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The shallow water barracudina tHolosteus esocinus Agassiz, 1835, from the Eocene of Monte Bolca, Italy, is rede-
scribed in detail. This paralepidid taxon exhibits a unique combination of features, including the following: articu-
lar—quadrate joint located below the posterior margin of the orbit; eight branchiostegal rays; small recurved teeth on
premaxilla; large, thin and pointed teeth on palate and lower jaw without corrugate pattern or serrate margin; about
19-22 anal-fin rays; about 10-12 pelvic—fin rays; five or six autogenous hypurals; proximal ends of the epaxial caudal-
fin rays that extensively overlap the associated hypurals; bony fulcral scales just in front of the dorsal and ventral
caudal—fin lobes; and body completely naked, with a broad, uniform, mid-dorsal brown-pigmented band along the
back. THolosteus esocinus shares a number of features with the Oligocene TPavlovichthys mariae, and together they
constitute the extinct subfamily THolosteinae, which is redefined herein. A phylogenetic analysis of aulopiform gen-
era using 140 morphological traits supports the monophyletic status of the holosteines as crown group Paralepididae.
The peculiar morphology of holosteines resembles in many aspects the body plan of certain modern and extinct
ambush predators, suggesting that the morphological adaptations of these Palaeogene fishes can be related, at least
in part, to a predatory strategy experimented with by paralepidid fishes uniquely in the context of the massive adap-
tive radiation of teleost fishes in the aftermath of the end-Cretaceous extinction.

ADDITIONAL KEYWORDS: fHolosteinae — morphospace analysis — northern Italy — osteology — phylogeny.

INTRODUCTION

Fishes of the family Paralepididae, also known as
barracudinas (see Fowler, 1936), form a well-defined
monophyletic group within Aulopiformes, including
about 60 extant species arranged in ten genera (e.g.
Davis, 2010). Barracudinas include small- to large-
sized (up to 1 m) meso- to bathypelagic predators with
a worldwide distribution, from polar to tropical regions
(Harry, 1953a; Rofen, 1966; Post, 1986; Thompson,
2003). Although barracudinas have scarce economic
and commercial relevance (Thompson, 2003), they rep-
resent an important trophic resource for most marine
top predators including tunas, swordfishes and whales
(e.g. Rofen, 1966; Post, 1986; Young et al., 2006). Extant
paralepidids exhibit a distinctive morphology, char-
acterized by the following: an elongated and slender
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body, ovoid in cross section or laterally compressed,;
large, non-tubular eyes, located on the lateral sides of
the head; snout very long and pointed and mouth ter-
minal, with a projecting lower jaw; vertebral column
with 60 to 121 vertebrae; short-based dorsal fin, usu-
ally set in the middle of the trunk; elongated anal fin,
with 20-50 rays, its origin being located well behind
that of the dorsal fin; presence of adipose fin; pectoral
fins inserted low on body flanks, whereas the pelvics
are small, originating behind the middle of body and
containing 8-12 rays; absence of swim bladder (see
Harry, 1953a, b; Rofen, 1966; Post, 1986; Thompson,
2003; Nelson, Grande & Wilson, 2016). Diagnostic
osteological features of the family Paralepididae also
include two posteriormost branchiostegal rays in
close proximity to the corner of the posterior cerato-
hyal, anteriormost three branchiostegals close to each
other on the indentation of the anterior ceratohyal,
premaxillary fenestra, palatine with long process for
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articulation with premaxilla and lachrymal anterior to
orbit and horizontally oriented (Rofen, 1966; Baldwin
& Johnson, 1996; Davis, 2010).

Although barracudinas are the best represented
aulopiform family in the Cenozoic record, with the
Eocene shallow water species fHolosteus esocinus
Agassiz, 1835 from Monte Bolca (see Blot, 1980) and
the Oligocene T‘Holosteus’ mariae (Menner, 1948)
from Caucasus and the Carpathians (Prokofiev,
2005; Prikryl, Kania & Krzeminski, 2016), as well as
with Miocene and Pliocene species belonging to the
extant genera Lestidiops and Paralepis (Sauvage,
1870; Arambourg, 1925, 1927; Harry, 1953a; Bedini,
Francalacci & Landini, 1986; Sorbini, 1988; Carnevale,
2004; Gaudant, 2008), very little is known about
the evolutionary history of this group. The Miocene
tLestichthys porteousi Jordan, 1921 and fTrossulus
exoletus Jordan, 1921 from California, formerly
referred to Paralepididae (e.g. Jordan, 1921), have
been subsequently referred to Hemiramphidae and
Euzaphlegidae respectively (David, 1943). The taxo-
nomic position of TDrimys defensor Jordan, 1925 from
the Miocene of California (Jordan & Gilbert, 1919;
Jordan, 1925; Fierstine, Huddleston & Takeuchi, 2012)
is difficult to define, even if its overall morphology and
meristic features (e.g. 45 vertebrae) concur to exclude
any attribution to Paralepididae (see Ege, 1953, 1957;
Harry, 1953a, b; Rofen, 1966; Post, 1987). Finally, the
Miocene Mediterranean genus Parascopelus referred
by Harry (1953a) to Paralepididae is currently
regarded as a member of the family Bathysauropsidae
(Carnevale, 2007). The divergence of the Paralepididae
within Aulopiformes possibly occurred during the Late
Cretaceous (Davis & Fielitz, 2010). Although several
authors (e.g. Nolf, 1988; Patterson, 1993) have consid-
ered the otolith-based species fLestidiops ypresiensis
from the Ypresian of France as the oldest fossil para-
lepidid, articulated skeletal remains of fHolosteus
have been reported in the latest Paleocene or basal
Eocene marine deposits of Denmark (e.g. Bonde, 1997)
and certainly represent the earliest confirmed occur-
rence of this family in the record. Although several
specimens of TH. esocinus are available for study, very
little is known about its anatomy and relationships,
with negative implications for our knowledge of the
early Cenozoic evolutionary history of barracudinas.
The purpose of this article is, therefore, to redescribe
in detail the Eocene barracudina TH. esocinus from
the Eocene of Monte Bolca, Italy and to investigate its
relationships and palaeobiology.

The Eocene (late Ypresian, c. 50 Ma; Papazzoni et al.,
2014) Konservat-Lagerstétte of Monte Bolca yielded a
huge amount of exquisitely preserved fishes, which are
housed today in several museums and research insti-
tutions around the world. The celebrated fossil fishes
from Monte Bolca have been known since the 16th

century for their exquisite preservation and attractive
appearance. In the last four centuries, the fish-bearing
strata have been extensively exploited, resulting in
the collection of about 100 000 specimens from the two
main sites of Monte Bolca (Blot, 1969), the Pesciara
and Monte Postale. As revealed by a recent taphonomic
and quantitative palaeoecological study (Marrama et
al., 2016a), the fish-bearing strata of these two sites
originated in palaeobiotopes characterized by dif-
ferent environmental conditions. To date, about 250
species (Carnevale et al., 2014), mostly belonging to
anguilliforms, atheriniforms, beryciforms, clupeiforms,
lophiiforms, pleuronectiforms, tetraodontiforms and
several other percomorph groups (e.g. Blot, 1969, 1978;
Blot & Tyler, 1990; Tyler & Santini, 2002; Bannikov,
2004a, b, 2006, 2008; Monsch, 2006; Friedman, 2008;
Carnevale & Pietsch, 2009, 2010, 2011, 2012; Bannikov
& Carnevale, 2010; Marrama & Carnevale, 2015a, b,
2016), have been described from this Lagerstétte. The
barracudina TH. esocinus is the only aulopiform known
from this famous locality. The preservation quality of
the examined specimens, as well as the lithology of the
associated fossiliferous layers, concurs to suggest that
the skeletal material belonging to TH. esocinus docu-
mented herein is derived from the excavations carried
out at the Pesciara site.

