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Abstract. Two new deep-sea hatchetfish species, T.Argyropelecus iranicus n. sp. and Y Argyropelecus zagrosensis n. sp.,
are described in detail herein based on fossil material from the Eocene (Bartonian) deposits of the Pabdeh Formation,

Zagros Basin, Iran. A detailed investigation of the skeletal morphology of these new species was made possible throu-

gh elemental distribution maps obtained using p-XRF imaging technique of the fossil material. These new species are

the oldest known representatives of the genus Argyrgpelecus. A phylogenetic analysis that includes all the extant species

of the genus Argyropelecus suggests that f.Argyropelecus iranicus n. sp. and . Argyropelecus zagrosensis n. sp. pertain to the

A. lyechnus species complex’ and the “A. affinis species complex’, respectively. The morphospace analysis confirmed

the presence of two distinct morphotypes within the genus Argyropelecus. Potential correlations between morphospace
occupation and the ecological setting and lifestyle of this bizarre group of deep-sea fishes are also discussed. The
presence of two species of the genus Argyropelecus in the Eocene Pabdeh Formation extends the temporal and bioge-

ographical range of these deep-sea fishes, providing additional information for our understanding of the evolutionary

and biogeographical history of the deep-sea hatchetfishes.

http://zoobank.org/urn:lsid:zoobank.org:pub:2EBA9083-9061-4CBF-B19A-BD660914F6A6

INTRODUCTION

The Sternoptychidae is a well-recognized
lineage of primarily mesopelagic fishes distributed
worldwide and belonging to the order Stomiiformes
(e.g., Kinzer & Schulz 1988). This family comprises
ten extant (Araiophos, Argyripnus, Argyropelecus, Dan-
aphos, Maurolicus, Polyipnus, Sonoda, Sternoptyx, Thoro-
phos, Valenciennellus) and seven extinct genera (+.A4r-
chaeolicus, +Discosternon, +Eknomodophos, +Eosternoptyx,
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tJerzmanskaephos, t+Horbatshia, +Polyipnoides) whose
fossil record extends back to the Paleocene—Eocene
boundary (e.g., Prokofiev 2002, 2005, 2010; Carnev-
ale 2008; Afsari et al. 2014; El-Sayed et al. 2021).
Among sternoptychids, the deep-sea hatchetfishes
represent a well-defined clade, the Sternoptychi-
nae, characterized by a peculiar set of morpholog-
ical features, including a deep and extremely com-
pressed body, mouth nearly vertical, eyes telescopic,
abdominal keel-like structure, dorsal blade-like
structure in front of the dorsal fin, and a vertically
oriented pelvic girdle (e.g, Schultz 1938, 1961, 1964;
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Fig. 1 - Location of the fossil site of Babaheydar in the Zagros basin, near Isfahan, Iran, marked by a red star. Scale bar equals 10 km.

Baird 1971; Baird & Eckardt 1972; Weitzman 1974;
Ahlstrom et al. 1984; Harold 1993, 1994; Harold &
Weitzman 1996; Carnevale 2003, 2008).

The genus Argyropelecus includes seven extant
species showing a broad range of body morpholo-
gies, from slender to deep bodies, all exhibiting (type
alpha) photophores, which play a key role in coun-
ter-illumination (Baird 1971; Baird & Eckardt 1972;
Weitzman 1974; Mensinger & Case 1990; Hoar et al.
1997, Priede 2017). Argyropelecus species common-
ly occur at depths from 100 to 600 meters and are
known for their vertical migrations, primarily to feed
on amphipods, copepods, euphausiids, and ostracods
(e.g., Schultz 1938, 1961, 1964; Baird 1971; Hopkins
& Baird 1973, 1985; Kinzer & Schulz 1988).

The fossil record of Argyropelecus dates back to
the Oligocene, with the species t.Argyropelecus priscus
from the Czech, Polish and Romanian Carpathi-
ans and Caucasus (e.g., Cosmovici & Pauca 1943;
Danil’chenko 1960, 1962; Jerzmanska 1968; Ciobanu
1977; Gregorova 1993; Prokofiev 2002, 2005). The
Miocene record comprises the Paleomediterranean
species tArgyropelecus logearti from the Algeria and Ita-
ly (Arambourg 1929; Carnevale 2003, 2007; Gaudant
et al. 2015), and the Eastern Pacific species +.4. bull-
ockii and +A. affinis from the Modelo and Monterey
formations in California (e.g, David 1943; Baird
1971). The extant species A. hemigymmnus is known
from abundant material from Pliocene and Pleisto-
cene deposits of the Mediterranean basin (e.g,, L.and-
ini & Menesini 1978, 1986; Sorbini 1988; Landini &
Sorbini 1993).

The goal of this study is to describe two new
species of _Argyropelecus from the Eocene Pabdeh
Formation, Zagros Basin, Iran, and to discuss their
phylogenetic relationships.

GEOLOGICAL SETTING

The Babaheydar fossil locality is located not
far from the city of Shahr-e Kord, less than 100 km
southwest of Isfahan, central Iran. At this locality,
the carbonates of the Pabdeh Formation are well
exposed, including a number of productive fossil-
iferous layers (Fig. 1) that are renowned for their
well-preserved fossils, including fishes, crustaceans,
insects and plants (e.g., Garassino et al. 2014).

The first fossil fishes from the Pabdeh For-
mation were discovered by Roland de Mecquen-
em in 1904 and described by Priem (1908). Thirty
years later, Camille Arambourg conducted exten-
sive excavations on two sites where the Pabdeh
Formation is well-exposed and discovered abun-
dant material among which more than 30 fish taxa
were recognized (Arambourg 1967). Subsequent-
ly, several studies have been focused on the fossil
fishes from the Pabdeh Formation, including those
by Haghipour & Brants (1971), Bannikov & Ty-
ler (1995), Jafarian et al. (2000), Tyler (2000), Ty-
ler et al. (2006), Bannikov et al. (2010), Afsari et
al. (2014), Prikryl & Bannikov (2014), Ptikryl et al.
(2016), Davesne (2017), Bannikov (2018), and Car-
nevale & Tyler (2018).
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The Pabdeh Formation is composed of
thin- to thick-bedded marly limestones alternating
with dark to light gray shales, rich in planktonic mi-
crofauna (Mohseni & Al-Asam, 2004; Mohseni et al.
2011), which accumulated in the northwestern and
southern parts of the Zagros Basin between the late
Paleocene and the Oligocene (James & Wynd 1965;
Sampo, 1969). Overall, the sediments of the Pabdeh
Formation mostly accumulated under oxygen-deplet-
ed conditions in the deeper portions of intrashelf
basins (e.g., Ala et al. 1980; Murris 1980; Mohseni et
al. 2011).

The fossiliferous layers of the Pabdeh Forma-
tion were erroneously referred by Arambourg (1967)
to the Rupelian, based on the presence of certain fish
taxa such as tBregmaceros filamentosus Priem, 1908 and
tPalacorhynchus, which at that time were only known
from the Oligocene of the Rhine Basin, Switzerland,
the Carpathians, and Northern Caucasus. These taxa,
however, were later found in several Eocene depos-
its of Europe (e.g, Bannikov 2010). According to
Garassino et al. (2014), the planktonic foraminifer-
an assemblages of the fossiliferous horizons include
t+Hantkenina alabamaensis Cashman, 1925, +H. compressa
Parr, 1947 and tMorozovelloides bandyi (Fleisher 1974).
According to Coxhall & Pearson (2000), the range of
these Hantkenina species spans from the Bartonian to
the Eocene—Oligocene boundary, from about 41 to
33.9 Ma. tMorozovelloides bandyi is known to occur up
to about 40 Ma (Payros et al. 2015), thereby suggest-
ing that the fossiliferous horizons date back to the
lower part of the Bartonian.

MATERIALS AND METHODS

Studied specimens

The present study is based on museum collec-
tion material from the mid-Eocene (Bartonian) Pab-
deh Formation, Zagros Basin, Iran. It is deposited
in the collections of the Department of Geology,
Faculty of Sciences, University of Isfahan. The stud-
ied material comprises five neatly complete, well-pre-
served specimens IUGM 100892, IUGM 100893
(holotype designated herein), IUGM 100894, IUGM
100895, IUGM 100896 (holotype designated herein).

The fossils were examined using a Leica M80
stereomicroscope equipped with a camera lucida
drawing arm. Measurements were taken to the near-
est 0.1 mm using a dial caliper. Standard length (SL)

is used throughout. Anatomical terminology and
comparative data are mostly based on Baird (1971,
1986), David (1943), Weitzman (1974), Harold
(1993, 1994, 1998), Carnevale (2003, 2007, 2008),
Prokofiev (2002, 2005), and Afsari et al. (2014).
Photophore terminology follows Harold (1994).

Analyses

We performed uXRF-analyses using a Bruk-
er M4 Tornado Plus Amics benchtop device with
a maximum acceleration voltage of 50 kV and an
anode current of 600 uA (see Schroder et al. 2023;
Schroder & Carnevale 2023). Pixel size was set to
25 pm and spot size to 20 pm. The dwell time was
adjusted to the size of each specimen, including the
area of interest, and varied between 8 to 16 ms/pix-
el. Hence, the overall acquisition times for the fos-
sil specimens ranged from 3.03 to 16.01 hours. We
mapped calcium-, manganese-, phosphorus-, sul-
phur-, strontium-, and titanium-distributions in the
surface of the specimens to expose morphological
details. Strontium, calcium and phosphorous are
associated with the skeletal anatomy of fossilized
fishes (Schroder et al. 2022, 2023; Schroder & Car-
nevale 2023, 2025). Titanium is commonly related
to preserved fossil melanosomes (see Schroder et al.
2023, figures 12 and 13). Occasionally, manganese
and sulphur may also reveal anatomical details, relat-
ing to various body morphology, apparently includ-
ing photophores (sulphur). Ko distribution element
maps were generated with the proprietary software
of the Bruker M4 device. The digital 2D-element
maps were directly applied for taxonomic analyses
and descriptions.

