basally fused,
distally valvate to slightly imbricate, but overlapping
apically in one of two patterns: with the lateral margins
of one tepal internal to all others, the lateral margins
of the opposite tepal external to all others, and the two
remaining tepals with one margin internal, and the oth-
er margin external; or with two opposite tepals inter-
nal, and the other two external. Thecae comprising
50%—-80% of total length of the stamen, the rest
corresponding mostly to the apical extension of the
connective. Apical extension of the connective ex-
panded laterally, apically into a short, conical horn,
and sometimes adaxially, extending downward be-
tween the thecae. Pollen sacs narrow proximally and
wider distally; pollen release intermediate between la-
trorse and introrse. Connective narrow at the base,
broadening distally. Center of the flower an undiffer-
entiated mound with eight basal lobes. Pistillate flow-
ers obconical. Outer perianth cycle connate, forming a
tube. Inner perianth cycle connate throughout most of
its length, but with four free apical lobes; connate por-
tion sometimes folded inwardly, forming longitudinal
plications; each free apical lobe is opposite two car-
pels. Carpels with large glandulose papillae on their
lateral flanks and near the apex. Ovule with a longi-
tudinal adaxial flap of tissue.

DERIVATION OF SPECIFIC EPITHET.

From the state of
Georgia, U.S.A. -

HoLotype. PP45014 (figs. 4, 10, 12, 13, 25, 26,
28), housed in the Paleobotanical Collections of the
Field Museum, Chicago.

ParaTYPES. PP45002 (fig. 2), PP45007 (fig. 1),
PP45011 (figs. 5, 7-9, 14), PP45013 (fig. 16),
PP45015 (fig. 30), PP45018 (figs. 17, 19), PP45019
(fig. 18), PP45021 (fig. 22), PP45028 (figs. 6, 11, 15,
27, 29), PP45029 (fig. 3), PP45054 (fig. 24), PP45062
(fig. 21), PP45065 (fig. 20), PP45067 (figs. 31, 32),
PP45069 (fig. 23).

OTHER MATERIAL. Staminate inflorescences:
PP45006, PP45008, PP45012, PP45016, PP45017,
PP45020, PP45022, PP45024, PP45032, PP45033,
PP45042, PP45043, PP45048-PP45053, PP45055—
PP45061, PP45063, PP45064, PP45066, PP45068,
PP45070-PP45077. Pistillate inflorescences: PP45001,
PP45003-PP45005, PP45009, PP45010, PP45023,
PP45025, PP45027, PP45030, PP45031, PP45036,
PP45037, PP45040, PP45041, PP45044-PP45047.

TYPE LOCALITY. 32°24'30”"N, 84°50'W, on the
south bank (Chattahoochee County) of Upatoi Creek,
Fort Benning Military Reservation, border between
Chattahoochee County and Muscogee County, central-
western Georgia, U.S.A.

AGE AND STRATIGRAPHY. Lower part of the Eutaw
Formation (Late Cretaceous, Coniacian-Santonian).
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Figs. =6  Quadriplatanus georgianus, staminate inflorescences and flowers. Fig. 1, Sessile spherical heads spirally attached to inflorescence
axis. PP45007. Bar = 200 pm. Fig. 2, Head with flower buds, where tepals cover stamens completely. PP45002. Bar = 200 pm. Fig. 3,
Staminate flowers in which apices of tepals have been abraded, showing triangular apices of four stamens, PP45029. Bar == 200 pm. Fig.
4, Incomplete head with partially opencd flowers, showing triangular apices of the stamens. PP45014. Bar == 200 pm. Fig. 5, Flowers showing
four tepals in which one tepal is inncrmost, the opposite tepal is outermost, and the two remaining tepals have onc margin placed internally,
and the other margin externally. PP4501 L, Bar = 200 pan. Fig. 6, Flowers showing four tepals with expanded apices in an aestivation pattern
where an opposite pair of tepals has its margins placed internally, and the two other tepals have their margins placed externally. PP45028.
Bar = 200 pm.
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DESCRIPTION. Staminate inflorescences and flow-
ers. The spherical staminate heads are borne laterally
on the inflorescence axis in a spiral pattern (fig. 1).
Heads are 0.89-2.55 mm in diameter (X = 1.25 mm)
and have approximately 40 closely spaced staminate
flowers. Staminate flowers are obconical, 0.48-0.74
mm long (X = 0.65 mm), and 0.28-0.97 mm in max-
imum diameter (X = 0.52 mm). The flowers are acti-
nomorphic, with whorled phyllotaxis and a tetramer-
ous perianth and androecium (figs. 3-6).

The perianth is unicyclic (figs. 5-8). The tepals are
spatulate, tapering basally and rounded apically, with
the apex widely expanded laterally (fig. 9). The tepals
are basally connate and form a very short tube. Dis-
tally, at the level of the anthers, the tepals are valvate
or very slightly overlapping (fig. 9). Apically, the ex-
panded apices overlap in two different aestivation pat-
terns. In the most frequent aestivation pattern, the lat-
eral margins of one tepal are placed internally to all
other tepals; the opposite tepal has its lateral margins
placed externally to all other tepals, and the two re-
maining ones have one margin outside, and the other
one inside (figs. 5, 7, 9). In the less frequent aestiva-
tion pattern, the lateral margins of two opposite tepals
are internal, and the two other tepals are external (figs.
6, 8). In young flowers, the wide apices of the tepals
enclose the stamens almost completely (figs. 5-8).
During the early stages of floral development, the te-
pals are longer than the stamens. Epidermal cells on
the abaxial surface of the tepals are rectangular and
arranged in longitudinal rows. Near the margins and
apex of the tepals, the rectangular cells have undulat-

ing walls (fig. 10), and at the apex they become almost
isodiametric with pronounced grooves between contig-
uous cells. Anomocytic stomata are also present near
the tepal apices (fig. 11). On the adaxial surface of the
tepals, the epidermal cells apparently enclose rectan-
gular to square crystals. These cells are frequently
abraded, leaving characteristic superficial angular cav-
ities (fig. 12).

