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A Pliocene goodeid fish of the Paleolake Amajac,
Sanctérum, Hidalgo, Mexico

Carmen Caballero-Viias, Jesus Alvarado-Ortega,
and Kleyton Magno Cantalice Severiano

ABSTRACT

The splitfin fossil species Paleocharacodon guzmanae gen. and sp. nov. is
erected based on the osteological study of 14 fossil male and female specimens recov-
ered in the Pliocene deposits of the Paleolake Amajac, in Sanctérum, Hidalgo, Mexico.
This new cyprinodontiform fish exhibits the diagnostic features of the family Goodeidae
and subfamily Goodeinae; like all the goodeids, its premaxilla has a straight distal end,
and its premaxillary ascending process is small; and, like the goodeines, this new spe-
cies was viviparous, its first anal fin ray is rudimentary, and the males show an
andropodium. Although P. guzmanae displays numerous primitive features, it is not
possible to place it in any of the goodeine tribes, which currently are vaguely defined
by osteological features. This new species seems to be closely related to Characodon;
both share a peculiar osteological character; the articular facet for the quadrate is a
donut-like structure, in which the retroarticular forms the central region, and a couple of
semicircular anguloarticular processes form the surrounding part. This species differs
from other goodeids mainly in two features; it has a posttemporal bone with small
anteroventral processes, and the openings of its supraorbital canal show the formula1-
2a, 2b-3a, 3b-4a, 4b-5a, and 5b-7. The discovery of this extinct goodeid species in the
great Panuco-Salado Basin on the eastern slope of Mexican territory represents an
unexpected historical element.
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INTRODUCTION

Jordan and Gilbert (1883) erected the family
Goodeidae to include the “splitfins.” This group of
small freshwater cyprinodontiforms fishes is
endemic to the United States of America (USA)
and Mexico (Doadrio and Dominguez, 2004). This
family comprises two geographically disjunct sub-
families (Foster and Piller, 2018). The subfamily
Empetrichthyinae consists of four living species
gathered into two genera, which are oviparous and
opportunistic omnivores fishes that inhabit springs
and pools restricted to the south-western Great
Basin of the USA (Williams and Williams, 1982). In
contrast, the subfamily Goodeinae consists of
about 18 genera and 44 species of viviparous
fishes that have different eating habits and inhabit
lakes, creeks, marshes, canals, and large rivers of
the Mesa Central of Mexico and adjacent regions
(Webb et al., 2004; Dominguez-Dominguez et al.,
2010). The empetrichthyines, once included in the
Cyprinodontidae family and now considered part of
Goodeidae (Parenti, 1981), are oviparous organ-
isms with no pelvic fins. In contrast, goodeines are
viviparous, have internal fertilization, exhibit
embryonic feeding by matrotrophy through tropho-
taeniae, and the males develop an elaborate court-
ship (Deacon and Williams, 1984; Doadrio and
Dominguez, 2004; Dominguez-Dominguez et al.,
2010). In recent studies, Goodeidae and Profun-
dulidae are closely related (Costa, 1998; Webb et
al., 2004; Nelson et al., 2016; Piller et al., 2022).

Although the origin of Goodeidae dates to the
early Miocene (Foster and Piller, 2018, fig. 2), the
fossil record of these fishes is relatively scarce and
usually involves skeletal remains, often so frag-
mentary and isolated that their taxonomic identity is
hardly determinable. In Mexico, fossil remains of
living species have been recovered in the Neogene
lacustrine and fluvial deposits scattered within the
Trans-Mexican Volcanic Belt (TMVB), like those of
the middle Pliocene and Plio-Pleistocene age near
the Chapala and Zacoalco lakes, in the Jocotepec
and Zacoalco municipalities, Jalisco, and those of
Pleistocene age discovered in the Tlapacoya
Municipality, Estado de Mexico (Smith, 1980; Guz-
man and Polaco, 2009; Guzman, 2015).
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Up to now, only two fossil species of goodeid
have been described based on complete and rela-
tively well-preserved specimens. Empetrichthys
erdisi Uyeno and Miller, 1962, is an empetrichthy-
ine recovered from the Pliocene deposits of Santa
Clara River Valley in the Piru Mountains, Ventura
County, southwestern California, USA. Tapatia
occidentalis Alvarez and Arriola-Longoria, 1972, is
a goodeine from the Miocene lacustrine deposits at
the Santa Rosa Ravin, Amatitan Municipality,
Jalisco (Miller and Smith, 1986; Guzman et al.,
1998). At the beginning of this century, Becerra
Martinez et al. (2002) reported complete goodeid
specimens from the Pliocene strata of the Amajac
Paleolake belonging to the Atotonilco EI Grande
Formation that outcrop in Sanctérum village within
the Atotonilco EI Grande Municipality, Hidalgo,
central Mexico. Later, Becerra Martinez (2003)
suggested the presence of two species among
these fossils, an indeterminate Goodeidae and a
possible member of the genus Goodea Jordan,
1880.

Despite its importance in understanding the
history and composition of the North American
continental fish communities, studying fossil fresh-
water fishes from Mexico still needs to be com-
pleted. Therefore, the authors of this work
launched a project to recover and study these fos-
sils, an effort that now has some achievements
(Alvarado-Ortega and Carranza-Castaneda,
2002a-c; Alvarado-Ortega et al., 2006; Espinosa-
Arrubarrena et al., 2009; Mendoza-Reynosa and
Alvarado-Ortega, 2015; Mendoza-Reynosa et al.,
2013). Today, we are studying the Pliocene ichthy-
ofauna of Sanctérum; hence, the present manu-
script aims to determine the taxonomical identity of
that fish previously referred to as an indeterminate
Goodeidae species by Becerra Martinez (2003).

The fossil goodeids studied in this work are
from the lacustrine deposits of volcanic ashes and
clays that outcrop within the Sanctérum village,
located between the coordinates 20°18'16"N,
98°45'51"W (Figure 1), about 34 km northeast of
the city of Pachuca (Arellano-Gil et al., 2005). The
fossiliferous sequence of Sanctérum was discov-
ered in the 1980s by Dr. Oscar Carranza



Castafieda and Mr. Gerardo Alvarez Reyes, pale-
ontologists from the Instituto de Geology (Igl) of the
National Autonomous University of Mexico
(UNAM). In 2008, the second of the authors of the
present work began a systematic collection in a
small outcrop on the outskirts of this town, called
"Sanctérum-JAO site" (Figure 2), registered as a
locality IGM-loc in the Colecciéon Nacional de Pale-
ontologia at Igl-UNAM. These strata belong to the
Atotonilco ElI Grande Formation, a lithostratigraphic
unit described by Segerstrom (1961) as a
sequence of clastic rocks and limestone lenses,
covered or locally interspersed by basalt currents,
which together are 500 to 600 m thick and were
deposited into the basins of the Metztitlan and
Amajac rivers.

The oldest lithostratigraphic units in the
Atotonilco EI Grande region are the El Doctor For-
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mation Albian-Cenomanian limestones and the
Mendez Formation = Campanian-Maastrichtian
marls. Such Cretaceous strata are discordantly
covered by sediments of the Pachuca Group,
which consists of the basal Eocene—Oligocene
Amajac conglomerates that are gradually replaced
by the Miocene-Pliocene strata of sandstones and
silt-sandy intercalated by limonite, loamy shale,
and loams. Above these lies the Pliocene-Pleisto-
cene lacustrine and  volcano-sedimentary
sequence of the Atotonilco EI Grande Formation.
Finally, the youngest local sediments are Quater-
nary alluviums (Beltran-Romero and Luna-Gémez,
1994; Kowallis et al., 1998; Salvador-Flores, 2001).
The Pliocene section of the Atotonilco El Grande
Formation consists of fine-grained lacustrine sedi-
ments deposited under high altitude, shallow, and
low energy conditions, which allow the fossil pres-

FIGURE 1. The Sactérum-JAO2 site (= IGM-loc 3875). A) General view. B-D) Close-up views of the millimetric and
laminated fossiliferous siltstone strata details. E) Permineralized wood in situ.
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FIGURE 2. Map of the Santa Maria de Amajac-Sanctérum region at Atotonilco EI Grande Municipality, Hidalgo, Mex-
ico, and the lithostratigraphic section of the locality IGM-loc 3875 (Sanctorum-JAO); the yellow areas show the lacus-
trine deposits of the Paleolake Amajac (modified from Arellano-Gil et al., 2005, figure 2).

ervation of plants, invertebrates, coprolites, and
vertebrates (Arellano-Gil et al., 2005). The fossil
assemblage of Sanctérum includes impressions of
terrestrial and aquatic plants, charophytes, silicified
wood fragments, insects, ostracods, gastropods,
coprolites, frogs, salamanders, as well as a rodent
jaw, a snake, and numerous fishes (Beltran-
Romero and Luna-Gémez, 1994; Velasco-de Ledn
et al., 2000; Reyes-Torres et al., 2002; Velasco-de
Ledn and Aguilar-Arellano, 2002; Zaragoza-Cabal-
lero and Velasco-de Ledn, 2003; Palma-Ramirez
et al., 2012; Avendafio Pazos, 2020; among oth-
ers).

MATERIAL AND METHODS

Institutional abbreviations. The acronyms of the
institutions involved with this work include CMR,
Coleccion de Materiales Recientes (a subcollection
into the Coleccion Nacional de Paleontologia).
CPUM, Coleccion de Peces, Universidad Michoac-
ana de San Nicolas de Hidalgo, Michoacan.
ENCB, Escuela Nacional de Ciencias Bioldgicas,
Instituto Politécnico Nacional, Ciudad de Méx-
ico.IGM, Coleccién Nacional de Paleontologia,
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Instituto de Geologia (previously Instituto
Geoldégico de México) of the Universidad Nacional
Autéonoma de México, Ciudad de México. LaNaBio,
Laboratorio Nacional de Biodiversidad, Instituto de
Biologia, UNAM. LUMIR, Laboratorio Universitario
de Microtomografia de Rayos X, Centro de Geo-
ciencias of UNAM, Campus Juriquilla, Querétaro.

Preparation methods. All the fish specimens
described here belong to the Coleccion Nacional
de Paleontologia. These are housed in the Museo
Maria del Carmen Perrilliat M. belonging to the Igl-
UNAM. These fossils are mechanically prepared.
Under a binocular stereoscopic microscope, fine
needles helped to remove the small patches of
sediments and uncover the fossil osseous struc-
tures. When necessary, a solution of plexigum and
methacrylate acetate, applied with fine brushes,
glued hardened the fossil bones. The specimens
were, directly and indirectly, observed under a ste-
reoscopic microscope and a collection of high-
quality photographs obtained in a Low Vacuum
Scanning Electron Microscope (SEM). We got digi-
tal photographs with a single-lens reflex Camara
(SLR) under different illumination conditions,



including the natural, white, and long-wave UV
(254 nm) lights, as well as with a Confocal Laser
Scanning Microscope (CLSM). We obtained virtual
micro-computed tomographies (UCT) of recent and
fossil specimens. We generated a total of 1200
images with a voxels size of 21.86 ym of each
treated fish under a protocol of 110kV, 72 YA, and
500 ms ( the celectronic files obtained so far will be
available for further research because they will be
delivered and will be part of the electronic files
housed in the Coleccion Nacional de Paleon-
tologia). As noted below, different individuals of liv-
ing species were cleared and stained according to
the technique of Dingerkus and Uhler (1977). The
disarticulated dry skeletons of recent goodeids
included in this study were obtained by alkaline
digestion when complete specimens were
immersed in a saturated solution of KOH for 3 hrs
and subsequently washed in clean water for 24
hrs. Bones were separated from the soft tissue
debris using dissection needles under the micro-
scope and left to dry in the shade at room tempera-
ture.

Comparative materials. CPUM donated recent
females and males of 34 Mexican goodeid species
are used here for comparative purposes. These
specimens include Ameca splendens Miller and
Fitzsimons, 1971: Complete specimens cleared
and stained, CMR 1247, a male of 41.75 mm SL;
CMR 1248, a female of 43.3 mm of SL. Characo-
don audax Smith and Miller, 1986: Complete speci-
mens cleared and stained, CMR 1249, a male of
36.88 mm of SL; CMR 1250, a female of 37.97 mm
of SL. Characodon lateralis Gunter, 1866: Com-
plete specimens cleared and stained, CMR 1251, a
male of 35.83 mm of SL; CMR 1252, a female of
38.38 mm of SL. Goodea atripinnis Jordan, 1880:
Disarticulated dry skeleton including CMR 1253, a
male of 58 mm of SL; CMR 1254, a female of 64
mm of SL; complete specimens cleared and
stained, CMR 1255, a male of 35.97 mm of SL;
CMR 1256, a female of 65.74 mm of SL. Hubbsina
turneri De Buen, 1940: CMR 1257, a female of
46.70 mm of SL; CMR 1258, a pregnant female of
35.08 mm of SL. Tapatia occidentalis Alvarez and
Arriola-Longoria, 1972: P 3661, holotype, a com-
plete specimen of 15.93 mm of SL (deposited in
the collection of the Escuela Nacional de Ciencias
Biologicas, Instituto Politécnico Nacional); IGM
7966, a complete specimen.

