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Abstract: Leaves and fruits of Ulmus from the Early–Middle Eocene of British Columbia and Washington are assigned
to two species. Ulmus okanaganensis sp.nov. is based on leaves attached to flowering and fruiting twigs and isolated
leaves and fruits. Leaves display a polymorphism ranging from large leaves with compound teeth with a blunt apex to
small ones with simple teeth resembling those of Zelkova. In extant Ulmus, sucker-shoot leaves, elongation-shoot leaves,
and leaves on short annual branches often display a very similar polymorphism. In the fossil, flowers are arranged in fas-
cicles having short pedicels. Fascicles are formed in the axils of leaves of current-year shoots and appear together with the
leaves. This is uncommon in modern species of Ulmus, where leaves appear either in spring on previous-year shoots or in
autumn in the axils of leaves of current-year shoots. Fruits of U. okanaganensis are samaras with extremely reduced or ab-
sent wings. Unwinged fruits of modern Ulmus are typically ciliate along the margin of the endocarp and the persistent
styles but only a single fruit of U. okanaganensis has been found preserving hairs. The small, shallowly lobed perianth is
situated below the endocarp. A second type of foliage is assigned to Ulmus chuchuanus (Berry) LaMotte. This foliage is
wider than that of U. okanaganensis and has more densely spaced secondary veins. It also has characteristic compound
teeth with primary and subsidiary teeth displaying conspicuously different orientations. Leaves of U. chuchuanus co-occur
with a second type of fruit but have not been found in attachment. These fruits are larger than in U. okanaganensis, with a
narrow wing, persistent styles, and a large and wide persistent perianth that tapers abruptly into the perianth tube. A cladis-
tic analysis suggests that U. okanaganensis is nested within the subgenus Ulmus, which is a paraphyletic grade basal to
the subgenus Oreoptelea. Ulmus chuchuanus foliage shows affinities to the subgenus Ulmus, while the associated fruits
display affinities to the subgenus Oreoptelea.
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Résumé : On attribue, à deux espèces, des feuilles et fruits d’Ulmus datant de la première moitié de l’Éocène, trouvés
Colombie-Britannique et dans l’état de Washington,. L’Ulmus okanaganensis sp.nov. est basé sur des feuilles attachées à
des rameaux florifères et fructifères, et des feuilles et des fruits isolés. Les feuilles montrent un polymorphisme allant de
grandes feuilles avec des dents composées et un apex obtus, jusqu’à de petites feuilles avec des dents simples, ressemblant
à celle du Zelkova. Chez les Ulmus actuels, les feuilles des rejets de tiges, les feuilles des tiges en élongation, et les feuilles
portées sur les branches courtes de l’année montrent souvent un polymorphisme similaire. Chez ce fossile, les fleurs sont
disposées en fascicules portés sur de courts pédicelles. Les fascicules se forment aux aisselles des feuilles des tiges de
l’année en cours et en même temps que les feuilles. Ceci est peu commun chez les espèces modernes d’Ulmus, où les
feuilles apparaissent soit au printemps sur des tiges de l’année précédente, ou à l’automne aux aisselles des feuilles des
tiges de l’année en cours. Les fruits de l’U. okanaganensis sont des samares munies d’ailes absentes ou rudimentaires. Les
fruits dépourvus d’ailes des Ulmus modernes sont typiquement ciliés le long de la marge de l’endocarpe et des styles per-
sistants, mais on a trouvé un seul fruit de l’U. okanaganensis dont les poils étaient conservés. Le petit périanthe peu pro-
fond et lobé est situé sous l’endocarpe. On attribue un deuxième type de feuillage à l’Ulmus chuchuanus (Berry) LaMotte.
Ce feuillage est plus grand que celui de l’U. okanaganensis et porte des veines secondaires plus densément espacées. Il
possède également des dents composées, avec des dents primaires et subsidiaires, montrant des orientations nettement dif-
férentes. On observe les feuilles de l’U. chucuanus concurremment à un second type de fruit, mais aucun attachement n’a
pu être observé. Ces fruits sont plus gros que ceux de l’U. okanaganensis avec une aile étroite, des styles persistants et un
grand périanthe persistant, qui se réduit abruptement pour former le tube du périanthe. L’analyse cladistique suggère que
l’U. okanaganensis appartient au sous genre Ulmus à un degré paraphylétique à la base du sous-genre Oreoptelea. Le
feuillage de l’U. chuchuanus montre des affinités avec le sous-genre Ulmus, alors que les fruits associés montrent des affi-
nités avec le sous-genre Oreoptelea.
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[Traduit par la Rédaction]

______________________________________________________________________________________

Introduction
Ulmus (Ulmaceae s.str.) is a genus of tree (rarely shrub)

species with a northern hemispheric distribution including
North America and large parts of Eurasia. Because species
concepts vary, the number of modern species (25–45) is
quite controversial, especially for taxa from Eastern Europe,
Central Asia, and the Far East (Grudzinskaya 1979; Todzia
1993;Wiegrefe et al. 1994). The family Ulmaceae has re-
cently been re-circumscribed based on morphological (Grud-
zinskaya 1967, 1979) and molecular studies (Wiegrefe et al.
1998). The former subfamily Celtidoideae is now considered
its own family Celtidaceae, which is more closely related to
Moraceae and other members of Urticales than to Ulmaceae
(the former subfamily Ulmoideae). Furthermore, there is
strong evidence for Celtidaceae to be paraphyletic, forming
a clade with Cannabaceae (Wiegrefe et al. 1998; Song et al.
2001; Sytsma et al. 2002).

The currently used sectional classification of Ulmus is
based mainly on morphological studies by Grudzinskaya
(1979) and a combined morphological–molecular study by
Wiegrefe et al. (1994). While the traditional sectional classi-
fication by Schneider (1916) was based primarily on the po-
sition of the seed within the samara, Grudzinskaya’s and
Wiegrefe et al.’s systems are based on sets of vegetative,
floral, fruit, and chemical characters. Wiegrefe et al. (1994)
showed that the position of the seed in the samara is a ho-
moplastic character state that may have evolved several
times in unrelated species. In addition, both morphological
(Grudzinskaya 1974) and molecular (Wiegrefe et al. 1994)
studies showed that Chaetoptelea should be included within
Ulmus. An overview of Schneider’s (1916) and more recent
subsectional classifications is provided in Wiegrefe et al.
(1994; cf. Table 1).

The fossil record of Ulmus extends back to the late Early
Eocene of western North America, based on leaves co-oc-
curring with fruits (MacGinitie 1941; Burnham 1986; Man-
chester 1989b), while leaf remains attributed to Ulmus or
showing closest affinities to the genus have been reported
from Paleocene to Eocene sediments from North America,
Russia, Spitsbergen, China, and Japan (Schloemer-Jäger
1958; Tanai 1972; Ablaev and Iljinskaja 1982; Kvaček et al.
1994; Liu et al. 1996; McIver and Basinger 1999). Leaves
and fruits from various Late Paleocene to Eocene localities
from western North America have also previously been con-
sidered to belong to the genus Chaetoptelea Liebm. (MacGi-
nitie 1941; Burnham 1986; Manchester 1989b; Wehr 1995).
Reported Paleocene fruits of Ulmus from the Rocky Moun-
tains were rejected after reexamination (Manchester 1989b).