To infer the taxonomic position of the new
taxa within the sternoptychine lineage, we per-
formed a phylogenetic analysis in which Polipnus,
Sternoptyx and nine species of _Argyropelecus (includ-
ing those described herein) represent our ingroup,
whereas three non-sternoptychine sternoptychids
(Valenciennellus, Thorophos and Argyripnus) represent
the outgroups. The character (ch.) matrix consists
of 64 morphological characters, 1-37 taken from
Harold (1993) and 37-64 from Weitzman (1974)
(see Appendix, Table S1). The matrix was com-
piled in MESQUITE v.3.03 (Maddison & Maddi-
son 2008) and the phylogenetic analysis was pet-
formed in TNT 1.6 (Goloboff & Morales 2023)
using traditional search with 1000 replicates, 100
random seeds, tree bisection and reconnection with



606 Ridolfi L., Babhrami A., Yazdi M., Schroder A.E., Marrama G. & Carnevale G.

Fig. 2 - Landmarks and semilandmarks configuration. Landmarks represented by red dots are: 1) Dorsal tip of the supraoccipital; 2) tip of the
dorsal blade; 3) anterior insertion of dorsal fin; 4) posterior end of dorsal fin; 5) posterior end of the anal fin; 6) anterior insertion of
the anal fin; 7) ventralmost tip of the pelvic girdle; 8) point at the maximum of posterior curvature of the cleithrum; 9) ventralmost
margin of the orbit; 10) dorsalmost point of the orbit (10). The anchor point landmarks, represented by light-blue dots, are: a) anterior
tip of the frontals; b) insertion of the anteriormost dorsal procurrent ray; c) insertion of the anteriormost ventral procurrent ray; d)
ventral tip of the cleithrum (d). Semi-landmarks are represented by 80 green dots.

ten trees saved per replication and collapsing trees
after search. All characters were unordered and giv-
ing equal weight. Tree length, consistency (CI), and
retention (RI) indices were calculated.

In order to quantify the morphological vari-
ability between the Argyropelecus species within the
Sternoptychidae, we analysed the morphospace
occupation of the two Argyropelecus complexes and
compared it with that of selected genera of the fam-
ily through geometric morphometrics (Zelditch et al.
2004). In this perspective, images of the extant taxa
were obtained from the online picture repository of
FishBase (http://www.fishbase.org; Froese & Pauly
2015) whereas images of the fossil taxa were taken
from the literature. Our dataset includes a sample of
97 specimens, representing nine genera and 28 spe-
cies. A total of 14 landmarks (of which four are an-
chor points for intervening semilandmarks) and 80
equidistant semilandmarks describing the dorsal and
ventral profile of body (Fig. 2) were digitized using
the software TPSdig 2.32 (Rohlf 2005). Landmarks
were selected based on their potential ecological or
functional role in the Sternoptychidae, as suggested
by previous studies on representatives of this family

(Baird 1971; Weitzman 1974; Harold 1993; Gordee-
va & Nanova 2017; May 2019). The coordinates of
the landmarks were subjected to translation, rota-
tion, and scaling to a unit centroid size by perform-
ing a Generalized Procrustes Analysis (GPA). This
procedure was employed to minimize any variation
induced by factors such as size, orientation, location,
and rotation (Rohlf & Slice 1990; Zelditch et al.
2004). The Generalized Procrustes Analysis (GPA)
was performed using the TPSrelw software pack-
age (Rohlf 2003), followed by a principal compo-
nent analysis (PCA) of the Procrustes coordinates
to obtain the Relative Warp (RW). Shape variations
were visualized along the axes using deformation
grid plots. The non-parametric multivariate analysis
of variance (PERMANOVA; Anderson 2001) and
the analysis of similarities (ANOSIM; Clarke 1993)
were performed using the software packages PAST
5.2 (Qyvind & Harper 2001) to assess significant
differences in morphospace occupation between
groups. Euclidean distance was used as the metric
for both tests, and statistical significance along the
first three RW axes was assessed using 9,999 random
permutations.
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Fig. 3 - T Argyropelecus iranicus n. sp., holotypic part, IUGM 100896, from the Eocene of Babaheydat. A) high-resolution photo image; B) stron-
tium element map; C) phosphorous element map; D) sulfur element map; E) combined element map of strontium and phosphorous;
F) combined element map of strontium (red), phosphorous (green) and calcium (blue). Scale bar equals 10 mm.

To assess whether correlation occurs between
shape and vertical distribution in the water col-
umn, we performed a Partial Least Squares (PLS)
analysis using the software TPSpls (Rohlf & Corti
2000). Data on the vertical distribution of the liv-
ing species was obtained from the databases iNat-
uralist (https://www.inaturalist.org/) and FishBase
(http:/ /www.fishbase.org; Froese & Pauly 2015) and
literature (Baird 1971). To investigate which of the
RW axes or couple of variables concur with most of
the correlation, we performed a collinearity analysis
on the first three RWs using the GEMMA toolbox

for R (version 4.5.0) (Pilade et al. 2025). Alpha (level
of significance) was set to 0.05 for all tests.

SYSTEMATIC PALAEONTOLOGY

Order Stomiiformes senzsz Harold & Weitzman,
1996
Infraorder Gonostomata sens# Harold, 1998
Family Sternoptychidae Duméril, 1805

Genus Argyropelecus Cocco, 1829


https://www.inaturalist.org/
http://www.fishbase.org
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Fig. 4 - TArgyropelecus iranicus n. sp., holotypic counterpart, IUGM
100896 from the Eocene of Babaheydar. A) high-resolution
photo image; B) strontium element map; C) phosphorous
clement map; D) combined element map of strontium
(red), phosphorous (green) and calcium (blue). Scale bar
equals 10 mm.

tArgyropelecus iranicus n. sp.
Figs. 3-14

Derivation of the name: From Iran, the country where the
described specimens were discovered.

Diagnosis: A deep-bodied species of Argyropelecus unique
in having the following combination of features: head length ranging
from 39.2% to 41.6% of SL; body depth between 68.2% and 71.8%
of SL; frontals slightly ornamented in the posterior region, other head
bones only feebly ornamented; parietals do not contact the sphenotic
ventrally; preopercle bearing two spines almost perpendicular to each
other; vertebral column containing 36 vertebrae (15 precaudal and
21 caudal); anterior caudal vertebrae bearing expanded and spatulate
neural and haemal spines; ten pairs of ribs, the two posterior notably
shorter; dorsal blade oriented subvertically and moderately protrud-
ing from the dorsal margin of the body; dorsal fin includes nine rays
supported by eight pterygiophores; anal fin with 13 rays supported by
12 pterygiophores; basipterygium elongated, bearing a slightly curved
ischial process and a broad and ventrally directed iliac process; single
iliac spine thick and vertically oriented; anal hiatus broad and almost
ovoid in outline; hypurals 1 and 2 completely coalescent; three VAV
photophore scales present, located behind the robust abdominal keel
along the ventral margin of the body.

Holotype: ITUGM 100896, a nearly complete articulated
skeleton, in part and counterpart, 37.6 mm SL. The counterpart is
incompletely preserved, missing the caudal region (Fig. 3—4).

Paratypes: ITUGM 100895, a nearly complete articulated
skeleton, 36.0 mm SL (Fig. 5); IUGM 100894, a nearly complete ar-
ticulated skeleton, 36.8 mm SL (Fig. 0).

Horizon and Locality: Pabdeh Formation, Upper Eocene;
Babaheydar, Zagros Basin, Iran.

Measurements (as % SL): Total length: 123.2-130.0; head
length: 39.2-41.6; head depth: 58.1-65.7; snout length: 1.8-2.2; or-
bit diameter: 13.5-14.4; maximum body depth: 68.2-71.8; caudal
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peduncle length: 12.2-12.7; caudal peduncle depth: 11.2-12.8; pre-
dorsal length: 52-56.3; preanal length: 70.1-71.5; prepectoral length:
32.1-35.5; prepelvic length: 63.5-64.5; dorsal-fin base length: 8.6—
9.7; anal-fin base length: 10.1-13.8. (Table 1)

Description

The body is deep and laterally compressed
(Fig. 7), its maximum depth is located just in front
of the dorsal-fin origin, tapering steeply posterior
to the pelvic fins. Overall, the skeleton is well-os-
sified. The length of the postpelvic region of the
body equals that of the prepelvic region. The head
is remarkably deep, reaching its maximum depth
at the level of the supraoccipital crest. The orbit
is large and oblong. The highly modified supraneu-
rals produce a blade-like predorsal profile. The anal
fin is short and originates just behind the dorsal-fin
base. Overall, this combination of body traits re-
sembles that of the extant species Argyropelecus olfer-
sit, A. sladenz, and A. lychnus.

The head (Fig; 8) is contained about 2.5 times
in SL. The neurocranium is deep and robust. The
ethmoid region is inadequately preserved, due to its
prevalent cartilaginous nature (see Weitzman 1974;
Carnevale 2003, 2008) but IUGM 100894 exhibits
both the supraecthmoid and lateral ethmoid, the only
two ossified elements of this region in the genus
Argyropelecus. The supraecthmoid articulates postero-
dorsally with the frontals, and posteroventrally with
the lateral ethmoid. The lateral ethmoid is short,
well-ossified and slightly concave posteriotly, form-
ing the anterior border of the orbit. The robust and
well-developed frontals are the largest bones of the
skull roof. They articulate with the supracthmoid an-
teriorly and form the dorsal margin of the orbit, be-
coming expanded posteriorly, where they articulate
with the bones of the otic region and the parietals.
The longitudinal frontal fossa is flat and separated
anteriorly, resembling the condition typical of the
species of the “A. jehnus complex’ of Baird (1971).
The outer surface of the frontals lacks pits, although
some shallow ridges can be observed in the poste-
rior region along the frontal crest. The absence of
pits might be considered as a primitive trait since
several extant species display a more pronounced
ornamentation (Baird 1971; Weitzman 1974). The
parietals are almost triangular in outline and bear
a median ridge (see Baird 1971; Weitzman 1974,
Harold 1993), which is continuous with the fron-
tal crest. The supraoccipital is well developed and
articulates with the parietals anteriorly and with the
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. TArgyropelecus iranicus 1. sp., paratype, IUGM 100895, from the Eocene of Babaheydar. A) high-resolution photo image; B) strontium
clement map; C) phosphotous element map; D) combined element map of strontium (red), phosphorous (green) and calcium (blue).
Scale bar equals 10 mm.