Anatomical nomenclature and abbreviations.
The osteological nomenclature, abbreviations, and
measurements considered in this manuscript and
its figures and tables follow that of previous similar
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studies (e.g., Costa, 1998; Webb, 1998; Kobelkow-
sky, 2005).

SYSTEMATIC PALEONTOLOGY

Order Cyprinodontiformes Berg, 1940.
Family Goodeidae sensu Parenti, 1981.
Subfamily Goodeinae Jordan and Gilbert, 1883.
Tribe indeterminate
Genus Paleocharacodon gen. nov.

zoobank.org/AB23EFF9-A960-46BE-9BE6-53BB556A50C0

Species included. Paleocharacodon guzmanae
sp. nov., described below.

Etymology. The genus name derives from “paleo
or “ancient” in Greek, plus “Characodon” in refer-
ence to the genus named by Giinther (1886).
Diagnosis. As in the type and unique species of
the genus, see below.

”

Paleocharacodon guzmanae sp. nov.
(Figures 3-14; Tables 1-2)

zoobank.org/8F4FF55A-56B2-44DC-8CFF-A69A04A1C151

Holotype. IGM 13117, a complete female speci-
men of 37.29 mm of standard length, preserved in
part and counterpart (Figure 3, Table 1).
Paratypes. IGM 13118, IGM 13119, IGM 13120
(Figure 4A), and IGM 13121 (Figure 4B) are almost
complete and articulated males. IGM 13122 and
IGM 13123 are incomplete and significantly disar-
ticulated males. IGM 13124 and IGM 13125 (Fig-
ure 4C) are almost entirely well-preserved females.
IGM 13126, IGM 13127, IGM 13128, IGM 13129,
and IGM 13130 are incomplete specimens of
unknown sex (Table 1).

Type locality and age horizon. Sanctérum-JAO
site (recorded as IGM-loc 3875 in the Coleccion
Nacional de Paleontologia, Igl-UNAM), Atotonilco
El Grande Municipality, Hidalgo, Mexico. Pliocene
lacustrine deposits of the Paleolake Amajac
belonging to the Atotonilco el Grande Formation
(Figures 1 and 2).

Etymology. The species epithet honors our col-
league, Dr. Ana Fabiola Guzman Camacho, who
passed away in 2022, for her contributions to Mexi-
can archaeozoology and paleoichthyology.
Together the genus and species nhames mean “the
Guzman’s ancient Characodon fish.”

Diagnosis. Goodeinae fish with a unique combina-
tion of characters and a maximum total length is
near to 60 mm, the body is elongated; slightly
humped behind the head; fins rounded; pelvic fin
rising at the beginning of the posterior half of the
body at 57.3% of SL in males and 64.8% of SL in
females, and in both cases its rear edge does not
reach the anterior end of the dorsal fin base;
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FIGURE 3. IGM 13117, holotype of Paleocharacodon guzmanae gen. and sp. nov., a pregnant female specimen from
the Pliocene lacustrine sediments of the Paleolake Amajac, Sanctérum, Atotonilco EI Grande Municipality, Hidalgo,
central Mexico. A) Part of the specimen observed in white light. B) Part of the specimen observed under UV light. C)
Counterpart of the specimen observed under UV light.
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FIGURE 4. Paratypes of Paleocharacodon guzmanae gen. and sp. nov., from the lacustrine sediments of the Paleo-
lake Amajac, in Sanctérum, Atotonilco ElI Grande Municipality, Hidalgo, central Mexico, observed under UV light. A)
Part of IGM 13120, a male specimen. B) Part of IGM 13121, a male specimen. C) Part of IGM 13125, a female speci-
men.
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FIGURE 5. Details of IGM 13125 (part), paratype of Paleocharacodon guzmanae gen. and sp. nov., from the lacustrine
deposits of the Paleolake Amajac, in Sanctérum, Hidalgo, central Mexico. A) Head observed under white light. B)
Unborn fishes preserved in the abdominal cavity, observed under UV light. Abbreviatures: fr, frontal; la, lacrimal; let,
lateral ethmoid; psp, parasphenoid (note its anterior end, bifid and with no lateral expansion); black arrows show artic-
ulated vertebrae of unborn fishes; red arrows show the pectoral fin of an unborn fish.

unpaired fins opposed to each other, located far
back of the body, and behind the 69% of SL; total
vertebrae 35 in males including 15 abdominals
plus 20 caudals while there are 31-32 in females
including 14 abdominals and 17-18 caudals; anal
fin rays typically 16; in males the most anterior anal
rays is rudimentary and this and the following five
forms the andropodium; dorsal fin rays 15 in males
and 12 in females; pectoral rays 12 in males and
13-14 in females; pelvic rays 6 in both sexes; ribs
15 in males and 12-13 in females; the lateral edges
of the anterior end of the parasphenoid are parallel
and have no lateral wings; jaws shows a dental
battery composed of a labial row of long and robust
teeth distally bicuspid and acute with bases co-
ossified with the bone plus smaller conic and uni-
cuspid teeth are located lingually; the palatoquad-
rate arch is anteriorly inclined; the articular facet for
the quadrate is donut-like with the central part
formed by the retroarticular, and the surrounding
region is formed by a couple of curved processes

of the anguloarticular; the palatine head has an
anterolateral projection; the ventroposterior end of
coracoid is convex and has the posterior edge ver-
tically tilted and notched. This species is unique in
having the posttemporal with a small anteroventral
process, and the openings of the supraorbital canal
show the formula 1-2a, 2b-3a, 3b-4a, 4b-5a, 5b-7.

Description

Body shape and general proportions. Table 1
shows the body measurements and proportions of
Paleocharacodon guzmanae gen. and sp. nov. The
fossil fishes from Sanctérum show different modes
of conservation. Occasionally, their bones are
totally or partially disarticulated and dispersed.
Although it is common to find them relatively com-
plete, well-articulated, and resting, showing one of
the body flanks, in general, the bones of the ante-
rior part of the head, the jaws, the nape, and the
abdominal region are a little dislocated causing
some imprecision in the body measurements. The
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FIGURE 6. uCT imagens of IGM 13127, paratype of Paleocharacodon guzmanae gen. and sp. nov., from the lacus-
trine sediments of the Paleolake Amajac, in Sanctérum, Atotonilco EI Grande Municipality, Hidalgo, central Mexico. A)
Left side of the head and anterior part of the trunk. B) Quadrate and bones of both jaws exposed on the right side. C)
Close-up of bones involved in the articulation quadrate-lower jaw showing the bilobed head of the quadrate and the
articular facet of the anguloarticular in which there is a central participation of the retroarticular (here disarticulate and
displaced from its normal position) and two enveloping projections of the anguloarticular. D) Right view of the hyoid
arch. The scale only applies to A, B and D. Abbreviations: 1, 2a, 2b, 3, pores of the supraorbital sensory canal; aa,
anguloarticular; bh, basihyal; br, brachiostegal ray; bst, bicuspid sharp tooth; cha, ceratohyal anterior; chp, ceratohyal
posterior; cl, cleitrum; co, coronomeckelian; id; cor, coracoid; d, dentary; dsp, dermosphenotic; entp, entopterygoid,;
epi, epioccipital; fr, frontal; hy, hyomandibula; ih, interhyal; iop, infraopercle; let, lateral ethmoid; mx, maxilla; na, nasal;
op, opercle; pa, parietal; pcli, postcleitrum inferior; pmx, premaxilla; pop, preopercle; psp, parasphenoid; ptt, posttem-
poral; q, quadrate; r, rib; rar, retroarticular; scl, supracleitrum; soc, supraoccipital; sp, sphenotic; sop, subopercle; sy,
symplectic; uh, urohyal; ust, unicuspid sharp tooth; utt, unicuspid truncated tooth; vhh, ventral hypohyal; dubious ele-
ments; within parenthesis: i, internal view (if it is not indicated, the structures show the right view); |, left; r, right; va,
ventroanterior view; vp, ventroposterior view.
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FIGURE 7. Close-up of IGM 13130, a specimen of Paleocharacodon guzmanae gen. and sp. nov. of unknown sex. A)
Disarticulated bones of the head under white light. B) Line drawing based on A. Abbreviations: fr, frontal (dorsal sur-
face); let, lateral ethmoid (lateral surface); mx, maxilla (dorsal surface of the proximal end); psp, parasphenoid (dorsal
surface of the ocular part); 2b, 3a, 3b, 4a,4b, 5a, 5b, 6, and 7 are the openings of the supraorbital canal preserved in

the frontal.

present description is based on the holotype and
added data observed in the paratypes. The larger
specimens are the female IGM 13117 (its total and
standard lengths are 48.27 and 37.29 mm) and
IGM 13130, a sex-undefined and incomplete indi-
vidual that may be near 100 mm of SL (not
included in Table 1).

This elongated fish has a triangular head,
almost as high as long, in which the snout is termi-
nal. The maximum body height (MBH) is allometri-
cally variable in the predorsal region of the trunk, in
which the back becomes a kind of hump in the
larger specimens (Table 1; Figures 3, 4). Com-
pared with females, males' bodies and heads are
shorter and lower (the SL range is 21.88-40.32 mm
vs. 25.38-37.29 mm). Regarding the SL, the MBH
is 16.65-22.79% vs. 28.94-35.66%; the head
length is 26.66-28.01% vs. 28.77-36.12%; and the
head height is 21.67-27.23% vs. 27.39-30.08%).
All fins have round terminal margins. The pectoral
fin extends in the first third of the abdominal region
and rises between the vertebral column and the
ventral edge of the body. The pelvic fin is short,
located in the posterior half of the body (57.3% of
SL in males and 64.8% of SL in females), and its
distal ends extension does not reach the cloaca.
The unpaired fins are short (concerning the SL, the
dorsal fin length is 69.3% in males and 71.87% in
females while the anal fin length is 70.56% in
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males and 73.26% in females), opposite to each
other, placed on the last third of the body, and rep-
resent about 10 to 15% of SL. The caudal pedun-
cle is robust. The caudal fin is entirely round, its
base is as high as the caudal peduncle, and its
shorter rays are about half its longest.

Skull. In most specimens studied here, the skull
bones are so crushed or fragmented and isolated
that it is difficult to recognize them accurately.
Despite this situation, these exhibit the following
details (Figures 5-7).

In the dorsal view, the skull is trapezoidal with
no medial fontanels, in which the interfrontal suture
is a somewhat sinuous interfrontal suture, and the
frontals and supraoccipital bones are in contact
separating the parietals. Anteriorly, each nasal is a
flat oval bone with a large pore near its anterior that
may correspond to pore 1 of the supraorbital sen-
sory canal (Figures 6, 8A). Each lateral ethmoid
bone is a robust, complex C-shaped bone attached
to the anterior ventral region of the respective fron-
tal and extends up to the anterior end of the orbital
part of the parasphenoid (Figures 6, 7, 8A).

