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Abstract
Miocene baleen whales were highly diverse and included tens of genera. However, their

taxonomy and phylogeny, as well as relationships with living whales, are still a subject of

controversy. Here, “Mesocetus” argillarius, a poorly known specimen from Denmark, is

redescribed with a focus on the cranial anatomy. It was found to represent not only a new

genus, Tranatocetus gen. nov., but also a new family; Tranatocetidae. The whales of this

family have the rostral bones either overriding or dividing the frontals; the rostral bones are

contacting the parietals and nasals dividing the maxillae on the vertex; the occipital shield is

dorsoventrally bent. The tympanic bulla is particularly characteristic of this family featuring a

short, narrow anterior portion with a rounded or squared anterior end and a wider and higher

posterior portion that is swollen in the posteroventral area. A phylogenetic analysis including

51 taxa supports a monophyletic group comprising most Neogene and modern whales, with

Tranatocetidae being possibly closer related to Balaenopteridae (rorquals) than to Cetother-

iidae. Tranatocetidae exhibit a charahteristic bulla shape. In fact, all Neogene and modern

mysticete families examined have a unique shape of the tympanic bulla that is diagnostic at

family-level. Inclusion of problematic taxa like Tranatocetus argillarius in phylogenies brings

new understanding of the distribution and diagnostic value of character traits. This under-

lines the need for re-examination of earlier described specimens in the light of the wealth of

new information published in later years.

Introduction
The earliest toothless baleen whales originated approximately 30 million years ago [1]. Only 15
species exists today, but in the Middle and Late Miocene (16–5 million years ago, mya) the
group was highly diverse comprising dozens of genera [2]. Recently, a renewed interest in the
evolution of baleen whales has led to a wealth of new information with more than 40 species
described in the last 15 years [3]. However, the taxonomy and phylogeny of Miocene baleen
whales is still a subject of controversy. The phylogenies published within the last decade either
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strongly disagreed in the position of several groups or showed poor resolution within lineages
[4–11]. Different researchers have suggested the extinct family of Cetotheriidae to be closely
related to either the living gray whale Eschrichtius robustus or the pygmy right whale Caperea
marginata [5, 8]. Controversies may be due to lack of data and taxa included in the analysis, so
adding basal taxa may improve resolution and clarify relationships. The phylogenetic affinities
of “Mesocetus” argillarius from the Late Miocene of Denmark [12] were discussed by Steeman
[5] who found it to be a sister taxon to Cetotheriidae. The suite of characters displayed by
“Mesocetus” argillariusmay therefore play a key role in elucidating the origin of the modern
baleen whales.

Here, “Mesocetus” argillarius is redescribed with focus on previously unpublished cranial
anatomy. A novel idea of the evolution of Neogene and living baleen whales is presented based
on a phylogeny including a combination of newly described species and species described dur-
ing the 19th and early 20th centuries without the abundance of comparative material available
today.

Material and Methods

Ethics statement
This study concerned only non-living, previously preserved museum specimens; therefore no
permission from an Institutional Animal Care and Use Committee was needed; no permits
were required for the described study, which complied with all relevant regulations.

Two specimens of “Mesocetus” argillarius (MGUH VP 2319, the holotype, and MGUH VP
2320, previously undescribed specimen), housed by the University of Copenhagen, from the
type locality in Gram, Denmark, were studied, including the skull and ear bones of the holotype
(Figs 1–9). A phylogenetic analysis was conducted based on a data matrix of 102 unordered
morphological characters (mostly adapted or modified from [5, 7, 8, 10]) and 51 taxa of ceta-
ceans, including members of modern families Balaenopteridae, Eschrichtiidae, Neobalaenidae,
Balaenidae, Cetotheriidae and closely related genera, a number of Miocene whales with uncer-
tain affinities, the earliest toothless baleen whale Eomysticetus whitmorei, the basilosaurid Dor-
udon atrox and the tentative ancestor of fully aquatic cetaceans Georgiacetus vogtlensis (S1, S2
and S3 Appendices; S1 Table). The heuristic parsimony analysis was conducted using TNT 1.1
[13], “traditional search option”, 10000 replicates, tree bisection-reconnection branch swap-
ping, saving 100 trees per replicate. The resulting most parsimonious trees were summarized in
a strict consensus tree with zero-length branches collapsed. Branch support was estimated
using symmetric resampling (change probability = 33), based on 2000 replicates and expressed
as frequency differences (GC).

The anatomical nomenclature generally follows Mead and Fordyce [14]. For the abbrevia-
tions, see S1 Appendix.

Nomenclatural acts
The electronic edition of this article conforms to the requirements of the amended Interna-
tional Code of Zoological Nomenclature, and hence the new names contained herein are avail-
able under that Code from the electronic edition of this article. This published work and the
nomenclatural acts it contains have been registered in ZooBank, the online registration system
for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be resolved and the associated
information viewed through any standard web browser by appending the LSID to the prefix
“http://zoobank.org/”. The LSID for this publication is: urn: lsid:zoobank.org:pub:
D7CEC50A-D466-4B79-AEBD-52B7FAC85624. The electronic edition of this work was
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published in a journal with an ISSN, and has been archived and is available from the following
digital repositories: PubMed Central, LOCKSS.