The androecium is formed by four closely spaced
stamens, each placed opposite a tepal (figs. 13, 14).
Each stamen has a very short filament, long thecae,
and a pronounced extension of the connective above
the thecae. Detached, mature stamens are 0.86-1.34
mm long (X = 1.07 mm), and 0.34-0.63 mm in max-
imum width (X = 0.55 mm) at the level above the
anthers. The thecae are 0.71-1.06 mm long (X = 0.83
mm) and account for approximately 78% of the length
of the stamen, the rest corresponding mostly to the
apical extension of the connective. Immature stamens
in situ are 0.24—0.51 mm long (X = 0.32 mm) and
0.13-0.24 mm in maximum width (X = 0.17 mm).
The thecae are proportionately much shorter than in
mature stamens, being 0.11-0.3 mm long (X = 0.17
mm), and corresponding to approximately 51% of the
total length of the stamen. The remainder of the length
is accounted for mainly by the apical extension of the
connective (figs. 14, 15).

Stamens are placed on a very short ring of tissue
(fig. 14). The lateral sides of contiguous stamens are
in contact throughout their length (fig. 16). Stamens
are nearly sessile in early stages of development (figs.
14, 15), but apparently, the filament grows slightly as

N

Figs. 7-15 Quadriplatanus georgianus, staminate flowers. Fig. 7, Partially opened flower in apical view, showing four free imbricate tepals
with the margins of one tepal internal to all others, the margins of the opposite tepal external to all others; the two other tepals have one
margin placed internally, and the other externally. PP45011. Bar = 100 pm. Fig. 8, Partially opened flower in apical view, showing four
free imbricate tepal lobes with the margins of one pair of opposite tepals placed internally, and the margins of the other two tepals placed
externally. PP45011. Bar = 100 pm. Fig. 9, Flower from side view, with tepals slightly overlapping at the level of the anthers, but apically
expanded. PP45011. Bar = 100 wm. Fig. 10, Abaxial surface of tepal with elongated epidermal cells forming longitudinal rows, and cells
with undulating margins toward the tepal margins. PP45014. Bar = 10 wm. Fig. 11, Abaxial surface of tepal, near the apex, with epidermal
cells with undulating walls and deep grooves, and anomocytic stomata. PP45028. Bar = 10 wm. Fig. 12, Adaxial surface of tepal, with
abraded epidermal cells that apparently enclose square to rectangular crystals, leaving rows of superficial angular cavities. PP45014. Bar =
10 wm. Fig. 13, Flower from top view showing triangular apices of the four stamens, each opposite a tepal. PP45014. Bar = 100 wm. Fig.
14, Flower in longitudinal section, showing the single perianth cycle, androecium, and an undifferentiated mound at the center of the flower.
The flower is at an early developmental stage, and tepals cover the stamens completely. Tepals are opposite the stamens, and the stamens
are placed on a short androecial ring (arrows). PP45011. Bar = 100 wm. Fig. 15, Stamen in early developmental stage, dissected from flower,
showing elongate thecae and strongly developed apical extension of the connective. PP45028. Bar = 50 pm.

Figs. 16-28 Quadriplatanus georgianus, stamens. Fig. 16, Flower with tepals removed, showing stamens from abaxial side. Lateral sides
of adjacent stamens are in contact throughout their length, and apical extensions of connectives converge at the center of the flower. PP45013.
Bar = 100 wm. Fig. 17, Dispersed stamen in adaxial view with short filament, long anthers, and apical extension of connective. The apical
extension of the connective is distally flattened, overhangs slightly the anthers, and has a moderate downward adaxial prolongation between
the thecae. PP45018. Bar = 100 wm. Fig. 18, Dispersed, incomplete stamen in adaxial view. Pollen sacs are narrow near the base, and wider
apically, dehiscence is valvate, and pollen release is intermediate between introrse and latrorse. PP45019. Bar = 100 wm. Fig. 19, Dispersed
stamen, seen from below, showing the thin, abaxially displaced connective. PP45018. Bar = 100 wm. Fig. 20, Dispersed stamen in abaxial
view. The connective is narrow at the base, broadens apically, and above the thecae it expands laterally and distally, forming the protruding
apical extension. PP45065. Bar = 100 wm. Fig. 21, Dispersed stamen in partial lateral view. The apical extension of the connective forms
a short, conical, horn-like prolongation that is displaced adaxially. Glandulose papillae occur on the surface of thecae (arrows). PP45062.
Bar = 100 pm. Fig. 22, Dispersed stamen in adaxial view. The apical extension of the connective shows the apical, horn-like extension
(arrow) and forms a downward prolongation with a rounded tip between the thecae. PP45021. Bar = 100 um. Fig. 23, Dispersed stamen in
adaxial view. The apical extension of the connective forms a long, thin downward prolongation between the thecae. PP45069. Bar = 100

wm. Fig. 24, Dispersed stamen in lateral view, with massive downward adaxial prolongation of the apical extension of the connective.
PP45054. Bar = 100 pm.
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Figs. 25-32  Quadriplatanus georgianus, dissccted staminate flowers and pollen grains. Fig. 25, Epidermal cclis on the apical cxtension of
the connective, with deep grooves between cells, and anomocytic stomata. PP45014. Bar == 10 pm. Fig. 26, Flower in longitudinal scction,
showing the perianth cycle, androecial cycle with stamens, and one of the androecial appendages (arrow). The androccial appendage is placed
on the androccial ring, alternating with stamens, and underneath the thecac. PP45014. Bar == 100 pm., Fig. 27, Dissccted flower with tepals
and stamens removed, showing the base of the perianth cycle () and androecial cycle (A). The androecial cycle has four flaps of tissue
corresponding to androccial appendages (arrows) alternating with filament bases. PP45028. Bar == 100 pm. Fig. 28, Magnification of fig. 26
showing androecial appendage with rounded to flattened fleshy apex, extending toward center of the flower. PP45014. Bar == 10 jum. Fig.
29, Dissccted flower with tepals and stamens removed, showing androccial cycle with small flaps (arrows) and the filament of one stamen
(dot), The center of the flower is an undifferentiated mound of tissue with cight basal lobes. PP45028. Bar = 10 pm. Iig. 30, Pollen grains
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stamens reach maturity (fig. 17). Anthers are bithecal
and tetrasporangiate. Pollen sacs are narrow near the
base, and wider distally (fig. 18). Each theca dehisces
through a longitudinal slit with proximal and distal
transverse prolongations, to form valves (fig. 18). Be-
cause of the basal narrowing of the pollen sacs, the
transverse prolongations of the dehiscence line are
more extensive at the distal end of the thecae than at
its proximal end, and the valves are wider distally than
proximally (fig. 18). Pollen release is intermediate be-
tween latrorse and introrse (fig. 18).