Each frontal is laminar dorsally expanded and
axe-shaped, which forms 70% of the skull length,
and markedly broad in its anterior two-thirds. The
surface of each frontal shows three sections or low
domes joined by inconspicuous ventral ridges, in
which the bone thickens (Figure 7). The medial
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FIGURE 8. Osteological details of Paleocharacodon guzmanae gen. and sp. nov., from the Paleolake Amajac depos-
its, Sanctérum, Mexico. A) Close-up of the right side of the head of IGM 13118 showing the medial surface of the left
otoliths. B) Left anguloarticular bone of IGM 13121 showing the articular facet for the quadrate formed by a surround-
ing C-shaped process (note this in the shadow below), as well as the central participation of the retroarticular bone
that here is empty (see the red line) because this bone is not preserved. C) Right dentary bone and associated teeth
of the part of IGM 13121. D) Suspensorium of IGM 13123. E) Dorsal surface of the lateral process of right sphenotic,
preserved in IGM 13130. F) Abdominal region of IGM 13130. G) Close-up of pharyngeal teeth preserved in the coun-
terpart of IGM 13121. Abbreviations: aa, anguloarticular; aadp, anguloarticular dorsal process; aapp, anguloarticular
anterior process;ast, asteriscus otolith; bst, bicuspid sharp tooth; cor, coracoid; d, dentary; d, dentary; entp, entoptery-
goid; epn, epineural; faq, articular facet for the quadrate; hy, hyomandibula; lap, lapillus otolith; mx, maxilla; pal, pala-
tine (note the anterolateral projection in the head); pmx, premaxilla; pmx, premaxilla; pop, preopercle; q, quadrate; r,
rib; sag, sagittal otolith; sc, scale; sop, subopercle; sp, sphenotic; sy, symplectic; ust, unicuspid sharp tooth. The red
arrow in B shows the space in the articular facet for the square (which should be occupied by the retroarticular bone)
surrounded by the pair of curved processes of the anguloarticular that also forms part of such facet (see also the
shadow of the process)
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FIGURE 9. Left sagittal otolith of Paleocharacodon guzmanae gen. and sp. nov., IGM 13119, a male specimen from
the Pliocene Paleolake Amajac deposits in Sanctérum, Hidalgo, Mexico, observed through SEM. Abbreviations: AH,
antirostrum height; AL, antirostrum length; DL, dorsal length; ea, exisura angle; maximum height; ML+RL, total length;
ML, medial length; pa, posterior angle; pva, posteroventral angle; RH, rostrum heigh; RL, rostrum length; VL, ventral

Length (See Table 3).

section of the frontal is the largest, dorsally
smooth, and ventrally has a series of anterior par-
allel longitudinal ridges in which the respective lat-
eral ethmoid bone attaches. The lateral section of
this bone is roughly triangular and displays a series
of 10 large pores alongside its borders with the
medial and posterior sections, which corresponds
to the pores 2b, 3a, 3b, 4a, 4b, 5a, 5b, 6, and 7 of
the supraorbital sensory canal (Figures 6, 7). Since
pores 1 and 2 of this sensory canal open in the
nasal bone, the formula of these openings is 1-2a,
2b-3a, 3b-4a, 4b-5a, and 5b-7. Remarkably, the 2b
of these sensory pores is complex; this opens into
a broad depression in which at least two other
associated pores open (Figure 7). The posterior
section of the frontal is the smallest, has a triangu-
lar shape, and is behind the lateral section. Near its
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posteromedial limit, the lateral section has a pair of
conspicuous, laminar, and parallel ridges forming a
bony canal projected lateromedially, which opens
dorsally, encloses pore 6, and ends right where
pore 7 opens. In the most posterior part of the fron-
tal, where this bone bends ventrally and exposes
more laterally, there is a wide shallow depression
that seems to be the dorsal end of the dilator fossa
(Figure 6).

Each parietal is a small and smooth rectangu-
lar bone that joins the rear of the frontal and the lat-
eral edge of the supraoccipital (Figure 6). The
supraoccipital bone is an oblong, laminar, and dor-
sally convex bone with a large posterior crest that
is bifid and expanded posteriorly (Figure 6). The
basioccipital bone is triangular, anteriorly tapered,
as high as its vertebral articulation, and hardly



expanded laterally. In the dorsal view, the sphe-
notic bone is rectangular with a stout lateral pro-
cess. The epiotic is a small oblong bone located in
the posterior region of the skull that bears a
straight posterior thick process (Figure 6).

The parasphenoid is a complex unpaired

bone that is expanded laterally in its otic region,
whereas its orbital part forms a rod-like structure,
evenly straight. The anterior end of parasphenoid
becomes dorsoventrally flat and bifid. The middle
orbital section of this bone changes allometrically;
in small individuals, its transversal section is “+”
shaped because it has low wings expanded dorsal,
ventral, and laterally whereas, in large specimens,
the cross-section becomes T-shaped because the
dorsal wing disappears (Figures 6, 7, 8A). This
bone displays a triangular basipterygoid process
projected dorsally and laterally at the union of its
orbital and otic sections.
Otoliths. Although some specimens studied show
remains of the three pairs of otoliths, only the sagit-
tal otolith is well-preserved (Figures 8A, 9, Table 2).
In life, these inner ear stones are solid crystalline
structures of calcium carbonate; however, the oto-
liths of our fossils have a grainy appearance, prob-
ably due to the partial dissolution of their calcium
carbonate.

The sagittal otolith is a thick lenticular struc-
ture crudely resembling an arrowhead pointing
backward, in which the ventral section is a little lon-
ger than the dorsal one (Figure 9). Its lateral sur-
face is smooth, has a hardly protruding middle
region, and peripherical concentric growth lines.
On the contrary, its medial surface is irregular; it
has two longitudinal grooves, one corresponding to
an expanded deep concave dorsal area, and the
other is a slender medial sulcus, dorsally and ven-
trally bordered by the cristae superior and inferior,
respectively.

The contour of the sagittal otolith is slightly
sinuous all around except for a conspicuous notch
in the middle of the dorsal margin (Figure 9). In the
rostral margin, the rostrum and antirostrum are
prominent convex projections deeply separated by
a very open exisura that rises from a sharp notch.
In the posterior margin, the middle part is a notice-
able convex process projected beyond the pos-
trostrum and pararostrum, which are
inconspicuous convex projections.

Table 2 summarizes the measurements and
proportion observed in the left sagittal otolith
obtained in specimen IGM 13119. This inner ear
stone has 1237.1 um of total length. Its ratio total
length/maximum height is 1.36 (the maximum
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height is 73.3% of its total length). Its ratio ventral
length/maximum heigh is 1.01 (the ventral length is
74.3% of its total length). Its relative dorsal length
(DL/VL) is 98.5. Its relative medial length (ML/VL)
is 1.08. Its relative antirostrum height (AH/MH) and
length (AL/VL) are 0.385 and 0.099, respectively.
Its relative rostrum height (RH/MH) and length (RL/
VL) are 0.401 and 0.263, respectively. The exisura
opens about 90°, and the posterior and postventral
angles are 60 and 128°, respectively.
Circumorbital series. The circumorbital series is
highly reduced and only consists of the lacrimal
and dermosphenotic bones. The lacrimal bone is
somewhat rectangular, about twice higher as long
(Figure 5); unfortunately, none of the specimens
studied here has a lacrimal that clearly shows the
trajectory or the number of pores of the preorbital
sensory canal. The dermosphenotic is smooth and
thickened tubular bone, ventrodorsally projected,
which ends with a blunt tip and borders the dor-
soposterior region of the orbit. The dermosphenotic
is hollow, carries the postorbital branch of the
supraorbital sensory canal, and has at least four
pores of that sensory canal (Figure 6).

Upper jaw. Each limb of this jaw consists of the
premaxilla and the maxilla. In lateral view, the pre-
maxilla is a sinuous bone divided into two parts.
The anterior half of this bone corresponds to its
toothed section, a stout bar, homogenously high,
and ventrally and medially curved, in which the
proximal end becomes thick, dorsally expanded,
and forms a straight inter-premaxillary articular sur-
face and a short triangular ascending process. In
contrast, the untoothed section of the premaxilla is
a rhomboidal-like expanded structure that includes
a rectangular and flat ventral process, a short dor-
sal spine posteriorly projected, and a straight pos-
terior process (Figure 6, 8D, 10).

The maxilla is a long, curved, untoothed bone
(Figures 6A-B, 7, 10). In this bone, the anterior
third is cylindrical, medially bent, and ends in an
expanded rounded structure with two globular dor-
sal processes and an elongated triangular dorsal
process with an acute tip. The posterior half of this
bone becomes straight, flat, and broader.

In toothed elements of jaws are the premaxilla
in the upper jaw and dentary in the lower jaw; these
bones show two kinds of teeth, bicuspid or bifid
sharp teeth and unicuspid acute teeth (Figures 6,
8, 10). The toothed surface of the premaxilla is
broad and shows a labial or principal tooth row that
consists of eight or nine bicuspid teeth that are
long, thick, and have a stake-like base co-ossified
with the bone. In these bifid teeth, the base is
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FIGURE 10. Bones of the jaws preserved in IGM 13121, a female specimen of Paleocharacodon guzmanae gen. and
sp. nov., from the Paleolake Amajac deposits, Sanctérum, Mexico. A) closeup of the anterior part of the head under
white light. B) Line drawing based on A. Abbreviations: aa, anguloarticular; bst, sharp bicuspid tooth; co, coronomeck-
elian; d, dentary; mx, maxilla; pl, palatine; pmx, premaxilla; sop, subopercle; ust, unicuspid sharp tooth. In parenthesis
i, internal view; |, left; r, right.

ovoid, expanded, and laterally compressed; the
middle part is progressively thinner; and the termi-
nal end becomes labio-lingually flat, broader, and
divided into two symmetrical acute triangular tips
with lateral slightly curved edges (Figure 11). Addi-
tionally, numerous secondary teeth are in a lingual
position; these are conic, unicuspid, smaller, and
shorter. Although many teeth of the principal row
have the tips broken, their bases are with the den-
tary and premaxillary (Figure 8). Secondary teeth
appear to be just tightly attached to the surface of
the bone.

Lower jaw. Each limb of the lower jaw consists of
four bones, the dentary, anguloarticular, retroarticu-
lar, and coronomeckelian. The dentary is a trape-
zoidal bone in which the coronoid process is
absent, and the posterior end is expanded and
deeply bifid. In this bone, the anterior and ventral
edges bend medially, the ventral edge is notched,
and the symphysis is straight and high (Figures 6A,
8B-D, 10). Here, the toothed border is straight and
extended about the anterior two-thirds of this bone.
The mandibular sensory canal runs alongside the
ventral edge of the dentary and opens through at
least four large pores; among these, the second
and third pores are the most extensive and form
long and wide grooves.

The anguloarticular is a small boomerang-like
structure that shows limbs slightly differently
shaped, forming an interior angle somewhat
obtuse. This bone has a small articular process
protruding in the base of its posterior edge and has
a trapezoidal ventral process near its rear that
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sutures with the anterior border of the retroarticular
(Figures 6A-C, 8B, 10). Here, the anterior and dor-
sal processes form an interior angle of about 110-
120°; the anterior process has straight edges,
shows an acute tip, and is about 1.3 longer,
whereas the dorsal process shows somewhat con-
vex edges and a rounded tip. This bone does not
carry the mandibular sensory canal. At the base of
the retroarticular articular process, the anguloartic-
ular and retroarticular forms part of the articular
facet for the quadrate. This facet is a shallow and
ovoidal depression with a donut-like configuration,
in which the retroarticular's dorsal surface forms
the central region of such facet, while the anguloar-
ticular has two curved or C-shaped processes
forming the surrounding part of this articular sur-
face. The tips of these surrounding processes
extend almost to join at the back of the retroarticu-
lar (Figures 6A-C, 8B, 10).

The retroarticular is a pyramidal and stout
bone (Figure 6). This bone forms the ventroposte-
rior end of the lower jaw because it is attached lat-
erally between the articular and ventral processes
of the anguloarticular bone. In most of the speci-
mens studied here, the retroarticular and anguloar-
ticular are disarticulated, suggesting that these
bones showed cartilaginous sutures in life. The
coronomeckelian is a small, flat, untoothed, and
comma-shaped bone medially attached to the
anterior process near the interior angle of the
anguloarticular (Figure 6, 8B, 10).

The toothed surface of the dentary shows
teeth similarly shaped and ordered as those
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FIGURE 11. Jaw teeth of Paleocharacodon guzmanae gen. and sp. nov., IGM 13130, a male specimen from the Plio-
cene Paleolake Amajac deposits in Sanctorum, Hidalgo, Mexico, observed under UV light. A) Short acute bifid tooth
from a lateral position of the principal row of premaxilla; B) long acute bifid tooth from the anterior position of the prin-
cipal row of the dentary; C) villiform tooth from posterior rows on the dentary anterior region.

described in the premaxilla (Figures 6A-C, 8D, 10,
11). This bone also has two kinds of teeth; six or
seven long bicuspid teeth, thick and stake-like
based along the labial or principal row, and an
indeterminate number of smaller unicuspid teeth
forming a lingual or secondary tooth patch (Figures
8C, 10, 11).

Suspensorium. IGM 13123 shows the bones of
the suspensorium series complete and articulated
(Figure 8D). This comprises the palatine, quadrate,
hyomandibula, symplectic, and endopterygoid.
These bones are ordered, forming an U-shaped
structure. The metapterygoid and ectopterygoid
bones are absent. Here, the palatoquadrate arch,
formed on the anterior edge and between the
heads of the quadrate and palatine, is straight and
strongly tilted vertically. The palatine is a triangular
laminar bone, about two times higher than long,
smooth, with an imbricated suture for the quadrate
and endopterygoid. The palatine articular head is
narrow and has a small dorsal process protruding
anterolaterally (Figures 6A, 8D).

The quadrate bone is a triangular bone. Its
posterior edge is somewhat concave, whereas its
ventral and anterior edges are relatively straight,
form an obtuse angle close to 115°, and join the
base of the mandibular articular head. This head is
robust, slightly protuberant forward, and bicondy-
lar, in which the medial condyle is larger than the
lateral one. The incisura for the symplectic is broad
and deep and separates the laminar body of this
bone from its posterior process, which is markedly
thicker and has a sharp tip.

