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ABSTRACT —Billfishes include some of the largest pelagic teleostean species, but several aspects about their morphology,
paleobiology, and evolution remain ambiguous. Their fossil record is fragmentary and mostly represented by rostral and skull
remains. Here, we present a comparative study of the caudal vertebral morphology of extant istiophorid species and we use
this information to describe two fossil vertebrae from the Gatun and Chagres formations, both from the late Miocene of
Panama. The caudal vertebra from the Gatun Fm. is characterized by the presence of a lateral apophysis and identified as
Makaira sp., while the vertebra from the Rio Indio Member of Chagres Fm. lacks this structure and its morphology
indicates a different genus. The estimated total length of the Makaira sp. specimen from Gatun Fm. is about 5.18 m, the
largest size calculated for a marlin, while the Rio Indio specimen was about 2.56 m long. Phylogenies show that the
radiation of most living istiophorid species seemingly occurred during the Pliocene. However, our results highlight that the
genus Makaira and the taxa lacking the lateral apophyses occurred during the late Miocene, showing that the radiation of
istiophorids most likely occurred before the Pliocene (ca. 5 Ma).

SUPPLEMENTAL DATA —Supplemental materials are available for this article for free at www.tandfonline.com/UJVP.
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INTRODUCTION

Istiophorid billfishes include large oceanic epipelagic preda-
tors that occur in tropical and subtropical waters (Nakamura,
1983, 1985; Pepperell, 2010). Elongated upper jaws forming a
rostrum and a strong and flexible, highly specialized vertebral
column composed of 24 interlocked vertebrae characterize
these fishes (Fig. 1) (Nakamura et al., 1968; Nakamura, 1983;
Davie, 1990). The phylogenetic relationships and the genetics
of extant istiophorid species have been extensively studied
because of their importance for fisheries and recreational
fishing (Graves and McDowell, 1995, 2012, 2015; Hoolihan
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et al., 2004; Collette et al., 2006; Little et al., 2010; Hanner
et al., 2011; Bernard et al., 2013; Santini and Sorenson, 2013;
Williams et al., 2018). Conversely, morphological studies of
extant taxa are proportionally fewer, hampering our under-
standing of their fossil record and trait evolution (Gregory
and Conrad, 1937; Morrow and Posner, 1957; Nakamura
et al., 1968; Nakamura, 1983, 1985; Hebrank et al., 1990; Fiers-
tine and Voigt, 1996). Fossil istiophorid remains are relatively
common in Neogene deposits but most records consist only of
rostral fragments and isolated bones that render taxonomic
identifications difficult (Fierstine and Applegate, 1968; Fiers-
tine and Walters, 1968; Fierstine, 1974, 1990, 1999a, 1999b;
Gottfried, 1982; Fierstine and Welton, 1988; Fierstine and
Voigt, 1996; Carnevale et al., 2002). However, some specimens
from the Pliocene of California and Virginia in the U.S.A., and
the Pleistocene of the Philippines were assigned to extant
species such as Makaira nigricans, Istiompax indica, Istio-
phorus platypterus, and Kajikia albida based on diagnostic fea-
tures of preserved bony elements (Gottfried, 1982; Fierstine
and Welton, 1983; Fierstine, 2001). The taxonomy of isolated
and fragmentary bones of Miocene specimens nevertheless
remains inaccurate and fossils are commonly left in open
nomenclature or identified as Makaira sp. and Makaira aff.
M. nigricans (Lériche, 1926; Fierstine and Applegate, 1968;
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FIGURE 1. Regions, structures and variables of measured caudal vertebrae in istiophorid billfishes. A, vertebral column of Istiompax indica showing
the regions of the caudal vertebrae; B-C, generalized istiophorid caudal vertebrae showing the variables measured in fossils and extant specimens; B,
right lateral view; C, dorsal view; D-G, shape variation of the neural spine in istiophorids in left lateral view with corresponding generalizations on the
right side; D, triangular spine of Istiophorus; E, quadrangular spine of Makaira and Istiompax; F, rhomboid spine of Kajikia; G, rectangular spine of
Tetrapturus spp; H-1, generalized istiophorid hypural plate; H, left lateral view; I, anterior view; J, left dentary, medial view of the interdentary joint.
Modified from Fierstine (2001) and Davie (1990).
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Fierstine, 1978, 1998, 1999a; Fierstine et al., 2001; Carnevale
et al., 2002; Carnevale and Godfrey, 2018). Here, we provide
a framework to identify fossil istiophorids using isolated
caudal vertebrae and we additionally use this information to
describe two new fossils from the late Miocene of Panama.
The morphological study presented herein also provides
fossil evidence about the time of origin and radiation of
extant istiophorids.

STUDY AREA AND GEOLOGICAL SETTING

Here, we studied fossil remains from two localities in
Panama, San Judas Tadeo and Vista Hermosa (Fig. 2). In the
San Judas Tadeo quarry (9°21°7.92”N, 79°50’9.24”W, Fig. 2A~
B), the lower Member of the Gatun Formation is exposed
(Fig. 2B) (section No. 10 of Hendy [2013] at stratigraphic
meters 160-200 m), which was dated to 10.5-12 Ma (Hendy,
2013). It is composed of volcaniclastic conglomerates, pebbly
sandstones, fine sandstones, and siltstone with abundant con-
cretions distributed in densely packed horizons and Thalassi-
noides burrows.

The fossiliferous horizons of the Vista Hermosa locality (9°
9°57.60”N, 80°15°28.80”W,; Fig. 2A) correspond to the Rio
Indio Member of the Chagres Formation, stratigraphic section
No. 5 (samples 1639-1643) of the Panama Paleontology Project
(PPP) that includes the lowermost 25m of the Rio Indio
Member and which is dated to ca. 8.3-7.1 Ma (Coates, 1999;
Collins, 1999). The Rio Indio Member at this section is character-
ized by blue-gray claystone and siltstones with abundant mol-
lusks (Coates, 1999).

