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The extant gobioid fishes form a highly diverse group comprised of eight families and over 2000 species. They pose many
taxonomic and phylogenetic challenges, particularly when working with fossils. Here we introduce †Simpsonigobius gen.
nov., a new freshwater gobioid of small size (� 34mm) from the Lower Miocene of Turkey, and analyse its relationships
using a total evidence phylogenetic framework from a previous study that we have significantly improved and expanded
upon. †Simpsonigobius gen. nov. exhibits a unique combination of characters, including five branchiostegal rays, a palatine
with a weakly ‘T’-shaped head, an additional ray in the anal fin relative to the second dorsal fin, and rounded-to-
quadrangular otoliths with a pronounced posterodorsal projection. Undated and tip-dated analyses in a total evidence
Bayesian framework, utilizing our updated and expanded data set (48 extant in-group species, 10 fossil species, 48
morphological characters, data from five genes), indicate its relationship with the Oxudercidae, which is reinforced by our
comparative morphological analysis. Our results reveal †Simpsonigobius gen. nov. as the oldest skeleton-based member of
the Oxudercidae and the oldest freshwater species of the clade GobiidaeþOxudercidae. The tip-dating analysis estimates
divergence ages for Gobiidae (34.13 Ma) and Oxudercidae (34.83 Ma), which are in accordance with previous node-dating
analyses. Additionally, based on our time-calibrated tree, we conduct the first reconstruction of ancestral habitat types
employing stochastic character mapping and incorporating fossil taxa. The outcome reveals that the ancestor of the
Gobioidei likely did not exclusively inhabit freshwater environments, challenging previous assumptions and emphasizing the
importance of considering combined habitat types among early-splitting extant taxa. Our study represents the first
simultaneous analysis of fossil and extant gobioid species, along with dating of the tree, and our data emphasize the ability
of this approach to place gobioid fossils within a reliable chronological and phylogenetic context.

http://zoobank.org/urn:lsid:zoobank.org.pub:5000841F-1836-43D8-BE75-4C090A478566
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Introduction

The Gobioidei (‘gobioids’) is a suborder of the Teleostei,
nested within the Percomorpha (Betancur-R et al., 2017).
Gobioids encompass 325 genera with around 2330 species
(Fricke et al., 2023) and are one of the most speciose clades
among vertebrate suborders. These generally small and
mainly benthic fishes are widely distributed, mostly in marine
but also in brackish, freshwater and semi-terrestrial habitats
(Patzner et al., 2011). In addition, they play an important eco-
logical role by contributing to the recycling of nutrients and
forming symbiotic relationships with other organisms, espe-
cially in coral reefs (Brandl et al., 2018; Patzner et al., 2011).
Currently, gobioids are subdivided into the extinct family
†Pirskeniidae Obrhelov�a, 1961 and eight extant families
(Nelson et al., 2016; Reichenbacher et al., 2020), among
which the GobiidaeþOxudercidae represent the most
derived clade (Fig. 1). The closest relative of the

GobiidaeþOxudercidae is the Thalasseleotrididae, a small
family which now consists of three genera and four species,
all of which are restricted to the south-west Pacific (Goatley
& Tornabene, 2022).
Molecular data strongly support the monophyly of extant

gobioid families, and phylogenetic relationships between
gobioid families are well established (Agorreta et al., 2013;
Thacker, 2009; Thacker et al., 2015). However, only a few
morphological synapomorphies are known for members of
specific gobioid families, with synapomorphies remaining
unknown for some families, such as the Odontobutidae or
Oxudercidae (Hoese & Gill, 1993; Reichenbacher et al.,
2018). This scarcity is due to various factors, including the
tendency of derived gobioids to reduce bony structures, fre-
quent occurrences of homoplasies and plesiomorphies, and
the lack of comprehensive morphological studies, particu-
larly with large data sets. Among those synapomorphies that
define the GobiidaeþOxudercidae are five branchiostegal
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rays – as opposed to six in all other extant families (A. C.
Gill & Mooi, 2012; Hoese & Gill, 1993) and seven in the
extinct family †Pirskeniidae (Fig. 1). The sole synapo-
morphy that unites the members of the Thalasseleotrididae
is the presence of a long and broad membrane between the
hyoid bar and ceratobranchial 1 (A. C. Gill & Mooi, 2012) –
a character that is extremely unlikely to be preserved in a
fossil.
The earliest known fossil gobioids date to the Eocene,

with †Carlomonnius quasigobius Bannikov and
Carnevale, 2016 from the lower Eocene of Monte Bolca
(Northern Italy) and †Paralates chapelcorneri Gierl and
Reichenbacher, 2017 from the upper Eocene of the Isle of
Wight on the south coast of England representing the old-
est records of skeleton-based species (Bannikov &
Carnevale, 2016; Gierl & Reichenbacher, 2017). Several
other extinct gobioid genera and species have been estab-
lished on the basis of both skeletal and otolith material,
especially from the Miocene (e.g. Lin et al., 2017;
Reichenbacher & Bannikov, 2022, 2023; Schwarzhans
et al., 2017; Schwarzhans, Brzobohat�y, et al., 2020), but
also from Oligocene strata (Gierl et al., 2013; Marram�a
et al., 2022; P�rikryl, 2014), as well as from Pliocene and
Pleistocene sediments (Agiadi et al., 2018, 2019, 2020;
Schwarzhans, Agiadi, et al., 2020). Notably, many of
these fossil taxa are still lacking a phylogenetic context

because comparative morphology does not always enable
their attribution at higher systematic (familial) levels.
This situation arises not only because synapomorphies
may be absent but also because a given fossil taxon may
exhibit characters that are known to be typical for two (or
more) of the extant families (see e.g. Bannikov &
Carnevale, 2016; Gierl & Reichenbacher, 2015, 2017;
Reichenbacher et al., 2020). In such cases, a promising
way forward is performing a total evidence phylogenetic
analysis by combining molecular and morphological data
from extant species with morphological data derived from
fossil species (see L�opez-Anto~nanzas et al., 2022).
However, only one study has so far applied such a total
evidence approach to gobioid fossils (Gierl et al., 2022).
The present study focuses on a little-known fossil fresh-

water gobioid from the Lower Miocene at Karalar K€oy€u in
western Turkey (Anatolia) (Fig. 2A, B). This fossil represents
the oldest freshwater gobioid from the Miocene and is also
the sole skeleton-based gobioid record from Anatolia. In the
only previous study of this material (R€uckert-€Ulk€umen,
2000), it was attributed to Pomatoschistus cf. bleicheri
(Sauvage, 1883). This generic assignment, however, raises
some doubts, as most extant species of the genus
Pomatoschistus T. N. Gill, 1863 (family Oxudercidae) are
marine (P. J. Miller, 1986; Tougard et al., 2014, 2021).
Moreover, other fossil specimens that had been named

Figure 1. Phylogeny of the Gobioidei according to Betancur-R et al. (2017), Nelson et al. (2016), Reichenbacher et al. (2020) and
Thacker (2009). Abbreviations: 5brG, five branchiostegal ray gobioids; 6brG, six branchiostegal ray gobioids.
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‘Pomatoschistus bleicheri (Sauvage, 1883)’ or ‘P. cf. blei-
cheri (Sauvage, 1883)’ in earlier studies are nowadays inter-
preted as members of the extinct gobioid genus †Paralates
Sauvage, 1883, whose family relationships could not be
resolved in previous work (Gierl et al., 2022; Gierl &
Reichenbacher, 2017).
The primary objectives of our study are (i) to present

a taxonomic revision of ‘Pomatoschistus cf. bleicheri’
from the Lower Miocene of Karalar K€oy€u and (ii) to
analyse its phylogenetic relationships using both an
undated and a tip-dated total evidence-based Bayesian
framework. For the latter, we enhanced the morpho-
logical portion of the existing total evidence matrix
(Gierl et al., 2022: 29 extant, 10 fossil gobioids, 48
characters) on the basis of a comprehensive literature
review, and enlarged the taxon sample by adding mor-
phological and molecular data for another 19 extant
gobioid species. Our overall aim is to contribute to a
better understanding of the evolutionary history of pre-
sent-day Gobioidei by providing robust phylogenetic
interpretations of their ancient members.

Geological setting

The fossil-bearing site Karalar K€oy€u is located in western
Turkey, near the village of Karalar, about 27 km NNE of
Bergama (Fig. 2A, B). It exposes an approximately 3 m

thick lacustrine succession, which consists of light grey to
brownish limestones and shaley mudstones of the
Zeytinda�g Group (Kaya, 1981; Kaya et al., 2007; R€uckert-
€Ulk€umen, 2000). Karalar K€oy€u has been correlated with
the Lower Miocene mammal zone MN3 (c. 17.2–19.5 Ma)
based on fossil assemblages of rodents and lagomorphs
from time-equivalent sediments in the same region
(G€oktaş & €Unay, 2000; Kaya et al., 2007). In terms of
palaeogeography, Karalar K€oy€u was located on the huge
lowland of present-day Turkey and western Asia that
existed between the Eastern Paratethys Sea and the Eastern
Mediterranean Basin in the Early Miocene (Popov et al.,
2004) (Fig. 2C). Apart from ‘Pomatoschistus cf. blei-
cheri’, the cyprinid fish †Palaeoleuciscus etilius (R€uckert-
€Ulk€umen, 1960) and well-preserved plant remains have
been recovered from the Lower Miocene sediments at
Karalar K€oy€u (Gaudant, 1993; R€uckert-€Ulk€umen, 2000).