The symplectic is a long triangular bone, ante-
riorly acute, posteriorly expanded, and dorsoposte-
riorly projected (Figure 6A). It is almost two times
longer than the quadrate and joins at the base of
the hyomandibular. The endopterygoid [also identi-
fied as mesopterygoid by Kobelkowsky (2005, fig.
2) and ectopterygoid by Smith (1980, fig. 15)] is a
weak laminar and oblong bone, ventrally
expanded, and dorsally tapered. The posteroven-
tral part of the endopterygoid occupies the quad-
rate's posterior notch, and its anterodorsal end is
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attached to the base of the rear edge of the pala-
tine. The hyomandibular is an axe-shaped bone
with a short handle, an expanded rectangular body,
and two long articular facets (Figure 8D). The oper-
cular process barely projects near the middle of the
posterior edge of the hyomandibula.

Opercular bones. This bone series includes the
opercle, preopercle, subopercle, and interopercle
(Figure 6). The opercle is a triangular bone laminar,
slightly longer than high, and superficially convex;
in which the dorsal edge is slightly concave; the
anterior border is straight and thick; and the pos-
terodorsal end becomes narrow, somewhat elon-
gated, and rounded. Anterodorsally, the opercle
exhibits a short rectangular articular process (=
preopercular arm) that protrudes anterodorsally
and forms an obtuse angle of about 130-140° with
the anterior edge of the bone. On the contrary, in
the medial surface of this bone, near its anterior
border and at the base of its articular facet (=oper-
cular facet), is a shallow and semispherical con-
cavity that occupies the center of a superficial and
oblong structure that protrudes medially.

The preopercle shows the typical inverted L-
shape with the horizontal and vertical limbs simi-
larly shaped, forming an angle of about 90° plus a
well-developed medial shelf, uniformly expanded,
and a rounded anterior edge (Figures 6A, 8D).
Alongside the ventral and posterior edge, this bone
displays a deep groove roofed by a thin laminar
shelf, in which four or five pores of the preopercular
sensory canal open, three of them in the horizontal
limb and the others in the vertical one (these pores
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FIGURE 12. Pelvic fin of Paleocharacodon guzmanae gen. and sp. nov., from the Pliocene Paleolake Amajac depos-
its in Sanctérum, Hidalgo, Mexico. A) Preserved in IGM 13129, observed under UV light. B) Preserved in part of IGM
13121, observed under white light. Abbreviations: afpvr, articular facet for pelvic fin rays; isp, ischial process; Ip, lat-
eral process of pelvic fin bone; mp, medial pelvic; pvb, pelvic bone; pvfr, right pelvic fn ray; r, rib; (1), left; (r), right.

are visible under the microscope with the specimen
wet with alcohol).

The subopercle is a sickle-shaped laminar

bone with an anterior ascending process that is
small, thorn-like, and subterminal (Figures 6, 10).
This bone and the posteroventral edge of the oper-
cle are equally long. In the subopercle, the anterior
border is high and convex, the dorsal and ventral
edges are harmoniously curved, and the posterior
end is acute. The interopercle is a long triangular
bone, slightly curved dorsally, rounded posteriorly,
and sharp anteriorly (Figure 6). The preopercle
covers a large part of the interopercle; however, its
anterior tip is so long that it almost reaches the
articular head of the quadrate.
Hyoid arch and branchial apparatus. IGM 13127
shows the bones of the hyoid arch and branchial
apparatus (Figure 6A, D). The ventral hypohyal is a
solid pyramidal structure anteriorly pointed. Behind
this, the anterior ceratohyal is an unpierced rectan-
gular bone, lateromedially flattened, slightly con-
strained in its anterior half, and expanded in its
anterior and posterior ends. The posterior cerato-
hyal is a solid triangular bone, probably equally lon-
ger than high. The anterior ceratohyal is anteriorly
and posteriorly tightly attached to the respective
ventral hypohyal and posterior ceratohyal. The uro-
hyal is a long bone with a slight anterior articular
head plus two triangular longitudinal wings posteri-
orly projected; the horizontal one forms the ventral
edge of the bone, and the vertical one projects dor-
sally.

Although sometimes poorly preserved, in this
fish, there are always five pairs of branchiostegal
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FIGURE 13. Impaired fins of Paleocharacodon guz-
manae gen. and sp. nov., from the Pliocene Amajac
Paleolake deposits in Sanctérum, Hidalgo, Mexico,
observed under UV light. A) Dorsal fin of IGM 13129
(sex undefined; the distal ends branched and seg-
mented of the dorsal rays are covered). B) Anal fin of
IGM 13121 (male with anal rays 2 and 13 only preserved
as impressions; since the bone of tips of these rays is
not-preserved, the arrows show the anterior short rays
forming the andropodium and the posterior rays forming
a rounded fin). Abbreviations: afr, anal fin ray; amp, anal
medial pterygiophore; app, anal pterygiophore; dfr, dor-
sal fin ray; dmp, dorsal medial pterygiophore; dpp, dorsal
proximal pterygiophore.

rays (Figure 6A, D). The shape of these laminar,
long, and curved bones varies in anteroposterior
order, from thread-like to saber-like structures.
Among these bones, the anterior four are proxi-
mally joining the anterior ceratohyal, while the pos-
terior one does this with the posterior ceratohyal.
Numerous elements of the branchial appara-
tus are obscured or poorly preserved in the fossils
studied here. In IGM 00024 (Figure 6A, D), the
basihyal is a long bone, trapezoidal, somewhat
slender and expanded anteriorly, and has a small
posterior articular head. The same specimen also
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shows a minute thorn-like interhyal bone; however,
this does not preserve the basibranchial bones that
once separated the basihyal and interhyal bones.

Other bones of the branchial apparatus, such
as the hypobranchials, ceratobranchials, epibran-
chials, pharyngobranchials, and gill rakers, seem
present in different specimens studied herein; how-
ever, these are so cracked and incomplete that
their identification and description are difficult.
These include at least a lower and an upper pair of
expanded gracile-toothed  pharyngobranchial
plates and associated posterior branchial bones. In
these plates, the teeth are conic, very robust, and
irregularly sized, with the tip curved backward and
implanted in shallow sockets (Figure 8G). Although
these teeth are usually unattached and dispersed
between the medial surfaces of the opercular
bones, those placed in the middle are so high that
they equal or exceed the thickness of such plates.
Axial skeleton. The numbers of centra and ribs
vary slightly in males and females (Table 1). In
males, the vertebral column consists of 34-35 total
centra, including 15 abdominals and 20 caudals.
On the contrary, females have 31-32 total centra,
13-14 abdominals centra, and 17-89 caudals. The
rib pairs are 15 in males and 12-13 in females. All
the centra are autogenous, but the last three fuse
into the caudal complex (Figure 14).

All centra are hollow, deep amphycelic, and

hourglass-shaped; these are constrained in the
middle, equally expanded anterior and posterior,
and show circular intervertebral surfaces. Although
it is difficult to determine if most anterior abdominal
vertebrae have unfused neural arches, all the other
centra fuse with the respective hemal and neural
arches. At least four abdominal centra (probably
the 2 to 5) show neural crests expanded, rectangu-
lar, and laminar. The ribs are long, thin, and slightly
curved, enclosing almost the entire abdominal cav-
ity; these join the dorsal surface of the paraphyses
(= transverse processes in Kobelkowsky, 2005, fig-
ure 4), which are straight, long spiny-like structures
projected laterally from the dorsal part of the cen-
tra, that show a lateromedial groove in its dorsal
surface. At least, the anterior half of the ribs are
associated with thin epineural bones, which are
about two centra long and lie horizontally (Figure
8F).
Pectoral fin and girdle. The pectoral fin is
rounded and has 12 rays in males and 13-14 in
females (Table 1). These rays are distally branched
and segmented, uniformly thin, and extend, cover-
ing the anterior third of the abdominal region. At
least four rectangular radials support this fin.
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FIGURE 14. Caudal skeleton of Paleocharacodon guzmanae gen. and sp. nov., IGM 13119, from the Pliocene Paleo-
lake Amajac deposits in Sanctérum, Hidalgo, Mexico. A) Specimen observed under UV light. B) Idealized line drawing
of A. Abbreviations: cc, caudal complex (= preural centrum 1+ ural 1 and 2); ep, epural; hspu, hemal spine of preural
centrum; ihf, interhypural foramen; ksp, keel-shaped process; nspu, neural spine of preural centrum; ph, parhypural;
pu, preural centrum; sc, scale; ssp, spine-shaped process; ur, urostyle.

The posttemporal is a long triradial bone (Fig-
ure 6A). This bone is oblong, thin, short, and pos-
teroventrally  projected. In  contrast, its
anteroventral process is small and triangular, while
its anterodorsal limb is a bar-like structure, uni-
formly wide, curved dorsoventrally, slightly flat-
tened, and about four times longer than the
anteroventral process. The supracleithrum is a flat
bone, short and drop-like, that rests above the dor-
soposterior end of the cleithrum. Since the highly
compressed preservation of the specimens studied
here, only the lateral surface of the cleithrum is
identifiable; this thin bone is crescent- shaped and
bears a laminar posterior extension with a slightly
curved edge. Two postcleithra are present; the first
is an ovoid plate in the rear corner of the cleithrum,
and the other is a sinuous rod-like structure pro-
jected ventrally. The posterior wing of the cleithrum
covers a large part of the scapula; however, its rear
surface is exposed, showing its articulation with the
pelvic radials. Otherwise, only the lateral surface of
the coracoid appears as an elongated laminar and
triangular structure that is posteriorly expanded
and has a ventroposterior end convex, with a pos-
terior margin vertically tilted and anteriorly limited
by a narrow and deep notch (Figure 6A).

Pelvic fin and girdle. The pelvic fin is entirely
opposed to the predorsal region of the trunk. It
rises in the posterior half of the body, at 57.3 SL in
males and 64.8% of SL in females. The posterior
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edge of the fin does not reach the origin of the dor-
sal fin. This small and rounded fin consists of six
pelvic rays that are distally segmented, branched,
and have bifid articular heads (Table 1, Figure 12).
There are no pelvic radials.

The pelvic bone is triangular, about two times

longer than wide, laterally and medially almost
straight, and anteriorly acute. The dorsal surface of
this bone bears a middle thickening bar or keel.
The posterior edge of the pelvic bone is concave
and shows small facets to join the pelvic rays. In
small specimens, this bone shows a shallow poste-
rior notch and three processes relatively small,
including an inconspicuous lateral process, a small
and rounded medial process, and a stout triangular
ischial process (Figure 12A). On the contrary, the
pelvic bone of larger fishes has a posterior notch
conspicuous, a lateral process wider and rectangu-
lar, and a long thick medial process that is some-
what sinuous (Figure 12B).
Dorsal fin. The dorsal fin is rounded, long, and
about equally high than long (Figure 13A). The
number of rays from this fin is sexually variable;
males have 15 dorsal rays, while females show
only 12. The dorsal rays are uniformly thin and dis-
tally branched and segmented. Here, the first three
and last rays are comparatively smaller than the
others.

A series of long and straight dorsal proximal
pterygiophores support the dorsal fin rays in a
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TABLE 1. Meristic data of the type specimens of Paleocharacodon guzmanae gen. and sp. nov. described here. All
measurements are in millimeters. The preural centrum 1 and ural 1 (fused to form the caudal complex) are considered

into the vertebrae account. Abbreviatures: caudal peduncle height; MBH, maximum body height.