MATERIAL AND METHODS
Descriptive and Analytical Procedure

We compared the caudal vertebral morphology in all extant
species of istiophorids (Fig. 1). In Makaira nigricans and Istiom-
pax indica the caudal vertebrae are in positions 12-24, while in
Istiophorus, Kajikia spp., and Tetrapturus spp. they are in pos-
itions 13-24 (Fig. 1A). Descriptions for vertebral caudal mor-
phology in extant istiophorids emphasize three regions and two
structures (Fig. 1A). The first region includes the vertebral
series with similar morphologies from the first caudal vertebra
(starting at vertebrae 12 or 13) up to position 17 (Fig. 1A). The
second region includes vertebral series from position 18-21 and
the third region includes the vertebrae forming the caudal ped-
uncle (position 22-24) (Fig. 1A) and the caudal fin skeleton
(Davie, 1990). The emphasized structures include the shape of
the neural spine (Fig. 1ID-G) and the presence of the transverse
process. The method used to describe istiophorid vertebrae
follows a combination of Fierstine (2001) and Nakamura
(1983). For caudal vertebrae from the first position up to vertebra
23, eight variables can be measured for fossils and extant speci-
mens (Fig. 1B-C). For the last vertebra (hypural plate), five
different variables are measured here (Fig. 1H-T).

The shape of the neural spine in extant species is studied in the
first caudal vertebra using the ratios of Nakamura (1983) (Fig.
1B-C). As the vertebrae from region 3 (caudal peduncle) are
highly modified and each one has a different shape, we per-
formed three individual PCA analyses for vertebrae 22, 23, and
24 in extant species to compare their morphologies. These ana-
lyses detect individual vertebrae patterns from the caudal
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FIGURE 2. Geological maps showing the
fossil localities where istiophorid remains
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(1996), and Hendy (2013).
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peduncle that ultimately allow species determination using such
measurements (Fig. 1B-I) (Nakamura, 1983; Fierstine, 2001). For
the PCA, we used the functions ‘fviz_pca_var’ and ‘fviz_pca_ind’
of the ‘factoextra’ package (Kassambara, 2017; Kassambara and
Mundt, 2017) and the function ‘prcomp’ of the R base statistics
(R Core Team, 2020) to obtain the percentage of variance
explained by the first two principal components (PC). As one
fossil individual includes an associated dentary, we included a com-
parative analysis for two variables in this bone (Fig. 1J) in four
extant marlin species using a one-way ANOVA followed by a
Tukey HSD test. All analyses presented herein were made in R
and the data are included in the supplemental data (Tables S1-S3).

We employed the Fierstine (2001) method to describe fossil
billfishes using vertebral features and the dentary bone (Fig. 1).
This method converts the variables (Table 1, Fig. 1B-C, H-J)
into ratios (Table 2) to reduce size variations and to enable the
analysis of these isolated elements (Fierstine and Voigt, 1996;
Fierstine, 2001). For the descriptions, we employed a combi-
nation of the osteological terminology of Gregory and Conrad
(1937), Davie (1990) and Rojo (2017). The common names for
extant species follow Pepperell (2010). Position of the fossil ver-
tebrae in the vertebral column is assigned according to observed
morphologies in extant species (Fig. 1A). Accordingly, we first
determined the position of the vertebrae within the vertebral
column (region; Fig. 1A) based on the general morphology and
then, the exact position was established using the shape of the
spines, hemal prezygapophysis, and the intervertebral arc (Fig.
1A). The systematic scheme for fossil billfishes described here
follows that of Nelson et al. (2016).

Body Size Estimation

The body size of the fossil specimens was estimated based on
the proportion method using the centrum length and the body
size of a mounted skeleton of Istiompax indica as constraint
(AMS 1.38913-001). The length of the fossil vertebra was com-
pared with the measurement of the equivalent vertebrae in the
skeletal specimen with known measurements to estimate the
total length (TL) and lower jaw fork length (LJFL). Linear
measurements of bones were made to the nearest 0.01 mm
with digital calipers or using the digital image measure tool of
Adobe Photoshop. Nevertheless, we give the measurements
rounded to compensate for any measurement inaccuracies.

Comparative Specimens

Extant Species — Xiphias gladius (swordfish): NHMW, uncata-
loged completely mounted skeleton in the exhibition hall;
USNM 110042, complete skeleton. Istiophorus platypterus (sail-
fish): NHMW uncataloged, completely mounted skeleton in the
exhibition hall, MNHN 6960 complete skeleton, STRI 1628 com-
plete skeleton. Makaira nigricans (blue marlin): LACM 460231,
vertebral column; USNM 196019, complete skeleton. Istiompax
indica (black marlin): AMS 1.38913-001, complete skeleton;
LACM 25509, complete skeleton; Kajikia albida (white

TABLE 1.
from Gatun and Chagres Formations.

marlin): USNM 270766 complete skeleton; USNM 3605507,
axial skeleton. Kajikia audax (striped marlin): MNHN 6821 com-
plete skeleton, USNM 372777 complete skeleton. Tetrapturus
pfluegeri (long bill spearfish): LACM 25462, complete skeleton;
UF 208789 vertebral column. Tetrapturus belone: NHMW
93902, complete skeleton; MNHN A-7504, complete skeleton.
Tetrapturus angustirostris (short bill spearfish): LACM 25499,
complete skeleton. Additional material for extant species is
listed in the supplemental material (Table S1).

Fossil Specimens—Field campaigns to the San Judas Tadeo
and Vista Hermosa localities were conducted in August 2010
and April 2014, and yielded a single vertebra and two vertebrae,
and a dentary fragment, respectively (Fig. 3). The fossils were
prepared mechanically with carbon fiber needles, air scribe
chisels and rotatory flexible shaft tools, and subsequently chemi-
cally stabilized with paraloid PB72 and paleobonds PB40 and
PB002. All specimens are housed in the fossil collections of the
Museo de Paleontologia de Panaméa under collection numbers
MUPAN-STRI 46871 and MUPAN-STRI 31427.