Materials and methods

Fossil material
The fossil material from Karalar K€oy€u includes about
60 specimens, which are housed in the Bavarian State
Collection for Palaeontology and Geology (SNSB-
BSPG) under the numbers BSPG 1980X979–1025,
1980X1029, 1980X1030 (parts and counterparts of the

Figure 2. Geographic and palaeogeographic overview. A, geographic map of south-eastern Europe and Turkey (rectangle indicates
map shown in B); B, map of Western Turkey showing location of the fossiliferous site Karalar K€oy€u (star); C, Early Miocene (20.5–
19 Ma) palaeogeography of Central Europe and Western Asia and position of Karalar K€oy€u (star). Sources: A, B, https://www.
simplemappr.net/; Imagery #2022 TerraMetrics, Map data #2022 Google; C, modified from Popov et al. (2004, map 4).
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same specimens can have different BSPG numbers).
When more than one specimen is preserved on a slab
under the same collection number, a number in brackets
was added for each specimen. The material includes
more or less complete skeletons of 39 specimens, of
which 18 were well enough preserved to be used for
morphometric analyses. A further 16 specimens repre-
sent partially preserved skeletons, while the remaining
five specimens consist of unidentifiable bone masses.
Remains or imprints of otoliths are preserved in situ in
28 specimens (e.g. BSPG 1980X994, -1004, -1006), but
all otoliths are heavily recrystallized. A complete list of
the specimens is provided in Supplemental material
Table S1, sheet 1.
Meristic and osteological characters of the skeleton,

together with otolith characters, were examined under a
Leica MZ6 stereomicroscope equipped with a digital
camera (type Gryphax Naos). Meristic counts include
numbers of abdominal and caudal vertebrae (including
the terminal centrum), number of spines in the first dor-
sal fin (D1), numbers of spines and rays in the second
dorsal (D2), anal and pelvic fins, and the number of
rays in the pectoral fin. Counting of the caudal-fin rays
follows Fricke (1983). In fin formulae, numbers of
spines are given in Roman numerals, and numbers of
rays in Arabic numerals. Morphometric measurements
of the skeletons follow Gut et al. (2020, fig. 1a) and
include total length, standard length, distances from the
snout to the beginning of D1, D2 and the anal fin, the
distance from the posterior end of D2 to the caudal fin,
the length of the caudal peduncle, the fin bases of D1,
D2 and the anal fin, and the body depth at the anterior
insertion of D1. In addition, the head length was meas-
ured from the snout to the cleithrum, and the maximum
diameter of the eye was measured. All measurements
were made using ImageJ (Schneider et al., 2012) and
standardized based on the standard length (or the head
length in the case of the eye diameter). With the term
‘otolith’ we refer to the saccular otolith, and otolith ter-
minology follows previous works (see Reichenbacher
et al., 2023).

Total evidence phylogenetic analysis
Enhancement of the previous character matrix. The
total evidence matrix compiled by Gierl et al. (2022)
included morphological and molecular data for 29 recent
gobioid species (including at least two species per extant
family) and 10 fossil gobioid species, with the apogonid
Sphaeramia nematoptera Bleeker, 1856 as the outgroup.
In the course of an extensive literature review, we noted
that several of the 29 extant species studied exhibited
more states per character than indicated in Gierl et al.
(2022) (see Supplemental material Table S2, sheet 1 for

details on literature), and we updated the matrix accord-
ingly. If the literature data revealed that different char-
acter states each occurred frequently within a species
(e.g. variable counts of vertebrae or fin rays), or if dif-
ferent character states were noted but their frequency
was not stated, all described character states were imple-
mented in the amended matrix. Only in cases where
character states appeared to be ‘exceptional’ (i.e. present
only in one or few specimens) were these states
excluded. Moreover, additions and amendments were
possible for two of the fossil species included in Gierl
et al. (2022): (i) newly collected material of †Paralates
chapelcorneri revealed several previously unknown
characters of this species; and (ii) inspection of the syn-
types and historical material of †Eleogobius brevis
(Agassiz, 1839) revealed that some of its previously
described character states need correction, e.g. presence
of five rather than six branchiostegal rays. On the other
hand, we discarded the fossil species †‘Gobius’ franco-
furtanus Koken, 1891 used in Gierl et al. (2022) from
our taxon set, as the revision of this species is still
pending and was not feasible in the context of our
study. Details of all changes relative to the original
matrix of Gierl et al. (2022) are listed in Supplemental
material Table S2, sheet 2. The amendments to the ori-
ginal matrix, with all changes indicated, are documented
in Supplemental material Table S3, Part A.

Enlargement of the taxon set used in the previous
matrix. We added morphological and molecular data
for 19 extant species and morphological data for the fos-
sils from Karalar K€oy€u. The newly added extant species
comprise one species each of the families Eleotridae
and Thalasseleotrididae, three species of the family
Gobiidae and 14 species of the family Oxudercidae
(Supplemental material Table S4). The focus on the
family Oxudercidae was based on the previous assign-
ment of the specimens from Karalar K€oy€u to
Pomatoschistus, which is a genus that belongs to this
family.
For all species, except the thalasseleotridid species

Tempestichthys bettyae Goatley & Tornabene, 2022,
X-ray images were produced using a Faxitron
Ultrafocus facility housed in the SNSB-ZSM or were
downloaded from the Online Fish Collection Database
maintained by the Smithsonian National Museum of
Natural History (NMNH) in Washington, DC (see
Supplemental material Table S4 for details). For T. bet-
tyae, micro-computed tomography (CT) scans from the
study published by Goatley & Tornabene (2022) were
available. Micro-CT scans could also be used (in add-
ition to the X-ray images) for Pomatoschistus minutus
(Pallas, 1770). New otolith data were available for five
of the newly added species, i.e. Acanthogobius
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flavimanus (Temminck & Schlegel, 1845),
Pseudogobius poicilosoma (Bleeker, 1849), Buenia affi-
nis Iljin, 1930, Pomatoschistus minutus, and Sicydium
crenilabrum Harrison, 1993.
Based on the available X-ray and micro-CT resources,

meristic and osteological characters of each extant spe-
cies were examined. A comparison with literature data
revealed that our results were congruent with character
descriptions of the same species in previous publications
(for references, see Supplemental material Table S2).
However, for four species, meristic counts of the verte-
brae and counts of fin elements are provided here for
the first time, i.e. for Gobiodon citrinus (R€uppell, 1838),
Callogobius sclateri (Steindachner, 1879), Sicyopterus
lagocephalus (Pallas, 1770) and Sicydium crenilabrum.
Character states of all extant species were coded (as far
as possible) and implemented in the matrix. For the fos-
sil species from Karalar K€oy€u, 23 morphological charac-
ters were recognized and inserted into the matrix. All
new morphological data are compiled in Supplemental
material Table S3, Part B.
For 13 of the newly added extant species, molecular

data, available from Agorreta et al. (2013), were incor-
porated into the matrix. For two of those species, one
additional sequence could be downloaded from
GenBank (Benson et al., 2013). The other six newly
added species were not included in Agorreta et al.
(2013), and their molecular data were downloaded from
GenBank (Benson et al., 2013), wherever possible
(Supplemental material Table S4). We included the
same five genes used in Gierl et al. (2022): rDNA (12S
rRNA, tRNA-Val, 16S rRNA), cytb, rag1, zic1, and
sreb2 (GPR85). We added the new molecular data to
the alignments of the respective gene used in Gierl et al.
(2022) and re-aligned them in AliView v. 1.28 (Larsson,
2014) with MUSCLE (Edgar, 2004). The alignments
were then manually checked and trimmed where neces-
sary. Afterwards they were concatenated into one matrix
with 6349 base pairs using SeaView v. 5.0.5 (Gouy
et al., 2010). Finally, a total evidence matrix was con-
structed by adding the morphological matrix (48 charac-
ters) to the molecular supermatrix in Mesquite v. 3.70
(Maddison & Maddison, 2021).
In total, our updated phylogenetic data set comprises

morphological and molecular data for 48 extant gobioid
species, compared to the 29 species included in the
study of Gierl et al. (2022). It encompasses representa-
tives from all three extant genera of the
Thalasseleotrididae, each represented by one species; all
five lineages of the Oxudercidae, each with two or more
species; and 11 out of the 14 lineages of the Gobiidae,
each with one or two species (the Lophogobius,
Kraemeria and Priolepis lineages are the only ones not

included). Additionally, our data set incorporates the
newly identified taxon from Karalar K€oy€u and, with the
exception of †‘G.’ francofurtanus, all fossil species used
in the previous matrix assembled by Gierl et al. (2022).
All data matrices used are publicly available on figshare
(https://figshare.com/s/1c886af82e54c062531f).

Undated phylogenetic analyses. Phylogenetic analyses
were performed separately for the morphological,
molecular and total evidence matrices based on
Bayesian inference and, for comparison, also using
implied-weights maximum parsimony. Bayesian infer-
ence analyses were carried out in MrBayes v. 3.2.7a
(Ronquist et al., 2012), with parallel metropolis-coupled
Markov chain Monte Carlo (MCMC) (Altekar et al.,
2004; Geyer, 1991), using the Cyber-Infrastructure for
Phylogenetic Research (CIPRES) Science Gateway
v. 3.3 (M. A. Miller et al., 2010), for the morphological
data under the MkvþG model (Lewis, 2001; Yang,
1993) (following Gierl et al., 2022). For the molecular
matrix, Agorreta et al. (2013) was followed, as the
matrix used in our study was based on their work, and
other recent studies follow them as well (Goatley &
Tornabene, 2022). Accordingly, for best fitting substitu-
tion models, PartitionFinder2 (Guindon et al., 2010;
Lanfear et al., 2017) was used with linked branch
lengths and models restricted to the ones specific to
MrBayes, based on the Bayesian information criterion
(BIC) and the ‘greedy’ algorithm (Lanfear et al., 2012).
The supermatrix was subdivided into four sub-data sets,
with the sreb2 and zic1 genes combined. The
GTRþ IþG model (Churchill et al., 1992; Tavar�e,
1986; Yang, 1993) was chosen for the rRNAþ tRNA
subset, HKYþ IþG (Hasegawa et al., 1985) for the cytb
and the combined sreb2 þ zic1 subset, and SYMþ IþG
(Zharkikh, 1994) for the rag1 subset. The analyses were
performed following Gierl et al. (2022) with 2� 4
MCMC chains for 5,000,000 generations, with sampling
every 100th cycle and a burn-in of 25%. All Bayesian
inference results were checked by examining the poten-
tial scale-reduction factor (PSRF) (Gelman & Rubin,
1992), the average standard deviation of split frequen-
cies (Lakner et al., 2008) and the estimated sample size
(ESS) as shown in MrBayes and in Tracer v. 1.7.2
(Rambaut et al., 2018). The resulting trees were sum-
marized in a 50% majority-rule consensus tree with pos-
terior probabilities (PP), which was visualized and
rooted (in the case of non-clock analyses) in FigTree v.
1.4.4 (Rambaut, 2018).
Implied-weights maximum parsimony reconstructions

were done in TNT v. 1.5 (Goloboff & Catalano, 2016)
and followed Gierl et al. (2022) in using
new technology searches (with sectorial search, ratchet,
drift, and tree fusing; init. addseq ¼ 100; find min.

A new freshwater gobioid from the Lower Miocene 5

https://doi.org/10.1080/14772019.2024.2340498
https://doi.org/10.1080/14772019.2024.2340498
https://doi.org/10.1080/14772019.2024.2340498
https://doi.org/10.1080/14772019.2024.2340498
https://doi.org/10.1080/14772019.2024.2340498
https://doi.org/10.1080/14772019.2024.2340498
https://doi.org/10.1080/14772019.2024.2340498
https://figshare.com/s/1c886af82e54c062531f


length ¼ 10) and implied weighting with a concavity con-
stant of K¼ 12 (Goloboff, 1993; Goloboff et al., 2018). In
cases of more than one most parsimonious tree, a 50%
majority-rule consensus tree was calculated. Standard
bootstrap (BS) resampling was done with 1000 replicates
to calculate support values (new technology search; init.
addseq ¼ 10; find min. length ¼ 5) (Felsenstein, 1985).
Tree files and input files of all analyses are available on
figshare (https://figshare.com/s/1c886af82e54c062531f).