Ulmus from the Early to Middle Eocene of the Okanagan
Highlands localities was reported by early investigators from
the Geological Survey of Canada (Dawson 1890; Penhallow
1908). Penhallow recognized two species of Ulmus based on
leaf compressions from localities that are included in the
Okanagan Highlands. One of the leaf types recognized in
the present study as Ulmus okanaganensis was later trans-

ferred to Zelkova based on material from Republic, Wash-
ington, USA (Brown 1936). A study based on leaf
characters of modern Ulmaceae concluded that Ulmus, Zel-
kova and Chaetoptelea were all present in these deposits
(Burnham 1986). A description of the Republic flora
(Wolfe and Wehr 1987) recognized two representatives of
Ulmaceae, Ulmus and aff. Zelkova. Basically, it is difficult
to assign dispersed leaves with certainty to a particular ge-
nus of Ulmaceae (cf. Manchester 1989a and works cited
above).

Here we describe well-preserved fossils of leaves attached
to flowering and fruiting branches, and isolated fruits and
leaves belonging to Ulmus from the Early to Middle Eocene
of Washington and British Columbia. The recent discovery
of articulated branches with attached leaves and fruits pro-
vides the opportunity for ‘‘whole plant’’ reconstruction of
Ulmus okanaganensis sp.nov. and detailed phylogenetic
placement of this species within extant Ulmus. Character po-
larization within Ulmus and patterns of early diversification
of Ulmaceae are discussed.

Material and methods
The material described here originates from volcanically

derived sediments from the Early to Middle Eocene local-
ities Republic (Washington) and McAbee, One Mile Creek /
Princeton, and Driftwood Creek / Smithers (British Colum-
bia). A series of lacustrine shale deposits (Fig. 1) from this
period provides a detailed regional record of the flora and
insect and fish fauna. The deposits at Republic have been
documented by Wolfe and Wehr (1987, 1991) and Wehr
(1995), those at Princeton by Basinger (1976, 1981),
Stockey (1984), and Stockey and Wehr (1996), and those at
McAbee by Dillhoff et al. (2005). The material comprises
twigs with attached leaves, inflorescences, and infructescen-
ces, as well as dispersed leaves and fruits. The fossils are
preserved in shale as cleavage impressions/compressions,
without cuticle. Owing to the fine-grained sediments, how-
ever, many details of leaf architecture, including higher or-
der venation, are preserved. During the Early and Middle
Eocene a series of faults created northwest-trending grabens
and half grabens in the southern Canadian cordillera (Ewing
1980, 1981; Mathews 1991). At the same time a volcanic
arc contributed vast amounts of sediments that infilled these
basins. The volcanic sediments provided an abundant source
of silica, resulting in the formation of diatomaceous sedi-
ments at some of these localities (Mustoe 2005).

Radiometric dating for the localities used in this study
ranges from late Early Eocene to early Middle Eocene. K–
Ar radiometric dates for Republic (Pearson and Obradovich
1977) averaged 48.1 ± 2.0 (SE) and 49.4 ± 1.6 Ma for two
of three samples. The earlier date would indicate an early
Middle Eocene age for Republic, while the latter would be
at the latest Early Eocene. K–Ar dating (Hills and Baads-
gaard 1967) of 48 ± 2 Ma places Princeton in the early Mid-
dle Eocene, but more recent U–Pb dating of 52 ± 0.1 Ma
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(J.K. Mortenson and S.B. Archibald, personal communica-
tion, 2004) places Princeton in the Early Eocene. At McA-
bee, tephra samples taken from within bentonitic tuff
deposits bracketed by the fossiliferous layers yielded K–Ar
dates of 49 ± 2 and 52 ± 2 Ma from plagioclase and 51 ± 2
Ma from biotite (Ewing 1981), all consistent with an Early
Eocene age. A U–Pb dating of 52 ± 0.1 Ma
(J.K. Mortenson and S.B. Archibald, personal communica-
tion, 2004) places Driftwood Creek in the Early Eocene.

The specimens studied are deposited at the Burke Mu-
seum, Seattle, Washington (UWBM), and the Stonerose Mu-
seum, Republic, Washington (SR). For comparison, most of
the extant species of Ulmus have been studied from herba-
rium material (herbarium S, WTU) and from the literature
(Komarov 1936; Todzia 1993; Zheng 1997). Based on this,
the morphological data matrix from Wiegrefe et al. (1994)
was updated and modified (Tables 2, 3) so that the phyloge-
netic position of one fossil taxon with flowers and fruits at-
tached to leafy branches could be established within a
sectional framework of Ulmus (sensu Wiegrefe et al. 1994).
Sixteen morphological characters (39 character states) were
coded as binary or multistate and the multistate characters
were treated as unordered. The resultant data matrix is
shown in Table 3. The cladistic analysis was performed us-
ing PAUP version 3.1.1. (Swofford 1993). A branch-and-
bound search was performed with PAUP default settings.
Bootstrap support was established based on 100 replications.
Character changes were traced using McClade (version 3.0;
Maddison and Maddison 1992) and mapped on one of the
two most parsimonious trees recovered (Fig. 10) with the re-
solving option accelerated transformation optimization (AC-
CTRAN).

Systematic paleobotany

Ulmaceae
Ulmus L.

1. Ulmus okanaganensis sp.nov.
Zelkova oregoniana, Brown 1936, pl. 51, Fig. 12; Chae-

toptelea seeds, Burnham 1986, pl. 5, Figs. 25–28; Ulmus,
Manchester 1989b, Fig. 12.3 A–C; Chaetoptelea fruits,
Wehr 1995, pl. 2, Fig. 1

Holotype
Specimen No. UWBM 97766 (McAbee), Figs. 5G, 5H

Paratypes
Specimen Nos. UWBM 97673, UWBM 97765, UWBM

97773, UWBM 97774, UWBM 97775, UWBM 97776,
UWBM 97777, UWBM 97778, UWBM 97779, UWBM
97782, UWBM 97783, UWBM 97784, UWBM 97785
(McAbee); UWBM 77360A, UWBM 52179, UWBM
54165, UWBM 97781, UWBM 97787, UWBM 97788 (One
Mile Creek); UWBM 97780, SR 98-10-35 (Republic).

Etymology
The name refers to the Okanagan Highlands, which ex-

tend from northern Washington, USA, into central British
Columbia, Canada (Fig. 1). This species is common
throughout the Eocene deposits of the Okanagan area.

