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Abstract: Fruit morphology and anatomy are critical for delimitation of tribes and genera within Juglandaceae. In this study, we
re-examined the holotypes of Juglandicarya cantia E.RED et M.CHANDLER 1933 from the Early Eocene London Clay flora of England
and J. simplicarpa MANCHESTER 1987 from the Middle Paleocene of the Fort Union Formation of Wyoming, USA using micro-CT
scanning to uncover additional morphological and anatomical characters and reassess their affinities relative to extant genera. These
fossils are significant as they are among the earliest known large, wingless nuts in the fossil record of Juglandaceae. Although they
resemble modern Juglans and Carya in overall nut morphology, key anatomical differences distinguish them from the extant genera.
Micro-CT analysis reveals that the nutshell of J. cantia consists of densely packed isodiametric sclereids and lacks lacunae, unlike
extant species of Juglans. Nuts of both J. cantia and J. simplicarpa lack internal longitudinal ribs and have only a weakly developed to
absent secondary septum differentiating them from extant species of Carya. The genus Juglandicarya, as traditionally circumscribed,
is non-monophyletic, and the morphological traits of J. cantia and J. simplicarpa differ significantly from those of the lectotype,
J. lubbocki E.REID et M.CHANDLER. We therefore propose a new genus, Zodicarya gen. nov., and establish the new combinations
Zodicarya cantia (E.REID et M.CHANDLER) M.DENG, M.E.COLLINSON et MANCHESTER comb. nov. and Z. simplicarpa (MANCHESTER) M.DENG
et MANCHESTER comb. nov. By analogy with extant Juglans, Carya, and Alfaroa, we infer that the large, wingless nuts of Zodicarya
were adapted for animal-dispersal, indicating that these traits, which are not known in Cretaceous members of the family, evolved in
the early Cenozoic. We also summarize the biogeographic history of Zodicarya in Europe and North America during the Paleogene.
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Introduction Cruciptera MANCHESTER (Manchester 1991), Paleooreomunnea

DriLcueRr, F.W.PoTTER et CREPET (Dilcher et al. 1976), Beardia

The family Juglandaceae has a rich and well-documented
fossil record that allows us to trace most of the extant genera
back to the early Cenozoic. In addition, several fossil genera
have been recognized, some of which are clearly extinct,
and others that accommodate fossils insufficiently known
to determine whether they represent one of the extant gen-
era (Manchester 1987). The extinct genera, e.g., Polyptera
MANCHESTER et DiLcHEr (Manchester and Dilcher 1997),
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L.L.Erriort, MINDELL et Stockey (Elliott et al. 2006) and
Alatonucula HeErmsEN et GanpoLro (Hermsen and Gandolfo
2016), exhibit features diagnostic of the family, but do not
belong to any of the eight modern genera. Due to limits of pres-
ervation and overlap of morphological characters, some fossils
have been more difficult to assess and to determine whether
they represent extinct or extant genera. Reid and Chandler
(1933) erected the genus Juglandicarya E.REID et M.CHANDLER



for fossils of “fruits which, although clearly referable to the
Juglandaceae, are of doubtful generic relationship both to living
genera and to one another.”

Juglandicarya was conserved against the pre-existing
name Hybothya ENDL. and its type species was designated as
J. lubbockii E.ReD et M.CHANDLER (Doweld 2013, Herendeen
2015, Wilson 2016). Among the four species that Reid and
Chandler (1933) assigned to Juglandicarya, two (J. cantia
and J. crassa) have relatively large nuts (12 mm, and 14 mm
high, respectively) and thus are similar to extant nuts of
Juglans and Carya. The other two species, J. lubbockii,
and J. depressa, have smaller nuts (8-8.5 mm and 5-6 mm
high, respectively) and might represent the eroded remains
of winged fruits. In particular, J. depressa appears likely to
represent nuts of the extant genus Cyclocarya ILiNsk. with
the disk-like wing mostly eroded away (Manchester 1987).
In its traditional sense, Juglandicarya is likely non-mono-
phyletic, including species that may fall within different
clades of the Juglandaceae.

Most of the extinct and extant genera of the family possess
winged fruits adapted for wind dispersal (Stone 1993). Larger
wingless juglandaceous nuts first appear as extinct taxa in
the mid-Paleocene to Early Eocene. Extant Juglans L. and
Carya NurtT., first appear in the Middle and Late Eocene. (e.g.,
Tiffney and Manchester 2022, Manchester et al. 2024). The
other animal-dispersed member of the family, A/faroa STaNDL.,
has not yet been recognized in the fossil record.

Brown (1962) informally recognized an additional species
of Juglandicarya based on nutshell molds and casts from the
Paleocene of Wyoming, USA. Manchester (1987) named them
as J. simplicarpa, and stated that the species is “virtually
indistinguishable in size and morphology from J. cantia of
the Early Eocene London Clay of southern England and it
is possible that the two were in fact conspecific. However,
the North American species is preserved only as siltstone
casts and molds and direct anatomical comparison with the
pyritized British species is not possible.” (Manchester 1987:
15). Although the Paleocene J. simplicarpa is important
for marking the earliest known age for such morphology,
the lack of anatomical preservation limits the resolution
of comparisons with extant and fossil species. Thus, the
pyritized Early Eocene London Clay material is fundamental
for understanding histological details. Only one specimen
(the holotype of J. cantia) is currently intact and micro-CT
scanning provides an important opportunity to document
internal anatomy for the first time.

Our recent work applied micro-CT scanning to docu-
ment the nut morphology and anatomy of extant Carya and
Juglans species for comparison with fossils (Deng et al.
2024, Manchester et al. 2024). The fossil nuts of J. cantia
and J. simplicarpa are characterized by smooth shells lacking
external grooves or ridges, and they also lack prominent
internal ribs. Such features are especially similar to those
observed in Carya poilanei (A.CHgv.) J.-F.LErOY and Juglans
ailantifolia (MakiNo) REHDER, but no detailed comparative
study of the nuts of these species was previously conducted.