Fig. 6 - T Argyropelecus iranicus n. sp., paratype, IUGM 100894, from the Eocene of Babaheydar. A) high-resolution photo image; B) strontium
element map; C) phosphorous element map; D) combined element map of strontium (red) phosphorous (green) and calcium (blue).
Scale bar equals 10 mm.
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Fig. 7 - Interpretative reconstruction of the whole skeleton of TArgyropelecus iranicus 1. sp. from the Eocene of Babaheydat, based on IUGM

100894, IUGM 100895, and IUGM 100896.

fused posttemporal and supracleithrum posteriorly.
The outline of the pterotic is difficult to recognize
as the otic area is poorly preserved. The sphenotic
is moderately ornamented with an irregular shape;
this bone does not reach the ventral margin of the
parietal and articulates with the pterosphenoid me-
dially, and the prootic ventrally. The exoccipital and
epioccipital are poorly preserved. The basioccipital
is small, similar in shape to that of Argyropelecus af-
Jinis (see Weitzman 1974). The parasphenoid is long
and strongly arched and bears a ventral keel as the
other species of the genus Argyropelecus; the anterior
tip of the parasphenoid articulates with the vomer.

The orbit is large, oblong and occupies more
than half of the head length and about one-third
of its depth. The bones of the infraorbital series
are incompletely preserved. The lachrymal is broad
and subrectangular, whereas the second infraorbital
is very large and occupies the central portion of the
ventral border of the orbit. What appears to be an-
other infraorbital is tubular in shape, though its ex-
act identity remains unclear due to its taphonomic
displacement. The other infraorbitals are difficult to
recognize.

The mouth is strongly oblique. Numerous
well-spaced conical teeth with recurved tips are
present along the alveolar surface of the premaxil-

la, maxilla and dentary. The premaxilla is small and
subtriangular and bears a well-developed ascend-
ing process, similar to that of other Argyropelecus
species. The maxilla is robust, elongate and gently
curved; it occupies 70% of the total length of the
head. There are two supramaxillae. The first one is
elongate and slender, bordering most of the dorsal
margin of the maxilla. The posterior supramaxilla is
drop-shaped and located along the posterior edge
of the maxilla. The lower jaw is elongated and trian-
gular in shape, not protruding significantly beyond
the maxilla. The ventral margin of the dentary is
gently concave. The anguloarticular is almost trian-
gular in shape. The small retroarticular is partially
hidden by the anguloarticular. The outline of the
lower jaw shows remarkable similarities to that of
A. behnus described in detail by Baird (1971).

The suspensorium consists of the hyoman-
dibula, quadrate, symplectic, metapterygoid, endop-
terygoid, ectopterygoid, and palatine. The hyoman-
dibula consists of a rod-shaped vertical shaft bearing
an anterior spine (see Weitzman 1974; Carnevale
2003), and a thick dorsal articular head. The quad-
rate is deeper than wide, articulating with the angu-
loarticular through its robust articular condyle. The
symplectic is difficult to recognize in the available
specimens. The metapterygoid is the largest bone
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Fig. 8 - Interpretative reconstruction of the head of tArgyropelecus
dranicus n. sp. from the Eocene of Babaheydar, based on IUGM
100894, IUGM 100895, and TUGM 100896. Abbreviations:
ang: angular, asmx: anterior supramaxilla, bo: basioccipital, br:
branchiostegal ray, d: dentary, enp: endopterygoid, epo: epioc-
cipital, exo: exoccipital, I: lachrymal, fr: frontal, h: hyomandibu-
lar, io: infraorbital bones, iop: interopercle, le: lateral ethmoid,
mtp: metaptererygoid, mx: maxilla, op: opercle, pa: parietal,
pas: parasphenoid, pmx: premaxilla, pop: preopercle, pt+scl:
posttemporal+supracleithrum, pro: prootic , psmx: posterior
supramaxilla, pto: pterotic, pts: pterosphenoid, q: quadrate, rar:
retroarticular, se: supracthmoid, soc: supraoccipital, spo: sphen-
otic, sop: subopercle. Scale bar equals 10 mm.

of the suspensorium; it is trapezoidal in shape with
a more ossified posterodorsal region. It contacts
the endopterygoid
anteriorly, the ec-
topterygoid — an-
teroventrally, and

the quadrate ven-
trally. The endop-
terygoid is small-
er and almost
rectangular in
outline. The boo-
merang-shaped

ectopterygoid  is

visible only in
Fig. 9 - Interpretative reconstruction of IUGM 100895.
the distal portion of the preo- The palatine is

petcular bone of TArgyropelecus
‘ranicus n. sp. from the Eocene
of Babaheydar, based on IUGM
100894, TUGM 100895, and
TUGM 100896. Scale bar equals
2 mm.

only partially ex-
posed in the avail-
able material; it
is not possible to

Fig. 10 - Interpretative reconstruction of the hyoid apparatus of
TArgyropelecus iranicus n. sp. from the Eocene of Babaheydar
based on TUGM 100894, TUGM 100895, and IUGM
100896. Abbreviations: br: branchiostegal ray, cha: anterior
ceratohyal, chp: posterior ceratohyal, hhd: dorsal hypohyal,
hhv: ventral hypohyal, ih: interhyal, uh: urohyal. Scale bar
equals 5 mm.

determine whether one or more rows of palatine
denticles are present as in extant Argyropelecus spe-
cies (Baird 1971; Weitzman 1974).

The opercular series consists of vertical-
ly elongated bones, resembling those of the other
congenerics. The preopercle (Figs. 8-9) is deep and
narrow, L-shaped, with a short anterior arm; the lat-
erosensory canal is covered by a well-ossified lamel-
la originating from the medial ridge. Like in +.47gy-
ropelecus logearti and A. sladeni (see Baird 1971), the
preopercle bears two spines perpendicular to each
other, one of which is robust, stout and vertically
oriented, the other being slender and longer, ex-
tending posteriorly just beyond the posterior edge
of the preopercle (Fig. 9). The opercle is vertically
oriented, subrectangular in shape and covers ap-
proximately two-thirds of the head depth; it shows
a thick median ridge but there is no evidence of
pits on the surface. The subopercle is small and sub-
triangular in outline and lies ventral to the opercle.
The interopercle is visible only in the holotype; it
has a subtriangular outline and is located beneath
the ventral end of the preopercle.

The hyoid apparatus (Fig. 10) is inadequate-
ly preserved. The dorsal hypohyal is slightly larger
than the ventral hypohyal. The anterior ceratohy-
al is narrow, elongate, and expanded posteriotly; it
has a concave ventral margin that supports at least
four branchiostegal rays. The posterior ceratohy-
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Fig. 11 - Interpretative reconstruction of the caudal skeleton of T.4r-
gyropelecus iranicus n. sp. from the Eocene of Babaheydar, ba-
sed on IUGM 100894, IUGM 100895, and ITUGM 100896.
Abbreviations: ep: epural, hyp: hypural, hs: haemal spine,
ns: neural spine, phy: parahypural, un: uroneural. Scale bar
equals 5 mm.

Fig. 12 - Interpretative reconstruction of the dorsal blade ske-
leton of TArgyropelecus iranicus n. sp. from the Eocene of
Babaheydar based on IUGM 100894, IUGM 100895, and
TUGM 100896. Abbreviations: dfr: dorsal fin ray, epn: epi-
neural, ns: neural spine, pr: dorsal-fin pterygiophores, ep:
epural, hyp: hypural, hs: hemal spine, ns: neural spine, phy:
parahypural, sn: supraneural un: uroneural. Scale bar equals
5 mm.

al is smaller than the anterior ceratohyal; it slight-
ly exceeds the half of the length of the anterior
ceratohyal and bears at least three robust, expand-
ed, plate-like branchiostegal rays. The urohyal is
well-developed and ossified, nearly as long as the
anterior ceratohyal; it is distally forked, resembling
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the Y-shape morphology described by Baird (1971),
with the ventral portion being longer and lacking
flanges or laminae.

The vertebral column consists of 36 vertebrae
of which 15 are abdominal and 21 are caudal. The
vertebral column is sub-horizontal, exhibiting only
a slight kyphotic curve at the transition between
the abdominal and caudal vertebrae, resembling the
condition of deep-bodied Argyropelecus species, A.
olfersii (Cuvier, 1829), A. sladeni (Regan, 1908) and
A. lychnus (Garman, 1899) (see Baird 1971). The ab-
dominal portion consists of robust vertebrae, the
most anterior ones being higher than long and be-
coming subquadrangular in shape posteriorly in the
series. The anterior caudal vertebrae are subquad-
rangular in shape, becoming progressively more
clongate from the twelfth vertebra backward. The
neural and haemal spines are prominent, those in
the central portion of the vertebral column are re-
markably expanded and spatulate. The neural spines
of the vertebrae of the caudal peduncle are thinner
and shorter. The haemal spines of the eighth, ninth
and tenth caudal vertebrae are modified to accom-
modate the anal hiatus, which houses the large anal
photophore (as in the “Argyropelecus lychnus complex’
species; Baird 1971). The four posterior abdomi-
nal vertebrae bear expanded parapophyses gradu-
ally increasing in size posteriorly. Ten pairs of ribs
occur on the abdominal vertebrae from the third
backward; the eight anterior ribs are enlarged and
extend ventrally to reach the specialized scales along
the ventral margin of the body, or, the pelvic gir-
dle, whereas the two posterior ribs are thinner and
shorter and placed behind the pelvic girdle. Eight
epineurals can be observed in the holotype, while
TUGM 100895 has 11.