MATERIAL AND METHODS
MORPHOLOGICAL EXAMINATION

The present study is based on five well-preserved speci-
mens from the fossiliferous layers of the Pesciara site.
The fossils are housed in the collections of the Museum
National d’Histoire Naturelle, Paris (MNHN), Museo
Civico di Storia Naturale, Verona (MCSNV), and
Museo di Geologia e Paleontologia, Universita degli
Studi di Padova, Padova (MGPUP). The material was
examined using Wild M5A and Leica M80 stereomi-
croscopes equipped with camera lucida drawing arms.
Measurements were taken using a dial calliper, to the
nearest 0.1 mm. Some of the specimens were mechani-
cally prepared using entomological needles in order
to reveal fine skeletal details. Standard length (SL) is
used throughout. The fineness ratio, a measure of axial
elongation, is defined as the total length divided by
the maximum depth of the body (Collar et al., 2013).
Osteological terminology mostly follows Harry (1953a,
b), Rofen (1966) and Baldwin & Johnson (1996). Extinct
taxa are marked with a dagger (1) preceding their name.

PHYLOGENETIC ANALYSIS

The phylogenetic analysis was based on the morpho-
logical data set of Davis (2010), which in turn is based
on the matrices of Baldwin & Johnson (1996) and
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Sato & Nakabo (2002). The data matrix contains all
139 characters of Davis (2010), to which we added a
new state for Character 84 (number of caudal verte-
brae) and a new character (140) in order to describe
the main synapomorphy (posteriorly displaced dor-
sal and anal fins) separating the holosteines from all
other aulopiformes (see Supporting Information). The
matrix includes all taxa considered by Davis (2010),
to which we added the two holosteines THolosteus and
tPavlovichthys. The characters were imported into
Mesquite 3.03 (Maddison & Maddison, 2008), and the
data for the new taxa were added (see Supporting
Information). The phylogenetic analysis was per-
formed with TNT 1.5 (Goloboff, Farris & Nixon, 2008),
using the heuristic search method. All the characters
were considered unordered and given an equal weight.
Tree length, consistency index (CI) and retention
index (RI) were then calculated for the strict consen-
sus tree and for each character individually (see also
Supporting Information).

MORPHOSPACE ANALYSIS

The overall body physiognomy of THolosteus is unique
within paralepidids, closely resembling that of pike-like
ambush predators. In order to quantify such a physi-
ognomical similarity, we analysed the morphospace
of paralepidids and compared it with that of selected
pike-like ambush predators. For the morphospace
analysis (Zelditch et al., 2004), images of extant taxa
obtained from the online picture repository of FishBase
(http://www.fishbase.org; Froese & Pauly, 2015) were
used. Fossil specimens were selected based on their
completeness and degree of taphonomic distortion, in
order to minimize preservational artefacts (see Pierce,
Angielczyk & Rayfield, 2009). The data set of taxa
examined for this study contains members of 17 genera,
including all living and extinct paralepidids (including
THolosteus) and the five ambush predators considered
in the study of Kogan et al. (2015), which exhibit a
body aspect extremely similar to that of the Palaeogene
paralepidids. A total of 15 homologous landmarks and
eight equidistant semilandmarks describing the dorsal
and ventral profile of the body were digitized using the
software package TPSdig 2.05 (Rohlf, 2005) following
the scheme applied in studies on the shape variation
in modern or extinct fishes. The landmarks and sem-
ilandmarks allow us to capture the overall body shape
and fin position, which are considered morphologi-
cal traits directly related to swimming performances
and predatory habits in several fish lineages (Webb,
1984; Lombardo & Tintori, 2005; Romano et al., 2012;
Maxwell & Wilson, 2013). The non-parametric multi-
variate analysis of variance (PERMANOVA; Anderson,
2001) and the analysis of similarities (ANOSIM; Clarke,
1993) were performed in order to assess significant

differences in morphospace occupation between groups.
Statistical and relative warp (RW) analyses were
performed, respectively, through the software pack-
ages PAST 3.08 (Hammer, Harper & Ryan, 2001) and
TPSrelw (Rohlf, 2003). Detailed information about the
generation of shape data, RW and statistical analyses
used are provided in Marrama, Garbelli & Carnevale
(2016b, c, d).

SYSTEMATIC PALAEONTOLOGY

ORDER AULOPIFORMES ROSEN, 1973
SUBORDER ALEPISAUROIDEI SENSU DAVIS, 2010
SUPERFAMILY ALEPISAUROIDEA SENSU DAVIS, 2010
FAMILY PARALEPIDIDAE BONAPARTE, 1835
SUBFAMILY THOLOSTEINAE PROKOFIEV, 2005

Diagnosis (emended from Prokofiev, 2005): Large-sized
paralepidids (most of the specimens reach about 60
cm SL) characterized by a rigid trunk with opposing
dorsal and anal-fins posteriorly displaced on the pos-
terior half of the body; dorsal-fin origin located on or
slightly behind the vertical of the anal-fin origin; at
least 18 dorsal-fin rays; high number of vertebrae (70—
112); caudal vertebrae 25-40% of the total number;
extended series of epineurals and epipleurals reach-
ing the caudal region; body covered by small scales or
totally naked; large and dorsoventrally symmetrical
caudal fin; (apparent) absence of adipose fin.

Included genera: THolosteus Agassiz, 1835,
FTPavlovichthys Menner, 1948.

Remarks: The subfamily {Holosteinae was erected by
Prokofiev (2005) based on putatively unique synapo-
morphies shared by TH. esocinus Agassiz, 1835, from
the Eocene of Monte Bolca and {‘Holosteus’ mariae
(Menner, 1948) from the lower Oligocene deposits
of Caucasus (Russia) and Carpathians (Romania).
According to Prokofiev (2005), these features include a
lower jaw joint located in front of the level of the ante-
rior margin of orbit, dorsal-fin origin located behind
the anal-fin origin, about 70-100 vertebrae, at least
ten branchiostegal rays, large fang-like teeth on the
dentary and about 25 rays in both anal and pelvic fins.
However, the lack of a comprehensive revision of the
Eocene species from Monte Bolca prevented the rec-
ognition of the actual nature of their relationships.
The exquisitely preserved specimens from the Eocene
of Monte Bolca described herein are certainly related
to the Oligocene taxon and clearly belong to the sub-
family fHolosteinae, being characterized by a rigid
trunk with both median fins displaced on the poste-
rior half of the body, a dorsal fin with at least 18 rays
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whose origin is located slightly behind the vertical of
that of the anal fin and a high number of vertebrae
(70-110). Three additional synapomorphies were also
recognized, including caudal vertebrae of 25-40% of
the total number, intermuscular bones extending pos-
teriorly and reaching the caudal region and (apparent)
absence of an adipose fin. A number of features, how-
ever, provide robust evidence of the separate generic
status of the Eocene and Oligocene species (see below).

THOLOSTEUS AGASSIZ, 1835
Type species: TH. esocinus Agassiz, 1835.