Diagnosis
Leaf blade oblong–elliptic to (narrow) ovate, petiolate,

base cordate, asymmetric or equal, sometimes auriculate,

Table 1. Subgeneric and sectional classification of Ulmus proposed by Wiegrefe et al.
(1994).

Subgenus and section Distribution

Subgenus Ulmus
Section Microptelea (Spach) Bent. & Hook. East Asia
Section Ulmus East Asia, Europe, North America

Subgenus Oreoptelea(Spach) Planchon
Section Blepharocarpus Dumort. Europe, North America
Section Chaetoptelea (Liebm.) C. Schneider East Asia, North America
Section Trichoptelea C. Schneider North America

Subgeneric position unclear
Section Lanceifolia (C. Schneider) Grudzinskaya East Asia

Fig. 1. Early to Middle Eocene plant-bearing localities in British
Columbia and Washington, including those studied in this investi-
gation (&).
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apex acute, margin simple to double serrate, teeth triangular,
tooth apex blunt to acute, basal and apical side convex, sig-
moid, or straight, rarely concave, primary vein straight,
thick, secondary veins simple or branched, abmedial
branches of secondary veins 1–3, secondaries and abmedial
veins inserting teeth, tertiary veins perpendicular to secon-
dary veins, percurrent or branching; fertile twigs distichous
displaying a zigzag course, leaves alternate, nodes swollen,
flower fascicles with numerous flowers in axils of leaves of
the current year, occurring together with the leaves, fruits
with pedicels, no pedicel articulation visible, endocarps
small, without wings, elliptic–obovate, with two persistent
styles, perianth lobed, small.

Description

Leaves

Leaf type 1, interpreted as ‘‘sucker-shoot’’ leaves (Figs. 2A,
2B, 2E–2G)

Leaves simple, petiolate, petiole short and thick, 6–
13 mm long and 2–3 mm wide at the proximal end, lamina
elliptic–oblong, up to 130 mm long and 55 mm wide,
length/width ratio (1.65 to) 2 to 2.4 (to 2.65), base asymmet-
ric, slightly auriculate with one lobe conspicuously longer
than the other, apex (acute); primary vein straight, its thick-

ness gradually decreasing from petiole to leaf apex; secon-
dary veins 12–14 pairs, 6–10 secondaries per 5 cm of
primary vein, angle of secondary veins with primary vein
abruptly increasing towards base; abmedial branches of sec-
ondary veins three close to leaf base, one or two in upper
parts of leaf, secondary veins and their abmedial branches
ending in tooth tips, i.e., venation craspedodromous; from
two adjacent secondary or abmedial veins two tertiary veins
originating, which meet in the acute sinus of a tooth
(Fig. 2B); tertiary veins perpendicular to secondary veins,
(three to) four (to five) per 1 cm of secondary vein, simple
or branching, sinuous close to primary vein; leaf margin ser-
rate, sinus between teeth wide, teeth compound, a small
tooth followed by a larger one (Fig. 2B), basal and apical
sides of teeth typically convex (but sometimes straight, sig-
moid, or concave), tooth apex with a blunt tip.

Leaf type 2, interpreted as elongation-shoot, vegetative-
shoot leaves (Fig. 3)

Leaves simple, petiolate, petiole short, 1 to 5 (to 7) mm,
and 1.5 mm thick proximally, lamina oblong to (narrow)
ovate, up to 80 mm long and 35 mm wide, length/width ra-
tio (1.55 to) 1.7 to 2 (to 2.25), base slightly asymmetric,
cordate to wide obtuse, sometimes auriculate, apex acute;
primary vein straight to slightly curved, its thickness gradu-
ally decreasing from petiole to leaf apex; secondary veins
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Table 2. Morphological characters (from Wiegrefe et al. 1994) used for the phylogenetic analysis.

Section (sensu
Wiegrefe et al. 1994) 1. Fruit type 2. Leaf margin 3. Leaf base

4. Pedicel
length

5. Fruit
margin

6. Pedicel
articulation

7. Perigynous
tube shape

Blepharocarpus Samara (flattened
with peripheral
wings or hairs)

Compound
serrate

Strongly
oblique

Long Ciliate Visible Wide, shallow

Chaetoptelea Samara (flattened
with peripheral
wings or hairs)

Compound
serrate

Nearly
equal to
equal

Long Ciliate Visible Wide, shallow

Trichoptelea Samara (flattened
with peripheral
wings or hairs)

Compound
serrate and
simple
serrate

Equal to
strongly
oblique

Short to
long

Ciliate Visible Wide, shallow

Microptelea Samara (flattened
with peripheral
wings or hairs)

Compound
serrate and
simple
serrate

Nearly
equal

Short Eciliate Visible Wide, shallow

Ulmus Samara (flattened
with peripheral
wings or hairs)

Compound
serrate and
simple
serrate

Equal to
strongly
oblique

Short to
sessile

Ciliate or
eciliate

Invisible Narrow, deep

Ulmus
okanaganensis

Samara (flattened
with peripheral
wings or hairs)

Compound
serrate and
simple
serrate

Nearly
equal to
equal

Short Ciliate ? Wide, shallow

Ulmus chuchuanus
+ Ulmus sp.

Samara (flattened
with peripheral
wings or hairs)

Compound
serrate

Nearly
equal

Short ? ? Wide, shallow

Zelkova Nutlet (drupe) Simple serrate Equal Short to
sessile

Eciliate Visible Wide, shallow



numerous, 11–14 pairs, 12–18 secondaries per 5 cm of pri-
mary vein, angle of secondary veins with primary vein
abruptly decreasing towards base; number of abmedial
branches per secondary vein three close to leaf base, and
one or two in upper parts of leaf, secondary veins and their
abmedial branches ending in tooth tips, i.e., craspedodro-
mous; from two adjacent secondary or abmedial veins two
tertiary veins originating, which meet in the acute sinus of a
tooth; tertiary veins either perpendicular to secondary veins
and straight, or sinuous and then often branching, 8–11 ter-
tiary veins along 1 cm of secondary vein, smaller leaves
having more densely spaced tertiary veins than larger ones;
leaf margin serrate, teeth compound, a small tooth followed
by a larger one, or teeth simple, basal and apical sides of
teeth typically sigmoid, tooth apex with a sharp tip.