The caudal skeleton (Fig. 11) is robust and
well-ossified. The first preural centrum and two ural
centra are fused into a single compound centrum.
The parhypural is autogenous without a parhypu-
rapophysis. The hypurals are autogenous. The first
and the second hypurals are fused at least proximal-
ly. Co-ossification of the first and second hypurals
has been observed in several _Agyropelecus species
(e.g., Argyropelecus aculeatus, A. hemigymnus, A. lychnus,
A. olfersii and, A. sladenz; Weitzman 1974). Howev-
et, it is unclear whether the third, fourth, and fifth
hypurals are fused to each other or not; the sixth
hypural is separate from the other upper hypurals.
A thick uroneural is fused with the compound cen-
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Fig. 13 - Interpretative reconstruction of the postabdominal region
and anal fin region, showing the modified structure hosting
the anal hiatus of TArgyropelecns iranicus n. sp. from the Eoce-
ne of Babaheydar based on IUGM 100894, IUGM 100895,
and TUGM 100896. Abbreviations: afr: anal fin rays, ah: anal
hiatus, pr: anal-fin pterygiophores, v: vertebrae. Scale bar
equals 5 mm.

trum. There is
a single flat and
anteroposterior-
ly expanded ep-
ural that is par-
tially covered by
the uroneural.
The caudal fin
is forked, with
subequal  lobes
and there are 19
(9+10) principal,
distally bifurcate,
caudal-fin

vav-sca

rays.
There are at least

ten dorsal and six

Fig. 14 - Interpretative reconstruction of
the pelvic girdle of tArgyropele-
cus iranicus 1. sp. from the Eo-
cene of Babaheydar based on
TUGM 100894, TUGM 100895,
and TUGM 100896. Abbrevia-
tions: ils: iliac spine, isp: ischial
process, Ir: long ribs, m-sca: mo-
difed scales, pfr: pelvic fin rays,
st: short tibs, vav-sca: VAV sca-
les. Scale bar equals 5 mm.

ventral procurrent
rays.

The  dor-
sal fin (Fig. 12) is
preceded by eight
anteroposteriorly
expanded supran-
The first

eurals.

supraneural is notably curved whereas the others
are more straight and obliquely oriented. Each su-
praneural is expanded distally and together form a
robust dorsal blade. The two posterior supraneu-
rals are fused distally, forming the dorsal tip of the
dorsal blade that protrudes from the dorsal margin
of the body, following a subvertical direction (as in
Argyropelecus gigas, A. lychnus, A. olfersii, A. sladenitA.
bulloki and +A. priscus). The dorsal fin consists of
nine distally bifurcated rays supported by eight ro-
bust pterygiophores, with the first one also support-
ing a supernumerary ray.

The anal fin is well-preserved only in IUGM
100895. It consists of 13 distally bifurcated rays sup-
ported by 12 pterygiophores. The first anal-fin ray
is supernumerary on the first pterygiophore. Each
pterygiophore has a thick central axis that bears an-
terior and posterior bony laminae (Fig. 13); the an-
teriormost six pterygiophores are long and straight,
while the seventh and eighth are notably curved due
to the presence of the anal hiatus in between, which
is a synapomorphy shared by all the Argyropelecus
species (Baird 1971; Harold, 1993; Carnevale 2003).

The pectoral girdle is deep and robust; the
outer surface of its bones is extensively ornament-
ed with numerous pits of different sizes and shapes.
The posttemporal is fused with the supracleithrum
(Fig. 8) as in other Argyropelecus species (Weitzman
1974; Carnevale 2003) and is in contact with the an-
terodorsal margin of the cleithrum. The cleithrum
is the largest bone of the pectoral girdle; it is sig-
moid in shape, with the dorsal portion being wider
and much more developed than the ventral portion.
The coracoid is hourglass-shaped. The scapula is
pierced by a large scapular foramen. There are four
pectoral-fin radials that articulate with at least seven
rays (Table 1).

The pelvic fin consists of at least seven rays.
The basipterygium (Fig. 14) is slender and verti-
cally oriented, contacting the distal tips of the two
posterior elongate ribs. The ischial process is more
curved than that described by Weitzman (1974) for
the extant Argyropelecus species. The iliac process
and iliac spine are broad, well-ossified, and posteri-
orly directed. Only a single thick and ventrally ori-
ented postabdominal spine can be recognized.

+Argyropelecus iranicus 0. sp. lacks most of body
scales as in other species of the genus Argyropelecus
(Baird 1971; Harold 1993; Weitzman 1974; Carnev-
ale 2003), the ventral margin of the body is charac-
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A. aculeatus  A. affinis A. gigas A. hemigymnus  A. lychnus A olfersii  A. sladeni  tA. bullocki ~ TA. priscus tA. logearti TA. zagrosensis  TA. iranicus
Measurements
MaxSL 46 51 52 30 40 50 43 39 27 42 316 37.6
Body depth 38 23 29 17 28 34 25 61.5-78.5 60-74 85 43.13-43.3 68.2-71.8
Head length 14 15 17 10 14 16 14 46.2-50.5 40-43 33.3-415 29.9-32.8 39.2-41.6
Head depth 31 21 25 15 26 30 21 53.9-72.4 50-58 bsY 355-37 58.1-65.7
Predorsal distance 23 26 27 15 21 26 23 ? ? 43.8-65.9 48-50.7 52-56.4
Preanal distance 30 31 32 17 25 32 28 ? ? 68.8-80.5 63.3-66.8 70.1-71.5
Prepelvic distance 26 25 28 14 24 26 23 ? ? 59.4-69 48.7-48.8 63.5-64.5
Counts
Total vertebrae 34-36 38-40 38-39 36-39 36 36-38 35-37 37-38 35-36 38 38 36
Dorsal-fin rays 9 9 9-10 8 9 9 9 9 7-8 8 8 9
Anal fin rays 12 12-13 12-13 11 11-13 12 12 12 11-12 11 10 13
Pectoral-fin rays 9-11 11-12 11 9-11 10-11 10-11 10-11 11 ? 9 4+ T+
Pelvic-fin rays 6 6 6 6 6 6 6 ? ? 6 5+ 7+
Iliac spines 2 2 2 1 2 2 2 2 2 1 0 1
VAV photophore scales ? 4+ ? 4 4+ ? ? 3+ ? 4 7 3
Traits
Parietal contact with
. No Yes Yes No No No No ? ? No Yes No
sphenotic
Canine fan-like on lower
X Present Present Present Absent Present Present Absent ? ? Absent Absent Present
jaw
Dorsal-fin blade high low low high high high high high High high low high
Ventral preopercular spine  Medium size Long Long Medium size Long Long Short ? Short Short Long Short
Posterior preopercular
) Medium size Short Short Medium size Long Short Long ? Medium size Long Short Long
spines
Highl, Not ver Not ve Highl, Highl Highl Highl Highl Highl,
Anal hiatus region e & v Highly modified e e e e e Highly modified ~ Not very modified e
modified modified  modified modified modified modified modified modified modified
Spines of postabdominal ?
b Spatulate Slender Slender Spatulate Spatulate Spatulate Spatulate Spatulate Spatulate Slender Spatulate
vertebrae

Tab. 1 - Summary of major morphological features of T.A. iranicus n. sp., TA. zagrosensis n. sp. and other Argyropelecus species. Includes new data
and data from Badcock (1984), Baird (1971,1986), Carnevale (2003), David (1943), Jerzmadska (1968), Schultz (1964).

terized by the presence of a robust abdominal keel
made of 12 stiff bony scales, extending from the
ventral margin of the coracoid to the anal-fin ori-
gin. Three of these modified scales are also visible
just anterior to the caudal fin. These scales likely
supported ventral bioluminescent photophores as
in extant Argyropelecus species (Baird 1971; Baird &
Eckardt 1972; Weitzman 1974; Mensinger & Case
1990; Hoar et al. 1997) (Figs. 3—6). What seems to
be presence of possible soft tissue, especially in the
abdominal region is evident in the P and S maps
(Figs. 3—06). This is the area where extant .Argyrope-
lecus species exhibit a high number of photophores,
which apparently also correlate with the elevated
sulphur concentrations in the specimens (Fig. 3). In
+A. iranicus, traces of the photophore indicate the
presence of the abdominal series (AB), of the anal
series (AN) in the anal hiatus region, as well as of
the preanal (PAN), suprabdominal (SAB), and sub-
caudal series (SC) (see Baird 1971).

tArgyropelecus zagrosensis n. sp.
Figs. 15-23

Derivation of the name: The specific name refers to the
Zagros Basin, Iran

Diagnosis: A narrow-bodied species of Argyropelecus that is
unique by the following combination of features: head length rang-
ing from 29.9% to 32.8% of SL; body depth between 43.1% and
43.3% of SL; frontals ornamented with short ridges in the posterior
region, other head bones not ornamented; parietal articulating with
the sphenotic ventrally; preopercle bearing two spines perpendicular
to each other, the vertically-directed being longer; vertebral column
comprising 38 vertebrae (15 abdominal and 23 caudal); neural and
haemal spines of the anterior caudal vertebrae slender; nine pairs of
ribs, the posterior of which is considerably shortert; tip of the dorsal
blade only slightly protruding from the dorsal margin of the body;
dorsal fin includes eight rays supported by seven pterygiophores; anal
fin includes ten rays supported by nine pterygiophores; iliac spine
absent; anal hiatus present, not involving strong modification of the
anal-fin pterygiophores, similar to that of species of the “Argyropelecus
affinis complex’; hypurals 1 and 2 fused at least proximally; seven spe-
cialized scales present along the ventral margin of the body between
the pectoral girdle and the anal-fin origin.
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Fig. 15 - tArgyropelecus zagrosensis n. sp., holotype, IUGM 100893, in part and counterpart from the Eocene of Babaheydar. A) high-
resolution photo image (part); B) phosphorous element map; C) strontium element map; D) sulfur element map; E) titanium
element map; F) combined element map of strontium (red) and phosphorous (green); G) combined element map of strontium
(red), phosphorous (green) and calcium (blue); H) high-resolution photo image (counterpart); I) phosphorous element maps; J:)
strontium element; K) sulfur element map; L) titanium element map; M) combined element map of strontium (red) and phospho-
rous (green); N) combined element map of strontium (red), phosphorous (green) and calcium (blue). Scale bar equals 10 mm.
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Fig. 16 - T Argyropelecus zagrosensis n. sp., paratype, JUGM 100892, from the Eocene of Babaheydat. A) high-resolution photo image; B) phos-
phorous element map; C) strontium element map; D) sulphur element map; E) titanium element map; F) combined element map of
strontium (red) phosphorous (green) and calcium (blue). Scale bar equals 10 mm.

