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Premise of research. Recent classifications of Anacardiaceae recognize two subfamilies, Anacardioideae and
Spondioideae. Most genera within Spondioideae are still recognized for having drupes with sclerified stones that
vary in locule number and germination mechanisms. Spondioid fruits have been recognized in the Cenozoic fossil
record of Europe, Asia, and North America. However, they have remained elusive in the Neotropics, where today
they are an important component of tropical rain forests and seasonally dry tropical forests. Here, we describe
three new species of fossil endocarps related to Spondias, Dracontomelon, and Antrocaryon.

Methodology. Fossil endocarps were collected from the 19-18.5 Ma (early Miocene) Cucaracha Formation,
Panama Canal. The fossils were studied by physical sections, acetate peels, and X-ray microtomography. The fos-
sil endocarps were exhaustively compared with all extant genera of Spondioideae.

Pivotal results.  Spondias rothwellii sp. nov. and Antrocaryon panamaensis sp. nov. are so far the earliest and
best evidence of these genera in the Neotropics. Dracontomelon montesii sp. nov. extends the occurrence of this
genus to the early Miocene in Central America.

Conclusions. The new Cucaracha fossils reveal that Spondioideae were a significant part of the early Miocene
forests in Panama. The extant natural habitats and occurrences of the newly recognized genera suggest
multistratified rain forests and active biogeographical patterns for Spondioideae approximately 19 million years
ago in southern Central America.

Keywords: Antrocaryon, Dracontomelon, endocarps, fossils, long-distance dispersal, Miocene, Neotropics,

Panamanian Seaway, Spondias.
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Introduction

Anacardiaceae are a mostly tropical family of trees, shrubs, and
lianas within the Sapindales with ~800 species in 82 recognized
genera (Pell etal. 2011). Although some genera extend into warm
temperate regions, Anacardiaceae are widely distributed in the
New and Old World tropics and are a common element of trop-
ical rain forests and seasonally dry tropical forests. Recent
classifications of Anacardiaceae recognize two subfamilies, Ana-
cardioideae and Spondioideae (Pell 2004; Mitchell et al. 2006;
Pell et al. 2011); however, both subfamilies appear to be polyphy-
letic (Weeks et al. 2014). In the analyses of Weeks et al. (2014), the
Spondioideae fall into two unrelated clades (named informally
Spondioideae T and II). Anacardiaceae have been previously
interpreted as having a Gondwanan origin (Raven and Axelrod
1974; Gentry 1982) based on their extensive tropical distribution
and diversity. Nonetheless, recent phylogenetic reconstructions
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have shown that the widespread distribution of the family (and
of numerous individual genera within) may be attributed to a
more complex combination of mechanisms (e.g., variety of fruit
morphologies, dispersal, and ecological strategies) and their abil-
ity to diversify into new niches (Weeks et al. 2014).

Fruits of many Anacardiaceae, and in particular most of the
genera of Spondioideae, are distinctive for having drupes with
sclerified stones that vary in locule number and germination
mechanisms (e.g., simple pluglike opercula, recessed bilabiate
germination valves, apical flaps, pores, or simple slits). The fruit
morphology of all extant genera of Spondioideae has recently
been comprehensively reviewed (Herrera et al. 2018). The main
characters that can be potentially recognized in fossil endocarps
and that are useful for the identification of genera include locule
number; type, position, and shape of the germination mecha-
nism and lacunae; type of endocarp ornamentation; and pres-
ence of apertures (Herrera et al. 2018).

Divergence time estimates indicate early to late Cretaceous
radiations of Anacardiaceae (Weeks et al. 2014; Muellner-Riehl
et al. 2016). A recent examination of fossils from the Deccan
Intertrappean beds of central India indicates the presence of
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anacardiaceous wood during the latest Cretaceous to the earliest
Paleocene (Wheeler et al. 2017). However, fossil fruits attribut-
able to stem and crown group Anacardiaceae have not been found
in the Cretaceous record. The earliest well-documented fossils
of extant genera of the family range from the Eocene to the Mio-
cene (e.g., Reid and Chandler 1933; Tiffney et al. 1994; Ramirez
and Cevallos-Ferriz 2002; Burnham and Carranco 2004; Man-
chester et al. 2007, 2009; Collinson et al. 2012; Fu et al. 2017).

A few reliable fossils of Anacardiaceae have been described pre-
viously from the Neotropics. Burnham and Carrasco (2004)
described winged fruits of Loxopterygium from the Miocene
of the Ecuadorian Andes, and today this genus is endemic to
Caatinga of northeastern Brazil. Ramirez and Cevallos-Ferriz
(2002) reported a diverse assemblage of anacardiaceous leaves
from the Oligocene of Mexico. Herrera et al. (2012) relocated
the historical Tonosi locality of Berry (1918) and studied new fruit
collections, in addition to those of Berry, resulting in the reassign-
ment of Diospyros macdonaldii Berry to the Asian genus Dra-
contomelon. Fossil wood and pollen have also been described
from the Neotropics (e.g., Graham 1985, 19884, 1988b; Jara-
millo etal. 2014; Pérez-Lara et al. 2017). On the other hand, other
traditionally accepted anacardiaceous fossils have proven to be
unreliable records of the family. For example, the Oligocene si-
licified cashews described as Anacardium peruvianum by Berry
(1924, 1927) were reexamined based on new collections and
placed into the extinct genus Pseudoanacardium, of uncertain
familial affinity (Manchester and Balmaki 2018). Although
Anacardiaceae are an important element of lowland to montane
forests and seasonally dry to rain forests in the Neotropics, the fos-
sil record of this family remains remarkably scarce in the region.

Here we report abundant and well-preserved permineralized
endocarps of Spondioideae (Anacardiaceae) from the early Mio-
cene Cucaracha flora of Panama. The fossils are assigned to the
extant genera Spondias (Pantropical in distribution), Dracon-
tomelon (now native to tropical Asia), and Antrocaryon (now
endemic to tropical Africa and the Amazon), and all likely grew
as canopy trees. The new species of Spondias and Antrocaryon
are the best and earliest record of these genera in the Neotropics,
whereas the new Dracontomelon species extends the occurrence
of this genus in southern Central America. The new fossils also
suggest dynamic biogeographical scenarios of Spondioideae
during the early Miocene, a time when the Panamanian Seaway
was still active.

