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Present-day killifishes (Cyprinodontiformes, toothcarps), known for their diversity and ecological adaptability, are
represented in Eurasia by two families that each have their own taxonomic diversity, namely the diverse Aphaniidae
(eight genera, > 40 species) and the less diverse Valenciidae (one genus, three species). The fossil record of both
families is quite extensive in the area of Western and Central Europe, but is poor elsewhere. Here we present new fossil
killifish material (consisting of 179 individuals, in many cases with otoliths in situ) from the Middle Miocene of south-
eastern Europe (that is, site Gracanica in the Bugojno Basin, Bosnia and Herzegovina) using both comparative
morphology (including meristics, osteology and otoliths) and phylogenetic analysis. For the latter, we used a
substantially expanded morphological matrix of a previous work and conducted implied-weight maximum parsimony
analyses both without constraints and with a molecular scaffold as a backbone for the extant taxa (with fossils left as
floaters). Our results show that the Bugojno killifish assemblage consists exclusively of members of two new genera of
the Valenciidae, tMiovalencia gen. nov. and {Wilsonilebias gen. nov., each of which is represented by two species
(three new and one genus reassignment). We also found that not only the saccular otolith (sagitta), which is well known
for its taxonomic information, but also the utricular otolith (lapillus) provide important taxonomic information for
generic diagnosis. The discovery of the new species from the Bugojno Basin expands the known geographical
distribution of the fossil Valenciidae to the Dinaride Lake System of south-eastern Europe. Furthermore, by surveying
previous works, we uncovered that the fossil Valenciidae were taxonomically diverse and widely distributed
geographically, which is in stark contrast with their diversity and biogeography today. Our results highlight the
importance of detailed taxonomic and phylogenetic investigations of fossil killifishes in gaining insight into the
evolutionary history of this remarkable group among today’s freshwater fish faunas.

http://zoobank.org/urn:urn:Isid:zoobank.org:pub:890009C0-2758-49AA-931F-0F63 A4E46C8E
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Introduction

The order Cyprinodontiformes Berg, 1940, commonly
known as toothcarps, represents a diverse group of typic-
ally small freshwater fish that, at time of this publication,
encompasses 1483 species (Fricke et al., 2024). They are
informally subdivided into livebearing toothcarps and
egg-laying toothcarps, with the latter commonly referred
to as killifish. Both extant and fossil Cyprinodontiformes
have been extensively studied across multiple areas of
research such as phylogeny, speciation, intra- and inter-
species morphological variability, reproduction and
development, ecology and biogeography (Costa, 2013;
Gaudant, 2002; Hernandez et al., 2018; Morcillo et al.,
2016; Shumka et al., 2020; Teimori, Iranmanesh, et al.,

2021). Generally, Cyprinodontiformes are categorized
into the suborders Aplocheiloidei Parenti, 1981 and
Cyprinodontoidei Gill, 1865. Aplocheiloidei includes
three extant and one extinct family, while
Cyprinodontoidei comprises 11 families (Braganca et al.,
2018; Pohl et al., 2015); 13 families (Piller et al., 2022).
Found in tropical and temperate waters worldwide, the
members of both suborders inhabit diverse environments,
such as freshwater lakes and brackish, alkaline and hyper-
saline water bodies, and demonstrate remarkable adapt-
ability to challenging ecological conditions (Aguilera
et al., 2019; Riesch et al., 2009; Wildekamp, 1993).
Previous attempts to establish relationships between
killifish families and genera were based on morpho-
logical characters (Costa, 1997, 1998, 2012a; Parenti,
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1981). However, recent molecular-based research has
shown that many families were incorrectly grouped due to
phenotypic convergence (Braganca & Costa, 2019;
Esmaeili et al., 2020; Rodgers et al., 2018). Although sig-
nificant progress has now been made in elucidating phylo-
genetic relationships among Cyprinodontiformes, debate
continues regarding specific families, such as Orestiidae
Bleeker, 1859 and Cubanichthyidae Parenti, 1981 (Lopez-
Solano et al., 2023; Piller et al., 2022). According to the
most recent molecular-based research (Braganga & Costa,
2019; Piller et al., 2022), the Old World (Eurasia and
Africa) Aplocheiloidei suborder encompasses two families,
namely Aplocheilidae Bleeker, 1860 and Nothobranchiidae
Garman, 1895, while the Old World Cyprinodontoidei sub-
order consists of four families: the European and Western
Asian Aphaniidae Hoedemann, 1949 (Anatolian and
Mediterranean killifish), the European Valenciidae Parenti,
1981 (Valencia killifish, Corfu or Peloponnese killifish),
and the African families Procatopodidae Fowler, 1916
(Lampeyes) and Pantanodontidae Myers, 1955. The latter
is the sister group to all other cyprinodontoid families
(from the Old World and the New World).

However, the fossil record is scarce compared to the
extant species diversity of killifish. Finds of fossil killifish
are based on skeletons, sometimes with otoliths preserved in
situ, and on isolated otoliths (found without any articulated
skeletal material). The oldest fossils that definitely belong to
Cyprinodontiformes come from the Paleocene in the New
World (Arratia & Cione, 1996) and from the Oligocene in
the Old World (Gaudant, 1982). Of the suborder
Aplocheiloidei, only a single fossil species is known from
the Upper Miocene of central Kenya (Altner &
Reichenbacher, 2015). All other fossil killifish species, from
both the New and the Old World, belong to the suborder
Cyprinodontoidei, with a particularly large number of fossil
finds from Europe (Bogan et al., 2018; Costa, 2011;
Gaudant, 2002, 2012, 2013; Reichenbacher & Prieto, 2006;
Sferco et al., 2018; Smith, 1981; Vasilyan et al., 2009).

Until the early 2000s, Old World killifish fossils were
attributed to the extant genus Aphanius Nardo, 1827
(within Aphaniidae) and to three extinct genera with
uncertain familial relationships: fProlebias Sauvage, 1874
(?Cyprinodontidae), tAphanolebias Reichenbacher and
Gaudant, 2003 (?Valenciidae) and fPalaeolebias
Reichenbacher in Reichenbacher and Weidmann, 1992
(family unknown; — see Parenti, 1981; Reichenbacher &
Gaudant, 2003; Reichenbacher & Weidmann, 1992). In a
subsequent revision, Costa (2012a) reclassified the former
tProlebias into four genera belonging to three families:
Pantanodon Myers, 1955 (Pantanodontidae), TEurolebias
Costa, 2012a (Cyprinodontidae), TProlebias (Valenciidae)
and tFrancolebias Costa, 2012a (Valenciidae). Soon
after, Gaudant (2013) established the genus f{Paralebias

Gaudant, 2013 to accommodate the fossils Costa (2012a)
had assigned to Pantanodon (note that Braganga et al.,
2018 reverted TParalebias back to Pantanodon).

Apart from fProlebias and {Francolebias, the family
Valenciidae includes the extant genus Valencia Myers,
1928, of which two extinct species were described,
namely 1V. reichenbacherae Riickert-Ulkiimen, 2006
and T1V. arcasensis Gaudant & Reichenbacher in
Gaudant et al. (2015); it probably also includes
tAphanolebias. Consequently, ancient Valenciidae com-
prised four genera (Valencia, tProlebias,
tAphanolebias, tFrancolebias; see Fig. 1), each repre-
sented by two or several species. This diversity is not-
ably higher than observed in present-day Valenciidae,
which only includes Valencia, represented by three
species: V. hispanica (Valenciennes in Cuvier &
Valenciennes, 1846), V. letourneuxi (Sauvage, 1880)
and V. robertae Freyhof, Karst & Geiger, 2014. Yet, the
factors that contributed to Valenciidae’s past success
and its subsequent decline remain unclear.

The aim of this study is to present a new, rich collec-
tion of killifish fossils from a Middle Miocene palaco-
lake (Bugojno Basin, site Gracanica) located in the
Dinarides of Bosnia and Herzegovina (Fig. 2). The
material includes articulated fossil skeletons, many with
otoliths in situ, and in some cases with anatomical
details in exceptionally good preservation. Based on
comparative morphology and phylogenetic analysis, we
show that new members of the family Valenciidae can
be identified, and we use our results in conjunction with
literature data to substantially enhance our understand-
ing of the present-day family Valenciidae in terms of its
past diversity, geographical distribution and ecology.

Geology and stratigraphy of the Bugojno
Basin palaeolake

The Bugojno Basin is located in the central Dinarides of
Bosnia and Herzegovina (Fig. 2A). It represents a Middle
Miocene palacolake that developed in an intramontane basin
on the Balkan Peninsula of the Dinarides-Anatolian Island
(Fig. 2B) during the post-orogenic evolution of the
Dinarides mountain belt (de Leeuw et al., 2012; Krstic et al.,
2012). The Bugojno Basin is part of the Miocene perennial
lake system (‘Dinaride Lake System’), which, due to its iso-
lated and long-lived character, has yielded highly diverse
and endemic faunas (Jiménez-Moreno et al., 2009; Mandic
et al., 2011; Markovic et al., 2018; Neubauer et al., 2013).
The site Gracanica in the Bugojno Basin, from which
our studied material comes, has revealed remarkable dis-
coveries of fossils including invertebrates (Hajek-Tadesse,
2020; Mandic et al., 2020), ectothermic vertebrates
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Figure 1. Otoliths and skeletons of previously described fossil species of the Valenciidae. Al, otolith preserved in situ in specimen
NHMUK PV P 76303 (this study); A2, NHMUK PV OR 28491n (NHMUK digital collection archive). B1, SMF P 3328, isolated
otolith, reinterpreted as {Francolebias rhenanus in this study (redrawn from Weiler, 1963, fig. 18, as tProlebias sp.); B2, NHMB Ru
99, holotype (from Gaudant, 1981b, pl. 1: 1). C1, SMF PO. 64369, isolated otolith (redrawn from Reichenbacher & Gaudant, 2003,
fig. 3: 3a, mirrored); C2, SMF P. 9612 (from Reichenbacher & Gaudant, 2003, fig. 2: 3). D1, otolith preserved in situ in specimen
MGUV 23390 (redrawn from Gaudant et al., 2015, fig. 9a); D2, MGUV 23388 (from Gaudant et al., 2015: fig. 8b). Scale bars for
skeletons = 5 mm, for otoliths = 0.5 mm.
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Figure 2. A, geographical position of the Bugojno Basin (black rectangle) and the locality Gracanica (black star) within the
Dinaride Lake System (DLS, light brown) in Bosnia and Herzegovina. B, palacogeographical map showing the Dinarides-Anatolian
Island and the location of the DLS. C, stratigraphical section of the Gracanica site, palacoenvironmental interpretation and position of
fish-bearing sediments. Modified from Gohlich and Mandic (2020) and Jiménez-Moreno and Mandic (2020).

(Vasilyan, 2020), mammals (van der Made, 2020) and
other groups (Gohlich & Mandic, 2020). The outcrop is
approximately 40 m thick and was deposited over 250 kyr
(14.8 to 14.55Ma) during the early Middle Miocene (early
Langhian) (Jiménez-Moreno & Mandic, 2020). From bot-
tom to top, the profile exposes two sequences, each about
20 m in thickness (Fig. 2C). The lower sequence comprises
dark, organic-rich sediments and lignite, indicating gradual
flooding of a mainland area. The upper sequence consists
of light-coloured, organic-rich marls signifying the

transition from a marsh or swamp environment to a long-
lived, progressively deepening lake, with oxygen-depleted
deeper areas and possibly slightly alkaline conditions
(Hajek-Tadesse, 2020; Jiménez-Moreno & Mandic, 2020;
Mandic et al., 2020; Pisera et al., 2019). Combined with
rapid sedimentation, these conditions appear to have pro-
moted the good preservation observed in all ectothermic
vertebrates (Vasilyan, 2020). The studied fish fossils were
found within the upper sequence, from 24 to 26 m and 30.5
to 31.5 m (see Fig. 2C and Vasilyan, 2020).
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Materials and methods

Remark

In the following, we use quotation marks to indicate
genus names of killifish species that are clearly in need
of revision. All extinct taxa are marked with a dag-

ger ‘1’.

New fossil material

The studied material comprises skeletal remains from a
total of 179 individuals. Among them, 39 exhibit
remarkably well-preserved complete skeletons with oto-
liths in their original position (that is, in situ). A further
55 specimens display otoliths in sifu, but have skeletons
of varying degrees of preservation. Most of the material
(173 specimens) is housed at the Jurassica Museum in
Porrentruy, Switzerland (the former Musée Jurassien des
Sciences Naturelles, MJSN), under the collection num-
ber MJSN GRC and serial numbers 001-068, 167-264,
334-335 (we skip MJSN in the text for better readabil-
ity) and at the Natural History Museum of Vienna (six
specimens, NHMW 001-006). For several specimens,
both part and counterpart (which may have different ser-
ial numbers) are present; others are preserved either as
part or counterpart (we consider the slab containing the
specimen with the head to the right as the part and the
specimen with the head to the left as the counterpart). A
list of specimens is provided in the Supplemental mater-
ial Table S1, sheet 1. A further specimen was donated
by Dr T. Prikryl, Prague (listed as BSPG 2024 I 80 in
the Supplemental material).

Comparative material for the study of skeletal
traits

For the comparative study of morphometric, meristic
and osteological traits, published data for extant and fos-
sil Valenciidae were compiled from the literature. For
the three extant species of Valencia, data were used
from Costa (1998, 2012a, b), Freyhof et al. (2014),
Ghedotti (2000), Ghedotti and Davies (2013) and
Parenti (1981); for {V. arcasensis, data were used from
Gaudant et al. (2015); and for fProlebias stenoura
(Sauvage, 1874), data were used from Costa (2012a, b)
and Gaudant (2012). For the four species of
tFrancolebias data were used from: Costa (2012a, b),
Gaudant (1988) and Gaudant (1989) for both TF.
aymardi and TF. delphinensis; Gaudant (1981a, b) for
TF. rhenanus; Gaudant (2016) for TF. arvernensis.
Finally, data for tAphanolebias meyeri were taken from
Reichenbacher and Gaudant (2003). Additionally, mor-
phometric, meristic and osteological data were taken for
V. hispanica based on X-ray images of three specimens

from the SNSB-Zoological State Collection (ZSM-PIS
15451, -15453 and -15454); X-ray images were pre-
pared using a Faxitron Ultrafocus facility housed in the
SNSB-ZSM. For V. letourneuxi, V. robertae and tV.
arcasensis, morphometric data were not included in the
literature sources and we took the measurements used
here on previously figured specimens. Finally, for the
comparative study of jaw bones, cleared and stained
specimens of V. hispanica (SNSB-ZSM 2070) and
Aphaniops stoliczkanus (Aphaniidae, five specimens
from Herbert Mainero et al., 2023, BSPG 2024 VII 4
(4, 6, 16, 22, 35) were available. The literature sources
and respective data are provided in detail in the
Supplemental material Table S1, sheets 2 and 4.

Comparative material for the study of otolith
traits

Data on the otoliths (sagittae and lapilli) of the three extant
species of Valencia were newly assembled (Supplemental
material Table S1, sheet 3). Otoliths (sagittae) of previously
described fossil species of Valenciidae were compiled from
Bradi¢-Milinovi¢ et al. (2021, tAphanolebias bettinae),
Gaudant et al. (2015, TV. arcasensis), Reichenbacher (1993,
tA. gubleri, tA. konradi), Reichenbacher (2000,
1 Palaeolebias’ symmetricus), Reichenbacher, Bohme, et al.
(2004, TA. konradi), Reichenbacher et al. (2019,
tA. sarmaticus), Reichenbacher and Gaudant (2003,
tA. meyeri), Reichenbacher and Kowalke (2009,
t“Aphanolebias’ angulosus, T‘Aphanius’ chios), Ruckert-
Ulkiimen (2006, 1V. reichenbacherae), Weiler (1963,
TCyprinodontidarum’ symmetricus, T*Prolebias’ sp.) and
Steurbaut (1978, 1‘Cyprinodontidarum’ angulosus). In add-
ition, SEM images were available for unpublished otolith
material of 4. meyeri (collection SMF and BSPG). All oto-
lith images provided in the mentioned literature sources and
collections were used for otolith measurements (for details of
data see Supplemental material Table S1, sheet 3).