Tip-dated phylogenetic analysis. For a time-calibrated,
relaxed-clock Bayesian inference analysis, the uncorre-
lated independent gamma rate relaxed-clock model
(Lepage et al., 2007) was used. The dating was done by
total evidence dating (tip-dating) (Ronquist, Klopfstein,
et al., 2012; Ronquist et al., 2016). Following Zhang
et al. (2016), a fossilized birth-death prior on the branch
lengths and the ‘diversity’ sampling strategy were
used (H€ohna et al., 2011; Stadler, 2010). The priors for
the speciation, extinction and fossilization rates
were retained as default (Exp(1.0), Beta(1.0,1.0),
Beta(1.0,1.0)). The proportion of sampled species was
calculated by dividing the number of extant gobioid
taxa included in this study by the total number of extant
gobioids (Fricke et al., 2023) (48/2330¼ 0.0206). For
the prior used for the root age, an offset exponential dis-
tribution was used with a mean of 70 Ma (based on the
split between Apogonoidei and Gobioidei �70 Ma ago;
Thacker, 2014) and a minimum of 52 Ma (oldest fossil
gobioids, Bajpai & Kapur, 2004).

For tip-dating, geological ages of the included fossils
were compiled based on existing biostratigraphic or
magnetostratigraphic data for the respective fossil-bear-
ing site (Table 1). To accommodate geological age
uncertainties, uniform prior distributions were assigned
to the fossil calibrations, except in the case of
†Eleogobius brevis (see O’Reilly et al., 2015). The prior
of the variance increase parameter was retained as
default (Exp(10)). An informative prior for the base rate
of the clock was used following Ronquist et al. (2012):
a strict-clock analysis was carried out to obtain the pos-
terior distribution of the tree height. The median tree
height was then divided by the tree age, resulting in an
estimated rate of 0.454803/70¼ 6.497� 10−3 substitu-
tions per million base pairs per year. The prior for the
base rate of the clock was set as a log-normal distribu-
tion, with the estimated rate as the mean and the expo-
nent of the mean as the standard deviation (following
Pyron, 2017): Lognorm(−5.036386, e0.454803). The clock
model could not root the tree properly with Sphaeramia
nematoptera as sister to all other taxa. Therefore, a
topological constraint was added, forcing the included
gobioids to form a monophyletic group (as in Sim~oes
et al., 2018; Zhang et al., 2016). The number of genera-
tions was increased to 10,000,000 for the MCMC, to
ensure convergence between the runs. Bayesian infer-
ence results were checked as described above for the
undated analyses by looking at the same mixing and
convergence diagnostics.

Table 1. Geological ages of the fossils used for tip-dating. Age correlations of nannoplankton zones (NP), Palaeogene small
mammal zones (MP) and Palaeogene chronostratigraphy follow Speijer et al. (2020), age correlation of Neogene mammal zones
(MN) is according to Hilgen et al. (2012).

Fossil species Geological age Justification of geological age

†Carlomonnius quasigobius Bannikov &
Carnevale, 2016

49.5–51 Ma Shallow benthic biozonation 11 (Bannikov & Carnevale,
2016; Papazzoni et al., 2014)

†Paralates chapelcorneri Gierl &
Reichenbacher, 2017

35–36 Ma Fishbourne Member, middle Priabonian (Bauer et al.,
in review)

†Paralates bleicheri Sauvage, 1883 32–33 Ma ‘Marnes rouges �a Mytilus’ (Gaudant, 1979),
corresponding to Middle Pechelbronn Formation
(Martini & Reichenbacher, 2007), dated to
nannoplankton zone NP 22 (Berger et al., 2005)

†Pirskenius diatomaceous Obrhelov�a, 1961 28–31 Ma K-Ar age of Bellon et al. (1998), see Reichenbacher et al.
(2020)

†Pirskenius radoni P�rikryl, 2014 27.82–33.9 Ma Lower Oligocene, see Reichenbacher et al. (2020)
†Lepidocottus aries (Agassiz, 1839) 23.5–23.0 Ma ‘Calcaires et Marnes des stations d’essence’, dated to

small mammal zone MP 30 (see Gierl et al. 2013)
†Gobius jarosi P�rikryl & Reichenbacher,

2018
19.1–20.4 Ma Nannoplankton data, see Reichenbacher et al. (2018)

†‘Eleogobius’ gaudanti Gierl &
Reichenbacher, 2015

16.8–17.2 Ma Kirchberg Formation (Gierl & Reichenbacher, 2015),
dated by magnetostratigraphy and small mammal
biostratigraphy (see Reichenbacher et al. 2013)

†Eleogobius brevis (Agassiz, 1839) 13 Ma Age of type locality €Ohningen according to Rasser et al.
(2023)

Fossil from Karalar K€oy€u 17.2–19.5 Ma Small mammal zone MN 3, see Geological setting (this
study)
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Ancestral habitat reconstruction
To trace the evolutionary history of habitat on the phyl-
ogeny, the habitats of the extant taxa were initially
sourced from FishBase (Froese & Pauly, 2023), encom-
passing freshwater, brackish, marine, or combinations of
the three. Additionally, the habitat classifications for the
fossil taxa were determined based on available literature
sources. For our analysis, we utilized the relaxed clock
maximum compatibility tree generated by MrBayes,
which includes both the extant and the fossil taxa.
However, †Carlomonnius quasigobius and the two spe-
cies of †Pirskenius Obrhelov�a, 1961 were excluded due
to uncertainties in their phylogenetic position, as
revealed by the comparison of time-calibrated and non-
calibrated trees. Stochastic character mapping involving
10,000 simulations was performed using v. 2.1.1 of the
R package ‘phytools’ (Revell, 2024). Various models
were examined using the ‘fitpolyMK’ function, encom-
passing scenarios with equal rates for all transitions, dif-
ferent rates for each transition, or distinct rates for
gaining an additional habitat and losing one. These
models were further combined with the option to order
the states (freshwater $ brackish $ marine) or not,
resulting in six distinct models. In all models, the com-
binations of states were considered to be intermediate
between the respective states. The best model, deter-
mined by the Akaike information criterion, was the one
with ordered states and equal rates, which was then
selected for the stochastic character mapping analysis.

Institutional abbreviations
AMS: Australian Museum Sydney, Australia; BMNH:
Museum of Natural History, London, UK (now
NHMUK); CAS-SU: California Academy of Sciences,
San Francisco, USA; FMNH: Field Museum of Natural
History, Chicago, USA; IRSNB: Royal Belgian Institute
of Natural Sciences, Brussels, Belgium; NHMB:
Natural History Museum of Belgrade, Serbia; NHMUK:
Natural History Museum, London, UK; NMB: ‘Neues
Museum Biel’, Switzerland; NMNZ: Museum of New
Zealand Te Papa Tongarewa, Wellington, New Zealand;
NMP: National Museum Prague, Czech Republic;
NMW: Natural History Museum Vienna, Austria (now
NHMW); NSMT: National Science Museum,
Department of Zoology, Tokyo, Japan; SMF:
Senckenberg Research Institute and Natural History
Museum, Frankfurt, Germany; SMNS: State Museum of
Natural History, Stuttgart, Germany; SNSB: Bavarian
Natural History Collections, Germany; SNSB-BSPG:
Bavarian State Collection for Palaeontology and
Geology, Munich, Germany; SNSB-ZSM: Bavarian
State Collection of Zoology, Munich, Germany; TUM:
Technical University of Munich, Germany; UMG:

Museum of Geology and Paleontology, University of
Mining and Geology ‘St. Ivan Rilski’, Sofia, Bulgaria;
UMML: University of Miami Marine Laboratory, USA;
USNM: National Museum of Natural History,
Washington, DC, USA; UW: University of Washington,
Seattle, USA.

Systematic palaeontology

Taxonomic classification follows Nelson et al. (2016).

Series Percomorpha sensu Johnson and Patterson, 1993

Subseries Gobiida Nelson et al., 2016

Order Gobiiformes G€unther, 1880

Genus †Simpsonigobius gen. nov.

Type species. †Simpsonigobius nerimanae gen. et
sp. nov.

Diagnosis. †Simpsonigobius gen. nov. is a small-sized
gobioid fish up to 28.3mm standard length (SL) with a
moderately large head (head length 24–31% of SL), a
mostly slender body (body depth 10–20% SL), a rela-
tively long caudal peduncle measuring 23–32% of SL,
and comparatively short bases of D2 and the anal fin
(11–18% SL and 10–16% SL, respectively) (Fig. 3,
Table 2). The new genus is further characterized by sep-
arated pelvic fins and the following combination of mer-
istic characters: five branchiostegal rays, total number of
vertebrae 26–27 (28?), with 10–11 abdominal, and 16–
17 caudal vertebrae, D1 with six spines, D2 with spine
and 9 rays, anal fin with spine and 10 rays, pectoral fin
with 12–14 rays, and caudal fin with 13–14 branched
and segmented rays. Characteristic osteological charac-
ters include a relatively slender premaxilla with either a
weak or no postmaxillary process, a palatine with a rela-
tively long shaft and weakly developed ‘T’-shaped head,
and otoliths of rounded-to-quadrangular shape (L/H ratio
1.08) with a relatively large posterodorsal projection.
Details of morphometric and meristic characters are pre-
sented in Table 2.

Derivation of name. The genus name honours Martin
Simpson (Chale, Isle of Wight, UK), with whom a
highly fruitful collaboration was established during the
study of the rare species †Paralates chapelcorneri. This
species plays an important role in the context of the
new phylogenetic data matrix presented in this work.