Results

Systematic palaeontology
Cetacea Brisson, 1762
Mysticeti Gray, 1864
Plicogulae Geisler, McGowen, Young and Gatesy, 2011
Tranatocetidae, new family urn:lsid:zoobank.org:act:1FB2C6DE-7CA0-4860-BBE0-
4A7C2AAD0001

Diagnosis. Plicogulae sharing the following combination of specific features: (1) rostral
bones override or divide frontals and contact parietals; (2) nasals (sometimes with premaxillae)
divide maxillae on the vertex; (3) dorsoventrally bent occipital shield, with more horizontal
anterior portion and more vertical posterior portion; (4) tympanic bulla with short, narrow
anterior portion with rounded or squared anterior end and wider and higher posterior portion

Fig 1. The skull of Tranatocetus argillarius, MGUH VP 2319. A, B, dorsal views; C, D, ventral views.

doi:10.1371/journal.pone.0135500.g001
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that is particularly swollen in the posteroventral area; a moderately deep lateral furrow and a
shallow groove posterior to the sigmoid process; well-developed conical process.

Differing from Cetotheriidae and related taxa in: having a deep anteriorly, anteroventrally
or anterolaterally (rather than anteromedially) oriented glenoid fossa; the posterior process of
the tympanoperiotic slightly (rather than broadly) exposed on the posterolateral wall of the
skull; short angular process of the mandible and the broad and low condyle oriented in the
same plane as the ramus. Differing from Pinocetus, Cephalotropis and Neobalaenidae in the
shape of tympanic bulla: the inflated posterolateral (rather than anterolateral) end and a shal-
lower lateral furrow. Differing from Titanocetus, Balaenopteridae and Eschrichtiidae in: the

Fig 2. The skull of Tranatocetus argillarius, MGUH VP 2319. A, B, lateral view; C, D, anterior view; E, F, posterior view.

doi:10.1371/journal.pone.0135500.g002
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Fig 3. Diagnostic features of the skull vertex of Tranatocetidae and Tranatocetus argillarius. A, Tranatocetus argillariusMGUH VP 2319. B,Mesocetus
longirostris RBINS CtM 33 / Reg. 401. C, “Cetotherium” vandelliUL 1. D, Eschrichtius robustusMVZ 125560. E, Cetotherium riabinini NMNH-P 668/1. F,
Piscobalaena nanaMNHN SAS 1617. G,Metopocetus durinasus USNM 8518. The Fig 3F is printed under a CC BY license, with permission from Felix Marx,
original copyright 2012.

doi:10.1371/journal.pone.0135500.g003

Fig 4. Bent occipital shield of Tranatocetidae. A, “Cetotherium” vandelliUL 1. B, Tranatocetus argillarius
MGUH VP 2319.

doi:10.1371/journal.pone.0135500.g004
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absence of the anterior wing of the parietal bone (present inMixocetus); the triangular occipital
shield with the sharp anterior end (rounded inMixocetus); the long coronoid process and dor-
sally open sub-condylar furrow of the mandible. Differing further from Balaenopteridae and
Eschrichtiidae in the thin and long zygomatic process of squamosal; the paroccipital process
protruding far posterior to the postglenoid process; the anterior margin of the supraoccipital
posterior to the centre of the temporal fossa; the distally broadening posterior process of the
tympanoperiotic exposed on the posterolateral wall of the skull. Sharing with Cetotheriidae,
Balaenopteridae and Eschrichtiidae the X-shaped skull vertex formed by approximating or
contacting occipital shield and maxillary elements (combined telescoping of skull); squamosal
cleft (except in some cetotheriids); well-developed anterior process of the periotic that is at
least as long as its lateral flange (or lateral tuberosity).

Included taxa. “Aulocetus” latus, “Cetotherium”megalophysum, “Cetotherium” vandelli,
Mesocetus longirostris,Mixocetus elysius, “Plesiocetopsis hupschii” sensu Van Beneden, 1886,
Tranatocetus argillarius

Tranatocetus, gen. nov. urn:lsid:zoobank.org:act:53F4A70B-5F67-
4D8D-AFAC-FD308974D066

Type and only known species. Tranatocetus argillarius (Roth, 1978)
Diagnosis. As for species.
Etymology. Tranato (latin) swimming across, cetus (from greek ketos) sea monster/whale.