Diagnosis: Holosteine paralepidid with very elon-
gated body and fineness ratio of 15.0-16.0; head is
of about five to six times SL; upper jaw terminating
below the ventral margin of the orbit; prominent, non-
ossified and horizontally directed projection forming
the anterior tip of the lower jaw; articular—quad-
rate joint located below the posterior margin of the
orbit; eight branchiostegal rays; small recurved teeth
on premaxilla; large, thin and pointed teeth on pal-
ate and lower jaw without corrugate pattern or ser-
rate margins; epineurals and epipleurals extending
throughout the vertebral column, being thicker and
more ossified in the caudal region; most epineurals
bifid or trifid proximally; 106—112 vertebrae of which
about 30% are caudal; dorsal fin with 18-20 rays;
about 19-22 anal-fin rays; about 10—12 pelvic-fin rays;
caudal fin with 19—-20 principal rays and about 10-12
dorsal and ventral procurrent rays; five or six autog-
enous hypurals, of which the first two appear to be
partially fused; proximal ends of the epaxial caudal-
fin rays that extensively overlap the associated
hypurals; bony fulcral scales just in front of the upper
and ventral caudal-fin lobes; body completely naked,
with a broad, uniform, mid-dorsal brown-pigmented
band along the back.

Remarks: tHolosteus esocinus was created by Agassiz
(1835) based on a nearly complete specimen in the
collection of the MNHN, Paris (F.Bol175). Recently,
Prokofiev (2005) provided a re-examination of the
lower Oligocene paralepidids from the Caucasus and
Carpathians. Following the taxonomic interpreta-
tions of Daniltshenko (1960), Gorbach (1961) and
Constantin (2001), Prokofiev (2005) assigned to the
genus THolosteus, the Oligocene barracudina species
tPavlovichthys mariae Menner, 1948, also providing
a diagnosis of the genus. This Oligocene species dif-
fers from TH. esocinus by having the articular—quad-
rate joint located in front of the anterior margin of the
orbit, large fang-like teeth with corrugate pattern on
lower jaw, more than eight branchiostegal rays, first

and second hypurals not fused and anal and pelvic
fins with about 25 rays. Our observations clearly indi-
cate that the generic diagnosis provided by Prokofiev
(2005) for the genus Holosteus must be restricted to
the Oligocene taxon, which, as a consequence, should
be referred to a separate genus (see above). The
Oligocene species T‘Holosteus’ mariae is therefore re-
assigned to the genus fPavlovichthys, following the
principle of priority of the International Commission
on Zoological Nomenclature (ICZN, 1999). In his
analysis, Prokofiev (2005) indicated the generic name
tXiphopterus, erected by Agassiz (1833—-1844) for
TEsox falcatus Volta, 1796, from the Eocene of Monte
Bolca as a probable synonym of 1Holosteus. The exami-
nation of the holotype of Xiphopterus falcatus housed
in the MNHN, Paris (F.Bol544) allows us to exclude
such a hypothesis, considering that except for the simi-
lar elongated body, none of the diagnostic characters of
the Paralepididae can be recognized in this fish.

Included species: Type species only.

THOLOSTEUS ESOCINUS AGASSIZ, 1835
(F1GS 1-6)

THolosteus esocinus Agassiz, 1835, p. 306; Agassiz,
1844: 85, pl. 43, fig. 5; Bronn, 1856: 683, pl. 52,
fig. 8; de Zigno, 1874: 140; Woodward, 1901: 270;
Eastman, 1904: 28; Eastman, 1905:14-15; Leriche,
1906: 381; von Zittel, 1932: 464; Harry, 1953a: 244,
Blot, 1980: 353.

TXiphopterus falcatus (Volta, 1796): Frickhinger, 1991:
910; Caltran, Zorzin & Lazzarin, 1998: 81.

Holotype: MNHN F.Bol175, nearly complete articu-
lated skeleton (Fig. 1A), 347.2 mm SL.

Referred material: MCSNV 1G.23601 and 1G.23602,
nearly complete articulated skeleton, in part and coun-
terpart (Fig. 1B, C), 499.4 mm SL; MGPUP 11611/2,
nearly complete articulated skeleton, in part and coun-
terpart (Fig. 1D, E), 541.0 mm SL; MCSNV B5/T98,
incomplete articulated specimen lacking of part of the
abdominal and cranial regions, in part and counter-
part (Fig. 2A, B); MCSNV VI.N41, partially complete
articulated specimen (Fig. 2C), 644.1 mm SL.

Type locality and horizon: Monte Bolca locality, Pesciara
site; early Eocene, late Ypresian, middle Cuisian, SBZ
11, Alveolina dainelli Zone (see Papazzoni et al., 2014).

Diagnosis: As for the genus.

Description: Counts and measurements for TH.
esocinus are provided in Tables 1 and 2. The body is
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Figure 1. THolosteus esocinus Agassiz, 1835 from the Eocene of Monte Bolca, Italy. (A) MNHN F.Bol175, holotype; (B, C)
MCSNV 1G.23601/2, part and counterpart; (D, E) MGPUP 11611/2, part and counterpart. Scale bars, 50 mm.

laterally compressed and considerably elongated and The head is elongated and nearly triangular in lateral
slender (Figs 1, 2); it is characterized by a remarkably outline, and its length is contained between five to six
high fineness ratio (15.0-16.0), which is lower only times in SL. The snout is pointed and long, measuring
than that of the extremely elongated Stemonosudis. ¢.50% of the head length. The mouth is large, terminal,

© 2017 The Linnean Society of London, Zoological Journal of the Linnean Society, 2017, 181, 209-228
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Figure 2. THolosteus esocinus Agassiz, 1835, from the Eocene of Monte Bolca, Italy. (A, B) MCSNV B5/T98, part and coun-
terpart; (C) MCSNV VI.N41. Scale bars, 50 mm.

with a lower jaw projecting well anteriorly to the tip of
the upper jaw through a non-ossified prominent and
horizontally directed pointed projection. Dorsal and
anal fins are displaced to the posterior half of the body,
opposite to each other; the dorsal-fin origin is located
slightly behind the vertical through the anal-fin ori-
gin. The adipose fin appears to be absent. The caudal
peduncle is narrow and short (about 9-12% SL). The
caudal fin is large, symmetrical and forked, with a con-
cave posterior margin. fHolosteus esocinus is totally
naked; lateral-line scales seem to be also absent.

The description of the skeletal structures of the
neurocranium is primarily based on the specimens
MCSNV 1G.23601/2 and MGPUP11611/2, in which
this region is largely exposed and well preserved (Figs
3A, B, 4A, B), except for the otic region that is largely
incomplete and difficult to interpret. The neurocra-
nium is extremely elongated and nearly triangular in

outline. The paired frontals occupy about half of the
skull roof length; each frontal articulates anteriorly
with the mesethmoid, ventrally with the orbitosphe-
noid, anteroventrally with the lateral ethmoid, pos-
teriorly with the parietal and posteroventrally with
the pterosphenotic and the sphenotic. The parietals
are irregular in shape. The supraoccipital forms the
posteromedial end of the neurocranium. As in extant
paralepidids (Rofen, 1966), the parietals are not fully
separated by the supraoccipital (Fig. 4A, B). The
sphenotic is subrectangular in outline, devoid of an
anterior process. The orbitosphenoid and pterosphe-
noid form the dorsal and posterior walls of the orbit,
respectively. The epioccipital occupies the dorsolat-
eral part of the posterior surface of the neurocranium.
The exoccipitals are badly crushed in all the exam-
ined specimens, and their morphology is not clearly
recognizable. The parasphenoid is slender and almost
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A

Figure 3. tHolosteus esocinus Agassiz, 1835.
Reconstructions of the head based on the paratype. (A)
MCSNV 1G.23602; (B) MCSNV 1G.23601. Scale bars,
10 mm. Abbreviations: aa, anguloarticular; ac, anterior
ceratohyal; br, branchiostegal rays; cl, cleithrum; co, cora-
coid; de, dentary; ect, ectopterygoid; end, endopterygoid;
epo, epioccipital; fe, premaxillary fenestra; fr, frontal; hym,
hyomandibula; iop, interopercle; le, lateral ethmoid; me,
mesethmoid; mpt, metapterygoid; mx, maxilla; op, opercle;
orb, orbitosphenoid; pa, parietal; pas, parasphenoid; pc,
posterior ceratohyal; pcl, postcleithrum; pl, palatine; pmx,
premaxilla; pop, preopercle; pr, non-ossified projection of
dentary; pts, pterosphenoid; q, quadrate; ra, retroarticu-
lar; scl, supracleithrum; soc, supraoccipital; sop, suboper-
cle; sph, sphenotic; sr, sclerotic ring; str, cleithral strut; vhy,
ventral hypohyal.

straight, extending for most of the basicranial length.
The vomer is not clearly visible. The mesethmoid is
thin and elongated; it extends posteriorly and par-
tially overlies the anterior portion of the frontals. The
lateral ethmoids are large and fan-shaped, with a
broad dorsal portion.