Stratigraphic range. Lower Miocene, mammal zone
MN3 (see ‘Geological setting’).
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Remarks and differential diagnosis. The distinct char-
acteristics of †Simpsonigobius gen. nov., including its
meristic traits and the presence of a palatine with a long
shaft and a weakly ‘T’-shaped head, set it apart from all
previously documented fossil gobioids. Although a palat-
ine with a weakly ‘T’-shaped head has been recorded in
†‘Eleogobius’ gaudanti (family incertae sedis) from the
Lower Miocene of southern Germany, it is important to
note that the genus †Eleogobius is not monophyletic and
requires revision (Gierl et al., 2022). Furthermore, a key
difference lies in the branchiostegal rays, as †‘E.’ gau-
danti shows six branchiostegal rays (Gierl &
Reichenbacher, 2015), whereas †Simpsonigobius gen.
nov. possesses five. Another significant difference is
observed in the equality of rays in the D2 and anal fin in
†‘E.’ gaudanti, whereas the anal fin exhibits one more ray
than the D2 fin in †S. nerimanae gen. et sp. nov.
Notably, this latter meristic character distinguishes
†Simpsonigobius gen. nov. from all previously described
fossil species from the Miocene of the Central and
Eastern Paratethys, except for the species †Hesperichtys
reductus Schwarzhans, Ahnelt, Carnevale and Japund�zi�c,
2017. However, †H. reductus differs from †S. nerimanae
gen. et sp. nov. in the total number of vertebrae (29 vs
26–27), more rays in the caudal fin (17 vs 13–14), and the

presence of rounded otoliths without any posterodorsal
projection (see Schwarzhans et al. 2017).
Furthermore, as mentioned above, ‘Pomatoschistus

bleicheri (Sauvage, 1883)’, to which R€uckert-€Ulk€umen
(2000) tentatively assigned the fossils from Karalar
K€oy€u, is now †Paralates bleicheri Sauvage, 1883 (Gierl
& Reichenbacher, 2017). However, there are distinct
differences in meristic characters between †Paralates
and †Simpsonigobius gen. nov. These include the num-
bers of abdominal vertebrae (10–11 in †Simpsonigobius
gen. nov. vs 11–13 in †Paralates), caudal vertebrae
(16–17 vs 17–19) and spines in the first dorsal fin (VI
vs VII) – and it is obvious that the two genera are very
different.
The only known extant genus that shares similarities

with †Simpsonigobius gen. nov. in having a palatine
with a weakly ‘T’-shaped head and similar abdominal
and caudal vertebrae counts (10þ 16) is the monotypic
genus Tempestichthys Goatley & Tornabene, 2022 of
the family Thalasseleotrididae (see Goatley &
Tornabene, 2022). However, Tempestichthys differs
clearly from †Simpsonigobius gen. nov. in possessing
six branchiostegal rays (vs five in †Simpsonigobius gen.
nov.) and fewer rays both in the D2 (8 vs 9) and anal
fin (7 vs 10) (see Goatley & Tornabene, 2022).

Table 2. Total and standard length (SL), morphometric measurements (in % SL, eye diameter in % HL) and meristic counts of
†Simpsonigobius nerimanae gen. et sp. nov. For details of specimens, measurements and counts see Supplemental Table S1.
Abbreviations: A, anal fin; D1, first dorsal fin; D2, second dorsal fin; SD, standard deviation.

Holotype BSPG 1980X1030aþ b Paratypes (details in Suppl. Table S1) ALL

Total length (mm) – 17.4–34.2 17.4–34.2
Standard length (mm) 16.4 13.7–28.3 13.7–28.3

Morphometric data mm % SL mm (range) % SL (range) % SL (mean± SD)
Snout to begin D1 – – 5.4–9.1 34.6–42.2 38.7 (± 2.0)
Snout to begin D2 8.9 54.3 8.0–17.3 54.3–61.2 57.3 (± 1.7)
Snout to begin A 9.3 56.7 8.0–17.5 56.7–61.8 59.1 (± 1.4)
Length of caudal peduncle 4.6 28.0 4.2–7.8 23.0–32.5 28.1 (± 3.4)
Body depth – – 1.7–4.4 10.0–20.1 13.2 (± 2.3)
Base of D1 – – 1.0–2.9 6.7–10.7 9.2 (± 1.4)
Base of D2 2.9 17.7 1.1–3.3 11.0–17.7 12.2 (± 2.9)
Base of A 2.6 15.9 1.4–4.4 9.5–15.9 13.1 (± 2.6)
Head length 4.0 24.1 3.7–8.3 24.1–31.3 27.8 (± 1.9)
Eye diameter (% HL) – – 1.0–1.6 18.7–34 26.4 (± 3.6)

Meristic data R€uckert-€Ulk€umen (2000)
Abdominal vertebrae 10 10–11 (mostly 10) 11
Caudal vertebrae 16 16–17 16
D1 VI VI VI
D2 I9 I9 I10
A I10 I10 I10–11
Pelvic fin I5 I5 I5
Pectoral fin >10 c. 12–14 13
Branched caudal fin rays – 13–14 12
Branchiostegal rays – 5 7
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†Simpsonigobius nerimanae gen. et sp. nov.

(Figs 3–6, Table 2)

2000 Pomatoschistus cf. bleicheri (Sauvage, 1883);
R€uckert-€Ulk€umen: 157, pl. 2, fig. 4.

Diagnosis and differential diagnosis. As for genus.

Derivation of name. The species name honours Neriman
R€uckert-€Ulk€umen, who collected and described the fossil
specimens from Karalar K€oy€u for the first time.

Material. Holotype: BSPG 1980X1030a, b, part and
counterpart of complete skeleton, with otolith in situ (Fig.
3A). Paratypes: 27 moderately to well preserved skele-
tons, some with otoliths in situ: BSPG 1980X979, -981,
-986/989(1), -988aþ b, -989(2), -990aþ b, -992aþ b,
-995(1)aþ b, -995(2)aþ b, -995(3)aþ b, -997, -1000aþ
b, -1002(1), -1003aþ b, -1004, -1006aþ b, -1009(2)aþ
b, -1010(1)/1012(1), -1010(2)/1012(2), 1012(3), -1013(2),
-1018, -1019aþ b, -1020(1), -1020(2)/1025, -1022,
1024aþ b. Further material: 27 specimens (see
Supplemental material Table S1 for details).

Type locality and stratigraphy. Karalar K€oy€u, 27 km
north of Bergama, western Turkey. Zeytinda�g Group, upper
LowerMiocene, small-mammal zoneMN3, c. 17–20Ma.

General description. Small gobioid (total lengths 17.4–
34.2mm) with slender body. The total number of verte-
brae is 26–27 (10–11þ 16–17). D1 comprises six
spines, the fin formula for D2 is I9 and for the anal fin
I10. The palatine has a long shaft and relatively small
ethmoid and maxillary processes (Figs 4A, 5A), result-
ing in a weakly developed ‘T’-shape of the palatine
head; the endopterygoid is absent. There are five bran-
chiostegal rays (Fig. 4C). Details of morphometric and
meristic characters are provided in Table 2.

Neurocranium (Fig. 5A). The frontal bones show a
narrow supraorbital and a much broader postorbital
region (BSPG 1980X1010(1)). The parasphenoid is a
long, straight, and slender bone that becomes progres-
sively wider posteriorly towards the orbits (BSPG
1980X1016). The rounded-to-triangular vomer is visible
anterior to the parasphenoid (Fig. 5A). Other bones of
the neurocranium are unrecognizable.

Jaws (Fig. 5A–C). The anterior portion of the dentary
is slender; posteriorly it appears to be made up of a
larger posterodorsal and a posteroventral process (BSPG
1980X992a) (Fig. 5B). The angulo-articular is elongate-
to-triangular in shape, but not optimally preserved. The
jaw joint lies below the anteromedial portion of the
orbit. The maxilla is a long, slender, relatively strongly
curved bone. Its head displays a moderately long

process (processus ascendens) and a slightly concave
incision for attachment to the articular process of the
premaxillary (Fig. 5A). The premaxilla is a relatively
slender bone. A needle-like ascending process is clearly
visible (Fig. 5A, C), while the articular process is not
well preserved but seems to be relatively short. A very
weak postmaxillary process can be identified on the pos-
terior third of the premaxilla in some specimens (Fig.
5C), while it seems to be absent in others. Both the den-
tary and the premaxilla bear small conical teeth, but
their exact positions are not recognizable.

Suspensorium and opercular bones. The quadrate has
a distinct articular condyle for articulation with the
angulo-articular, and a robust and relatively long poster-
ior process (Fig. 5A). The shape of the body of the
quadrate is not clearly discernible, but seems to be tri-
angular with a relatively broad dorsal margin (BSPG
1980X988b). The posterior portion of the symplectic is
slightly widened, while the anterior part is stick-like and
articulated with the posterior margin of the quadrate
(Fig. 5A). Small remains of the metapterygoid seem to
be present dorsal to the symplectic. The horizontal arm
of the preopercle is ventrally adjoined to the posterior
process of the quadrate; a faint hint of the lamina and
the beginning of the curvature to the vertical arm are
also visible. The opercle and subopercle are not well
preserved: only a triangular outline of the opercle and
the ventral margin of the subopercle are visible.
Between the symplectic, the quadrate and the preop-
ercle, the so-called suspensorium fenestra (or symplectic
fenestra) is present.
The ectopterygoid is stick-like and widens slightly

towards the quadrate; it connects to the anterior part of
the quadrate, but its exact articulation with the latter
cannot be clearly discerned (Fig. 5A). The endoptery-
goid is absent. The palatine is a straight, slender, dor-
sally slightly widened, relatively long bone; its ventral
tip ends at approximately half the length of the ectopter-
ygoid. The palatine head comprises a small maxillary
and a small ethmoid process (clearly visible in BSPG
190X1019b), which together form a ‘T’-shape (Figs
4A, 5A).