Males Females
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02 02 be B©e B2 02 =5 02 02 Be =5 02 02 be B
Total length 2442 39.84 4475 56.88? - - (24.42-56.887)(48.27+ 41.78+ 29.4? (41.78-48.27+) - - - -
Standard length 21.88 3459 40.32 55.867 - - (21.88-40.32+)| 37.29 36.55 25.66 (25.38-37.29) - - - 457
Head length 590 9.69 10.75 16.14? - - 10.73 11.88 9.27 - - 15.43? -
as % of SL 26.96 28.01 26.66 - - - 27.21 28.77 3250 36.12 32.46 - - - -
(26.66-28.01) (28.77-36.12)
Head height 596 8.89 874 - - - 10.90 1334 7.72 - - 10.73? -
as % of SL 27.23 257 21.67 - - - 24.86 29.23 27.39 30.08 28.9 - - - -
(21.67-27.23) (27.39-30.08)
Predorsal length - 24,02 27.96 33.14? - - 26.32 26.37 18.71 - - - -
as % of SL - 69.44 69.34 - - - 69.39 70.58 7214 7291 71.87 - - - -
(69.34-69.44) (70.58-72.91)
Prepelvic length - 19.94 2297 23.74? - - 2345 26.50 15.16 - - - -
as % of SL - 57.64 56.96 - - - 57.3 62.88 72.50 59.08 64.82 - - - -
(56.96-57.64) (59.08-72.50)
Preanal length 15.68 24.03 28.45 33.09? - - 29.21 2642 17.75 - - - -
as % of SL 71.66 69.47 70.56 - - - 70.56 78.33 72.28 69.17 73.26 - - - -
(69.47-71.66) (69.17-78.33)
Dorsal fin length - 536 4.87 6.08? 4.72+ - 430 377 3.10 6.0 - 6.78 5.37
as % of SL - 15.49 12.07 - - - 13.78 11.53 10.31 12.08 1.3 - - - -
(12.07-15.49) (10.31-12.08)
Anal fin length 324 587 4.14? 5667 6.89 4.12 334 354 31 4957 378 5.01 3.83?
as % of SL 14.80 16.97 - - - - 15.88 8.95 9.68 12.12 10.25 - - - -
(14.80-16.97) (8.95-12.12)
MBH 407 576 9.19 15697 22.71 - 13.30 10.58 7.50 - 9.33 - -
as % of SL 18.60 16.65 22.79 - - - 19.34 35.66 28.94 29.22 31.27 - - - -
(16.65-22.79) (28.94-35.66)
CPH 241 411 450 8.88? 10.01 - 6.30 6.18 5.23 6.79 - - 5.20
as % of SL 11.01 11.88 11.16 - - - 11.35 16.89 16.90 20.38 18.05 - - - -
(11.01-11.88) (16.89-20.38)
Total vertebrae 35 35 34 - - - 34 31 31 32 31 - - - -
(34-35) (31-31)
Abdominal 15 15 15 10+ 11+ ? 15 13 14 14 14 2+ 7+ ? ?
(15) (13-14)
Caudal 20 20 19 19 20 18 20 18 17 18 18 17 11+ 14+ 15+
(18-20) (17-18)
Ribs (pairs) 15 15 14 11? 9+ 4+ 15 12 13 12 12 ? 11? 127 12
(14-15) (12-13)
Dorsal fin rays - 15 15 14 8+ ? 15 12 12 11 12 11 ? ? 14?
(14-15) (11-12)
Anal fin rays 16 18 16 17 16 15+ 16 16 15 16 16 11+ ? 6+ ?
(16-18) (15-16)
Andropodium 6 6 ? - 6? 5 6 - - - - - - - -
(5-6)
Pectoral rays - 6+ 12 4+ - 11? 12 13 14 127 13-14 ? ? ? 4+
Pelvic rays - 4+ 6 ? 4+ 6 6 6 6 6 6 (6) 4? 3+ 6? 6
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TABLE 2. Otolith measurements of Paleocharacodon
guzmanae gen. and sp. nov., from the Paleolake Amajac
deposits, Sanctérum, Mexico, based on the left otolith
recovered in IGM 13119 (Figure 9). All the lengths and
heights are in micrometers.

as % of total

measurement length
Total length (ML+RL) 12371 -
Medial length (ML) 994 .4 80.3%
Dorsal length (DL) 907.3 77.3%
Ventral length (VL) 920.4 74.4%
Rostrum length (RL) 242.7 19.6%
Antirostrum length (AL) 92.0 74.3%
Maximum height (MH) 907.3 73.3
Rostrum height (RH) 364.1 29.4%
Antirostrum height (AH) 349.7 28.2%
Exisura angle (ea) 100° -
Posterior angle (pa) 72° -
Posteroventral angle 128° -

(pva)

numerical relation 1:1. The series has no distal pte-
rygiophores but includes small square-like medial
dorsal pterygiophores in at least three anterior
quarters of the dorsal fin. Along the series, the size
of the proximal dorsal pterygiophores is almost the
same and are so long that they penetrate the inter-
neural spaces present immediately below.

Anal fin. The anal fin is high, long, and rounded; in
general, this is a little smaller and located slightly
behind the dorsal fin (Figure 13B, Table 1). This fin
comprises around 16 rays (between 15 and 18) in
both sexes; the first ray is rudimentary. In males,
the subsequent six rays form the andropodium;
these rays are segmented, unbranched, shorter
than the posteriors, and crowded together. Due to
the difference in size, the andropodial rays are sep-
arated from the subsequent by a small notch. Pos-
terior anal rays are distally segmented, branched,
and at least 20 % longer than the last andropoidal
rays. The rear three anal rays decrease in length
progressively.

A series of proximal pterygiophores internally
support the anal fin. These rod-like bones are
straight, and so elongated that they penetrate the
interhemal spaces. In extreme cases, these proxi-
mal pterygiophores cover three-quarters of the dis-
tance between the vertebral column and the base
of the fin (Figure 13B). The numerical relation
between anal rays and proximal pterygiophores is
1:1, except for the first pterygiophore that joins the
first two anal rays. There are no distal pterygio-
phores. The anterior medial pterygiophores are
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absent or probably fused with the articular head of
the anterior seven proximal pterygiophores, which
are close-set, mainly the first five; therefore, these
proximal pterygiophores are the only ones support-
ing the andropodial rays. Beyond, a robust rectan-
gular medial pterygiophore is present between the
posterior proximal pterygiophores.

Caudal fin. The caudal skeleton involves the neu-
ral and hemal spines of the preural 1-3 plus those
bones associated with the ural centra (Figure 14).
These spines become thicker, broader, and slightly
less tilted than those of previous centra. The parhy-
pural and the hemal spines of preural centra 2 and
3 are so broad that they are in contact. The parhy-
pural has a wide proximal tip, probably fused with
preural 1. A single wide epural fills the space
between the most posterior neural spine and the
ural plate. As in other cyprinodontiforms, the end of
the vertebral column, the caudal complex involves
the fusion of the preural 1, urals 1, and an undeter-
mined number of hypurals (see Thieme et al.,
2021). The hypurals form a fan structure with a
long conspicuous interhypural foramen longitudi-
nally bordered by two shallow ridges. Near its
base, this caudal complex shows three small pro-
cesses; the urostyle is a small and rectangular
anterordorsal process that is projected upward and
seems to embrace the anterior tip of the epural; in
the base of the hypural plate, there is a small
spine-shaped process and a keel-shaped process
laterally expanded in dorsal and ventral position,
respectively.

The caudal fin is rounded and posteriorly
expanded. Its dorsal and ventral lobes form a har-
monious convex profile, while the ventral and dor-
sal edges of the fin are straight. This fin is relatively
short, and its length is about 1.2 times the postanal
length of the trunk. Regarding those caudal rays
anteriorly associated with the caudal complex, the
caudal formula is vi+ [+9—=8+I+v. In both lobes, the
procurrent rays become longer and thicker in ante-
rior to posterior order.

Scales. The scales cover the whole body, head,
jaws, and caudal skeleton 8 (Figures 3-5, 8F, 13,
14). These are cycloid scales, rounded to slightly
ovoid, in which the center half is smooth. The sur-
rounding scale surface has 4-9 concentric circuli
that are sinuous, unbranched, and evenly sepa-
rated. Additionally, most scales covering the ante-
rior third of the trunk have 3-12 straight, horizontal,
and parallel radii. In small specimens, only a few
scales of the middle part of the trunk show radii,
while in larger fishes, the radii are present in more
scales. Regardless of the size of the specimens,



the scales on the head and jaw have no radii. On
the trunk, scales are evenly sized; however, those
on the occiput and the head become smaller. Mid-
dle longitudinal scale lines on the skull extend sym-
metrically on each side up to the frontal-
mesethmoid contact. Nine to 10 scale rows proba-
bly cover the height of the trunk, and about 32 rows
extend above the vertebral column between the
head and the anterior tips of the caudal fin rays.
Coloration pattern.UV light allows us to recognize
some details of the color pattern of Paleocharaco-
don guzmanae gen. and sp. nov., which are invisi-
ble under white light. IGM 13117 shows 14 wide
dark color spots covering the posterior surface of
the abdominal cavity, four behind the pectoral gir-
dle and over the first vertebrae, and at least
another five or six (barely observable in the speci-
men) forming a longitudinal row above the verte-
bral column, between the pectoral girdle to the
middle part of the anal fin. Additionally, a large dark
color spot is present along the basal half of the
anal fin (Figure 3).

Such spots of color are not present in all the
fishes of Sanctérum, probably because the multiple
taphonomic factors that controlled and allowed
their conservation did not affect all individuals uni-
formly. Otherwise, the rare preservation of these
color spots could respond to the fact that, when
collected, many of these fish open in half and
therefore do not show their exterior surface details.
Reproduction. Skeletal remains attributable to
unborn small fishes preserved in the abdominal
cavity of some of the females, as IGM 13117 and
IGM 13125 (Figure 5B), evidence the viviparity of
Paleocharacodon guzmanae gen. and sp. nov.
Although it is challenging to identify complete indi-
viduals in these remains, here, we rule out the pos-
sibility that these remains represent stomach
contents because these do not show any signs of
decay by digestion.

DISCUSSION

For almost 150 years, at the same time as the
knowledge of the taxonomic diversity of fishes now
included in the family Goodeidae increased, differ-
ent authors discussed their possible interrelation-
ships under both pre and post-Hennigan
considerations (Figure 15). Unfortunately, in most
of these efforts, the evidence considered is non-
osteological, with unverifiable attributes in fossil
specimens. These first studies only considered
general phenotypic body traits and soft structures,
particularly those linked to their reproductive strate-
gies (Hubbs and Turner, 1939; Gosline, 1949; Fitz-
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simons, 1981). Subsequently, the phylogenetic
studies carried out in the last 25 years involved
molecular data of alloenzymes and different
genetic materials, show somewhat contradictory
results (Grudzien et al., 1992; Webb, 1998; Doad-
rio and Dominguez, 2004; Dominguez-Dominguez,
2010; Parker, 2017; Parker et al., 2019). Today,
determining the taxonomic identity and the phylo-
genetic relationships of fossil goodeids, such as
Paleocharacodon guzmanae gen. and sp. nov. and
Tapatia occidentalis, are complex tasks because
the osteological features of these extinct fishes
have been unnoticed in such studies. Therefore,
the present authors have begun an osteological
descriptive and comparative analysis of members
of the family Goodeidae, which now gathers about
21 genera and 50 species (Table 3), an effort that
will still take us several years. Despite this restric-
tive scenario, those osteological features of fossils
and extant goodeids previously discussed by differ-
ent authors (e.g., Miller and Fitzsimons, 1971;
Smith, 1980; Parenti, 1981; Webb, 1998), together
with the results of our observations on recent spec-
imens, are used here to recognize the taxonomical
peculiarity and affinities of P. guzmanae.

Webb (1998) performed a phylogenetic study
of Goodeidae, combining molecular and morpho-
logical data. He identified five Goodeinae tribes,
including Characodontini (Characodon), Goodiini
(Goodea and Ataenobius), llyodontini (/lyodon,
Allodontichthys, and Xenotaenia), Girardichthyini
(Girardinichthys, Allotoca, and Hubbsina), and
Chapalichthyini (Chapalichthys, Allophorus,
Ameca, Xenotoca, Xenoophorus, and Xanotaenia)
(Figure 15); additionally, in his hypotheses, Skiffia
and Zoogoneticus are like jumping-joker cards
because their relationships are problematic. Cur-
rently, such tribe names are used even though, in
the most recent hypotheses (Figure 15), the
groups obtained are not always those of Webb’s. In
this manuscript, we consider these tribe names.

Paleocharacodon guzmanae, a New Goodeidae

Smith (1980) divided Goodeidae into two
large groups. His Characodon-group shares two
features, the anguloarticular bone (=articular-angu-
lar) has a dorsal process projected almost verti-
cally, forming a nearly right angle with the anterior
process, and the articular head of the quadrate is
comparatively short and hardly protrudes from the
anterior edge of the palatopterygoid complex. On
the contrary, in his Goodea-group, the anguloartic-
ular has a dorsal process strongly projected back-
ward beyond the articular process and forming an

21
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TABLE 3. Valid nominal species of the family Goodeidae (the listed numbers are the same present in Figure 16).
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Species

Status and distribition

1. Allodontichthys hubbsi Miller and Uyeno, 1980.

2. Allodonthichthys polylepis Rauchenberger,
1988.

3. Allodontichthys tamazulae Turner, 1946.
4. Allodontichthys zonistius Hubbs, 1932.
5. Alloophorus robustus Bean, 1892.

o

. Allotoca catarinae De Buen, 1942.
. Allotoca diazi Meek, 1902.
. Allotoca dugesii Bean, 1887.

© N

©

. Allotoca goslinei Smith and Miller, 1987.

10. Allotoca maculata Smith and Miller, 1980.
11. Allotoca meeki Alvarez, 1959.

12. Allotoca zacapuensis Meyer, Radda, and
Dominguez, 2001.

13. Ameca splendens Miller and Fitzsimons, 1971.

14. Ataenobius toweri Meek, 1904.

15. Chapalichthys encaustus Jordan and Synder,
1899.

16. Chapalichthys pardalis Alvarez, 1963.

17. Chapalichthys paraticus Alvarez, 1963.
18. Characodon audax Smith and Miller, 1986.

19. Characodon garmani Jordan and Evermann,
1898.

20. Characodon lateralis Gunter, 1866.
21. Crenichthys baileyi (Gilbert, 1893).

22. Crenichthys nevadae Hubbs, 1932.
23. tEmpetrichthys erdisi Uyeno and Miller, 1962.

24. Empetrichthys latos Miller, 1948.

25. Empetrichthys merriami Gilbert, 1893.
26. Girardinichthys multiradiatus Meek, 1904.

27. Girardinichthys viviparus, Bustamante, 1837.

28. Goodea atripinnis Jordan, 1880.

Endangered. Upper Coahuyana River Basin. Jalisco.