The connective is displaced toward the abaxial side
of the anther (fig. 19). It is narrow near the base but
broadens gradually distally (fig. 20). Above the thecae,
it expands strongly laterally, distally, and adaxially,
forming a massive apical extension (figs. 14-18, 20—
24). The apical extension of the connective is wedge-
shaped (fig. 21) and triangular when viewed from
above (fig. 13). It slightly overhangs the thecae later-
ally (fig. 17, 20), and abaxially it has a shallow median
longitudinal groove, forming two slight abaxial lobes
(figs. 13, 20). In lateral view, the apical extension of
the connective increases in height radially toward the
center of the flower, forming a slightly prominent ad-
axial horn-like conical crest (fig. 21). In several sta-
mens, the apical extension of the connective grows
downward adaxially between the thecae, forming a
narrow prolongation (figs. 22—24), sometimes with a
rounded, drop-like tip (fig. 22). Epidermal cells on the
pollen sacs are longitudinally elongate, arranged in
longitudinal rows. Epidermal cells on the apical ex-
pansion of the connective are polygonal, approximate-
ly isodiametric, with deep grooves between contiguous
cells. Anomocytic stomata are present on the apical
extension of the connective (fig. 25). Large papillae
may occur along the adaxial surface of the thecae (fig.
21).

In some flowers there are four androecial append-
ages in addition to the stamens. The androecial ap-
pendages are small, relatively undifferentiated struc-
tures placed on the ring of tissue that bears the stamens
(figs. 26, 27). These structures alternate with stamen
bases and are situated beneath the thecae of adjacent
stamens (fig. 26). In young flowers, the androecial ap-
pendages appear as small undifferentiated flaps on the
androecial ring (fig. 27). In more developed flowers,
the androecial appendages have a narrow base, and a
laterally and radially expanded fleshy apex that is ori-
ented toward the center of the flower (fig. 28). Al-
though it is uncertain whether these structures repre-
sent staminodes, their placement in the same whorl as
the stamens, and their origin from the same ring of
tissue, indicates that they are androecial in nature. The

center of the flower is occupied by a shallow, undif-
ferentiated mound of tissue with eight weakly differ-
entiated basal lobes (fig. 29).

Pollen grains found inside the dispersed anthers are
tricolpate and prolate to nearly spherical (figs. 30, 31).
They are small, 11-16.9 pm in polar length (X = 12.7
pm), and 7.7-16.5 pm in equatorial diameter (X = 10
pm). Exine ornamentation is uniformly reticulate, with
stout muri (figs. 31, 32). The colpi extend nearly from
pole to pole, are lenticular, and the aperture membrane
is slightly granulose (fig. 32).

Pistillate inflorescences and flowers. The sessile
pistillate spherical to hemispherical heads are borne
laterally on the inflorescence axis (figs. 33, 34). Some
heads appear to be subtended by a bract. Heads are
1.14-2.39 mm in maximum diameter (X = 1.89 mm).
There are approximately 40 closely spaced flowers in
each head, and thin, linear bract-like structures be-
tween contiguous flowers (fig. 35). The pistillate flow-
ers are 0.82—0.97 mm long (X = 0.89 mm), and 0.47—
0.94 mm in maximum diameter (X = 0.67 mm). The
flowers are obconical (fig. 36), hypogynous and acti-
nomorphic (fig. 37), although because of mutual pres-
sure in the head, some flowers have a somewhat ellip-
tical outline when viewed from above (fig. 38). The
floral organs are arranged in whorls, with a basic te-
tramerous pattern of organization. Flowers have two
cycles of perianth and an apocarpous gynoecium (figs.
36-38).

The two perianth cycles are weakly differentiated
(figs. 39, 42, 46, 47, 49, 50). The members of the outer
perianth cycle are at least as long as the carpels in
mature flowers (figs. 39, 45—-47); they are connate
through their preserved length, but their apices are not
preserved in the available material. The outer perianth
tube tightly encloses the inner floral cycles (figs. 39,
46, 47). The abaxial epidermal cells are rectangular
and arranged in longitudinal rows (fig. 40). The ad-
axial epidermal cells are square to rectangular and ap-
parently each contains a square to rectangular crystal.
The cells are frequently abraded, leaving characteristic
cavities (fig. 41).

The inner perianth cycle is formed by four tepals
that are connate for most of their length, but that are
free at the apex and form rounded lobes (figs. 42, 49,
50). The connate portion of the tepals is nearly as tall
as the carpels (fig. 42), and the free lobes cover at least
the abaxial part of the apex of the carpels in mature
flowers (fig. 38). The inner perianth cycle folds in-
wardly, forming longitudinal tube-like folds (figs. 42,
43, 49, 50). There are apparently four longitudinal
folds per flower, placed regularly at approximately 90°

«—

inside dispersed stamens. Pollen grains are prolate, somewhat flattened toward the poles, and the colpi extend for most of the length of the
pollen grain. PP45015. Bar = 10 pwm. Fig. 31, Pollen grains inside a dispersed stamen. Pollen grains are prolate to spherical, with uniform
reticulate exine ornamentation. PP45067. Bar = 10 wm. Fig. 32, Pollen grain inside a dispersed stamen. Exine ornamentation is reticulate,
and the aperture membrane is slightly granulose. PP45067. Bar = 1 pm.
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Figs. 33-41  Quadriplatanus georgianus, pistillate inflorescences and flowers. Fig. 33, Sessile spherical head attached to inflorescence axis, with
heavily abraded flowers. PP45023. Bar == 200 pm. Fig. 34, Incomplete head with closely spaced pistillate flowers. PP45037. Bar == 200 pm. Fig. 35,
Head with broken flowers, showing bracts (arow) among flower bases. PP45037. Bar = 100 jum, Fig. 36, Flower in lateral view, with perianth partially
broken, showing an outer cycle (op), an inner cycle (ip), and abaxial sides of capels (¢). PP45037. Bar = 100 pm. Fig. 37, Flower in apical view,
circular in outline, showing apical portions of the outer perianth cycle (op), and apical portions of inner perianth cycle (ip), which are at Icast as tall
as the carpels. PP45037 [flower d]. Bar == 100 . Fig. 38, Flower in apical view, clliptical in outline, with outer perianth cycle (op), and lobes of
inner perianth cycle (ip) covering the abaxial portion of carpels. PP45037 {flower a). Bar = 100 pm. Fig. 39, Flower in lateral view, showing outer
perianth cycle completely connate into a conical tube. PP45037 {flower d). Bar = 100 pm. Fig. 40, Abaxial surfacc of outer perianth cycle, with
clongated cpidermal cells in longitudinal rows. PP45037 [flower d}. Bar == 10 pm. Fig. 41, Adaxial surface of tepal, with abraded epidermal cells that
apparently enclose square to rectangular crystals, leaving superficial angular cavities. PP45037 [flower d}. Bar = 10 pm.
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from one another. The epidermal cells on the abaxial
and adaxial surfaces of the tepals of the inner perianth
cycle are rectangular, organized in longitudinal rows,
and their transverse walls are not strongly marked. The
tips of the tepals are somewhat thickened and fleshy
(fig. 44). Figures 45-50 show the sequential dissection
of a flower, and the placement and differences between
the outer and inner perianth cycles.