Here we augment our understanding of Juglandicarya
cantia and J. simplicarpa by applying high-resolution mi-
cro-CT methodology to document their morphology and
anatomical features in comparison with extant genera of the

Juglandaceae. Because of differences from the type species
of Juglandicarya, we establish a new genus — Zodicarya,
and propose the new combinations Zodicarya cantia and
Z. simplicarpa. We also use micro-CT scanning to investigate
nuts of extant Juglandaceae genera for comparison in order to
explore the systematic placement of selected fossil taxa and
clarify key diagnostic features evaluating related fossil nuts.
In addition, we review other fossils that have been assigned
to Juglandicarya.

Material and methods

Geological setting

We studied the single surviving specimen of Juglandicarya
cantia, the holotype designated by Reid and Chandler (1933),
which was collected by Bowerbank from the London Clay of
Sheppey, southern England. The London Clay fossil plants are
preserved as pyritized fruits and seeds that are naturally freed
from the surrounding clay matrix by wave action owing to the
exposures being along the modern-day seacoast. The London
Clay Formation on the Isle of Sheppey is estimated to be ca.
53.5to 51.5 Ma within the Ypresian stage of the Early Eocene
(Collinson et al. 2016).

Juglandicarya simplicarpa specimens were collected
by cleaving siltstones at Paleocene sites in the Fort Union
Formation of Wyoming, USA, including Hells Half Acre
(the type locality), and Signor Ridge in the Wind River
Basin and Linch in the Powder River Basin (Manchester
1987). Locality numbers cited are from the Florida Museum
of Natural History (UF loc.) and United States Geological
Survey (USGS loc.) with coordinates in Brown (1962) and
Manchester (2014). The precise age in the Paleocene has
not been confirmed, but the holotype was collected from
the same stratigraphic sequence studied palynologically by
Nichols and Ott (1978, 2006) and falls within their zone P4
which has been interpreted as Middle Paleocene (fig. 2 in
McKenna and Lillegraven 2005, Nichols 2009). Specimens
from the Linch site are in the Lebo Member of the Fort
Union Formation — also at the level of zone P4 and hence
considered Middle Paleocene (Nichols 1994).

Specimens studied and their preparation

The fossils we investigated are housed in the paleobo-
tanical collections of the Natural History Museum, London
(NHMUK), the Florida Museum of Natural History at the
University of Florida, Gainesville (UF) and the Smithsonian
Natural History Museum, Washington, DC (USNM).

The type specimen of J. cantia from the London Clay
flora was micro-CT scanned using a Nikon Metrology HMX
ST 225 system. Scanning was undertaken using a tungsten
reflection target, at an accelerating voltage of 220 kV and
current of 200 mA, with an exposure time of 708 ms (giving
a scan time of 38 min). A copper filter (2.0 mm thick) was
applied to reduce beam hardening. A total of 3,142 projections
were taken over a 360° rotation. The voxel size of the resulting
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datasets varied from 8 to 15 um. Three-dimensional volumes
were reconstructed using CT Pro (Nikon Metrology, Tring,
UK), and TIFF stacks were exported using VG Studio Max
(Volume Graphics GmbH, Heidelberg, Germany). The fossils
of J. simplicarpa were micro-CT scanned at the College
of Engineering Nanoscale Research Facility, University of
Florida, using a GE Phoenix V/tome/xm240 CT scanner with
a diamond-tungsten reflection target under a voltage of 120
kV, current of 440 pA, with a voxel size of 56 pm.

For comparative analysis, five extant nuts of C. poilanei
and two nuts of J. ailantifolia var. cordiformis were studied
by micro-CT scanning using the same equipment at UF with
settings of 60 kV, 340 pA, and 0.200 s exposure time, 2,200
images, at a resolution of 42 um (J. poilanei) and 60 kV, 480
pA, and 0.131 s exposure time, 2,200 images, at a resolution
of 32 um (J. ailantifolia). The specimens of extant species
used for CT-scan are deposited in the paleobotany modern
fruit/seed reference collection (UF) and herbarium (FLAS) of
the Florida Museum of Natural History, Gainesville, Florida.

Micro-CT datasets were analyzed using VG Studio Max 3.1
(Volume Graphics GmbH, Heidelberg, Germany) to produce
volume renderings, isosurface renderings, virtual sections,
and three-dimensional image reconstructions. The original
micro-CT scan datasets of J. simplicarpa and the extant nuts
are archived at FLMNH and exemplary datasets were uploaded
to MorphoSource (https://www.morphosource.org/). Micro-CT
scan datasets of J. cantia are archived at the Natural History
Museum, London (NHMUK) Imaging and Analysis Center.
Terminology for fruit anatomy of Juglandaceae follows that
of Manning (1940, 1978) and Manchester (1987).

The new names of species are registered with a unique
PFN number in the Plant Fossil Names Registry, hosted and
operated by the National Museum, Prague.

Systematic palaeontology

Order Fagales
Family Juglandaceae

Genus Zodicarya M.DENG, M.E.COLLINSON
et MANCHESTER gen. nov.

Pls 1,2

Type Species. Zodicarya cantia (E.RED et M.CHANDLER)
M.DENG, M.E.COLLINSON et MANCHESTER, comb. nov.

Plant Fossil Names Registry Number: PFN003663.

Generic Diagnosis. Nut globose to ellipsoidal, uni-
locular, single-seeded, rounded basally and apically, smooth
without external ribs or grooves, bisected longitudinally by
a median plane of germinal separation. Nut moderate in size
(= 1 cm diameter). Primary septum prominent, extending
upwards from the base, at right angles to the plane of nutshell
separation. Secondary septum absent or poorly developed.
Locule with smooth contours, apically pointed, pyriform in
lateral view, deeply bilobed from the base (by the primary
septum) or slightly 4-lobed when a secondary septum is
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present, with straight or slightly convex apical shoulder
region. Nutshell and septa lacking lacunae.