The specimen MGPUP 11611/2 shows a complete
and well-preserved infraorbital series (Fig. 4A, B)
comprising eight elements. The lachrymal is very large
and irregular in shape. As in extant paralepidids, this
bone is located horizontally on the snout, anterior to
the orbit, and extends along the upper border of the
maxilla (see Baldwin & Johnson, 1996); it is orna-
mented with a few radial grooves along its dorsal
margin. The second and third infraorbitals are small

Smx pop —

Figure 4. Detail (A) and reconstruction (B) of the head of
THolosteus esocinus Agassiz, 1835, based on the specimen
MGPUP 11612. Scale bars, 10 mm. Abbreviations: ao, antor-
bital; de, dentary; ect, ectopterygoid; end, endopterygoid;
epo, epiotic; epp, epipleurals; exo, exoccipital; fr, frontal; io,
infraorbitals; me, mesethmoid; mpt, metapterygoid; mx,
maxilla; na, nasal; op, opercle; pa, parietal; pmx, premax-
illa; pop, preopercle; q, quadrate; r, ribs; smx, supramaxilla;
so, supraorbital; soc, supraoccipital; v1, first vertebra.

and triangular. The posterior process of the posterior
five infraorbitals is well developed with a lanceolate
or subquadrangular outline. The antorbital is small,
is irregular in shape and lies dorsal to the lachrymal.
The nasal is subrectangular in outline and anteropos-
teriorly elongated. A unique subtrapezoid supraorbital
is also recognizable in MGPUP 11611/2. The sclerotic
ring is partially visible in MCSNV 1G.23601/2 (Fig.
3A).

The premaxilla is elongated, not protractile and
closely attached to the maxilla throughout its length,
thereby excluding it from the mouth gape (Figs 3B,
4A, B). It has a moderately developed and posteri-
orly directed ascending process with a wide ovoid
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premaxillary fenestra. Anteriorly, the premaxilla
bears small and pointed retrorse teeth. The edentu-
lous maxilla is thin, anteroposteriorly elongated, with
a broad posterior margin. A single short supramaxilla
closely associated with the posterodorsal margin of
maxilla is well expanded in specimen MGPUP 1161/2
(Fig. 4A, B). The dentary is slender with a nearly
straight dorsal margin; three to four foramina of
the laterosensory system are visible in the anterior
portion of the dentary (Fig. 4A, B). The lower jaw
teeth are large, without a corrugate pattern or ser-
rate margins. THolosteus esocinus is characterized
by a vertical, moderately developed symphysis, prob-
ably accommodated between the two contralateral
premaxillae when the mouth was closed (see Harry,
1953a). Anterior to it, there is a long, non-ossified
and horizontally directed extension, projecting well
beyond the anterior tip of the upper jaw (Fig. 3A, B);
a similar structure characterizes many derived alepi-
sauroids (Harry, 1953a, b), although it is extremely
elongated in TH. esocinus with its length being con-
tained about five to six times in head length. The
anguloarticular is robust, triangular in shape and
penetrates the dentary for about the half of its length.
The retroarticular is small and curved.

The palatine is robust and elongated; as in all the
alepisauroid fishes, the palatine supports a remarka-
ble series of well-developed pointed teeth (Fig. 3A); the
palatine teeth are long, without serrations or corrugate
pattern and increase in size posteriorly in the series.
As in other paralepidids (see Baldwin & Johnson,
1996), the palatine terminates anteriorly with a long
process articulating with the premaxilla. The quad-
rate is fan-shaped, with a slight concavity along the
dorsal margin; the quadrate—articular joint is located
just below the posterior margin of the orbit, in a posi-
tion that significantly differs from that characteristic
of the Oligocene {P. mariae in which this articulation
lies anterior to the orbit (see Prokofiev, 2005). The sym-
plectic is not clearly recognizable. The metapterygoid
is subtriangular in shape, with rounded margins; it
does not extend anteriorly as in synodontids (Baldwin
& Johnson, 1996), and its posterior margin articulates
with the hyomandibula. The ectopterygoid is slender
and gently curved. The endopterygoid is anteroposte-
riorly elongated. There is no trace of pterygoid teeth.
The hyomandibula is short, robust and oriented verti-
cally; it bears two dorsal articular heads and a distinct
opercular process emerging dorsally from its posterior
margin.

The preopercle is large and crescent-shaped, with
the vertical arm slightly longer than the ventral one;
the corner formed by the junction of the two arms
of the preopercle is ornamented with several radial
striae. The opercle is the largest bone of the opercular
series; it is subrectangular in outline, about 1.5 times

broader than deep, with a robust condyle for the artic-
ulation with the hyomandibula. The subopercle is long,
with a rounded posterior margin. The interopercle is
long and slender.

The hyoid apparatus is located just under the orbital
region (Fig. 3A, B). The anterior ceratohyal is slender,
is subrectangular in shape, constricted in the mid-
dle and characterized by an indented ventral margin.
The posterior ceratohyal is about the same length as
the anterior ceratohyal and robust. There are eight
branchiostegal rays, four of which articulate with the
anterior ceratohyal; the first three branchiostegals are
closely associated with each other along the anterior
side of the indentation. The posterior two branchi-
ostegals associated with the posterior ceratohyal are
very close to each other and insert on the posteroven-
tral corner of the bone. The ventral hypohyal is small
and subquadrangular in shape. The dorsal hypohyal
as well as the gill arches are not recognizable in the
available specimens.

The vertebral column consists of 106—-112 vertebrae,
of which 75-78 are abdominal and 31-34 are caudal;
caudal vertebrae represent about 30% of the total
number. The vertebral centra are subquadrangular,
slightly higher than long. Pre- and postzygapophyses
are weakly developed throughout the entire vertebral
column. Neural and haemal spines of the posterior
25-28 caudal vertebrae are thick and robust with a
proximal broad laminar expansion, especially on the
posteriormost 10-12 caudal vertebrae. There are about
75 pairs of well-ossified pleural ribs, the first of which
seems to originate on the fourth vertebra.