The apocarpous gynoecium is formed by eight tight-
ly packed carpels (figs. 34, 37, 38, 51). In rare sam-
ples, fewer than eight carpels (i.e., seven, and appar-
ently six in one badly preserved flower) are present
(figs. 45, 48). Two carpels are opposite each lobe of
the inner perianth (figs. 48, 51). The carpels are
wedge-shaped (figs. 52, 53) and triangular in top view
(fig. 51), 0.38-0.56 mm long (X = 0.46 mm), 0.21-
0.22 mm in radial length (X = 0.22 mm), and 0.28—
0.3 mm in maximum tangential width (X = 0.29 mm).
The carpel base is narrow and free from that of con-
tiguous carpels (figs. 52, 54). Carpels become wider
distally and are expanded toward the center of the
flower, forming an adaxial edge (fig. 53).

The carpels are conduplicate (fig. 54). The ventral
suture extends from near the base to the apex of the
carpel (fig. 54) and continues along the flat apex to
form a distinct radial groove (figs. 51, 55). The ventral
suture is flanked by a differentiated band of protruding
tissue (fig. 54). On the adaxial edge of the carpel, near
the base, this band of tissue is narrow, but distally it
becomes gradually broader, and on the apex of the
carpel it expands greatly to form a broad platform on
each side of the suture that extends to the abaxial sur-
face (fig. 54). The apex of each carpel has a dome-
like, bilobed appearance (figs. 52, 53, 55). Epidermal
cells on the apical platform are polygonal and approx-
imately isodiametric, with deep grooves between con-
tiguous cells (fig. 56). Frequently, these cells are cov-
ered by a thick cuticle that has small, randomly
arranged folds that obscure individual cell outlines
(fig. 56). The abaxial side of each carpel has a longi-
tudinal median narrow groove that extends from near
the base to the apex, forming two lateral, slightly pro-
truding lobes (fig. 57). On the sides of the carpel and
on the radial walls of the apical platform, very large
papillose, concave structures are present (fig. S58).
These structures seem to cause contiguous carpels to
adhere together (fig. 53). In dissected flowers, each
carpel leaves a distinct triangular scar where it was
attached to the floral receptacle (fig. 59). The bases of
the carpels surround a central, undifferentiated mound
of tissue that occupies the center of the flower (fig.
59). The center of pistillate flowers from which carpels
have been dissected resembles the center of staminate
flowers, in having a central mound of tissue with eight
basal lobes that indicate the points of carpel attach-
ment (figs. 29, 59).

In only one specimen was it possible to perform a
dissection of the gynoecium where contiguous carpels
were opened more or less longitudinally to reveal the
ovules (fig. 60). There is one ovule in each carpel, and

placentation is apical (figs. 61, 62). The abaxial side
of the ovule is elliptical (fig. 61). The end of the ovule
opposite the attachment point is rounded, and in the
few specimens that have been examined, a micropyle
has not been observed (fig. 61). The adaxial side of
the ovule has a longitudinal median narrow flap of
tissue that may correspond to a narrow wing, or a ven-
tral raphe (figs. 62, 63). The external seed wall is
formed by rectangular to nearly square cells that form
longitudinal rows (fig. 61).

Pollen grains similar to those found inside dispersed
anthers of the staminate flowers have been found on
the pistillate flowers. The pollen grains occur on the
perianth, especially between the outer and inner cycles,
and on the apical dome of the carpels, usually near the
sutural groove (fig. 64). On several flowers of one
head, the carpels were completely covered by masses
of pollen grains.

Discussion

ASSOCIATION OF STAMINATE AND PISTILLATE
INFLORESCENCES AND FLOWERS

Several lines of evidence indicate that the staminate
and pistillate heads and flowers are dispersed parts of
a single plant species. (1) Although the fossiliferous
localities along Upatoi Creek are very rich in fossil
angiosperm reproductive remains, the staminate and
pistillate heads and flowers, as well as detached sta-
mens, are present at only one collecting site, where
they occur together. (2) The staminate and pistillate
reproductive organs are the only fossils in the Upatoi
Creek samples that exhibit morphological features
similar to those of previously known platanaceous
plants. (3) The staminate and pistillate flowers share a
tetramerous or tetramerous-derived meristic plan. (4)
Pollen grains identical to those found inside anthers of
the staminate flowers occur frequently on the perianth
and carpels of pistillate flowers (fig. 64), and this type
of pollen has not been found on any other types of
flowers or fruits from the Upatoi Creek sites. (5) The
epidermal cells and histological pattern on the abaxial
and adaxial surfaces of the tepals of the staminate
flowers are similar to those on the outer perianth cycle
of the pistillate flower, particularly in the presence of
cells that enclose rectangular crystals on the adaxial
surface of the tepals (cf. figs. 10, 40; 12, 41).

INTERPRETATION OF FLORAL MORPHOLOGICAL FEATURES

Most of the organs of staminate and pistillate flow-
ers are sufficiently well preserved to allow straight-
forward interpretation of floral features. However, flo-
ral merosity and features of the ovules require
additional comment.