Material and Methods

Geological Setting, Fossil Locality, and Repository

The fossil fruits reported in this study were collected from the
Gaillard Cut (Lirio East outcrop) of the southeastern part of the
Panama Canal (UF locality 19391; GPS: lat. 9°3'20"N, long. 79°
39'40"W) and are deposited in the Paleobotanical Collection of
the Florida Museum of Natural History University of Florida
(UF), Gainesville.

The site was found while exploring new temporary exposures
created during the expansion of the Panama Canal (Herrera
et al. 2010). The fruit-bearing stratum is in the lowermost part
of the Cucaracha Formation (see stratigraphic section in Jud
et al. 2016). The age of this formation has been deduced from
mammals, pollen, marine invertebrates, magnetostratigraphy,

and radiometric dating (Woodring 1957-1982; Bold 1973; Gra-
ham 19884, 1988b; MacFadden and Higgins 2004; Johnson and
Kirby 2006; MacFadden 2006; Kirby et al. 2008; Montes et al.
2012a, 2012b; Jaramillo et al. 2014; MacFadden et al. 2014;
Buchs et al. 2019). These sources indicate an age of ca. 19—
18.5 Ma for the Cucaracha Formation.

The Cucaracha Formation was deposited in a succession grad-
ing from nearshore shallow marine environments at the base to
terrestrial facies in upper levels, and it is reconstructed as a coastal
delta plain consisting of abundant paleosols, channels, levees,
floodplains, marshes, and volcanic deposits (Retallack and Kirby
2007; Kirby et al. 2008; Buchs et al. 2019). The fossil assemblage
at the Lirio East locality includes at least 61 morphotypes of fos-
sil fruits, seeds, flowers, and fungi (Herrera 2014), 52 pollen
types (Jaramillo et al. 2014), and wood (Jud and Nelson 2017).
The fruits are preserved as calcareous three-dimensional permi-
neralizations in poorly sorted volcaniclastic sandstones and
conglomerates.

Comparative Material

Fruit characters of all genera and most species of spondioid
Anacardiaceae were recently studied by Herrera et al. (2018);
the information on voucher specimens is provided in their arti-
cle. Comparative data for extant Anacardiaceae were also ob-
tained from available descriptions (e.g., Von Teichman 1987,
1990, 1992; Wannan and Quinn 1990; Mitchell et al. 2006; Pell
et al. 2011; Mitchell and Daly 2015).

Fossil Preparation, Tomography, and Imaging

The internal fossil fruit structure was revealed by physical sec-
tions made with a Microslice II annular diamond saw with mini-
mal kerf loss of about 30 um from the path of the blade. Anatom-
ical details of the fossil fruits were obtained by preparing acetate
peels after etching the slices in 5%-10% hydrochloric acid for 5—
10 s using the technique of Joy et al. (1956). We also obtained X-
ray data sets for key fossil specimens using a GE Phoenix V|
tome|xm240 CT Scanner at the University of Florida College
of Engineering Nanoscale Research Facility (NRF). Voltages, cur-
rent, and timing were varied according to the resolution desired.
We used a tungsten reflection target and 0.5-mm copper filter,
at 210 kV and 270 pA, respectively, with 1900 images of a sin-
gle specimen, for voxel size of 65 pm. Data sets from nano-CT
were analyzed with Avizo 9.0 Lite (FEI Visualization Science
Group, Bordeaux, France) to provide volume renderings, isosur-
face renderings, and virtual sections in transverse and longitu-
dinal orientations. The original CT scan data sets are available
online and also archived at the Morphobank website (http:/
morphobank.org/permalink/?P3460). Macrophotographs of the
fossils with reflected light were captured using a Canon Rebel
camera with a 100-mm macrolens attached to a StackShot system
(Cognisys, Traverse City, MI), and successive digital images were
merged using Helicon Focus software (Helicon Soft).

Systematics
Order—Sapindales Berchtold & ]. Presl

Family—Anacardiaceae R. Brown, nom. cons.
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Subfamily—Spondioideae
Genus—Spondias L.

Species—Spondias rothwellii Herrera, Carvalho,
Jaramillo et Manchester sp. nov.

Specific diagnosis. Prolate drupes composed of a conspicu-
ous central vascular bundle, surrounded by an endocarp that
contains five locules and five lacunae. Endocarp conspicuously
ornamented, appearing star shaped, T shaped, and with radiat-
ing ribs and spines, forming deer antler-like outlines in transverse
and/or longitudinal sections. Mesocarp thick and composed of
thin-walled parenchyma and sporadic sclereids. Locules single
seeded, radially arranged near the center of the drupe, elliptical
in transverse section and elongated, straight to curved as seen
in longitudinal section. Each locule surrounded by a locular enve-
lope. Lacunae alternating with the locules, radially arranged and
variously shaped as seen in transverse section; lacunae open dis-
tally, not fully enclosed by endocarp tissue. Each lacuna with a
ventral longitudinal row of minute orbicules. Drupes with re-
cessed internal bilabiate germination (i.e., valves hidden within
the spongy tissue) in which the locular envelope opens along an
apical keel that is recessed within a pore of the endocarp wall.

Holotype. UF60773 (fig. 1A, 1B).

Other material.  UF60774 (figs. 1C, 1I-1L, 4A, 4B),
UF60775 (fig. 1D, 1E), UF60776 (fig. 1F), UF60784 (fig. 1G),
UF60777 (fig. 1H), UF60778-UF60783.

Repository.  Paleobotany collections of the Florida Museum
of Natural History, University of Florida.

Stratigraphic position and age.  Lower Cucaracha Formation;
early Miocene; 19-18.5 Ma.

Localities. Gaillard Cut section (Lirio East outcrop) of the
southeastern part of the Panama Canal (GPS: lat. 9°320"N, long.
79°39'40"W).

Etymology. This species is named in honor of Gar W. Roth-
well for his research contributions to the study of fossil plants.