Tranatocetus argillarius (Roth, 1978), comb. nov
Synonymy:Mesocetus argillarius Roth, 1978; ‘Mesocetus’ argillarius Steeman, 2007

Fig 5. Diagnostic features of Tranatocetidae: squamosal area in lateral view. A, Tranatocetus argillarius
MGUH VP 2319 (Tranatocetidae). B, Nannocetus eremusUCMP 26502 (Cetotheriidae) (inverted). C,
Cetotherium riabinini NMNH-P 668/1 (Cetotheriidae). D, Eschrichtius robustusMVZ 125560 (Eschrichtiidae)
(inverted). The images are cropped; the posterior process of the tympanoperiotic is delimited with a white
contour.

doi:10.1371/journal.pone.0135500.g005
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Holotype. Geological Museum of the University of Copenhagen (MGUH VP 2319) con-
sisting of partial skull with periotics and left tympanic bulla but lacking rostrum; the proximal
portion of the lower jaw; partial hyoid bone (basihyal and thyrohyals); thirty-three vertebrae;
ribs and rib fragments; parts of both scapulae; humerus and two phalangeal bones.

Referred specimens. MGUH VP 2320 consisting of six mandible fragments (anterior por-
tion), seven thoracic and seven lumbar vertebrae and both scapulae, one of which is sub-
complete.

Locality and age. Gram clay pit, 1.5 km north of the town of Gram, South Jutland, Den-
mark (geographic coordinates 55°18' N, 09°04' E). Gram Formation, Late Miocene [15]: based
on the composition of associated mollusc fauna, the specimen can be accurately identified as
belonging to layer 3 or 4 of the Gram Clay Formation [15,16] which are dated to mid-Torto-
nian, ca. 9.9–8 mya according to a combined study of geomagnetic variation, dinoflagellates
and malacofauna [16–18].

Diagnosis. Modified from [12]. The scapula is anteroposteriorly elongated; the glenoid
cavity displaced toward the anterior end. The deltopectoral crest of the humerus is long. Differ-
ing from all Plicogulae, exceptMesocetus longirostris, Pelocetus calvertensis and Parietobalaena
campiniana, in: retaining plesiomorphic features of the lower jaw: the dorsal border in front of
the mandibular condyle gradually ascending towards the coronoid process, wide mandibular
foramen and wide mandibular canal. Differing fromMesocetus longirostris, “Aulocetus” latus,
“Cetotherium”megalophysum and “Cetotherium” vandelli in: the wide skull with laterally

Fig 6. Right periotic bone of Tranatocetus argillarius, MGUH VP 2319. A, ventral view. B, posterior view
(cropped image).

doi:10.1371/journal.pone.0135500.g006
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expanded squamosals; straight ascending processes of maxillae which extend parallel to each
other (rather than tapering and converging posteriorly); small lateral projection of the poste-
rior meatal crest on the posterolateral side of the postglenoid process and paroccipital processes
extending far posterior to the occipital condyles. Sharing only withMesocetus longirostris: pos-
terior ends of premaxillae fused with the maxillae and divided on the vertex by long, narrow
and high (vertical plate-like) nasals; cervical vertebrae with wide transverse foramina, almost as
wide as the centra (see also [12]).

Description
Of the skull, a distinctly short, wide and high neurocranium with posterior portions of the ros-
tral bones has been preserved (Figs 1 and 2; Table 1). In lateral view, the vertex forms an angle
close to 90° between the facial bones and the occipital shield. The temporal crest is high, so that
the vertex is highly elevated above the rhomboid temporal fossa. Viewed anteriorly, the skull is

Fig 7. Diagnostic features of Tranatocetidae: tympanic bullae. A–D, left bulla, Tranatocetus argillarius,
MGUH VP 2319 (Tranatocetidae). E–H, right bulla, “Plesiocetopsis hupschii”, RBINS 664 / Reg. 1240
(Tranatocetidae). I–L, left bulla, Nannocetus eremusUCMP 26502 (Cetotheriidae). M–O, right bulla, P, left
bulla (inverted), Brandtocetus chongulek TNU Skull 4 (Cetotheriidae). A, E, I, M, ventrolateral view. B, F, J, N,
dorsal view. C, G, K, O, medial view. D, H, L, P, lateral view. Abbreviations: cp, conical process; Eu,
Eustachian outlet; ir, involucral ridge; iv, involucrum; lf, lateral furrow; mr, main ridge; mf, median furrow; sf,
sigmoid furrow; sp, sigmoid process;

doi:10.1371/journal.pone.0135500.g007
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slightly asymmetrical as the vertex is shifted left, and the occiput is smaller to the left relative to
the right: this seems to be the natural condition. The posterior portion of the premaxilla is not
distinct and may be fused with the maxilla (Fig 3). The ascending process of themaxilla is pos-
teriorly constricted. The ascending rostral processes completely override the frontals on the
vertex and overlap the parietals. The anterior edge of the maxilla is strongly concave at the base
of the ascending process leaving a crescent-shaped portion of the supraoccipital process of the
frontal anterior to a well-defined transverse orbitotemporal crest. This may mark the insertion
of the occipitofrontalis muscle [19]. The straight, long, narrow and high nasals are wedged
between the ascending processes of the maxillae, dividing these on the vertex to their posterior-
most extension. The supraorbital process of the frontal gradually slopes ventrally. The lateral
portion of the parietal is concave. The parietals contact in a short and low sagittal crest on the
vertex. The occipital shield is sub-triangular, with high, sigmoid nuchal crests. A low horizon-
tal crest over the dorsal condyloid fossa divides the occipital shield into a nearly vertical poster-
oventral portion that meets a more horizontal anterodorsal portion at a blunt angle (Fig 4).
The long and robust paroccipital process extends posterior to the condyle and postglenoid
process.

