











Text-fig. 4. Extant Fraxinus fruits and other groups with similar fruits. a: Ventilago leiocarpa BentH. (KUN 06190258);
b: Liriodendron chinense (HewvsL.) SarG. (KUN 0040571); c: Plenckia populnea Reissek (K 000537359); d: Fraxinus nigra M ARSHALL
(KUN 0937878); e: F. anomala ToRrRr. ex S.WATsoN (RSA 0064862); f: F. gooddingii LitTLe (USFS 0030124); g: F. platypoda Ourwv .
(KUN 0027753); h: F. malacophylla HemsL. (K 000901679); i: F. chinensis Roxs. (KUN 0027530). Scale bar = 1 cm.

extant genera, namely Ventilago Gaertn. (Rhamnaceae),
Liriodendron L. (Magnoliaceae), Plenckia Rrissek (Cela-
straceae) and Fraxinus (Oleaceae) (Text-fig. 4a—d). The
seed of Ventilago (Text-fig. 4a) is globose with 1/3—1/2 of
the base surrounded by a persistent calyx tube and hence
different to the Liihe fossils. The fruit of Liriodendron does
not possess a persistent pistil, nor pedicel, and its seed is
thin, elliptical and relatively small, with the seed length
accounting for less than 1/5 of the whole length of the fruit
(Text-fig. 4b). Plenckia is similar to the Liihe fossils in fruit
type and seed shape, yet the veins of Plenckia fruit are not
parallel to the central vein (Text-fig. 4c), in contrast to the
parallel veins of Fraxinus fruit. In addition, the calyx lobes
of Plenckia are reflexed, whereas those of Fraxinus clasp
the base of the fruit (Call and Dilcher 1992). Our fossils are
characterized by symmetric fruits, obovate, or spindle seed
shapes, with veins parallel to the midvein.

Within Fraxinus, the flowers of species in the Sect.
Fraxinus have no calyx except F. nigra MARSHALL (Text-fig.
4d), while species in the other five sections have persistent
calyx (Hingsinger et al. 2013). Two North American
sections (viz. Sect. Dipetalae and Sect. Pauciflorae; Text-
fig. 4e, f) have relatively smaller and wider fruits (Tab. 2).
Fruits are relatively short (length to width ratio lower), in
these two sections, compared to the fruits of other sections.
There is morphological character overlap in Sect. Ornus,
Sect. Melioides and Sect. Sciadanthus. The seeds of these
three sections are elliptical, with the fruits ovate, obovate,
or elliptical. The fruit length to width ratio and fruit length
to seed length ratio of Sect. Sciadanthus are close to Sect.
Ornus, but the fruits of Sect. Sciadanthus are usually 10—
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20 mm bigger than those of Sect. Ornus (Tab. 2). Fruit
size of Sect. Melioides and Sect. Sciadanthus are close to
each other, but their fruit length to width ratio is different.
Sect. Melioides has the highest fruit length to width ratio
in Fraxinus and the ratio is 0.63—1.96 more than that of
Sect. Sciadanthus (Tab. 2). We used these features to assign
our fossils, and some of those previously described in the
literature, to extant sections.

The two species from Lithe town can easily be
distinguished by fruit width and seed shape. F. zlatkoi
possesses relatively wider fruit among fossils, with

Text-fig. 5. Extant Fraxinus fruits photographed by digital
camera and X-ray microscopy. a: F. excelsior L. (Sect.
Fraxinus); b: F. xanthoxyloides \WAaLL. (Sect. Sciadanthus);
c: F. malacophylla HemsL. (Sect. Ornus). Red arrow refers to
the air sac above seed, scale bars = 1 cm.
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Table 1. continued.
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Reference

Fruit lengh/
seed lengh

(length x width; mm)

Seed size
28.0 x 4.0

(length x width; mm)

Fruit size
43.0%x9.0

NLR(s) Section

Taxa

Locality

Age

Tanai and Suzuki 1965

1.5

Melioides

F. americana L.

F. k-yamadai TANAI et

N.Suzuki

Shanabuchi, Hokkaido,

Japan

Late Miocene

Ozaki 1980

not certain

not certain

49.7 x17.2

Melioides

F. platypoda OLiv.

F. k-yamadae TaNAI et

N.Suzuki

Southwest Honshu, Japan

Late Miocene

F. latifolia BENTH.

Buechler et al. 2007
Buechler et al. 2007

not certain not certain

30.0 x (4.0-5.0)

36.0 x 8.0

not certain not certain

Owyhee, Idaho, USA F. coulteri DOrRF

Owyhee, Idaho, USA

Late Miocene

not certain

not certain

not certain

not certain

F. dayana R.W.CHANEY et

AXELROD

Late Miocene

Smith 1941

not certain

not certain

(16.0-19.0) x

(3.0-4.5)

not certain

F. leptocarya H.V.SM. not certain

Thorn Creek, Idaho, USA

Miocene

Brown 1935

2.2

18.0 x 6.0

39.0 x 8.0

Melioides

F. platypoda Oriv.

Potlatch Creek, Idaho, USA  Fraxinus idahoensis

Miocene

R.W.BRr.