Institutional Abbreviations—AMS, Australian Museum of
Natural History, Sydney, Australia; CTPA, Center of Tropical
Paleontology and Archaeology of STRI, Panama, City of
Panama, Panama; LACM, Natural History Museum of Los
Angeles Country, Los Angeles, California, U.S.A.; MNHN,
Muséum National d’Histoire Naturelle (Paris), Paris, France;
MUPAN, Museo de Paleontologia de Panamad, Universidad de
Panama, City of Panama, Panama; NHMW, Natural History
Museum Vienna, Vienna, Austria; STRI, Smithsonian Tropical
Research Institute, Panama, City of Panama, Panama; UF,
Florida Museum of Natural History, Gainesville, Florida,
US.A.; USNM, Smithsonian National Museum of Natural
History, Washington, D.C., U.S.A.

Anatomical Abbreviations—hpo, hemal postzygapophysis;
hpr, hemal prezygapophysis; hs, hemal spine; iar, intervertebral
arc; lap, lateral apophysis; mf, maxillary foramen; npo, neural
postzygapophysis; mpr, neural prezygapophysis; ns, neural
spine; r, regions for caudal vertebrae; sf, spinal foramen; v,
vertebra.

Variable Abbreviations —as, length from the anterior edge of
the centrum to the anterior margin of the spinal foramen; cl,
centrum length; dad, interdentary joint length; djl, length of
the interdentary joint from the mandibular foramen to the
anterior-most denticles; hdd, dorsoventral diameter of the
anterior surface of the centrum; hh, length from the dorsal tip
of the hypural plate to the ventral tip; hl; length from the anterior
edge of the centrum to the hypural notch; hnl, hypural notch
length; hw, largest width across the hypurapophyses; lad, lateral
diameter of the anterior surface of the centrum; Ipd, lateral diam-
eter of the posterior surface of the centrum; nh, neural spine
height; nl, neural spine length; nw, narrowest width of the
centrum as seen from the ventral surface; ps, length from the pos-
terior edge of the centrum to the posterior margin of the spinal
foramen; vad, dorsoventral diameter of the anterior surface of
the centrum; vpd, dorsoventral diameter of the posterior
surface of the centrum.

Selected variables measured from the first caudal (v 13 and v 14) for five istiophorid species compared with measurements from fossils

Species Position cl as ps lad vad Ipd vpd nw
MUPAN - STRI 46871 13-14 154.37 76.24 73.63 50.66 3220 49.24 31.10 44.84
MUPAN - STRI 31427 14-17 81.58 38.68 37.34 29.28 2222 29.42 24.88 19.44
M. nigricans 13 115.05 53.03 56.67 48.70 36.26 46.77 29.33 39.53
L platypterus 14 83.02 39.22 39.09 29.01 2274 26.64 21.35 18.88
K. audax 14 61.36 31.18 27.00 36.81 21.81 35.85 21.61 25.25
K. albida 14 65.28 33.38 28.99 17.89 18.00 19.84 16.07 16.52
T. angustirostris 14 65.67 32.34 30.92 - 15.00 - 10.94 -
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TABLE 2. Ratios for vertebral variables of five extant istiophorid species compared with fossil vertebrae from Gatun and Chagres formations.

Ratio STRI 46871 STRI 31427 M. nigricans L. platypterus K. audax K. albida T. angustirostris
as/cl 0.49 0.47 0.46 0.47 0.51 0.51 0.49
ps/cl 0.48 0.46 0.49 0.47 0.44 0.44 0.47
lad/cl 0.33 0.36 0.42 0.35 0.60 0.27 -
vad/cl 0.21 0.27 0.32 0.27 0.35 0.28 0.23
vad/lad 0.64 0.76 0.74 0.78 0.59 1.01 -
Ipd/cl 0.32 0.36 0.41 0.32 0.58 0.30 -
vpd/cl 0.20 0.30 0.25 0.26 0.35 0.25 0.17
vpd/lpd 0.63 0.85 0.63 0.80 0.60 0.81 -
lad/Ipd 1.03 0.99 1.04 1.09 1.03 0.90 -
vad/vpd 1.04 0.89 1.24 1.07 1.01 1.12 1.37
nw/cl 0.29 0.24 0.34 0.23 0.41 0.25 -
nw/lpd 0.91 0.66 0.85 0.71 0.70 0.83 -

SYSTEMATIC PALEONTOLOGY

Subclass NEOPTERYGII Regan, 1923
Infraclass TELEOSTEI Miiller, 1845
Cohort EUTELEOSTOMORPHA Greenwood, Rosen,
Weitzman, and Myers, 1966
Subcohort NEOTELEOSTEI Rosen, 1973
Infracohort EURYPTERYGIA Rosen, 1973
Section CTENOSQUAMATA Rosen, 1973
Subsection ACANTHOMORPHATA Betancur-R.,
Broughton, Wiley, Carpenter, Lopez, Holcroft, Arcila, San-
ciangco, Cureton II, Zhang, Buser, Campbell, Ballesteros, Roa-
Varon, Willis, Borden, Rowley, Reneau, Hough, Lu, Grande,
Arratia, and Orti, 2013
Division ACANTHOPTERYGII Johnson and Patterson, 1993
Subdivision PERCOMORPHACEAE Betancur-R.,
Broughton, Wiley, Carpenter, Lopez, Holcroft, Arcila, San-
ciangco, Cureton II, Zhang, Buser, Campbell, Ballesteros,
Roa-Varon, Willis, Borden, Rowley, Reneau, Hough, Lu,
Grande, Arratia, and Orti, 2013
Series CARANGARIA Betancur-R., Broughton, Wiley, Car-
penter, Lopez, Holcroft, Arcila, Sanciangco, Cureton II, Zhang,
Buser, Campbell, Ballesteros, Roa-Varon, Willis, Borden,
Rowley, Reneau, Hough, Lu, Grande, Arratia, and Orti, 2013
Order ISTIOPHORIFORMES Betancur-R., Broughton, Wiley,
Carpenter, Lopez, Holcroft, Arcila, Sanciangco, Cureton II,
Zhang, Buser, Campbell, Ballesteros, Roa-Varon, Willis, Borden,
Rowley, Reneau, Hough, Lu, Grande, Arratia, and Orti, 2013
Family ISTIOPHORIDAE Robins and de Sylva, 1960
MAKAIRA Lacépede, 1802
Fig. 3A-E, Tables 1 and 2