Leaf type 3, attached to fertile shoots; short shoot leaves
(Fig. 4)

Leaves simple, petiolate, petiole short, 1–2 mm long,
<1 mm thick, lamina narrow ovate–lanceolate (to ovate),
30–80 mm long and 10–20 mm wide, length/width ratio
(1.8 to) 2.3 to 2.7 (to 2.9), base slightly asymmetric or
equal, apex acute; primary vein straight to slightly curved,
its thickness gradually decreasing from petiole to leaf apex;
secondary veins numerous, 8–14 pairs, 16–25 secondaries
per 5 cm of primary vein, angle of secondary veins with pri-

mary vein abruptly decreasing towards base; number of ab-
medial branches per secondary vein three close to leaf base,
and one or zero in upper parts of leaf, secondary veins and
their abmedial branches ending in tooth tips, that is, craspe-
dodromous; from two adjacent secondary or abmedial veins
two tertiary veins originating, which meet in the acute sinus
of a tooth; tertiary veins perpendicular to primary veins,
straight or branching, 8–10 tertiary veins along 1 cm of sec-
ondary vein; leaf margin serrate, teeth simple, basal side of
teeth normally convex, apical side sigmoid or concave, tooth
apex with a sharp tip.

Reproductive structures
Flower fascicles appearing in the axils of leaves on current-

season branches, occurring together with the leaves (Figs. 5A,
5B); fruits arranged in fascicles (Figs. 5G, 5H), each fruit
having a pedicel 3–3.5 mm long (Figs. 5C, 5D); fruits are sa-
maras without wings or with wings hardly discernible, endo-
carp 2.5 to 3.75 mm long and 1.5 to 2 mm wide, roundish to
elliptic in outline, with persistent styles, styles up to 2 mm
long; fruits shortly stipitate, stipe around 1 mm long; perianth
around 1 mm long, narrow, inconspicuously lobed, situated
immediately below endocarp, gradually tapering into pedicel
(Figs. 5E, 5F), pedicel articulation, i.e., thickened connection
between pedicel and stipe, not visible. Manchester (1989b)
figured one fruit from One Mile Creek with endocarp and

8. Samara
venation

9. Inflorescence
type

10. Mature
samara surface

11. Samara
wing

12. Time of
flowering

13. Leaf
texture
and size

14.
Perianth
lobe length

15. Seed
position
in samara

16. Position
of inflores-
cence Occurrence

Reticulate Long fascicle Glabrous or few
trichomes

Wide Spring Large <0.5
perianth
length

Medial On previous
year
shoots

America,
Europe

Reticulate Elongate
raceme

Densely
pubescent,
entire surface

Absent Spring Large <0.5
perianth
length

Medial On previous
year
shoots

America

Reticulate Long fascicle
or elongate
raceme

Densely
pubescent,
entire surface

Absent,
narrow
or wide

Spring or
autumn

Small,
coriac-
eous or
large

>0.5 or
<0.5
perianth
length

Medial Axils of
leaves of
the year or
previous
year
shoots

America

Reticulate Short fascicle Glabrous or few
trichomes

Narrow to
wide

Autumn Small,
coriac-
eous

>0.5
perianth
length

Medial Axils of
leaves of
the year

Asia

Radial Short or very
short fascicle

Densely
pubescent
over entire
surface or
restricted to
seed cavity,
or nearly
glabrous

Wide Spring Large <0.5
perianth
length

Medial or
distal

On previous
year
shoots

Asia,
America,
Europe

? Short fascicle ? Absent Spring Large <0.5
perianth
length

Medial Axils of
leaves of
the year

America

Reticulate ? ? Narrow ? Large <0.5
perianth
length

Medial ? America

? Short or very
short fascicle

? Absent Early sum-
mer

Large <0.5
perianth
length

Axils of
leaves of
the year

Europe,
Asia
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styles surrounded by peripheral hairs. These hairs were not
observed in other specimens used in this study.

Occurrence
McAbee, One Mile Creek / Princeton, Driftwood Creek /

Smithers, Horsefly, and Quilchena, British Columbia; Re-
public, Washington.

Remarks
In modern species of Ulmus inflorescences are formed ei-

ther in spring on ‘‘old wood’’ (previous-year shoots, i.e.,
most species of the subgenus Ulmus, sections Blepharocar-
pus and Chaetoptelea in the subgenus Oreoptelea) or on
‘‘new wood’’ (in the axils of leaves of current-year shoots,
i.e., section Microptelea, subgenus Ulmus, and section Tri-
choptelea, subgenus Oreoptelea; section Lanceifolia, subge-
neric position unclear; cf. Grudzinskaya 1979; Wiegrefe et
al. 1994). In both cases the following types of branches can
be distinguished. (i) Short (lateral) current-year branches
with typically relatively small elliptic leaves in the proximal
parts followed by slightly larger ones towards the apical
end. (ii) Elongation shoots often producing small leaves
with relatively longer petioles in the proximal parts followed
by increasingly larger leaves towards the apical part. Elon-
gation shoots tend to have considerably larger leaves in
shaded areas of the tree. (iii) Sucker shoots typically having
very large leaves with much coarser dentition and more
widely and irregularly spaced secondary veins.

Leaves found in U. okanaganensis are rather atypical of
Ulmus because of their shallow teeth on sucker-shoot leaves
and often simple (rather than double) dentition in short lat-
eral fruiting shoots and some elongation-shoot leaves.
Among modern species, simple dentate leaves are found in
various species across the whole genus (e.g., Ulmus parvifo-
lia Jacq., section Microptelea, Ulmus crassifolia Nutt., sec-
tion Trichoptelea), but these are normally small-leaved
species that often exhibit conspicuously coriaceous leaves.
A remarkable exception is the Asian species Ulmus pumila
L. of section Ulmus. In this species, sucker-shoot leaves and
large leaves of elongation shoots attain large sizes and dis-
play coarse compound dentition, the tooth apices being
blunt. The same is true for smaller leaves of elongation
shoots, but here the teeth are more acute. Leaves in proxi-
mal parts of elongation shoots are much smaller than the
following ones and typically have long petioles along with
an almost simple dentition. Leaves of lateral current-season
branches are small and often simple dentate. Overall, such a
leaf dimorphism closely matches that one found in
U. okanaganensis and justifies the inclusion of different fos-
sil leaf morphotypes within a single species.

The fruits of U. okanaganensis superficially resemble
those of section Chaetoptelea (absence of wings, free
styles). However, they differ from the fruits of section Chae-
toptelea by their short pedicel and the absence of a clearly
visible pedicel articulation, and the organization of infruc-
tescences in short fascicles as opposed to the conspicuously
elongate complex racemes in section Chaetoptelea. The
fruits of section Chaetoptelea are conspicuously ciliate,
while only a single fossil fruit has been found with cilia.
This may be a taphonomic bias due to the fragility of the
cilia, which may easily be lost during transport and sedi-T
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Fig. 2. Ulmus okanaganensis sp.nov., sucker shoot and elongation shoot leaves. (A–D, G) McAbee, British Columbia. (A) Large oblong leaf
with widely and irregularly spaced secondaries, UWBM 97774. (B) Close-up of Fig. 2A showing bluntly acute teeth and tertiary veins end-
ing in sinus. (C) Medium-sized elliptical leaf, UWBM 97775. (D) Close-up of Fig. 2C showing leaf margin. (G) Oblong elliptic leaf with
auriculate base, UWBM 97773. (E, F) Princeton, One Mile Creek, British Columbia. (E) Very large leaf, similar to Fig. 2A, UWBM
77360A. (F) Oblong elliptic leaf with nearly symmetric base, UWBM 97788. Scale bar = 5 cm in Figs. 2A, 2C, and 2E–2G; and 1 cm in
Figs. 2B and 2D.
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mentation. Flowers appear together with the young leaves in
U. okanaganensis, while flowers appear on previous-year
shoots, separately from leafy current-season shoots, in Chae-
toptelea. In general, the fruits and infructescences in
U. okanaganensis comprise a mosaic of features found in ei-
ther the subgenus Oreoptelea or Ulmus (cf. Tables 1, 2).