Tanai and Suziki 1972

not certain

6.6 2.0

not certain

not certain

not certain

F. wakamatsuensis TANAI et

N.Suzuki

Kudo, Hokkaido, Japan

Miocene

Ishida 1970

1.9-2.6

(8.0 -14.0) x

(21.0 -26.0)
(4.0-5.5) (2.0-2.5)

Ornus

F. chinensis subsp. rhyncho-
phylla (HANCE) A.E.MURRAY

F. honshuensis TANAI et ONOE

Noroshi, Noto peninsula,

Japan

Miocene

Leroy and Roiron 1996

not certain

not certain

20.0 x 4.5

Ornus

F.ornus L.

F.ornus L.

Bernasso, France

Late Pliocene

Sect. Dipetalae

* % Sect. Melioides
[
Sect. Pauciflorae
L * * L Sect. Ornus
* *k
Sect. Sciadanthus
Sect. Fraxinus
Eocene " Oligocene Miocene TPlio.'PIt!
@ North America H Europe * Asia

Text-fig. 6. Stratigraphic and phylogenetic placement inferred
for fossil Fraxinus fruits. Only Fraxinus fossil fruits identified
on the section level are included. The black color represents
selected fossil fruits from published literature (excluding some
Eocene North American occurrences not assigned to section),
the red color represents the fossil fruits from the Liihe flora,
Yunnan, Southwest China. The phylogenetic relationships are
based on Hinsinger et al. (2013).

a width close to that of F. oishii Huzioka, from the Middle
Miocene of South Korea. However, the fruit length to
seed length ratio of F. oishii is lower. In addition, the
F. zlatkoi seed is obovate while F. oishii seed is thombic
or ellipsoidal.

The fruit and seed size, the ratio of fruit length to seed
length of the second species described above, coincides
closely with Fraxinus honshuensis. This fossil species is
common in the Oligocene to late Miocene fossil records of
East Asia. F. japonica BLUME ex KocH (synonym of Fraxinus
chinensis subsp. rhiynchophylla (HaNCE) A.E.MURRrAY; Text-
fig. 41) has been widely accepted as the nearest living relative
of F. honshuensis (Ishida 1970, Guo and Zhang 2002, Wang
et al. 2012). However, F. chinensis Roxs. has the longest
calyx of the genus (2-3 mm) (Flora of China, http://www.
iplant.cn/frps), which is much longer than the fossil species
(1 mm). F. chinensis also has bigger fruit and seed than
the fossil species. In terms of extant species, we found that
F. malacophylla HemsL. (Text-fig. 4h) is the most similar
to F. cf. honshuensis from Liihe, in terms of fruit size, fruit
shape, fruit length to width ratio, fruit length to seed length
ratio and calyx length (Tab. 2).

Fraxinus cf. honshuensis from Liithe is similar to
previously published records of F. honshuensis in fruit and
seed shape (including length to width ratio), but it is smaller
than F. honshuensis from the Oligocene of Longjing, Jilin,
China, Miocene of Noto Peninsula, Japan and Miocene of
Hokkaido, Japan (Ishida 1970, Tanai and Suziki 1972, Guo
and Zhang 2002). It resembles F. cf. honshuensis from the
middle Miocene of Lincang, Southwestern China (Wang et
al. 2012; Tab. 1).

According to the special characters of the new fossil
species, the nearest living relatives (NLR) were inferred. The
length to width ratio of F. zlatkoi fruit is 2.5-3.4: 1, which is
different from most living species (viz. 3.3-7.9 : 1; Tab. 2), but
close to F. anomala Torr. ex S.WastoN (Text-fig. 4e). This
species possesses obovate seeds similar to our fossils, but the
fruit of F. anomala is smaller than that of the F. zlatkoi.



Table 2. Measurements of selected living species (mm). Abbreviations: FL/FW = fruit length/fruit width; SL/SW = seed length/seed

width; FL/SL = fruit length/seed length.