Holotype: IUGM 100893, a neatly complete articulated
skeleton, in part and counterpart, 31.6 mm SL (Fig. 15).

Paratype: IUGM 100892, a nearly complete articulated skel-
eton, 29.8 mm SL (Fig. 106).

Horizon and Locality: Pabdeh Formation, Upper Eocene;
Babaheydar, Zagros Basin, Iran.

Measurements (as % SL): Total length: 124.0; head length:
29.9-32.8; head depth: 35.5-37; snout length: 2.6; orbit diameter:
11.9-15.4; maximum body depth: 43.1-43.3; caudal peduncle length:
13.8-17; caudal peduncle depth: 5.9-7.3; predorsal length: 48.0-50.7;
preanal length: 63.3—66.8; prepectoral length: 23.9-29.2; prepelvic
length: 48.7; dorsal-fin base length: 8.1-8.8; anal-fin base length:
14.0-20.1 (Table 1).

Description

The body (Figures 15, 16, 17) is laterally com-
pressed with a moderately deep prepelvic region;
the postpelvic region is narrower and elongate,
representing about 1.5 times the length of the pre-
pelvic region. Overall, the head bones are moder-
ately thick and less ossified than those of the oth-
er Argyropelecus species (see Baird 1971, Weitzman
1974). The mouth is large with a strongly oblique
gape. The orbit is large and the distribution of the
preserved pigment of the eyeball suggests that the
eyes were telescopic in origin with dorsally oriented

lenses (see Figs. 15E, 15L and 15D). The caudal pe-
duncle is elongate and slender, and the caudal fin is
forked with elongate lobes. The anal fin originates
behind the posterior end of the dorsal fin.

The head is contained about 3.3 times in SL.
The overall structure of the head skeleton (Fig, 18),
coupled with the subhorizontal dorsal profile of
the neurocranium, is indicative of a certain degree
of morphological similarity with the extant species
Argyropelecus affinis and A. gigas. The ethmoid region
is inadequately preserved. The vomer is scarcely
recognizable in the holotype. The frontals are the
largest bones of the skull roof and form the dorsal
margin of the orbit; they taper anteriorly, becoming
expanded posteriorly showing a frontal crest only
weakly ornamented with ridges, some of which
continue posteriorly on the parietals. The pariet-
als are robust and subrectangular in shape, bearing
a small crest connected with the frontal one. The
pterosphenoid is elongated, narrow, gently curved,
similar to that of +.4. /ogeartz, and forms part of the
posterior wall of the orbit (Carnevale 2003). The
sphenotic is subtriangular, vertically oriented and



New Argyropelecus species from the Eocene of Iran 617

““

Fig. 17 - Interpretative reconstruction of the whole skeleton of tArgyropelecus zagrosensis n. sp. from the Eocene of Babaheydar, based on

TUGM 100892 and TUGM 100893.

Fig. 18 - Interpretative reconstruction of the head of TArgyropele-
cus gagrosensis n. sp. from the Eocene of Babaheydar, based
on ITUGM 100892 and TUGM 100893. Abbreviations: ang:
angular, asmx: anterior supramaxilla, bo: basioccipital, br:
branchiostegal ray, d: dentary, enp: endopterygoid, epo:
epioccipital, I: lachrymal, fr: frontal, h: hyomandibular, io:
infraorbital bones, iop: interopercle, le: lateral ethmoid, mtp:
metaptererygoid, mx: maxilla, op: opercle, pa: parietal, pas:
parasphenoid, pmx: premaxilla, pop: preopercle, pt+scl:
posttemporal+supracleithrum, pro: prootic, psmx: posterior
supramaxilla, pto: pterotic, pts: pterosphenoid, q: quadrate,
rar: retroarticular, se: supraecthmoid, soc: supraoccipital, spo:
sphenotic, sop: subopercle. Scale bar equals 10 mm.

notably large; this bone articulates anteromedially
with the pterosphenoid, dorsally with the frontal
and parietal, posteriorly with the pterotic, and ven-
trally mainly with the prootic. The otic and occipital
portions of the neurocranium are consistent with
those of the other Agyropelecus species. The long
parasphenoid is thin anteriorly, becoming thick and
strongly arched posteriorly, bearing an unpitted me-
dian keel-like structure.

The lachrymal
is wide, subcircular
in shape, while the
infraorbital
is subtriangular.
What appear to be
the third and fourth
infraorbital
can be observed be-
hind the second in-
fraorbital; these are
rod-like, remarkably
smaller than the first
two elements of the
series.

The premaxil-
la is short and bears
a well-developed as-
cending process. The
maxilla is elongated
and gently curved,
extending posteroventrally up to the postetior half
of the orbit. Premaxillary and maxillary teeth are not
fully preserved but their overall shape and arrange-
ment resemble those of +A. zanicus. There are two
supramaxillae; the anterior one is the largest, it is elon-
gated and covers most of the dorsal margin of the
maxilla; the posterior supramaxilla is not preserved in
the holotype and is barely visible in the paratype, be-
ing apparently similar to that of other congenerics, as
described by Weitzman (1974). The lower jaw is elon-
gated, triangular in shape, and does not extend signif-
icantly beyond the premaxilla. The dentary is slender
and less obliquely oriented compared to that of 4.
iranicus; its ventral margin is slightly concave. Dentary
teeth are small, similar to those of the upper jaw.

second

bones

Fig. 19 - Interpretative reconstruc-
tion of the distal portion of
the preopercular bone of
TArgyropelecns zagrosensis n.
sp. from the Eocene of Ba-
baheydat, based on IUGM
100892 and IUGM 100893.
Scale bar equals 2 mm.
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The quadrate is large, well-ossified and sub-
triangular in outline, with a gently curved posterior
margin. Most of the bones of the suspensorium
are only moderately preserved. The metapterygoid,
the largest bone of the suspensorium, is well-ossi-
fied and subquadrangular in shape. The endoptery-
goid is elongated and subtriangular in outline. The
ectopterygoid and palatine are difficult to recognize.
The hyomandibula is narrow and occupies about
two-thirds of the head depth. The presence of the
hyomandibular spine cannot be determined due to
coverage by other bones.

The opercular series is pootly preserved in
the holotype but its elements can be partially recog-
nized in the paratype. The preopercle (Figs. 18—19) is
L-shaped with a very short anterior arm as in other
Argyropelecus species; a long vertically directed spine
is present, along with a smaller posterior almost
horizontal posteriorly directed spine (Fig. 19). The
opercle is subquadrangular in shape and vertically
developed; its anterior margin is straight, while the
posterior one is gently convex.

The hyoid apparatus is difficult to describe
since most of its elements are preserved as feeble
impressions. The anterior ceratohyal is robust and
elongated, exhibiting a concave ventral margin, sup-
porting at least five branchiostegal rays. Although the
morphology of the posterior ceratohyal cannot be
propetly determined, it seems to bear three plate-like
branchiostegal rays. The urohyal is bifurcated distally.

The vertebral column consists of 38 vertebrae
(15+23), like Argyropelecus hemigymmnus, A. olfersii, A.
affinis, A. gigas, and the fossil species +4. logearti and
+A. bullockir. The abdominal region exhibits a slight
kyphotic curve, while the caudal region appears to be
more linear. The vertebral centra are subquadrangu-
lar, decreasing in size posteriorly. The neural spines
of the anterior abdominal vertebrae are thin and
gently curved. The neural and haemal spines of the
anterior caudal vertebrae are subvertical and narrow,
not expanded, and spatulate as in +A4. zranzus. The
neural spines of the vertebrae of the caudal peduncle
are gradually shortened backward and obliquely ori-
ented, like their opposite haemal spines. Like in the
extant species of the “Argyropelecus affinis complex’,
the haemal spines involved in the anal-fin hiatus are
not heavily modified (see Harold 1993). The poste-
rior four abdominal vertebrae bear short and thick
parapophyses. There are nine pairs of ribs, eight of
which are enlarged and extend to the ventral margin
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Fig. 20 - Interpretative reconstruction of the caudal skeleton of .47
gyropelecus Zagrosensis n. sp. from the Eocene of Babaheydar,
based on IUGM 100892 and IUGM 100893. Abbreviations:
ep: epural, hyp: hypural, hs: haemal spine, ns: neural spine,
phy: parahypural, un: uroneural. Scale bar equals 5 mm.

of the body; the last rib is thin and short and is lo-
cated behind the pelvic girdle. At least six pairs of
delicate epineurals can be observed associated with
the abdominal vertebrae.

The caudal fin (Fig, 20) is distinctly long and
forked and comprises 19 (9+10) principal rays, plus
at least nine upper and seven lower procurrent rays.
Although the caudal skeleton is not perfectly pre-
served in either of the available specimens, it appears
to be well-ossified, resembling the condition of the
other Argyropelecus species (see Weitzman 1974). The
compound centrum is ostensibly formed by the fu-
sion of the first preural and two ural centra. The first
and second hypurals are fused to each other, at least
proximally, into a subtriangular plate, as are the third,
fourth and fifth hypurals, whereas the sixth hypural
is separated from the others. Overall, the caudal skel-
eton is very similar to that of tArgyropelecus iranicus,
A. aculeatus, +A. logearts, A. hemigymnus, A. hychnus, A.
olfersii and A. sladeni (see Baird 1971; Weitzman 1974,
Carnevale 2003). There is a single subquadrangular,
plate-like uroneural fused to the compound centrum.
A plate-like epural is present between the neural spine
of the second preural centrum and the sixth hypural.
The parhypural is autogenous and lacks a parhypu-
rapophysis. Additionally, the haemal spines of the
second and third preural vertebrae are elongated and
appear to be autogenous.