Affinities to other fossil species
The type of foliage with attached fruits described here

was first mentioned and figured as Ulmus sp. in Manchester
(1989b) from Middle Eocene sediments of One Mile Creek,
Princeton (British Columbia). The twigs with attached fruits
and leaves from McAbee are identical with the one figured
by Manchester (1989b).

From Lower Eocene sediments from the Californian Si-
erra Nevada, MacGinitie (1941) described leaves and fruits
as Chaetoptelea pseudofulva (Lesq.) MacGinitie. These
leaves resemble medium-sized to large leaves of
U. okanaganensis because of their simple dentition and
tooth shape but co-occur with fruits that have a distinct nar-
row wing along the endocarp and styles (MacGinitie 1941;
Manchester 1989b). Similar leaves from the Middle Eocene
of West Branch Creek, Oregon, were figured in Burnham
(1986) as Chaetoptelea Morphotype A.

Larger leaves of U. okanaganensis are similar to leaves
from the Palaeocene from the Russian Far East that have
been described as Ulmus furcinervis (Borsuk) Ablaev
(Ablaev and Iljinskaja 1982; Feng et al. 2003). Ablaev and
Iljinskaja (1982) compared U. furcinervis to the modern spe-
cies U. parvifolia. No fruits were found for this species.

Similar leaves have been described from Paleocene–
Eocene sediments from Svalbard as Planera ulmifolia
(Schloemer-Jäger 1958; syn. Ulmites ulmifolius (Schloemer-
Jäger) Kvaček, Manum et Boulter; Kvaček et al. 1994; syn.
Ulmus ulmifolia (Schloemer-Jäger); Budantsev 1983). Hol-
lick (1936) erroneously assigned the same leaf type from the
Palaeocene–Eocene of Alaska to the Central European Mio-
cene species Ulmus longifolia Unger. McIver and Basinger
(1999) report and figure identical leaves from the Late Pale-
ocene of Ellesmere Island and the Early Eocene of Ellesmere
Island and Axel Heiberg Island.

All these leaves show similarities to the large leaves (leaf
type 1: inferred sucker shoots) of U. okanaganensis. They
differ in that the teeth are slightly more acute and the secon-
dary teeth are often nearly the same size as the primary teeth.
In addition, most of these occurrences show leaf surfaces
with small protrusions that have been variously interpreted
as conical trichomes (Boulter and Kvaček 1994), a crimpled
texture with veins deeply embedded in the lamina (Feng et al.
2003), or large crystals in the lamina (Steven Manchester,
personal communication, 2005). Such protrusions are not ap-

parent in the material examined for the present study. With-
out fruit remains, possible relations between these older leaf
types and U. okanaganensis cannot be established.

2. Ulmus chuchuanus (Berry) LaMotte
Ulmus columbianus Berry (non Penhallow), 1926, pl.

XV, Fig. 7; Ulmus leaf morphotype A, Burnham 1986, pl.
2, Figs. 11, ?12; Chaetoptelea leaf morphotype A, Burnham
1986, pl. 3, Fig. 18; Chaetoptelea leaf morphotype B, Burn-
ham 1986, pl. 3, Figs. 19, 20; Ulmus, Wolfe and Wehr 1991,
pl. 1, Fig. 5.

Material
UWBM 54889, UWBM77352A, UWBM 77343, UWBM

57168, UWBM 97786, UWBM 71110, UWBM 96081,
UWBM 77383, UWBM 56793A, UWBM 56793B (Re-
public).

Description

Leaves (Figs. 6–8)
Leaves simple, petiolate, petiole 3–6 mm long, 1–1.5 mm

in diameter, width decreasing towards apex of leaf; lamina
broad ovate or ovate–elliptic, 50 to 90 (to 190) mm long
and 30 to 50 (to 110) mm wide, length/width ratio 1.6–2.3,
base asymmetric cordate, apex acute; primary vein straight,
secondary veins simple or branched, 10 to 16 (to 22) pairs,
5–13 pairs of secondaries along 5 cm of primary vein in me-
dium-sized to large leaves, 14–22 in small leaves; angle of
secondary veins with primary vein abruptly increasing to-
wards base, number of abmedial branches per secondary
vein two to four close to leaf base, one or two in upper parts
of lamina, secondary veins and their abmedial branches end-
ing in tooth tips, i.e., craspedodromous, from two adjacent
secondary or abmedial veins two tertiary veins originating,
which meet in the acute sinus of a tooth, tertiary veins per-
pendicular to secondary veins, 6–13 along 1 cm of secon-
dary vein, simple or branching, sinuous close to primary
vein, leaf margin serrate, teeth compound, primary teeth
with sharp apex, basal side often convex, apical side con-
cave to sigmoid, secondary vein curving upwards when en-
tering tooth, sinus acute, <908, tooth oriented towards leaf
apex, first secondary tooth on basal side of primary tooth
with convex to sigmoid basal and apical sides, tooth ori-
ented ± perpendicular to primary vein, second (and third)
secondary tooth similar to first but smaller, oriented towards
leaf base, i.e., forming an angle >908 with primary vein
(Figs. 6B, 6E, 7B, 8B).

Occurrence
Joseph Creek / Chu Chua, Driftwood Creek / Smithers, Quil-

chena, Falklands (British Columbia); Republic (Washington).