Etymology. Abbreviation of Zodiakos (Gr referring to
animals) + Carya, (Gr referring to walnut trees) (Brown
1956). This name alludes to our concept that this nut was
adapted for animal dispersal.

Zodicarya cantia (E.RED et M.CHANDLER)
MANCHESTER, M.DENG et M.E.CoLLINSON comb. nov.
PL. 1

Basionym. Juglandicarya cantia, E.Reid et M.Chandler
(1933): 142143, pl. 3, figs 5, 6.

Holotype. NHMUK v. 22121 (P1. 1, Figs 1-17; Reid and
Chandler 1933: pl. 3, figs 5, 6)

Paratype. NHMUK v. 22122 [missing; Reid and Chandler
1933: pl. 3, fig. 7]

Plant Fossil Names Registry Number: PFN003662.

Emended specific diagnosis. Fruit a unilocular,
single-seeded nut. Nut globose, 12 mm high x 12 mm wide,
rounded basally and apically, smooth without external ribs
or grooves. Nutshell thickest in the apical region, thickness
gradually decreasing toward the base, without lacunae, com-
posed of isodiametric sclereids. Primary septum prominent
(ca 0.17-0.33 mm in thickness), at right angles to the plane
of separation of the two halves of the nut. Secondary septum
absent (holotype) or weakly developed (paratype). Locule
with smooth contours, deeply bilobed from the base due to
the primary septum, and with straight or slightly convex
apical shoulder region.

Locality. Isle of Sheppey, northern coast of Kent,
England, U.K.

Stratigraphic horizon and age. London Clay
Formation, Ypresian, Early Eocene.

Zodicarya simplicarpa (MANCHESTER)
M.DENG et MANCHESTER, comb. nov.
PL. 2

Basionym. Juglandicarya simplicarpa, Manchester
(1987): 14, fig. 4A-D.

Holotype. UF 15740e-4860a (P1. 2, Figs 1-6), designated
by Manchester (1987).

Paratypes. USNM 313747, 312920 (P1. 2, Fig. 12), 312944
(PL. 2, Fig. 13) and 387384, designated by Manchester (1987).

Plant Fossil Names Registry Number: PFN003680.
Emended diagnosis. Fruit a unilocular, single-seeded

nut. Nut globose-ellipsoidal, 12—22 mm high, 11-14 mm
wide; exterior of nutshell smooth; primary septum prominent



1.1-1.7 mm thick, at right angles to the plane of separation
of the two halves of the nut. Secondary septum absent to
weakly developed. Locule bilobed at lower 2/3, entire or
slightly emarginate at the base, sometimes giving 4 lobes at
the extreme base; apical shoulder region straight or slightly
convex; contours of locule smooth without grooves. Anatomy
not preserved. Nutshell apparently without lacunae.

Additional informative specimens. UF18257-21877
(Pl. 2, Figs 7-9), UF15740e-23166, (P1. 2, Fig. 11) 23169
(PL 2, Fig. 10), 23176 (PL 2, Figs 14, 15), UF15757a-69855
(Pl. 2, Figs 16-19).

Type Locality. Hells Half Acre (UF loc. 15740¢),
Natrona County, Wyoming, USA.

Additional localities. Ethete (USGS loc. 5917), and
Signor Ridge (UF loc. 15757a), Fremont County, Wyoming
and Linch (UF loc. 18257), Johnson County, Wyoming.

Stratigraphic horizon and age. Fort Union Formation,
Tiffanian, Middle Paleocene.

Descriptions and comparisons

Nut morphology of Zodicarya

(Pls. 1, 2)

Zodicarya cantia from the London Clay flora is character-
ized by a globular nut 12 mm in diameter. The holotype was
naturally fractured along the plane of germinal separation,
exposing the locule cast (P1. 1, Figs 1-8). The nutshell is
smooth without nodulations or grooves (Pl. 1, Figs 2-8).
The thickness of the nutshell ranges from 2.5-2.7 mm in the
upper portion and becomes gradually thinner towards the
base of the nut (ca. 0.7 mm) (P1. 1, Figs 1, 3). Despite good
cellular preservation, no cavities or lacunae were detected in
the nutshell (P1. 1, Figs 6, 9-17). The locule shows a smooth
contour with no longitudinal grooves, cavities or ridges; the
locule cast has a straight to convex-rounded apical shoulder
region, and is two-lobed at base (Pl. 1, Figs 1, 4, 7). The pri-
mary septum is thick, but internally degraded in the placental
area (owing to either decomposition prior to pyritization or
subsequent pyrite decay) (PL. 1, Figs 11, 13, 14), hindering
analysis of the placental bundles. The secondary septum is
absent in the holotype. However, the paratype specimen (now
missing), was figured and described by Reid and Chandler
(1933, in PL. 3, Fig. 7) who noted that the base of the locule
cast exposed in face view showed a slight emargination of the
cotyledon lobe indicating a weak secondary septum intrusion.
This indicates some variation from no secondary septum to
a weakly expressed secondary septum in the species. The
nutshell is composed of large isodiametric sclerenchyma cells
that are best preserved in the outer nutshell (P1. 1, Figs 16-17).

Another species with large nuts, Juglandicarya crassa
(Bowers.) E.REID et M.CHANDLER, was recognized by Reid
and Chandler (1933) based on specimens first described by
Bowerbank (1840) as Cupressinites crassus. The nut was

estimated at 14 mm long and 19 mm broad. Although this
species appears to align with our concept of Zodicarya, we
have refrained from proposing a new combination because
the original specimen is no longer available, and no additional
specimens have been recovered. It could, in fact, be conspe-
cific with J. cantia, given that their sizes both fall within the
size range observed among the more plentiful specimens
assigned to Z. simplicarpa (see below).