Referred Material — Makaira sp. MUPAN-STRI 46871 (Fig.
3A-E) is a vertebral element, which was located in the caudal
position 13, with well-preserved centrum and partially preserved
hemal prezygapophyses, but lacking neural spine and the neural
prezygapophyses (Fig. 3A).

Locality and Age—The vertebral element was recovered from
the San Judas Tadeo quarry, Cativd, Colén Province (9°
21"7.92”N, 79°50’9.24”W) on the Caribbean coast of Panama
and comes from the lower Member of the Gatun Fm. (Fig. 2B),
which is of late Miocene (Tortonian) age, ca. 10.5 to 12.0 Ma
(Hendy 2013).

Description—The vertebral element MUPAN-STRI 46871 is
light brown; portions with dark brown are due to structural adhesive
PB40, which was applied during preparation. The specimen was par-
tially exposed in the field level with several fractures and a hard-cal-
careous matrix still is attached to some parts. The vertebral element
is well preserved (Fig. 3A-E) and its length measures 154 mm. The
distance between the anterior margins and the spinal foramen is
slightly larger (as=76 mm) than the distance from the posterior
margin to the spinal foramen (ps=74 mm). The vertebra has a

lateral longitudinal fracture on both sides at its anterior end that cor-
responds with the lateral apophyses, which are missing (Fig. 3B-D).
Anteriorly, the centrum is concave and oval being wider (lad =
50 mm) than high (vad =33 mm) with thickened lateral margins
(Fig. 3D). The posterior surface of the centrum is hexagonal in
outline and wider than high (Ipd=49, vpd=31; Fig. 3E). The
hemal spine is very closely placed to the posterior end of the
centrum (Fig. 3A). The smallest width of the centrum (nw) is
45 mm resulting in a short spoon appearance in dorsal and ventral
views (Fig. 3C). The neural spine seems to have been large and
likely to be quadrangular according to its preserved base.
However, it got lost during transport previous to preparation and
is reconstructed here with linear projections (Fig. 3A). The hemal
spine is nearly complete and has an elongated, oval shape that is
diagnostic for the caudal position 13 (Fig. 3A). The neural prezyga-
pophysis is only basally preserved, while the hemal prezygapophysis
is broken distally but its rounder borders allow reconstructing the
shape reconstruction (Fig. 3A).

Remarks—The present vertebral element is assigned to
Makaira sp., because it displays strongly developed lateral apo-
physes and has an ovate hemal spine, which is indicative of pos-
ition 13 (Figs. 3A, 4A) instead of a pointed and rectangular
hemal spine as seen in Istiompax (Fig. 4B). A species assignment,
however, is not possible. Based on the centrum length and using
the vertebrae 13 of Istiompax indica as template, the body to fork
length is estimated to be ca. 402 cm and the total body length to
be ca. 518 cm. The presence of lateral apophyses is a character
found only in the largest extant species, Makaira nigricans and
Istiompax indica (Nakamura et al., 1968; Nakamura, 1983,
1985; Davie, 1990). Fossils of Makaira spp. are reported at least
since the middle Miocene (Fierstine, 1978, 1998, 1999b, 2006),
whereas the fossil record of genus Istiompax extends only back
into the early Pliocene (Gottfried, 1982; Fierstine, 2001). In the
discussion section below, this specimen is referred to as the
‘Gatun vertebra.’

ISTIOPHORIDAE gen. et sp. indeterminate
Fig. 3 F-I, Tables 1 and 2

Referred Material —Istiophoridae gen. et sp. indeterminate
MUPAN-STRI 31427 (Fig. 3F-I) includes two articulated
caudal vertebrae, which were found associated with an incomple-
tely preserved left dentary and angulo-articular bones.

Locality and Age—The material was recovered from the
ground level in a new site belonging to the Vista Hermosa quar-
ries at the entrance of the road to Vista Hermosa Village in the
Donoso district of Colon Province (9°9°57.60”N, 80°
15728.80”W) on the north-western Caribbean coast of Panama
(Fig. 2A). Here, sediments of the Chagres formation are
exposed, which are of late Miocene (Tortonian/Messinian) in
age and date to ca. 8.3-7.1 Ma (Collins et al., 1996).
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FIGURE 3. A, right lateral view of the fossil caudal vertebrae of Makaira sp. (MUPAN-STRI 46871) from Gatun Fm.; B, detail of the anterior section
of the centrum showing the broken lateral apophysis; C, dorsal view with the approximate reconstruction of the lateral apophysis in gray color; D,
anterior surface of the centrum with reconstructed lateral apophysis in gray color; E, posterior surface of the centrum; F, left lateral view of the
two articulated caudal vertebrae from Rio Indio (MUPAN-STRI 31427) with a small piece of a neural prezygapophysis from a third vertebra attached;
G, dorsal view as oriented in F; H, left dentary joint associated with Rio Indio specimen in right lateral view; I, left articular associated with the Rio
Indio fossil vertebrae in right lateral view. Gray marks show the approximate reconstruction for missing parts, arrow indicates the intervertebral arc
formed by the hemal spine and hemal prezygapophysis in F. Scale bar equals 5 cm.
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Description