Detailed description. Drupes, prolate, ca. 12.8-23.9 mm
high and 8.4-16.5 mm wide (measured at the equator; 7 = 12).
When the specimens are found isolated from the matrix or are
manually extracted, a corrugated to verrucate surface is exposed
(fig. 1G). Structurally, the drupes are composed of a conspicuous
central vascular bundle that contains five locules (pentalocular)
and five lacunae (figs. 1A-1H, 4A-4E). The endocarp is preserved
brown to black in our material (fig. 1B) and appears variably
ornamented (fig. 1B, 1C, 1G, 1H). The endocarp, including the
locular envelopes, is enclosed by a pinkish light-colored mesocarp
(up to 4.7 mm thick in transverse section; fig. 1B, 1C, 1H); no exo-
carp is preserved in our specimens, but it may be presumed to have
been fleshy, as in modern species of Spondias.

The central vascular bundle appears circular in transverse sec-
tions, ca. 0.9-1.1 mm in diameter (fig. 1B, 1C, 1H). The vascular
bundle is composed of radial files of late vessels (toward the pe-
riphery of the bundle; ca. 29-50 pm in diameter) and early vessels
(toward the center of the bundle; ca. 15-25 um in tangential diam-
eter), which are separated by thin fiber files, one or two cells thick
(fig. 11); fibers are ca. 5 um in diameter. Phloem is either lacking or
not preserved in our samples.

In transverse section, the endocarp appears completely fused
and circular near the base, encircling five locules and five lacunae

(figs. 1B, 1C, 1G, 1H, 4B). Near the center and toward the api-
cal end, the endocarp appears star shaped, with radiating ribs
that, in transverse section, give the appearance of spines or deer
antlers (figs. 1B, 1C, 1G, 1H, 4B, 4E). The deer antler-like
outlines are formed when the external regions of the lacunae
are open to the mesocarp, rather than closed with endocarp tis-
sue in the manner of the proximal lacunae. In longitudinal sec-
tion, the locular envelope and the endocarp appear more or less
amorphous, sometimes with projecting spines to riblike struc-
tures (up to 1.9-4.5 mm long; figs. 1A, 1D, 1F, 4E). The endo-
carp consistently forms a distal horizontal T-like structure (as
seen in longitudinal section) above the locules and the germina-
tion pores (figs. 1D, 1F, 4D).

The locules are single seeded, radially arranged near the center
of the drupe, elliptical in transverse section (ca. 1.6-3.2 mm long
and ca. 0.5-1.3 mm wide; figs. 1B, 1C, 1H, 4A, 4B) and straight
to curved in outline in longitudinal section (ca. 7.6-10.8 mm
long and ca. 0.5-1.2 mm wide; figs. 1A, 1D, 4D, 4E). Five radi-
ally arranged lacunae alternate with the locules; these are closed
and variously shaped near the basal end of the drupe (rounded-
triangular, nearly circular, four- or five-sided polygons; figs. 1B
[far left], 1C, 1H [left], 4B) to poorly defined and open near
the center and apical end of the fruits (as seen in transverse sec-
tions; i.e., not enclosed by endocarp tissue; fig. 1B [far right],
1H [right]). Within each lacuna there is a ventral, longitudi-
nal row of five to nine orbicules (ca. 0.4-1.2 mm in diameter;
figs. 1A, 1D-1F, 4D). The orbicules are rounded cavities that
may be seen singly in successive transverse sections (fig. 1B),
but the longitudinal rows of them are best documented in longi-
tudinal sections (figs. 1A, 1D-1F, 4D). As the CT scan images
reveal, each locule is supplied with an internal bilabiate dehis-
cence mechanism in which the locular envelope opens along its
apical keel, which is recessed within a pore of the endocarp wall
(fig. 4A, 4C—4E).

The locular envelope is composed of horizontal encircling
fibers forming a layer ca. 50-320 pm thick (fig. 1C, 1H). Between
adjacent locular envelopes, the septum tissue is formed by isodia-
metric brachysclereids (ca. 47-74 um in diameter; fig. 1]) and
parenchyma (ca. 28—45 pm in diameter; fig. 1K). The endocarp tis-
sue is largely formed by an intricate layer of fiber tracts (ca. 140-
230 pm long; fig. 1K) and thick-walled sclereids (ca. 40-77 um
in diameter; fig. 1L). The mesocarp is predominantly composed
of thin-walled parenchyma (ca. 20-60 ym in diameter) and spo-
radic sclereids.

Systematic placement. Fruits of S. rothwellii are indistin-
guishable from some extant species of Spondias. Endocarps of
both are prolate and remarkably ornamented, typically penta-
locular with recessed internal bilabiate germination (i.e., cryptic,
hidden within the spongy tissue) in which the locular envelope
opens along its apical keel (figs. 1, 4A-4E, 5A-5G). More strik-
ingly, some living Spondias species and the Miocene S. rothwellii
are unique within Spondioideae in having endocarps with a deer
antler-like outline as seen in transverse section (figs. 1B, 1C, 1H,
5C-5E) and also by possessing ventral rows of orbicules within
the lacunae (figs. 1B-1F, 5D-5G). So far, these two characters
have been observed only in Neotropical species of the genus
such as S. globosa, S. macrocarpa, S. mombin, S. purpurea,
S. radlkoferi, and S. tuberosa (Herrera et al. 2018; figs. 5C-5G,
6B), while they appear to be absent from Old World species such
as S. bipinnata, S. dulcis, and S. pinnata (Herrera et al. 2018).
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Fig. 1 Spondias rothwellii sp. nov. A, B, Holotype (UF60773). A, Drupe exposed in longitudinal section showing ornamented endocarp. B, Serial
transverse sections of drupe from A showing a central vascular bundle and the endocarp containing five locules and five lacunae. Second image from left
showing mesocarp tissue (upper arrow) and riblike ornamentation of endocarp (lower arrow); third image from left showing single-seeded locule (upper
arrow) and minute orbicule within open lacuna (lower arrow). C, Transverse section near equator showing deer antler-like ornamentation of endocarp,
with lacuna (middle arrow) and locule (upper arrow) and faintly preserved mesocarp (lower arrow; UF60774). D, Longitudinal section showing long and
curved locule (right arrow) and one ventral row of seven orbicules (left arrow; UF60775). E, Detail from D; note two locules and two ventral rows of
orbicules. F, Obliquely longitudinal section showing three locules and T-shaped apical end of the endocarp (arrow; UF60776). G, Isolated specimen show-
ing eroded, verrucate surface on lateral view (left); equatorial transverse section showing conspicuous mesocarp and central locules and lacunae
(UF60784). H, Transverse section near the distal end of fruit showing thick mesocarp (arrow) and endocarp including locular envelopes (left); section
above equator showing conspicuously deer antler-like ornamentation of endocarp and five radially arranged locules and alternating with lacunae (right;
UF60777). I-L, Acetate peels from specimen in C showing anatomy. I, Detail of central vascular bundle composed of radial files of xylem. ], Detail of
septum showing isodiametric brachysclereids and locule lining (arrow). K, Detail of septum composed of parenchyma (upper zone) and fibrous endocarp.
L, Detail of thick-walled sclereids of endocarp. Scale bars = 5 mm (A-H), 400 pum (I), 200 um (J, K), 50 pm (L).
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Hence, the fossil is most similar morphologically to the extant
New World representatives.