Methods

Morphometry based on skeletal material. Thirty-
seven individuals exhibited complete bodies without sig-
nificant taphonomic distortion. These specimens were
photographed using a Leica M165 C stereomicroscope
equipped with a digital camera (type Gryphax Naos)
for subsequent morphometric analysis. Utilizing a com-
bination of measurements from previous studies
(Freyhof et al., 2017; Gaudant et al., 2015; Gut et al,,
2020; Teimori et al., 2012), 20 measurements, each with
a precision of 0.01 mm, were taken (see Supplemental
material Fig. S1). Measurements were conducted on, if
available, both the part and counterpart, or were con-
ducted twice on the same specimen, with the average
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recorded to minimize errors. All measurements were
done using ImageJ (Schneider et al., 2012) and standar-
dized based on the standard length or the head length
(Measurement/SL  x 100; Measurement/HL x 100).
Standard length (SL) was measured from the upper jaw
to the end of the hypural complex, with the most anter-
ior point taken if the jaw was distorted. In cases where
fins were complete, fin length was determined based on
the longest ray (from the base of the ray to its distal-
most point). Head depth (HD) and length (HL) were
measured at the most posterior point of the opercle. If
the SL was distorted, it was calculated based on the oto-
lith-to-SL ratio from a complete specimen within the
same group.

In addition, ratios were computed based on the most
well-preserved specimens of each genus for:

i. Pelvic bone width/length ratio, with pelvic bone
length defined as the maximum length from the
anterior to the posterior rim, and width as the
maximum width, usually situated where the medial
process is located (Supplemental material Fig. S2a).

ii. Thickness of the second and third dorsal-fin rays vs
the second and third anal-fin rays; the maximum
width of rays was measured just before bifurcation.

iii. Width of neural and haemal spines of preural
vertebra 2 relative to the width of preural vertebrae
3 and 4; each measurement was taken at the
maximum width in the distal part of the respective
spine, following Altner and Reichenbacher (2015)
(Supplemental material Fig. S2b).

Meristic counts. Vertebrae counts were categorized into
abdominal and caudal vertebrae, with the latter includ-
ing the terminal centrum. The number of rays in the
dorsal and anal fins was counted based on the total
number observed. In instances of poor ray preservation,
the count was based on the number of dorsal and anal
fin pterygiophores instead. In the dorsal fin, this count
is equal as the first ray articulates with two pterygio-
phores, subsequent rays with a single pterygiophore, and
the last ray is typically deeply branched, and is thus
counted as two (see Parenti, 1981). Conversely, in the
anal fin, the number of pterygiophores is usually one
less than that of the rays, as each ray corresponds to a
single pterygiophore, and the last ray, typically deeply
branched, is counted as two (Fig. 3A). Principal caudal-
fin rays were determined following the methodology
outlined by Arratia (2008), encompassing all branched
and segmented rays, along with the first segmented and
non-branched ray both ventrally and dorsally (Fig. 3A).
In addition, the number of caudal-fin rays supported by
the hypural plate is provided to facilitate comparison
with previous studies.

Osteology. The osteological terminology for the descrip-
tions of skull, jaw bones, abdominal and caudal skeleton
(Fig. 3A, Supplemental material Fig. S2b) adhere to the
guidelines provided by Parenti (1981), Arratia (2008),
Costa (2012a, b), Arratia et al. (2017) and Charmpila
et al. (2020).

Otoliths and teeth. Out of the total 94 specimens with
otoliths in situ, 57 specimens displayed well-preserved
sagittae, while 54 specimens contained lapilli of simi-
larly good preservation, all of which were carefully
extracted. Among these, 43 specimens presented both
sagitta and lapilli in sifu, and two presented both sagitta
and asteriscus (lagenar otolith). Furthermore, 33 teeth
were meticulously extracted from 20 specimens, with
eight specimens contributing jaw teeth and 14 specimens
providing pharyngeal teeth. All extracted sagittae, lapilli
and teeth were photographed using both light micros-
copy (Leica M165 C) and scanning electron microscopy
(HITACHI SU 5000 Schottky FE-SEM). The morpho-
logical description of the sagittaec follows Reichenbacher
et al. (2007), that of the lapilli is based on the criteria
established by Assis (2005) and Schulz-Mirbach &
Plath (2012) (Fig. 3B, D), and the terminology of the
asteriscus is according to Assis (2003).

Otolith (sagitta) morphometry. For the new fossil
sagitta material and also for the comparative sagitta
material of the three extant Valencia species, morpho-
metric measurements were conducted based on SEM
images using Image J (Supplemental material Table S1,
sheets 1 and 3). For the comparative sagitta material of
previously described fossil otoliths, the same measure-
ments were performed wusing published figures
(Supplemental material Table S1, sheet 3). Additional
comparative  sagitta material was available for
tAphanolebias meyeri in the SNSB-BSPG collection—
this was also measured (Supplemental material Table
S1, sheet 3). All measurements followed the method-
ology outlined by Reichenbacher et al. (2007) (Fig. 3C),
with values reported as a percentage of the otolith
length (OL) or otolith height (OH).

Statistical analysis and biogeographical map.
Descriptive statistics were conducted for both body
morphometry and sagitta morphometry using basic stat-
istical functions integrated in the Statistical Software R
version 4.2.3 (R Core Team, 2023).

Furthermore, we investigated differences in sagitta
morphometry (linear variables and excisura angle, see
Fig. 3C) among the valenciid genera and between the
species of the newly defined genera. To assess these dif-
ferences, we utilized the Welch-ANOVA test with the
Games-Howell Post-Hoc Test, as these tests allow hand-
ling unequal sample sizes and non-homogeneity of


https://doi.org/10.1080/14772019.2024.2412539
https://doi.org/10.1080/14772019.2024.2412539
https://doi.org/10.1080/14772019.2024.2412539
https://doi.org/10.1080/14772019.2024.2412539
https://doi.org/10.1080/14772019.2024.2412539
https://doi.org/10.1080/14772019.2024.2412539
https://doi.org/10.1080/14772019.2024.2412539

Two new genera of killifish 7

Y
T
‘VA@S —

ANG-ART IOP .

SOP

Antirostrum

Excisura

AL
\\\\\

1st Cprinr
s

2N

HYP-
Cprinr

Dpt

Last Cprinr

10 mm

Extremum anterior

Lateral margin
uibiew [eipa\

" Linea basalis

Extremum posterior

0.2 mm

Figure 3. Characters of A, the fish skeleton and B-D, otoliths. A, based on X-ray of Valencia hispanica, ZSM-PIS-15451; B, C,
based on medial view of sagittae of B, TWilsonilebias langhianus gen. et sp. nov., GRC 233 and C, tMiovalencia chios, GRC 003;
D, based on ventral view of lapillus of tW. langhianus gen. et sp. nov., GRC 236.1. Abbreviations for the skeleton: ANG-ART,
angulo-articular; Apt, anal-fin pterygiophores (1st Apt in dark blue, last one in light green); Ar, anal-fin rays (1st ray in light blue,
last one in light green); C-Dpro, caudal-fin dorsal procurrent rays; CL, cleithrum; COR, coracoid; Cprinr, caudal-fin principal rays
(shaded in dark grey); C-Vpro, caudal-fin ventral procurrent rays (light grey); DEN, dentary; Dpt, dorsal-fin pterygiophores (1st and
2nd Dpt dark blue, last one in light green); Dr, dorsal-fin rays (Ist ray in light blue, last one in light green); FRO, frontal; hs,
haemal spine; HYO, hyomandibular; HYP-Cprinr, caudal-fin principal rays supported by hypural; IOP, interopercle; MAX, maxilla;
ns, neural spine; OP, opercle; PAS, parasphenoid; Pecr, pectoral-fin rays; Pel, pelvic bone; Pelr, pelvic-fin rays; PMX, premaxilla;
POP, preopercle; Prad, pectoral radials; QUA, quadrate; SOC, supraoccipital; SYM, symplectic. Otolith measurements: a—m,
antirostrum height; al-d, antirostrum length; d’-d, dorsal length; E, excisura angle; h'~h, maximum height; I'-l, maximum length;
m’—m, medial length; P, posterior angle (h-m’-h’); PV, posteroventral angle (I'-x—h’, where ‘x’ is marked by forming a 45° angle x—

a—T); r-m, rostrum height; rl-1, rostrum length.

variances, as observed in our data (see Zar, 2010).
Statistical tests were performed using the R package
‘rstatix” (v. 0.7.2, Kassambara, 2023). fFrancolebias
was excluded from all tests as we have only one otolith
record of this genus.

For illustrating the geographical locations of previ-
ously described fossil valenciid species, the ‘giscoR’
package version 0.3.3 (Hernangémez, 2023) was
employed to retrieve country map data from the
Eurostat — GISCO (Geographic Information System of

the Commission) database. The package ‘elevatr’ (v.
0.4.2; Hollister et al., 2023) was utilized to obtain raster
elevation data for the topography.

Phylogenetic reconstructions

Preparation of matrix. The character-taxon matrix of
Costa (2012a), consisting of 89 characters and 33 in-
group taxa, was used as basis. Costa (2012a) had used
two Oryzias species (Beloniformes) and Melanotaenia
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affinis (Weber, 1907) (Atheriniformes) as outgroup.
Here we used one of his Oryzias species (O. matanensis
Aurich, 1935) and M. affinis as outgroup because both
Beloniformes and Atheriniformes are closely related to
Cyprinodontiformes (Betancur-R et al.,, 2013, 2017
Hughes et al., 2018). To this matrix, we added 10 spe-
cies and 27 characters. The complete dataset now con-
sists of 43 in-group species (13 of which are fossil
species) and 116 characters (Supplemental material
Table S1, sheet 6).

The 10 newly added species comprise seven fossil
valenciids (fAphanolebias meyeri (Agassiz, 1839),
tFrancolebias rhenanus (Gaudant, 1981a), tF. arver-
nensis Gaudant, 2016 and the four new species of our
study), the extant species V. letourneuxi (note that the
one identified as V. letourneuxi in Costa 2012a, b origi-
nated from the Pinios River, Greece and is now V. rob-
ertae), and a second representative each of the
Procatopodidae  (‘Lacustricola’  johnstoni  (Giinther,
1984)) and the Pantanodontidae (Malagadon madagas-
cariensis (Arnoult, 1963)). Character information for the
newly added fossil wvalenciids were taken from
Reichenbacher and Gaudant (2003), Gaudant (1981a),
Gaudant (2016) and this study; from Ghedotti (2000),
Ghedotti and Davies (2013) and Freyhof et al. (2014)
for V. letourneuxi; and from Braganca et al. (2018),
Braganca et al. (2020), Ghedotti (2000), Parenti (1981)
and Rosen (1965) for ‘Lacustricola’ and Malagadon
(for details see Supplemental material Table S1,
sheet 4).

Among the 27 characters that were added, four were
not used in the matrix of Costa (2012a) and also not in
the other literature sources used here (see below). These
are (i) number of abdominal vertebrae, (i) position of
anterior epural relative to terminal centrum, (iii) size of
posterior anal-fin pterygiophores relative to preceding ones
and (iv) extension of posterior anal-fin pterygiophores rela-
tive to adjacent haemal spines. The further 23 added char-
acters (char.) were compiled from the previously published
matrices of Costa (1997, 1998, 2012b, in total 4 char.),
Ghedotti (2000, 13 char.), Ghedotti and Davies (2013, 2
char.), and Sferco et al. (2022, 1 char.), and from descrip-
tions provided in Braganga et al. (2018, 1 char.) and
Parenti (1981, 2 char.) (Supplemental material Table S1,
sheet 5). The authors from which the new characters were
added, that is Ghedotti (2000) or Sferco et al. (2022), had
already coded many taxa of the original matrix of Costa
(2012a); we adopted these codings for the respective taxa
in our matrix. If a taxon was not coded in the matrices
from which we have taken the new characters, then other
matrices (i.e. Costa, 2011), anatomical descriptions (i.e.
Rosen, 1965) or, if available, X-ray images from online
databases (for example, the Smithsonian Institution 2024,

or CAS Ichthyology Primary Types Imagebase 2024) were
used (see Supplemental material Table S1, sheet 4 for
complete information on taxon data sources). All charac-
ters were left unordered following Costa (2012a) and
Ghedotti (2000).

Phylogenetic analysis. To elucidate the relationships of
the new genera, maximum parsimony analyses were per-
formed both without constraints and using a molecular
scaffold as constraint (see Lee & Palci, 2015; Springer
et al., 2001). For the constrained analysis, we used the top-
ology of the most recent molecular phylogenies of
Cyprinodontiformes as a scaffold (Braganga et al., 2018;
Braganca & Costa, 2019; Piller et al., 2022), while the
fossils were left unconstrained (‘floaters’, see Halliday
et al., 2017; Meyer et al., 2023). The analyses were con-
ducted with TNT v. 1.6 (Goloboff et al., 2008) employing
New Technology Searches (sectorial, ratchet, drift and tree
fusing enabled; init. addseqs = 100; find min. length =
10). Analyses were run using either equal weights or
implied weights; for the latter different concavity constants
were applied (K = 3, K = 12, K = 24). Taking into
account the different phylogenetic trees of the individual
analyses, the trees presented here are based on implied
weights and K = 12, which is consistent with the recom-
mendation of Goloboff (1993) and Goloboff et al. (2018)
on the use of concavity constants when dealing with mor-
phological data. A strict consensus tree of the trees
obtained was calculated for each analysis. To assess node/
branch support, a standard bootstrap analysis was per-
formed in TNT based on 500 replicates (New Technology
Search; init. addseq = 10; find min. length = 5) and
expressed as absolute frequencies.

Institutional abbreviations

BSPG, Bavarian State Collection for Palacontology and
Geology; MGUV, Museu de Geologia, University of
Valencia, Burjassot, Spain; MJSN, Jurassica Museum in
Porrentruy, Switzerland (former Musée jurassien des sci-
ences naturelles); NHMB, Natural History Museum of
Basel, Switzerland; NHMUK, Natural History Museum,
London, UK; NHMW, Natural History Museum
Vienna, Austria; SAIAB, South African Institute for
Aquatic Biodiversity, South Africa; SMF, Senckenberg
Research Institute and Natural History Museum,
Frankfurt, Germany; SNSB-BSPG, Bavarian State
Collection for Palacontology and Geology, Munich,
Germany; SNSB-ZSM, Bavarian State Collection of
Zoology, Munich, Germany.

Anatomical abbreviations
A, relative antirostrum height; AL, relative antirostrum
length; BD, body depth; ED, eye-diameter; CPL, caudal
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peduncle length; CPD, caudal peduncle depth; HD,
head depth; HL, head length; hs, haemal spine; ns,
neural spine; OH, otolith height; OL, otolith length;
PU, preural vertebra; R, relative rostrum height; RL,
relative rostrum length; SL, standard length;, V,
vertebra.

Results

Of the 179 fossil fish with preserved skeletons, 59
specimens could be identified at species level, 18 speci-
mens were determinable only up to the genus level and
the others were not identifiable (Supplemental material
Table S1, sheet 1). Two new genera, each represented
with two species, were identified (Fig. 4). In the follow-
ing descriptions, specimens are designated by the prefix
GRC or NHMW followed by their serial number; ‘/’
indicates the presence of part/counterpart, while ‘p’ and
‘cp’ indicate that only the part or the counterpart is pre-
sent. The presence of sagitta (s), lapillus (1), both sagitta
and lapillus (s +1) or both sagitta and asteriscus (s + a)
in situ are also indicated.

Systematic palaeontology

Order Cyprinodontiformes Berg, 1940
Suborder Cyprinodontoidei Gill, 1865
Family Valenciidae Parenti, 1981
Genus TMiovalencia gen. nov.

Type species. TMiovalencia bugojnensis gen. et sp. nov.

Other species. fMiovalencia chios (Malz, 1978) from
the same locality as the type species. Otoliths of M.
chios are also known from the Middle Miocene
(Langhian) Nenita Beds from the Chios Island, Greece,
from where Malz (1978) had described them as
TAphanius chios Malz, 1978. Another otolith-based spe-
cies of tMiovalencia is TM. angulosa (Steurbaut, 1978)
from the Lower Miocene (Aquitanian) of south-west
France (Steurbaut, 1978, as Cyprinodontidarum). See
section ‘Otoliths of Valenciidae’ for details.