Fig. 3. Ulmus okanaganensis sp.nov., elongation shoot leaves and sun leaves. (A–F, I) McAbee, British Columbia. (A) Small leaf with
compound serration at leaf base and simple serration higher up, UWBM 97776. (B) Close-up of Fig. 3A showing simple dentition. (C)
Small leaf with long petiole and simple dentition, UWBM 97777. (D) Close-up of leaf base of Fig. 3C. (E) Small leaf with simple and
compound teeth, UWBM 97779. (F) Close-up of Fig. 3E showing primary teeth and minute secondary teeth. (I) Medium-sized leaf with
cordate base, UWBM 97778. (G) Republic, Washington, small leaf, UWBM 97780. (H, J, K) Princeton, One Mile Creek, British Columbia.
(H) Small leaf, UWBM 54165. (J) Medium-sized broad leaf, UWBM 97781. (K) Medium-sized leaf, UWBM 52179. Scale bar = 1 cm in
Figs. 3A, 3C, and 3E–3I; 5 cm in Figs. 3J and 3K; and 0.5 cm in Figs. 3B and 3D.
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Fig. 4. Ulmus okanaganensis sp.nov., sun leaves. (A–F, H) McAbee, British Columbia. (A) UWBM 97782. (B–D) Close-ups of Figs. 4A
and 4E showing leaf margin and auriculate base. (E) Small leaf with densely spaced secondary veins, UWBM 97783. (F) Leaf attached to
fruiting twig, UWBM 97765. (H) UWBM 97784. (G) One Mile Creek, British Columbia, UWBM 97787. Scale bar = 1 cm in Figs. 4A, 4E,
and 4F–4H; and 0.5 cm in Figs. 4B–4D.
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Fig. 5. Ulmus okanaganensis sp.nov., flowering and fruiting twigs. (A–D, G, H) McAbee, British Columbia. (A) Twig with lateral branches
with young leaves and flower clusters, UWBM 97785. (B) Close-up of Fig. 5A showing flowers in axils of leaves. (C) Leafy branch with a
few attached fruits, UWBM 97673. (D) Close-up of Fig. 5C showing two wingless fruits and several fruit scars in axil of leaf. (G) Close-up
of Fig. 5H showing numerous fruits per node. (H) Leafy branch with attached fruits, UWBM 97766, holotype. (E–F) Republic, Washington.
(E) Isolated fruit with perianth, SR 98-10-35. (F) Close-up of Fig. 5E showing lobed perianth. Scale bar = 1 cm in Figs. 5A–5D, 5G, and
5H; 0.5 cm in Fig. 5E; and 0.2 cm in Fig. 5F.
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Remarks
The epithet columbianus used by Berry (1926) had al-

ready been used for fossil wood by Penhallow (1908) and
therefore was invalid at the time of its publication. LaMotte
(1952) proposed the substitute chuchuanus based on the lo-

cality where Berry’s specimen was found. Broad ovate to el-
liptic leaves with compound teeth similar to those found in
U. chuchuanus are characteristic of several species of the
subgenus Ulmus, such as U. carpinifolia Ruppius ex Suckow
and U. glabra Hudson. By contrast, species of section Chae-

Fig. 6. Ulmus chuchuanus (Berry) LaMotte, Republic, Washington. (A) Large ovate leaf with densely spaced secondary veins, UWBM
77352A (=Chaetoptelea Morphotype A; Burnham 1986, pl. 3, Fig. 18). (B) Close-up of Fig. 6A showing leaf margin with compound denti-
tion; note the different orientation of primary and secondary teeth. (C) Large leaf with compound teeth and cordate base, UWBM 77343.
(D) Broad ovate leaf, UWBM 57168. (E) Close-up of Fig. 6D showing compound teeth and different orientation of teeth. (F) Large ovate
leaf, UWBM 97786. Scale bar = 5 cm in Figs. 6A, 6C, 6D, and 6F; and 1 cm in Figs. 6B and 6E.
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toptelea (subgenus Oreoptelea) have narrower leaves with
densely spaced secondary veins. The small teeth curve to-
wards the apex and have a long basal and a short apical
side. Two to four minute subsidiary teeth are oriented in the
same way as the primary teeth, and the sinuses are often
round and therefore the leaf margin is dentate rather than
serrate. Moreover, leaves in subgenus Chaetoptelea typically
have thinner petioles than U. chuchuanus.

Affinities to other fossil species
Unlike U. okanaganensis, leaf types similar to

U. chuchuanus are not found in Upper Palaeocene and
Lower Eocene formations of North America and East Asia
but appear for the first time in Middle Eocene formations of
Pacific North America.

Leaf remains from the Early Oligocene of Oregon have
been ascribed to Ulmus speciosa Newberry by Meyer and
Manchester (1997) and Tanai and Wolfe (1977). These dif-
fer from U. chuchuanus leaves in having longer teeth with a
higher number of secondary teeth and are comparable to
modern species of section Blepharocarpus (subgenus Oreop-
telea). Also Ulmus pseudo-americana Lesq. and Ulmus cha-
neyi Tanai and Wolfe from the John Day Formation,
Oregon, have more complex compound teeth than
U. chuchuanus (cf. Tanai and Wolfe 1977) and show simi-
larities to section Blepharocarpus.

The closest similarities to U. chuchuanus are encountered
in Ulmus owyheensis H.V. Smith, which has been reported
from the Early Oligocene to Late Miocene of western North
America (Tanai and Wolfe 1977). In this species teeth are
simple or with one or two subsidiary teeth. They differ
from U. chuchuanus by the more regular orientation of pri-
mary and subsidiary teeth and by the absence of compound
teeth in the upper part of the leaves. They have been com-
pared to the living species U. pumila (section Ulmus) from
East Asia by Tanai and Wolfe (1977) but should be com-
pared more generally to species of section Ulmus.

3. Ulmus sp.

Material
UWBM 77083, UWBM 56793A, UWBM 56793B, UWBM

71425 (Republic); UWBM 94588A, UWBM 94588B (Drift-
wood Creek, Smithers); SR 05-01-01, SR 05-01-02A; SR 87-
61-02B (Republic).

Description

Fruits (Fig. 9)
Samaras with narrow wing, endocarp with wing 5–6 mm

long and 3.5–4 mm wide, elliptic in outline, styles persis-
tent, 3 mm long, perianth shallowly lobed with persistent

Fig. 7. Ulmus chuchuanus (Berry) LaMotte, Republic, Washington. (A) Large leaf with auriculate base, UWBM 71110. (B, C) Close-ups of
Fig. 7A showing leaf margin and leaf base. (D) Very large (sucker shoot) leaf, UWBM96081. Scale bar = 5 cm in Figs. 7A and 7D; and
1 cm in Figs. 7B and 7C.
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stamen filaments, funnel-shaped, basal part of perianth and
pedicel 2 mm long (Republic).

One naturally macerated specimen from Driftwood Creek
shows the wing very clearly, the wing being 0.5 mm wide
(Figs. 9C, 9F), endocarp and wing 5 mm long and 4 mm
wide, venation not clearly seen, perhaps reticulate, styles
persistent, 2.5 mm long, pedicel with remnants of a persis-
tent perianth, pedicel 2.5+ mm long.

Occurrence
Driftwood Creek / Smithers, Quilchena, British Columbia;

Republic, Washington.