TETRAMEROUS MEROSITY. The staminate and pistil-
late flowers of Quadriplatanus georgianus are orga-
nized according to a tetramerous plan. In the staminate
flowers, the tetramerous arrangement is clearly mani-
fested in the perianth, which is formed by four tepals
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Figs. 42-50 Quadriplatanus georgianus, pistillate flowers. Fig. 42, Dissccted flower in lateral view, with the outer perianth cycle removed.
Members of the inner perianth cycle are basally connate, but apically free, forming rounded lobes. The inner perianth cycle folds inwardly,
forming longitudinal plications (arrow). PP45037 {flower b]. Bar = 100 pm. Fig. 43, Inncr perianth cycle removed from a flower, from
adaxial view. Perianth members are basally connate, and apically free, forming rounded to square lobes. The connate portions fold inwardly,
forming longitudinal plications (arrow). Epidermal cells on adaxial surface are elongate, with weakly marked transverse walls. PP45037. Bar
= 100 pm. Fig. 44, Inner perianth cycle from abaxial side, showing clongated epidermal cells with weak transverse walls, and fleshy apex
of perianth lobe. PP45037 [flower d}. Bar == 100 pm. Figs. 45--50, Scquential disscction of a pistillatc flower to show floral organization.
Fig. 45, Flower with seven carpels, from top view. The outer perianth cycle (op) and inner perianth cycle (ip) are almost as tall as the
carpels. PP45037 {flower ¢]. Bar = 100 pm. Fig. 46, Lateral view of flower, showing outer perianth cycle connate into a conical tube and
base of broken bract. PP45037 {flower c]. Bar == 100 pum, Fig. 47, Lateral view of flower, opposite side from fig. 46, showing outer perianth
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that are free from one another throughout most of their
length. The presence of four well-developed stamens
also indicates a tetramerous organization in the an-
droecium. However, the discovery in some staminate
flowers of four additional appendages originating from
the same ring of tissue as the stamens (figs. 26, 27)
indicates the androecium is either tetramerous, formed
only by four stamens, or octamerous, formed by four
stamens and four additional appendages that alternate
with the stamens. Stamens are opposite the tepals,
while the four small androecial appendages alternate
with the tepals (fig. 68A-C).

For pistillate flowers, interpretation of floral mer-
osity is less clear. In the perianth, merosity can be
inferred only from the inner perianth cycle in which
the four free apical lobes document an origin from four
original elements. The outer perianth cycle is fused
entirely into a tube, with no histological indication of
possible borders between contiguous perianth mem-
bers, and hence provides no information about the
original number of organs in this cycle. The gynoeci-
um is formed by eight carpels arranged in a pattern
where two carpels are opposite each lobe of the inner
perianth cycle. The arrangement of the eight carpels
may indicate an originally tetramerous arrangement for

four original carpel primordia, leading to the devel-
opment of two carpels in the sector of the flower that
was formerly occupied by only one (fig. 68D, E). This
is different from the possible octamerous condition of
the androecium in the staminate flowers, in which the
small androecial appendages alternate with the tepals,
indicating that the former originated from primordia
on the androecial cycle additional to the stamen pri-
mordia.

OvuLEs. Ovules have been observed only in four
contiguous carpels that were dissected in an approxi-
mately oblique tangential plane. While the occurrence
of a single apically attached ovule in each locule was
demonstrated, other details of the ovule are not clear.
The end of the ovule opposite its attachment point is
rounded, and a micropyle is not apparent (fig. 61). The
adaxial side of the ovule has a median longitudinal
narrow flap of tissue (fig. 62). The size and type of
preservation of the fossil remains have not permitted
further dissection of the ovules that may clarify the
nature of this flap of tissue, but it could represent a
narrow wing, or an adaxial raphe.

The absence of a micropyle in the region of the
ovule opposite its attachment point indicates that the

the gynoecium. It is possible that the eight carpels

ovule is not orthotropous. If the longitudinal flap of
were derived evolutionarily from the duplication of

tissue on the adaxial side of the ovule is a raphe, this

“—

cycle connate into a conical tube, with its apical portion broken off, and showing apical portion of inner perianth cycle. PP45037 [flower
c]. Bar = 100 wm. Fig. 48, Flower with outer perianth cycle removed, showing each lobe of inner perianth cycle opposite two carpels, but
opposite a single carpel, where apparently a carpel is missing (arrow). PP45037 [flower c]. Bar = 100 pm. Fig. 49, Dissected flower in
lateral view, in the same angle as fig. 46, with outer perianth cycle removed. Inner perianth cycle forming longitudinal folds, and showing
free apices. PP45037 [flower c]. Bar = 100 pm. Fig. 50, Dissected flower in lateral view, in the same angle as fig. 47, and opposite side of
fig. 49, the outer perianth cycle removed. Inner perianth cycle forming longitudinal folds, and showing free apices. PP45037 [flower c]. Bar
= 100 pm.

N

Figs. 51-59 Quadriplatanus georgianus, pistillate flowers, carpels, and dissected flowers. Fig. 51, Flower from apical view, showing eight
apically triangular carpels. Each lobe of inner perianth is opposite two carpels (arrows). PP45037. Bar = 100 um. Fig. 52, Carpel dissected
from a flower, in lateral view, showing narrow base, and broad apex. PP45037. Bar = 100 pm. Fig. 53, Laterally coherent carpels removed
from a flower. The adaxial portion of each carpel is extended centripetally forming an adaxial edge that converges with those of other carpels
on the center of the flower. Glandulose papillae are present on the lateral sides of the carpels. PP45037 [flower b]. Bar = 100 um. Fig. 54,
Carpel in adaxial view, showing ventral suture extending from near the base to the apex, along the adaxial edge. A distinct band of tissue
flanks the ventral suture, broadening from approximately the middle of the carpel, and extending laterally on the apex of the carpel. PP45037.
Bar = 100 pm. Fig. 55, Carpel from apical view, showing prolongation of ventral suture on the apex of the carpel, forming a radial groove,
flanked by the band of distinct tissue that expands laterally, forming a broad, flat apical platform. PP45037. Bar = 100 wm. Fig. 56, Cells
on the apex of the carpel, approximately isodiametric, with deep grooves between contiguous cells, and covered by a thick cuticle with
superficial wrinkles that obscures individual cell outlines. PP45037 [flower d]. Bar = 10 pm. Fig. 57, Carpels in abaxial view, each with a
longitudinal median shallow groove, forming two lobes. PP45037 [flower b]. Bar = 100 pm. Fig. 58, Carpel in lateral view, showing large
glandulose papillae on upper portion of lateral sides. PP45037. Bar = 100 wm. Fig. 59, Dissected flower with perianth members and carpels
removed, showing base of outer perianth cycle (op), base of inner perianth cycle (ip), and eight scars of carpels surrounding an undifferentiated
mound of tissue at the center of the flower. PP45044. Bar = 100 pm.