Vulnerable. Upper Ameca River Basin. Jalisco

Vulnerable. Coahuayana River Basin. Jalisco.
Vulnerable. Armeria River Basin. Colima and Jalisco.

Vulnerable. Cotija, Cuitzeo, Patzcuaro, Zacapu, Zirahuén, Santiago,
and Balsas basins. Michoacan and Jalisco.

Critically endangered. Upper Cupatizio River Basin. Michoacan.
Critically endangered. Lake Patzcuaro Basin. Michoacan.

Endangered. Middle and lower Rio Lerma Basin and upper Rio
Santiago Basin. Michoacan, Guanajuato, and Jalisco.

Extinct in wild. Arroyo Potrero Grande in Ameca River basin.
Jalisco.

Critically endangered. Santa Magdalena Lake Basin. Jalisco.
Critically endangered. Lake Zirahuén Basin. Michoacan.

Critically endangered. Lake Zacapu Basin. Michoacan.

Critically endangered. Upper Ameca River basin, Teuchitlan
springs. Jalisco.

Endangered. Panuco Basin, Verde River and La Media Luna
Lagoon. San Luis Potosi.

Vulnerable. Chapala Lake and adjacent portions of Lower Lerma
basins. Jalisco and Michoacan.

Critically endangered. Springs near Tocumbo, San Juanico,
Michoacan.

Endangered. San Juanico reservoir. Cotija, Michoacan.
Endangered. Ojo de agua de las Mujeres. Durango.

Extinct. Parras Valley, Nazas-Aguanaval River basin, Mayran
Lagoon. Coahuila.

Critically endangered. Mezquital River Basin. Durango.

Endangered. White River system, springs of Moapa River.
Southeastern Nevada.

Vulnerated. Railroad Valley. Nye County, Nevada.

Fossil (Pliocene). Santa Clara River Valley, in the Piru Mountains,
Ventura County, California.

Critically Endangered (only introduced). Pahrump Valley, Nye
County, Nevada.

Extinct. Ash Meadows, Amargosa Desert, Nye County, Nevada.

Endangered. Basins of Balsas, upper Lerma, and Tuxpan rivers;
Zempoala lake. Estado de México, Michoacan, and Morelos.

Endangered. Valley of Mexico Basin, Rio Tula. Estado de México,
Mexico City, and Hidalgo.

Least Concern. Widely distributed in basins of Lerma, Santiago,
Balsas, Armeria, Ameca and River, as well as Tierra Quemada,
Zirahuén, Zacapu, Chapala, and Patzcuaro lakes. Hidalgo, Jalisco,
San Luis Potosi, and Michoacan. Recently, it was discovered in the
Rio Metztitlan, Panuco Basin. Hidalgo (Miranda et al., 2010).
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Species

Status and distribition

29. Hubbsina turneri De Buen, 1940.

30. llyodon cortesae Paulo-Maya and Trujillo-
Jiménez, 2000.

31. llyodon furcidens Jordan and Gilbert, 1882.

32. llyodon lennoni Meyer and Forster,1983.
33. llyodon whitei Meek, 1904.

34. Neoophorus regalis Alvarez, 1959.

35. tPaleocharacodon guzmanae. Here.
36. Skiffia bilineata Bean, 1887.

37. Skiffia francesae Kingston, 1978.
38. Skiffia lermae Meek, 1902.

39. Skiffia multipunctata Pellegrin, 1901.

40. t Tapatia occidentalis Alvarez and Arreola-
Longoria, 1972.

41. Xenoophorus captivus Hubbs, 1924.

42. Xenotaenia resolanae Turner, 1946.

43. Xenotoca doadrioi Dominguez-Dominguez,
Bernal-Zuniga, and Piller, 2016.

44. Xenotoca eiseni Rutter, 1896.

45. Xenotoca lyonsi Dominguez-Dominguez,
Bernal-Zuhiga, and Piller, 2016.
46. Xenotoca melanosoma Fitzsimons, 1972.

47. Xenotoca variata Bean, 1887.

48. Zoogoneticus purhepechus Dominguez-

Dominguez, Pérez-Rodriguez, and Doadrio, 2008.

49. Zoogoneticus quitzeoensis Bean, 1898.

50. Zoogoneticus tequila Webb and Miller, 1998.

Critically endangered. Cuitzeo basin, Yuriria reservoir and Zacapu
Lake in Lerma River Basin. Guanajuato and Michoacan.

Threatened. San Juan Tacambaro River, Michoacan.

Least Concern. Marabasco, Armeria, and Ameca River basins.
Colima and Jalisco.

Vulnerable. Chacambaro stream, Lerma River Basin. Guerrero.

Vulnerable. Balsas River basin. Jalisco, Michoacan, Morelos,
Puebla, and Guerrero.

Critically endangered. Balsas River basin in the Los Reyes.
Michoacan.

Fossil (Pliocene). Sanctérum site. Hidalgo.

Endangered. Cuitzeo Lake and Lerma River basins. Michoacan and
Guanajuato.

Extinct in wild. Teuchtitlan, Ameca River basin. Jalisco

Endangered. Patzcuaro, Zirahuén, Cuitzeo, Zacapu lake basins;
Lerma River. Michoacan and Guanajuato.

Endangered. Lower Lerma River Basin, Lake Chapala, and the
upper part of the Santiago River basin. Jalisco and Michoacan.

Fossil (Pliocene). Amatitan. Jalisco.

Endangered. Upper Panuco River basin, springs in the Venados,
Moctezuma, and Agua de Enmedio; Santa Maria del Rio and Tierra
Quemada rivers; Jesus Maria reservoir. San Luis Potosi.

Vulnerable. Marabasco and Purificacion River basins. Pacific slope
of Jalisco.

Critically Endangered. Hacienda San Sebastian pond, El Moloya
spring, Estancia de Ayoles reservoir, Oconahua Dam. Etzatlan
region, in Jalisco.

Endangered. Santiago River basin and Compostela River,
Magdalena Lake basin, and upper parts of Ameca and Coahuayana
River basins. Nayarit and Jalisco.

Critically Endangered. Middle and upper part of the Coahuayana
River Basin; Tuxpan and Tamazula rivers. Jalisco.

Endangered. Magdalena Lake and the Ameca, Armeria, Santiago,
and Coahuayana River basins. Jalisco.

Least concern. Panuco River Basin, middle Lerma River basin, and
upper Santiago River basin; and Cuitzeo and Zacapu Lake basins.
Aguascalientes, Jalisco, Guanajuato, Querétaro, and Michoacan.

Vulnerable. Lower Lerma River, including Duero, Grande, and
Santiago rivers; Upper Ameca River; Chapala Lake; and
Magdalena, Sayula, San Marcos, Zacoalco, and Atotonilco lagoons.
Michoacan and Jalisco.

Endangered. Middle and lower Lerma River Basin, upper part of
basins of Santiago, Armeria, Ameca rivers, Chapala Lake.
Michoacan and Jalisco.

Endangered. Teuchitlan springs, upper Ameca River Basin, Jalisco.
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obtuse angle with the anterior process; additionally,
here, the articular head of the quadrate is compar-
atively longer and projects in advance of the ante-
rior edge of the palatopterygoid complex (Smith,
1980, figures 16, 17). Although Smith (1980) con-
sidered Ameca, Hubbsina, and Tapatia occidenta-
lis as goodeids of uncertain position, the
subsequent reviews of these taxa reveal that their
anguloarticulars have a vertical dorsal process
(Guzman 2010, figure 4b; Webb, 1998), suggest-
ing that these may form part of his Characodon-
group.

In this context, it is impossible to include
Paleocharacodon guzmanae gen. and sp. nov. in
any of the goodeid groups proposed by Smith
(1980). This Mexican fossil fish shows the condi-
tion of the anguloarticular described in the Charac-
odon-group, as well as the quadrate having an
articular head comparatively long and protruding
forward as in the Goodea-group (Figures 6, 8D).
Additionally, Tapatia occidentalis and P. guzmanae
differ in the shape of the anguloarticular and jaw
teeth. In T. occidentalis, the length of the anguloar-
ticular anterior process is at least 2.5 times the
height of its dorsal process. The teeth in the frontal
rows of jaws show a bicuspid or bifid shape, end in
two square lobes loosely separated, and are dis-
tally truncated or straight (Guzman, 2010, figures
4b, 5 c¢”). On the contrary, in P. guzmanae, the pro-
portions of the anguloarticular are less contrasting.
That length is just about 1.3 times such height, and
the teeth of principal rows have bicuspid and sharp
ends (Figures 6, 10, 11).

Also, Paleocharacodon guzmanae differs
from Hubbsina and Ameca in the size and position
of the dorsal fin. In P. guzmanae , the dorsal fin is
short, has 12-15 rays, and is entirely opposed to
the anal fin (Table 1, Figure 13). Although the dor-
sal fin in Ameca is short and has only 13-14 rays,
in Hubssina, this fin is peculiarly long and consists
of 29-37 rays; in both cases, the dorsal fin is placed
more to the front and opposes the anal fin only in
part (De Buen, 1940; Miller and Fitzsimons, 1971;
Dominguez-Dominguez et al., 2005, p. 540, 552).
As a result, P guzmanae is considered a new
genus and species.

Unfortunately, after the efforts of Parenti
(1981) and Webb (1998), who included some oste-
ological features to define the naturalness of the
family Goodeidae and recognize its interrelations
under the cladistic scope (Figure 15), this type of
data ceased to be considered in phylogenetic
assays. Therefore, under these conditions, it is
necessary to analyze, recognize and assess the
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possible osteological differences between these
fishes, a task already in progress that will take a
few more years to be helpful. In this paper, we
explore the affinities of Paleocharacodon guz-
manae gen. and sp. nov. within Goodeidae, ana-
lyzing the distribution of its osteological features
along the branches of those hypotheses proposed
by these authors. Table 4 summarizes the compar-
ative analysis of P. guzmanae and other extant and
extinct goodeid taxa.

In the restructuring of Goodeidae suggested
by Parenti (1981, p. 515-516) to include the sub-
families Goodeinae and Empetrichtyinae, she
noted that these fishes share four diagnostic fea-
tures (1-4 below and in Figure 15). Later, Webb
(1998) discovered other distinctive features of the
family (5-7 in this paragraph and Figure 15); how-
ever, among these features, only two are synapo-
morphies (3 and 5). |In this context,
Paleocharacodon guzmanae gen. and sp. nov. is
an unquestionable member of Goodeidae because
it shows six of these diagnostic features (Figure
15):

1) In the anal fin, the most anterior 2 to 7 medial
pterygiophores (= middle radials) are absent
as autogenous bones because these are
fused with the respective proximal pterygio-
phores (= proximal radials of Parenti, 1981,
figure 83, node A) (Figure 13).

2) The dorsal process of the maxilla is strongly
reduced (Parenti, 1981, figure 83, node A)
(Figures 6, 8D).

3) The distal arm of the premaxilla is straight
(Smith, 1980; Parenti, 1981, figures 40C, 83
node A) (Figures 6A-B; 8D); according to
Webb (1998, ch. 649), this is a synapomor-
phy.

4) The anguloarticular (=articular in Parenti,
1981, p. 406, figures 33B, C, D, and node A in
figure 83) is significantly reduced, and its
medial extension does not carry the mandibu-
lar sensory canal.

5) In lateral view, the lacrimal bone is somewhat
rectangular and at least twice as higher as
long; according to Webb (1998, figures
I11.22B, ch. 658) is a synapomorphy (Figure
5).

6) The ascending process of the premaxilla is
small or reduced (Parenti, 1981, figure 39C;
Webb, 1998, ch. 650) (Figure 6). In goodeids,
in dorsal view, the pterotic (=autopterotic)
bones show a narrow autopterotic fossa



7) in Figure 15, in which the otic sensory canal
runs (Uyeno and Miller, 1962; Parenti, 1981;
Webb, 1998, figures I11.12B, ch. 641); unfortu-
nately, any of the specimens of P. guzmanae
herein studied show that fossa.

Paleocharacodon guzmanae, a New Goodeinae

Paleocharacodon guzmanae gen. and sp.
nov. is also an undeniable member of Goodeinae
because it was a viviparous species and shows
both the homoplasy and synapomorphy that sup-
port this subfamily (8 and 9 in Figure 15, Table 4).
Following the numbering of the anterior paragraph,
these features include:

8) The anterior anal fin ray is rudimentary
(Parenti, 1981, figure 83, node B) (Figure 13).