The dorsal fin is preceded by eight supraneu-
rals, the first of which inserts in the first interneu-
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Fig. 21 - Interpretative reconstruction of the dorsal blade skele-
ton of T Argyropelecus zagrosensis n. sp. from the Eocene of
Babaheydar, based on TUGM 100892 and TUGM 100893.
Abbreviations: dft: dorsal fin ray, epn: epineural, ns: neural
spine, pr: dorsal-fin pterygiophores, sn: supraneural. Scale
bar equals 5 mm.

ral space (Fig. 21). The first supraneural is notably
curved whereas the other ones are straight. Fach
supraneural has an expanded distal head whose an-
terior and posterior tips are associated with those of
the adjacent elements forming collectively a robust
dorsal blade. The seventh and eighth supraneurals
are fused distally, forming the apex of the dorsal
blade, which does not protrude significantly from
the dorsal margin of the body. The dorsal fin has a
short base and inserts in the first half of the body;
there are eight distally bifurcate dorsal-fin rays sup-
ported by seven pterygiophores; the first dorsal-fin
ray is in supernumerary association on the first dot-
sal-fin pterygiophore.

The anal fin originates behind the posterior
end of the dorsal-fin base. The anal fin comprises
ten distally bifurcated rays, supported by nine ptery-
giophores; the first anal-fin rays is supernumerary
on the first pterygiophore. The first pterygiophore
is greatly elongated and thin, obliquely inclined. The
anal hiatus (Fig. 22) lies between the seventh and
eighth pterygiophores and resembles that of the
species of the “A. affinis complex’ (see Baird 1971,
fig. 15).

The pectoral girdle is well-ossified and robust,
apparently lacking any ornamentation. The post-
temporal plus supracleithrum are broad with an in-
verted L-shape. The cleithrum is sigmoid in shape,
characterized by a remarkably large ascending arm.
The ventral portion of the cleithrum is thick, termi-
nating distally into a ventrally oriented thick spine.

v16=25"
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Fig. 22 - Interpretative reconstruction of the postabdominal region
and anal-fin region, showing the modified structure hosting
the anal hiatus of T Argyropelecus zagrosensis n. sp. from the
Eocene of Babaheydat, based on IUGM 100892 and IUGM
100893. Abbreviations: afr: anal fin rays, ah: anal hiatus, pr:
anal-fin pterygiophores, v: vertebrae. Scale bar equals 5 mm.

The coracoid is broad distally and constricted in the
middle, being almost hourglass-shaped. The scapula
is pootly preserved. The pectoral-fin radials are not
preserved, and at least four long and pectoral-fin
rays are recog-
nizable, although
their number was
certainly higher in
origin.

The pelvic
girdle (Fig. 23)
and fins are locat-
ed below the dot-
sal-fin base. The
basipterygium  is
slender and ver-
tically  oriented,
articulated  with
the seventh and
eighth ribs. The
ischiatic ~ process
is wvertical, while
the iliac process
is small and lacks
any distinct spine,
serration or other

Fig. 23 - Interpretative reconstruction
of the pelvic girdle of TArgyro-
pelecus zagrosensis n. sp. from the
Eocene of Babaheydar, based
on IUGM 100892 and IUGM
100893. Abbreviations: isp: is-
chial process, 1r: elongate ribs,
m-sca: modified scales, pfr: pel-
vic-fin rays, st: short ribs, vav-
sca: VAV scales. Scale bar equals
5 mm.

ornamentation, te-
sembling the con-
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Valenciennellus

Sternoptyx

tArgyropelecus zagrosensis sp. nov. @<

Argyropelecus gigas

8 Argyropelecus affinis

tArgyropelecus iranicus sp. nov. Q(
s=8m888 Argyropelecus hemigymnus

Argyropelecus aculeatus

Argyropelecus olfersii

Argyropelecus sladeni

Argyropelecus lychnus

Fig. 24 - The tree retrieved in TNT based upon 64 characters and 14 taxa, showing the hypothetical phylogenetic relationship of T.Argyropelecus
iranicns and TArgyropelecus zagrosensis within the Sternoptichidae. Synapomorphies supporting the clades are indicated as nodes repre-
sented by black squares whose character numbers and states are placed above and below the node, respectively.

dition observed in A. affinis and A. gigas (see Baird
1971; Harold 1993). The angle between the ischiatic
and pubic processes is broad, measuring approxi-
mately 60 degrees. The pelvic fin consists of at
least five slender fin rays. There is no evidence of
postabdominal spines, a feature not observed in any
other species of the genus Argyropelecus.

There are no body scales, except for the high-
ly modified stiff bony scales at the ventral body
margin, forming a ventral keel extending from the
anterior tip of the coracoid to the anal fin, which
supported the ventral photophores. There are scales
between the pelvic and anal fins (VAV photophores
scales; see Weitzman 1974), which are longer than
those of the prepelvic scales. There are traces of a
horizontal discontinuous organic band that docu-
ment the original presence of hypaxial photophore
groups (BR, IP, OV, VAV, AC), as well as of the OP
photophores (see Figs. 15D —E, K, L. and 16D-E).

PHYLOGENETIC ANALYSIS

The analysis of 64 morphological characters
coded for 14 taxa yielded a single tree (Fig, 24), hav-
ing a tree length of 40 steps, CI of 0.941 and RI
of 0.972. The high consistency and retention indi-
ces suggest that the level of homoplasy is very low
and that, once evolved, most characters are retained
along branches and character reversal events are
relatively uncommon. The resulting tree closely re-
sembles the cladogram presented by Harold (1994,

Fig. 1), from which the character matrix was taken.
This cladogram originally included only the extant
species of _Argyropelecus.

The tree is almost completely resolved, with
the genus Argyropelecus and the subfamily Sternop-
tychinae representing monophyletic groups. In our
tree topology, Thorophos, Argyripnus, Polyipnus and
Sternoptyx are successive sister taxa to the genus Ar-
gyropelecus. The monophyly of the clade composed
by Argyripnus plus the Sternoptychinae (Polyzpnus +
(Sternoptyx + Argyropelecus) is supported herein by
three characters: presence of an anal hiatus (ch. 38
[1]); presence of the lateral processes in the rostro-
dermethmoid (ch. 39 [1]); presence of 10 PV pho-
tophores in post-larvae or adult fishes (ch. 40 [1]).

The monophyly of the subfamily Sternop-
tychinae is supported by 12 characters: body deep,
with maximum body depth comprised between 50
and 125% of SL (ch. 41 [1]); presence of the pre-
opercular spine (ch. 42 [1]); presence of at least one
iliac spine in the pelvic girdle (ch. 43 [1]); presence
of abdominal keel, composed by stiff bony scales
(ch. 44 [1]); length of the posterior ceratohyal more
than 50% of that of the anterior ceratohyal (ch. 45
[1]); posterior end of the anterior ceratohyal larger
than the anterior tip (ch. 46 [1]); pelvic girdle with
the surface turned medially and pressed against its
fellow of the opposite side (ch. 47 [1]); pelvic gir-
dle vertically disposed, bound by ligaments to the
posterior ribs (ch. 48 [1]); presence of bony ridges
or crest on parietals in continuity with frontals (ch.
49 [1]); presence of enlarged and thick ribs (ch. 50
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[1]); symplectic club-shaped and thick (ch. 51 [1]);
enlarged exoccipital pedicles (ch. 52 [1]).

The sister group relationship between Szer-
noptyx and Argyropelecus is supported by 12 charac-
ters: presence of pits, ridges, and ornamentation on
neurocranial bones or pectoral girdle or both (ch.
53 [1]); small-sized saccular otoliths (ch. 54 [1]);
rostrum of the saccular otolith very reduced (ch.
55 [1]); endopterygoid short (ch. 56 [1]); ectoptery-
goid elongate and slender (ch. 57 [1]); coronoid
process of the dentary absent (ch. 58 [1]); dorsal
limb of preopercle and hyomandibula elongate (ch.
59 [1]); dorsal border of the quadrate articulating
with metapterygoid (ch. 60 [1]); ventral border of
the parasphenoid strongly convex (ch. 61 [1]); max-
illa slender and straight (ch. 62 [1]); more than six
rib-bearing vertebrae (ch. 63 [1]); urohyal deeply in-
cised (ch. 64 [1]).

The monophyly of the genus Argyropelecus is
supported by four characters: ossification of the
ventral limb of the posttemporal incomplete or re-
stricted (ch. 1 [1]); presence of a ventral, unpitted
median keel-like structure on the parasphenoid that
extends posteriorly beyond the point of dorsal in-
flection (ch. 3 [1]); longitudinal parietal crest turning
medially in a smooth arc (ch. 4 [1]); 12 PV photo-
phores in the abdominal keel present (ch. 5 [1]).

The Argyropelecus clade shows a distinct di-
chotomy formed by the lineage of low-bodied spe-
cies (tA. zagrosensis n. sp., A. gigas, and A. affinis) sis-
ter to the clade including the deep-bodied species
(tA. iranicus n. sp., A. bemigymnus, A. aculeatus, A.
olfersii, A. sladeni, A. lychnus). The low-bodied species
are in a polytomous relationship that is supported
by four characters: first and second hypurals com-
pletely fused, forming a hypaxial hypural plate (ch.
6 [1]); lateral process of the infrapharyngobranchial
of the third gill arch extending to the cartilaginous
tip (ch. 8 [1]); ischial and pubic processes of each
side of the pelvic girdle separated by a broad angle
of about 60° (ch. 9 [1]); and widely spaced postetior
IC photophores (VAV and AC) (ch. 10 [1]). .A. gigas
is distinguished by a single autapomorphy (long and
straight second gill arch; ch. 29 [1]), whereas A. af
Jinis exhibits two autapomorphies: anterodorsal sur-
face of the ventral part of the cleithrum produced
into an acute spine-like angle (ch. 27 [1]); and pits
on the medial and dorsal surfaces of the anteroven-
tral section of the cleithrum present (ch. 28 [1]).
tA. zagrosensis n. sp. shows a single autapomorphy,

namely the absence of the iliac spines in the pelvic
girdle (ch. 43 [0]).