Figs. 60~67 Figs. 60—64, Quadriplatanus georgianus, dissected carpels and seeds. Fig. 60, Dissected carpels in oblique section, showing
one ovule in one of the carpels (arrow). PP45037 [flower c]. Bar = 100 pm. Fig. 61, Higher magnification of fig. 60 showing ovule from
abaxial-lateral view, with attachment to the apex of the locule, and rounded lower portion. PP45037 [flower c]. Bar = 50 um. Fig. 62, Ovule
from adaxial side, showing longitudinal flap of tissue. PP45037 [flower c]. Bar = 50 pm. Fig. 63, Ovule from adaxial-lateral view, showing
longitudinal flap of tissue. PP45037 [flower c]. Bar = 50 pm. Fig. 64, Apex of carpel showing radial groove and pollen grains similar to
those of staminate flowers of Q. georgianus. PP45037 [flower c]. Bar = 10 wm. Figs. 65-67, Platanus sp., subgen. Platanus (Recent),
dissected staminate flowers. Fig. 65, Stamen with androecial appendages surrounding its filament (arrows). Bar = 500 wm. Fig. 66, Filament
of stamen and androecial appendages, originating from a basally continuous tissue. Bar = 100 wm. Fig. 67. Base of filament, with distal
portion of the stamen broken off, showing association with androecial appendages. Bar = 100 pm.
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Fig. 68 Floral diagrams of Quadriplatanus georgianus. A—C, Flo-
ral diagram of staminate flowers. A, Cross section at the base of the
flower, showing cycle of perianth forming a connate short ring, the
androecial cycle showing the bases of filaments (black) and the an-
droecial appendages alternating with filaments. B, Cross section at
the level of anthers, showing cycle of perianth with four valvate
tepals, and four stamens, each opposite a tepal. C, Cross section at
apex of the flower, showing perianth cycle of four tepals with ex-
panded, overlapping apices, and the apical extension of the connec-
tive of the four stamens. The apices of tepals are imbricate, with the
margins of one tepal internal, the margins of the opposite tepal ex-
ternal, and the two remaining tepals with one margin internal and
the other external. D, E, Floral diagram of pistillate flowers. D, Cross
section at mid-level, showing the connate outer perianth cycle, the
inner perianth cycle with plications, and eight carpels. E, Cross sec-
tion near the apex of the flower, showing connate outer perianth
cycle, inner perianth cycle with four free apical lobes, each opposite
two carpels, and eight carpels.

would constitute further evidence that the ovule is not
orthotropous. The presence of a single, apically at-
tached ovule in each locule is a constant feature in
fossil platanaceous pistillate flowers (Manchester
1986; Friis et al. 1988; Crane et al. 1993), as well as
in extant species of Platanus (Boothroyd 1930; Cron-
quist 1981; Kubitzki 1993). Nevertheless, the presence
in Q. georgianus of ovules that are not orthotropous
would represent an important departure from the con-
dition documented in other fossil platanaceous taxa
(Platanocarpus brookensis [Crane et al. 1993]; Pla-
tanocarpus caroliniensis [Friis et al. 1988]) and extant
Platanus (Cronquist 1981; Kubitzki 1993).

STRUCTURAL COMPARISON OF STAMINATE AND
PISTILLATE FLOWERS

The staminate and pistillate flowers of Q. georgi-
anus are both comprised of three floral cycles. The
staminate flowers have one perianth cycle and one an-
droecial cycle, and the center of the flower is occupied

by an undifferentiated mound of tissue with eight
slightly protuberant lobes at its base (fig. 29), which
are similar to carpel bases in the pistillate flowers. The
pistillate flowers have two perianth cycles and a cen-
tral apocarpous gynoecium. Dissections of pistillate
flowers in which the perianth cycles were sequentially
removed (figs. 45-50, 59) show that there is no ad-
ditional floral cycle between the inner perianth cycle
and the gynoecium that could correspond to an an-
droecium.

Histological evidence indicates a possible structural
homology between the single perianth cycle of the sta-
minate flowers and the outer perianth cycle of the pis-
tillate flowers. In both flowers, the adaxial side of peri-
anth members bears distinctive epidermal cells that
enclose rectangular to square crystals. These cells are
frequently abraded, which leaves characteristic angular
cavities on the surface (figs. 12, 41). If this interpre-
tation of homology is correct, then the pistillate flow-
ers have an “extra’ perianth cycle between the “orig-
inal” perianth and the gynoecium. This “‘extra’ cycle
is positionally homologous to the androecial cycle in
the staminate flowers.

PHYLOGENETIC AFFINITY AND COMPARISON OF
QUADRIPLATANUS GEORGIANUS WITH
CRETACEOUS PLATANACEOUS TAXA

Most of the morphological features described for
staminate and pistillate inflorescences and flowers of
Q. georgianus, including general floral structure and
fine details of reproductive organs, have been observed
in previously described fossils assigned to Platanaceae
from the Cretaceous and Tertiary (tables 1, 2). A uni-
versal feature within Platanaceae is the presence of
unisexual flowers grouped in strictly staminate or pis-
tillate compact spherical to hemispherical heads. Fea-
tures such as the degree of development of the perianth
and fine characteristics of reproductive organs exhibit
some variation, but nevertheless there appears to be a
common suite of characters exhibited by Cretaceous
platanaceous flowers and inflorescences, which are
also displayed by the new material from Upatoi Creek.

A correlation between degree of development of the
perianth and fixation of floral merosity has been noted
among diverse angiosperm taxa (Endress 1990), and a
similar correlation has been observed among platana-
ceous flowers (Crane 1989; Drinnan et al. 1994). Fos-
sil platanaceous flowers with a well-developed peri-
anth have a constant number of reproductive organs
per flower and exhibit a fixed pentamerous merosity
(Manchester 1986; Friis et al. 1988; Pigg and Stockey
1991; Crane et al. 1993; Pedersen et al. 1994). In con-
trast, the extant species, which all have a poorly de-
veloped perianth, have a variable number of reproduc-
tive organs (especially carpels) per flower (Boothroyd
1930; Kubitzki 1993). The staminate and pistillate
flowers of Q. georgianus, like other Cretaceous pla-
tanoids, have a well-developed perianth and a fixed
number of reproductive organs per flower. However,
the staminate flowers of Q. georgianus differ from pre-
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viously described platanaceous staminate flowers in
having a tetramerous plan in both the perianth and the
androecium (table 1). The pistillate flowers of Q. geor-
gianus differ from previously described platanaceous
pistillate flowers in having eight carpels, which may
be a manifestation of an originally tetramerous pattern
(table 2).