Number of

Section Species specimens Fruit length Fruit width FL/FW Seed length  Seed width SL/SW FL/SL
Dipetalae F. anomala 10 16.0-25.8 6.4-7.2 2.3-3.6 9.1-17.1 3.6-5.1 2.0-3.3 1.4-1.8
F. dipetala 5 21.0-27.1 5.0-7.1 3.6-4.3 11.0-16.9 4.2-5.0 2.6-3.5 1.5-19
Melioides F. americana 6 28.2-42.5 3.7-54 6.0-7.9 10.0-13.7 1.9-3.7 3.7-7.2 2.1-3.1
F. platypoda 5 54.0-60.5 8.3-11.3 5.1-6.5 23.9-29.2 6.0-7.5 3.4-43 2.0-24
Pauciflorae F. purpusii 10 19.3-24.3 4.6-5.8 3.3-45 6.9-12.0 2.6-3.8 2.6-4.0 1.9-2.8
F. goodingii 6 15.0-17.7 3.1-39 4.2-4.8 5.9-7.6 1.2-2.1 3.1-6.2 22-25
Sciadanthus F. hubeiensis 5 39.1-45.3 8.3-9.5 4.5-4.8 14.3-16.3 3942 3.64.2 2.5-2.9
F. xanthoxyloides 5 28.2-31.4 5.0-6.5 4.8-5.6 12.5-16.0 1.9-2.0 6.0-8.4 1.8-2.6
Fraxinus F. excelsior 7 25.5-32.0 6.7-7.7 3445 14.3-19.5 4.1-6.2 2.7-4.8 1.5-2.1
F. mandshurica 5 29.4-35.5 7.0-8.3 3.5-4.3 15.2-16.9 4.9-6.2 2.6-3.3 1.8-2.2
Ornus F. chinensis 5 30.7-34.9 5.5-6.3 4.9-5.8 11.5-13.7 1.6-2.7 5.1-7.8 24-2.8
F. malacophylla 9 19.6-27.0 34-52 4.3-5.8 6.9-10.6 1.3-2.3 38-5.4 2.7-2.9

The Fraxinus fruit fossil species and other fossil records
with clear figures and/or descriptions were compiled
in Table 1. Both species in this study are smaller than
contemporary fruits from North America and Europe, where
fruits are typically more than 25 mm in length (Axelrod 1998,
Kvacek and Walther 1998). F. yubaensis MacGINITIE and
Fraxinus spp. from the Oligocene of Montana and Oregon,
USA, are different from our two species in fruit length to seed
length ratio (Becker 1960, Meyer and Manchester 1997).

The fruits of two Oligocene species from North America,
namely F. brevialata H.F.BEcker and F. rupinarum H.F.BEck-
ER have lengths less than 16 mm (Becker 1969). The
morphology of fruits from the Miocene is highly variable.
F. k-yamadai Tana1 et N.Suzuki, F. dayana R.-W.CHANEY et
AXEeLROD and F. idahoensis R.W.BR. possess bigger fruits
than those from the Paleogene (Tab. 1). Fraxinus sp. from
Tafla, Ketilseyri and Iceland show the highest fruit length
to seed length ratio of nearly 6:1 (Grimsson et al. 2007).
Fraxinus sp. from Pohang, South Korea, F. wakamatsuensis
Tanal et N.Suzuki and F. microcarpa GENG also show a ratio
greater than 3 : 1 (Tanai and Suziki 1972, WGCPC 1978).

Palaeobiogeographical implications

The earliest unequivocal fossil records for Fraxinus were
reported from the early Eocene of North America (Mathewes
et al. 2021). The North America origin of Fraxinus was
supported by palaeobotanical evidence and biogeographical
analysis (Call and Dilcher 1992, Wallander 2008, Hingsinger
etal. 2013). This implies that six extant sections had diverged
before the Miocene (Call and Dilcher 1992, Hinsinger et al.
2013). Due to the morphological overlap of the sections, the
taxonomic affinities of some fossil fruits to NLRs were not
designated to species level, there were only a few records
with NLR affinities inferred (Tab. 1). The NLRs determined
here were inferred mainly by the ratio of fruit to seed length
and the ratio of fruit length to width. The fruit characters
such as fruit length and width, the ratio of fruit length to seed
length denote potential synapomorphy of each section (Tab.
2), making it possible to decide the section of fossil fruit
by NLRs. For example, F. k-yamadai is 43 x 9 in fruit size

and 28 X 4 in seed size (Tanai and Suzuki 1965); only fruit
of Sect. Melioides has similar size, thus F. k-yamadai was
attributed to Sect. Melioides.