Genus—Dracontomelon Blume

Species—Dracontomelon montesii Herrera, Carvalho,
Jaramillo et Manchester sp. nov.

Specific diagnosis. Asymmetrically oblate to mushroom-
shaped drupes composed of five radially arranged locules and
five lacunae. Endocarp star shaped to pentagonal as seen in
transverse section, with a small central vascular bundle; in lon-
gitudinal section, more or less mushroom shaped; outer surface
of endocarp ornamented with up to 10 equatorial depressions.
Locules single seeded, reaching nearly to the periphery of the en-
docarp, usually unevenly developed, elliptical to circular in out-
line as seen in transverse section and reniform/phalloid as seen in
longitudinal section. Lacunae radially arranged, alternating
with locules, mostly triangular shaped as seen in transverse sec-
tion; empty or filled with loose fibers. Lacunae connected to the
equatorial external depressions by a pair of channels. Each loc-
ule topped by a distally placed simple operculum (apical stopper-
like plug) that reaches the periphery of the endocarp.

Holotype. UF60827 (figs. 2A, 4F-4K).

Othermaterial. UF60828 (fig. 2B), UF060832 (fig. 2C, 2H-
21), UF60829 (fig. 2D, 2E), UF60830 (fig. 2F), UF060834
(fg. 2G), UF060831, UF060833, UF060835, UF060836,
UF060837.

Repository. Paleobotany collections of the Florida Museum
of Natural History, University of Florida.

Stratigraphic position and age.  Lower Cucaracha Formation;
early Miocene; 19-18.5 Ma.

Localities. Gaillard Cut section (Lirio East outcrop) of the
southeastern part of the Panama Canal (GPS: lat. 9°320"N, long.
79°39'40"W).

Etymology. This species is named in honor of Camilo
Montes for his research contributions to the study of the geolog-
ical evolution of Panama.

Detailed description. Drupes, asymmetrically oblate, mush-
room shaped in lateral view (figs. 2A, 2E, 4F-4H), ca. 4.2—
7.5 mm high and ca. 5.8-12 mm wide (measured at the widest
point; 7 = 11). When the specimens are found isolated from
the matrix or manually dissected, a smooth to slightly verrucate
surface is exposed (fig. 2A-2C). Structurally, the drupes are
composed of stone with a small central vascular bundle and five
locules (pentalocular) and five well-developed lacunae (figs. 2A—
2G,4H-4K); adjacent to the locular envelope is a dark endocarp
(preserved brown to black in our material); no mesocarp or exo-
carp is preserved in our specimens.

The central vascular bundle appears circular in transverse sec-
tions, ca. 0.2-0.5 mm in diameter (fig. 2C, 2F). The vascular bun-
dle is composed of xylem with radial files of vessels, ca. 1-4 pm in
diameter (fig. 2K). Phloem is either lacking or not preserved in our
samples.

In transverse section, the locular envelope and the endocarp
appear completely fused and circular to pentagonal in outline
near the basal end of the drupes, encircling five locules and five
lacunae (figs. 2C, 4]). Near the center and the apical end of the
fruits, the locular envelope and the endocarp appear star shaped

(fig. 2C [far right], 2F). In longitudinal section, the stone appears
more or less mushroom shaped (figs. 2E, 4H, 4K).

The locules are single seeded, radially arranged near the center
of the drupe, and almost reaching the periphery of the endocarp,
usually unevenly developed, elliptical to circular in transverse
section (ca. 2.4-3 mm long and ca. 1-1.4 mm wide; figs. 2C,
2F, 4]); each locule is straight to reniform, with a phalloid distal
portion in outline in longitudinal section (ca. 2.8-3.4 mm long
and ca. 0.9-1.4 mm wide; figs. 2E, 2G, 4H, 4K). Five radially
arranged lacunae alternate with the locules (ca. 1.6-2.3 mm long
and 1.4-2.2 mm wide); these are almost triangularly shaped in
transverse section and often appear filled with fibers (figs. 2C,
4]). The outer surface of the endocarp is ornamented with up to
10 equatorial depressions (figs. 1B, 4F, 4G). The lacunae are
connected to the equatorial external depressions by a pair of
channels (figs. 1C, 4]). No apertures are observed at the base of
the endocarp, but sometimes a deep and single depression can
be seen at the point of fruit attachment (figs. 2A [right], 4G). Each
locule is topped by a distally placed simple operculum (apical
stopper-like plugs; figs. 2A [left], 2B, 2D, 2G, 4F, 41, 4K). The
opercula are radially arranged, elliptical, ca. 1.8—5 mm long (mea-
sured along the longest axis) and ca. 0.8-2.2 mm wide (measured
along the narrow axis) and reach the periphery of the endocarp
(figs. 2A [left], 4F, 41). The opercula are similar in thickness and
cellular composition to the surrounding endocarp wall (fig. 2G).

The locular envelope is ca. 270-300 pm thick and 6-12 seriate
(Ag. 2H, 2I), consisting mainly of periclinal fibers and thick-
walled cells, ca. 13-18 um in diameter (fig. 2I). The surround-
ing septal portion of the endocarp is formed almost entirely
of brachysclereids (fig. 2L), ca. 14-23 pm in diameter. The re-
maining endocarp is composed of variously oriented tracts of tor-
tuous fibers, ca. 90-130 um long (fig. 2]).