Intermuscular bones are well developed and extend
from the abdominal to the caudal region. Epineurals
originate laterally on the neural arches; it is unclear
whether these are fused to the arches on the anterior
vertebrae or not. The epineurals are forked proxi-
mally (most of them are bifid and in a few cases tri-
fid; Fig. 5A) from vertebrae 12—15 to the end of the
abdominal region, thereby resembling the condition
of certain primitive ipnopoids and chlorophthalmoids
(see Patterson & Johnson, 1995; Baldwin & Johnson,
1996); most of the branches of the forked epineurals
appear to be autogenous, unattached to the axial skel-
eton. Epineurals are long and thin, reaching the dor-
sal margin of the body; those of the caudal region are
more robust and thick. Like in extant paralepidids,
epipleurals seem to originate on the first vertebra, and
at least the two anterior are autogenous (Fig. 4A, B).
THolosteus esocinus shows an extended series of epi-
pleurals associated with all the abdominal vertebrae
and most of the caudal vertebrae, resembling the condi-
tion of Paralepis and Arctozenus (Baldwin & Johnson,
1996). The epipleurals of the abdominal region are
thin and long, reaching the ventral margin of the body.
All the epipleurals are attached to the axial skeleton
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Figure 5. THolosteus esocinus Agassiz, 1835. (A) Detail
of the abdominal region of MCSNV 1G.23602. Scale bar,
10 mm. Abbreviations: bsp, basipterygia; epn, epineurals;
epp, epipleurals; nar, neural archs; r, ribs. The arrows indi-
cate the proximal fork of some epineurals. (B) Detail of
the caudal region of MCSNV 1G.23601. Note the posterior
displacement of the dorsal fin, whose origin is located just
posteriorly to the anal fin insertion. Note also the thick and
robust neural and haemal arches of the posteriormost cau-
dal vertebrae.

and are not forked distally or proximally. As in extant
paralepidids, there are no epicentrals in TH. esocinus.
The caudal skeleton is consistent with that of
most extant paralepidids (Fig. 6A, B), although some
unique features can be recognized. The first preural
and first ural centra appear to be fused to each other.
The second ural centrum is small and subtriangular
in shape. There are six autogenous hypurals, of which
the first and the second are fused into a single plate,
resembling the condition observed in Arctozenus and
Lestrolepis (see Fujita, 1990; Baldwin & Johnson,
1996). The autogenous parhypural is long and slender.
Two autogenous uroneurals are recognizable, of which
the anterior one is the largest. There are two thin and
slender epurals. There are no urodermals. The caudal
fin is large and externally symmetrical, with a nearly
concave posterior margin; it contains 19-20 caudal-
fin rays with segmentation beginning on the proximal
half of each ray; the proximal portion of the principal
caudal-fin rays is not modified in any way. The proxi-
mal ends of most of the caudal-fin rays of the upper

lobe extensively overlap the associated hypurals,
resulting in a sort of epaxial hypurostegy (Fig. 6A, B).
There are about 10—12 upper and 10-12 lower procur-
rent rays. There are two well-developed bony fulcral
scales, nearly ovoid in shape located just in front of
the upper and ventral caudal-fin lobes, resembling the
condition characteristic of certain aulopoids and chlo-
rophthalmoids (Sulak, 1977; Russell, 1999).

The number and morphology of supraneurals is
unclear. The dorsal and anal fins are displaced to the
posterior half of the body, just in front of the caudal-fin
(Figs 1, 2, 5B). The dorsal-fin origin is located slightly
behind that of the anal fin; the dorsal fin is triangular
in shape and contains 18-20 distally segmented rays
decreasing in size posteriorly. There is no trace of an
adipose fin between the dorsal fin and caudal fin. The
anal fin has a long base and contains 19-22 distally
segmented rays; as in all alepisauroids, its outer mar-
gin is deeply indented anteriorly. Dorsal- and anal-fin
rays are supported by a similar number of pterygio-
phores; the posterior pterygiophores of both the dorsal
and anal fins do not appear to be fused or proximally
modified.

The post-temporal is not recognizable in the avail-
able material. The supracleithrum is spatulate, lami-
nar and subtriangular in shape. The cleithrum is
crescent-shaped with a broad ventral arm. It bears
a distinctive paddle-shaped projection (=cleithral
strut of Baldwin & Johnson, 1996) along its posterior
margin; the presence of such a projection typically
characterizes the most derived paralepidids (Davis,
2010; Fig. 3A, B; Table 2). The number of postcleithra
is unclear, but at least one is visible along the pos-
terior margin of the supracleithrum; its position and
size, as well as its subcircular shape, are reminiscent
of the first postcleithrum of Paralepis atlantica and
Stenomosudis rothschildi (see Rofen, 1966; Baldwin
& Johnson, 1996). The coracoid is robust and large.
The cleithrum—coracoid articulation is located near
the anteroventral end of the cleithrum. At least three
or four proximal radials can be recognized. The pec-
toral fin sits low on the body flanks and contains
16-18 rays, with their proximal portions (=spurs of
Sato & Nakabo, 2002) being almost equal in size; the
first pectoral-fin ray is the longest of the series. As in
extant paralepidids, the pectoral-fin base seems to be
horizontally oriented and inserts along the ventrolat-
eral surface of the body.

The pelvic fins are abdominal and displaced slightly
behind the mid-length of the body, well anterior to the
dorsal fin origin. There are 10-12 pelvic-fin rays. The
basipterygia are elongated, joined to each other medi-
ally and without any trace of posterior or lateral pelvic
processes.

The body is totally naked without any evidence
of body or lateral-line scales. Because of the lack of
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Figure 6. Caudal fin of YHolosteus esocinus Agassiz, 1835. (A) Detail of MCSNV 1G.23601. (B) Reconstruction of the caudal
skeleton, right side, lateral view. Scale bars, 10 mm. The arrows indicate the external dorsal and ventral principal caudal-
fin rays. Abbreviations: ep, epurals; fs, bony fulcral scale; hyp, hypural; phy, parhypural; pr, procurrent rays; pu, preural

centrum; u, ural centrum; un, uroneural.

body squamation, the pigmented peritoneal mem-
brane is clearly visible in well-preserved specimens
(e.g. MCSNYV 1G.23601/2). tHolosteus esocinus has a
broad, uniform, mid-dorsal brown-pigmented band
along the dorsum, extending from the head to the
caudal fin, similar to the body pigmentation pattern
of the naked genera like Lestidium (Harry, 1953b).
There is no evidence of pigmentation along the ven-
tral surface of the body. There are no traces of pre-
served chromatophores.

DISCUSSION
COMPARATIVE REMARKS

The analysis of osteological, morphometric and meris-
tic features of TH. esocinus has revealed the presence
of several diagnostic characters of the superfamily
Alepisauroidea, including four branchiostegal rays on
anterior ceratohyal, absence of endopterygoid teeth,
unmodified proximal portion of the principal caudal-
fin rays, palatine as the dominant tooth-bearing bone,
pectoral fins inserting low on the body flanks and pel-
vic fins abdominal, articulation between cleithrum and
coracoid near the anteroventral end of the cleithrum
and margin of the anal fin deeply indented anteriorly
(see Baldwin & Johnson, 1996; Davis, 2010). A num-
ber of features support the assignment to the family
Paralepididae, including two posteriormost branchi-
ostegal rays in close proximity on the posteroventral
corner of the posterior ceratohyal, three anteriormost
branchiostegals inserting close to each another along
the anterior side of the indentation of the anterior

ceratohyal, snout length about 50% of the head length,
premaxillary fenestra, palatine with long process for
articulation with the premaxilla, eight infraorbitals
with lachrymal horizontally oriented and placed ante-
rior to the orbit, absence of epicentrals, epineurals
originating on the neural arches and pelvic-fin origin
anterior to the dorsal-fin origin (Baldwin & Johnson,
1996; Davis, 2010). Further characters considered as
diagnostic of the paralepidids (Harry, 1953b; Rofen,
1966) and observed in TH. esocinus include, among the
others, parietals not fully separated by the supraoccip-
ital, long and pointed lower jaw with a well-developed
symphysis articulating with an extremely elongated
and non-ossified projection; premaxilla not protrac-
tile and well attached to maxilla; single supramaxilla;
numerous and well-developed procurrent rays; and
high vertebral number.