Stratigraphical range. Lower Miocene (Aquitanian) to
Middle Miocene (Langhian).

Diagnosis. TMiovalencia gen. nov. shares with other
valenciids the synapomorphic characters described by
Parenti (1981) and Costa (2012a): (i) slender dorsal pro-
cess of maxilla, extending over ascending process of
premaxilla (Fig. 5A), and (ii) neural spine of PU 2 (=
penultimate vertebra) about three times wider than

neural spine of PU 4 (Fig. 6A, B). Further characters
shared with valenciids include long ascending process
of premaxilla (Fig. 5A), conical jaw teeth arranged in
multiple rows and posteriorly positioned unpaired fins
(Fig. 4A, B, Table 1).

tMiovalencia gen. nov. exhibits slightly lower modes
concerning both total vertebrae (26) and dorsal-fin rays
and pterygiophores (10) than those seen in {Wilsonilebias
gen. nov. (27 and 11, respectively), and the range of the
same counts indicates that fMiovalencia gen. nov. has
slightly fewer vertebrae (25-28) than the remaining valen-
ciids (27-31), and slightly fewer dorsal-fin rays and ptery-
giophores (9-11) than seen in fProlebias (12-13). In
addition, its range of anal-fin rays (12-14) tends to be
slightly lower than in {Prolebias (14-16) (Tables 1, 2).
Moreover, TMiovalencia gen. nov. can be distinguished
from Valencia, TAphanolebias, TFrancolebias, tProlebias
and TWilsonilebias gen. nov. by the following unique com-
bination of osteological characters: (i) broad pelvic bone,
width about 65% of length (Fig. 7B, Table 1) (vs 50% in
Valencia and tProlebias); (ii) long, slender 1st dorsal-fin
pterygiophore (Fig. 8A, C) (vs short and robust in
T Wilsonilebias gen. nov., Fig. 8B, D); (iii) 1st dorsal-fin
pterygiophore unfused from 2nd pterygiophore (Fig. 8A3)
(vs being fused in fFrancolebias); (iv) short anterior anal-
fin pterygiophores, not reaching middle portion of adjacent
haemal spine (Fig. 9A) (vs long anterior anal-fin pterygio-
phores, reaching beyond middle portion of adjacent haemal
spine in fFrancolebias and T Wilsonilebias gen. nov., Fig.
9B); (v) posterior anal-fin pterygiophores gradually dimin-
ishing in size (Fig. 9A) (vs similar in length to preceding
ones in T Wilsonilebias gen. nov., Fig. 9B); (vi) unmodified
haemal spines above anal fin (Fig. 9A) (vs widened in puta-
tive males of TFrancolebias and T Wilsonilebias gen. nov.,
Fig. 9B); (vii) totally fused hypural plates, with suture vis-
ible (Fig. 6A, B) (vs unfused in {Prolebias, and vs partially
fused in tAphanolebias and T Wilsonilebias gen. nov., Fig.
6C, D); (viii) premaxilla ascending process with robust base
(Fig. 5A) (vs slender base in tWilsonilebias, Fig. 5B); (ix)
premaxilla ascending process long and robust (Fig. 5A) (vs
short and elongate in TAphanolebias); (X) retroarticular elon-
gated (Fig. S5A) (vs short in Valencia, tProlebias,
tFrancolebias); and (xi) opercle slender, relatively narrow
(Fig. 5A) (vs triangular and wide in T Wilsonilebias gen.
nov., Fig. 5B).

Moreover, the sagitta of fMiovalencia gen. nov.
shows morphometric and morphological traits that are
significantly ~different to the sagittae of other
Valenciidae (Welch-ANOVA test with Games-Howell
post-hoc, p < 0.001): five and four otolith variables sep-
arate it from Valencia and fProlebias, respectively,
while three and two otolith variables discriminate it
from tAphanolebias and tWilsonilebias, respectively
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TMiovalencia bugojnensis gen. et sp. nov.

i )

Wilsonilebias rotundascendus gen. et sp. nov.

T

Figure 4. A, C, D, holotypes of the three new valenciid species from the Bugojno Basin and B, the newly defined skeleton-type. A,
GRC 011.2 (part). B, GRC 204 (counterpart). C, GRC 004 (counterpart). D, GRC 236.2 (part). Scales =5 mm.
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(Tables 3, 4). Furthermore, the presence of a shallow,
straight or slightly ascending sulcus separates the sagitta
of ftMiovalencia gen. nov. from both fAphanolebias
(sulcus distinctively curved ventrally at its end, see Fig.
12M-P) and tWilsonilebias gen. nov. (sulcus deep and
slightly S-shaped, see Fig. 11Al1, Bl1, C, EI-I1).
Additionally, TMiovalencia gen. nov. lacks a clear con-
striction between ostium and cauda (vs being present in
TWilsonilebias gen. nov.) (Fig. 12A-F). Also the lapillus
of TMiovalencia gen. nov. displays some taxonomic
characteristics including a rounded-rectangular to cres-
cent shape (Fig. 13D, E), vs a rounded-rhomboid to
drop-shape in fWilsonilebias gen. nov. (Fig. 13F, G)
and vs a rectangular-trapezoid shape in Valencia (Fig.
13A-C). Unfortunately, the lapillus is not known for
tProlebias, TFrancolebias and TAphanolebias.

Etymology. The name refers to the Miocene temporality
of the new taxon and its similarity with the extant genus
Valencia. TMiovalencia gen. nov. is feminine.

Remarks. In the following descriptions, we provide
ranges and mean values#standard deviation (SD) for
body or bone measurements, and ranges and modal
numbers (modes) for meristic counts. In addition,
means+SD for all measurements and modes for all
counts are listed in Table 1. The underlying details of
measurements and counts can be found in Supplemental
material Table S1, sheet 1. Comparative meristic data
and otolith data from other Valenciidae used for the
diagnosis of the new genus are presented in Tables 2
and 3.

General description. fMiovalencia gen. nov. is a
small-sized fish, its SL is between 15.9 and 42.7 mm
(mean 28.3+6.9mm). Head moderately large (HL
32.3+£2.5% SL, HD 77.4+11.3% HL). Snout moder-
ately long (preorbital length 30.8 £3.4% HL), eyes rela-
tively small (ED 26.7+£2.8% HL), body moderately
deep (BD 22.4+3.4% SL). Dorsal and anal fin poster-
iorly positioned on body, dorsal-fin origin slightly in
front of anal-fin origin (predorsal distance 62.8+2.6%
SL, preanal distance 66.0+2.0% SL). Dorsal fin consist-
ing of (9)10-11 rays and pterygiophores each, anal fin
composed of 12-13(14) rays and 11-12(13)

P

pterygiophores. Pectoral fin comprising 9-14 rays and
placed relatively low-set at body. Pelvic fin composed
of 5-7 rays and positioned closer to anal fin than to
pectoral fin (pectoral-pelvic distance 15.4+1.7% SL,
pelvic-anal distance 14.6+1.0% SL). Vertebral column
with 25-28 vertebrae of which 10-11 are abdominal
and 15-17 caudal. Caudal peduncle relatively long and
slender (CPL 23.5+1.7% SL, CPD 13.5+£1.7% SL).
Caudal fin palette-shaped, number of principal rays is
15-17. Body and head covered by cycloid scales. The
saccular otoliths (sagittae) are of triangular, almost sym-
metrical shape with a rostrum that is longer than the
antirostrum (Table 3, Fig. 10A1-K1, L, M). The lapilli
are rounded to crescent shape with the sulculus not con-
tinuing to the linea basalis (Fig. 10A2-12, K2). The sin-
gle asteriscus is bean-shaped with a deep fossa acustica
bounded by two walls (Fig. 10J2).

Neurocranium and orbital series. In most specimens,
the neurocranium and skull were poorly preserved, or
the preservation only allowed to identify a few bones.
Thus, we present here a composite skull reconstruction
(Fig. 5A, see also Supplemental material Fig. S3), which
is based on the details seen in the specimens GRC 003,
016/032, 197, 199, 204, 211, 262, and TPC 001.

The frontal bones are long, broad, and slightly nar-
rowing posteriorly; their lateral rims border the supra-
orbital area and, in some specimens, it was possible to
identify the parietal bone (Supplemental material Fig.
S4a). A disarticulated nasal bone with a possible medial
extension was discernible in specimen GRC 003
(Supplemental material Fig. S4c), while a broad, rect-
angular-shaped lacrimal is exhibited in specimens GRC
047 and GRC 016/032 (Fig. 5A). The parasphenoid
crosses the eye at the lower half, narrowing slightly in
the middle and widening posteriorly. The vomer has a
triangular fan shape. The supraoccipital has a rounded
anterior body and a long posterior process (Fig. 5A, vis-
ible in GRC 199), but if the latter is bifurcated it is
impossible to discern. In some specimens, parts of the
basioccipital were visible.

Jaws. The jaw joint is situated anterior to the orbit. The
premaxilla has a long ‘S’-shaped ramus and a long
ascending process, which is broad at its base and

<

Figure 5. Skull reconstruction of A, tMiovalencia gen. nov. and B, {Wilsonilebias gen. nov. Skull has been disarticulated for better
view of each bone, inset shows reconstruction of articulated skull. Dark grey shading depicts articular faces and foramina; red
shading indicates synapomorphic character for Valenciidae; light blue shading shows differences between genera. Abbreviations:
ANG-ART, angulo-articular; APL, autopalatine; BAS, basioccipital; BRAR, branchiostegal rays; BBCP, basibranchial plate; CEH,
ceratohyal; DEN, dentary; DMX, dorsal process of the maxilla; END, endopterygoid; FRO, frontal; HYO, hyomandibular; IOP,
interopercle; LAC, lachrymal; LET, lateral ethmoid; MAX, maxilla; NAS, nasal; OP, opercle; PAR, parietal; PAS, parasphenoid;
PMX, premaxilla; POP, preopercle; QUA, quadrate; RET, retroarticular; SOC, supraoccipital; SOP, subopercle; SPH, sphenotic;
SYM, symplectic; UHY, urohyal; VHH, ventral hypohyal; VO, vomer; ?, non-identified. Scale =2 mm.
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tapered distally (Fig. 5A, Supplemental material Fig.
S3). The maxilla is a straight rod-like bone with a slight
curve in the posterior border of the distal portion; its
dorsal process is long, slender and somewhat flattened
(Supplemental material Fig. S4b). The dentary is long
and deep, with a slightly concave lower margin; a med-
ial process is not present (Fig. SA). The angulo-articular
has a long ventral process running almost parallel to the
main body of this bone, the coronoid process is large
and rounded (Fig. 5A). The retroarticular runs along the
ventral process of the angulo-articular; its articular head
is shorter than its body (Fig. 5A, Supplemental material
Fig. S4b). Both upper and lower jaws possess multiple
rows of conical teeth of different sizes (Supplemental
material Fig. S5a).

Suspensorium, opercular apparatus and hyoid arch.
The quadrate has a triangular shape and bears a slender
posteroventral process. The relatively long endoptery-
goid extends along its posterior margin and anteriorly, it
overlaps the ventral portion of the autopalatine, which is
slightly bent anteriorly and has a hammer-like head
(Fig. 5A). The symplectic is composed of a rod with a
bony lamella dorsally and ventrally, which results in its
feather-shape. The hyomandibular presents a small post-
eroventral extension; its articular condyles to the
opercle, the pterotic and sphenotic fossae are well pre-
served (Fig. 5A).

The opercular series is partially well preserved (GRC
177, GRC 199). The preopercle has a boomerang shape,
with a convex thin lamella in the middle portion (Fig.
5A); its lower arm extends along the posterior process
of the quadrate, while its upper arm, which is almost of
similar length, runs along the anterior border of the
opercle. The large interopercle has a straight ventral
margin and an overall triangular to trapezoidal shape.
The opercle is elongate-triangular and slightly longer
than wide; the articular facet to the hyomandibular is
preserved in multiple specimens. The subopercle is half-
moon shaped, its posterior margin reaches behind the
mid-height of the opercle.

The preservation of the hyoid arch is poor; however,
a complete, triangle-shaped urohyal is visible in speci-
men GRC 197. It bears a straight ventral border and the
articulation process is directed anterodorsally (Fig. 5A).
Six branchiostegal rays are recognizable in few

4

specimens; the two first rays are very thin, while the
next ones are more robust (Fig. 5A).

Pharyngeal jaws. The pharyngeal jaws were poorly
preserved, while straight or slightly curved pharyngeal
teeth of different sizes were well visible. In the most
posterior internal row of the pharyngeal jaw, the teeth
usually reveal an indentation below their crown or a
blunt cusp (Supplemental material Fig. S5b5, 8, 11).
Possible 3rd and 4th pharyngobranchials are visible in
specimen GRC 177. They show a semi-circular (to
drop) shape with a small process and narrow anterome-
dially; multiple teeth and alveoli that appear to be
arranged in rows are recognizable (not figured).

Axial skeleton. The vertebral column is composed
mostly of 26 vertebrae (rarely 25 or 27-28), of which
10 or 11 are abdominal and 16 (15-17) are caudal. The
neural spines of the first three to four vertebrae are flat-
tened and broadened. The neural arch of the first verte-
bra is relatively shorter than that of the other ones, but
it is not possible to discern whether it is completely
closed or not. The neural spines of the caudal vertebrae
below the dorsal fin have a slight curvature to the head
region (Fig. 8A). Nine pairs of ribs are present, starting
from the 2nd vertebra. Epipleural ribs were not
identifiable.

Pectoral girdle and fins. The cleithrum is long with a
broadened upper part (well visible in GRC 199, Fig.
7A). Of the post-temporal, only the dorsal tip of the
dorsal process is preserved (specimen GRC 007). A pos-
sible supra-cleithrum was identifiable in specimen GRC
261.1; it has a bottle shape with a narrower dorsal por-
tion (Fig. 7A). The scapula is posterior to the cleithrum,
and bears an elongate scapular foramen (Fig. 7A). The
coracoid is of long-triangular shape with a slightly
rounded ventral margin. Four poorly preserved radials
are recognizable (GRC 011). In some specimens, a long,
slender postcleithrum 3 is noticeable (Fig. 7A). The
number of pectoral-fin rays is 9-14, the pectoral-fin
length is 10.4-16.9% SL (13.6+2.8% SL).

Pelvic girdle and fins. The pelvic bone is triangular; its
maximum width is 54.9-76.8% of its length
(67.8£8.6%). The anterior margin is rounded and the
medial process appears to be short; the presence of an
ischial process can be seen in multiple specimens, but

<«

Figure 6. Caudal skeleton reconstruction of the four valenciid species from the Bugojno Basin. A, tMiovalencia bugojnensis gen. et
sp. nov. (holotype GRC 177, drawing and photo). B, TM. chios (skeleton-type GRC 204, drawing and photo). C, {Wilsonilebias
langhianus gen. et sp. nov. (paratype GRC 179 mirrored, drawing and photo). D, TW. rotundascendus gen. et sp. nov. (holotype
GRC 236.2, drawing and photo). Black arrowheads point to prezygapophysis. Abbreviations: E, epural (blue-grey); F, fenestra/
anterior gap of hypural plate; hsPU, haemal spine of preural vertebrae (light grey); HYP, hypural plates (light blue); nsPU, neural
spine of preural vertebrae (light grey); PH, parhypural (dark blue). Scale bars = 1 mm.
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(2015), for TP. stenoura from Gaudant (2012), for TF. delphinensis from Gaudant (1989), for {F. aymardi from Gaudant (1988), for TF. rhenanus from Gaudant (1981b),
Valencia

for 1F. arvernensis from Gaudant (2016), and for t4. meyeri from Reichenbacher and Gaudant (2003).

Table 2. Meristic characters (ranges) of extant and fossil genera and species of Valenciidae. Data for V. hispanica from this study, for 1V. arcasensis from Gaudant et al.
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does not appear to be very long (Fig. 7B). The pelvic
fin consists of 5-7 rays and is relatively short (length
5.5-9.0% SL, 7.5+1.0% SL).