Systematic placement. These fossils conform to Spondioideae
in the radial arrangement of single-seeded locules alternating with
lacunae and in the apically positioned germination valves. Com-
pared to the fruits of all living Spondioideae (Herrera et al 2018),
the petrified stones compare most favorably with extant Dra-
contomelon (endemic to India to Myanmar, Indo-China, tropical
China, Malesia, and Fiji; figs. SH-5K, 6C) in shape, configuration
of the locules and lacunae, simple germination opercula (apical
stopper-like plugs), and the pair of channels leading from each
lacuna to the central equatorial depressions. They were also com-
pared with the extinct genus Pentoperculum (known from the
Eocene of Oregon and England; Manchester 1994) but are distin-
guished by the simple, rather than bipartite, germination valves.

Genus—Antrocaryon Pierre

Species—Antrocaryon panamaensis Herrera, Carvalbo,
Jaramillo et Manchester sp. nov.

Specific diagnosis.  Subglobose to globose stone composed of a
central vascular bundle, five locules, and five large lacunae. Endo-
carp prominently star shaped as seen in transverse section. Five
prominent lacunae alternate in position with the locules; lacunae
larger than the locules and more or less triangularly shaped in equa-
torial section. Each locule topped by a distally placed simple opercu-
lum (apical stopper-like plugs). A whorl of five depressions occurs
at the base of the endocarp, alternating in position with the locules.
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Fig. 2 Dracontomelonmontesii sp. nov. A, Holotype (UF60827). Left, apical view of asymmetrical endocarp showing five well-developed simple
opercula (stopper-like plugs; arrow). Right, lateral view showing mushroom-like shape of endocarp, equatorial depression (upper arrow), and basal
depression at fruit attachment (lower arrow). B, Apical view of endocarp showing three exposed locule casts (arrow; UF60828). C, Serial transverse
sections of endocarp from base (left) to apex (right) showing a central vascular bundle, five locules, and five lacunae (arrow; UF60832). D, Apical view
of endocarp showing five simple opercula (stopper-like plugs; arrow; UF60829). E, Longitudinal section of endocarp from D showing two locules (left
arrow) and operculum (right arrow). F, Transverse section near equator showing star-shaped endocarp and five locules (UF60830). G, Detail of lon-
gitudinal section of endocarp showing locules and one operculum (arrow; UF60834). H-L, Acetate peels from specimen in C showing anatomy.
H, Detail of endocarp showing locular envelopes and endocarp (arrow). I, Detail of septum from H showing six- to 12-seriate locular envelope
and locule lining (arrow); note periclinal fibers and thick-walled cells. ], Detail of endocarp showing variously oriented tracts of tortuous fibers.
K, Detail of central vascular bundle composed of radial files of xylem (arrow). L, Detail of septal brachysclereids. Scale bars = 2 mm (A-G),
400 pm (H), 200 pm (I, J), 20 um (K, L).
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Holotype. UF60957 (figs. 3A, 3B, 4L-4N).

Other material. UF60958 (fig. 3C, 3F-3]), UF60962
(fig. 3D), UF60959 (fig. 3E), UF60961.

Repository. Paleobotany collections of the Florida Museum
of Natural History, University of Florida.

Stratigraphic position and age. Lower Cucaracha Forma-
tion; early Miocene; 19-18.5 Ma.

Localities.  Gaillard Cut section (Lirio East outcrop) of the
southeastern part of the Panama Canal (GPS: lat. 9°320"N,
long. 79°39'40"W/).

Etymology. The specific epithet refers to Panama, where
the fossils were found.

Detailed description.  Stone subglobose to globose, ca. 9.2—
13.1 mm high and ca. 12.5-16.3 mm wide (measured at the wid-
est point; 7 = 4). Structurally, the stones are composed of a cen-
tral vascular bundle, surrounded by five locules (pentalocular)
and five well-developed lacunae (figs. 3A-3E, 41L.-4N); no meso-
carp or exocarp is preserved in our specimens.

In transverse section, the endocarp appears more or less circu-
lar to pentagonal in outline with a prominent star-shaped struc-
ture formed by the radiating locular envelopes (fig. 3A-3C).
The drupes possess five radially arranged locules and five conspic-
uous lacunae (fig. 3A-3C). The locules are elliptical to circular in
transverse section (ca. 2.3-4.6 mm long and ca. 0.8-2.5 mm wide;
figs. 3A-3C, 4L) and more or less reniform in sagittal section with
a phalloid apical portion (ca. 7-9.7 mm long and ca. 2.6-4.2 mm
wide; figs. 3E, 4N). The five prominent lacunae alternate in posi-
tion with the locules; these lacunae are larger than the locules (up
to ca. 6-8 mm in diameter) and are more or less triangularly
shaped in equatorial section (fig. 3B, 3C). The lacunae were likely
empty at maturity; some appeared broken and filled with sedi-
ment (fig. 3A-3C). Each locule is topped by a distally placed sim-
ple operculum as revealed by the CT scan images (apical stopper-
like plugs; fig. 4L, 4M). These opercula are arranged in a circle on
the apical surface midway between apex and equator of the stone,
ca. 2.7-6 mm long (measured along the longest axis) and ca. 3.1-
4.1 mm wide (measured along the widest axis). The opercula are
similar in thickness and cellular composition to the surrounding
endocarp wall (fig. 3D). A whorl of five depressions occurs at
the base of the endocarp, alternating in position with the locules
(fig. 4L).

The central vascular bundle is ca. 0.6-1.2 mm in diameter
(fig. 3A-3C). The locular envelope is ca. 0.3-0.4 mm thick
(fig. 3F), consists of a locule lining a few cell layers thick of
brachysclereids (cells ca. 5-10 um in diameter; fig. 3]), surrounded
by a dense tissue of interwoven tracts of fibers (individual fibers
ca. 10-15 pm thick; fig. 3G, 31). The remaining endocarp is com-
posed mainly of tortuous fibers grading from obliquely peri-
clinal near the center to mostly anticlinal near the periphery.
Probable resin canals (ca. 320 pm in diameter) are present in
the endocarp tissue (fig. 3H).