Although the osteological, morphometric and meris-
tic features of TH. esocinus are consistent in providing
support to the inclusion of this Eocene species within
the family Paralepididae, the presence of a series of
unique and unusual morphological traits can jus-
tify its assignment (together with the species of the
Oligocene genus fPavlovichthys) to the separate sub-
family fHolosteinae, including median fins posteriorly
displaced, with the dorsal-fin origin slightly behind
the anal-fin origin; caudal vertebrae about 30% of the
total (modern paralepidids have 40-60% of caudal
vertebrae; Baldwin & Johnson, 1996; Davis, 2010);
high number of dorsal-fin rays (not less than 18); and
(apparent) absence of adipose fin.

The phylogenetic relationships of extant parale-
pidids and other aulopiform fishes have been recently
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investigated by Davis (2010) based on molecular and
morphological characters, the latter derived from the
data sets assembled by Baldwin & Johnson (1996) and
subsequently implemented by Sato & Nakabo (2002).
Based on these analyses, Davis (2010) recovered a
monophyletic Paralepididae with the exclusion of the
genus Sudis. The latter is currently regarded as the
sole genus of the family Sudidae, representing the
sister group of a large clade comprising the families
Paralepididae (Arctozenus, Dolichosudis, Lestidiops,
Lestidium, Lestrolepis, Macroparalepis, Paralepis,
Stenomosudis and Uncisudis) and Alepisauridae
(Alepisaurus,Anotopterus,Magnisudis and Omosudis).
Davis (2010) recovered a monophyletic clade formed
by Macroparalepis+ (Paralepis + Arctozenus), which
share the following features: pelvic fins beneath or
behind the vertical through the dorsal fin origin, most
epipleurals with free dorsal branches, intermuscular
bones on the five anterior abdominal vertebrae forked
proximally and body and lateral-line tube-like scales
present and well ossified. None of these characters
has been observed in the specimens described herein.
As discussed above, TH. esocinus clearly exhibits the
presence of abdominal pelvic fins inserting well ante-
rior to the dorsal-fin origin, epipleurals articulating to
the centra, as well as the presence of a cleithral strut
and absence of body scales, a condition shared with
the paralepidids Lestidiops, Lestidium, Lestrolepis,
Stemonosudis and Uncisudis (see Baldwin & Johnson,
1996; Davis, 2010). Therefore, these characters reveal
the existence of a close affinity between these derived
paralepidid genera and THolosteus, which clearly dif-
fers from them in having an extended series of inter-
muscular bones, other than the previously discussed
holosteine synapomorphies.

THolosteus differs from all paralepidid genera in its
unique combination of meristics features (see Table
2). It can be separated from Arctozenus, Lestidiops,
Lestidium, Lestrolepis, Notolepis, Paralepis, Uncisudis
and fPavlovichthys for the higher number of ver-
tebrae (106-112 vs. 45-98). Moreover, it can be eas-
ily separated from Arctozenus, Macroparalepis and
Paralepis for the presence of the cleithral strut and
differs from all extant paralepidids by the lower cau-
dal/total vertebrae ratio (30% vs. 40—-67%), higher
fineness ratio (15.5 vs. 10.1-15.3; Stemonosudis is the
only paralepidid genus with a higher fineness ratio,
25.0) and higher number of dorsal-fin rays (18-20 vs.
8-14). Additionally, the number of anal-fin rays is use-
ful to separate THolosteus (19-22) from Arctozenus,
Dolichosudis, Lestidiops, Lestidium, Lestrolepis,
Stemonosudis and Uncisudis (27-50). Finally,
tHolosteus exhibits bony fulcral scales (exclusively pre-
sent in certain members of the families Aulopidae and
Synodontidae among Aulopiformes; Russell, 1999) and
epineurals forked proximally in most of the abdominal

and caudal vertebrae, showing a condition similar to
that observed in certain chlorophthalmoids (Patterson
& Johnson, 1995; Baldwin & Johnson, 1996).

PHYLOGENETIC RELATIONSHIPS

The analysis of 140 morphological characters coded for
45 taxa (see Appendix) produced a single tree of length
463 steps with a moderately high CI (= 0.48) and high
RI (= 0.76; Fig. 7). Since our analysis is exclusively
based on morphological data, the tree is more consist-
ent with the results of Baldwin & Johnson (1996) and
Sato & Nakabo (2002), rather than with those of Davis
(2010). The monophyly of Aulopiformes as recognized
by Rosen (1973), Baldwin & Johnson (1996), Sato &
Nakabo (2002) and Davis (2010) is confirmed, sup-
ported herein by five synapomorphies: presence of a
second epibranchial with an enlarged uncinate process
(ch. 1[1]); medial processes of the pelvic girdle joined
medially by cartilage (ch. 103[1]); presence of adipose
fin (ch. 130[0]); absence of swim bladder (ch. 133[1]);
and single or multiple unpaired peritoneal pigment
sections in larvae (ch. 137[1]). Three main clades can
be recognized within the Aulopiformes: Synodontoidei
(Paraulopidae, Aulopidae, Pseudotrichonotidae and
Synodontidae), Giganturoidei + Chlorophthalmoidei
[(Bathysauroides, Bathysauridae and Giganturidae)

Diplophos

Neoscopelus

Myctophidae

Polymixia

Metavelifer

Paraulopus

Aulopus

Pseudotrichonotus

Saurida

Harpadon
Trachinocephalus
Synodus

Gigantura

Bathysaurus

Bathysauroides

Parasudis
Chlorophthalmus
Bathysauropsis
Ahliesaurus
Scopelosaurus
Bathypterois
Ipnops
Bathytyphlops
Bathymicrops

Aulopiformes,

Coccorella
Evermannella
Odontostomops
Benthalbella
Rosenblattichthys
Scopelarchoides
Scopelarchus
Alepisaurus
Omosudis
Arctozenus
Paralepis
‘fHolosteus
fPavlovichthys
Anotopterus
Sudis
Macroparalepis
Lestidium
Uncisudis
Lestidiops
Stemonosudis
Lestrolepis

Paralepididae)'

Figure 7. The single tree retrieved in TNT 1.5 based on
140 morphological characters and 45 taxa, showing the
hypothetic relationships of fHolosteus and TPavlovichthys
within Aulopiformes.
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+ (Chlorophthalmidae, Bathysauropsis, Notosudidae
and Ipnopidae)] and Alepisauroidei (Alepisauridae,
Paralepididae, Evermannellidae and Scopelarchidae).