Fig 8. Mandible of Tranatocetus argillarius.MGUH VP 2319: A, dorsal view. B, lateral view. C, medial view. D, posterior view. MGUH VP 2320: F, the
cross-section of the anterior portion.

doi:10.1371/journal.pone.0135500.g008
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The squamosal is wide in both medial and lateral portions. The squama bulges into the tem-
poral fossa and a squamosal cleft is present. The lateral portion with the zygomatic and postgle-
noid process is transversely expanded, and situated entirely lateral to the paroccipital process.
The anteriorly directed, thin finger-like zygomatic process is slightly laterally curved. The squa-
mosal prominence is well developed dorsally, forming a high and narrow crest. In lateral view,
the postglenoid process is low and ventrally directed, anterodorsally thick and robust and has a
round bulge posterodorsally. In posterior view, it is transversely wide. The glenoid fossa faces
ventrally to anteroventrally. There is a well-developed fossa on the lateral side of the squamosal
(named here as the lateral fossa), which joins the glenoid fossa: it is surrounded dorsally by a

Fig 9. Postcranial skeletal elements of Tranatocetus argillarius. A–D, MGUH VP 2319: A, hyoid. B, axis. C, humerus. D, scapula. E, MGUH VP 2320,
scapula in lateral view.

doi:10.1371/journal.pone.0135500.g009
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prominent crest on the zygomatic and postglenoid process. The sternomastoid fossa is deep
and the lateral projection of the meatal crest delimiting it ventrally is distinct but small (Fig 5).
The falciform process bulges ventrally. Ventrally, the skull surface is weathered and the sutures
between the bones are mostly obliterated, and much of the bone outlines can be only tentatively
reconstructed. The palatine has convex (rather than notched) anterior and posterior margins.
The pterygoid contacts the squamosal and is almost completely covered by the palatine. The
pterygoid sinus is transversely wide. The vomer extends posteriorly to the basioccipital crest.
This crest is bulbous, anteroposteriorly elongated and as large as the tympanic bulla. The fossa
for the tympanohyal ligament is well developed, and it is surrounded with a high crest.

The periotic body is significantly larger than the pars cochlearis (Fig 6). The pars cochlearis
is small, anteroposteriorly short and bulges slightly ventral to fenestra rotunda. The anterior
process of the periotic is sub-triangular with a poorly developed lateral flange (or lateral tuber-
osity). The mallear fossa is small, round and shallow. The posterior cochlear crest (caudal tym-
panic process) is short and the stylomastoid fossa is shallow. The groove for the tensor
tympani muscle is shallow. The posterolaterally directed posterior process of the tympanoper-
iotic is long, widening distally with a small exposure on the posterolateral wall of the skull. The
tympanic bulla is pyriform in ventral view (Fig 7). The narrow and low anterior portion is
short with a rounded anterior end, while the posterior portion is larger in all dimensions. Par-
ticularly swollen is the posteroventral area lateral to the base of the posterolaterally directed sig-
moid process. The lateral furrow is deep and the groove posterior to the sigmoid process is
shallow (see also [5]). In ventrolateral view, the conical process, as preserved, is distinctly high.

Table 1. Cranial measurements (mm) of Tranatocetus argillariusMGUH VP 2319.

Measurement Distance

Bizygomatic width 814

Length of the neurocranium 520e

Nasal length 200e

Minimum intertemporal width 217

Greatest length of temporal fossa 257

Greatest width of temporal fossa 260

Distance between tip of zygomatic process and tip of postglenoid process 300

Width between paroccipital processes 468

Median length of occipital shield 271

Width of foramen magnum 61

Height of foramen magnum 69

Bicondylar width 172

Condylar height 103

Width between foramina pseudovale 292

Width between lateral margins of basioccipital crests 195

Width between posterior-most points of postglenoid processes 667

Greatest height of neurocranium 302

Length of pars cochlearis 18

Height of pars cochlearis 17

Length of posterior process of tympanoperiotic 135

Length of tympanic bulla 85

Maximum width of tympanic bulla 65

Posterior width of tympanic bulla in medial view 50

Posterior height of mandible 160e

doi:10.1371/journal.pone.0135500.t001
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In medial view, the main ridge is more developed than the involucral ridge. The ridges con-
verge toward the anterior end. The lateral lobe extends more posteriorly than the medial one.
In dorsal view, the involucrum is high and convex.