Remarks
Leaves of U. chuchuanus co-occur with fruits different

from U. okanaganensis at the localities Republic and Smith-
ers (Driftwood Creek). Because two fruit types consistently

Fig. 8. Ulmus chuchuanus (Berry) LaMotte, Republic, Washington. (A) Medium-sized leaf with irregularly dentate margin, UWBM 54889,
holotype. (B) Close-up of Fig. 8A showing leaf margin. (C) Small leaf with teeth curved upwards, UWBM 77411. (D) Medium-sized leaf,
UWBM 77383. (E) Close-up of Fig. 8D showing hooklike teeth. (F) Close-up of Fig. 8C. Scale bar = 5 cm in Fig. 8A; 1 cm in Figs. 8B–
8D; and 0.5 cm in Figs. 8E and 8F.
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Fig. 9. Ulmus sp., winged fruits. (A, B, D, E, G–J) Republic, Washington. (C, F) Driftwood Creek, Smithers, British Columbia. (A, E)
Stipitate fruit with persistent perianth and stamen filaments, part and counterpart, UWBM 56793A, UWBM 56793B. (B, D) Close-ups of
Figs. 9A and 9E showing lobed perianth. (C, F) Naturally macerated fruits, part and counterpart, showing narrow but distinct wing, UWBM
94588A, B; remnants of the perianth can be seen where the pedicel is broken. (G) Fruit with wing, SR 05-01-02A. (H) Fruit with wing, SR
87-61-02B. (I) Close-up of Fig. 9H showing perianth and broken wing, indicated by arrowhead. (J) Fruit with wing, lobed perianth, UWBM
71425. Scale bar = 0.5 cm in Figs. 9A–9J.
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co-occur with two leaf types, of which one
(U. okanaganensis) has been found attached to fruits, this
second fruit type may belong to U. chuchuanus. The narrow-
winged samaras of Ulmus sp. with free styles are very similar
to those found in the extant species Ulmus serotina Sarg.
(section Trichoptelea). Similar fruits were reported from the
Lower Eocene Chalk Bluffs, California (MacGinitie 1941;
Manchester 1989b). These fruits differ from the present ones
by a zygomorphic perianth and smaller endocarps.

Character optimization and phylogenetic
position of U. okanaganensis

Phylogenetic analysis of the morphological data matrix
shown in Table 3 (see Table 2 for comparative morphology)
suggests that U. okanaganensis belongs to the subgenus Ul-
mus (Fig. 10), within which it is nested between sections Mi-
croptelea and Ulmus. It is suggested that the subgenus Ulmus
is a paraphyletic grade basal to the subgenus Oreoptelea.

Among leaf characters a compound serrate leaf margin
and nearly equal leaf bases are the character states at the in-
group node. This is also found in leaves from the Late Pale-
ocene of Ellesmere Island (Ulmus sp.), the Paleocene/
Eocene of Spitsbergen (Ulmites ulmifolius), and the Paleo-
cene of the Far East (U. furcinervis; Schloemer-Jäger 1958;
McIver and Basinger 1999; Feng et al. 2003).

For fruits and infructescences, short pedicels, short fas-
cicles, the absence of a samara wing, a shallow-lobed peri-
anth, and the position of the inflorescence in the axils of
current-season leaves are the suggested character states at the
ingroup node, and they are also found in U. okanaganensis.
By contrast, Early Eocene fruits of C. pseudofulva have nar-
rowly winged fruits (MacGinitie 1941).

Ulmus chuchuanus has not been included in the phyloge-
netic analysis because its leaves and fruits were not found in
attachment. Leaves of U. chuchuanus show a dentition that
is not found in the basal branches ‘‘section Microptelea’’
and ‘‘U. okanaganensis’’ of Ulmus but appears for the first
time in members of section Ulmus (Fig. 10). Interestingly,
fruits typically associated with U. chuchuanus have a narrow
wing that is very similar to the wing found in the modern
U. serotina (section Trichoptelea). This character combina-
tion suggests that U. chuchuanus represents a more derived
species than U. okanaganensis.

Discussion
The previous placement of fruits of U. okanaganensis and

leaves of U. chuchuanus in Chaetoptelea (Burnham 1986;
Wehr 1995) is not confirmed by this study. In contrast, we
found that the fruits of U. okanaganensis show a mosaic of
characters found in both modern subgenera of Ulmus
(Table 1), which is in line with the phylogenetic position of
U. okanaganensis as part of a grade basal to the subgenus
Oreoptelea (including section Chaetoptelea). Ulmus chu-
chuanus has leaves that differ considerably from those of
Chaetoptelea by their broad ovate leaf shape, thick petiole,
and, most conspicuously, compound teeth with primary and
one or two secondary teeth showing markedly different ori-
entations.

While the dispersed fruits of U. okanaganensis are very
likely to be mistaken for those of Ulmus alata Michx., Ul-
mus mexicana (Liebm.) Planch., Ulmus elongata L.K. Fu
and C.S. Ding, and Ulmus villosa Brandis (subgenus Chae-
toptelea), the leaves of U. chuchuanus and other leaf types
previously referred to as Chaetoptelea (for instance, the
leaves of Chaetoptelea Morphotypes A and B; Burnham
1986) are markedly different from living members of this
group of elms (see above). The leaves of U. okanaganensis
show affinities to coeval or older (Paleocene to Eocene)
leaves from high-latitude areas (Ellesmere Island, Spitsber-
gen, Russian and Chinese Far East) that have not been found
together with fruits despite persistent searching and there-
fore their generic identity has sometimes been questioned
(cf. Kvaček et al. 1994). This type of foliage appears to per-
sist until the Late Eocene (Ulmus compacta Fotjanova; Bu-
dantsev 1997) and then to have been replaced by more
modern leaf morphotypes.

Fruits and infructescences
While superficially resembling Ulmus section Chaetopte-

lea because of the extremely reduced wing of the samara
and the ciliate samara margin, the fruits are arranged in a
fascicle in U. okanaganensis (Fig. 11) but in a conspicu-
ously elongate raceme in modern representatives of section
Chaetoptelea (U. alata, U. mexicana, U. elongata, and
U. villosa). In addition, inflorescences appear on previous-
year shoots in members of section Chaetoptelea, while they
are in the axils of current-year leaves in the fossil species.
Flowers appear in the axils of current-season leaves in spe-
cies of section Trichoptelea (sister to Chaetoptelea) but here
flowering is in autumn. In U. okanaganensis the flowers ap-
pear to have occurred together with the leaves in spring,
based on a twig displaying young inflorescences and unfold-
ing leaves (Fig. 5A). This is not met with elsewhere in mod-
ern species of Ulmus. In Ulmus lanceifolia Roxb. The
flowers appear in spring in the axils of leaves, but this spe-
cies is not deciduous and has brochidodromous secondary
veins, unlike any other species of Ulmus.

It has been suggested that two character states, inflores-
cences in very short fascicles (‘‘capitate’’ sensu Grudzin-
skaya 1966) and racemes with extended inflorescence axes
(‘‘racemose’’ sensu Grudzinskaya), are synapomorphies in
sections Ulmus and Chaetoptelea, respectively (Grudzin-
skaya 1966, 1979; Wiegrefe et al. 1994). In Grudzinskaya
(1966) and this study (Fig. 10), it is suggested that inflores-
cences in short fascicles but with clearly visible pedicels are
plesiomorphic within Ulmus.