The relationships within paralepidids are consist-
ent with those of Baldwin & Johnson (1996), and eight
characters support their monophyly: first basibranchial
usually elongated, comprising a short ossified anterior
segment followed by a long posterior cartilage (ch.
24[2]); the two posteriormost branchiostegals close to
each other, inserting along the posteroventral corner
of the posterior ceratohyal (ch. 36[2]); snout length
greater than 50% of head length (ch. 55[1]); presence
of a premaxillary fenestra (ch. 56[1]); palatine with
a long process for articulation with premaxilla (ch.
57[1]); cartilaginous facet of the palatine for articu-
lation with lateral ethmoid located on the posterior
portion of the palatine (ch. 59[1]); lachrymal anterior
to the orbit and oriented horizontally (ch. 61[1]); and
pelvic girdle with transverse keel separating the ven-
tral surface of the medial process area (ch. 110[1]). In
agreement with Baldwin & Johnson (1996), but con-
trary to the results of Davis (2010), our analysis places
Anotopterus and Sudis within the Paralepididae since
these genera share all the paralepidid synapomor-
phic characters. These two taxa also share with the
most advanced paralepidids the absence of body and
lateral-line scales (ch. 123[1]), epipleurals not extend-
ing posteriorly beyond the fifth abdominal vertebra
(ch. 75[1]), and body transparent and glassy in life (ch.
125[1]). The phylogenetic placement of THolosteus and
tPavlovichthys within the crown group Paralepididae
is evident in our analysis. The monophyletic status of
the THolosteinae is supported by three characters: cau-
dal vertebrae between 25 and 40% of the total num-
ber (ch. 84[3]); absence of adipose fin (apparently; ch.
130[1]); and dorsal fin posteriorly displaced, with dor-
sal-fin origin opposite to or slightly behind the anal-fin
origin (ch. 140[1]). THolosteus and TPavlovichthys form
a monophyletic clade representing the sister group of
all the other Paralepididae, except for Arctozenus and
Paralepis. The sister group relationship between hol-
osteines and the most advanced paralepidids is sup-
ported by three synapomorphies, including: first rib
originates on the fourth vertebra (ch. 88[1]), pelvic
fins abdominal, inserting anterior to vertical through
dorsal-fin (ch. 112[1]) and presence of a cleithral strut
(ch. 114[1]).

MORPHOSPACE ANALYSIS AND
PALAEOBIOLOGICAL NOTES

The RW analysis detected 16 RW axes, with the first
four together accounting for about 92% of the over-
all variation. The morphological diversification across
taxa can be examined through the analysis of the
distribution of genera in the morphospaces defined

by the RW axes (Fig. 8). The first two RWs explain
about 73% of the overall shape variance. The first axis
describes the relative position of the dorsal-fin origin
along the back as well as the size of the caudal fin. For
example, negative scores of RW1 are related to gen-
era with posterior displacement of the dorsal fin and
a large caudal fin (e.g. THolosteus and Esox), whereas
taxa with the dorsal fin located at about mid-length
of the body and small caudal fin lie on positive val-
ues (e.g. Arctozenus and Uncisudis). RW2 explains the
variation of the location of the pelvic-fin insertion, so
that negative scores are related to taxa with a pos-
terior placement of the pelvic fins (e.g. Arctozenus
and fPavlovichthys), and genera having a more ante-
rior pelvic fin origin (e.g. Esox and Lestrolepis) lie on
positive scores. Along RW3, the main shape varia-
tion is related to the body elongation; negative val-
ues are exhibited by taxa with high body depth (e.g.
Ctenolucius and Esox), whereas positive values are
related to taxa with a very slender and elongated body
(e.g. THolosteus and Stemonosudis). RW4 explains
the snout length and the caudal-fin shape; the most
extreme negative values are occupied by very long-
snouted fishes with a caudal fin with considerably
convex posterior margin (e.g. Lepisosteus), whereas in
the positive scores lie taxa with a comparatively short
snout and a posteriorly concave or nearly forked tail
(e.g. THolosteus and Esox). The morphospace analy-
sis detected two distinct groups that are significantly
separated based on the dorsal fin position and relative
size of the caudal fin along the first axis, in this case
with the positive scores exclusively occupied by mod-
ern paralepidid fishes; the second group, which com-
prises THolosteus and fPavlovichthys, lies on negative
scores of RW1 and solely includes long-bodied ambush
predators, thereby suggesting that the general body
plan of holosteine fishes mostly resembles the condi-
tion of ambush predators rather than that of living
barracudinas. The quantitative morphospace occupa-
tion of holosteines is also supported by nonparamet-
ric tests PERMANOVA and ANOSIM (Table 3), both
indicating that THolosteus and tPavlovichthys occupy
a significantly different portion of the morphospace
with respect to extant paralepidids (P < 0.05), in a
position not significantly different from that of long-
bodied ambush predators (P > 0.05).

As evidenced by the morphological and morphospace
analyses (see Fig. 8), the overall physiognomy of the
body of THolosteus is unique within paralepidids, mim-
icking the typical condition of pike-like ambush pred-
ators, with a long and slender body, elongated skull,
antorbital elongation of jaws, posteriorly displaced
and opposite median fins, short and narrow caudal
peduncle, large and symmetrical caudal fin and squa-
mation reduced or absent (e.g. Tintori, 1990; Moyle &
Cech, 2003; Romano et al., 2012; Maxwell & Wilson,
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Figure 8. Morphospaces of selected taxa built on the first four RW axes explaining the greatest shape variance. (A)
Landmarks and semilandmarks configuration used for the analysis of the body shape variation (Notolepis in the exam-
ple; modified from Harry, 1953a). Semilandmarks are represented by full circles, landmarks by open circles with crescent
numeration starting from snout: 1 — anterior tip of premaxilla; 2 — orbit centre; 3 — posterodorsal tip of the skull roof
(supraoccipital); 4 — insertion of the first pectoral-fin ray; 5 — ventral tip of the pectoral girdle; 6 — lower jaw joint; 7 — ante-
rior insertion of dorsal fin; 8 — dorsal insertion of the caudal fin; 9 — distal tip of the principal ray of the dorsal caudal-fin
lobe; 10 — fork between dorsal and ventral lobes; 11 — distal tip of the principal ray of the ventral lobe of caudal fin; 12 — ven-
tral insertion of the caudal fin; 13 — posterior insertion of the anal fin; 14 — anterior insertion of the anal fin; 15 — insertion
of the pelvic fins. (B) Morphospace plotted on the first two RW axes explaining 72.6% of the overall shape variation. (C)
Morphospace built on the third and fourth RW axes, together accounting for 19.6% of the variance. Deformation grid plots
illustrate the shapes lying at extreme values along each axis, and the silhouettes represent some representatives of each
group in the morphospace. Full circles enclosed by full polygons represent ambush predators, whereas open circles enclosed
by dotted polygons represent living paralepidids. The stars mark the position of the two holosteines.

2013; Kogan et al., 2015; Kogan & Romano, 2016). An ganoid scales (as in lepisosteids; Wiley, 1976) or, alter-
additional diagnostic feature of the fast-start preda- natively, by a robust series of intermuscular bones
tor morphotype is related to the rigidity of the trunk, throughout the vertebral column, as in fHolosteus and
stiffened by long neural spines or zygapophyses (as in TPavlovichthys. Moreover, the ambush predator body
tSaurichthys; e.g. Tintori, 1990, 2013; Romano et al., plan is also characterized by stiffened fins, through
2012), by strong squamation consisting of rhombic unsegmented rays in ‘paleopterygian’ fishes (Schmid
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Table 3. Nonparametric tests used to assess significant differences in morphospace occupation between the three groups

PERMANOVA Ambush predators Holosteines Extant paralepidids
P-values

Ambush predators 0.0936 0.0006*
Holosteines 0.0936 0.0159*

Extant paralepidids 0.0006* 0.0159%

F-values

Ambush predators 1.974 11.900

Holosteines 1.974 8.085

Extant paralepidids 11.900 8.085

ANOSIM Ambush predators Holosteines Extant paralepidids
P-values

Ambush predators 0.1446 0.0004*
Holosteines 0.1446 0.0154%

Extant paralepidids 0.0004* 0.0154*

R-values

Ambush predators 0.291 0.928

Holosteines 0.291 0.950

Extant paralepidids 0.928 0.950

Note: The significance is computed by permutation of group membership, with 9999 replicates. Euclidean distances were chosen as a measure unit.
The asterisk (*) indicates significant comparisons (P < 0.05), thereby suggesting that groups exhibit considerably different morphospace occupation.