Fossils of Zodicarya simplicarpa of the Paleocene Fort
Union Formation in Wyoming, USA, are preserved as sedi-
mentary casts and molds, lacking histological detail. The nuts
vary from globose to ovoid-ellipsoid, and range in size from
11-14 mm in width and 12-22 mm in length. The exterior of
the nutshell mold is rounded and smooth without prominent
ribs and grooves (PI. 2, Figs 8, 10, 17, 18). Two primary seed
lobes are well developed in the locule cast; the lobes can be
entire or slightly emarginate at the base, indicating lack or
only or weak development of a secondary septum (P1. 2, Figs
2,3, 6, 12). The apical shoulder region is straight or slightly
convex; contours of the locule casts are smooth indicating that
endocarp lacked inner ribs (PI. 2, Figs 27, 11-13). If lacunae
had been present in the nutshell, we would expect that they
would be preserved as sedimentary infillings in some of the
specimens; however, no lacunae casts have been found, in
either physically broken or CT-scanned material, suggesting
that the nut wall, which is represented only by the empty space
between the locule cast and the external mold of the nutshell,
was originally composed of solid tissue that lacked lacunae,
as is observed directly in the better-preserved nut of Z. cantia.

Nut morphology of extant Carya and Juglans

We base our comparison with extant species of Juglans
and Carya in part upon our previously presented micro-CT
scan analyses (Deng et al. 2024, Manchester et al. 2024).
Additionally, we provide here new observations of extant
Carya poilanei (Pl. 3, Figs 1-11) and Juglans ailantifolia
(PL 3, Figs 12-19).

Carya poilanei, native to Vietnam and southern China
(Zhang et al. 2022), has subglobose nuts 23—27 mm high
and 23-24 mm wide with a smooth nutshell surface (PI. 3,
Fig. 1). The nutshell is about 3.0-3.5 mm thick, and includes
prominent parenchymatous lacunae (Pl. 3, Figs 2—7). The
edge of the suture zone is not thickened. The vasculature
trace in the primary septum of the nut is uniform, with two
main vascular bundles (funicular strands) entering from the
basal pedicel attachment area. These bundles soon diverge
from each other, arch peripherally toward the apex, and then
bifurcate so that one branch reaches the upper cavity (Pl. 3,
Fig. 2) and another branch extends along the apical margin
of the primary septum just below the cotyledon to join with
the placenta (P1. 3, Figs 2, 3). These features have also been
observed previously in most species of Carya except for
C. sinensis (Leroy 1955, Deng et al. 2024). The interior of the
nutshell is smooth without longitudinal ribs as indicated by the
surface rendering (P1. 3, Figs 8, 9, 11). The primary vascular
bundle extends into the secondary septum at the placenta, and
then stretches down to the basal region (P1. 3, Fig. 3). The
secondary septum is well developed at the base (Pl. 3, Figs 3,
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6-7); hence the basal portion of the locule is divided into four
lobes (P1. 3, Fig. 7, 9, 10). This species has attracted interest
previously because of similarities to the extinct European
species, C. ventricosa (Mai 1981, Deng et al. 2024).

Juglans ailantifolia var cordiformis, native to Japan, is
known as the heartnut because of its heart-shaped nuts (P1. 3,
Figs 15, 19). The nuts we studied measured 27-31 mm high
and 22-25 mm wide. The nutshell lacks the four longitudi-
nal corners or edges commonly observed in Carya and the
external nutshell surface is smooth (PI. 3, Fig 12) in contrast
to most other extant Juglans species. As is characteristic for
Juglans, the paired placental bundles in the primary septum
follow an axial course to the placenta (Pl. 3, Fig. 13). The
interior of the nutshell is smooth without longitudinal ribs (P1.
3, Figs 14—19). As in other species of Juglans, the lacunae in
the nutshell and septum are interconnected apically and lobed
with well-defined edges (P1. 3, Figs 16, 19).

Discussion

Systematic position of Zodicarya
and comparisons with other taxa

The nut morphology of Zodicarya is consistent with the
general characteristics of Juglandaceae, being unilocular with
a partial primary septum bearing a perforation near the apex ac-
commodating the placental area, and a plane of weakness along
which the nutshell separates at germination that is perpen-
dicular to the primary septum (Manning 1978). Additionally,
micro-CT scans reveal that the nutshell of Zodicarya cantia is
composed of isodiametric sclereids, an anatomical synapomor-
phy diagnostic of subfamily Juglandoideae (Manos and Stone
2001), supporting its placement within this clade. Members
of Engelhardioideae (4lfaroa, Engelhardia, Oreomunnea,
and Beardia), by contrast, have nutshells composed of fibers
(Manos and Stone 2001, Elliott et al. 2006).