Hyoid bar and branchiostegal rays (Fig. 4A, C). The
ceratohyal is preserved in many specimens, but is usu-
ally displaced and rotated in a ventral direction (as
shown in Fig. 4A). The anterior part of the ceratohyal is
a relatively slender shaft, with a slight narrowing in its
posterior half, while the posterior part of the ceratohyal
becomes broader. The epihyal is not preserved. The
branchiostegal rays were best preserved in laterally
embedded specimens. As a result, the rays on one side
overlap with those on the other, which complicated
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efforts to determine their precise number. It seems likely
that the count of seven branchiostegal rays mentioned
by R€uckert-€Ulk€umen (2000) resulted from this

overlapping of the right and left hyoid bars and their
rays. However, in seven paratypes (BSPG 1980X988,
-990a, -995, -1000, -1012(3), 1020(2), -1022), a number

Figure 3. †Simpsonigobius nerimanae gen. et sp. nov. A, holotype, BSPG 1980X1030a; B, paratype, BSPG 1980X1013(2); C,
paratype, BSPG 1980X1019a; D, paratype, BSPG 1980X992a. All scale bars ¼ 2mm.
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of five branchiostegal rays is relatively clearly recogniz-
able, as the two hyoid bars with their branchiostegal
rays are slightly shifted relative to each other (Fig. 4C).
The first branchiostegal ray is very thin and articulates
at the narrower part of the anterior ceratohyal. After a
gap, the broader branchiostegal rays 2–4 articulate close

to each other, with rays 2 and 3 being associated with the
broadened posterior ceratohyal (BSPG 1980X981,
-992aþ b), while it cannot be recognized whether or not
ray 4 articulates with the posterior ceratohyal or in the
gap between it and the epihyal (Fig. 4C). The fifth and
last branchiostegal is moderately expanded, and there is a

Figure 4. Head details of †Simpsonigobius nerimanae gen. et sp. nov. A, paratype BSPG 1980X1019a, head with strongly
recrystallized otoliths in situ, scale bar ¼ 2mm; B, paratype BSPG 1980X1006b, otolith (recrystallized) preserved in situ, scale bar
¼ 0.5mm; C, paratype BSPG 1980X1020(2), photo (C1) and interpretative drawing (C2) of hyoid bar, bones from left side are
indicated with ‘(l)’, scale bar ¼ 1mm. Abbreviations: br, branchiostegal ray; ce, ceratohyal; cl, cleithrum; pop, preopercle.
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Figure 5. Details of skull and lower jaw of †Simpsonigobius nerimanae gen. et sp. nov. (photos and interpretative drawings). A1, 2,
paratype BSPG 1980X1019 showing palatopterygoquadrate complex and weakly ‘T’-shaped palatine (pal, arrows indicate ethmoid
and maxillary processes). B1, 2, paratype BSPG 1980X992a exhibiting left and right dentary (d) and angulo-articular (aa). C1, 2,
paratype BSPG 1980X1022 displaying premaxilla with well-preserved ascending (asc) and articular (art) processes, partly preserved
postmaxillary process (pmp) and remains of teeth. Abbreviations: aa, angulo-articular; art, articular process; asc, ascending process;
d, dentary; ect, ectopterygoid; fr, frontal bones; mpt, metapterygoid; mx, maxilla; pal, palatine; pmp, postmaxillary process; pmx,
premaxilla; pop, preopercle; psph, parasphenoid; q, quadrate; sy, symplectic; vo, vomer. Left bones are indicated with ‘(l)’; all scale
bars ¼ 0.5mm.
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Figure 6. Details of fins of †Simpsonigobius nerimanae gen. et sp. nov. A, holotype BSPG 1980X1030a; A1, pelvic (Pelv) and
pectoral (Pect) fins, first dorsal fin (D1, partly covered by Pect); A2, second dorsal fin (D2) and anal fin (A). B, paratype BSPG
1980X992b, caudal fin exposing six and eight branched rays in the upper and lower lobe, respectively, and caudal skeleton (note that
neural spines of PU2 and PU3 and haemal spine of PU3 are only partly preserved). Abbreviations: Ep, epural; hs, haemal spine;
Hyp, hypural plate; ns, neural spine; Php, parhypural; PU, preural vertebra; TC, terminal centrum. All scale bars ¼ 1mm.
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clear gap between the fourth and fifth branchiostegal rays
(BSPG 1980X981, -992aþ b, -995(3)aþ b). Although
the epihyal is not preserved, this gap indicates that the
fifth branchiostegal ray articulates at the epihyal.

Vertebral column. The specimens typically display 10
abdominal vertebrae, one specimen possesses 11 abdom-
inal vertebrae (BSPG 1980X1018), and in several others
the precise count as either 10 or 11 could not be deter-
mined (see Supplemental material Table S1, sheet 2).
The count of caudal vertebrae is usually 16, sometimes
17. Seven pairs of ribs are present, with no ribs attached
to the first two and the last abdominal vertebrae.
Epipleurals are connected to the ribs, but their exact
number and shape is not discernible. The neural spines of
all abdominal vertebrae are relatively long and equal in
size, as are the neural spines of the caudal vertebrae, with
the exceptions of the preural vertebra 3, which has a
broadened neural spine, and preural vertebra 2, which
has a short, triangular neural spine (BSPG
1980X1024aþ b). Correspondingly, the haemal spines of
the caudal vertebrae are equal in length and shape to the
neural spines, except for preural vertebra 3 (which has a
slightly broadened haemal spine) and preural vertebra 2
(with a clearly broadened haemal spine) (Fig. 6B).

Caudal skeleton and caudal fin (Fig. 6B). The caudal
fin is somewhat fan-shaped, with a slightly rounded pos-
terior margin. It consists of 13 to 14 segmented and
branched rays, and one segmented but unbranched ray
each dorsally and ventrally. There are at least three and
up to five procurrent rays each visible dorsally and ven-
trally (e.g. BSPG 1980X992b, -997), but they are often
not well preserved and it is unclear whether additional
procurrent rays were present. Hypurals 1 and 2 are fused
into one plate. Hypurals 3 and 4 are also fused to each
other and to the terminal centrum. Remains of a small
hypural 5 are located close to the plate of hypurals
3þ 4. There could be two narrow epurals in specimen
1980X992b, but due to poor preservation, it is not pos-
sible to state this with certainty. The parahypural can be
discerned ventrally, close to the plate formed by hypu-
rals 1þ 2 and next to the broadened haemal spine of the
preural vertebra 2, but its shape could not be
recognized.

Dorsal fins and anal fin (Fig. 6A). The first dorsal fin
(D1) consists of six spines, the first two of which are
located close to each other, while the last is positioned
farther away from the others. The D1 pterygiophores are
usually not well preserved, but the first pterygiophore
appears to insert posterior to the neural spine of the
third vertebra (BSPG 1980X988b). Judging from two
specimens (BSPG 1980X988b, -1020(1)), the D1-ptery-
giophore formula can tentatively be determined as

3-21210. The second dorsal fin has a moderately long
spine and nine rays; the anal fin bears a spine (its length
is unclear) and 10 rays (Fig. 6A2).

Pectoral and pelvic fins (Fig. 6A1). In the pectoral gir-
dle, the cleithrum is slightly curved and the post-tem-
poral displays a long, slender anterodorsal process and a
shorter posteroventral process (BSPG 1980X1019a, Fig.
4A); other details are not detectable. The pectoral fins
each comprise 12–14 rays.
Parts of the pelvic bones are visible in BSPG

1980X1030a, but details are not preserved. The pelvic
fins are longer than the pectoral fins (BSPG
1980X988b, 1030a) and located relatively far from each
other (clearly visible in several specimens, see
Supplemental material Table S1, sheet 2), which sug-
gests that the new species had separated pelvic fins.
Each pelvic fin comprises one spine and five rays.

Otoliths. Otoliths are found in situ in 28 specimens
(Supplemental material Table S1). Additionally, an oto-
lith is found in the sediment directly next to the skeleton
in specimen BSPG 1980X994. The otoliths are charac-
terized by a rounded-to-quadrangular shape, a relatively
large posterodorsal projection, a relatively small antero-
ventral projection, a bulging posteroventral margin and
a rounded anterodorsal margin (Fig. 4B); the otolith
length/height ratio is 1.08. All otoliths are heavily
recrystallized, which precludes recognition of details of
their medial surface.

Phylogenetic results based on the updated
matrix

Tree of the extant species based on molecular
data
Based on the molecular data for the 48 extant in-group
species and the outgroup Sphaeramia nematoptera,
Bayesian inference reconstruction (BI) resolved all
gobioid families as monophyletic (Fig. 7A). The sole
exception occurs in the Oxudercidae, as the oxudercid
species Pseudapocryptes elongatus (Cuvier, 1816) forms
a polytomy with the GobiidaeþOxudercidae (Fig. 7A).
Posterior probabilities are relatively high (PP � 0.83)
for the families with six branchiostegal rays (6brG), but
low (PP ¼ 0.6) for GobiidaeþOxudercidae (5brG).
Among the five lineages of the Oxudercidae recognized
by Agorreta et al. (2013), the Periophthalmus lineage is
not recovered as monophyletic, owing to the unresolved
position of Ps. elongatus. However, the other members
of the Periophthalmus lineage are resolved as monophy-
letic – as are the representatives of the four remaining
oxudercid lineages, each with high posterior
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probabilities (PP � 0.94) (Fig. 7A). Among the
Gobiidae, only one species per lineage was used in most
cases, but the Cryptocentrus and Aphia lineages (each
represented by two species) are resolved as monophy-
letic (PP ¼ 1) (Fig. 7A). Moreover, phylogenetic rela-
tionships between families are congruent with
previously published phylogenies (e.g. Agorreta et al.,
2013; Goatley & Tornabene, 2022; Thacker et al.,
2015). The relationships between the five oxudercid lin-
eages are also congruent with previous studies (e.g.
McCraney et al., 2020).
In the maximum parsimony (MP) analysis, a single

most parsimonious tree was reconstructed (Supplemental
material Fig. S1A). All families, including the
Oxudercidae, are recovered as monophyletic. Family
relationships mostly resemble those revealed by the BI
analysis. Among the Oxudercidae, four lineages are
resolved as monophyletic, whereas the Stenogobius lin-
eage (which includes Ps. elongatus) is not, owing to the
ambiguous position of the latter as a member of the
Periophthalmus lineage.

Tree of the extant species based on
morphological data
The BI analysis based on the morphological data for the
48 extant in-group species and Sphaeramia nematoptera
as outgroup only resolves the families Thalasseleotrididae
(PP ¼ 0.69) and Eleotridae (PP ¼ 0.97) as monophyletic
(Fig. 7B). GobiidaeþOxudercidae (5brG) are
resolved with maximal support (PP ¼ 1) and the
Thalasseleotrididae are positioned as sister to them.
However, neither the relationships of the Eleotridae
nor those within the 5brG clade are resolved. Even
the well-established sister-group relationship of
RhyacichthyidaeþOdontobutidae to the remaining fami-
lies is not confirmed. In the MP analysis, the topology of
the 50% majority-rule consensus tree is mostly similar to
that of the BI analysis (Supplemental material Fig. S1B).
Strong support is also observed for the 5brG clade
(Bootstrap support [BS] ¼ 90%), but notably diminishes
for Eleotridae (BS ¼ 58%). Conversely, support increases
for Thalasseleotrididae (BS ¼ 84%) (Supplemental mater-
ial Fig. S1B).

Tree of the extant species based on the total
evidence data set
The BI reconstruction based on the combined molecular
and morphological data is shown in Supplemental
material Fig. S2A. The tree topology closely aligns with
that derived from molecular data alone (Fig. 7A), except
for the placement of Pseudapocryptes elongatus, which
is now situated within the Periophthalmus lineage of the
Oxudercidae, as anticipated. Furthermore, there is a not-
able increase in support for the Oxudercidae (PP ¼ 1 vs
0.66), with high support values for all nodes within this
family (PP � 0.93). The MP analysis based on the same
data set yields a single most parsimonious tree
(Supplemental material Fig. S2B). While the topology
closely resembles the trees generated by the BI analyses
using either molecular data or the total evidence data
set, there is a decrease in support values for some
clades.