Themandible is plesiomorphic in having a high mandibular foramen and opening for the
mandibular canal, a wide and low condyle, and the dorsal border gradually ascending from the
condyle to the coronoid process. The mandibular canal preserved in MGUH VP 2320 strongly
narrows anteriorly (Fig 8). For detailed description, see [12]. The preserved portion of the
hyoid apparatus comprises the basihyal and the thyrohyals, all of which are dorsoventrally flat-
tened (Fig 9A).

The presumed vertebral formula is C7T13L12Ca3+ (7 cervicals, 13 thoracics, 12 lumbars and
at least 3 caudals). All vertebrae (including all cervicals) are unfused. All epiphyses in MGUH
VP 2319 are fused with the centra, indicating full physical maturity. The cervical vertebrae
have large transverse foramina, which are sometimes as wide as the centra, and even the axis
has wide and high foramina (Fig 9B). The thoracic and lumbar vertebrae gradually elongate
and become higher towards the tail. The longest are the four posteriormost lumbars and the
caudals, all of which are longer anteroposteriorly than they are wide transversely.

The scapula, well preserved in MGUH VP 2320 and fragmentary in MGUH VP 2319, is
very long (Fig 9D and 9E). The anteroposterior length is 2.5 times greater than the height at
the glenoid cavity due to elongation of the posterior portion. The glenoid cavity is located rela-
tively far anteriorly. The acromion is high and long, whereas the coracoid process is short. The
humerus is narrow, with a low but distinct and long deltopectoral crest. The compact head is
nearly vertical, and it takes one third the length of the bone (Fig 9C).

Phylogeny
The phylogenetic analysis supports a monophyletic Plicogulae comprising Tranatocetidae,
Balaenopteridae, Eschrichtiidae, Cetotheriidae and Neobalaenidae, as well as a number of mid-
Miocene whales (Fig 10). Plicogulae split into two major branches, one containing Cetotherii-
dae and Neobalaenidae, the other Tranatocetidae, Balaenopteridae and Eschrichtiidae. The
basalmost described cetotheriid is Joumocetus shimizui [20]. The clade including the recent
pygmy right whales (Neobalaenidae) also includes the Late Miocene genus Cephalotropis and
has Pinocetus polonicus from the Middle Miocene of Poland [21] as the basalmost member.
The stem taxa for both Cetotheriidae and Neobalaenidae are the Middle Miocene taxa Otrad-
nocetus and Parietobalaena, the latter of which appears as a paraphyletic group. Thus,
Cetotheriidae and Neobalaenidae, as well as Cephalotropis, Pinocetus, Otradnocetus and Parie-
tobalaena, are classified here as superfamily Cetotherioidea [5]. Other mid-Miocene non-
balaenid taxa included in this analysis are classified as stem Plicogulae (Diorocetidae) or stem
members of the Balaenopteridae clade. Balaenopteridae and Eschrichtiidae form a clade with
Titanocetus [22] and Uranocetus [23]. Tranatocetidae is the sister group to this clade. Tranato-
cetus argillarius andMesocetus longirostris [24, 25] are pooled together in the cladogram based
on the common primitive traits: anteroventrally directed glenoid fossa, sigmoidal nuchal crests
and the large mandibular foramen. Tranatocetidae also includes “Aulocetus” latus, “Cetother-
ium”megalophysum, “Cetotherium” (or “Metopocetus”) vandelli andMixocetus elysius.
Another related taxon, not included in the analysis, is “Plesiocetopsis hupschii”, as identified by
Van Beneden [25] (Fig 7E–7H) which is represented by the isolated fragments: it is unclear if it
relates to the holotype of this species [26, 27] which is currently unavailable for study [28]; in
its turn, this holotype, as illustrated by [27], is strongly similar toMesocetus longirostris [25].
All of these taxa have been mentioned and described as representatives of different families
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and genera [5, 7, 10, 28–33], and their anatomy, taxonomy and relationships need further
revision.

Discussion and Conclusions
Previous attempts to unravel mysticete phylogeny have been plagued by numerous controver-
sies, and several groups seem to have conflicting combinations of character traits. This was
observed well before phylogenetic studies became common, by Kellogg [34] in his description
ofMixocetus, as is also evident from the name he gave this whale. Members of the new family,
Tranatocetidae, display a combination of characters often associated with either

Fig 10. The phylogenetic tree of Tranatocetus argillarius and related taxa of baleen whales. The tree is the consensus of 12 most parsimonious trees
(501 step, CI = 0.33, RI = 0.66). The age values are provisionally indicated as the earliest estimates and are based on the review by Fordyce and Marx [8], as
well as on original descriptions.

doi:10.1371/journal.pone.0135500.g010
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Balaenopteridae (rorquals) or Cetotheriidae (cetotheres), as can be seen on the illustrations of a
few tranatocetid taxa by Kellogg [35] (see figures 389, 420–421, 449, 459–460, 470, 542–543,
548–553 in [35]). Rorqual-like features include a deep anteroventrally to anterolaterally ori-
ented glenoid fossa (Fig 5), a short angular process of the mandible and a broad and low man-
dibular condyle (Fig 8). Cetothere-like features are the absence of the anterior wing of the