Dorsal and anal fins. The dorsal fin consists of (9)10-
11 rays and pterygiophores. The first pterygiophore is
deeply split into two long, rod-shaped bones, with an
enlarged bone lamella between them and also behind
the second rod, giving the first pterygiophore a triangu-
lar shape (Fig. 8A1-A3, C). The following pterygio-
phores are also long and display a thin bony lamella
associated to the main rod-like structure (Fig. 8A1, A2).
The dorsal-fin length is relatively short (10.6-14.2%
SL,12.84+1.7% SL), with its base measuring 9.3-14.9%
SL (11.1+1.7% SL).

The number of anal-fin rays is 12—13, and the number
of supporting pterygiophores is usually 11-12 (rarely
13). The first anal-fin pterygiophore is thin and reaches
the middle portion of the haemal spine of the second
caudal vertebra (Fig. 9A); the following pterygiophores
gradually diminish in size. A small thin lateral bone
expansion is recognizable at the first up to the fourth
pterygiophore. The anal-fin length is slightly longer than
that of the dorsal fin (11.1-15.5% SL, 13.4+1.9% SL),
its base being 8.6—12.6% SL (10.7+1.2% SL).

Caudal fin and skeleton. The caudal fin comprises 15—
17 principal rays and five dorsal and ventral procurrent
rays. Neural and haemal spines of three preural verte-
brae (PU 2-4) contribute to the support of the caudal-
fin rays (Fig. 6A, B). Both the neural and haemal spine
of PU 2 are mostly about three times wider than the
corresponding spines of PU 4 (nsPU2/nsPU4 ratio
2.940.5; hsPU2/hsPU4 ratio 2.8+0.7). The haemal
spine of PU 2 has a thin bony expansion anteriorly.

The caudal skeleton is composed of the terminal cen-
trum, which is fused to a fan-shaped hypural plate (Fig.
6A, B). The terminal centrum bears anteriorly a dorsally
projecting prezygapophysis, while the posterodorsal
margin of the terminal centrum presents a spine-shaped
lateral process. The hypural plate is typically fused, but
in some specimens a very small foramen is visible
anteriorly between the upper and lower hypural plates
(Fig. 6B), while in others only a thin suture is evident
(Fig. 6A). There is one straight epural, with a slightly
widened or slightly rounded proximal portion that is
almost in contact with the anterior margin of the ter-
minal centrum. The parhypural is usually in contact or
overlapping the posteroventral end of the terminal cen-
trum. Its proximal portion is rounded or rectangular,
while it broadens distally.

Scales. The entire body is covered with scales. Head
scales are present and are larger than body scales. Flank
scales are of rounded to ovate shape and present 7 to 8

Pelr, pelvic-fin rays; PU, preural vertebrae; TV, total vertebrae; Vpror, caudal-fin ventral procurrent rays. For sources and data see Supplemental material Table S1,

tProlebias and tFrancolebias); ¢V, caudal vertebrae; Dpror, caudal-fin dorsal procurrent rays; Dpt, dorsal-fin pterygiophores; Dr, dorsal-fin rays; Pecr, pectoral-fin rays;
sheet 2.
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radii in tM. bugojnensis gen. et sp. nov., and up to 14
radii in TM. chios (Supplemental material Fig. S7a, b).

Pigmentation. Specimen TPC 001 displays the pre-
served original pigmentation patterns, with three clear
dark stripes in the peduncle area (Supplemental material
Fig. S8). Other individuals show spots all over the
body, principally in the dorsal region, which may also
relate to the original pigmentation.

Otoliths. The sagittae are triangular-shaped (Fig. 10A1—
K1, L, M); the length-height index is 1.04-1.35
(1.16 £0.07). The antirostrum is clearly shorter than the
rostrum (AL 7.7+2.6%, RL 16.3+3.2%). The posterior
margin may exhibit a clear posteroventral angle, result-
ing in a symmetric appearance. The excisura angle is
mostly around 90° (93.2+13.6). The sulcus is straight
(tM. bugojnensis gen. et sp. nov.), slightly ascending
(TM. chios) or slightly bent posteriorly (M. angulosa).
The ostium is usually slightly wider than the cauda. A
shallow or well-developed crista superior is present.

The lapilli (Figs 10A2-12, K2,13D, E) are rounded-
to crescent-shaped, with the sulculus running from the
extremum anterior along the lateral margin to the
extremum posterior. The posterior section of the lateral
margin is almost straight, while the medial margin can
be rounded (typical for TM. bugojnensis gen. et sp.
nov., Fig. 13D) or can create a corner at the medial
edge (typical for TM. chios, Fig. 13E). The linea basalis
is not profound or not visible. The single asteriscus that
was preserved in one specimen (GRC 261) is bean-
shaped with a straight dorsoanterior margin and rounded
ventrally (Fig. 10J2).

tMiovalencia bugojnensis gen. et sp. nov.
(Figs 4A, 6A, 8A, 9A, 10A—H, 12A, 13D; Supplemental
material Figs S5a6, S5b3-12, S7a)

Etymology. The name refers to the Bugojno Basin,
where this species was found.

Type material. Holotype: GRC 011.2/069.1 (s+1).
Twenty-one paratypes: GRC 007cp (s), GRC 019p (s),
GRC 021/022 (s +1), GRC 038.5/038.1 (s), GRC 038.3/
038.6 (s), GRC 038.2/038.4 (s+1), GRC 045.2/045.1
(s+1), GRC 047.2/047.1 (s), GRC 055 (s+1), GRC
177.2/177.1 (s+1); GRC 182.1/182.2 (s+1), GRC

&

197.1/197.2 (s+1), GRC 199¢cp (s+1), GRC 206.2/
206.1 (s+1), GRC 211.1/211.2 (s+1), GRC 214.2/
2114.1 (1), GRC 245.2/245.1 (s), GRC 246¢cp (s+1),
GRC 256.2/256.1 (s+1), GRC 259¢cp (s+1), NHMW
001p (s). Except for GRC 055, which is preserved in
dorsal view, all type specimens are preserved in lateral
view.

Type locality and age. Gracanica, Bugojno Basin,
Bosnia and Herzegovina;, Middle Miocene (Langhian),
14.8-14.55Ma.

Differential diagnosis. {Miovalencia bugojnensis gen.
et sp. nov. differs from the only other skeleton-based
species TM. chios in the narrow, rectangular-shaped
bony lamella of the Ist dorsal-fin pterygiophore (vs
wide, triangular-shaped; see Fig. 8A3 vs 8C), and also
in the relatively small, rounded scales with 7-8 radii (vs
relatively big, ovate scales with roughly 14 radii; see
Supplemental material Fig. S7a vs 7B). Sagitta morph-
ometry is not different between the two species (Table
3), but the sulcus is mostly straight in TM. bugojnensis
gen. et sp. nov. (Figs 10A1-H1, 12A), whereas the sul-
cus is mostly slightly ascending in M. chios (Figs
10I1-K1, L, M, 12B, C). Moreover, the lapillus of TM.
chios is rounded or rounded-rectangular (Figs 10A2-H2,
13D), whereas the lapillus displays a crescent shape
with a clear corner at the medial edge in M. chios
(Figs 1012, K2, 13E).

From the otolith-based species M. angulosa, the sag-
ittae of TM. bugojnensis gen. et sp. nov. can be discri-
minated by a significantly greater relative rostrum
height (R 43.2+3.9% vs 35.0£4.1%, Welch—-ANOVA
test with Games—Howell post-hoc, p < 0.05) and a ten-
dency to possess a smaller relative antirostrum height
(A 26.9+4.8% vs 33.0£7.4%) (Table 3). Additionally,
the sulcus shape in TM. bugojnensis gen. et sp. nov. is
straight, whereas it is terminally slightly bent in M.
angulosa (Fig. 12D).

General description. Same as for the genus, except for
the characters mentioned in the differential diagnosis.
For morphometric and meristic characters see Table 1,
for otolith morphometry see Table 3.

<

Figure 7. A, pectoral and B, C, pelvic girdle reconstructions for tMiovalencia gen. nov. and {Wilsonilebias gen. nov. from the
Bugojno Basin. A, pectoral girdle and fin based on both new genera (specimens GRC 004, 196.1, 199, 261). B, right pelvic bone
based on TM. chios (specimen GRC 016/032, drawing and photo). C, both pelvic bones based on {W. rotundascendus gen. et sp.
nov. (holotype GRC 236.2, drawing and photo). Arrows indicate the ischial process. Abbreviations: CL, cleithrum; COR, coracoid;
MPPel, medial process of the pelvic; SCA, scapula; SCL, supra-cleithrum; PCL3, postcleithrum 3; PECr, pectoral-fin rays; PEL,
pelvic bone; PELr, pelvic-fin rays; PTT, post-temporal; Rad, radials of pectoral girdle; VPTT, ventral process of the post-temporal.

Scale = 1 mm.
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tMiovalencia chios (Malz, 1978) (comb. nov.)
(Figs 4B, 6B, 7B, 8C, 10I-M, 12B, C, 13E;
Supplemental material Figs S3, S4a, S4c, S5b2, S7b)

*1978 Aphanius (Aphanius) chios n. sp. Malz: p. 458—
459, fig. 1f, pl. 1, figs 8, 9, pl. 2, figs 10, 11, pl. 3, figs
24, 25 (otoliths only).

2004 Aphanolebias chios (Malz, 1978); Reichenbacher,
Gaudant, et al.: p. 51.

2009 Aphanius chios Malz, 1978; Reichenbacher and
Kowalke: p. 45, figs 3k—n.

Remark. In the initial diagnosis of ‘Aphanius’ chios,
which was solely based on otoliths, Malz (1978) men-
tioned that the otoliths are characterized by a convex
ventral margin that curves upwards to a short rostrum
(Fig. 12C) and assumed that they document a relatively
small species. Among the skeleton-based specimens of
TMiovalencia gen. nov., seven specimens exhibited oto-
liths in situ that are similar to those described and fig-
ured by Malz (1978) and later also by Reichenbacher
and Kowalke (2009). Like the otoliths from the Chios
Island, the otoliths have a slightly convex ventral mar-
gin terminating in a short, slightly rounded or blunt ros-
trum, the antirostrum is slightly pointed and shorter than
the rostrum, the excisura is ‘V’-shaped and narrow, the
sulcus is shallow with a wide ostium and the cauda rises
posteriorly and terminates with a tapering point (Figs
10I1-K1, L, M, 12B). Only their length-height index is
slightly higher than in the otoliths from the Chios Island
(1.2£0.09 vs 1.13+0.02) (Table 3). Due to their simi-
larities with the otoliths of ‘Aphanius’ chios Malz,
1978, these otoliths from the Bugojno Basin were classi-
fied as M. chios (Malz, 1978).

New material. 7 specimens: GRC 003.2/003.1 (s), GRC
016/032 (s+1), GRC 058.1/058.3 (s+1); GRC 185.2/
185.1 (s), GRC 204.1/204.2 (s+1), GRC 229.1/229.2
(s+1), GRC 261.2/261.1 (s+a). Specimen GRC 204 is
selected as the skeleton-type of this species.

Further material. Specimen SNSB-BSPG 2024 I 80
(skeleton with sagitta), shown in Supplemental material
Fig. S8).

Type locality and age. Middle Miocene (Langhian)
Nenita Beds from the Chios Island, Greece (Malz,
1978).

&

Differential diagnosis. As described above, the skeleton
of ¥M. chios differs from that of M. bugojnensis gen.
et sp. nov. in a wide-triangular (vs elongate) bony
lamella of the 1st dorsal-fin pterygiophore (Fig. 8C vs
8A3). The scales of TM. chios are relatively large and
ovate (vs round in TM. bugojnensis gen. et sp. nov.) and
possess about 14 radii (vs 7-8) (Supplemental material
Fig. S7b vs S7a). The otoliths of M. chios differ from
those of M. bugojnensis gen. et sp. nov. in the slightly
ascending sulcus of the sagitta (Figs 1011-K1, L, M,
12B, C), and a lapillus that has a crescent shape charac-
terized by a medial edge (Figs 1012, K2, I3E).
Furthermore, the sagitta of TM. chios differs from the
sagitta of TtM. angulosa (Fig. 12D) in a tendency
towards a smaller antirostrum height (A 26.4+4.5% vs
33.0+7.3%), a greater rostrum height (R 42.5+4.5% vs
35.0+4.1%), and the slightly ascending sulcus (vs ter-
minally bent). For further figures of tM. angulosa see
Steurbaut (1978, figs 11-18) and Reichenbacher and
Kowalke (2009, fig. 3a—d).

General description. Same as for the genus, except for
the characters mentioned in the differential diagnosis.
For morphometric and meristic characters see Table 1,
for otolith morphometry see Table 3.

tMiovalencia sp.
(Fig. 5A, Supplemental material Fig S4b)

Material. Eight specimens: GRC 001 (s+1), GRC 005
(s), GRC 010 (s), GRC 048, GRC 049, GRC 217 (s+1),
GRC 242 (s), GRC 249 (s +1).

Remark. These specimens are either partially preserved
skeletal remains or the skeleton is complete but poorly
preserved. Some of them show that the posterior anal-
fin pterygiophores are decreasing in size. The specimens
are assigned to fMiovalencia gen. nov. because their
otoliths preserved in situ (sagittae or lapilli or both) dis-
play the typical shape of that genus, but the otoliths are
too poorly preserved to allow species identification.

Genus T Wilsonilebias gen. nov.

Type species. {Wilsonilebias langhianus gen. et
Sp. nov.

|

Figure 8. Al, A2, B1, B2, dorsal fin skeleton and A3, B3, C, D, close-up of 1st and 2nd pterygiophores of the four valenciid
species from the Bugojno Basin. A, tMiovalencia bugojnensis gen. et sp. nov. (holotype GRC 011/069.1). B, fWilsonilebias
langhianus gen. et sp. nov. (holotype GRC 004.1/004.2; black arrows indicate curvature in neural spines, white arrows indicate
modified spines). C, M. chios (specimen GRC 016/032). D, {W. rotundascendus gen. et sp. nov. (holotype GRC 236.2).
Abbreviations: A, anterior; ¢V1, first caudal vertebra; D, dorsal; Dpt, dorsal-fin pterygiophore; Dr, dorsal-fin ray; m.rad, middle
radial; ms, neural spine; P, posterior; V, ventral; V10-18, vertebra number. Scale bar=2mm in A1, A2, B1, B2, and 1 mm in A3,

B3, C, D.
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Figure 9. Anal fin skeleton of tMiovalencia gen. nov. and t{Wilsonilebias gen. nov. from the Bugojno Basin. A, based on M.
bugojnensis gen. et sp. nov. (holotype GRC 011/069.1 mirrored, drawing and photo); B, based on tW. langhianus gen. et sp. nov.
(paratype GRC 179, drawing and photo). Abbreviations: A, anterior; Apt, anal-fin pterygiophore; Ar, anal-fin ray; D, dorsal; hs,
haemal spine; m.rad, middle radial; P, posterior; V, ventral, V13-18, vertebra number. Scale bar=2mm. Note that the
pterygiophores are partially only preserved as imprints and therefore not well detectable in the photos; to facilitate understanding the

first pterygiophore is indicated in each photo.

Other species. TWilsonilebias rotundascendus gen. et
sp. nov. from the same locality and strata of the type
species.