9) The andropodium or pseudophallus is present
and formed by the unbranched anterior anal-
fin rays that crowd together (Figure 13), sepa-
rated by a notch from the rest of the fin, and
reduced between 50-80% concerning the sub-
sequent posterior rays; Webb (1998, p. 75,
ch. 684 in part) discovered this remarkable
osteological synapomorphy.  Additionally,
Webb (1998, p. 61 and 92, ch. 637) sug-
gested that the appearance of a shallow neu-
rocranium (in which the height is equal to or
less than half of its width) also supports the
Goodeinae monophyly; however, this condi-
tion may represent a plesiomorphy because it
is present in Empetrichthyinae and other
Cyprinodontiformes, too.

Eight osteological features support the natu-
ralness of Empetrichthyinae. These include four
synapomorphies (11-18 in Figure 15, Table 4), pre-
viously noticed by Parenti (1981) and Webb
(1998). Paleocharacodon guzmanae gen. and sp.
nov. differ from Empetrichthyinae because it does
not have any of its diagnostic features. Following
the numbering of the anterior paragraphs, these
features include:

10) The lack of the pelvic fin and girdle
(Parenti,1981, node C in figure 83; Webb,
1998, ch. 673). On the contrary, the pelvic fin
and girdle are well-developed in P. guzmanae
(Figure 12).

11) The epibranchial 1 is nearly Y-shaped,
notched at its base, and has a lateral process
(Parenti, 1981, node C in figure 83 and figure
47B; Webb, 1998, ch. 668). Unfortunately, the
epibranchials are unknown in P. guzmanae,
but among goodeines this bone is rod-
shaped.
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12) The surface of neurocranial, suspenso-
rium, and hypural bones are rugose and irregular
due to pits and ridges (Webb, 1998, ch. 643). On
the contrary, these bones are superficially smooth
in P. guzmanae (Figures 3-7, 8D, 14).

13) The anterior margin of the vomer is abruptly
concave medially (Uyeno and Miller, 1962;
Webb, 1998, figure 111.9C, ch. 629). Sadly, the
vomer is unknown in P. guzmanae.

14 and 15). The frontal has a supraorbital canal
partially ossified and does not show the break
4a-4b (Gosline, 1949; Fitzsimons, 1981;
Webb, 1998, chs. 632 and 634) (Figure 15).
On the contrary, as in other goodeines, in P.
guzmanae, the frontal bone entirely encloses
the supraorbital canal that shows the break
4a-4b (Figure 7).

16) The dorsal and ventral pharyngobranchials
are relatively robust; their bases are deep,
ossified, and higher than their teeth (Webb,
1998, ch. 667). Although in P. guzmanae, the
toothed pharyngobranchial plates are not
well-exposed, in this species, such plates are
rather gracile and bear large teeth of varying
size, usually rest unattached and scattered;
here, the most prominent pharyngobranchial
teeth are higher than the pharyngobranchial
plates.

17) Third postcleithrum with a posteriorly directed
laminar plate at its mid-length (Webb, 1998,
ch. 672). P. guzmanae has only two post-
cleithra.

Palaocharacodon guzmanae and Other
Goodeines

Paleocharacodon guzmanae gen. and sp.
nov., Goodiini, Characodon, Xenotaenia, and some
species of Allotoca share a primitive feature; the
dorsal fin is far in the back of the body (the predor-
sal length is equal or greater than 67% of SL).
Hence, P. guzmanae differs from llyodontini, Girar-
dichthyini (less some species of Allofoca), Chapa-
lichthyini  (including Zoogoneticus and less
Xenotaenia), and Skiffia that have the dorsal fin
located not so far back (the predorsal length is
equal or less than 67% of SL)

18) (in Figure 15, Table 4) (Miller, 1948; Webb,

1998, p. 77, ch. 689).

According to Webb (1998, p. 61, ch. 637), all
goodeines except Goodiini, llyodontini, and Alloo-
phorus show a neurocranium primitively low; in the
posterior view, its height/width ratio is 0.45 to 0.52.
On the contrary, in other goodeines, the neurocra-
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TABLE 4. Comparison of Paleocharacodon guzmanae gen. and sp. nov. and other goodeids (characters based on
Parenti, 1981; Webb, 1998; data of supraorbital canal also based on Fitzsimons (1981); see the main text of Discus-
sion). Isolated numbers between parentheses correspond to those characters shown in Figure 15. Abbreviations
between parentheses: +, a character present in the taxa noted ahead; -, a character absent in the taxa noted ahead; v,

a character variable in the taxa noted ahead).

Goodeinae
— E .E
o S S B
& 2 . B g 5
Empetrichthyinae T ] . g s = S
SE £ £ E 3 g 8
88| 3 | 2 | % E § §
ud : <] P
=8 & e 2 3 S S
Viviparity No ? Yes
Anal fin ray 1 Normal Rudiementary (8)
Andropodium Absent Present (9)
Pelvic fin Absent (10) Present
Epibranchial Y-shaped (11) ? Unforked
(v, Crenichthys) (With no accessory strut near the base)
Surface of neurocranial Rugouse (12) Smooth
bones
Anterior edge of the Abruptly concave (13) | ? Slightly concave to Straight
vomer
Supraorbital canal Partially ossified (14) With out any ossification.
ossification
Pores of supraorbital \With no break 4a-4b (15) ? With the break 4a-4b
canal (v, Allodontichthys zonistius, Allotoca diazi, A.meeki, Characodon lateralis,
Chapalichthys encaustus, llyodon whitei, Xenoophorus captivus, Xenotoca
variata)
(-, Allotoca dugesii, A. maculata, Allodontichthys except for A. zonistius,
Allotoca catarinae)
(Pit organs only in Girardinichthys, Hubbsina, and Skiffia)
Pharyngobranchials Higher than their teeth ? Teeth higher than pharyngobranchials
(16) (-, Xenotoca melanosoma)
Third postcleithrum Present (17) Absent
Origin of dorsal fin Posterior, it rises at or | Anterior, |Posterior, it rises at or| Anterior, it rises anterior 67% of SL (18) | Posterior,
behind 67% of SL it rises behind 67% of SL |(+, Skiffia, Zoogoneticus) (-, Xenotaenia, | it rises at
anterior Allotoca diazi) (v, Allotoca dugesii, A. | or behind
to 67% of goslinei) 67% of SL
SL (18)
Neurocranium height in its [Low, the heigh/width ratio ? Low High, the heigh/width ratio is 0.58 to 0.66
posterior view is 0.45 to 0.52 (19)
(-, Alloophorus) (+, Skiffia, Zoogoneticus)
Presence of rostral Yes (20) ? Yes (20) No
cartilages
Anterior parasphenoid No inged ? No winged| Winged No winged
end. (21)
Length of Pelvic fin Long Short (22) Long Short (22)
Epioccipital posterior Short ? Long (23) Long (23)
process (+, Skiffia)

nium shows a higher derived condition, and the

range of such proportion is 0.58 to 0.66 (19 in Fig-

ure 15, Table 4). This character had a regressive

change to the shallow state in llyodontini and Alloo-

phorus

19%) (in Figure 15). Unfortunately, the neurocranial
proportions of Paleocharacodon guzmanae
gen. and sp. nov. and Tapatia occidentalis are
unknown.
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Into Goodeidae, only Goodiini and Empetrich-
thyinae possess rostral cartilages (Webb, 1998, p.
63, ch. 644). Other goodeids have no rostral carti-
lage
20) (in Figure 15, Table 4). The presence or

absence of this cartilage is unknown in Paleo-

characodon guzmanae gen. and sp. nov. and

Tapatia occidentalis.

According to Webb (1998), Goodea and
Ataenobius form the tribe Goodiini. In one of his



TABLE 4 (continued).
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Goodeinae
— E .E
[ E N =
) 2 . £ g S
Empetrichthyinae 3 8 = g s £ S
8 e = = S L o
= N ] S 35 ® K]
I S BN R TR S
S : <] P
38 £ e 2 & S S
Gill rackers in the 9-19 in Empetrichthys, ? 24-59 (24) 9-19
branchial arch 1 R4-59 (24) in Crenichthys (-, Allodontichthys (-, Ameca, Xenoophorus)
polylepis, A.
tamazulae, A.
zonistius) (+, Skiffia)
Shape of principal teeth in Unicuspid in Bicuspid | Bicuspid | Bicuspid | Bicuspid and sharp (-, unicuspid in Alloophorus,
jaws Empetrichthys. ricuspid and and sharp and  |Allotoca, Girardinichthys viviparus, Zoogoneticus) (-,
in Crenichthys straight straight | tricuspid in Allodontichthys) (v, uni and bicuspid in
(25) (25) Xenoophorus)
Attachement of principal Co-ossified Loose (26)) Co- |Loose (26) Co-ossified (26)
teeth bases in jaws ossified (-, loose in llyodon, Skiffia francesae,
S. lermae) (v, S. multidenatata, Xenoophorus)
Anguloarticular angle =90° =180° =~90°
(27) (+, Zoogoneticus) (-, =180° in Skiffia and llyodon)
Posteroventral margin of With a straight angle Convex, With a straight angle
the coracoid vertical, (-, convex, vertical, and notched in Ameca and Xenotoca
and variata (28)
notched (-,broad convex in Skiffia) (v, straight and broad convex in
(28) Ilyodon)
Palatoquadrate arch Inclined slightly forward Vertical Inclined slightly forward
29) (+, Zoogoneticus)
(+, Skiffia)
Retroarticular in the facet Excluded ? Included (30). Excluded Included
for the quadrate (Itis in the center in P. (-, Ameca, Skiffia, llyodon) 30). Itisin
guzmanae. ltis the center
lingually in Goodiini,
Ameca, llyodon, and
Skiffia)
Facet for the quadrate No ? Yes No, (+,Skiffia, Zoogoneticus) Yes
Donut-like (31)
Anterolateral projection in Present ? Present Absent (32) Present Absent
the palatine (+, Skiffia (- (32)
francesae, Allophorus)
Zoogoneticus)
Ventral process of Absent (33) ? Very small Large Absent (33) Large Absent
postemporal (+, Skiffia) +, Zoogoneticus (33)

hypotheses, this tribe is the sister group of other
goodeines, while in the other, this constitutes a nat-
ural group with Skiffia. Two unambiguous charac-
ters, a synapomorphy, and a homoplasy, support
this tribe in Webb's hypotheses. The first is the
presence of lateral wings in the anterior end of the
parasphenoid
21) (in Figure 15 and Table 4; Webb, 1998, p. 61,
ch. 638). The homoplasy is the presence of a
pelvic fin relatively short because its posterior
edge does not reach the dorsal fin origin

22) (in Figure 15 and Table 4; Webb, 1998, p. 72,
ch. 675). A short pelvic fin is also present in
Characodon and Allotoca (see Dominguez-
Dominguez et al., 2005, p. 545, 547). In other
goodeids, the parasphenoid has no wings
because its anterior lateral edges are parallel,

and the pelvic fin is long and goes beyond the
dorsal fin origin. Although the pelvic fin of
Paleocharacodon guzmanae gen. and sp.
nov. is short, it is recognized as non-Goodiini
fish because its parasphenoid is not winged.
In Webb’s (1998) hypotheses, the long and
well-developed posterior process in the epioccipital
bone represents a derived condition of Goodiini
and Skiffia
23) (in Figure 15 and Table 4; Webb, 1998, p. 62,
ch. 640). These taxa, llyodontiini (except
Allodontichthys polylepis, A. tamazulae, and
A, zonistius), Ameca, and Xenoophorus have
20 to 54 qill rackers on the first branchial arch
24) (in Figure 15 and Table 4); Webb, 1998, p. 70,
ch. 665). In other goodeids, the epioccipital
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process is tiny, and the first branchial arch has

only 9 to 19 gill rackers. Unfortunately, Paleo-

characodon guzmanae gen. and sp. nov. and

Tapatia occidentalis do not expose either of

these features.

25 and 26) (in Figure 15 and Table 4; Webb, 1998,
chs. 645-647, respectively). The crowns of pri-
mary jaw teeth are distally flattened, bicuspid,
and straight or broadly blunted, and its bases
are loosely attached to the jaws by cartilage in
Goodiini, Skiffia, llyodon, and Xenoophorus
also shows (e.g. Hubbs and Turner, 1939). On
the contrary, other goodeids and Paleo-
characodon guzmanae gen. and sp. nov. (Fig-
ures 8, 10, 11) have primary jaw teeth
bicuspid, acute, which bases are co-ossified
with the bone of jaws. According to Webb
(1998), Allodontichthys shows tricuspid or
shouldered teeth and large specimens of Skif-
fia multipunctata also have strong tooth
attachments.

27) (in Figure 15; Smith, 1980, figure 17B;
Guzman, 2010, figure 9; Webb, 1998, p. 66, ch.
654). On the contrary, Paleocharacodon guz-
manae gen. and sp. nov. and other goodeids show
the alternative primitive condition of this bone; its
dorsal process is projected dorsally and forms an
angle of about 90° with its anterior process (Figure
6, 8B, 10).