The position of +.A4. iranicus n. sp. as a sister
taxon to the clade composed of all extant deep-bod-
ied Argyropelecus is supported by two characters:
neural and haemal spines in the median region very
expanded and spatulate (ch. 12 [1]); seventh and
eighth pterygiophores of the anal fin extremely
modified to accommodate the anal hiatus (ch. 13
[1]). The extant deep-bodied Argyropelecus species
are united by two characters: presence of a dorsally
directed “spine” on the posterodorsal margin of the
parhypural (ch. 11 [1]); and presence of a blade-like
process extending anteriorly to the iliac spine, trian-
gular in shape and aligned with the modified scales
(ch. 17 [1]).

The position of A. hemigymnus as a sister tax-
on to A. aculeatus is supported by five characters:
tip of the dorsal blade expanded and high, largely
protruding from the dorsal margin of body (ch. 22
[1]); shafts of the seventh and eighth supraneurals
fused only for the distal third of their length (ch. 23
[1]); presence of lateral wing-like processes on the
posterior process of the dorsal blade (ch. 24 [1]);
anterior margin of the tenth neural spine tightly
bound by connective tissue to the expanded neural
spine immediately anterior (ch. 25 [1]); and dorsal
process of the second hypobranchial located poste-
riotly (ch. 26 [1]).

The position of A. offersii as a sister taxon to
the clade composed by A. sladeni plus A. hchnus is
supported by two characters: triangular posterior
process of the dorsal blade elongate, contacting the
anterior region of the dorsal fin (ch. 19 [1]); teeth
of the fused tooth plate of the fifth ceratobranchial
placed only in the very proximal end (ch. 20 [1]).

Finally, the position of A. sladeni as sister to
A. lychnus is supported by a single trait: shape of the
third infrapharyngobranchial straight and not great-
ly expanded at either ends (ch. 21 [1]).

Geometric morphometric analysis

The Relative Warp analysis identified 96 axes
(RWs), with the first three together accounting for
90.24% of the total morphological variability. A
scree-plot (Fig. 25) was used to visualize the varia-
bility explained by each RW axis, showing that only
the first three axes explain over 5% of the variation.
Morphological variation among taxa was examined
by analyzing the distribution of genera within the
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Fig. 25 - Scree-plot of the first ten RW components illustrating the
percentage of explained variance of each axis.

morphospace defined by these three axes. Consen-
sus shape and vectors of relative landmark displace-
ment showing shape changes from the consensus
shape are reported in Figure 26.

The first RW axis describes the elongation
of the body and represents the contrast between
deep-bodied and slender shapes (Fig, 27). Extreme
negative RW1 values are occupied by genera such as
Danaphos and Sonoda, characterized by slender bod-
ies with no abdominal keel; conversely, in positive
values lie deep-bodied genera having prominent
abdominal keel (e.g., S7ernoptyx). RW2 explains the
variation in the relative position of the tip of the
dorsal blade and of the pelvic girdle, as well as the
relative position of the caudal fin in relation to the
first vertebrae (Fig, 27). The genus Sternoptyx (ly-
ing in positive RW2 values) has a dorsal-blade tip
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aligned with the pelvic girdle conversely, most spec-
imens of the genus Argyropelecus (particularly those
of the ‘lchnus complex’) and Maurolicus, which lie
on negative RW2 values, have a dorsal-blade tip an-
terior to the pelvic girdle. RW3 explains how the
abdominal keel is marked in relation to the postab-
dominal region. (Fig. 28).Taxa lying at positive RW3
values (e.g., Manrolicus and most Polypnus specimens)
show a more ovoid body, with the caudal region
that tapers gradually and more posteriorly, whereas
negative values are occupied by taxa with a marked
difference in depth between the abdominal and
caudal region, with this latter steeply tapering at the
anal-fin origin (e.g., Danaphos).

The morphospace occupation shows that
the genera are well separated from each other, with
only Polyipnus that partially overlaps the convex hulls
of Argyropelecus, indicating that some taxa of both
genera show similar overall body physiognomy. As
far as the genus Argyropelecus is concerned, the con-
vex hulls of the “A. affinis complex’ (including +.4.
zagrosensis) and “A. lehnus complex’ (including 4.
iranicns) are completely separated in the plot formed
by the first two RW axes, whereas they show par-
tial overlap in the morphospace built on RW1 and
RW3, suggesting that the two complexes differ con-
siderably in the overall body physiognomy. Note-
worthy, +4. zagrosensis n. sp. occupies the extreme
periphery of the morphospace on negative values
of RW1, resulting in a considerable contribution to
the overall disparity of the genus.
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Fig. 26 - A) Consensus shape. B) Vectors of relative landmark displacement showing shape changes from the consensus shape.
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axis. Full dots represent extant taxa, “x” indicate fossil taxa and stars mark the position of the new fossils T.A4. iranicus n. sp. and T.A4.

Xagrosensis n. sp.

The quantitative morphospace occupation
of the Sternoptychidae is also supported by the
non-parametric tests PERMANOVA and ANO-

SIM (Tables 2 and 3), both of which indicate that
‘A. affinis complex’ and “A. hehnus complex’ signif-

icantly occupy different regions of the morphos-
pace relative to each other and the other genera (p
< 0.05).

The Partial Least Square analysis (PLS) re-
vealed a moderate and significant positive correla-
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Fig. 28 - Morphospace plotted on the first and the third RW axes. Deformation grid plots illustrate the shapes lying at extreme values along
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each RW axis. Full dots represent extant taxa, “x” indicate fossil taxa and stars mark the position of the new fossils 1.4. ranicus n. sp.

and T4. zagrosensis n. sp.
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A. affinis A. lychnus
Argyripnus Polyipnus Sternoptyx Danaphos Maurolicus Sonoda Thorophos Valenciennellus

complex complex
Argyripnus 94.86 23.27 146.90 313.40 30.00 59.64 31.35 30.56 32.76
A affnis 0.0001 31.17 15.40 166.60 120.60 298.70 129.70 98.82 156.10
complex
A bt 0.0006 0.0002 18.66 175.10 49.25 115.70 5451 43.62 63.42
complex
Polyipnus 0.0002 0.0001 0.0003 262.50 249.10 604.90 246.40 194.40 303.50
Sternoptyx 0.0003 0.0001 0.0001 0.0001 371.70 1043.00 306.60 227.60 416.20
Danaphos 0.0173 0.0003 0.0031 0.0012 0.0025 31.38 27.39 27.13 37.36
Maurolicus 0.0008 0.0001 0.0001 0.0001 0.0001 0.0049 133.50 136.20 157.20
Sonoda 0.0185 0.0004 0.0042 0.0005 0.0025 0.0997 0.0046 0.83 3.08
Thorophos 0.0480 0.0024 0.0152 0.0034 0.0105 0.0988 0.0187 0.5974 7.05
Valenciennellus 0.0082 0.0001 0.0011 0.0002 0.0008 0.0302 0.0016 0.0548 0.0646

Tab. 2 - PERMANOVA nonparametric tests used to assess significant differences in morphospace occupation between the 10 groups; p-values

are in white cells on the down/left side of the matrix, F-values are in grey cells, on the up/right side of the matrix.

Argyripnus A. affinis complex  A. lychnus complex Polyipnus Sternoptyx Danaphos Maurolicus ~ Sonoda  Thorophos — Valenciennellus

Argyripnus 0.9892 0.7236 0.9998 1.0000 1.0000 0.9662 1.0000 1.0000 1.0000
A affinis complex 0.0001 0.5047 0.2746 0.9964 1.0000 09998  1.0000  1.0000 1.0000
A. bychnus complex 0.0003 0.0001 0.3838 1.0000 0.9889 0.9811 1.0000 1.0000 0.9931
Polyipnus 0.0001 0.0002 0.0011 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Sternoptyx 0.0003 0.0001 0.0001 0.0001 1.0000 1.0000 1.0000 1.0000 1.0000
Danaphos 0.0177 0.0004 0.0050 0.0011 0.0025 1.0000 1.0000 1.0000 1.0000
Maurolicus 0.0007 0.0001 0.0001 0.0001 0.0001 0.0037 10000 1.0000 1.0000
Sonoda 0.0202 0.0002 0.0032 0.0006 0.0017 0.0974 0.0061 -0.0833 0.3333
Thorophos 0.0479 0.0019 0.0172 0.0055 0.0098 0.0908 0.0168 0.7003 0.8214
Valenciennellus 0.0064 0.0002 0.0006 0.0004 0.0007 0.0276 00009 00589  0.0681

Tab. 3 - ANOSIM nonparametric tests used to assess significant differences in morphospace occupation between the 10 groups; P-values are
in white cells on the down/left side of the matrix, R-values ate in grey cells, on the up/right side of the matrix.

tion between body shape and vertical distribution
(r=0.54; p < 0.05), suggesting that morphological
differences might be related to vertical habitat par-
titioning in the water column (Fig; 29). In particular,

elongate and tapered bodies with elongated postab-

dominal region, dorsal blade low or absent, and no
abdominal keel are associated with shallow water
taxa. Conversely, deep-bodied taxa having short

r=0.54
p=0.01

Fig. 29 - PLS analysis showing
the correlation between
morphometric variation and
the maximum vertical di-
stribution within the extant
Sternoptychidae. The x-axis
is related to the vertical di-
stribution, with the negative
values corresponding to the
shallow water, whereas deep
water corresponds to posi-
tive values. The minimum
depth value is 200 m, while
the maximum depth value is

. P

2700 m. Significance of this
correlation is shown by the
and p-values.
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Fig. 30 - Collinearity analysis performed on the first three RW axes
using the GEMMA toolbox for R (version 4.5.0) (Pilade et
al. 2025).

postabdominal region, protruding dorsal blade, and
distinct abdominal keel inhabit deeper waters. The
collinearity analysis reveals that only the first axis
(RW1) concurs to explain the correlation between
shape and vertical distribution (Fig. 30).