The morphological characteristics of tepals and sta-
mens of staminate flowers of Q. georgianus are similar
to those of other Cretaceous platanoids (Friis et al.
1988; Crane et al. 1993; Pedersen et al. 1994). A well-
developed perianth has been documented in all Cre-
taceous platanaceous taxa in which floral features are
well preserved (Friis et al. 1988; Crane et al. 1993;
Pedersen et al. 1994), and also in some Tertiary fossils
(Manchester 1986; Pigg and Stockey 1991), but in
most cases, the exact number of tepals and their ar-
rangement has not been determined.

Stamens with a short filament, long thecae corre-
sponding to ca. 50% or more of the length of the sta-
men, and a peltate-to-wedge-shaped extension of the
connective above the level of the thecae are present in
all Cretaceous platanoids described so far, with the ex-
ception of Platananthus brookensis (Crane et al.
1993). In particular, the stamens of Platananthus scan-
icus (Friis et al. 1988) and Hamatia elkneckensis (Ped-
ersen et al. 1994) share a number of distinctive fea-
tures with staminate flowers of Q. georgianus. The
thecae are narrow proximally and wider distally, de-
hisce through valves, and pollen release is intermediate
between latrorse and introrse. The connective is abax-
ially displaced, and, at least in H. elkneckensis, it is
narrow near the base of the stamen. In both genera,
the apical extension of the connective overhangs the
anthers laterally. In P. scanicus, there is an adaxial
upward prolongation that forms a short horn-like cone,
and in some stamens, an additional adaxial downward
prolongation, forming a long and thin hook between
the thecae. This last feature is strongly developed in
H. elkneckensis.

Pollen grains corresponding to all known fossil and
living platanaceous taxa are of the same general type
as those described for Q. georgianus. However, the
pollen morphology (tricolpate apertures, reticulate ex-
ine ornamentation) is generalized and lacks prominent
distinctive features. The most evident structural differ-
ences between the stamens of Cretaceous platanaceous
flowers and those of extant Platanus are the more
weakly developed apical extension of the connective,
and stomia that are branched only distally and there-
fore have thecae that exhibit partial valvate dehiscence
(Hufford and Endress 1989; Hufford 1996) in extant
Platanus.

The tepals of pistillate flowers of Q. georgianus are
similar to those of previously described three-dimen-
sionally preserved Cretaceous platanaceous taxa (Friis
et al. 1988; Crane et al. 1993; Pedersen et al. 1994).
Although in these fossils the number and exact ar-
rangement of tepals is not clear, at least Platanocarpus
brookensis (Crane et al. 1993), P. marylandensis (Friis

et al. 1988), and P. elkneckensis (Pedersen et al. 1994)
have two perianth cycles.

Carpels of Q. georgianus display several distinctive
features previously documented from well-preserved
Cretaceous pistillate platanaceous flowers. The carpels
are conduplicate and obtriangular in shape and extend
into the center of the flower to form an adaxial edge.
The carpel apex is flat, and a differentiated style is
lacking. The ventral suture extends along the adaxial
edge and also onto the carpel apex and is flanked by
a differentiated tissue that expands on the apex to form
a broad bilobed platform (cf. Friis et al. 1988; Crane
et al. 1993; Pedersen et al. 1994). The apical platform
of the carpels of P. marylandensis (Friis et al. 1988)
and P. elkneckensis (Pedersen et al. 1994) is especially
similar to that in Q. georgianus, although in P. elk-
neckensis the apical platform is more strongly devel-
oped and distinctly bilobed on its abaxial side. This is
less marked in Q. georgianus. The carpels of extant
Platanus species differ structurally from those of Cre-
taceous platanoids in having a distinct style and lack-
ing the strong centripetal expansion into the center of
the flower.

The staminate inflorescences and flowers of Q.
georgianus exhibit a striking morphological and struc-
tural similarity to fossils previously described from Tu-
ronian-age strata of the Raritan Formation of New Jer-
sey (Crepet et al. 1992; Crepet and Nixon 1996). The
fossils from the Raritan Formation are heads bearing
closely packed staminate flowers. The flowers are
composed of a well-developed, unicyclic perianth and
an androecium. There is no evidence of a gynoecium
or pistillodia. The perianth is formed by four basally
connate and apically free tepals. The androecium is
formed by four well-developed stamens, each opposite
a tepal. The stamens have a very short filament, or the
anthers are sessile. The anthers are long and are
thought to open through valves (Crepet et al. 1992).
The connective is abaxially displaced. Above the level
of the anthers, the connective expands laterally, up-
wardly, and adaxially, to form a massive wedge-like
extension that is triangular in top view and forms a
short, conical, horn-like projection on its adaxial por-
tion. The four stamens originate from a short, contin-
uous ring of tissue, which also bears the bases of four
additional small structures that alternate with the bases
of stamens. These four additional structures are com-
posed of a narrow base or stalk, and a centripetally
expanded sagittate apex shaped like the apical exten-
sion of the stamen connective. Because of the similar-
ity of the expanded apex with the apical extension of
the connective of stamens, these structures were inter-
preted as staminodes (Crepet et al. 1992; Crepet and
Nixon 1996). Associated pollen grains are slightly pro-
late, tricolpate with long colpi, and have reticulate ex-
ine ornamentation pattern. Pollen size is close to that
of the average reported for pollen grains of Q. geor-
gianus. Because the filament tube is extremely thin,
the relative position of stamen bases and staminode
bases on the common ring of tissue was difficult to
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interpret, but it was suggested that the bases of the
staminodes are placed slightly more externally than the
bases of stamens on the common androecial ring (Cre-
pet et al. 1992). These structures are morphologically
and positionally equivalent to the androecial append-
ages described for the staminate flowers of Q. geor-
gianus, and both resemble and occupy a similar posi-
tion to the androecial appendages (‘‘staminodes’ or
“fleshy masses’’; Boothroyd 1930) that are found as-
sociated with stamen bases in extant species of Plat-
anus (figs. 65-67). The features described for the sta-
minate inflorescences and flowers from the Turonian
Raritan Formation of New Jersey correspond well to
the characters of Q. georgianus.

Fossils that were interpreted to represent the pistil-
late counterparts of the well-preserved staminate flow-
ers from the Raritan Formation are capitate heads of
sessile flowers similar to the staminate heads. The pis-
tillate flowers were thought to be composed of a four-
lobed sepal cup and a partially inferior, syncarpous,
bilocular gynoecium. The available inflorescences and
flowers are abraded, and better-preserved material is
needed to confirm presence of a syncarpous, bilocular
gynoecium in the putative pistillate flowers.