Vertebrae —The specimen consists of two articulated vertebrae
that were preserved within a calcareous, light-grayish concretion
with associated remains of mollusk shells and light-brown bony frag-
ments (Fig. 3F-G). The anterior vertebra comprises a partially pre-
served centrum, whereas the second one is completely preserved
and has a small piece of a neural prezygapophysis from a third ver-
tebra attached (Fig. 3F-G). Measurements for this specimen were
taken from the second, complete centrum (Table 1). The vertebra
has a centrum length of 81.58 mm. The distance from the anterior
and posterior margins, respectively, to the spinal foramen are
almost the same (as =39, PS = 37). Both vertebrae lack lateral apo-
physes (Fig. 3F-G). The anterior and posterior surfaces of the
centrum are oval and wider (lad=29 mm, lpd=29) than high
(vad =22 mm, vpd=24 mm) without thickened lateral borders.
The narrowest width of the centrum (nw) is 19 mm giving it an hour-
glass shape (Fig. 3G). The neural and hemal spines are completely
missing so that it is impossible to establish their shape and size
(Fig. 3F). The neural and hemal prezygapophyses, conversely, are
completely preserved and display the typical pattern of the interver-
tebral joint for istiophorids (Fig. 3F). The vertebra also preserves the
neural postzygapophysis, which is relatively short, dorsoventrally
high and the spur arises anterior to the posterior end of the
centrum (Fig. 3G).

Jaw Elements— A poorly preserved left dentary and angulo-
articular bone were found associated with the vertebral elements
(Fig. 3H-I). The dentary preserves its distal end, the mandibular
foramen, and the symphyseal surface (Fig. 3H). The anterior tip
is wide and high (Fig. 3H). The angulo-articular bone is nearly
complete, but lacks the ventral and dorsal margins, and the
socket-like region for articulation with the quadrate (Fig. 3I).

Remarks —The vertebrae are abraded and broken without pre-
serving any diagnostic character for assigning it to any of the
extant genera Istiophorus, Kajikia, or Tetrapturus employing the
identification scheme of Nakamura (1983, 1985). Based on the
shape of the intervertebral arc morphology and by having hemal
prezygapophysis extended upward widely surpassing the interver-
tebral joint (Fig. 3F), the two vertebrae belong to region 1 of the
vertebral column and are likely to have been situated between pos-
itions 14-17 (Fig. 3F-G) as indicated by those extant istiophorid
genera that lack lateral apophyses (Fig. 4D-G).

We calculated the body size using the centrum length of the
vertebrae 16 of the extant Istiompax indica as template. Accord-
ingly, we estimated a LJFL of ca. 199 cm and a TL of ca. 256 cm
for the fossil specimen. The estimated size for this specimen is
well within the range of species that lack lateral apophyses
(Nakamura, 1985).

The most distal tip of the dentary is preserved with the mandib-
ular foramen (Fig. 3H). The size and shape of the dentary and the
angulo-articular evidence that the lower jaw is wide, resembling that
found in Makaira spp. to some extent. However, the lack of the
lateral apophyses in the caudal vertebrac (Fig. 4G) is a trait
observed in species of Istiophorus, Kajikia, and Tetrapturus (Fig.
4F-H), but not in those of Makaira. The wide dentary and ver-
tebrae lacking lateral apophysis in the specimen MUPAN-STRI
31427 are a character combination observed for the first time in
the family Istiophoridae (Fig. 3F-I). In the following discussion,
this specimen is referred to as the ‘Rio Indio vertebra.’

RESULTS AND DISCUSSION

Morphology and Position of the Caudal Vertebrae in
Istiophorids

Morphology — Twenty-four highly modified vertebrae with
elongated prezygapophyses and laterally flattened neural and
hemal spines characterize the vertebral column of an istiophorid
(Figs. 1A, 4; Nakamura 1955, 1983, 1985). Two main groups of