Comparisons with other species of Juglandicarya

Manchester (1987) reevaluated systematic relationships
among the four species previously assigned to Juglandicarya,
and considered the genus with that composition to be poly-
phyletic, with varied affinity to other genera. For example,
Juglandicarya lubbocki from England exhibits a four-lobed
locule base and introrse dorsal vascular bundles, resembling
the extinct winged fruit genus Cruciptera (Manchester 1991).
However, the type specimen is missing, and crucial anatomical
details, such as nutshell structure and presence of lacunae,
remain unknown. Juglandicarya depressa consists of small,
abraded, pyritized nutlets. No wings were preserved, but its
quadrangular shape and presence of longitudinally oriented
fibers on the surface of the nutlets that converge upon the
equator from the base and apex indicate a possibility of
a surrounding circular wing, possibly related to Cyclocarya
(Manchester 1987). Nevertheless, due to limited preservation,
it remains classified within the fossil genus Juglandicarya
(Manchester 1987, Pigg et al. 2023).
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Juglandicarya gruetii was originally described by
Vaudois-Miéja (1978) based on molds and casts from the
Eocene Anjou flora at Saint-Saturnin-sur-Loire, France.
However, recent micro-CT analyses have demonstrated
that the type specimen represents a pentacarpellate capsule,
structurally unrelated to Juglandaceae. Consequently, it was
reassigned to a distinct genus, Vaudoisia (Strullu-Derrien et
al. 2022). Thomasson (1987) assigned a fossil nut from the
Late Miocene of northeastern Nebraska to Juglandicarya
sp. The specimen is relatively large (1.9 cm high, 1.9 cm
wide), with a smooth rounded shoulder of the locule and
undeveloped secondary septum. While its overall shape
is superficially similar to that of Z. cantia, the presence
of prominent lacunae in the basal part of the nutshell (see
fig. 6-6 in Thomasson 1987) clearly indicates affinity with
Juglans. The nutlets recently reported as Juglandicarya sp.
from the latest Paleocene of the north-central Paris Basin
(Smith et al. 2014) are small (5.5 mm high, 4.0 mm wide) and
likely derived from a winged fruit. Micro-CT images from
their figures (see fig. 4] in Smith et al. 2014) reveal that the
locule cast is divided into 2—3 lobes or has several grooves in
the lower %4 on both sides of the primary septum, suggesting
the presence of interior ribs on the nutshell or potentially
a prominent secondary septum, traits more consistent with
extant Pterocarya.

In summary, the fossil genus Juglandicarya encompasses
morphologically heterogeneous fossils with divergent affinities
across Juglandaceae (Reid and Chandler 1933, Manchester
1987). In light of these findings and newly obtained anatomical
evidence, we propose recognizing Zodicarya as a distinct
genus to accommodate J. cantia and J. simplicarpa, which
form a coherent and morphologically diagnosable group.

Comparisons with extant Juglandoideae

As mentioned above, Zodicarya cantia is anatomically
aligned with the subfamily Juglandoideae, based on its
nutshell structure composed of isodiametric sclereids rather
than fibers, a synapomorphy of the subfamily (Manos and
Stone 2001, Manos et al. 2007). Manchester (1987, 1989)
hypothesized that Zodicarya simplicarpa and Z. cantia
(then treated as Juglandicarya) were probably aligned with
Hicorieae because the nuts cooccur with Carya-like pollen
(Caryapollenites, e.g., Nichols and Ott 1978) but predate
the occurrence of Juglans pollen.

A key diagnostic feature of Juglandaceae nuts is septum
configuration (Manning 1940, 1978). In Zodicarya, the sec-
ondary septum is either absent or only weakly developed,
resulting in a bilobed seed chamber at the nut base, occa-
sionally with slight emargination of the two main lobes. This
condition is shared with genera such as Casholdia (Crane and
Manchester 1982), Platycarya, Cyclocarya and some species
of Juglans and Carya (our observation of micro-CT scan
datasets submitted to morphosource.org); however, the nutlets
of the former three genera are substantially winged. The
non-winged nuts and relatively large fruit size of Zodicarya
are features shared with Juglans and Carya.

The interior of the Zodicarya nutshell is smooth, without
ribs, a trait shared with Juglans (P1. 3, Figs 14—19). This
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differs from most Carya species, where longitudinal interior
ribs are well-developed in the nutshell (Leroy 1955, Deng et
al. 2024). An exception is East Asian Carya poilanei, which
lacks interior ribs but has a prominent secondary septum in
the lower % of the nut (P1. 3, Figs 3, 6, 7) dividing the seed
chamber into four lobes at the base (Pl. 3, Fig. 10), unlike
the simpler, usually bilobed structure seen in Zodicarya (Pl.
3, Figs 3, 6,7, 10).

Nuts of Zodicarya are smoothly rounded, with no indica-
tion of the four longitudinal corners that coincide with the
margins of the deciduous husk valves of Carya. Juglans nuts
have persistent, nondeciduous husks and their nutshells lack
the four corners typically seen in Carya. Husks in both of
these genera are derived from the bract and bracteoles of the
flower (Manning 1940). Although husks are not preserved in
Zodicarya we infer from the smoothness of the nut surface
that the husk was indehiscent.

The presence or absence of lacunae is another important
diagnostic characteristic of subfamily Juglandoideae. Except
for Platycarya, lacunae can occur in all other extant genera of
the subfamily, including Pterocarya and Cyclocarya (observa-
tions from our micro-CT scan data available at morphosource.
org). The configuration differs, however; the lacunae occur
only in the upper portion of the nutshell (above the placenta)
in Cyclocarya, or inside the primary septum in Pterocarya. In
contrast, the nutshell of Zodicarya completely lacks lacunae
(PL 1, Figs 9-13), clearly distinguishing it from extant species
of Juglans and Carya.

Vascular bundle arrangement within the primary septum
is another diagnostic character for distinguishing Carya and
Juglans. In Juglans the paired funicular strands follow an
axial course mostly parallel to each other within the primary
septum and merge at the placental area, while in Carya
the strands diverge from one another within the primary
septum and display a peripheral course before arching
back to the placental area (Leroy 1955, Deng et al. 2024).
Unfortunately, cellular preservation is poor in the critical
area of the septum in the holotype of Z. cantia obscuring
the vascular bundle course (PL.1, Figs 11, 13, 14). Also it
is unclear whether the species originally possessed septal
lacunae as seen in the primary septum of Juglans. Despite
this limitation, a pair of small notches observed at the
placentation level of the primary septum in Z. cantia (Pl.
1, Fig. 11) likely represents remnants of placental vascular
bundles. These are reminiscent of the well-defined vascular
bundles at the seed-placenta junction of the primary sep-
tum of extant Juglans species (Deng et al. 2024). Carya,
in contrast, has diffuse, tuft-like placental vasculature.
The primary septum of Juglans sect. Cardiocaryon and
sect. Trachycaryon is typically thick and woody and the
secondary septum is not developed (Manchester 1997),
another similarity with Zodicarya.