Diagnosis. {Wilsonilebias gen. nov. shares with other
valenciids the synapomorphic characters described by
Parenti (1981) and Costa (2012a): (i) slender dorsal pro-
cess of maxilla, extending over ascending process of
premaxilla (Fig. 5B), and (ii) neural spine of PU 2 about
three times wider than neural spine of PU 4 (Fig. 6C,
D). Additionally, tWilsonilebias gen. nov. shares with
other valenciids: long ascending process of premaxilla
(Fig. 5B, Supplemental material Fig. S4d), conical jaw
teeth arranged in multiple rows and posteriorly posi-
tioned unpaired fins (Fig. 4C, D).

tWilsonilebias gen. nov. can be distinguished from
other valenciid genera by the following unique combin-
ation of osteological characters: (i) broad pelvic bone,
width about 69% of length (Fig. 7C, Table 1) (vs 50%

in Valencia and tProlebias; (i) relatively short, robust
Ist dorsal-fin pterygiophore (Fig. 8B, D) (vs long, slen-
der in TMiovalencia gen. nov.); (iii) 1st dorsal-fin ptery-
giophore unfused from 2nd pterygiophore (Fig. 8B, D)
(vs fused in fFrancolebias); (iv) long anterior anal-fin
pterygiophores, reaching proximal portion of adjacent
haemal spine (Fig. 9B) (vs short and not reaching
beyond middle portion of haemal spine in Valencia,
tProlebias, TMiovalencia gen. nov.); (v) long posterior
anal-fin pterygiophores, similar in length to preceding
ones, last ones still reaching middle portion of haemal
spines (Fig. 9B) (vs gradually diminishing, last ones not
reaching the haemal spines in Valencia, TProlebias and
tMiovalencia gen. nov.); (vi) widened or robust haemal
spines above anal fin in putative males (Fig. 9B) (vs
unmodified in  all other  valenciids  except
TFrancolebias); (vii) partially fused hypural plate,
anteriorly with elongated fenestra (Fig. 6C, D) (vs
unfused in fProlebias; vs fused or with suture in
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Table 4. Significant differences in otolith morphology between genera of Valenciidae (Welch-ANOVA test with Games—Howell

post-hoc, p < 0.05 and p < 0.001 (the latter is indicated in bold)).

n  tMiovalencia gen. nov. {Wilsonilebias gen. nov. TProlebias tAphanolebias  Valencia
TMiovalencia gen. nov. 53 X
tWilsonilebias gen. nov. 35 a,r X
TProlebias 7 L-H, a, al, E L-H, a, al, 1, E X
tAphanolebias 57 ML, r, E ML, a, E L-H, a, r,alL E X
Valencia 57 ML, r, al, rL E DL, ML, al, rl, E L-H, a, 1, al rl, E X

Grey shading indicates that cells are left empty to avoid repetition. Abbreviations: a, antirostrum height; al, antirostrum length;
DL, dorsal length; E, excisura angle; L-H, length-height index; ML, medial length; r, rostrum height; rl, rostrum length. For

details see Table 3.

tFrancolebias, tMiovalencia gen. nov. and Valencia),
(viil) premaxilla ascending process with slender base
(Fig. 5B) (vs robust base in Valencia and tMiovalencia
gen. nov.); (ix) premaxilla ascending process long (Fig.
5B) (vs short in fAphanolebias); (x) retroarticular elon-
gated (Fig. 5B) (vs short in Valencia, fProlebias,
tFrancolebias); and (xi) opercle wide-triangular (Fig.
5B) (vs slender in fMiovalencia gen. nov.). Moreover,
the modal number of total vertebrae in TWilsonilebias
gen. nov. (27) is slightly higher than in tMiovalencia
gen. nov. (26), and the range of that count indicates that
tWilsonilebias gen. nov. has slightly fewer vertebrae
(25-28) than the remaining valenciids (28-31). In add-
ition, its number of dorsal-fin rays and pterygiophores
(10-12) appears slightly lower than in TProlebias (12—
13), and slightly higher than in fFrancolebias (8—11)
and fAphanolebias (9-10). Finally, its range of anal-fin
pterygiophores (11-12) is lower than in Valencia (12—
14) and tProlebias (14—15) (Tables 1, 2).

Additionally, the sagitta of {Wilsonilebias gen. nov.
shows morphometric and morphological traits that are
significantly ~different to the sagittae of other
Valenciidae (Welch—-ANOVA test with Games—Howell
post-hoc, p <0.001): five otolith variables differentiate
T Wilsonilebias gen. nov. from Valencia and fProlebias,
respectively, while three and two otolith variables dis-
criminate it from ftAphanolebias and TMiovalencia,
respectively (Table 4). Furthermore, the sagitta of
tWilsonilebias gen. nov. differs from that of the other
Valenciidae in the presence of a deep sulcus (vs shallow
in all other Valenciidae), a slight to pronounced ‘S’-
shape of the sulcus (vs straight in fProlebias,
tFrancolebias and Valencia, vs straight and slightly
ascending posteriorly in tMiovalencia gen. nov., and vs
straight with cauda ventrally bent in tAphanolebias).
Also the lapillus of {Wilsonilebias gen. nov. is charac-
teristic. It has a rthomboid to drop-shape (Fig. 13F, G),
whereas it is rounded-rectangular to crescent shaped in
tMiovalencia gen. nov. (Fig. 13D, E) and rectangular
shaped in Valencia (Fig. 13A—C). The sulculus contin-
ues to a distinct linea basalis (vs indistinct linea basalis
in fMiovalencia gen. nov. and Valencia), which borders

the posteromedial part of the lapillus and separates the
very bulged part of the lapillus from a more flattened
area (Figs 11, 13F, G). As mentioned above, the lapillus
is not known for TProlebias, TtFrancolebias and
tAphanolebias.

Etymology. The genus name honours Wilson J. E. M.
Costa (Federal University of Rio de Janeiro, Brazil) for
his meticulous work on the morphology, osteology and
phylogenetic relationships of many extant and fossil
cyprinodontiform genera and species. The Greek word
‘lebias’ is a common second element in cyprinodonti-
form generic names. fWilsonilebias gen. nov. is
masculine.

Stratigraphical range. Middle Miocene (Langhian).

Remarks. As for fMiovalencia gen. nov., we provide
ranges and mean values+SD for body or bone measure-
ments and ranges and modal numbers (modes) for mer-
istic counts in the following descriptions. Means+SD
for all measurements and modes for all counts are add-
itionally listed in Table 1 and the underlying details of
measurements and counts can be found in Supplemental
material Table S1, sheet 1. Comparative meristic data
and otolith data from other Valenciidae used for the
diagnosis of the new genus are presented in Tables 2
and 3.

General description. f§Wilsonilebias gen. nov. is a
small-sized fish, its SL ranges from 15.3 to 34.9mm
(mean 26.945.5mm). Head moderately large and rela-
tively slender (HL 32.9+2.2% SL, HD 70.5+9.8%
HL). Snout about one third of head length (preorbital
length 29.1+3.5% HL), eyes relatively small (ED
27.5+55% HL). Body slightly elongated (BD
19.3£2.7% SL), dorsal and anal fins posteriorly posi-
tioned on body, dorsal fin opposite to anal fin or slightly
in front of anal fin (predorsal distance 62.2+2.2% SL,
preanal distance 65.3+1.5% SL). Dorsal fin composed
of (9)10-12 rays and same number of pterygiophores,
anal fin comprising 12-13 rays supported by 11-12
pterygiophores. Pectoral fin placed relatively low-set at
body and consisting of 8-15 rays. Pelvic fin
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encompassing 5—7 rays and slightly closer to anal fin
than to pectoral fin (pectoral-pelvic distance
15.84+2.3% SL, pelvic—anal distance 14.2+1.9% SL).
Vertebral column composed of 25-28 vertebrae of
which 10-12 are abdominal and 15-16 are caudal.
Caudal peduncle relatively long and slender (CPL
23.6+1.8% SL, CPD 12.4+1.8% SL). Caudal fin pal-
ette-shaped, number of principal rays 14-17. Body and
head covered by cycloid scales. The saccular otoliths
(sagittac) show an elongate- or rounded-triangular shape
with a slender, upwards curved rostrum, a robust, short
antirostrum and a relatively narrow excisura (Fig. 11A1,
B1, C, E1-K1, L-N). The sulcus is clearly deepened
and slightly ‘S’-shaped, in some specimens with a
crenulated lower margin. The lapillus has a rhomboid
shape, with the sulculus continuing to the clear linea
basalis, and a thickened ventral surface (Fig. 11A2, B2,
D, E2-J2). The single asteriscus is elongate-bean-shaped
with a deep fossa acustica bounded by two walls, and a
pronounced concavity at the anterior margin (Fig.
11K2).

Neurocranium and orbital series. This area is usually
distorted and poorly preserved, but a composite skull
reconstruction based on the details seen in several speci-
mens is possible (GRC 002, 004, 006, 178, 188.1, 233,
236.2) (Fig. 5B, see also Supplemental material Fig.
S6). The frontal bones are relatively broad and long,
with the lateral rim enclosing the orbit and a supra-
orbital canal in the posterior area; also the sphenotic is
recognizable (Fig. 5B). A parietal bone could be dis-
cerned in specimen GRC 188.1 (Fig. 5B), while it was
not possible to identify the nasal bone. The lacrimal was
partially preserved in specimen GRC 188.1, it shows an
elongated-rectangular shape (Fig. 5B). The lateral eth-
moid appears to be robust and is usually in close contact
to the vomer and parasphenoid. The latter crosses at
middle to lower half of the orbit and expands posteriorly
(Fig. 5B). The supraoccipital has a rounded (diamond)
shaped anterior body and a slightly bifurcated posterior
process (Fig. 5B). The basioccipital is poorly preserved
and details are not recognizable.

Jaws. The jaw joint region is placed anterior to the orbit
(Fig. 5B, Supplemental material Fig. S6). The premax-
illa shows a curved, anteriorly slim and posteriorly wid-
ened ramus and a long, slender ascending process,
slightly tapering towards its tip (Fig. 5B, Supplemental
material Fig. S4d). The maxilla is a robust, slightly

&

curved bone with an elongated ventral process (only vis-
ible in medial view) and a relatively long dorsal process
(Fig. 5B). The bones of the lower jaw are usually bro-
ken or pressed together, allowing little observation on
the details of these bones. The dentary seems to be
long, with an almost straight lower border, a medial pro-
cess is not developed. The angulo-articular shows a rela-
tively short ventral process that runs parallel to the
retroarticular, its coronoid process is rectangular-shaped
with slightly rounded edges (Fig. 5B). The retroarticular
is well preserved. It has an elongated-triangular shape,
an articular head that is smaller than the body, and its
dorsal surface adjoins the ventral process of the angulo-
articular (Fig. 5B, Supplemental material Fig. S4f). Both
the premaxilla and the dentary bear multiple rows of
conical teeth of different sizes (Supplemental material
Fig. S5c¢).

Suspensorium, opercular apparatus and hyoid arch.
The quadrate has a narrow triangular shape. The endop-
terygoid is positioned at the posterior rim of the quad-
rate and has a broad ventral portion. The autopalatine
shows an anteriorly bent head and is ventrally in contact
with the quadrate and endopterygoid. The symplectic is
leaf-shaped with a dorsal and ventral bony lamella and
a main body that articulates anteriorly with the quadrate
and posteriorly with the hyomandibular. The hyoman-
dibular displays well-preserved upper and posterior con-
dyles and a small posteroventral process (Fig. 5B).

The preopercle is as described for TMiovalencia gen.
nov., with a lamella between the lower and upper arm.
The ventral border of the interopercle is well defined and
extends parallel to the lower arm of the preopercle (Fig.
5B). The opercle has a broad-triangular shape, with a
concave upper margin, the articular facet for the hyoman-
dibular is visible in its anterodorsal corner (Fig. 5B). The
subopercle is long, slender, and half-moon shaped.

The hyoid bar is moderately well preserved. The
anterior ceratohyal is relatively broad, the posterior cera-
tohyal is broad and becomes slender in its posterior-
most part. The ceratohyal seem to be associated with a
longish, slightly triangular-shaped ventral hypohyal
(specimens GRC 215, GRC 236.2, Fig. 5B). A well-pre-
served basibranchial plate with the articular fossae for
the hypobranchial in its anterior region is visible in spe-
cimen GRC 006 (Fig. 5B). Six branchiostegal rays could
be counted, the first two are thin, and the four posterior
ones are broader (Fig. 5B).

|

Figure 10. Sagittae (suffix 1), lapilli (suffix 2, except J2) and asteriscus (J2) preserved in sifu in the species of fMiovalencia gen.
nov. from the Bugojno Basin. A—H, M. bugojnensis gen. et sp. nov. (A, GRC 038-2; B, GRC 182; C, GRC 177; D, GRC 019; E,
GRC 055; F, GRC 206; G, GRC 021; H, GRC 197). I-M, M. chios (I, GRC 204; J, GRC 261; K, GRC 229; L, GRC 003; M,
GRC 185). Scale bars for sagittae = 0.5 mm; for lapilli and asteriscus = 0.2 mm.
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Pharyngeal jaws. The pharyngeal jaws, with multiple
pharyngeal teeth in sifu, are preserved in anatomical
position in several specimens. The teeth are conical,
with a very small shoulder below the curved tip
(Supplemental material Fig. S5d3). At the posterior part
of the pharyngeal plate some teeth are compressed, with
a straight crown and a very small indentation
(Supplemental material Fig. S5d1, 4). While it is diffi-
cult to discern the cerato- and pharyngobranchials (e.g.
specimens GRC 012, 216), a boomerang-shaped 5th
ceratobranchial is recognizable in specimen GRC 004
(not figured).

Axial skeleton. The vertebral column is mostly com-
posed of 25-28 (mode 27) vertebrae including 10-12
(mode 11) abdominal vertebrae and 15-16 (mode 16)
caudal vertebrae. The first vertebra has a short neural
spine. The following three vertebraec (V2 to V4) have
flat and broad neural spines, in V2 the spine is wider
than tall (specimens GRC 002, 004). The neural spines
of the last abdominal vertebra (V11) and of the first
caudal vertebrae (V12, V13) are associated with the dor-
sal-fin pterygiophores and show a slightly anteriorly
curved shape (Fig. 8B). In some specimens, the haemal
spines (sometimes also the neural spines) opposite to
the anal-fin are particularly robust and display a blunt
distal end (Fig. 9B, i.e. specimens GRC 018, 189, 233,
236.1). Around 10 rib pairs, starting from the 2nd verte-
bra, are associated to the abdominal vertebrae.
Epipleurals could not be identified.

Pectoral girdle and fins. The pectoral girdle is particu-
larly well preserved in specimen GRC 196.1 (Fig. 7A,
Supplemental material Fig. S4e). The cleithrum is
curved with a broad plate in the dorsal area and narrows
ventrally. The post-temporal has a thin rod-shaped dor-
sal process and an ossified ventral process (best visible
in specimens GRC 004 and 018, see Supplemental
material Fig. S4e). A slightly rounded to rectangular
scapula and a triangular-shaped coracoid are discernible,
but a clear division between both is not recognizable.
The scapula has a thin, elongated scapular foramen in
its upper part. Four radials articulate with the pectoral
rays, the first (upper) is triangular and small, the second
has a trapezoidal shape, and the third and fourth ones
are more rectangular and larger in size. They are over-
lapped by a thin rod-like bone, a possible postcleithrum

4

3. The pectoral fin has 815 rays; its length is 9.3—
18.5% SL (12.5+3.4% SL).

Pelvic girdle and fins. The pelvic bone is a broad, tri-
angular-shaped bone with a rectangular medial process
and a partially visible ischial process (Fig. 7C). The pel-
vic bone width is about 70% of its length, with the pos-
terior portion being broader than the anterior part. The
pelvic fin comprises 5-7 rays and is relatively short
(6.5-9.1% SL, 7.4+1.2% SL).

Dorsal and anal fins. The dorsal fin is composed of
(9)10-12 rays supported by the same number of ptery-
giophores (Fig. 8B). The first pterygiophore is robust,
has a broad articulating head and is deeply split into
two bones (Fig. 8B, D), the next pterygiophore is also
robust and close to the first one (Fig. 8B). The third
pterygiophore is longer than the preceding ones, and the
following pterygiophores only slightly decrease in
length and width (Fig. 8B1). The dorsal-fin length is
11.8-19.5% SL (15.9£3.2% SL), its base measuring
9.2-13.9% SL (11.4+1.4 SL).