Among goodeids the ventroposterior coracoid
region is variable (Webb, 1998, p. 71-72, ch. 671).
This region shows a straight angle in Empetrichthy-
inae, most Goodeiinae, and probably in Tapatia
occidentalis; on the contrary, in Skiffia, this is
broadly convex

28) (in Figure 15 and Table 4), and in /llyodon
varies between straight and convex. Only in
Ameca, Xenotoca variata, and now Paleocharaco-
don guzmanae gen. and sp. nov, this region is con-
vex, has a posterior margin vertically tilted, and is
anteriorly limited by a narrow and deep notch (Fig-
ure 6; Webb, 1998, figure I11.27). In this case, the
condition shared by Ameca, X. variata, and P. guz-
manae seem an evolutive convergence.

Furthermore, Webb (1998, p. 67-68, ch. 657)
noted that in Goodiini and Skiffia, the palatoquad-
rate arch (between the articular heads of the pala-
tine and quadrate bones is about vertically inclined
29) (in Figure 15 and Table 4). On the contrary,

this arch is bent forward in other goodeids,

including Paleocharacodon guzmanae gen.
and sp. nov. (Figure 8D).

Likewise, Goodiini, Skiffia, Ilyodon, and
Ameca share a homoplasic and derived feature,

30

the retroarticular bone forms the lingual part of the
articular facet for the quadrate

30) (in Figure 15 and Table 4; Webb, 1998, p. 67,
ch. 655). On the contrary, this bone does not
form that facet in other goodeids. In Paleo-
characodon guzmanae gen. and sp. nov., that
facet has a donut-like configuration in which
the retroarticular forms its central region and
the anguloarticular has two curved processes
forming its surrounding part (Figures 6, 8B).
Although this donut-like configuration of the
articular facet for the quadrate (added in this
work as:

character 31 in Figure 15 and Table 4) was
observed only in specimens of Characodon,
additional observations are required to clarify
its possible occurrence in other goodeids.
Based on Webb’s hypotheses, among goode-
ids, there is a primitive anterolateral projection in
the palatine head of Empetrichthyinae, Goodiini,
llyiodontini, and most Chapalichthyini (except for
Alloophorus, Zoogoneticus, and Skiffia francesae).
A convergent derived state of these characters, the
lack of such projection in the palatine occurs in
Characodontini, Girardinichthyini, Alloophorus,
Zoogoneticus, and S. francesae

32) (in Figure 15 and Table 4, Webb, 1998, p. 67,
ch. 656). Herein, Paleocharacodon guzmanae
gen. and sp. nov. and is excluded from Chac-
arondontini and Girardinichthyini because it
shows the primitive anterolateral projection of
the palatine.

Herein, we identify that Paleocharacodon guz-
manae gen. sp. nov. and Characodon spp. Differ
from each other in at least three different features.
In the last, the openings of the supraorbital canal
show a formula —1-2a, 2b-7— as in some Allodon-
tichthys species (Fitzsimons, 1981, table 1); its
posttemporal is unforked because the anteroven-
tral process is absent as in Empetrichthyinae,
Girardichthyini, and Zoogoneticus (33 in Figure 15
and Table 4; Webb, 1998, p. 71, ch. 669); and the
parasphenoid bone shows outstanding dorsal
wings extended in its orbital part. On the contrary,
in the fossil species, the openings of the supraor-
bital canal show a formula never recorded before
among goodeids —1-2a, 2b-3a, 3b-4a, 4b-5a, 5b-
7—(Figure 7); its parasphenoid bone shows tiny
ventral and lateral wings in its orbital part, (Figure
6); and its posttemporal bone shows a small
anteroventral process that may be an intermediate
condition observed in other goodeids (Figure 6).

Unfortunately, in his hypotheses, Webb
(1998), most no-Goodiini, and no-Characodontini



groups do not have osteological supporting fea-
tures. Therefore, it is not easy to compare the anat-
omy of such groups with those features observed
here in Paleocharacodon guzmanae gen. sp. nov.
In the present context, after mapping the osteologi-
cal features of P. guzmanae into Webb’s hypothe-
ses, it is possible to point out that this fossil is part
of the family Goodeidae and the subfamily Good-
einae (it shows the characters 1-6, 8-9 in Figure
15). In addition, the mixture of characters of this
fossil goodeid does not allow us to recognize it as
part of any of the tribes of Goodeinae. Besides, this
fossil goodeid does not share features with the
tribes and shows different characters to those that
support such tribes or groups of tribes (numbers in
italics in Figure 15). On the other hand, this fossil
and the tribe Characodontini shared more features
(numbers in bold in Figure 15), but it shows signifi-
cative differences with its single member, Characo-
don. Therefore, the species described here was
included in its genus, Paleocharacodon, to high-
light its similarity with Characodon, including a fea-
ture observed for the first time, the donut-like
articular facet for the quadrate.

Phylogenetic and Biogeographic Implications

Despite numerous recently published hypoth-
eses (Doadrio and Dominguez, 2004; Webb et al.,
2004; Dominguez-Dominguez et al., 2010; Foster
and Piller, 2018), the phylogenetic and biogeo-
graphic relationships of Goodeidae are still unclear
(Figure 15). This situation probably results from the
lack of suitable fossil evidence that allows us to
recognize the history of the morphological changes
of Goodeidae, as well as the geological-environ-
mental conditions in which they occurred. The dis-
covery of Paleocharacodon guzmanae gen. and
sp. nov. not only complements our knowledge
about the diversity of the family, but it also reveals
itself as an element to consider in future biogeogra-
phy studies.

The accurate osteological description of living
goodeids is a pending task that avoids the compar-
ison of its extinct and recent species. Despite this,
the analysis of Paleocharacodon guzmanae gen.
and sp. nov. and some data published of other goo-
deids reveals that this new fish does not belong to
any goodeine tribes. The putative primitive features
of P. guzmanae suggest that it may represent a
primitive goodeinae. Such observation is congru-
ent since P. guzmanae is a Pliocene species of at
least 4 Mya. In any case, assessing the relation-
ships of fossil goodeids, such as P. guzmanae,
Goodea-like from Sanctérum, and Tapatia occiden-
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talis requires a comprehensive phylogenetic study
involving osteological data of recent and fossil goo-
deids.

In the biogeographic hypotheses of Goodei-
dae so far proposed, Goodeinae arose in the
northwestern region of Mexico and had different
episodes of diversification in the central part of this
country. Such diversification seems more success-
ful in rivers and lakes of the western and southern
of the country, which today concentrate most of the
known species. Later, some of its genera experi-
enced exchanges between these regions (Gesund-
heit and Macias, 2005; Dominguez-Dominguez et
al., 2006, 2010; Pérez-Rodriguez et al., 2015, Fos-
ter and Piller, 2018; among others). The finding of
Paleocharacodon guzmanae gen. and sp. nov. and
his contemporary Goodea-like in Sanctérum is sig-
nificant. The Pliocene strata of the extinct Paleo-
lake Amajac are within the domains of the Panuco-
Salado Basin on the eastern side of Mexico, where
there are only six recent species (Table 3, Figure
16). The contrasting diversity of goodeids between
the western-southern and eastern regions of Mex-
ico seems linked to the geological-environmental
history of the country. On the one hand, during the
Neogene, the development of the TMVB strongly
and continuously affected its western and southern
regions, while the eastern area occupied by the
Panuco-Salado basin was relatively more stable.
For now, the uncertain relationships of P. guz-
manae within the goodeids hinder the recognition
of whether this supports or rejects the biogeo-
graphic hypotheses already proposed; however,
our study suggests that this extinct species of the
eastern slope of Mexico is not directly related to
any species from the Panuco-Salado Basin.

Additionally, divergence dates in the Goodei-
dae evolution are available in the most recent phy-
logenetic studies (Figure 15); Foster and Piller,
2018; however, the discovery of Paleocharacodon
guzmanae gen and sp. nov. suggests that a differ-
ent goodeinae lineage without living representa-
tives must have existed. According to these data,
the family Goodeidae and the subfamilies Good-
einae and Empetrichthyinae rose during the early
Miocene, before 15 Mya; in the later 5 My and
during the middle Miocene, between 15 and 10
Mya, the goodeines tribes separated; and finally,
since then the diversification of these fishes led to
the establishment of all genera and species hith-
erto known. As demonstrated in the previous sec-
tion, the available evidence from Tapatia
occidentalis and P. guzmanae indicates that these
Miocene and Pliocene fossil species are part of
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FIGURE 16. General distribution of recent and fossil Goodeinae species in the hydrological basins of Mexico (based

on Dominguez-Dominguez et al., 2006, 2010)

Goodeinae. However, their inclusion at the tribe
level is impossible and may represent unknown
members of other lineages.

The situations described in the two previous
paragraphs suggest that the biogeographic history
of goodeids is more complex than those described
so far. Such a process may include at least two
alternative early scenarios: A) Early goodeids were
widely distributed in Mexico and B) The eastern
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slope of Mexico received an ancient group of good-
eids from the northwest region, subsequently dis-
placed by more recent species.

The geographic distributions of Goodeidae
and Profundulidae are disjoint, adjacent, and sepa-
rated by the Sierra Madre del Sur. The first family
inhabits the north, between the southwestern USA
and the Mesa Central of Mexico, plus its neighbor-
ing regions. At the same time, Profundulidae is



found further south, from the Pacific slope of the
Sierra Madre del Sur and the Mixtec Basin to Gua-
temala, EI Salvador, and Honduras (Morcillo
Alonso, 2004, figure 1). Such distributional patterns
respond to the development of TMVB, which
began 10-20 million years ago. In this scenario,
fossils of Paleocharacodon guzmanae gen. and sp.
nov. are geographically nearer to the current distri-
bution of Profundulidae and temporally closer to
the origin of TMVB; however, its importance in the
effort to understand the separation of these two
families is minimal because Profundulidae has no
fossil record.

CONCLUSIONS

The review of the Pliocene fish from the
Paleolake Amajac deposits in Sanctérum, Hidalgo,
Mexico, reveals that these represent two species
of the family Goodeidae and subfamily Goodeinae.
Here, one is described and named Paleocharaco-
don guzmanae gen. and sp. nov.; the other, still
poorly known, resembles Goodea (Becerra
Martinez, 2003). The principal jaw teeth of P. guz-
manae, with bicuspid and symmetrical acute-ends,
noticeably differ from those of other Mexican good-
eid fossils, Tapatia occidentalis and the Goodea-
like of Sanctérum, in which bicuspid teeth have
wide spatula-ends. A unique combination of non-
exclusive and exclusive features shared with other
goodeids supports the singularity of P. guzmanae.
These features include the unpaired fins opposed
and located far back of the body, behind the 69% of
SL; the rudimentary anterior anal ray; the andropo-
dium of males; the strong jaw teeth with distal
acute and bicuspid ends; and the donut-like articu-
lar facet for the quadrate. The exclusive features of
the species include the small anteroventral process
of posttemporal and the formula 1-2a, 2b-3a, 3b-
4a, 4b-5a, 5b-7 of the supraorbital canal openings.

As its name implies, Paleocharacodon gen.
nov. shares some osteological similarities with
Characodon; however, the mapping of the osteo-
logical features of this fish into the different
branches of the phylogenetic hypotheses pub-
lished by Webb (1998) allows us to recognize that
this does not belong to any tribe of the subfamily
Goodeinae. Developing a phylogenetic study of
Goodeidae based on osteological data, which
enables the inclusion of fossil species such as P.
guzmanae or Tapatia occidentalis, still requires the
accurate characterization of most of the living spe-
cies of this family. Meanwhile, the inclusion of P.
guzmanae in any tribe is unfounded.
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The discovery of Paleocharacodon guz-
manae gen. nov. in a restricted area within the
Great Panuco-Salado Basin is significant because
it will provide new data for future phylogenetic and
biogeographic investigations. On the one hand,
this new species shares some osteological charac-
teristics (mainly primitive) previously observed in
other specimens; however, at the same time, it
shows osteological novelties that may represent
the key to improving our understanding of the evo-
lution of goodeids. The recovery of this and other
fossils in different Miocene-Pleistocene Mexican
sites is a tempting invitation to review the skeletal
anatomy of the extant and extinct goodeids and
seek new evidence of their phylogenetic biogeo-
graphic interrelationships. On the other hand, the
finding of P. guzmanae and Goodea-like of
Sanctérum forces us to reconsider the phyloge-
netic and biogeographic hypotheses already pub-
lished. These Mexican fossils encourage us to
visualize new possible scenarios where the distri-
bution of extinct goodeids may indicate that the ori-
gin or, at least some episodes of the early
diversification of this clade, have occurred on the
eastern slope of central Mexico, closer to the south
of the country, where the sister group of Goodei-
dae, the family Profundulidae inhabits.
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