Fig 11. The shape of the tympanic bulla (ventrolateral view) in the phylogeny of baleen whale families. Balaenidae: Eubalaena glacialis, CU CN 1x.
Diorocetus: Diorocetus hiatus, USNM 23494. Aglaocetus: Aglaocetus patulus, USNM 23690. Eschrichtiidae: Eschrichtius robustus, ZMMU 171918.
Pelocetus: Pelocetus calvertensis, USNM 11976. Balaenopteridae: Balaenoptera acutorostrata, ZMMU 171919. Tranatocetidae: “Plesiocetopsis hupschii”,
RBINS 664 / Reg. 1240.Uranocetus: Uranocetus gramensis, MSM P813. Parietobalaena: Parietobalaena palmeri, USNM 16119. Neobalaenidae:Caperea
marginata, NMV C28531; printed under a CC BY license, with permission from Felix Marx, original copyright 2012. Cetotheriidae: Brandtocetus chongulek,
TNU Skull 4.

doi:10.1371/journal.pone.0135500.g011
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parietal bone and the triangular occipital shield with a sharp anterior end (both traits are not
shared withMixocetus), the anterior margin of the supraoccipital posterior to the centre of the
temporal fossa, the paroccipital process protruding far posterior to the postglenoid process,
and the distally broadening posterior process of the tympanoperiotic (Fig 1).

Tranatocetidae show a unique type of the telescoping of the rostral bones where the premax-
illae and nasals divide the maxillae on the vertex, and the rostral bones are wedging far poste-
rior on the skull roof, overriding the frontals and interdigitating with the parietals (Fig 3). This
anatomy is superficially similar to that of Cetotheriidae and some tranatocetids were previously
considered to be cetotheres and even identified as Cetotherium. The most recent studies placed
“Cetotherium”megalophysum as a closely related taxon to Nannocetus [10] orMetopocetus and
Piscobalaena [11, 36] all of which at some point were pooled together withHerpetocetus within
Cetotheriidae [5, 11]. Indeed, tranatocetids and cetotheriids share the advanced telescoping of
the rostral bones (Fig 3). Moreover, the premaxillae are not dorsally exposed in the latter three
cetotheriid genera [10], as well as in Tranatocetus, but contrary to Cetotherium [37]. However,
the medial portions of cetotheriid frontals are thrust backwards together with the rostral bones,
and they are usually exposed on the vertex posterior to the rostral bones (Fig 3F and 3G). Only
in some specimens of Piscobalaena (Fig 3F), the frontoparietal suture seems to be overridden
by the maxillae, but this suture is oblique and is directed anterolaterally, as viewed from the
dorsal side, which is the typical cetotheriid frontal anatomy [4]. The ascending processes of the
maxillae in such cetotheriids, asHerpetocetus and Piscobalaena, roof the nasals and posterior
ends of the premaxillae, as well as the medial portions of the frontals, from the dorsal side [4,
10]. Also inHerpetocetus and related taxa (but not in Cetotherium) the premaxillae end well
anterior to the maxillae and nasals [10]. The only taxon in which this anatomy is unclear is
Metopocetus durinasus, known only by the holotype. This is due to the obliteration of cranial
sutures.Metopocetus still has the ascending processes of the maxillae approximating each other
at their posteriormost extend, which is typical for cetotheriids [37] (Fig 3F). Contrary to any
cetotheriid state, Tranatocetidae usually have transversely oriented frontoparietal sutures that
are always clearly situated anterior to the ends of the rostral bones [35] (Fig 3A–3C). The
ascending processes of the maxillae neither contact with each other nor roof the medially lying
bones [35]. Instead, they often lie in parallel to each other and, if converging, constrict or even
squeeze the premaxillae. They may fuse with the premaxillae and also fuse and anastomose
with the underlying frontals, as is the case inMesocetus longirostris RBINS CtM 33 / Reg. 401,
which was illustrated by Van Beneden [25] (see pl. 34, Figure 3 in [25]).

A diagnostic trait of Cetotheriidae, which is shared by all the included taxa, is a shallow gle-
noid fossa [37] (Fig 5B and 5C). Tranatocetus, as well as all other Tranatocetidae [35], has
quite a different anatomy (Fig 5A). Notably, it has been already mentioned thatMixocetus did
not match the diagnosis of Cetotheriidae in this aspect [37]. The unique anatomy of the tym-
panic bulla of Tranatocetidae, with the short anterior portion, swollen posterior portion and
wide and high conical process, strikingly differs from the oval or box-shaped bulla with a small
conical process, which is typical for all cetotheriids and related taxa (Fig 7). Unfortunately the
bulla is missing in the holotype ofMetopocetus durinasus, but it can be compared with Trana-
tocetus based on its periotic bone. In Tranatocetus the pars cochlearis bulges ventrally to the
fenestra rotunda, and it is dorsomedially receding in posterior view, whereas these traits are
lacking inMetopocetus, as well as in the other cetotheriids.