Zodicarya appears to show greater overall similarity to
Juglans (especially sect. Cardiocaryon) than to Carya, par-
ticularly in septum structure, surface morphology, and absence
of interior ribs. However, the lack of lacunae, an otherwise
defining feature of Juglans, represents a clear distinction.
The combination of features supports the interpretation of
Zodicarya as a separate and extinct evolutionary lineage
within the Juglandoideae.

Comparison with other fossil genera of Juglandoideae

We also evaluated the possibility that Z. cantia and
Z. simplicarpa belong to the fossil genus Globocarya
DowELD, a genus characterized by spheroidal, smooth-surface
nuts of moderate size (4.5-10.9 mm in length) and a thick
woody shell without lacunae (Doweld 2016). Globocarya
was established as a replacement for Sphaerocarya
P.I.Doror. (Dorofeev 1970) (a junior homonym; Doweld
2016). Globocarya nikitinii (P.1.DoroF.) DOwWELD, the type
species, is from the Miocene of western Siberia (Doweld
2016). Nutshell anatomy of the type species, Globocarya
nikitinii reveals an outer layer of isodiametric sclereids and
an inner layer of thin-walled cells, confirming its affinity with
Juglandoideae (Dorofeev in Budantsev 1994). However, its
secondary septum extends to 1/4—1/3 of the locule height
and divides the seed chamber into four prominent lobes,
which is unlike the bilobed locule of Zodicarya. Considering
the differences in size and locule configuration, we conclude
that Globocarya and Zodicarya are distinct genera.

Two other species formerly assigned to Sphaerocarya by
Dorofeev (1970) and reviewed with additional imagery in
Budantsev (1994) also differ from Zodicarya. Sphaerocarya
uralensis P.1.DoroF., with small nuts (4.5-7.7 mm), a second-
ary septum in the lower Y4 of the locule and inferred remnants
of wings, was later reassigned to a separate genus, Boreocarya
by Doweld (2016). B. nucifera (Lupwic) DoweLD has small
nuts (ca. 5-8 mm) with distinct thin equatorial ridges and
persistent “exocarp” remains, suggesting winged morphology
and potential affinity with Cyclocarya (Martinetto 1998).
Fossil nuts of Carya buranica ILinsk. et AKHMET. from the
Eocene-Oligocene transition of Kazakhstan (Averyanova et al.
2022, Pl. 1, Figs 9, 10, 13—17) show a smooth, unribbed locule
closely resembling that of Zodicarya. However, the lack of
internal information regarding vascular traces in the primary
septum and the presence or absence of lacunae in the nutshell
precludes a more precise comparison or systematic placement.

Zhang et al. (2022) performed a total-evidence analysis
combining molecular and morphological data on the extant
and fossil species of Juglandaceae, yielding a phylogenetic
tree topology similar to that of Manos et al. (2007), in which
Juglandicarya simplicarpa (now Z. simplicarpa) and J. lubbocki
formed a clade sister to (Beardia vancouverensis + Carya). Of
the 73 morphological traits used for total evidence analysis,
only 17 were scored for Zodicarya, with six unambiguous fruit
traits. However, four wing-related traits were over-weighted by
being scored independently four times, and the remaining seven
traits (e.g., style, bracts and staminate flowers) are unknown for
Zodicarya, limiting the robustness of its placement. Moreover,
the fibrous nutshell of Beardia, in contrast to the isodiametric
sclereids, suggests an affinity with Engelhardioideae rather
than Juglandoideae.

Despite extensive fossil evidence, the systematic affinities
of many juglandaceous fossil taxa remain unresolved due to
a lack of fine anatomical data. Our comparative analysis of
both extant and fossil Juglandoideae indicates that Zodicarya
is probably closest to Juglans sect. Cardiocaryon, but it also
exhibits morphological distinctions from both Juglans and
Carya. These features support the recognition of Zodicarya
as a separate, now-extinct lineage within Juglandoideae.
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Ecological significance

The large, wingless nuts of Zodicarya strongly suggest
adaptation to animal dispersal — a trait that reflects broader
evolutionary trends within Fagales from abiotic to biotic
dispersal strategies. Stone (1973) identified two major re-
productive syndromes within the order: (1) wind-dispersed,
lightweight, winged nutlets with minimal protection, adapted
to open environments (e.g., Betula, Platycarya), and (2)
large, heavy, indehiscent nuts with thick, protective shells
and substantial food reserves, adapted for animal dispersal
and successful seedling establishment in shaded habitats (e.g.,
Juglans, Quercus).

Within Juglandaceae, the transition from winged,
wind-dispersed fruits to large, animal-dispersed nuts oc-
curred independently in the subfamilies Engelhardioideae
and Juglandoideae. Stone (1973) further proposed two
major evolutionary pathways: one from Engelhardia and
Oreomunnea (winged) to Alfaroa (large, unwinged); and
another from the biwinged Pterocarya and circular-winged
Cyclocarya (Iljinskaya 1953), ultimately to the typical
walnut (Juglans) and hickory nut (Carya), which are large
fruits protected by a lignified shell and a thick husk (Stone
1973: 379). These hypotheses have been supported by mo-
lecular phylogenetic investigations (Zhang et al. 2022, 2013).
Recent anatomical and paleobotanical research has revealed
additional independent transitions toward biotic dispersal
syndromes in Beardia (Engelhardioideae), Globocarya,
Sphaerocarya and Zodicarya (Juglandoideae), highlighting
the repeated, convergent evolution of animal-mediated
dispersal in response to similar ecological pressures.