The anal fin comprises 12—-13 rays, supported by 11—
12 pterygiophores (Fig. 9B). In all specimens, the anal-
fin pterygiophores are relatively long. In putative male
specimens (GRC 179, 189, 233), the first anal-fin ptery-
giophore is relatively broad and reaches the haemal arch
of the first or second caudal vertebra. In the same speci-
mens, also the last anal-fin pterygiophore is long
(almost equal in length to the preceding ones, Fig. 9B).
In putative females (GRC 192, 247) the pterygiophores
are also long, reaching beyond the middle of the haemal
spines, but the last one is much shorter. Anal-fin length
measurements were mostly not possible to take as the
distal part of the rays were not preserved, but based on
specimen GRC-033 seems to be around 13.5% of the
SL. The anal-fin base is almost equal to the dorsal fin
base (8.6-13.6% SL, 11.1+1.4% SL).

Caudal fin and skeleton. The caudal fin comprises 14—
17 principal rays and six dorsal and ventral procurrent
rays. Neural and haemal spines of three preural vertebrae
(PU 2-4) are involved in the support of the caudal-fin
rays. PU 2 is characterized by expanded, blade-shaped
neural and haemal spines, which are close to the epural
and parhypural (Fig. 6C). The width of these spines is
about three to four times greater than the width of the cor-
responding spines of PU 4 (nsPU2/nsPU4 ratio 3.4+ 1.0;
hsPU2/hsPU4 ratio 3.1£0.4).

<

Figure 11. Sagittae (suffix 1, C, L-N), lapilli (D, suffix 2, except K2) and asteriscus (K2) preserved in situ in the species of
tWilsonilebias gen. et sp. nov. from the Bugojno Basin. A—E, tW. langhianus gen. et sp. nov. (A, GRC 179; B, GRC 233; C, GRC
196.1; D, GRC 188.1; E, GRC 236.1). F-1, TW. rotundascendus gen. et sp. nov. (F, GRC 247; G, GRC 215; H, GRC 192; I, GRC
205). J, TW. cf. langhianus (GRC 216). K-N, TW. cf. rotundascendus (K, GRC 002; L, GRC 219; M, GRC 226; N, GRC 210).
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The caudal skeleton is composed of the terminal cen-
trum and a fan-shaped hypural plate (Fig. 6C, D). The
terminal centrum bears anteriorly a dorsally projecting
prezygapophysis, while at the posterodorsal edge of the
terminal centrum is another small, lateral, spiny process.
The hypural plate is anteriorly unfused, i.e. it shows a
thin elongated gap (fenestra) narrowing posteriorly and
indicating the boundary between the upper and lower
hypural plate. The epural is slightly curved and has a
plank- or rod-like shape. The parhypural is broad with a
rectangular head that is in contact with the dorsoventral
portion of the terminal centrum, but not overlapping it.

Scales. Round scales can be recognized all over the
body, but they are poorly preserved. Only in specimen
GRC 236.2 are flank scales better preserved; they dis-
play a ‘U’-shape with about 6 to 7 radii (Supplemental
material Fig. S7c). The scales on the head are larger
than the flank scales.

Pigmentation. Pigmentation is not very well preserved
except for possible dark dots across the body in some
specimens.

Otoliths. The sagitta has a rounded-triangular to trapez-
oidal shape (Fig. 11A1, B1, C, E1-K1, L-N). The ven-
tral rim is straight to rounded, followed by a moderately
long, anteriorly curving and slender rostrum (RL
17.4+£4.0%). The antirostrum is rounded and relatively
short (AL 8.4+3.4%). The sulcus is slightly to distinct-
ively ‘S’-shaped (best visible along its lower margin),
owing to the presence of a constriction between the rela-
tively wider ostium and the relatively narrower cauda;
the cauda is slightly bent at its end. The excisura is
deep, but narrow. A thick crista superior, which delimits
a deeply depressed dorsal area, adjoins the sulcus.

The lapillus has a thick ventral surface and a rhom-
boid to rounded-trapezoid shape with a very curved
medial margin (Fig. 11A2, B2, D, E2-J2). The sulculus
usually continues to a clear linea basalis. One asteriscus
was possible to extract (GRC 002). It has an elongate
bean-like-like shape with a straight anterodorsal margin,
a concave anteroventral margin and a narrowing ventral
tip (Fig. 11K2). The fossa acustica is deep and bounded
by two walls.

&

+Wilsonilebias langhianus gen. et sp. nov.
(Figs 4C, 6C, 8B, 9B, 11A-E, 12E, 13F;
Supplemental material Figs S4d, S4f, S6)

Etymology. The name refers to the stratigraphical age
(Langhian) of this new species.

Type material. Holotype: GRC 004.2/004.1 (s+1). 16
paratypes: GRC 012.2/012.1 (s+1), GRC 033.1/033.2
(s+1), GRC 036 (s+1), GRC 063.1/063.2 (s+1), GRC
064.1/064.2 (s+1), GRC 173p (s), GRC 179.2/179.1
(s+1), GRC 188.1cp (1), GRC 195.2Bp (s+1), GRC
196.1p (s), GRC 207 (s+1), GRC 223.1A/223.3A
(s+1), GRC 233cp (s+1), GRC 236.1 (s+1), GRC
238.1B/238.2B (s +1), GRC 262/180 (s +1).

Referred specimens. One specimen (GRC 216¢p
(s+1)) is referred to as TW. cf. langhianus because its
sagitta and lapillus are similar to those of the type speci-
mens, but also display some similarity to the sagitta and
lapillus of TW. rotundascendus gen. et sp. nov.

Type locality and age. Gracanica, Bugojno Basin,
Bosnia and Herzegovina; Middle Miocene (Langhian),
about 14.8-13.8 Ma.

Differential ~ diagnosis. @ Some  specimens  of
tWilsonilebias langhianus gen. et sp. nov. display a PU
2 with proximally curved neural and haemal spines
(GRC 012, 033, 063, 179, see Fig. 6C) (not seen in .
rotundascendus gen. et sp. nov.). Apart from that, the
discrimination between TW. langhianus gen. et sp. nov.
and its congener, TW. rotundascendus gen. et sp. nov.,
is based on differences in the morphology of both the
sagitta and the lapillus. Compared to its congener, the
sagitta of {W. langhianus gen. et sp. nov. has an elon-
gated-triangular shape (vs rounded-triangular), a rela-
tively straight posteroventral portion (vs mostly rounded
and sometimes protruding), a rostrum that is only
slightly curved (vs moderately to strongly curved), a
more opened excisura (vs almost closed), a moderately
deep sulcus (vs deeply incised), a weak constriction
between ostium and cauda (vs clear constriction), and a
shallow crista inferior (vs marked) (Fig. 11A1, BI1, C,
El). In addition, it has a significantly greater relative
rostrum height (R 38.7+3.1% vs 35.9+2.8%, p <0.05),
and also tends to have a slightly greater relative antiros-
trum height and length (A 33.0+£5.3% vs 28.8+£8.5%,
AL 9.4+£2.4% vs 6.8£4.2%). Furthermore, the sagitta

N

Figure 12. Comparison of the otoliths between species of tMiovalencia gen. nov., TWilsonilebias gen. nov. and previously described
fossil and extant Valenciidae. A, B, GRC 177, GRC 261. C, D, from Reichenbacher and Kowalke (2009, fig. 3k and, mirrored, 3b).
E, F, GRC 179, GRC 215. G, from Reichenbacher (2000, pl. 1, fig. 5). H, from Weiler (1963, fig. 18, mirrored). I, J, K, from
Gaudant et al. (2015, fig. 9a, b, f). L, from Riickert-Ulkiimen (2006, fig. 7: 10). M, from Reichenbacher and Gaudant (2003, fig. 3:
1). N, from Jost et al. (2006, fig. 11a). O, from Reichenbacher et al. (2019, fig. 3a). P, from Bradi¢-Milinovi¢ et al. (2021, fig. 4:

9A). All scales = 0.5 mm.
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of some specimens of TW. langhianus gen. et sp. nov.
shows a slightly crenulated lower margin of the cauda
(see Fig. 11B1, C), which is not observed in the sagittae
of TW. rotundascendus gen. et sp. nov. The lapillus of
TW. langhianus gen. et sp. nov. is characterized by a
roundish to rhomboid shape (vs mostly ovate) and a less
coarse ventral surface (Fig. 11A2, B2, D, E2).

General description. Same as for the genus, except
characters mentioned in the differential diagnosis. For
morphometric and meristic characters see Table 1, for
otolith morphometry see Table 3.

‘Wilsonilebias rotundascendus gen. et sp. nov.
(Figs 4D, 7C, 8D, 6D, 11F-1, 12F, 15G;
Supplemental material Figs S4e, S5d, S7¢)

Etymology. The name rotundascendus refers to the
rounded, ascending rostrum of the sagitta of this
species.

Type material. Holotype: GRC 236.2p (s+1). 11
Paratypes: GRC 018.1/018.2 (s+1), GRC 178.2/178.1
(s+1), GRC 189.1/189.2 (s+1), GRC 192.2/192.1
(s+1), GRC 205.2/205.1 (s+1), GRC 215.2/215.1
(s+1), GRC 237.2p (s+1), GRC 239¢cp (1), GRC 244.2/
244.1 (s+1), GRC 247p (s +1), GRC 255¢cp (s).

Referred specimens. Four specimens (GRC 226.1/226.2
(s), GRC 002cp (s+a), GRC 219.1/291.2 (s), GRC 210
(s)) are referred to as TW. cf. rotundascendus because
their sagittae showed a more elongated and slenderer
rostrum than the sagittae of the holotype and paratypes
(Fig. 11K1, L-N).

Type locality and age. Gracanica, Bugojno Basin,
Bosnia and Herzegovina; Middle Miocene (Langhian),
about 14.8—-13.8 Ma.

Differential diagnosis. As described in the differential
diagnosis of tW. langhianus gen. et sp. nov., none of
the specimens of tW. rotundascendus gen. et sp. nov.
displays a PU 2 with proximally curved neural and
haemal spines that are very close to the epural and par-
hypural. Apart from that, 1W. rotundascendus gen. et
sp. nov. can be differentiated from its congener based
on differences in the morphology of both the sagitta and
the lapillus. Its sagitta has a rounded-triangular shape
(vs elongated-triangular in TW. langhianus gen. et sp.
nov.), a mostly rounded and sometimes protruding

4

posteroventral portion (vs relatively straight), a moder-
ately to strongly curved rostrum (vs slightly curved), an
almost closed excisura (vs opened), a deeply incised sul-
cus (vs moderately deep), a clear constriction between
ostium and cauda (vs weak), and a marked crista inferior
(vs shallow) (Fig. 11F1-I1). In addition, TW. rotundas-
cendus gen. et sp. nov. has a significantly smaller rela-
tive rostrum height (R 359+2.8% vs 38.7£3.1%,
p<0.05), and also tends to have a smaller antirostrum
height and length (A 28.8+8.5% vs 33.0£5.3%, AL
6.8+4.2% vs 9.4+£2.4%). The lapillus of TW. rotundas-
cendus gen. et sp. nov. is characterized by a mostly
ovate shape (vs roundish to rhomboid) and a coarser
ventral surface (Fig. 11F2-12).

General description. As for genus, except characters
mentioned in the differential diagnosis. For morphomet-
ric and meristic characters see Table 1, for otolith
morphometry see Table 3.

tWilsonilebias sp.
(Fig. 5B, Supplemental material Fig. S4d)

Material. Five specimens (GRC 006 (s+1), GRC 030
(s), GRC 035 (s), GRC 066 (s +1), GRC 238.A (s+1)).

Remark. These specimens could be assigned to
T Wilsonilebias gen. nov. because their posterior anal-fin
pterygiophores were not decreasing in size, and/or
because the neural and haemal spines of PU2 were posi-
tioned close to the epural and parhypural, respectively,
and/or because their otoliths preserved in situ (sagittae
or lapilli or both) display the typical shape of that
genus. However, the otoliths are too poorly preserved to
allow species identification.

Unclassified material

102 specimens were not possible to identify to genus or
species level. Most of them (79) were poorly preserved
and no otolith or diagnostic characters were recogniz-
able. Among the remainder, 10 specimens, of which
four had otoliths in situ, could be included in both body
morphometry and at least some meristic counts, and a
further 13 specimens, of which nine had otoliths,
allowed some meristic counts, but no body measure-
ments. These specimens have a mean SL of 28.9mm
(21.9-34.0mm), their morphometric and meristic char-
acters have similar ranges to the values in the species

<

Figure 13. Terminology of the lapillus and lapillus morphology (in ventral view) of the three extant species of Valencia (A—C) and
the four fossil species from the Bugojno Basin (D-G). For better comparison, each lapillus is shown as right lapillus (left lapilli were
mirrored). A, SNSB-BSPG-13 (mirrored). B, SNSB-BSPG-130a (mirrored). C, SNSB-BSPG-573. D, GRC 177 (mirrored). E, GRC

204. F, GRC 179. G, GRC 215 (mirrored). Scale =0.2 mm.
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described above, and their otoliths were too poorly pre-
served to allow genus or species identification (for
details of data see Supplemental material Table SI,
sheet 1).

Fossil otoliths of Valenciidae

The new material from Bugojno Basin required attention
with respect to the abundant fossil record of previously
described valenciid taxa based on otoliths (sagittae). Of
the genus Valencia, one otolith-based species and one
skeleton-based species with otolith in situ are known
(see Table 5 for species names and references). The
genus TAphanolebias contains four otolith-based species
and one species recorded based on both skeletons with
otoliths in situ and isolated otoliths (Table 5).
Additionally, as described in the systematic section, we
assign two otolith-based species, initially described as
Aphanius or Aphanolebias, to TMiovalencia gen. nov.
One of these species is ‘Aphanius’ chios from the
Middle Miocene of the Chios Island (Greece) (Malz,
1978). The otoliths of the type material of this species
show remarkable similarity in the general outline and
sulcus shape to the otoliths of this taxon from the
Bugojno Basin (Fig. 12B, C), but differ slightly in their
lower length-height index (L-H 1.13£0.02 s
1.20+£0.09, p <0.05; Table 3). This difference may be
related to ontogenetic variation as the otoliths in the
Bugojno Basin population are larger than those from the
Chios island, which could account for their slightly

more elongated shape. The second species is
‘Cyprinodontidarum’ angulosus Steurbaut, 1978 from
the Lower Miocene of the Aquitaine Basin (south-west-
ern France). It was transferred to fAphanolebias by
Reichenbacher, Gaudant, et al. (2004), and subsequently
considered as Aphanius by Reichenbacher and Kowalke
(2009). In the original description of this species,
Steurbaut (1978) noted that it bears similarities with
‘Aphanius germaniae’ Weiler, 1963 (now
tAphanolebias meyeri, see Reichenbacher & Gaudant,
2003). We tentatively reclassify this species to
tMiovalencia gen. nov. because its otoliths show a
straight to slightly ascending sulcus without clear dis-
tinction between ostium and cauda (Fig. 12C), as seen
in fMiovalencia gen. nov. (Fig. 12A, B), and the sulcus
does not show a clearly curved cauda at the end, as is
characteristic ~ for  fAphanolebias (Fig. 12M-P).
Nonetheless, the sagitta of TM. angulosa exhibits a rela-
tively low rostrum height, which differentiates it against
tM. bugojnensis gen. et sp. nov. (R 43.2+£39 vs
35.0+4.1, p<0.05) and also, albeit not significantly,
against TM. chios (Table 3). Perhaps the lower rostrum
height is attributed to the stratigraphically older appear-
ance of TM. angulosa in the Early Miocene, compared
to the rest of fMiovalencia gen. nov. species, which
come from the Middle Miocene.

Additionally, we tried to find otoliths of {Prolebias
(in the definition of Costa, 2012a) and fFrancolebias,
of which no otoliths have previously been described.
Examination of the abundant skeletal type material of

Table 5. Fossil species of Valenciidae described based on isolated otoliths (ot) and otoliths preserved in situ (sk+ ot). Bold

indicates re-assignments based on the present study.