Fruits associated with leaves of U. chuchuanus are
winged but do not have the conspicuous stigmatic cleft
formed by a broad wing attached to the outer parts of the
styles found in most fossils from younger sediments and in
most modern species (section Ulmus). It is unclear in what
kind of infructescence the fruits were arranged. By their
size, narrow-winged margin, and free styles, however, these
fruits display strong similarities to the modern species
U. serotina (section Trichoptelea).

According to Sytsma et al. (2002), Ulmaceae are basal
within urticalean rosids, followed by Celtidaceae, Cannaba-
ceae, Urticaceae, and Moraceae. In general, infructescences
in Urticales show various types of simple fascicles with
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short or almost absent pedicels in Zelkova and Hemiptelea
(Ulmaceae), and complex panicles with conspicuously elon-
gate floral axes, as, for instance, in Urticaceae. Within Ul-
maceae the tropical genera Ampelocera and Holoptelea are
basal to a clade (Hemiptelea – (Zelkova – (Ulmus))) (Sytsma
et al. 2002; see also Wiegrefe et al. 1998). While Ampelo-
cera has fleshy drupes, Holoptelea has dry winged fruits
that are borne on older leafless branches (Todzia 1993).

Character optimization clearly suggests inflorescences
borne in the axils of leaves of current-year shoots as found

in U. okanaganensis to be the pleisiomorphic state in Ulmus.
Outgroup taxa such as Zelkova and Hemiptelea have short-
stalked or sessile fruits in the axils of current-year leaves.
Flowering in spring or early summer in the axils of current-
year leaves appears to be the primitive state in Ulmus. In
contrast, the occurrence of inflorescences on previous-year
shoots as found in members of sections Blepharocarpus,
Chaetoptelea (subgenus Oreoptelea), and Ulmus (subgenus
Ulmus) may be a derived feature that evolved in parallel in
different groups.

Fig. 10. One of two most parsimonious trees from the analysis of the data matrix shown in Table 3. The branch marked with a star col-
lapses in the strict-consensus tree. Bootstrap values from 100 replicates are indicated as boldface numbers below the branches (tree length =
41, consistency index = 0.976, homoplasy index = 0.634, retention index = 0.857, rescaled consistency index = 0.836). Open circles denote
homoplastic characters with consistency index < 1 and solid circles show non-homoplastic apomorphies. The numbers above the circles are
characters (see Table 2) and those below the circles are character states (Tables 2, 3).

Fig. 11. Ulmus okanaganensis sp.nov. Reconstruction of a sucker shoot (A) and a fertile branchlet (B). Scale bars = 2 cm.
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Comparison of elm leaves with those of other genera of
Ulmaceae

Diagnostic features of leaves of Ulmus are the at least
slightly unequal, often auriculate leaf base, the conspicuous
multiple serrate basal leaf margin, and the compound denti-
tion along the entire margin. In some species, leaves may
display a dimorphism exhibiting an additional leaf type
with very few compound teeth higher up the leaf (cf. leaf
type 3 in U. okanaganensis, extant U. pumila). The latter
leaf type may be very similar to the leaves of Zelkova but
the secondary veins are normally less densely spaced in Zel-
kova (T. Denk, personal observation, 2005). In Zelkova,
compound teeth are absent except in the most basal teeth.
According to Tanai and Wolfe (1977) the only consistent
character distinguishing the foliage of Zelkova from that of
Ulmus is the intercostal tertiary venation that forks conspic-
uously midway between the secondary veins in Zelkova,
while at least half of the tertiary veins are unbranched (per-
current) in Ulmus. This character was not used in a recent
study on Zelkova by Denk and Grimm (2005). However, re-
examination of a large number of living species of Ulmus
and all species of Zelkova clearly shows that both genera
have both branched and percurrent tertiary veins. Percurrent
veins are often the prevailing ones in some parts of the lam-
ina, whereas branched tertiary veins are confined to other
(more basal) parts.

Hemiptelea frequently possesses teeth with small subsid-
iary teeth, but normally does not display an unequal leaf
base and a multiple serrate basal leaf margin as in Ulmus.

The possible presence of Zelkova leaves in Palaeogene
sediments of western North America has long been a matter
of debate (cf. Tanai and Wolfe 1977; Burnham 1986; Man-
chester 1989a, 1989b). A strong argument against the pres-
ence of Zelkova in Palaeogene sediments of western North
America has been the fact that Zelkova-type leaves never
occur typically attached to fruiting twigs as they do in Neo-
gene Eurasian fossil assemblages (cf. Manchester 1989a).
Reexamination of the material from Republic showed that
among hundreds of Ulmus leaves, very few possible leaves
of Zelkova were present. This may be due to the fact that
Zelkova grew at some distance from the sedimentary basins,
so isolated leaves would be more likely to reach the sedi-
mentary area, while twiglets with leaves and fruits would
be absent. The reported presence of Zelkova in pollen as-
semblages of Princeton and McAbee appears to support this
idea (Reinhard Zetter, Vienna, unpublished data).

Mode of evolution in Ulmus
Paleocene Ulmus-like leaves have been reported from

Greenland, the Rocky Mountains of the USA, and the Far
East, but Ulmus fruits have not been found in association
with them (Manchester 1989b; Feng et al. 2003, among
others). Leaf types similar to those of modern species of Ul-
mus appear to have been already present by the Early Eo-
cene. Derived types (U. parvifolia, U. crassifolia: small
coriaceous leaves; U. mexicana: small, sharp teeth, resembling
those of some Juglandaceae, eucamptodromous to craspedodr-
omous secondary venation, extremely high length/width ratio
of lamina; U. lanceifolia: evergreen leaves, eucamptodromous
to brochidodromous venation) may have evolved later, partly
in response to changing climatic conditions in the Neogene.

Eocene Ulmus fruits typically are wingless or have a nar-
row wing that does not extend to the styles (cf. Manchester
1989b; this study). Large-winged fruits appear to be much
more common in the Oligocene and Neogene and the large
wings of the endocarps may have improved the efficiency of
fruit dispersal.

The change from a primitive type of inflorescence appear-
ing in spring or early summer in the axils of leaves on cur-
rent-year shoots (U. okanaganensis; Zelkova, Hemiptelea) to
various advanced types in which the flowers appear on pre-
vious-year shoots and leaves on current-year shoots (spatial
separation) or in which flowers appear in autumn in the ax-
ils of leaves of current-year shoots (temporal separation)
may have been caused in part by the increasing seasonality
of the climate in the Northern Hemisphere during the course
of the Oligocene and Neogene. While the mechanism of
spatial separation appears to be old (found also in Holopte-
lea), temporal separation may be a recent innovation that
evolved independently in Microptelea (subgenus Ulmus)
and Trichoptelea (subgenus Oreoptelea).
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