Systematic placement. These fruits correspond to Spondio-
ideae in the radial arrangement of single-seeded locules, alter-
nating with lacunae, and in the apically positioned germination
valves. Compared to the stones of all living Spondioideae
(Herrera et al 2018), the permineralized specimens fit most fa-
vorably with extant Antrocaryon (endemic to tropical Africa
and tropical South America; figs. 5SL-5N, 6D) in shape, size,
configuration of the locules and lacunae, and the simple germina-
tion opercula (apical stopper-like plugs). Some extant Poupartia

species show a close similarity to A. panamaensis for having glo-
bose to subglobose pentalocular endocarps. At least three mor-
phological types of endocarps were recognized for Poupartia in
Herrera et al. (2018). The first two endocarp types, Poupartia
type 1 and Poupartia type 2, are normally bisymmetrical and
bilocular, unlike A. panamaensis (figs. 3A-3E,4L-4N). Poupartia
type 3, including P. minor, P. orientalis, and P. silvatica (Herrera
et al. 2018), has pentalocular, prolate to subglobose endocarps
comparable to A. panamaensis. However, A. panamaensis can
be distinguished from Poupartia type 3 endocarps mainly by
having a thicker locular envelope (ca. 0.3-0.4 mm vs. 0.1 mm)
and more consistent star-shaped endocarps as seen in transverse
section.

Discussion

Comparison with Other Extant Genera of Spondioideae

The morphology of the three new Panamanian species un-
equivocally supports a relationship with extant members of
the Anacardiaceae and in particular with the subfamily Spon-
dioideae (Pell et al. 2011; Herrera et al. 2018; fig. 6). The fossils
can be assigned to this subfamily based on the occurrence of
drupes with endocarps that are more or less woody, structurally
composed of a central vascular bundle, surrounded by a stone
that contains radially arranged locules (i.e., pentalocular) and
lacunae, and the presence of specialized structures for germina-
tion, such as stopper-like opercula and pores (see review of ex-
tant Spondioideae in Herrera et al. 2018). Among angiosperms,
we do not recognize any other families with fruits having the
same set of characters seen in Spondioideae.

Drupes of Spondias rothwellii, Dracontomelon montesii, and
Antrocaryon panamaensis differ from each other in size, sym-
metry, shape, the ornamentation of the endocarp, presence or
absence of orbicules, and details of the germination mechanism
(figs. 1-4). Spondias rothwellii is identical to extant Neotropi-
cal Spondias species; this is supported by the presence of orna-
mented endocarps with a deer antler-like outline (as seen in
transverse section) and by the occurrence of ventral rows of
orbicules within the lacunae. The pentalocular drupes of D.
montesii and A. panamaensis are characterized by having con-
spicuous and distally placed simple opercula (apical stopper-like
plugs) that top the locules (figs. 2A, 2B, 3D, 4F, 41, 4L, 4M).
Simple opercula are also present in the extant Spondioideae gen-
era Cyrtocarpa (endemic to the Neotropics), Lannea (endemic
to sub-Saharan Africa, South and Southeast Asia, and Socotra),
Operculicarya (endemic to Madagascar and the Comoros and
Aldabra Islands), Poupartia (endemic to Mascarene Islands
and Madagascar), and Sclerocarya (endemic to Madagascar
and sub-Saharan Africa; see detailed comparisons, figures, and
descriptions in Herrera et al. 2018). Cyrtocarpa is distinguish-
able from D. montesii, A. panamaensis, and all other Spon-
dioideae genera by having an irregular and variable position
of the opercula. Lannea and Operculicarya drupes are bisym-
metrical and typically unilocular, rarely bilocular in the latter.
Dracontomelon montesii and A. panamaensis differ from Sclero-
carya drupes because of their typically pentalocular endocarps
with large lacunae versus the bilocular to tetralocular endocarps
with crescent-shaped lacunae, respectively.
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Fig. 3 Antrocaryon panamaensis sp. nov. A, B, Holotype (UF60957). A, Endocarp in nearly transverse equatorial section showing a central vascular
bundle, five locules, and five lacunae (arrows); note broken lacuna (right arrow). B, Detail from A showing central vascular bundle and radially arranged
locules (arrow). C, Transverse section of endocarp showing star-shaped endocarp and radially arranged locules (UF60958). D, Detail of longitudinal sec-
tion of endocarp showing locules, lacunae, and stopper-like plug (arrow; UF60962). E, Endocarp in more or less longitudinal section showing locule casts
(left); arrow indicates cavity in endocarp left by dislodged locule cast (right). Note phalloid distal portion of locule cast in right-side image (UF60959).
H-L, Acetate peels from specimen in C showing anatomy. F, Detail of endocarp showing locular envelope and endocarp. G, Detail of endocarp showing
dense tissue of interwoven tracts of fibers. H, Detail of endocarp showing possible resin canal (arrow). I, Detail of endocarp showing dark
brachysclereids. ], Detail of locule lining showing cell with dark contents. Scale bars = 5 mm (A-E), 400 um (F), 200 um (G, H), 50 pym (I, ]).
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Fig. 4 Digital and volume rendering (VR) and sectional images of early Miocene fruits with locules or opercula highlighted in green.
A-E, Spondias rothwellii sp. nov. (UF60774). A, VR of endocarp showing five radially arranged locules (arrow). B, Digital equatorial transverse sec-
tion of endocarp showing ornamentation, five locules, and five lacunae (arrow). C, Digital transverse section showing endocarp ornamentation (lower
arrows) and internal bilabiate dehiscence mechanism with two open locular envelopes (upper arrows). D, Digital longitudinal section showing two
locules, pores in the endocarp wall (lower arrows), and (T-shaped) apical plate of endocarp located above pores. Note longitudinal row of orbicules.
E, Translucent VR of endocarp showing elongate locules and projecting spinelike ornamentation (arrows). F-K, Dracontomelon montesii sp. nov.,
holotype (UF60827). F, VR in lateral view showing apical operculum (arrow). G, VR in basal view showing depression. H, VR showing four out of five
reniform locule casts (arrow). I, Digital transverse section at level of opercula showing locules. ], Digital equatorial section showing five locules and
filled lacunae (arrows). K, Digital longitudinal section showing locules and operculum (arrow). L-N, Antrocaryon panamaensis sp. nov., holotype
(UF60957). L, VR of endocarp showing five apical opercula (left arrow) and a whorl of five depressions (right arrow). M, Digital transverse/oblique
section at level of opercula (arrows). N, Digital longitudinal section showing three locules and large lacuna on left side of endocarp. Scale bars = 5 mm
(A-E, L-N), 2 mm (F-K).
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Fig. 5  Extant Anacardiaceae fruits. A, Spondias tuberosa (US 2701812: G. Eiten & L.T. Eiten; Maranhao, Brazil) in apical view showing apical
pores; note unclosed pore (arrow). B, Spondias dulcis (UF 163: P Grote; Thailand) in longitudinal section showing endocarp denuded of spongy tissue;
note locule (lower arrow), T-like structure (upper arrow), and conspicuous spinelike ornamentation. C, Spondias globosa (NY: Gentry 68,896;
Tambopata, Peru) endocarp in transverse section showing central vascular bundle, five locules, and fine lacunae. D, Detail from C showing deer
antler-like ornamentation and orbicules (arrow). E, F, Spondias purpurea (UF 1435: S. Pell s.n.; Costa Rica). E, Transverse section; note ornamen-
tation (arrow). F, Longitudinal section (left) showing locule with seed, T-like structure (upper arrow), and ventral row of orbicules (lower arrow).
Right showing detail from left image; note orbicules. G, Spondias mombin (UF 38: Dilcher s.n.; Guanacaste, Costa Rica) in longitudinal section (left)
showing locule with seed and ventral rows of orbicules (arrow). Right showing detail from left image; note orbicules. H, Dracontomelon duperreanum
(UF 2497: Xiaoyan Liu s.n.; Guangzhou Botanical Garden, Guangdong, China); two specimens in apical view showing asymmetrical endocarps and
opercula (arrow). I, Dracontomelon dao (NY: Soejarto et al. 7822; Luzon, Philippines) in lateral view showing apical opercula and conspicuous equa-
torial depressions (arrow). J, K, Dracontomelon dao (NY: M. Ramos Edano 75,781; Catanuones, Philippines). ], Transverse section showing five
locules and pair of channels connecting equatorial external depressions with lacunae (arrows). K, Longitudinal section showing operculum (upper
arrow) and locule with seed (lower arrow). L, Antrocaryon klaineanum (NY: J.M. Reitsma 1978; Gabon); left, endocarp in apical view showing five
opercula (arrow); right, transverse section showing five locules arranged in a star pattern and five large lacunae (arrow). M, Antrocaryon amazonicum
(US 2439182: Lemos Froes 20,295; Para, Brazil); left, endocarp in apical view with five shed opercula (arrow); right, transverse section showing five
locules arranged in a star pattern and five large lacunae (arrow). N, Antrocaryon amazonicum (US 3017984: T. Plowman et al. 8823; Para, Brazil) in
longitudinal view showing reniform locule (arrow). Scale bars = 1 cm (A-C, E-N), 5 mm (D).
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Comparison with Anacardiaceae Fossils