Micro-CT analysis of Zodicarya reveals that the thick,
hard nutshell was composed of densely packed isodiametric
sclereids, indicating that mechanical defenses against frugivory
had already evolved by the Paleocene. Although pyritization
obscures fine details of the inner shell anatomy, the preserved
nutshell structure suggests a clear functional adaptation for
seed protection. In comparison, modern Juglans and Carya
exhibit more specialized nutshell anatomies characterized
by interlocking polylobate sclereids and inner weakly lobed
sclereids (Antreich et al. 2019, 2022, Huss et al. 2020, Xiao
et al. 2021). These features, together with internal lacunae,
enhance defense against predation (Patil et al. 2022). Variations
in nutshell density allow differential water absorption, gen-
erating internal tension that facilitates controlled cracking at
specific sites during germination (Huss and Gierlinger 2021).
The development of polylobate sclereids in modern Juglans
and Carya and lacunae in the nutshell of these genera represent
key innovations and a derived condition that optimizes both the
physical defenses of the nut and the efficiency of germination.

Although Zodicarya lacks both lacunae and the complex
sclereid organization found in modern Juglans and Carya,
its robust, homogeneous nutshell likely provided effective
protection against frugivores of the time. It thus represents
an early and distinct example of convergent evolution toward
animal-dispersed fruit morphology within Juglandaceae.
This example highlights both evolutionary innovation within
Juglandoideae and the parallel ecological responses observed
across both subfamilies of Juglandaceae in adapting to similar
biotic dispersal trends during the early Cenozoic.
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The ecological context of this transition is closely tied to
the diversification of effective animal dispersers. The Early
Eocene to Oligocene was a critical period for the radiation
and ecological expansion of rodent groups (e.g., cricetids,
dipodids, and ctenodactylids), which likely played a key role
in the dispersal of large-fruited plants (Wood 1959, Fabre
et al. 2012, Wu et al. 2012, O’Leary et al. 2013). Although
rodents originated in the Early Paleocene (Meredith et al.
2011), their major diversification occurred during the Eocene,
with a second wave during the Eocene—Oligocene transition
likely driven by global climate change (Li et al. 2022). This
period also saw increased land connectivity across Eurasia,
which facilitated faunal and floral exchanges (Ni et al. 2020).
In parallel, the diversification of corvid birds during the
mid-Cenozoic likely further enhanced long-distance dispersal
capacity for large-seeded taxa (Aggerbeck et al. 2014, Garcia-
Porta et al. 2022). These overlapping radiations of animal
dispersers likely exerted strong selective pressure on fruit
traits in lineages such as Zodicarya.

Biogeography

Recent phylogenetic and biogeographic analyses suggest
that the Juglandaceae originated in the Northern Hemisphere
with contrasting evolutionary trajectories between the tem-
perate subfamily Juglandoideae and the tropical subfamily
Engelhardioideae (Zhang et al. 2022). Fossil evidence indi-
cates that during the Paleocene and Eocene, North America
haboured the highest diversity of juglandaceous genera,
followed by successive expansion into Europe and eventually
Asia (Manchester 1987). This supports the hypothesis that
temperate Juglandoideae lineages dispersed early between
North America and Europe via the North Atlantic Land Bridge
(NALB) during the Late Paleocene to Early Eocene. These
lineages subsequently diversified at higher latitudes, especially
during the Miocene, coinciding with the evolution of frost
tolerance in several major clades (Zhang et al. 2022). This
scenario is further supported by fossil evidence from high lat-
itude floras, including Juglans in the Eocene of Axel Heiburg
Island and Greenland (Manchester et al. 2024). Genera such
as Carya and Juglans likely migrated between North America
and Europe via the NALB, which served as a key corridor for
floristic exchange between these continents during the early
Cenozoic (Tiffney 1985, Zhang et al. 2013, 2022) and even
into the Neogene (Denk et al. 2010, 2023). The occurrence of
Zodicarya fossils in both the Middle Paleocene of Wyoming
and the Early Eocene London Clay flora of southern England
suggests that this extinct genus traversed the NALB during
the same time interval.

Farther east, Carya buranica, which as we noted above,
very closely resembles and might belong to Zodicarya, was
recently recorded from a paleoflora in Kazakhstan dating to
the Eocene-Oligocene transition. This central Asian flora rep-
resents the earliest known Turgai-type assemblage — charac-
terized by forest elements comparable to those of the London
Clay flora but indicative of a cooler climate (Averyanova
et al. 2022). This suggests that Zodicarya or close relatives
may have extended their ranges into Asia by the Oligocene,
following dispersal routes similar to those of Carya, Juglans,



Pterocarya and other temperate Juglandoideae (Manchester
1987, Reid and Chandler 1933).

The paleogeographic history of Zodicarya reflects its early
role in the expansion of Juglandoideae across the Northern
Hemisphere and its subsequent restriction or extinction. Its
fossil occurrences complement broader patterns of transcon-
tinental plant migration, climate-driven dispersal filtering,
and convergent adaptation to animal-mediated seed dispersal
during the early Cenozoic.
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Explanation of the plates

PLATE 1

Zodicarya cantia (E.REID et M.CHANDLER) M.DENG,

M.E.COLLINSON et MANCHESTER comb. nov. from the ear-

ly Eocene London Clay Formation, England, holotype,

NHMUK V 21121.

1,2. Front and lateral view, reflected light.

3-17. Images from micro-CT scanning.

3-8. Isosurface rendering of nut showing the smooth, thick
nutshell, medial primary septum (black arrows), and
smooth form of the locule.

3. Front view of nut opened along the natural separation
plane, showing the protruding smooth locule cast.

4. Apical view of nut.

5. Basal view.
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7, 8.

Basal view with translucency showing locule config-
uration and thick nutshell.

Lateral views showing the hemispherical, smooth nut
shell on one half and protruding smooth lobes of the
locule cast on the other side where the nutshell has
been lost.

17. Virtual sections.
—11. Transverse sections at the basal 1/3 of the placenta

(Fig. 9), at the middle of the placenta (Fig. 10), and
at the top of the placenta (Fig. 11). The section planes
are indicated in Fig. 14 by the yellow, orange and blue
lines, respectively;white arrows indicate cavities in the
primary septum resulting from decay.

12—-14. Virtual longitudinal sections of nut parallel to the

15.