Previously described fossil otoliths of

Valenciidae References (authors of species marked by an asterisk) Figured in this study
Valencia arcasensis (sk + ot) *Gaudant et al. (2015) Fig. 121
Valencia reichenbacherae (ot) *Riickert-Ulklimen (2006) Fig. 12L
Aphanolebias bettinae (ot) *Bradié¢-Milinovié et al. (2021) Fig. 12P
Aphanolebias gubleri (ot) *Reichenbacher (1993, as Aphanius); Reichenbacher,
Bohme, et al. (2004)
Aphanolebias konradi (ot) *Reichenbacher (1988, as Aphanius); Reichenbacher, Fig. 12N
Bohme, et al. (2004)
Aphanolebias meyeri (sk + ot, ot) *Agassiz (1839, as Lebias); Reichenbacher and Gaudant Fig. 12M
(2003); Reichenbacher, Gaudant, et al. (2004)
Aphanolebias sarmaticus (ot) *Reichenbacher et al. (2019) Fig. 120
Miovalencia angulosa (ot) *Steurbaut (1978, as genus Cyprinodontidarum); Fig. 12D
Reichenbacher et al. (2004, as Aphanolebias),
Reichenbacher and Kowalke (2009, as Aphanius)
Miovalencia chios (sk + ot, ot) *Malz (1978, as Aphanius); Reichenbacher, Gaudant, et al. Fig. 12B, C
(2004, as Aphanolebias), Reichenbacher and Kowalke
(2009, as Aphanius)
Prolebias symmetricus (ot) *Weiler, 1963, as Otol. (Cyprinodontidarum symmetricus); Fig. 12G
Reichenbacher and Weidmann (1992, as Palaeolebias
symmetricus)
Francolebias rhenanus (sk, ot) *Gaudant (1981b, as Prolebias); Weiler (1963, as Fig. 12H

Prolebias sp.)
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tProlebias stenoura in the NHMUK collection revealed
one specimen (NHMUK PV P 76303) with an otolith in
situ (Fig. 1Al). Although the otolith is not completely
preserved it is recognizable that it has a high-ovate
shape. This shape sets it clearly apart from the otoliths
of Valencia, tAphanolebias and tFrancolebias (see
below), and, moreover, make it reminiscent of the oto-
lith-based species Palaeolebias symmetricus (Weiler,
1963) (Fig. 12G), known from the lower Oligocene of
both southern Germany and southern France
(Reichenbacher & Philippe, 1997; Weiler, 1963), thus
from the same stratigraphical interval as {P. stenoura.
Taking into account both its otolith shape and strati-
graphical age, we consider Palaeolebias symmetricus as
a species of fProlebias (the taxon name Prolebias
Sauvage, 1874 has priority over Palaeolebias
Reichenbacher & Weidmann, 1992). Accordingly, the
otoliths of fProlebias would be characterized by an
ovate shape and a short rostrum (Figs 1Al, 12G).
Whether other otolith-based species of fPalaeolebias, as
described in Reichenbacher and Weidmann (1992),
should also be transferred to fProlebias requires further
research and will be the topic of a future study.

Furthermore, our search for possible otoliths of
TFrancolebias resulted in the observation that the otolith
identified in Weiler (1963) as ‘Prolebias sp.” (Figs 1B1,
12H) comes from the same strata (Upper Pechelbronn
Beds, lower Oligocene) as the skeleton-based species
tFrancolebias rhenanus (see Gaudant, 1981b). In add-
ition, both ‘Prolebias sp.” and TF. rhenanus originate
from the southern Upper Rhinegraben, and the respect-
ive localities, that is the drilling ‘GriBheim 2’
(‘Prolebias sp.’) and the quarry Kleinkems (TF. rhena-
nus) are only 25 km apart from each other (see Gaudant
1981b; Weiler, 1963). Since no other cyprinodontiform
species are known from the Upper Pechelbronn Beds,
we interpret ‘Prolebias sp.” sensu Weiler (1963) as rep-
resenting the sagitta of {F. rhenanus (Gaudant, 1981b).
Accordingly, fFrancolebias has an almost circular
sagitta with a small, slightly pointed rostrum (see Figs
1B1, 12H).

Moreover, we used sulcus morphology, otolith
morphometry and statistical tests to characterize the oto-
liths of each valenciid genus including the two new gen-
era described here, with the exception of fFrancolebias
of which only one otolith is known. Nevertheless,
tFrancolebias shows a markedly rounded otolith, with a
wide excisura and straight sulcus, which does not
resemble any of the other genera.

The statistical tests (Welch—-ANOVA with Games—
Howell post-hoc, p < 0.001 or p < 0.05) reveal significant
differences between fProlebias and each of the other
Valenciidae in the length-height index and the relative

antirostrum height (p < 0.001, Tables 3, 4); for further sig-
nificantly different otolith variables between fProlebias
and the remainder see Table 4. The otoliths of Valencia
and fAphanolebias can be distinguished by two to five
otolith variables from the other genera (Table 4), and the
otoliths of fAphanolebias differ from all others in their
particular sulcus, characterized by a ventrally bent cauda
(Fig. 12M-P). Finally, significant differences can be seen
in the excisura angle, except between TMiovalencia gen.
nov. and ftWilsonilebias gen. nov., and between
tProlebias and Valencia (Table 4).

Phylogenetic results

Results of the unconstrained phylogenetic analysis. A
cladistic parsimony analysis was performed based on the
newly prepared dataset composed of 116 characters and
44 species without constraints and under implied weights
(K = 12). The analysis was performed two times with dif-
ferent outgroup species. With Oryzias matanensis (beloni-
form) as outgroup, the analysis resulted in three equally
parsimonious trees of 305 steps (CI = 0.455, RI = 0.756)
of which the strict consensus is shown in Fig. 14A.
Bootstrap support (500 repetitions) is moderate to good
for some families (those being Pantanodontidae,
Anablepidae, Fundulidae), but not for Valenciidae and
Procatopodidae, which are not recovered as monophyletic.
The general tree topology is similar to that obtained by
Costa (2012a). The valenciid taxa of Costa’s (2012a)
matrix, i.e. V. hispanica, V. robertae [as V. letourneuxi in
Costa], TProlebias stenoura, tFrancolebias delphinensis
and tF. aymardi, plus the newly added V. lefourneuxi
cluster together. However, contrary to Costa (2012a), the
three Valencia species form a polytomy with a clade
including fProlebias + ftFrancolebias. Notably, this
clade does not include the newly added fossil valenciids:
tAphanolebias is placed as sister to Aplocheilus panchax
(Hamilton, 1822) (Aplocheiloidei), whereas {Miovalencia
gen. nov., retrieved as monophyletic, is placed as sister to
a polytomy containing tF. rhenanus, two members of the
family Anablepidae, tWilsonilebias gen. nov., which is
not monophyletic, and tF. arvernensis. A second analysis
with Melanotaenia affinis (atheriniform) as outgroup,
resulted in three trees of 301 steps (CI = 0.458, RI =
0.760), of which the strict consensus is shown in
Supplemental material Fig. S9a. Both analyses yielded
similar results, with only minor differences in bootstrap
support.

Results of the constrained phylogenetic analysis.
Using the same dataset, we also performed an implied
weights maximum parsimony analysis using the latest
molecular phylogenies (Braganca et al., 2018; Piller
et al., 2022) as scaffold for the extant clades, while the
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fossil taxa were left unconstrained as floaters. As in the
unconstrained analysis, we performed two analyses,
each with different outgroup species. With O. matanen-
sis as outgroup, the analysis resulted in 24 equally parsi-
monious trees of 344 steps (Fit = 13.1511, CI = 0.403,
RI = 0.669) of which the strict consensus tree is shown
in Fig. 13B. Almost all families show relatively good
(>80) bootstrap support (500 repetitions), except
Valenciidae and Procatopodidae, while both the Old
World clade and the relationships among its families
(Procatopodidae, Valenciidae, Aphaniidae) reveal low
support values. Notably, the three species of Valencia
are included in a polytomy with a clade comprising all
fossils of the Valenciidae except fAphanolebias, which
is retrieved in a polytomy with fEurolebias and present-
day Aphaniidae (Fig. 14B). Within the clade with the
extant  Valencia and most valenciid  fossils,
tMiovalencia gen. nov. is monophyletic, tFrancolebias
and tWilsonilebias gen. nov. are not monophyletic, but

Oryzias matanensis

+Aphanolebias meyeri

100/
100/
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tWilsonilebias rotundascendus L39¢
o — tWilsonilebias langhianus
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L7 Cubanichthys cubensis
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'3 Y :
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1 Valencia hispanica
tProlebias stenoura
tFrancolebias delphinensis
tFrancolebias aymardi

7
A B

Oryzias matanensis

5352{: ‘

grouped in a clade that is sister to tProlebias stenoura,
and this entire group is sister to TMiovalencia gen. nov.
(Fig. 14B). The analysis with M. affinis as outgroup
resulted in 48 trees of 340 steps (CI = 0.405, RI =
0.703), of which the strict consensus is shown in
Supplemental material Fig. S9b. Both analyses have
similar results with slight differences in bootstrap sup-
port, and only show difference in the polytomy formed
by 1 Wilsonilebias gen. nov. species, TFrancolebias rhe-
nanus and TF. arvernensis.

Discussion

Systematic position of the new killifish genera
from the Bugojno Basin

The position of the new genera from the Bugojno Basin
within the order Cyprinodontiformes is supported by two
synapomorphies recognized by Costa (2012b) and Parenti
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Figure 14. A, unconstrained and B, constrained maximum parsimony tree of 43 species of Cyprinodontiformes using implied
weight (K = 12), with absolute bootstrap values. A, strict consensus of three equally parsimonious trees (TL = 305, CI = 0.455, RI
= 0.756). B, strict consensus of 24 equally parsimonious trees (TL = 344, CI = 0.403, RI = 0.669) using as molecular scaffold the
molecular phylogenies of Braganga et al. (2018) and Piller et al. (2022); constrained nodes are indicated with a black circle, fossils
(1) were left as floaters. Shading colours refer to families, the fossil species from the Bugojno Basin are highlighted by a red box.
For details of analysis data see Supplemental material Table S1, sheets 4-6.
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(1981): the first pleural rib is articulating on the parapoph-
ysis of the second vertebra and the caudal fin skeleton is
symmetrical, with one epural mirroring the parhypural.
Placement within the suborder Cyprinodontoidei was
determined based on the presence of characteristics spe-
cific for the Cyprinodontoidei (Altner & Reichenbacher,
2015; Costa, 1998; Parenti, 1981). These include: a broad,
deep dentary; an anteriorly bent head of the autopalatine;
a spine-like process in the dorsoposterior portion of the
terminal centrum; and neural and haemal spines of preural
2 and 3 that are wider than the spines of preural 4 and pre-
ceding caudal vertebrae.

The family Valenciidae was diagnosed by Parenti
(1981) based on a single synapomorphy, i.e. the pres-
ence of an elongated dorsal process of the maxilla
(Table 6, Fig. 15A, B). The same process is trapezoid in
Aphaniidae  (Fig. 15C, D) and rounded in
Procatopodidae (Fig. 15E, F). Although rarely pre-
served, as it is very fragile and usually pushed under-
neath the premaxilla, the identification of a narrow and
elongated dorsal process of the maxilla was possible in
some of the studied specimens of tMiovalencia gen.
nov. and fWilsonilebias gen. nov. Moreover, Costa
(2012a) proposed two further synapomorphies for the
Valenciidae, i.e. distinctively thicker anal-fin rays than
dorsal-fin rays, and a PU 2-neural spine that is three to
four times wider than the PU 4-neural spine (Table 6).
Considering these synapomorphies and the synapo-
morphy introduced by Parenti (1981), Costa (2012a)
could classify fProlebias stenoura, TFrancolebias del-
phinensis and TF. aymardi as members of Valenciidae
and retrieved them together with Valencia as a mono-
phyletic group.

However, we found it difficult to assess what is meant
by ‘distinctively’ thicker anal-fin rays. Based on Costa
(2012a, fig. 2c), TFrancolebias delphinensis shows some-
what thicker anal-fin rays, but tProlebias stenoura does
not (Costa, 2012a, fig. 2a). In the studied specimens of
TMiovalencia gen. nov. and TWilsonilebias gen. nov., as
well as in in Valencia hispanica, the anal-fin rays were
equal to slightly thicker than the dorsal-fin rays (Table 1),
but we would not interpret them as ‘distinctively’ thicker.
The other synapomorphy introduced by Costa (2012a), i.e.
presence of a PU 2-neural spine that is three to four times
wider than that of PU 4, could be observed in several speci-
mens of TWilsonilebias gen. nov. and tMiovalencia gen.
nov. (Table 1). Notably, our specimens of V. hispanica
(ZSM 15451, 15453, 15454) showed some variability in this
trait as the width of their PU 2-neural spine was 1.6, 2.5 and
3.0 times the width of the PU 4-neural spine (Supplemental
material Table S1, sheet 2, column AS). That this character
shows some variability was also observed in other killifish
taxa (Altner & Reichenbacher, 2015).

Furthermore, both Costa (2012a) and Gaudant (2016)
highlighted additional shared characteristics among the
fossil species of TProlebias, TFrancolebias and
Valencia which can help to distinguish them from the
members of the two other Old World families, the
Aphaniidae and Procatopodidae. These characters
encompass (i) a long and narrow ascending process of
the premaxilla; (i) jaws with conical teeth arranged in
multiple rows, (iii) posteriorly positioned unpaired fins;
and (iv) origin of the dorsal fin slightly behind the anal
fin origin (Table 6). The same combination of characters
is visible in the specimens from the Bugojno Basin and
confirms that they cannot belong to Aphaniidae, and
together with the presence of a pelvic fin that is closer
to the anal than to the pectoral fin, also differentiates
them from the Procatopodidae (Table 6). Additionally,
the pelvic fin of the specimens from the Bugojno Basin
has no hook-like rays which, together with its position
relatively nearer to the anal fin, is clearly different from
the pelvic fin of the single fossil genus of the family
Pantanodontidae, the genus fParalebias Gaudant, 2013
(Gaudant, 2013; Rosen, 1965). Furthermore, their teeth
arrangement is different from the European genus
tEurolebias (?Cyprinodontidae), which has large teeth
in the outer row and few small teeth in the internal row
near the symphysis (Costa, 2012a; Gaudant, 1978).

Discussion of the phylogenetic results

Phylogenetic analysis with fossils is always a complicated
task as morphology-based groups can be related to each
other due to convergent evolution (Lee & Palci, 2015) or
missing data (Mongiardino Koch et al., 2021). This is
also clearly visible in the results of our unconstrained
phylogenetic analysis, in which the relationships between
the families, as it has been established based on molecular
work, are not resolved (Fig. 14A). Additionally,
Valenciidae is not monophyletic in the unconstrained
tree, as tWilsonilebias gen. nov., two species of
tFrancolebias (TF. rhenanus, TF. arvernensis) are in a
clade with the Anablepidac Garman, 1895. Most
Anablepidae are viviparous, reproduce by internal fertil-
ization, and possess an anal fin that is modified into a
gonopodium (Meyer & Lydeard, 1993; Parenti, 1981).
Both {Wilsonilebias gen. nov. and fFrancolebias are,
amongst others, characterized by specific modifications in
the anal-fin skeleton; though their grouping with
Anablepidae could be due to convergence in the modifica-
tions of the anal-fin and adjacent structures.

A molecular scaffold approach, as we used in the con-
strained analysis, is frequently used to incorporate fossils
and extant taxa in the same analysis, in particular when total
evidence data is not available (Darlim et al., 2022; Paterson
et al., 2020; Springer et al., 2001). With the molecular
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Table 7. Character presence-absence of the genera of the family Valenciidae. See Table 6 for literature sources and symbols.

Valencia tProlebias tAphanolebias Francolebias

TWilsonilebias tMiovalencia
gen. nov. gen. nov.

Genus
combination

Robust premaxilla ASC + ?
base (vs slender)

Retroarticular elongated (vs 0 0
short)

Parietal present (vs not + 0
present)

Ventral process of 0 +
posttemporal ossified (vs
unossified)

Deep body depth around 0 0
28-30% SL (vs slender)

Broad pelvic bone 70% wi/l 0 0
(vs slender, 50% w/l)

Dorsal/anal fin position + 0
about 70% SL (vs 60—

65% SL)

Ist and 2nd dorsal 0 0
pterygiophore fused (vs
unfused)

Ist dorsal ptery. with broad
triangle shape (vs not
expanded)

Anal-fin ptery. reaching 0 0
haemal arch (vs up to
distal portion)

Haemal spines above anal- 0 0
fin modified in putative
males (vs unmodified)

Anal-fin posterior ptery. 0 0
long (vs diminishing,
short)

Hypurals fused/suture + 0
visible (vs unfused/
partially fused*)

Parhypural overlapping/ + +
contact TC (vs not
articulating)

Sagitta otolith triangular + 0
shape (vs rounded)

Sagitta sulcus straight (vs + +
bent posteriorly)

? ? 0

? 0 +

+ o+ o+

? 0? ?