Differences between the staminate flowers of Q.
georgianus and the staminate flowers from the Raritan
Formation are few. The androecial appendages that al-
ternate with the stamens are routinely observed in
flowers from the Raritan Formation, and these struc-
tures converge at the center of the flowers. In contrast,
in Q. georgianus the equivalent structures are more
weakly developed and have not been consistently ob-
served in all flowers. Some other features cannot be
compared because of lack of information. Features that
are not known in the flowers of the Raritan Formation
are the presence of a basally narrow connective (the
abaxial surface of stamens is not figured), and the pres-
ence of an adaxial downward prolongation of the api-
cal extension of the connective (only one stamen in
the appropriate orientation is figured). A more detailed
comparison between Q. georgianus and the staminate
inflorescences and flowers from the Raritan Formation
is needed for a more detailed assessment of similarities
and differences between these fossils. Structural com-
parisons between the pistillate flowers of the Raritan
Formation and the pistillate flowers of Q. georgianus
are not possible because the specimens from the Rar-
itan Formation are abraded.

The fossils from the Raritan Formation were con-
sidered to exhibit a mosaic of characters found in mod-
ern Platanaceae and Hamamelidaceae (Crepet et al.
1992). Features cited as indicating an affinity to Pla-
tanaceae are: (1) the form and unisexual nature of the
heads, (2) reticulate-tricolpate pollen grains obtained
from in situ stamens, (3) the close packing of the sta-
mens in the fossil flowers, and (4) the broad triangular
apical extension of the connective. Features suggested
to indicate an affinity with Hamamelidaceae are: (1)
the presence of a well-developed sepal cup, (2) the
presence of a staminal tube, (3) the interpretation of

the staminodes (i.e., androecial appendages) as having
nectariferous functions, (4) the interpretation of the
staminodes as morphological intermediates between
stamens and petals, and (5) the interpretation of the
presence of a syncarpous bicarpellate gynoecium in the
pistillate flowers.

Because of the structural and morphological simi-
larity between the staminate heads and flowers from
the Raritan Formation and those of Q. georgianus, we
have carefully considered the possibility of a relation-
ship to the Hamamelidaceae in assessing the phylo-
genetic affinity of the new fossils from Georgia. We
have compared the features suggesting hamamelida-
ceous affinity with equivalent features in fossil and
extant Hamamelidaceae and Platanaceae. (1) The peri-
anth cycle of staminate flowers of Q. georgianus ex-
hibits a basic similarity in form and degree of conna-
tion with previously described Cretaceous
platanaceous staminate flowers (e.g., Platananthus po-
tomacensis [Friis et al. 1988]). In extant Platanus, the
sepals are reduced and inconspicuous. Within extant
Hamamelidaceae, the sepals are much shorter than oth-
er floral organs, particularly stamens, at anthesis. The
well-developed perianth of Q. georgianus is unlike
that of extant members of both Hamamelidaceae and
Platanaceae, but it is similar to that of Cretaceous fos-
sils assigned to Platanaceae. (2) The presence of a sta-
minal tube in previously described fossil platanoids is
not known. However, there is a strong similarity be-
tween the short androecial ring in the staminate flow-
ers of Q. georgianus and the lateral fusion between
stamens and staminodes (or ‘‘fleshy masses’) ob-
served in extant Platanus (fig. 66). A staminal tube is
rarely formed in Hamamelidaceae. The bases of the
filaments of Embolanthera and Dicoryphe are fused
with the bases of the petals. Only in Mytilaria is there
fusion among the bases of stamens, staminodes, and
petals (Endress 1993). However, the condition in My-
tilaria is different from the one in Q. georgianus, be-
cause in the former genus, three different floral whorls
are involved. (3) There is no conclusive evidence in-
dicating that nectar was produced by any of the floral
organs of Cretaceous platanoids, including Q. georgi-
anus, and nectar production is not known for extant
Platanus. However, in most genera of Hamamelida-
ceae, the nectariferous functions are performed by a
number of scales fused into a shallow ring placed be-
tween the androecium and the gynoecium. In Hama-
melis, the staminodes, which are additional to and op-
posite the petals, are nectariferous, and only in
Disanthus are there nectariferous functions associated
with the base of petals (Endress 1989, 1993). (4) There
is positional equivalence and morphological similarity
between the androecial appendages of the fossil flow-
ers and the staminodes, or fleshy masses, associated
with the stamens in extant Platanus (figs. 65-67). (5)
If it could be established more clearly, the syncarpous,
bicarpellate, and partially inferior gynoecium in the
fossils from the Raritan Formation would be the most
compelling feature that would support possible affinity
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of these fossils to Hamamelidaceae. However, the pis-
tillate flowers of Q. georgianus are clearly hypogy-
nous, and the apocarpous gynoecium is composed of
eight carpels.

The flowers of Q. georgianus exhibit structural or-
ganization equivalent to that of fossil and extant Pla-
tanaceae, as well as fine detailed morphological fea-
tures similar to those of Upper Cretaceous Platanaceae.
The interpretation of the structures that alternate with
the stamens as androecial derivatives, and the apocar-
pous gynoecium in Quadriplatanus, are both features
that would be highly unusual in the Hamamelidaceae.
The comparison of features of staminate and pistillate
flowers of Q. georgianus with Hamamelidaceae and
previously known fossils assigned to Platanaceae sup-
ports a phylogenetic affinity of these new fossils with-
in Platanaceae.

Condvsions

Many taxa belonging to the evolutionary lineage of
modern Platanus are known in the fossil record, and
they document considerable morphological variety in
vegetative and floral features within the constraints of
common structural themes. The staminate and pistillate
inflorescences and flowers of Q. georgianus conform
to this pattern in displaying features of floral organi-
zation and details of stamens and carpels that had been
previously observed in other Cretaceous platanaceous
taxa. However, they also extend the known pattern by
displaying a tetramerous or tetramerous-derived floral
meristic arrangement, in contrast to the previously ob-
served pentamerous plan.

Because of its phylogenetic position, and the doc-
umentation of intralineage temporal morphological
change provided by an extensive fossil record, Platan-
aceae can provide crucial information for understand-
ing phylogenetic relationships and character homology
at the base of the eudicots. However, a major compar-
ative synthesis that includes fossil and living platan-
oids, as well as closely related groups of plants, is
needed to fully understand phylogenetic relationships
among these taxa, and to recognize evolutionary lin-
eages within Platanaceae.
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