16.

17.

primary septum; section planes indicated by the red
lines from left to right in Fig. 11; white arrows indicate
decayed area; red arrows indicate areas that are possibly
the remains of placental bundles.

Longitudinal section parallel to separation plane (per-
pendicular to the primary septum; in the plane indicated
by the long green line in Figs 11, 14), showing smooth
shoulder, thick primary septum and cavity resulting
from decay (white arrows).

Enlargement of nutshell, transverse section at the level
indicated by blue line in Fig. 14; yellow arrows indi-
cating the continuous span of isodiametric sclereids
Enlargement of nutshell in longitudinal section in
plane indicated by the short green line in Fig. 14.
The observation of cells with exclusively circular
outlines in this plane, at right angles to that of Fig.
16, indicates these cells are isodiametric and hence
cannot be interpreted as fibers. L = locule; Se =
primary septum. Scale bars = 5.0 mm in 1.-15.; 2
mm in Figs 16., 17.

PLATE 2

Zodicarya simplicarpa (MANCHESTER) M.DENG et MANCHESTER
comb. nov. from the Paleocene Fort Union Formation of
Wyoming. Position of the primary septum indicated by black
arrows and the weakly developed secondary septum by white
arrows. L = locule lobes.

1-6.
1.

2.
3.
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Holotype, Hells Half Acre, Wyoming, UF15740e-4860a.
Locule cast with prominent median cleavage repre-
senting the primary septum, reflected light.

Surface rendering in same orientation as Fig. 1.
Basal view of surface rendering, showing horizontal
basal cleavage indicating weakly developed secondary
septum (white arrows) in addition to the prominent
primary septum (upper black arrow).

Virtual transverse section, showing the weakly devel-
oped secondary septum (white arrows).

Surface rendering, depth map image of the nutshell
ventral surface as viewed through the matrix, opposite
to the view in Fig. 1 and Fig. 2, two chambers of the
locule separated by primary septum.

Lateral view of the locule cast, surface rendering, depth
map image.

Specimen from Linch, Wyoming, UF18257-21877.

10.

I1.

12.

13.

14-15.

16-19.

16.

17.

18.
19.

Sedimentary cast showing two lobes of the locule
separated by primary septum, reflected light.
Corresponding nut mold (counterpart to that in Fig.
7), showing the smooth ellipsoidal shape, surface
rendering from micro-CT scan.

Micro-CT virtual transverse section of the same spec-
imen as Fig. 7 and Fig. 8 with both parts reassembled,
showing that only one half of the nut was deposited.
The arched black line and median vertical line is the
void remaining from decay of the nutshell and septum.
Nut mold with smooth contours from Hells Half Acre,
reflected light, UF15750E-23169.

Apical view of locule cast from transversely com-
pressed nut, reflected light, UF15740E-23166.
Locule cast preserved at right angles to the plane of
separation, USNM312920, USGS locality 9112.
Locule cast showing median groove representing the
primary septum, USNM312944, USGS locality 5917.
Specimen from Hells Half Acre, Wyoming, showing two
nuts with locule casts in different orientations, apical
and lateral by reflected light (14), and surface rendering
from micro-CT scanning (15), UF15740e-23176.

Nut from Signor Ridge, Wyoming, UF15757a-69855.
Equatorial transverse virtual section two halves of the
nut, separated along the plane of germinal splitting,
with primary septum indicated by arrows.

Surface rendering in lateral view, showing slightly
ridged surface texture.

Same in basal view.

Surface rendering, ventral view of one half of the
nutshell with primary septum indicated (SE). Scale
bars = 5.0 mm.

PLATE 3

Nuts of extant Carya poilanei (A.CHEv.) J.-F.LEROY and
Juglans ailantifolia var. cordiformis (MAKINO) REHDER by
micro-CT.

1-11.

10.
I1.

Carya poilanei. BNU20211005, Coll. W.-P. Zhang
and D.-Y. Zhang 5 Oct. 2021, Jianshui county, China
[23°23°40.42”N; 102°51°34.42 E].

Surface rendering of nut in lateral, apical and basal
view.

Median longitudinal section of nut parallel to primary
septum; red arrows indicate the traces of the vascular
bundle in the primary septum.

Median longitudinal section of nut parallel to separa-
tion plane, with plane of section indicated by red line
in Fig. 2. Blue arrows indicate the vascular bundle
diffusing from the placenta and stretching into the
secondary septum.

Transverse sections from the nut top to the bottom,
section planes indicated by horizontal lines in 2.
Virtual cast of locule, lateral view, with separation
plane facing the viewer.

Apical view of virtual locule cast.

Basal view of virtual locule cast.

Lateral view of virtual locule cast, rotated 90 degrees
from Fig. 8, with primary septum facing the viewer.



12-19. Juglans ailantifolia var. cordiformis. Cultivated, Russell,

12.

13.

14.

15.

Iowa, USA (UF mod. ref. coll. UF2881).

Surface rendering, lateral view, showing smooth
nutshell surface.

Median longitudinal section parallel to primary septum
with lacunae indicated by asterisks; red arrows indicate
the traces of the vascular bundle in the primary septum.
Transverse section at the placenta with lacunae of the
nutshell and septum indicated by asterisks; section
plane indicated by green line in Fig. 13.

Median longitudinal section parallel to separation
plane, with section plane indicated by red line in 13.

16.

17.
18.
19.

Lateral view of virtual locule cast, with separation
plane line facing the viewer.

Apical view of virtual locule cast.

Basal view of virtual locule cast.

Lateral view of virtual locule cast, with primary septum
facing the viewer.

In Figs 10, 11, 16, and 19 the locule (yellow) is overlain by
a virtual image of the nutshell at 95 % transparency, showing
the low density tissue (fuzzy white) in Figs 10-11 and the
well-defined lacunae in the nutshell and primary septum (light
blue). Scale bars = 5 mm.
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PLATE 3
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