Finally, the mandible anatomy of Cetotheriidae is characterized by very distinct synapomor-
phies: “an angular process extending posterior to the condyle, a condyle oriented obliquely to
the long axis of the body, and a small and laterally bent coronoid process” [37]. The position of
the angular process and the condyle has been considered as the only unambiguous synapomor-
phy of Cetotheriidae [10]. Tranatocetus andMixocetus, the tranatocetids with the mandibles

New Family and Evolution of Miocene BaleenWhales

PLOS ONE | DOI:10.1371/journal.pone.0135500 September 2, 2015 15 / 19



preserved, do not share this anatomy [34] (Fig 8) and thus do not match the definition of
Cetotheriidae.

The postcranial skeleton of Tranatocetus shows the unique apomorphies among all baleen
whales. The hyoid is particularly small and flat. It is only slightly larger than in Cetotherium
riabinini, an extremely small whale with a 326 mm wide skull [37], and significantly smaller
than in any extant species. Unlike all mysticetes (including Balaenidae, Balaenopteridae,
Cetotheriidae, Eschrichtiidae and Neobalaenidae) but similar to many odontocetes, the thyr-
ohyals are dorsoventrally flat (rather than thick and round or oval on the cross-section) and
form a flat (rather than obtuse) angle. However, unlike odontocetes or balaenids and eschrich-
tiids, but similar to balaenopterids and cetotheriids, the thyrohyals are posteriorly bowed and
laterally (rather than posterolaterally) directed. The shape of scapula in Tranatocetus argillarius
is highly derived among all mysticetes. The proportions are similar to the scapula of Piscoba-
laena nana [4], the anterior shift of the glenoid cavity, and the anatomy of acromion are found
in Pinocetus polonicus, but the combination is unique. Also, the unusual anatomy of humerus
is more similar to that of physeteroids than to that of any baleen whales.

The result of this phylogenetic analysis (including several problem taxa) shares elements
found in previous studies [3, 5, 7–10, 20, 37, 38]. However, this novel combination of taxa and
characters leads us to identify a new family, Tranatocetidae, which may be closer related to
Eschrichtiidae and Balaenopteridae than to Cetotheriidae. Parietobalaena and Otradnocetus
are the basalmost cetotherioids: this similarity is based on the periotic morphology and, in the
case of Otradnocetus, on the anatomy of the posterior portion of the mandible [39]. Neobalae-
nidae are closely related to Cephalotropis and Pinocetus. Thus, we obtained a taxonomic struc-
ture of Plicogulae with the five families Balaenopteridae, Eschrichtiidae, Tranatocetidae,
Neobalaenidae and Cetotheriidae, and a number of basal taxa. This interpretation is well sup-
ported by molecular data [6, 8] (and references therein), and by the chronology of the fossil
record, as crown taxa are mostly preceded by the basal groups. The minimum age of Plicogulae
in this analysis is marked by the occurrence of Isanacetus laticephalus by Burdigalian, 17.5–16
mya; however, it can be extended as early as 25–23 mya if the Late OligoceneMauicetus parki
belongs to this group too [5, 36].

A unique shape of the tympanic bulla can identify members of Tranatocetidae. Noticeably,
this analysis shows that all other Neogene and modern mysticete families also have unique
bulla shapes indicating a possible self-sufficient diagnostic feature of family-level groupings
(Fig 11). The common basal morphological type of the bulla in Plicogulae is found in Dioroce-
tus: it is characterized by a long anterior portion, a long (transversely wide) sigmoid process
with a swollen area near its base, a deep lateral furrow and a deep groove posterior to the sig-
moid process, a low conical process and a posteriorly deep median furrow. This morphology is
largely retained in Parietobalaena palmeri, except for the latter trait. Crownwards in this line-
age, in Neobalaenidae and Cetotheriidae the sigmoid process is short and the groove posterior
to the sigmoid process is shallow. In Neobalaenidae the anterior portion is low with the swollen
anterolateral area, and in Cetotheriidae the lateral furrow is shallow and the base of the sigmoid
process is not swollen. In another branch, Aglaocetus patulus shares the swollen anterolateral
area with Neobalaenidae, whereas Pelocetus gains a high conical process, and the crownward
taxa of this lineage have a short sigmoid process. Tranatocetidae have a short anterior portion,
a shallower (although still well developed) median furrow and a high conical process, as well as
the swollen posterior portion. The deeper lateral furrow and the higher (although not as high
as in Pelocetus) conical process distinguish Eschrichtiidae from Balaenopteridae, whereas the
latter family is distinct in having a large anterolateral shelf.