Spondias.  To our knowledge, only one other fossil endocarp
has been assigned to Spondias in the Neotropical region, that is,
S. lutea L., described from the Pleistocene of Cuba (Berry 1934;
Iturralde-Vinent et al. 2000); living S. lutea is a synonym of
S. mombin. The fossil endocarps appear to have at least two
locules and very long lingulate germination valves; unlike any
Spondioideae, there is no clear evidence of lacunae or orbicules.
It is very likely that the Pleistocene Cuban fossils belong to an-
other angiosperm family (e.g., Humiriaceae), but this needs to
be verified with further study. Miki (1941) reported several fossil
occurrences as the extant species S. axillaris based on endocarps
from the Miocene of Japan; since then, this species was trans-
ferred from Spondias to its own genus, Choerospondias (see also
Fuetal. 2017). Several Pliocene fossil leaves from Brazil have also
been assigned to Spondias, including S. prae-laurifloria (Krasser
1903), for which neither a description nor a photograph was
presented, and the modern species S. mirifica (Hollick and Berry
1924). In our opinion, the affinity of these fossil leaves remains
unclear, and a closer examination is needed. Quaternary pollen
referred to Spondias is very common in quaternary deposits from
the Caribbean islands and Central and tropical South America
(e.g., Salgado-Labouriau 1980; Leyden 1985; Ferrera et al.
1990; Islebe et al. 1996). From Panama, Spondias pollen type
(Anacardiaceae “morenensis”) has been observed from the Gatiin,
Cayo Agua, and Tuira Formations (~9.6 Ma and younger; Jara-
millo et al. 2014). The new Miocene species from the Cucaracha
flora, S. rothwellii (figs. 1, 4A-4E), is the earliest and best-
documented fossil evidence of this Pantropical genus described
so far.

Dracontomelon.  Endocarps of this genus have been reported
from the early Eocene London Clay flora (Reid and Chandler
1933). However, those specimens that Reid and Chandler
(1933) described as D. minimus were later transferred to the ex-
tinct genus Pentoperculum because of the presence of bipartite ger-
mination valves (Manchester 1994). Other specimens attributed
by Reid and Chandler (1933) to the fossil genus Pseudosclero-
carya appear to actually represent Dracontomelon (M. E. Col-
linson and S. R. Manchester, unpublished manuscript; see also
Collinson et al. 2016); however, more details are necessary to com-
pare the London Clay specimens with the new Cucaracha fossils.
Abundant and well-preserved permineralized calcareous endo-
carps from the late Eocene of Panama (Buacaro Formation; Tonosi
flora) were recently described as D. macdonaldii (Herrera et al.
2012). These late Eocene fossils are predominantly subglobose,
symmetrical, and large (ca. 6.0-12.1 mm high and ca. 9.0-
19.2 mm wide), while fruits of the Miocene D. montesii (figs. 2,
4A-4K) are oblate to mushroom shaped, asymmetrical, and rela-
tively small (ca. 4.2-7.5 mm high and ca. 5.8-12 mm wide).