& Sanchez-Villagra, 2010; Romano et al., 2012) or
with the support of robust bony fulcral scales in front
of the median or caudal fins as in lepisosteids (Wiley,
1976). As discussed above, epineurals and epipleurals
extend along the entire vertebral column in TH. esoci-
nus, being also more robust and thickened in the cau-
dal region. In our opinion, these features, as well as
the partial fusion of the hypurals, epaxial hypurost-
egy and presence of bony fulcral scales in front of the
caudal fin lobes support the hypothesis of a fast-start
(ambush) predation strategy for this Eocene fish.

The highly successful morphotype of ambush
predators evolved independently multiple times dur-
ing actinopterygian evolution. The first-documented
appearance of fishes adopting an ambush style of
predation in the fossil record apparently occurred
slightly after the Permian—Triassic boundary with
the appearance of the genus TSaurichthys (family
tSaurichthyidae), a highly successful representative of
‘paleopterygian’ fishes, with worldwide distribution in
both marine and freshwater ecosystems (e.g. Tintori,
1990, 2013; Tintori et al., 2014; Kogan & Romano,
2016). Subsequently, other fish lineages, including
the Cretaceous aulopiform family fDercetidae, and
certain Eocene syngnathiforms (fParasynarcualis)
and atheriniforms (fMesogaster, TLatellagnathus,
tRhamphognatus), exhibited features that were
related to the ambush activity (e.g. Bannikov, 2008;
Maxwell & Wilson, 2013; Kogan et al., 2015); today,

these kind of predators are represented by gars, pikes,
barracudas and several other fishes (Maxwell &
Wilson, 2013).

It has been demonstrated experimentally that the
peculiar body plan arrangement and conspicuous
abdominal muscle mass of ambush predators allow
these fishes to generate rapid acceleration perfor-
mance (Webb, 1978) and, at the same time, to minimize
the flow disturbance caused by surrounding water,
avoiding detection by the lateral-line sensory system
of their prey (Webb & Skadsen, 1980; Webb, Hardy &
Mehl, 1992; Kogan et al., 2015). In particular, the pos-
terior displacement of dorsal and anal fins seems to
cause a delay in the escape response of prey, giving the
illusion that the predator is distant (Dill, 1974; Webb,
1982). Moreover, the rigidity of the trunk, resulting
from the development of pre- and postzygapophyses,
peculiar neural arch structure (e.g. in TSaurichthys;
Tintori, 2013) or, alternatively, robust intermusculars
(as in THolosteus), could also be related to an increase
in elasticity of the whole body in order to ensure a high
acceleration during the initial phase of the ambush
(Gozzi, 2004).

Maxwell & Wilson (2013) demonstrated that conver-
gent evolution of the body plan of the ambush preda-
tors is associated with the posterior displacement of
median fins, which in turn is strongly related to the
preferential addition of abdominal vertebrae. Several
studies (e.g. Baldwin & Johnson, 1996; Davis, 2010)
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pointed out that one of the diagnostic characters of
Paralepididae is the very high number of caudal ver-
tebrae, representing between 40 and 60% of the total
number. fHolosteus and fPavlovichthys are unique
among paralepidid fishes in having both a posterior
displacement of median fins and a significant reduc-
tion of the relative number of caudal vertebrae (25—
40% of total number) due to the increased number of
abdominal elements. This latter feature also charac-
terizes certain modern ambush predators like belo-
nids, esocids, fistulariids, lepisosteids and sphyraenids
(Maxwell & Wilson, 2013). The Eocene barracudina
tH. esocinus, therefore, supports the hypothesis that
convergent evolution of the ‘ambush predator’ body
plan is often associated with the same changes in
axial skeletal configuration, mainly with a posterior
displacement of median fins and preferential addition
of abdominal vertebrae, confirming the existence of a
conservative anatomical module occurring indepen-
dently in different fish lineages (Maxwell & Wilson,
2013).

Today, heterogeneous tropical habitats associ-
ated with reefs (e.g. sand/seagrass beds) represent
the ideal environments for diverse and speciose fish
assemblages. Large pike-like predators are often
associated with these structurally complex shallow
water contexts, where the ambush strategy is one of
the highly successful types of predation (e.g. Schultz
& Kruschel, 2010). Several studies concur to suggest
that the Eocene Pesciara limestone deposited in a
moderately depressed coastal tropical shallow water
intraplatform basin in which different habitats like
sand/seagrass beds, open sea and reefs concurred
to create a heterogeneous biotope (e.g. Landini &
Sorbini, 1996; Papazzoni & Trevisani, 2006) in which
zooplanktivorous fishes (clupeids) represented the
main trophic resource for most predators (Marrama
et al., 2016a), possibly including those with ambush
strategy.

Modern barracudina fishes are meso- to bathype-
lagic predators (Harry, 1953a; Rofen, 1966; Post, 1986;
Thompson, 2003). Adult stages of certain barracudina
species live at depths up to 4000 m, where they have
been observed swimming more or less vertically in
order to improve their visual and lateral-line sensi-
bility (Rofen, 1966; Janssen, Pankhurst & Harbison,
1992). tHolosteus can be considered as the first-docu-
mented evidence of ambush predator strategy within
the Paralepididae, as well as the only member of this
family that lived in a shallow water environment.
Taphonomic considerations, including the extreme rar-
ity of mass mortality layers in the Pesciara succession
in which pelagic cruising swimmers generally moving
in large schools are often preserved (Wu et al., 2011),
might suggest that 7Holosteus was a solitary predator.

CONCLUSION

The analysis of the fossil record suggests that the hol-
osteines probably diversified during the Paleocene,
as indicated by the late Paleocene and early Eocene
material from Italy and Denmark (Bonde, 1997). The
group persisted up to the Oligocene, as revealed by the
numerous fossils collected in the Rupelian deposits of
Poland, Romania and Russia (Prokofiev, 2005; Ptikryl
et al., 2016). The excellent preservation of the Eocene
specimens from Monte Bolca allowed a detailed rein-
terpretation of the morphology of THolosteus and the
identification of the synapomorphies of this peculiar
predatory lineage. The osteological analysis was the
initial input to compare, through a geometric morpho-
metric approach, the morphospace occupation of hol-
osteines with that of extant paralepidids and pike-like
ambush predators. The morphometric analysis seems
to suggest that the early radiation of barracudinas was
also characterized by the emergence of unique short-
lived body morphology in many ways convergent with
that of many shallow water ambush predators. As dis-
cussed above, the shallow water lifestyle of THolosteus is
remarkably different from the meso- and bathypelagic
adaptations of other paralepidids and, more generally,
of alepisauroid fishes. The early Paleocene emergence
of a predatory shallow water taxon within a typical
deep-water lineage is particularly intriguing if consid-
ered in the frame of the coeval extensive radiation of a
number of teleost lineages of modern type. Several lines
of evidence concur to suggest that such a remarkable
radiation took place to fill the functional roles vacated
by victims of the end-Cretaceous extinction (Friedman,
2009; Marrama et al., 2016b). The origin of the shallow
water holosteine paralepidids was therefore coincident
with the diversification of scombroids, xiphioids, sphy-
raenids and carangoids that together represent mod-
ern analogues of moderate- to large-bodied Cretaceous
predatory fishes (see Friedman, 2009), including pachy-
cormids, pachyrhizodontids, ichthyodectiforms and cer-
tain aulopiformes (enchodontids, cimolichthyids and
the ambush predator dercetids).
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Appendix. List of the morphological characters used in the phylogenetic analysis. Data are based on Davis (2010)
to which we added and discussed a new state for character 84 and the new character 140.
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