Total evidence phylogenetic analyses including
the fossil species
The results presented here for extant species demon-
strate that a reliable phylogenetic placement of gobioid
species cannot be achieved solely based on the current
knowledge of morphological data. Therefore, we used
the total evidence data set to scrutinize the phylogenetic
relationships of the fossil species from Karalar K€oy€u.
The tree resulting from the BI analysis incorporating

the extant species along with †S. nerimanae gen. et sp.
nov. and the other nine fossil species included here is
shown in Figure 8A. With the exception of the
Oxudercidae, which is split into several clades, all
extant families and the extinct family †Pirskeniidae are
recovered as monophyletic. However, posterior probabil-
ities notably decreased for the families Butidae (PP ¼
0.6 vs 1) and Gobiidae (PP ¼ 0.63 vs 1) compared to
the total evidence tree without fossils (see Fig. 8A vs
Supplemental material Fig. S2A). The relationships
between Thalasseleotrididae, Gobiidae and Oxudercidae
are not resolved, while the relationships of the other
families are consistent with those indicated by the
molecular and total evidence trees. †Simpsonigobius
nerimanae gen. et sp. nov. is positioned within the poly-
tomy of Thalasseleotrididae, Gobiidae and Oxudercidae
(Fig. 8A). In the MP analysis, the single most parsimo-
nious tree, derived from the same data set, reveals poor

3

Figure 7. Results of the undated Bayesian inference analyses (50% majority-rule consensus trees). A, tree based on the extant
species using solely published DNA data (ASDSF ¼ 0.024051). B, tree based on the extant species using solely morphological
characters (ASDSF ¼ 0.005029). Values indicate posterior probabilities; scale bars show average number of substitutions per site (A)
and character changes per character (B), respectively. ASDSF, average standard deviation of split frequencies between two
independent runs. For sources of molecular data see Supplemental material Table S4.
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support for deeper nodes (Supplemental material Fig.
S3). While the relationships between extant families
align with those in the BI tree, the Gobiidae is not
resolved as monophyletic, whereas the Oxuderidae is.
†Simpsonigobius nerimanae gen. et sp. nov. is posi-
tioned within the Oxudercidae, and the Mugilogobius
lineage, but none of these groups receive strong support
(BS < 70%) (Supplemental material Fig. S3).
Due to the severe decrease in support values when

incorporating all 10 fossil taxa, we performed five add-
itional BI analyses, each involving only one or two fos-
sil taxa at a time, namely: (i) †Simpsonigobius
nerimanae gen. et sp. nov. (Fig. 8B), (ii)
†Carlomonnius quasigobius (Fig. 9A), (iii) both species
of †Pirskenius (Fig. 9B), (iv) both species of †Paralates
(Fig. 10A), and (v) †Eleogobius brevis and
†‘Eleogobius’ gaudanti (Fig. 10B). In these analyses, all
extant gobioid families appear monophyletic, with sup-
port values usually increased in comparison to the previ-
ous comprehensive analysis (shown in Fig. 8A).
Furthermore, the established relationships of
Thalasseleotrididae, Gobiidae and Oxudercidae are con-
sistently recovered. The respective MP analyses
(Supplemental material Figs S4, S5, S6) also demon-
strate a clear increase in support values as compared to
the previous MP analysis that included all 10 fossils
(shown in Supplemental material Fig. S3).
When considering †S. nerimanae gen. et sp. nov. in

the BI analysis with the reduced number of fossils, its
placement within the Oxudercidae is now well supported
(Fig. 8B, PP ¼ 0.81). Similar to the MP analysis involv-
ing all 10 fossils, it is positioned within the
Mugilogobius lineage, albeit with low support (PP ¼
0.55). In the MP analysis using the same reduced data
set, a single most parsimonious tree is recovered
(Supplemental material Fig. S4), in which Oxudercidae
and Gobiidae is each monophyletic, and †S. nerimanae
gen. et sp. nov. is placed within a well-supported 5brG
clade (BS ¼ 86%), as sister to GobiidaeþOxudercidae.
In the remaining four BI trees with reduced numbers

of fossils, the positioning of most fossils aligns with the
tree that includes all 10 fossils, but the individual trees
are better resolved. †Carlomonnius quasigobius forms a
polytomy with Gobiidae and Oxudercidae (PP ¼ 0.5;
Fig. 9A); the two †Pirskenius species constitute a clade
(PP ¼ 1) that is sister to the Thalasseleotrididae (PP ¼

0.57; Fig. 9B); †Eleogobius brevis is confidently placed
within Gobiidae, which now has increased support (PP
¼ 0.94; Fig. 10B) and †‘Eleogobius’ gaudanti is
resolved as the sister taxon to Thalasseleotrididae (PP ¼
0.73; Fig. 10B). Variations in the placement of certain
fossils compared to the tree with all fossils concern the
clade of both †Paralates species (PP ¼ 0.94), which is
now positioned as the sister group to Rhyacichthyidae,
albeit with low support (PP ¼ 0.53; Fig. 10A). In the
respective MP trees, the positions of the fossils can dif-
fer from those in the BI trees (Supplemental material
Figs 5, 6), but support is consistently low, except for
the monophyly of †Pirskenius (BS ¼ 79%).

Total evidence phylogeny based on tip-dating
In the relaxed-clock total evidence phylogeny which
includes the 10 fossils (Fig. 11), all families are resolved
as monophyletic. Notably, the Oxudercidae, which was
not resolved in the undated analysis with all 10 fossil spe-
cies included (compare Figs 8A, 11), is now monophy-
letic. Additionally, the relationships between the families
Thalasseleotrididae, Gobiidae and Oxudercidae are
resolved, but the support values of these now monophy-
letic groups are low (PP of Oxudercidae ¼ 0.51; PP of
5brG ¼ 0.53). †Carlomonnius quasigobius, the oldest fos-
sil species in the tree, is placed as sister to all other
gobioids, but posterior probability is relatively low (PP of
sister gobioid group ¼ 0.64). The †Pirskenius clade (PP
¼ 1) could not be confidently placed and consequently
appears in a polytomy with the clade Odontobutidaeþ
Rhyacichthyidae þ †Paralates, as well as the 5brG þ
6brG gobioid clade. The other fossil taxa occupy the
same or congruent positions to those in the undated tree,
but in most cases, they are better resolved or receive
higher posterior probabilities (compare Fig. 8A vs Fig.
11). Even with all 10 fossil taxa included, the clock ana-
lysis recovers †Simpsonigobius nerimanae gen. et sp.
nov. as a member of the Oxudercidae, consistent with the
MP analysis involving all fossils (Supplemental material
Fig. S3) and the BI and MP analyses with the reduced
taxon set (Fig. 8B, Supplemental material Fig. S4).
However, the support for the Oxudercidae is low (PP ¼
0.51). Moreover, our tip-dating analysis revealed as
node ages for crown Gobioidei 67.04 Ma (95% highest
posterior density [HPD] 54.86–82.75 Ma), for crown
Butidae 20.68 Ma (95% HPD 11.8–31.3 Ma), for crown

3

Figure 8. Results of the undated total evidence Bayesian inference analyses (50% majority-rule consensus trees). A, tree based on
the extant species plus 10 fossil species (ASDSF ¼ 0.017529). B, tree based on the extant species plus †Simpsonigobius nerimanae
gen. et sp. nov. (ASDSF ¼ 0.014561). ASDSF, average standard deviation of split frequencies between two independent runs. Values
indicate posterior probabilities; scale bars depict average number of substitutions per site and character changes per character,
respectively.
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Thalasseleotrididae 18.58 Ma (95% HPD 12.26–27.54
Ma), for GobiidaeþOxudercidae 38.49 Ma (95% HPD
29.71–46.52 Ma), for crown Gobiidae 34.13 Ma (95%
HPD 26.97–43.51 Ma), and for crown Oxudercidae 34.83
Ma (95% HPD 27.10–43.36 Ma).

Results of the ancestral habitat
reconstruction

As described in the ‘Materials and methods’ section, the
best model was the one with ordered states and equal
rates (graphically shown in Supplemental material Fig.
S7), and this model was chosen for the stochastic char-
acter mapping analysis. For each of the Gobiidae and
the Thalasseleotrididae, the most recent common ances-
tor is associated with marine or brackish to marine habi-
tats, whereas for all other families and also for
Gobioidei in general, an association of the most recent
common ancestor to brackish, freshwater, or both is
reconstructed (Fig. 12). Only for Oxudercidae the most
recent common ancestor is, according to this reconstruc-
tion, most likely associated to a combination of all three
habitats.

Discussion

In the following sections, we investigate the possible
relationship of †Simpsonigobius gen. nov. through a
comparative morphological approach, and assess its con-
cordance with the interpretation from our phylogenetic
analyses. Furthermore, we discuss the results of our add-
itional phylogenetic analyses, particularly in regard to
the placement of the fossil taxa in comparison to where
they were positioned in the earlier study by Gierl et al.
(2022). Finally, we discuss our divergence time esti-
mates and the reconstruction of ancestral habitats in
light of the previous studies that relied solely on
molecular data.