DiscussioNn

The morphological analysis of the new spec-
imens described in this work reveals two distinct
morphotypes exhibiting a variety of distinctive fea-
tures that support their identification as new species
of deep-sea hatchetfish, family Sternoptychidae. Ac-
cording to Weitzman (1974), the Sternoptychidae en-
compasses ten extant genera: Araiophos, Argyripnus,
Argyropelecus, Danaphos, Manrolicus, Polyipnus, Sono-
da, Sternoptyx, Thorophos, and 1V alenciennellus (Harold
1993). These genera share several synapomorphies,
such as the presence of type alpha photophores
arranged in glandular clusters, three branchiostegal
rays articulated with the posterior ceratohyal, pari-
etals separated by the supraoccipital, and absence
of basihyal and endopterygoid teeth (Harold 1993).
Harold & Weitzman (1996) recognized more than
20 characters supporting the monophyly of the
Sternoptychidae in a subsequent phylogenetic anal-
ysis of stomiiform fishes. However, they also not-
ed that only two of these characters are unique and
unreversed: the separation of the parietals by the
supraoccipital and the arrangement of the photo-
phores in clusters, a result of their development by
budding (see Ahlstrom et al. 1984). In our case, the
presence of type alpha photophores associated with
the modified scales of the ventral keel, the hypurals
142 fused, and the absence of endopterygoid teeth
support the assignment of the material described in
this work to the deep-sea hatchetfish family Ster-
noptychidae.

Within the family Sternopychidae, the Ster-
noptychinae is a monophyletic clade diagnosed by
more than 30 synapomorphies (Baird 1971; Weitz-
man 1974; Harold 1993; Harold & Weitzman 1996),
among which body depth more than 30% of SL,
presence of a distinct abdominal keel, prominent
frontal crest followed by the parietal crest, ribs en-
larged and preopercular spines unquestionably sup-
port the assignment of +A4. iranicus n. sp. and 4.
zagrosensis 0. sp. to the subfamily Sternoptychinae.

The genus Argyropelecus is supported by sev-
eral synapomorphies exhibited by both t+.A. iranicus
n. sp. and tA. gagrosensis n. sp., including the pres-
ence of a ventral, unpitted median keel-like struc-
ture on the parasphenoid that extends posteriorly
beyond the point of dorsal inflection, and the pres-
ence of the modified scales of the abdominal keel
that likely supported photophores in origin (Harold
1993). The morphospace analysis also suggests that
these two species belong to the genus Argyropelecus,
indeed, both species fall within the convex hull of
this genus (divided into the two complexes in the
analysis), proving that the body shapes of this ge-
nus have been maintained over time.

According to morphological observations
and the phylogenetic analysis, +.Argyropelecus iranicus
n. sp. can be considered as the sister taxon of the
extant species belonging to the “A. Aehnus complex’
(see Baird 1971; Harold 1993) since it exhibits some
diagnostic traits of this group, including neural and
haemal spines being very expanded and spatulate in
the median region, shape of the dorsal blade, body
depth, and the structure of the anal hiatus with
greatly modified pterygiophores of the anal fin.

+A. iranicns n. sp. differs from the other
deep-bodied Argyropelecus species in having a unique
combination of meristic features. +.A4. zranicus n. sp.
differs from A. aculeatus since the former has 15
abdominal vertebrae (vs. 11 in A. aculeatns), two
short post-pelvic rib (vs. one in A. aculeatus), a single
postabdominal (pelvic) spine (vs. two A. aculeatus),
scarcely ornamented bones of the neurocranium
(vs. heavily ornamented), moderately protruding
dorsal blade (vs. remarkably protruding), ventral
preopercular spine short and stout (vs. medium
size, not particular stout), and posterior preopercu-
lar spine long and not curved (vs. medium size and
curved) (see Baird 1971; Weitzman 1974; Harold
1993). +.A4. dranicus n. sp. differs from A. offersii in sev-
eral traits: a single postabdominal (pelvic) spine (vs.
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two A. olfersii), absence of fang-like canines in the
upper jaw (vs. present in 4. offersiz), ventral preoper-
cular spine short and stout (vs. long and anteriorly
curved), and posterior preopercular spine long (vs.
short and stout) (see Baird 1971; Weitzman 1974,
Harold 1993). Two morphological features separate
+A. iranicus trom A. sladens: a single postabdominal
(pelvic) spine (vs. two A. sladeni), and the presence
of a fang-like canine in the lower jaw (vs. absent in
A. sladeni) (see Baird 1971; Weitzman 1974; Harold
1993).

tA. iranicus n. sp. differs from A. hobnus in
the following morphological features: 15 abdominal
vertebrae (vs. 11 in A. hehnus), two short postpelvic
short ribs (vs. one in A. hehnus), three VAV photo-
phore scales (vs. more than four .A. Aehnus), mod-
erately ornamented frontals and other neurocranial
bones (vs. extensively pitted), and ventral preopercu-
lar spine short and stout (vs. long) (see Baird 1971;
Weitzman 1974; Harold 1993). +A4. dranicus n. sp. dif-
ters from A. hemigymmnus by having three VAV pho-
tophores scales (vs. four in A. hemigymnus), presence
of a fang-like canine in the lower jaw (vs. absent in
A. hemigymmnus), dorsal blade moderately protruding
from the dorsal margin of the body and subvertical-
ly oriented (vs. very protruding and vertically orient-
ed), preopercular spines of different size (vs. both
equal in size), ventral preopercular spine ventrally
oriented (vs. serrated and backward oriented), and
neural and haemal spines of the caudal vertebrae
large and spatulate (vs. slender and thin) (see Baird
1971; Weitzman 1974; Harold 1993).

The comparison between +.A. zranicus n. sp. and
the three deep-bodied fossil taxa likely pertaining to
the “A. Jechnus species complex’ is challenging, due
to the limited information available for +4. bullockii
and 4. priscus (see Cosmovici & Pauca 1943; David
1943; Baird 1971; Prokofiev 2002, 2005), whereas
comparison with +4. /gearti is more reliable thanks
to the recent revision of this taxon (Carnevale 2003).
+A. iranicus 0. sp. differs from +.A. bullockii in having
a single postabdominal spine (vs. two in +.A4. bullock-
71), subvertically oriented dorsal blade (vs. vertical-
ly oriented) (David 1943). +A4. dranicus n. sp. differs
from +A. priscus in having a single postabdominal
spine (vs. two in +4. priscus), moderately ornament-
ed frontals and other head bones (vs. heavily pitted),
and posterior preopercular spine long (vs. moderate
size) (Jerzmanska 1968; Gregorova 1993; Prokofiev
2002, 2005). Finally, +.A4. zranicus 1. sp. differs from
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+A4. logearti by having 21 caudal vertebrae (vs. 26
in +A. logearti), three VAV photophore scales (vs.
four), moderately ornamented frontals and other
neurocranial bones (vs. heavily pitted), presence of
a fang-like canine in the lower jaw (vs. absent), dot-
sal blade moderately protruding and subvertically
oriented (vs. very protruding and vertically orient-
ed), size of the preopercular spine, ventral preopet-
cular spine ventrally oriented (vs. serrated and pos-
teriorly oriented), and neural and haemal spines of
the caudal vertebrae large and spatulate (vs. slender
and much thin) (see Carnevale 2003).

Geometric morphometrics also strongly
supports the inclusion of t+.A4. ranicus n. sp. in the
‘A. lyehnus complex’: the new species, as well as all
other fossil taxa known until today, belong to this
morphotype characterized by a very deep body, a
strongly protruding dorsal blade and a poortly de-
veloped postabdominal region.

The other species described herein, +.4. za-
grosensis n. sp., 1s aligned with the extant species of
the “A. affinis species complex’, which includes the
extant species A. affinis and A. gigas. +A. zagrosensis
n. sp. differs from A. affinis in having ornamenta-
tion on the frontals and other head bones highly re-
duced (vs. moderately ornamented in A. affinis), ab-
sence of iliac spines in the pelvic girdle (vs. 2 spines
present) and absence of a fang-like canine on the
lower jaw (vs. present), hypurals 1 and 2 fused (vs.
not fused) (see Baird 1971; Weitzman 1974; Harold
1993). Finally, +A4. zagrosensis n. sp. differs from A.
gigas in having ornamentation on the frontals and
other head bones (vs. moderately ornamented in
A. gigas), absence of a fang-like canine on both the
lower and upper jaw (vs. present in both jaws), dot-
sal blade scarcely-protruding and posteriotly ori-
ented (vs. moderately protruding and subvertically
oriented), hypurals 1and 2 fused (vs. not fused) and
absence of iliac spines of the pelvic girdle (vs. 2)
(see Baird 1971; Weitzman 1974; Harold 1993).

Investigation of morphospace occupation
also supports the inclusion of +A. zagrosensis n.
sp. in the ‘A. affinis complex’ representing the first
fossil species belonging to this morphotype. In ad-
dition, geometric morphometrics shows that t.4.
zagrosensis 1. sp. is the most elongate and tapered
among the species of the “A. affinis complex’ and
thus of the entire genus Argyropelecus. The study of
the morphospace occupied by this genus strongly
suggests that, like the genus Po/yipnus, it includes a
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high diversity of shapes; in particular, it is evident
that the two complexes ‘A. affinis and “A. lchnus
are well separated, where the main differences are
related to body depth and elongation and to the
caudal region.

The species of _Argyropelecus described here-
in are relevant because they indicate that the three
extant sternoptychine genera were already in exist-
ence in the Eocene and that the two morphologi-
cal groups characteristic of the genus Argyropelecus
have a deep origin, dating back to more than 40 Ma.
Moreover, the morphometric analysis of the extant
fishes in relation to their vertical distribution also
suggests that elongated and tapered forms are as-
sociated with shallow depths, while the deep-bod-
ied forms (species of the “A. Aehnus complex’) ex-
hibit a much deep bathymetric range.

CONCLUSION

The new species t.Argyropelecus iranicus n. sp.
and tArgyropelecus zagrosensis n. sp. from the Eocene
deposits of the Pabdeh Formation described here-
in shed new light on the early evolutionary histo-
ry of the genus Argyropelecus. The well-preserved
fossils documented in this study allowed for com-
prehensive analysis of their skeletal features also
thanks to the uXRF elemental mapping, Both the
phylogenetic analysis and the morphospace oc-
cupation analysis confirmed the presence of two
distinct morphotypes within the genus Argyrope-
lecus, among which the deep-bodied +Argyropelecus
Zranicus 0. sp. pertains to the so-called “A. lychnus
complex’, whereas the more slender and elongate
tArgyropelecus gagrosensis n. sp. belongs to the “A. af
finis complex’.
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