0* v 0* +

scaffold, both tMiovalencia gen. nov. and §Wilsonilebias
gen. nov. were resolved within Valenciidae. The species of
TMiovalencia gen. nov. formed a monophyletic group, but
the species of T Wilsonilebias gen. nov. formed a polytomy
with the same two species with which they were grouped in
the unconstrained analysis, i.e. TF. rhenanus and TF. arver-
nensis. The type species of fFrancolebias, ie. TF.

4

delphinensis, and TF. aymardi are resolved as sister group to
this polytomy (Fig. 14B). This suggests that TFrancolebias
is paraphyletic and needs revision. A possible hypothesis is
that TF. rhenanus and TF. arvernensis, both of which had
been interpreted as fFrancolebias by Gaudant (2016) and
not by Costa (2012a), actually represent further species of
+ Wilsonilebias gen. nov.

<

Figure 15. Upper jaw reconstruction of A, B, Valenciidae, C, D, Aphaniidaec and E, F, Procatopodidae in lateral (A, C, E) and
dorsal views (B, D, F). A, B, Valencia hispanica (A, ZSM 2070, B, modified from Parenti (1981, fig. 5d). C, D, Aphaniops
stoliczkanus (specimens C, BSPG 2024 VII 4 (22) and D, BSPG 2024 VII 4 (6) from Al Bahayez, Oman; see Herbert Mainero
et al., 2023). E, ‘Lacustricola’ johnstoni (SAIAB 35820) redrawn from Braganga et al. (2020, fig. 6n mirrored). E, ‘Aplocheilichthys’
Jjohnstoni modified from Parenti (1981, fig. 35¢c). Abbreviations: ASC, ascending process of the premaxilla; DMX, dorsal process of

the maxilla; VMX, ventral process of the maxilla. Scales =1 mm.
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Figure 16. A, preanal length and B, predorsal length (in % of standard length) of the three extant species of Valencia, TValencia

arcasensis and the species of the five extinct genera of the Valenciidae.
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Internal fertilization in fossil Valenciidae

Internal fertilization is known from multiple groups of
fish, including Cyprinodontiformes, and is usually
accompanied by a set of modifications in the anal and
pelvic fin (Blackburn & Hughes, 2024; Helmstetter
et al., 2016; Jones et al., 2016; Parenti, 2005).
Accordingly, Costa (2012a) suggested that the anal-fin
modifications seen in TFrancolebias (large anal-fin pter-
ygiophores and robust haemal spines above anal fin)
could be an adaptation for internal fertilization.
T Wilsonilebias gen. nov. shows the same anal-fin modifi-
cations as reported for fFrancolebias. Thus it can be
suggested that tWilsonilebias gen. nov. had the same
specific mode of reproduction like fFrancolebias. The
presence of two genera within the Valenciidae that pos-
sess modifications in the anal fin, and four genera with-
out such modifications (Valencia, tAphanolebias,
TMiovalencia gen. nov., tProlebias, see Table 7) indi-
cates that diverse fertilization modes were present
in Valenciidae in prior times. Moreover, Valenciidae
would represent the fifth family among the
Cyprinodontiformes that has independently developed
internal fertilization.

Remarks on the taxonomic value of the lapillus
Among the three pairs of otoliths, the saccular otolith
(sagitta) is long known for its significant taxonomic value
as it allows the distinction of species and genera (e.g. Lin
& Chien, 2022; Nolf, 2013; Schwarzhans, 1978). The
utricular otolith (lapillus), on the other hand, has been
considered for the taxonomy of non-Otophysi only by few
researchers (e.g. Assis, 2005; Schulz-Mirbach & Plath,
2012). Also in the context of fossils, the lapillus has
received little attention due to its small size and infrequent
occurrence in situ in a skeleton (Assis, 2005).
Furthermore, the lapillus appears to be more constrained
than the sagitta because it is related to the sense of pos-
ture, which may explain why it presents relatively few
morphological characters that can be used for taxonomical
purposes (Assis, 2005; Schulz-Mirbach et al., 2010;
Schulz-Mirbach & Plath, 2012).

Assis (2005) proposed that the lapillus is most useful
for diagnosis below the family level, with the most
important characters being the outline, and the gibbus
maculae and the linea basalis in the ventral face (Fig.
13C). This has been confirmed in a study of fossil
Gobiidae from the Middle Miocene of Eastern Europe,
in which lapilli preserved in situ in skeletal material
were found to be diagnostic at genus level
(Reichenbacher & Bannikov, 2022). Additionally,
research conducted on some Poeciliidae has shown that
differences in the lapillus shape between species is

usually noticeable (Schulz-Mirbach et al., 2010; Schulz-
Mirbach & Plath, 2012).

The unique in situ preservation of lapilli in multiple
individuals of Miovalencia gen. nov. and TWilsonilebias
gen. nov. has provided us with the opportunity to
expand our knowledge on this otolith and its discrimina-
tive power. We were able to confirm that the lapillus
can be useful for both genus and species discrimination
since we found clear differences in the lapillus outline
between Valencia, tMiovalencia gen. nov. and
T Wilsonilebias gen. nov., and some additional differen-
ces in the ventral face and the linea basalis between
species (Fig. 13). Although rare, the presence of lapilli
has been reported in other Kkillifish fossil faunas
(Caballero-Vinas et al., 2023; Sferco et al., 2022). Our
results may encourage further comparative morpho-
logical analyses of the lapillus in additional genera and
families of Cyprinodontiformes, as such knowledge
could significantly aid in fossil classification.

Palaeoenvironment and palaeoecology of the
Bugojno Basin

The Middle Miocene (Langhian, 14.8 to 13.8 Ma) palaeo-
lake deposits at Gracanica in the Bugojno Basin
(Dinaride Lake System) yielded a diverse killifish fauna
consisting of two new genera and four species. The lacus-
trine fauna alongside the killifish is composed of a low-
diverse mollusc fauna — perhaps because littoral
gastropods disappeared during the rise of the lake level
(Mandic et al., 2020), an ostracod assemblage, mainly
represented by unidentified Candonidae (Hajek-Tadesse,
2020), two genera of march flies (Bibionidae, Diptera)
(Wedmann & Skartveit, 2020), as well as salamanders
and frogs (Vasilyan, 2020). Pollen surveys of the section
revealed high abundance of Cedrus, signalling a light
cooling period with high humidity, but also presence of
subtropical forests (Jiménez-Moreno & Mandic, 2020).
Taking all fossil evidence together, a deep, relatively
productive lake in an overall humid subtropical climate
can be assumed (Hajek-Tadesse, 2020; Jiménez-Moreno
& Mandic, 2020; Wedmann & Skartveit, 2020).

Together with the killifish, two partial skeletons of a
barb (aff. Barbus) have been described from the
Bugojno Basin by Vasilyan (2020). The author noted
that several otoliths of killifish (Vasilyan, 2020; fig. 2k-
m) and vertebrae of a small-sized fish (possibly also a
killifish) were preserved together with the bone remains
of the barb and suggested that the barb preyed on killi-
fishes. The sagittac shown in Vasilyan (2020, fig. 2I)
possibly belong to tMiovalencia bugojnensis gen. et sp.
nov., while that shown in Vasilyan (2020, fig. 2k) can
be referred to T Wilsonilebias langhianus gen. et sp. nov.
Following the assumption of Vasilyan (2020), the
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species of both new genera were possible prey fish of
the barb.

Amongst other factors, predation is known to affect
body shape, in particular the caudal peduncle and fin
positions, which are related to swimming -capability
(Fletcher et al.,, 2014; Langerhans & Makowicz, 2009;
Maxwell & Wilson, 2013; Moody & Lozano-Vilano,
2018). Regarding dorsal- and anal-fin positions, the dor-
sal fin is more prone to vary because the anal fin is con-
strained by the anus position (Mabee et al., 2002).
Predatory pressure may explain the more anterior position
of the dorsal fin seen in our new taxa relative to other
valenciids (Fig. 16). The latter is coupled with a rela-
tively longer caudal peduncle, which could have
improved swimming performance and helped the killifish
to avoid predation.

Additionally, the two genera could have diversified
by exploiting different water column depths. According
to previous works, species in deeper areas show a more
rounded sagitta shape (Assis ef al. 2020; Volpedo &
Echeverria, 2003), as seen here in TW. rotundascendus
gen. et sp. nov. Accordingly, TW. rotundascendus gen.
et sp. nov. possibly inhabited deeper areas, while the
other remained in shallower zones.

Palaeobiogeography of Valenciidae
Killifishes appear to have been very successful in
Europe during the Oligocene and Miocene. They had a
wide distribution in the Western and Central Paratethys,
as well as in the Upper Rhine Graben, Mainz Basin,
and further basins in Spain and France (e.g. Bradic-
Milinovié et al., 2021; Gaudant et al., 2015; Gaudant &
Rovira-Sendrds, 1998; Reichenbacher & Prieto, 2006;
Reichenbacher & Kowalke, 2009; Vasilyan et al., 2009;
von Salis, 1967). The new Valenciidae described here
expand their previously known geographical distribution
and improve our understanding of their historical bio-
geography (Fig. 17). They also document the first record
of Cyprinodontiformes from the Dinaride Lake System,
from where only very poorly preserved fish remains
have previously been mentioned (Neubauer et al., 2016).
The extant species of Valencia are the sole represen-
tatives of Valenciidae today. They are currently
restricted to coastal and inland water systems of the
Spanish Mediterranean coast, Greece and Albania
(Barbieri et al., 2000; Freyhof et al., 2014; Shumka
et al., 2020). In contrast, extinct genera of Valenciidae
were present in multiple freshwater environments across
Europe, and their biogeographical history appears to be
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Figure 17. Biogeographical map of the extant and fossil species of the Valenciidae showing geographical distribution and

temporality of each genus. Source of map: © EuroGeographics.
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linked to the geological history of the European contin-
ent, as it has been suggested for other freshwater organ-
isms (Neubauer et al., 2015). Their first occurrence is
represented by TFrancolebias and TProlebias from sev-
eral lower Oligocene basins in France (Limagne Basin,
Apt Basin, Potassium salt Basin of Alsace) and southern
Germany (southern Upper Rhinegraben, Kleinkems)
(Gaudant, 1981a, 1981b, 1988, 1989, 2012, 2016;
Reichenbacher & Philippe, 1997). By the end of the
early Oligocene and beginning of the late Oligocene,
TProlebias moved towards the east, as documented by
the presence of fP. symmetricus in the northern Upper
Rhein Graben and Mainz Basin (Reichenbacher, 2000;
Weiler, 1963; this work).

During the Early Miocene, ftFrancolebias and
TProlebias became most probably extinct, and Valenciidae
is mostly represented by the genus fAphanolebias, which
has been registered in Lower Miocene sediments from the
northern Upper Rhine Graben (Hanau and Mainz Basins)
and the South German Molasse Basin (Reichenbacher,
1988, 1993, 2000; Reichenbacher & Gaudant, 2003;
Reichenbacher, Bohme, et al., 2004; Reichenbacher,
Gaudant, et al., 2004). However, {Miovalencia angulosa
from the Lower Miocene of the Aquitaine Basin, France
(Steurbaut, 1978) indicates that Valenciidae not only
moved to the east, but also to the west (Fig. 17).

During the Middle Miocene, fAphanolebias and
tMiovalencia gen. nov. moved further east, entering mul-
tiple lake systems, such as the Dinaride Lake System (this
work), the Serbian Lake System (Bradi¢-Milinovic et al.,
2021), and the Pannonian Basin (Reichenbacher et al.,
2019). There is no other record of 1 Wilsonilebias gen. nov.
However, since its closest relative is tFrancolebias (only
known from France and southern Germany), it is probable
that its ancestor also migrated from West to East.
Additionally, in the same period, the first appearance of the
genus Valencia has been recorded from Spain (Gaudant
et al., 2015). This indicates that Valenciidae also moved
further to the west. Thus, the recent distribution of
Valencia and Valenciidae, respectively, could have resulted
from their Early and Middle Miocene migrations. This sug-
gests that the ancestor of Valencia hispanica split from V.
letourneuxi and V. robertae as early as in the Early
Miocene (Fig. 17). Notably, this idea is consistent with the
hypothesis proposed by Perdices et al. (1996), who, based
on molecular work, stated that Valencia species must have
split since 18 Mya, thus in the Early Miocene.

The fossil record of Valenciidae from the Late
Miocene is poorly known, whereas fossils of
Aphaniidae are well known from the same time interval
(e.g. Carnevale & Schwarzhans, 2022; Reichenbacher &
Kowalke, 2009). A single fossil species of Valencia has

been described from the Miocene-Pliocene of Turkey
(Riickert-Ulkiimen, 2006). It could be that changes in
climatic conditions and disappearance of suitable lacus-
trine environments resulted in the decline of the group.
This further enhances that the present-day species from
Spain and Greece/Albania remained disconnected from
each other since the Early Miocene.

Concluding remarks and outlook

A diverse assemblage of killifish was described from
Middle Miocene sediments in the Bugojno Basin within the
Dinaride Lake System. The remarkable abundance of well-
preserved skeletons with otoliths preserved in sifu from the
Bugojno palacolake gives the opportunity to enhance our
understanding of killifish palaeodiversity, intraspecific vari-
ability and biogeographical distribution. Two new genera
and four species were found to live in sympatry in the
slightly alkaline palaeolake of the Bugojno Basin. The new
genera, TMiovalencia gen. nov. and T Wilsonilebias gen.
nov., share the synapomorphies that are known for the fam-
ily Valenciidae, and each exhibits a distinctive combination
of osteological and otolith characteristics that makes it
unique. TWilsonilebias gen. nov. is the second genus
among the Valenciidae that possesses a modified anal-fin
skeleton, similar to the Oligocene valenciid TFrancolebias.
Each of the new genera is represented with two species, of
which M. chios is a previously described otolith-based
species from the Chios Island, Greece, which is now for the
first time represented by skeletal finds. The abundant skele-
tons with preservation of otoliths in situ allowed us to test
the usefulness of both the sagitta and lapillus for species
and genus recognition, yielding exciting new results on the
taxonomical value of the lapillus.

Our findings not only expand our knowledge of the
diversity of the family Valenciidae, but also expand
their known distribution into the Dinaride Lake System.
Considering their fossil record and the biogeography of
their extant members, a trend of dispersal from central
Europe towards the south-west (Iberian Peninsula) as
well as towards the south-east (south-east Europe) is
evident. Notably, their historical biogeographical pattern
and present biogeography suggest that the recent distri-
bution of the family has its roots in the Early Miocene.

In recent years, significant progress in understanding
the diversification, phylogenetic relationship and evolu-
tion of Cyprinodontiformes has been made through both
molecular methods (Costa et al., 2017; Esmaeili et al.,
2020; Freyhof & Yogurtcuoglu, 2020; Piller et al., 2022)
and ontogenetic studies (Teimori, Motamedi, et al., 2021;
Thieme et al., 2021, 2022). However, the last revision of
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the European Kkillifish fossil record was done by Costa
(2012a, b) and the phylogeny of Cyprinodontiformes has
changed radically since then. This has left many fossil
species without proper family and genus classification
(i.e. TEurolebias meridionalis, ‘Prolebias’ catalaunicus,
‘P.’ euskadiensis, ‘P.” hungaricus). An updated revision
of killifish fossil faunas and morphological characters
will allow for a more accurate diagnosis of fossil material
and their inclusion into phylogenies, which is crucial for
understanding phenotypic diversity through time and
space (Lee & Palci, 2015). Not only that, but the inclusion
of diverse structures like otoliths, which is sometimes the
only element found, provides an exciting prospect for
research into the evolutionary history, variability and
paleobiogeography of Cyprinodontiformes.
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