istiophorids can be separated using the vertebral formula and
the presence of lateral apophysis in the vertebral elements
(Nakamura, 1983; Davie, 1990). The first group comprises the
genera Makaira and Istiompax with a vertebral formula 11 +
13, and vertebral elements with developed lateral apophyses
and very wide and tall neural spines (Figs. 4A-C, SA-D). The
second group includes Istiophorus, Kajikia, and Tetrapturus
that is characterized by the formula 12+ 12 and the lack of
lateral apophyses (Figs. 4D-H, 5E) (Nakamura, 1955, 1983,
1985; Davie, 1990). The vertebral traits enable to identify
extant species in monotypic genera such as Istiophorus,
Makaira, and Istiompax. Therefore, differentiation between
species of Kajikia and Tetrapturus are more difficult (Figs. 1D-
G, 4D, E, H) (Nakamura, 1955, 1983, 1985). The neural and
hemal spines are quadrangular and similar morphologically in
Makaira and Istiompax species (Figs. 4A-C, 5C-D, 6D). Never-
theless, Is. indica can be differentiated, because the hemal
spines are more rectangular and lower than the neural spines
between positions v 14-17 (Figs. 4B, 5D), the hemal postzygapo-
physes that arise close to the centrum margin are longer (Fig.
4B), and the intervertebral arc is wider since the posterior end
of the centrum is not closely situated to the hemal prezygapophy-
sis (Fig. 5D). In Makaira nigricans, both neural and hemal spines
are similar in size and shape (Figs. 4C, 5C), the hemal postzyga-
pophyses are shorter and originate at the posterior margin of the
centrum, and the intervertebral arc is narrower (Figs. 3A-C, 5C,
D). The neural spines are rhomboid in the white and striped
marlins (Kajikia spp.) and the intervertebral arcs are dorsoven-
trally wider than in any other genera (Fig. 4D-E, 6D). In sailfish
(I. platypterus) the spines are triangular and the intervertebral
arc is elongated (Figs. 4G, 6D). In spearfishes (Tetrapturus
spp.), the neural spines, conversely, are rectangular (markedly
wider than high) and the vertebral centrum is very elongated
as well as the intervertebral arc (Figs. 4H, SE, 6D). The shape
variation of the neural spines across different genera was also
expressed by plotting the ratios nh/cl and nl/cl for the first
caudal vertebrae (Fig. 1B, C, 6D) (Nakamura, 1983). Our mor-
phometrics comparisons show that the shape of the neural
spine can be used to discriminate species in monotypic genera
and group the species of Kajikia and Tetrapturus together when
isolated vertebrae from region 1 are compared (Figs. 1A, 4, 5),
since the shape of the spines is best expressed in this region
(Figs. 1A, 2). The results obtained for vertebra 14 (Fig. 6D) are
comparable with other vertebrae from region 1 (Figs. 1A, 4,
5C, D), because the neural spine does not change in shape
along this region (Nakamura, 1983; Fierstine, 2001).
Position—The shapes of the istiophorid caudal vertebrae
change according to their position in the vertebral column
(Figs. 1A, 4, 5). The caudal vertebrae were divided into three
regions according to their morphology for comparative purposes
(Fig. 1A). The first region extends from the first caudal vertebrae
(starting at position 12 in Makaira and Istiompax or starting at
position 13 in all other genera) up to position 17 (Fig. 1A). In
region 1, the exact position of the first and second caudal verte-
bra is easily recognized (Fig. 4A-B, E). Both have characteristi-
cally reduced or slender, elongated to oval hemal spines (Fig.
4A-B, E). Additionally, the first caudal lacks the elongated
hemal prezygapophyses (Fig. 4A-B, E). For other vertebrae of
region 1, the shape is almost constant and it is possible to
assign their exact position by using the shape of the interverteb-
ral arc and the neural spine, which, nevertheless, is more difficult
(Fig. 5C-E). Region 2 includes the caudal vertebrae between
positions 18-21, in which the neural and hemal spines are mark-
edly reduced (Figs. 4, 5C, D). Reduction in size of neural spines
in region 2 correlates with the position where pterygiophores of
the second dorsal fin are placed dorsal to the vertebral column
(Fig. 5C-E) (Davie 1990: fig. 6, page 9). The neural and hemal
spines of vertebrae 19-20 have a knife-blade appearance
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FIGURE 4. Morphology of the caudal ver-
tebrae in istiophorid billfishes. A-D, compari-
son of the neural spine shape in caudal
vertebrae of istiophorid billfishes. A, first and
second caudal vertebrae of Makaira nigricans
(USNM 196019); B, first and second caudal ver-
tebrae of Istiompax indica (AMS 1.38913-001);
C, vertebra 16 of Makaira nigricans (USNM
196019); D, vertebra 15 of Kajikia audax
(USNM 372777); E, first and second (v 13-
14) caudal vertebra of Kajikia albida (USNM
360507), the v 13 shows the lack of the
extended prezygapophysis and both show the
reduced hemal spine; F, vertebra 21 of
Kajikia albida (USNM 360507) showing the
second and big spinal foramen; G, vertebra 14
of Istiophorus platypterus (MNHN 6960); H,
vertebra 15 of Tetrapturus angustirostris
(LACM 25499). The pink shadow indicates
the space formed by the intervertebral arc.
Color available only in the online version.
Scale bar equals 10 cm in A, C, in B-H scale
bar equals 5 cm.
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Figure 5. A-B, vertebrae 12-14 of Makaira nigricans (USNM 196019) showing the transverse process. A, ventral view and B, dorsal view. C-E, com-
parison of the caudal vertebral series from v 16-21 showing the shape change of the neural spine (note the shape change in the intervertebral arc that
reduces its size progressively starting from v 18). C, Makaira nigricans (USNM 196019); D, Istiompax indica (AMS 1.38913-001), E, Tetrapturus angu-
stirostris (LACM 25499). F-J, morphological comparison of the caudal peduncle (v 22-24) in four marlin species, showing the morphological differ-
ences not detected in the PCA analysis. F, Makaira nigricans (USNM 196019); G, Kajikia audax (USNM 372777); H, Kajikia albida (USNM 360507); 1,
Istiophorus platypterus (MNHN 6960); J, Tetrapturus pfluegeri (UF 208789). Dashed line shows the position where neural spine is reduced to place the
pterygiophores of the second dorsal fin and the pink shadow indicates the space formed by the intervertebral arc in C-D. Color available only in the

online version. Scale bars equal 10 cm in A-C and equal 5 cm in D-J.

(Fig. 5C-E). Vertebra 21 bears spiniform neural and hemal spine
in all species (Figs. 4F, 5C-E) (Nakamura, 1955). With the excep-
tion of spearfishes, which have very elongated centra, the ver-
tebrae from region 2 are similar in all species and only the
extant K. albida differs from all others in that a large spinal
foramen is placed ventrally to vertebra 21 (Fig. 4F).

The third region includes the posterior-most four vertebrae
(21-24), which are strongly modified forming the caudal pedun-
cle (Fig. 5F-J). Each vertebra from this region has a distinctive
shape and its exact position thus can be established beyond

doubt (Fig. SF-J). Previous studies show that species can be dif-
ferentiated using measurements of isolated vertebrae from the
caudal peduncle (Fierstine 2001). We tested that here, but the
only differences detected were the larger sizes of vertebrae in
M. nigricans and Is. indica, and that K. audax has more elongated
vertebral centra and its vertebra 22 is proportionally shorter (Fig.
6A-C). Other species did not show any grouping in the PCA
results (Fig. 6A—C). Measured variables from isolated vertebrae
of the caudal peduncle could best discriminate marlins by size
(larger blue and black marlins) (Fig. 6A-C). However, non-
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measured attributes such as the shape of the neural and hemal
spines and the hypural plate, are useful to make specific taxo-
nomic identifications (Fig. 5F-J).