Antrocaryon. Three permineralized Antrocaryon fossils have
been reported from the Miocene (Tiffney et al. 1994) and Pliocene
(Bonnefille and Letouzey 1976) of Ethiopia and from the Miocene
of Kenya (Chesters 1957). The endocarps of A. paramicraster
(Miocene) and A. aff. micraster (Pliocene) from Ethiopia are
much larger than A. panamaensis (ca. 19-29 mm high, 23—
38 mm wide vs. ca. 9.2-13.1 mm high, 12.5-16.3 mm wide) and
also vary from having five or six locules, unlike the exclusively

pentalocular Panamanian fossils. Endocarps of A. pulchrum
from the Miocene of Kenya are always pentalocular and are
similar in size to the new species; however, this fossil differs
mainly from A. panamaensis by having scattered punctae on
the endocarp surface, a feature seen in several extant Antro-
caryon species from Africa (see Herrera et al. 2018).

Paleoecological and Paleobiogeographic Implications

These early Miocene Cucaracha fossils, S. rothwellii, D.
montesii, and A. panamaensis, from the Panama Canal, together
with previously described late Eocene fossils from the Bucaro
Formation in western Panama, D. macdonaldii (Herrera et al.
2012), represent the oldest-known reliable evidence of the
Spondioideae in the Neotropics. The natural affinities of the
spondioid Cucaracha fossils are also consistent with previous
paleoecological interpretations of moist lowland to premontane
tropical forests existing during the early Miocene of Panama
(e.g., Herrera et al. 2010, 2014; Herrera 2014; Jaramillo et al.
2014). Most extant species of Spondias and all species of
Dracontomelon and Antrocaryon are trees of lowland tropical
moist/rain forests (Pell etal. 2011; Mitchell and Daly 2015). Only
S. purpurea and S. tuberosa occur naturally in Neotropical de-
ciduous and semiarid forests (i.e., Caatinga arborea in Brazil;
Miller and Schaal 2006; Mitchell and Daly 2015), where these
species remain leafless during the dry season. Species-specific
structures in the roots of S. tuberosa and the stems of S. purpurea
provide water-storing abilities (Borchert 1994) and enable their
occurrence in semiarid and seasonally dry environments. Given
that drought-adaptive traits are not widespread across Spondias
and that most species are restricted to tropical lowland moist
forests (Mitchell and Daly 2015), as are all species of Dracon-
tomelon and Antrocaryon (Pell et al. 2011), we infer that the
Cucaracha spondioid endocarps are likely to represent moist/
rain forest species of canopy trees.

The occurrence of rain forest spondioids in the Cucaracha flora
adds new woody elements to the early Miocene forests of Pan-
ama. Previously described macrofossils have been identified from
permineralized wood, fruits, or seed remains. These fossils reveal
a complex forest structure that includes canopy-dominant trees
such as those of spondioids (this study), Oreomunnea (Juglan-
daceae; Herrera et al. 2014), and Parinari (Chrysobalanaceae;
Judetal.2016); woody species of Mammea (Calophyllaceae; Nel-
son and Jud 2017), Detarioideae (Fabaceae), Myristicaceae,
Meliaceae, and Sapotaceae (Rodriguez-Reyes 2014; Rodriguez-
Reyes et al. 2017); lianas, including Rourea (Connaraceae; Jud
and Nelson 2017), Vitaceae, Icacinaceae, and Passifloraceae (Her-
rera 2014); and palms, zingiberales (Herrera 2014), and other
mid/understory elements such as some members of Malvaceae
(Byttnerioideae and Malvoideae) and Eleocarpaceae (Rodriguez-
Reyes 2014; Rodriguez-Reyes et al. 2014). Paleodiets of co-
occurring mammals based on 6°C of tooth enamel indicate that
early Miocene herbivores fed on C; plants (MacFadden and
Higgins 2004), in agreement with the composition of the Cuca-
racha flora.

The spondioid fossil fruits from Panama, with their well-
preserved morphology and anatomy, and diagnostic characters
provide strong evidence for recognizing modern genera and estab-
lish a minimum age of 19-18.5 Ma for the appearance of Spondias
and Antrocaryon. Molecular clock-based analyses suggested early
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Fig. 6 A, Phylogenetic relationships of Anacardiaceae indicating placement of identified genera in the early Miocene Cucaracha flora (i.e.,
Spondias, Dracontomelon, and Antrocaryon; modified from Weeks et al. 2014). B, Occurrence of extant Spondias. C, Occurrence of extant
Dracontomelon. D, Occurrence of extant Antrocaryon. Distribution data accessed through GBIF Data Portal, Global Biodiversity Information

Facility (http://data.gbif.org).

to middle Miocene divergences of these two genera (Weeks et al.
2014). Given that these estimates are similar to the age of the
Panamanian fossils, it is likely that molecular-clock approaches
are underestimating the true divergence times of Spondias and
Antrocaryon from each of their respective sister taxa. The age
and occurrence of the spondioid Cucaracha fossils (S. rothwellii,
D. montesii, and A. panamaensis) together with the previously de-
scribed older endocarps from Tonosi (D. macdonaldii; Herrera
et al. 2012) corroborate other lines of evidence indicating that
long-distance dispersal and local extinctions explain the extant dis-
tribution patterns of the family (e.g., Weeks et al. 2014). Spondias
includes 18 living species, 10 of which are endemic to Neotrop-
ical forests (fig. 6B). Spondias rothwellii is the earliest-confirmed
record of Spondias in the Neotropics and indicates that this ge-
nus has been in tropical America at least since the early Miocene.
Species of Dracontomelon are currently restricted to tropical
rain forests of Indochina, Southeast Asia, and east Pacific Islands
(fig. 6C), but their fossil records show a much wider distribution
during the Neogene. Antrocaryon panamensis is the first and
only record of this genus in the Neotropics so far. Most species
of Antrocaryon live in tropical rain forests of west/central Africa,
and a single species, A. amazonicum, grows in the Amazon
(fig. 6D). Fossil Antrocaryon fruits have also been reported from

early Miocene to Pliocene deposits in Ethiopia and Kenya (Ches-
ters 1957; Bonnefille and Letouzey 1976; Tiffney etal. 1994), in-
dicating a long presence of the genus in the African tropics. The
occurrence of A. panamensis and A. amazonicum in the Neo-
tropics indicates one or more instances of long-distance dispersal
from Africa into and within the New World forests.
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