Comparative morphology
Exploring the relationship of †Simpsonigobius gen.
nov. The set of characters that defines the Gobioidei has
been discussed for over a century (e.g. Patzner, 2011;
Regan, 1911; Wiley & Johnson, 2010; Winterbottom,

1993). Some of these characters refer to soft tissue, but
others are osteological, and three of the latter can be
recognized in †S. nerimanae gen. et sp. nov., i.e. (i) the
absence of parietal bones (Hoese, 1984; Regan, 1911;
Springer, 1983); (ii) the presence of a fenestra between
preopercle and symplectic, bordered by hyomandibular
and quadrate (Fig. 5A) (Gosline, 1955; Harrison, 1989;
P. J. Miller, 1973); and (iii) a caudal skeleton in which
hypurals 1þ 2 have fused to form a plate, hypurals
3þ 4 are fused to each other and to the terminal cen-
trum, and hypural 5 is autochthonous and small (Fig.
6B) (Birdsong, 1975; Hoese, 1984). Accordingly, the
assignment of †S. nerimanae gen. et sp. nov. to the
Gobioidei is unequivocal.
Among the Gobioidei, the GobiidaeþOxudercidae

clade (¼ 5brG) has been recognized as sister to the
Thalasseleotrididae based on both morphological (A. C.
Gill & Mooi, 2012) and molecular (Agorreta et al.,
2013; Thacker et al., 2015) analyses. There are five
morphological synapomorphies for the clade comprising
these three families (see A. C. Gill & Mooi, 2012),
which, however, are not discernible in †S. nerimanae
gen. et sp. nov. Nevertheless, the extant members of the
three families display several further characteristics that
usually do not occur in the other families (Birdsong
et al., 1988; A. C. Gill & Mooi, 2012; Hoese, 1984;
Hoese & Gill, 1993). Three of those can be recognized
in the new fossil taxon from Karalar K€oy€u: (i) absence
of the endopterygoid (Fig. 5A), (ii) presence of an inter-
neural gap, and (iii) a palatine with an at least slightly
‘T’-shaped head (Fig. 5A). It is worth noting that the
palatine of †S. nerimanae gen. et sp. nov. is conspicu-
ously similar to the palatine of the thalasseleotridid
Tempestichthys bettyae (see Goatley & Tornabene,
2022), and also shows a slight resemblance to the
clearly ‘T’-shaped palatine (with distinct maxillary and
ethmoid processes) of the Gobiidae and Oxudercidae
(other families usually have an ‘L’-shaped palatine, with
a reduced ethmoid process; see Regan, 1911;
Reichenbacher et al., 2020). In conclusion, the presence
of the three traits suggests that †S. nerimanae gen. et
sp. nov. may belong to the clade Thalasseleotrididae þ
(GobiidaeþOxudercidae). This proposition is consistent
with the outcome of our BI analysis including all 10
fossils, which positioned †S. nerimanae gen. et sp.
within the polytomy of Thalasseleotrididae, Gobiidae
and Oxudercidae (Fig. 8A).

3

Figure 9. Results of the undated total evidence Bayesian inference analyses (50% majority-rule consensus trees). Tree based on the
extant species. A, plus †Carlomonnius quasigobius (ASDSF ¼ 0.007185). B, plus †Pirskenius diatomaceus and †Pirskenius radoni
(ASDSF ¼ 0.018613). ASDSF, average standard deviation of split frequencies between two independent runs. Values indicate
posterior probabilities; scale bars depict average number of substitutions per site and character changes per character, respectively.
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Arguments for and against a relationship with the
Thalasseleotrididae. The sole synapomorphy of the fam-
ily Thalasseleotrididae is a membrane that lies between
the hyoid bar and ceratobranchial 1 (A. C. Gill & Mooi,
2012), which is unlikely to be preserved in a fossil, and is
not conserved in †Simpsonigobius gen. nov. However, in
addition to the palatine with the weakly ‘T’-shaped head,
†Simpsonigobius gen. nov. also shares another distinctive
feature with the Thalasseleotrididae: the presence of sepa-
rated pelvic fins, evident from the clear distance between
their bases. This characteristic suggests an affinity with
the Thalasseleotrididae rather than with Gobiidae and
Oxudercidae, as fusion of the pelvic fins by a membrane
represents the derived condition in Gobiidae and
Oxudercidae, although exceptions exist (see Hoese and
Gill, 1993; Regan, 1911).
On the other hand, Thalasseleotrididae possess six

branchiostegal rays, while the presence of five bran-
chiostegal rays represents the derived condition of
GobiidaeþOxudercidae and is also observed in
†Simpsonigobius gen. nov. Furthermore, all four extant
thalasseleotridid species, i.e. Thalasseleotris iota Hoese
and Roberts, 2005, Th. adela Hoese and Larson, 1987,
Grahamichthys radiatus (Valenciennes, 1837) and
Tempestichthys bettyae, exhibit an anal fin with either
one ray fewer or an equal number of rays compared to
the second dorsal fin, whereas †S. nerimanae gen. et sp.
nov. has one additional ray in the anal fin. Moreover,
the premaxilla in Thalasseleotrididae bears a distinct
postmaxillary process (Goatley & Tornabene, 2022,
unknown for Th. adela), whereas †S. nerimanae gen. et
sp. nov. has a premaxilla with either a weakly devel-
oped postmaxillary process or none at all (Fig. 5C).
Additionally, the otoliths of Thalasseleotrididae lack a
posterodorsal projection (Schwarzhans, 2019, figs 99.9–
11), whereas the otoliths of †S. nerimanae gen. et sp.
nov. do have such a projection (Fig. 4B). Altogether,
the character combination seen in †S. nerimanae gen. et
sp. nov. does not imply its close relationship with the
family Thalasseleotrididae.

Arguments for a relationship with the 5brG clade
and the Oxudercidae. The combination of characters
observed in †S. nerimanae gen. et sp. nov. (five bran-
chiostegal rays, presence of interneural gap, absence of
endopterygoid), suggests its association with the 5brG
clade (GobiidaeþOxudercidae) (Akihito et al., 2000;

Hoese, 1984). Unfortunately, only a few characters
allow for the classification of a fossil gobioid into either
Gobiidae or Oxudercidae (Reichenbacher et al., 2018).
One such characteristic is the strength of the postmaxil-
lary process of the premaxilla, as this process is typic-
ally well developed in Gobiidae but not in Oxudercidae
(McKay & Miller, 1997; Thacker, 2013). Notably,
within the ‘sand goby’ group of the Oxudercidae, this
process is usually entirely absent, except in females of
Pomatoschistus flavescens (Fabricius, 1779), where it
may be weakly developed (McKay & Miller, 1997).
Another notable characteristic is the presence of an add-
itional ray in the anal fin (compared to D2), which has
been documented only in certain species of the
Oxudercidae in which it appears to be a derived charac-
ter (Pezold, 2004). Given that †S. nerimanae gen. et sp.
nov. displays a premaxilla with a weak or absent post-
maxillary process (Fig. 5C) and an anal fin with one ray
more than in the second dorsal fin (Fig. 6A2), its classi-
fication within the Oxudercidae appears to be justified
based on comparative morphology. Additionally, it is
worth noting that †S. nerimanae gen. et sp. nov. does
not fit within the sand goby group (to which it initially
was assigned by R€uckert-€Ulk€umen, 2000), as species in
this group typically exhibit a higher number of vertebrae
(30–33; see Birdsong et al., 1988; McKay & Miller,
1997) than seen in †Simpsonigobius gen. nov. which
possesses 26–27 vertebrae. Also, the otoliths of sand
gobies are quite different from those of the fossil spe-
cies, as they usually do not possess a posterodorsal pro-
jection (see Gierl et al., 2018, fig. 3; Gut et al., 2020,
fig. 6).
In conclusion, †Simpsonigobius gen. nov. shares

two phylogenetically informative morphological char-
acters with the Oxudercidae, suggesting its classifica-
tion within this family. This is consistent with the
outcome of our undated and dated total evidence
phylogenetic analyses, as depicted in Figures 8B and
11, and reinforces the credibility of our total evidence
approach.

Discussion of phylogenetic results based on our
updated matrix
Trees of extant taxa using molecular and total
evidence data. The following refers to the results of the
BI trees. The reconstructed phylogenies based on the

3

Figure 10. Results of the undated total evidence Bayesian inference analyses (50% majority-rule consensus trees). Tree based on the
extant species. A, plus †Paralates bleicheri and †Paralates chapelcorneri (ASDSF ¼ 0.003994). B, plus †Eleogobius brevis and
†‘Eleogobius’ gaudanti (ASDSF ¼ 0.008386). ASDSF, average standard deviation of split frequencies between two independent
runs. Values indicate posterior probabilities; scale bars depict average number of substitutions per site and character changes per
character, respectively.
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Figure 11. Tip-dated, relaxed-clock total evidence Bayesian inference phylogeny (fossilized birth–death tree model) including all 10
fossil species (ASDSF ¼ 0.028530). ASDSF, average standard deviation of split frequencies between two independent runs. Numbers
at nodes depict posterior probability, node bars indicate the 95% highest posterior density for divergence times. Scale axis in Ma;
chronostratigraphic chart following Cohen et al. (2022).
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molecular data and total evidence data derived from the
extant species in our new matrix (Fig. 7A, Supplemental
material Fig. S2A) are consistent with previously pub-
lished phylogenies that were based on larger data sets
(e.g. Agorreta et al., 2013; Thacker et al., 2015). This
implies that our extant taxon set, like that compiled by
Gierl et al. (2022), is capable of yielding a molecular
‘backbone’ that facilitates the placement of fossils in a
phylogenetic context. The fact that the extant genus
Sicydium Valenciennes, 1837 could not be resolved as
monophyletic (Figs 7–11) is consistent with the tree
published by Tornabene et al. (2013, fig. 2), and is
therefore not an artefact of our choice of taxon set.
Notably, Sicydium has been recovered as monophyletic
in the MP analyses (Supplemental material Figs S1A,
S2B), which emphasizes the value of using different
phylogenetic reconstruction methods. The fact that
Pseudapocryptes elongatus occurred in a polytomy with
the rest of the Oxudercidae and the Gobiidae when only
the molecular data set was used (Fig. 7A), while the
total evidence data set convincingly placed the species
within the Oxudercidae (Supplemental material Fig.
S2A), raised another concern. However, this issue can
be readily explained. Only a single gene (cytb, see
Supplemental material Table S4) was available for Ps.
elongatus, which emphasizes the value of using multiple
molecular markers for a robust phylogeny. Overall, the
total evidence-based tree reconstruction of the 48 extant
ingroup taxa (Supplemental material Fig. S2A) clearly
benefited from the use of both molecular and morpho-
logical data, since support values for nearly all nodes
increased relative to those obtained from molecular or
morphological data alone (Fig. 7A, B). This is in agree-
ment with previous studies using total evidence data
sets for other vertebrate groups (see Beck et al., 2023
and references therein).