Fossil Vertebrae

The Gatun Vertebra—The Gatun vertebra displays a lateral
fracture in the anterior portion indicating that there was a
lateral, now broken off apophysis (Fig. 3A, B). The large size
of the vertebra and the presence of expanded lateral apophyses
(Figs. 3B-C, 5A-B) are traits observed in the extant blue and
black marlins (Nakamura, 1983, 1985; Davie, 1990). The oval
shape of the hemal spine of the vertebra 14 (Figs. 3A, 4A), the
neural postzygapophysis with the spur arising backward and
the anterior outline of the centrum very close to the hemal
spine forming an elongated and slim intervertebral arc (Fig.
3A) are traits typically found in the blue marlin (Figs. 4C, 5C).
The Gatun vertebra is very similar to those found in the extant
Makaira nigricans (Fig. 3A-E) and its most remarkable trait is
the estimated body size of the specimen, which is ca.
518.16 cm. This size is larger than the maximum total length
observed for any extant marlin (Nakamura, 1985; Allen and
Steene, 1988; Randall, 1995; IGFA, 2001). In Makaira nigricans
the maximum total body length is 500 cm, with ca. 290-350 cm
being the common length in the Pacific and Atlantic oceans,
respectively (Allen and Steene, 1988; Randall, 1995; IGFA,
2001). There are two fossil specimens in Panama that can be
related to the Gatun vertebra: Makaira panamensis from the
Chagres Fm. and Makaira cf. M. nigricans from the Gatun Fm.
(Fierstine, 1978, 1999a). Although both fossils represent very
large specimens, they do not preserve associated vertebrae and
its body size still cannot be calculated.

The Rio Indio Vertebrae —They consist of two articulated ver-
tebrae that lack the lateral apophyses and which are smaller than
the Gatun vertebra (Table 1, Fig. 3F-G). The vertebrae preserve
the hemal prezygapophyses interlocked with the base of the
hemal spine, which results in an elongated intervertebral arc
(Fig. 3F) (Nakamura, 1955; Davie, 1990). In extant species, the
shape of this intervertebral arc changes along the vertebral
column (Fig. SC-E). From the first caudal vertebra up to position
17, the intervertebral arc is larger and elongated, while it closes
progressively in posterior to position 17 (Fig. SC-E). Based on
the close shape of the intervertebral arc, the Rio Indio vertebrae
are assigned to region 1 and their morphology indicates that they
represent vertebrae of between positions 15 and 17 (Figs. 3F, 4C-
E, 5C-D). The lack of well-preserved neural and hemal spines
renders any generic level determination difficult, but lack of
lateral apophyses occurs in Istiophorus, Kajikia, and Tetrapturus
(Table 1-2) (Nakamura et al. 1968; Nakamura 1983, 1985; Davie
1990). Any relationship of the Rio Indio vertebrae with Tetra-
pturus is discarded here, because members of this genus have
considerably smaller vertebrae with lower and more elongated
vertebral centra (Tables 1, 2; Figs. 4H, S5E) that hardly can be con-
fused with other genera (Nakamura, 1983, 1985). Six out of 12
ratios of the Rio Indio vertebrae established here are similar to
values found in I platypterus, while two out of 12 ratios are
similar to those observed in K. audax and K. albida, respectively
(Table 2). The shape of the intervertebral arc resembles that
found in members of Istiophorus (Table 2, Figs. 3F, 4G).
However, the Rio Indio vertebrae possess a dorsoventrally
larger postzygapophysis with a spur originating anterior to the
posterior end of the centrum (Fig. 3F), which is more similar to
the condition found in members of Kajikia ssp. (Fig. 4D, E)
than of Istiophorus (Fig. 4G) (Gottfried, 1982).

The Rio Indio vertebrae were found associated with a wide
dentary (Table S4, Fig. 3H). Previous works indicate that two
variables measured from the dentary (Fig. 1J) have taxonomic
significance (Fierstine, 2001). However, we found that only one

of these variables has taxonomic importance (Table S4, Fig.
6E). The use of ratios between both variables (e.g., DJL =
40.46 mm, dad = 21.84 mm, dad/djl = 0.53) is useful to understand
shape changes of the dentary in extant species (Figs. 3H, 6E). The
Rio Indio dentary bone has a distal tip that is large and quadran-
gular (Fig. 3E). The corresponding angulo-articular also is large
(Fig. 31). The shape and size of the dentary and the angulo-articu-
lar indicates that the Rio Indio specimen had a wide lower jaw
similar to those observed in M. nigricans and Is. indica (Figs.
3H-I, 6E). The combination of a wide lower jaw and absent
lateral vertebral apophyses is recognized here for the first time
in istiophorids (Fig. 3F-H). Wide lower jaws and developed
lateral apophyses in the caudal vertebrae, inter alia, characterize
some extant marlins (Nakamura, 1983, 1985; Habegger et al.,
2017). The height differences of the lower jaws as shown in Fig.
6E are related to the magnitude of the bite force (ABF) and
body size in extant species (Nakamura, 1983, 1985; Habegger
et al., 2017).

For example, larger dentaries in a robust lower jaw produce
higher ABF and are associated with larger body sizes as observed
in M. nigricans and Is. indica (Nakamura, 1983, 1985; Fierstine,
2001; Habegger et al., 2017). Instead, more slender lower jaws
produce lower ABF and are associated with smaller body sizes
as in K. albida and I. platypterus (Nakamura, 1985; Habegger
et al., 2017). The exclusive association of larger body size, wide
lower jaw and lateral apophyses in caudal vertebrae for extant
species (Nakamura et al., 1968; Nakamura, 1983, 1985) shows
that the Rio Indio specimen could represent a transitional form
as indicated by undeveloped lateral apophyses combined with
robust lower jaws (Fig. 3F-I). This also indicates that body size
represents an important trait in istiophorids as already pointed
out (Santini and Sorenson, 2013).