Leaves and fruits of Fraxinus have been reported from
North America in the Eocene while reliable fossil records of
the genus have not been published in Europe and East Asia
until the early Oligocene (Kvacek and Walther 1998, Guo and
Zhang 2002). The dispersal of Fraxinus fruits is governed by
physics instead of the variable and unpredictable movement
by animal dispersers, under suitable conditions they can
spread about 200 m from the parent tree (Augspurger et al.
2017). Geographic dispersal into Europe and Asia probably
involved two main migration routes, namely the Beringia
(for Asia) and North Atlantic (for Europe) land bridges
(Tiffney 1985, Manchester et al. 2009, Wen et al. 2016).
The dispersal of Fraxinus into Europe and Asia may have
involved both pathways, as the earliest reported occurrence
of Fraxinus on both continents is Paleogene (Text-fig. 7).

In Europe, Sect. Fraxinus (F. excelsior L. and
F. angustifolia VauL.) is widely distributed, growing
throughout the European temperate zone, in contrast to
Sect. Ornus (F. ornus L.). Sect. Ornus has a more limited
distribution in Mediterranean area in Europe (Hingsinger et
al. 2013, San-Miguel-Ayanz 2016). Fossils of Sect. Ornus
have been reported from the Pliocene of France (Leroy and
Roiron 1996). The current narrower distribution of Sect.
Ornus could be attributed to global cooling in Pleistocene
(Zachos et al. 2001, Pérez-Diaza and Loépez-Saez 2021).
The fruit from the Oligocene of Iceland also supported that
Fraxinus had a wider historical distribution range (Grimsson
et al. 2007).

Sect. Dipetalae is inferred based on molecular
investigations to be the oldest lineage of Fraxinus and
contains three living species restricted to North America
(Hinsinger et al. 2013). F. zlatkoi represents the earliest
fossil record of the section, which indicates that the section
may have migrated to East Asia by the early Oligocene. Sect.
Dipetalae produces more obovate seeds, which is different
from the other sections bearing elliptic seeds. The fruit
length to width ratio of Sect. Dipetalae is lower than in other
sections (Tab. 2). At the same length, the narrower fruits
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I Sect. Melioides
B Fossil of Sect. Dipetalae @  Fossil of Sect. Melioides

Bl Sect. Dipetalae

Bl Sect. Sciadanthus B Sect. Fraxinus

8 Sect. Ornus
i+ Fossil of Sect. Omus

Bl Sect. Pauciflorae

Cn Potential dispersal
" route

Fossil in uncertain
] position

Text-fig. 7. Distribution maps and potential dispersal routes of Fraxinus during the Cenozoic. The maps cover five intervals,
namely the Eocene (ca. 40 Ma), Oligocene (ca. 30 Ma) and Miocene (ca. 20 Ma) based on Deep Time Maps (https://deeptimemaps.

com/) and the Pliocene (ca. 3 Ma) based on the current world map.

are lighter and hence have the potential to spread further
(Augspurger 1986, 1988). Compared with obovate seed,
elliptic seed falls more slowly, which facilitates dispersal
by wind (Augspurger 1986, Wang et al. 2012). The species
of Sect. Dipetalae therefore possess fruit traits similar to
F. zlatkoi, but with a distribution restricted to North America.
Sect. Ornus includes the southernmost species of Fraxinus.
This section is widely distributed in Asia, North Africa and
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the Mediterranean. This section represents the most diverse
lineage in Southwest China and Southeast Asia. The section
is also the one best represented in terms of the amount of
material in the fossil record (Text-fig. 6). Fraxinus cf.
honshuensis discovered from Liihe is the earliest record of
this section, which may indicate that Sect. Ornus appeared
in the Southeast China before the early Oligocene and
subsequently spread to the lower latitude region.



Conclusion

Well-preserved fossil fruits of Fraxinus were found in
the early Oligocene of Liihe, Yunnan Province, Southwest
China and two species were identified. F. zlatkoi resembles
basal species which are distributed in the North America
only. While Fraxinus cf. honshuensis resembles Sect. Ornus
which is the most widespread lineage of Asia. This finding
represents the oldest records of Fraxinus in low latitude
region of the North Hemisphere, indicating a long persistence
of Fraxinus in Southwest China since the late Paleogene and
southward to the lower latitude region, gradually forming
present distribution. The Liihe flora is evergreen deciduous
broad leaved mixed forest which is similar to other Paleogene
floras in Southwest China. Various wind-dispersed diaspores
such as Acer, Cryptomeria, Ailanthus, Dipteronia, Carpinus
and Ostrya have been found, reflecting an open environment
in the seed ripening season.
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