Trees of extant and fossil taxa using total evidence
data. In the undated BI analysis (Figs 8–10), the phylo-
genetic positioning of the fossil species reveals that six of
them exhibit results consistent with those reported by Gierl
et al. (2022). The †Pirskeniidae (two species) appear
monophyletic and are not resolved within the tree contain-
ing all 10 fossils (nor in our clock tree). However, when
introduced as sole fossils into the tree of extant taxa (Fig.
9B), †Pirskeniidae is resolved as sister to the
Thalasseleotrididae, albeit with low support. As in Gierl
et al. (2022), †Eleogobius brevis and †‘E.’ gaudanti are
paraphyletic, and †‘E.’ gaudanti is resolved in the tree
containing †Eleogobius as the sole fossil taxon as a stem
member of Thalasseleotrididae (Fig. 10B, PP ¼ 0.73).
However, this positioning should be considered with cau-
tion, as the presence of six branchiostegal rays in †‘E.’
gaudanti could be neither confirmed nor disproven in our

study (see also Bradi�c-Milinovi�c et al., 2019). Notably,
and opposite to Gierl et al. (2022), †E. brevis is consist-
ently resolved as a member of Gobiidae, both in the tree
with all fossils (Fig. 8A, PP ¼ 0.63) and in the tree con-
taining †Eleogobius as the sole fossil taxon (Fig. 10B, PP
¼ 0.94). Finally, as in Gierl et al. (2022), †Lepidocottus
aries (Agassiz, 1839) is resolved as a stem member of the
Butidae (Fig. 8A, PP ¼ 0.6), and †Gobius jarosi Pr�ikryl
& Reichenbacher, 2018 in Reichenbacher et al. (2018) as
sister to G. niger Linnaeus, 1758 (Fig. 8A, PP ¼ 0.88).
Discrepancies between our BI analyses and those of

Gierl et al. (2022) using single fossil taxa relate to the
following: (i) †Carlomonnius quasigobius occurs in a
very weakly supported polytomy with Oxudercidae and
Gobiidae (Fig. 9A, PP ¼ 0.5), but emerges as a member
of Butidae in Gierl et al. (2022); (ii) †Paralates (two
species) is recovered as monophyletic and positioned as
sister to Rhyacichthyidae (Fig. 10A) (vs not monophy-
letic and not resolved in Gierl et al., 2022).
A striking outcome of the previous total evidence

analyses was that the topology of the total evidence tree
collapsed considerably when all 10 fossil species were
included (Gierl et al., 2022, fig. 5B). Following our
modifications of the previous morphological matrix, and
the newly added extant taxa, the total evidence tree in
the present study did not collapse as before (Fig. 8A):
The Butidae are resolved as sister to Thalasseleotrididae
þ 5brG (vs not resolved in Gierl et al., 2022, fig. 5B)
and the Gobiidae are monophyletic (vs not in Gierl
et al., 2022, fig. 5B). Additionally, the results of the
trees containing single fossil taxa are highly congruent,
although usually better resolved, compared to the tree
with all fossil taxa added (compare Figs 8A, 9, 10).
This is in line with the outcome of a recent investiga-
tion, albeit one dealing with completely different fossils
(Cambrian Bilateria), which also showed that amend-
ments of morphological data sets can lead to a signifi-
cantly improved phylogenetic framework (Bekkouche &
Gąsiorowski, 2022).

Age divergences inferred from the tip-dated total
evidence phylogeny. Previous temporal frameworks for
gobioid evolution were exclusively based on a molecular
Bayesian framework in which fossils were used solely
for node dating (e.g. Thacker, 2015; Thacker et al.,
2023). Our study is the first that has analysed fossil and
extant gobioid species simultaneously with the aim of
deriving a species-level total evidence phylogeny
together with dating of the tree. Notably, our inferred
median divergence age for the split between
†Carlomonnius and crown Gobioidei (67.04 Ma) is only
slightly younger than the age that Thacker et al. (2023)
inferred for crown Gobioidei (69.25 Ma). Likewise, our
inferred median divergence age for crown Butidae
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(20.68 Ma) is only slightly younger than the inferred
age for crown Butidae in Thacker et al. (2023) (23.53
Ma). Also, the ages for GobiidaeþOxudercidae (not
included in Thacker et al. 2023) estimated by Jeon et al.
(2021) are remarkably similar to the ages of our study
(node ages in Jeon et al. for GobiidaeþOxudercidae:
38.66 Ma, 95% HPD 30.02–47.51 Ma, for Gobiidae:
34.00 Ma, 95% HPD 26.00–42.36 Ma, for Oxudercidae:
35.61 Ma, 95% HPD 27.72–44.27 Ma). An earlier study
by Thacker (2014), however, had estimated clearly older
median node ages for Butidae (57 Ma, vs 23.5 Ma in
Thacker et al., 2023, vs 20.7 Ma in our study),
GobiidaeþOxudercidae (55 Ma, vs 38.7 Ma in Jeon
et al., 2021, vs 38.5 Ma in our study), crown Gobiidae
(49 Ma vs 34.0 Ma in Jeon et al., 2021, vs 34.13 Ma in
our study) and crown Oxudercidae (48 Ma, vs 35.6 Ma
in Jeon et al., 2021, vs 34.8 Ma in our study). One
might think that the older ages estimated by Thacker
(2014) could be biased due to availability of only a few
fossil calibration points at that time. However, the fact
that Jeon et al. (2021) used a single fossil taxon
(†Carlomonnius) for their time calibration does not sup-
port this idea. Another possibility is that the taxonomic
unit under study plays a role. The study of Thacker
(2014) encompassed both Gobioidei and cardinal fishes
(Apogonoidei, Kurtidae), whereas Thacker et al. (2023)
and Jeon et al. (2021) each focused on a distinct gobioid
family (Eleotridae in Thacker et al., 2023, Oxudercidae
in Jeon et al., 2021) for which they utilized a very com-
prehensive taxon set. It thus seems that a focus on a
specific gobioid family (or gobioid entity) coupled with
the use of a comprehensive taxon set can lead to time
calibrations that conform well to the fossil record. This
is reinforced by the late Eocene age (c. 35 Ma) for the
node of the Oxudercidae, as estimated in our study and
by Jeon et al. (2021), as the oldest oxudercid fossils cur-
rently known are otoliths from the Oligocene (early
Chattian, c. 26–27 Ma, Reichenbacher & Schwarz,
1997).
In this context, it is interesting to note that a previous

study dealing with another teleost group
(Tetraodontiformes) in a total evidence phylogenetic
framework found that tip-dating generally provided
older ages than node dating (i.e. the opposite to what
we found), but that tip-dating precision increased as
more fossils were included (Arcila et al., 2015). In add-
ition, these authors discovered that the precision of node
ages inferred from tip-dating improves even more when
the fossils included are close to the considered node. As
this is the approach adopted here, and also because
our inferred age for crown Butidae, to which
Thalasseleotrididae and 5brG are sister, is only slightly
younger than the corresponding age in Thacker et al.

(2023), we assume that our inferred median divergence
ages give reasonable temporal estimates for the Butidae,
5brG, Gobiidae and Oxudercidae.

Ancestral habitat reconstruction. While Thacker and
Hardman (2005) previously noted that basal gobioids
frequently inhabit fresh water and estuaries, subsequent
studies employing ancestral habitat reconstruction ana-
lysis for Gobioidei indicate a prevailing trend of fresh-
water ancestry within the group (Jeon et al., 2021;
Thacker, 2009, 2014). Additionally, these studies
revealed singular invasions into brackish and marine
environments among the 'less-derived' Gobioidei (6brG),
with an evolutionary trend towards brackish and estuar-
ine habitats in the Oxudercidae, and a notable prefer-
ence for marine environments in the Gobiidae.
For the first time, we have integrated fossil taxa and

their habitat data into an ancestral habitat reconstruction
analysis, and utilized stochastic character mapping to
illustrate the likelihoods of the reconstructed states at
the nodes (Fig. 12). Our analysis aligns with prior works
regarding the invasions of marine habitats by derived
gobioids (5brG). Additionally, we observe a transition
towards exclusively marine environments within crown
Thalasseleotrididae, a group included in such an analysis
for the first time.
Discrepancies from prior findings concern the initial

condition at the root of gobioids, which varies signifi-
cantly in our study. Our results reveal a higher likeli-
hood for broader salinity tolerances (euryhaline or a
combination of freshwaterþ brackish) or favouring
brackish conditions. This difference likely arises from
the inclusion of †Paralates bleicheri, associated with
brackish conditions (Gaudant, 1979), and †Paralates
chapelcorneri, for which freshwater to brackish condi-
tions can be assumed (Gaudant & Quayle, 1988).
Moreover, discerning the habitat association of early-

splitting extant taxa holds paramount importance in
inferring the ancestral state at the root. In previous anal-
yses, either the positioning of exclusively freshwater
species near the root remains questionable (e.g.
Milyeringa veritas Whitley, 1945 within Odontobutidae
in Thacker, 2009), or the habitat classification of early-
splitting taxa itself (e.g. Rhyacichthys aspro
(Valenciennes, 1837) exclusively in fresh water accord-
ing to Jeon et al., 2021). Considering the prevalence of
combined habitat types among early-splitting extant taxa
in the results of our analysis, it seems evident that the
Gobioidei ancestor likely did not inhabit exclusively
freshwater environments.
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Conclusions

The results of this study reveal that the fossil gobioid
from the Lower Miocene of Karalar K€oy€u, western
Turkey, previously described as ‘Pomatoschistus cf.
bleicheri Sauvage, 1883’, cannot be a member of the
extant genus Pomatoschistus, and is also clearly differ-
ent from †Paralates bleicheri Sauvage, 1883 (now the
valid name for Pomatoschistus bleicheri (Sauvage,
1883)). Rather, it represents a new extinct gobioid genus
and species, which we named †Simpsonigobius nerima-
nae gen. et sp. nov. Furthermore, we were able to
resolve †S. nerimanae gen. et sp. nov. as a member of
the present-day family Oxudercidae, in both an undated
and a tip-dated total evidence-based phylogenetic frame-
work. Our results highlight the potential of this
approach to infer the phylogenetic relationships of
gobioid fossils that would have been left as incertae
sedis if comparative morphology alone had been used.
The total evidence matrix used here is an amended

version of the morphological matrix previously pub-
lished by Gierl et al. (2022), to which we added a new
taxon set (19 species). The matrix now comprises 48
extant and 10 fossil gobioid species, 48 morphological
characters, and 6349 base pairs from five genes (vs 29
extant and 10 fossil gobioid species, 48 morphological
characters, 6271 base pairs from five genes in the previ-
ous study). Our phylogenetic results clearly demonstrate
that both the amendments and the expansion of the set
of taxa contributed to a significant improvement in the
phylogenetic resolution at species, lineage and family
levels, which will be valuable for future phylogenetic
analyses of gobioid fossils.
Our study is the first to analyse fossil and extant

gobioid species simultaneously in a tip-dated total evi-
dence framework with the aim of inferring a species-
level phylogeny together with dating of the tree. From
the tip-dating analysis we inferred a late Eocene median
divergence age for Oxudercidae (34.8 Ma) and Gobiidae
(34.1 Ma). Comparison with previous age estimates for
crown Gobioidei and crown Butidae that were based on
molecular data, and in which fossils served solely for
node dating, reveals that our corresponding age esti-
mates are only about 3 million years younger than had
been estimated before. This, and the congruence with
the fossil record, corroborates our inferred ages for the
Butidae, 5brG, Gobiidae and Oxudercidae. Finally, for
the first time, we estimated ancestral habitat types utiliz-
ing a dated tree that included extinct species. The results
reveal an ancestral lineage of Gobioidei not confined
solely to freshwater habitats, but rather adapted to a
wider spectrum of salinity, including brackish
conditions.
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