Significance of the Lateral Apophysis

Extinct billfish such as members of the Hemingwayidae,
Paleorhynchidae, and Blochiidae and new istiophorid specimens
from the early Miocene of Austria that currently are under
review by the authors, lack the lateral apophyses indicating
that the absence of this structure is the plesiomorphic condition
(Fierstine and Monsch, 2002; Fierstine, 2006). The lateral apo-
physes observed in the Gatun vertebra form a specialized struc-
ture for attachment of the posterior oblique tendons that connect
the epaxial, hypaxial, and caudal peduncle musculature in extant
species (Davie, 1990; Hebrank et al., 1990). The function of the
lateral apophyses is to provide extra flexion and propulsion,
because of the attached tendons supporting the caudal muscula-
ture and caudal peduncle (Fierstine and Walters, 1968; Davie,
1990). The lateral apophyses are only observed in larger extant
istiophorids (Nakamura et al., 1968; Nakamura, 1983, 1985;
Davie, 1990) and the large estimated body size for the Gatun
specimen (>500 cm) indicates that the pattern is similar in
extinct forms (Fig. 3A-E). The observations made in the
Gatun and extant specimens shows that the lateral apophyses
combined with large quadrangular spines in the caudal vertebrae
are adaptations directly associated with the giant body sizes as it
provides extra skeletal attachment area for additional muscle
fibers (Fierstine and Walters, 1968; Davie, 1990; Hebrank et al.,
1990). In contrast, marlins with body size below 400 cm such as
L platypterus, Kajikia ssp., and Tetrapturus ssp. lack the lateral
apophyses and possess oval to slim transversal body shapes indi-
cating that they have less axial musculature (Nakamura, 1983,
1985; Davie, 1990; Hebrank et al., 1990). In larger marlin
species, the muscles used for propulsion supported by the
lateral apophyses make up the largest mass of muscles, involving
about 57-65% of the total body weight (Davie, 1990). Published
molecular evidence indicates that gigantism in Makaira and
Istiompax evolved convergently and that the genus Makaira
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FIGURE 6. A, PCA analysis of caudal vertebra 22; B, PCA plot for caudal vertebra 23; C, PCA plot for the hypural plate (v 24). D, comparison of the
ratios of nh/cl and nl/cl in the first caudal vertebra for five marlin and two spearfishes showing the shape variation in the neural spine in different
genera; E, Boxplot of the dentary height (DAD) in four marlin species. D has been taken and modified from Nakamura (1983); in E, the numbers
of the x-axis correspond with the numbers in parentheses for the species labels.

represents an evolutionarily older lineage than Istiompax
(Graves and McDowell, 1995; Santini and Sorenson, 2013). The
corresponding time-calibrated phylogenies are congruent with
the fossil record because the genus Makaira is known since the
late Miocene while the record of Istiompax extends only back
into the Pliocene (Fierstine, 1978, 2001, 2006). This fossil evi-
dence presented here as well as published phylogenies for
extant species suggest that the lateral apophysis is a synapomor-
phy associated with the extreme gigantism in istiophorids (Fig.
3A-E) (Fierstine and Monsch, 2002; Santini and Sorenson,
2013).

The Rio Indio vertebrae represent a smaller individual with
morphological and body size similarities to the extant
L platypterus and Kajikia ssp. (Nakamura, 1983, 1985). The Rio
Indio specimen displays an unusual combination of traits such
as a more quadrangular interdentary joint combined with
caudal vertebrae lacking lateral apophyses (Fig. 3F-H). In
extant species, a quadrangular interdentary joint is only found
in larger blue and black marlins, which also possess caudal ver-
tebrae with lateral apophyses (Nakamura, 1983, 1985). Published
phylogenies indicate that radiation of extant marlins, sailfishes,
and spearfishes started during the Early Miocene (ca. 18 Ma)
with most of the species having split from their relatives since
the Pliocene (ca. 5 Ma) (Santini and Sorenson, 2013). Our find-
ings shows that the morphological traits in the vertebral
column that characterize extant I. platypterus, Kajikia ssp., and
Tetrapturus ssp. (Nakamura et al, 1968; Gottfried, 1982;

Nakamura, 1983, 1985; Davie, 1990) already existed at least
since the early Miocene (Figs. 3F, G, 4D-H). The morphological
evidence from extant and fossil istiophorids indicates that traits
such as 13 caudal vertebrae, lateral apophyses, robust lower
jaws, and large neural and hemal spines are characters associated
with marlin species having body sizes over 400 cm (Nakamura,
1983, 1985; Davie 1990). Our observations support the idea
that body size plays an important role in the evolutionary
history of istiophorid billfishes, as has been pointed out by a
time-calibrated molecular hypothesis, but detailed studies using
phylogenies based on combined morphological and molecular
data and including living and extinct species still are needed
(Santini and Sorenson 2013).

CONCLUSIONS

The combination of traits observed in the Rio Indio vertebrae
indicate that these remains represent an undescribed taxon, but
the isolated vertebrae do not provide sufficient information for
any accurate description and establishment of a new taxon (Fig.
3F-H). These vertebrae and their associated bones demonstrate
that the paleodiversity of istiophorids includes transitional
forms (Fig. 3F-H) that need to be analyzed in the near future
with well-preserved and more complete fossil specimens. We
hypothesize that the morphological changes that led to the radi-
ation of istiophorids include evolutionary innovations such as
addition of one caudal vertebra and the development of lateral
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apophyses representing phylogenetic gains. However, a reduced
neural spine, narrowing of the lower jaw, and body size reduction
seem to represent pleiomorphic traits as evidenced by some
species of the extinct billfish families. Phylogenies based on mor-
phological traits and a comprehensive understanding of the
fossil record, however, are of utmost importance in order to recon-
struct the evolutionary scenario of istiophorid billfishes (see also
Nakamura, 1983, 1985; Davie, 1990; Santini and Sorenson, 2013).
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