The possibility of identifying mysticete families based on bulla anatomy is particularly
important in applied systematics and evolutionary studies of baleen whales because mysticete
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evolution is generally characterized by numerous homoplasies. For example, the X-shaped
skull vertex is shared by balaenopterids and cetotheriids, and an arched rostrum is found in Isa-
nacetus, Eschrichtius, Neobalaenidae and Balaenidae (in which it reaches its most extreme
manifestation). The cetacean hearing apparatus is more conservative [40], and its skeletal parts
are promising for describing the cetacean systematics and phylogeny [5, 41]. However, the first
attempt to classify mysticetes based on the earbones [5] was not supported by other studies [7,
9, 10] except for the most controversial phylogenies nesting Neobalaenidae within Cetotherii-
dae [8, 36]. Broader taxonomic sampling, including the previously described European taxa
with uncertain affinities (also reviewed in: [5, 28]), results in a phylogeny and classification
that partly reconciles the most recent studies [3, 8–10, 36] and reveals hitherto hidden lineages.

Inclusion of problem taxa such as Tranatocetus argillarius in phylogenetic studies brings
new light to the understanding of the character distribution and the diagnostic value of charac-
ter traits. For example, the retention of a large mandibular foramen is known to be a plesio-
morphic trait, which is present in Tranatocetus argillarius as well as in Diorocetus hiatus, other
mid-Miocene whales, and eomysticetids. The presence of a bulge ventral to the fenestra
rotunda in the pars cochlearis of the periotic is likewise shared by Tranatocetus argillarius,
Diorocetus hiatus, and Uranocetus gramensis, indicating that this is a retained plesiomorphic
trait, rather than a shared apomorphy supporting a close relationship between the latter taxa,
as indicated by a previous study [23]. This highlights the importance of careful taxa selection,
as well as the need for revisiting previously partially described specimens and review them in
the light of the wealth of new information published in later years.

Supporting Information
S1 Appendix. Institutional abbreviations.
(DOC)

S2 Appendix. List of the specimens used in the analyses.
(DOC)

S3 Appendix. Characters used in phylogenetic analysis.
(DOC)

S1 File. Permission from the copyright holder.
(PDF)

S1 Table. Character-taxon matrix used for phylogenetic analysis.
(DOC)

Acknowledgments
We sincerely thank Trine Sørensen for preparation, Gilles Cuny and Morten Tange Olsen
(SNM, Copenhagen), Annelise Folie, Mark Bosselaers and Olivier Lambert (RBINS, Brussels),
Liliana Póvoas (UL, Lisbon), David J. Bohaska and James Mead (USNM, Washington DC),
Carlo Sarti (MGGC, Bologna), Maia Bukhsianidze (NMG, Tbilisi), Theodor Obadă, Viorica
Pascaru and Anatolie David (ZIRM, Chisinău), Patricia Holroyd and Mark Goodwin (UCMP,
Berkeley), Maria Rakhmanina and Valentina Stolbova (SPMI, St Petersburg), Tatiana Krakh-
malnaya (NMNH-P, Kiev), Dmitry Startsev (TNU, Simferopol), Aida Kunpilova (NMRA,
Maikop), Gianluca Raineri (MPST, Salsomaggiore Terme), Irina Dubrovo (PIN, Moscow),
Vitaly Rodionov and Andrey Malgin (CMT, Simferopol), Chris Conroy (MVZ, Berkeley),
Natalia Spasskaya and Sergey Kruskop (MSU, Moscow) and Vladimir Lobkov (ONU, Odessa)
for the access to the collections in their care; Felix Marx for the kindly shared photo of the

New Family and Evolution of Miocene BaleenWhales

PLOS ONE | DOI:10.1371/journal.pone.0135500 September 2, 2015 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135500.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135500.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135500.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135500.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135500.s005


vertex of Piscobalaena nana used in the Fig 3 and the tympanic bulla of Neobalaenidae used in
the Fig 11; Felix Marx and Michelangelo Bisconti for the kindly provided photos of Pinocetus
and Titanocetus; Robert Boessenecker and Benjamin Ramassamy for discussions on cetacean
anatomy and phylogeny; Alton Dooley and an anonymous reviewer for helpful remarks to the
earlier draft of the manuscript.

Author Contributions
Conceived and designed the experiments: PGMES. Performed the experiments: PGMES. Ana-
lyzed the data: PG MES. Contributed reagents/materials/analysis tools: PG MES. Wrote the
paper: PG MES.

References
1. Sanders AE, Barnes LG. Paleontology of the Late Oligocene Ashley and Chandler Bridge Formations

of South Carolina, 3: Eomysticetidae, a new family of primitive mysticetes (Mammalia: Cetacea). Smith-
son Contrib Paleobiol. 2002; 93: 313–356.

2. Fordyce RE, de Muizon C. Evolutionary history of cetaceans: a review. In Mazin J-M, de Buffrénil V, edi-
tors. Secondary adaptation of tetrapods to life in water. München: Verlag Dr. Friedrich Pfeil; 2001. pp.
169–233.

3. Tsai CH, Fordyce RE. Ancestor–descendant relationships in evolution: origin of the extant pygmy right
whale,Caperea marginata. Biol Lett. 2015; 11(1): 20140875. (doi: 10.1098/rsbl.2014.0875) PMID:
25589485

4. Bouetel V, de Muizon C. The anatomy and relationships of Piscobalaena nana (Cetacea, Mysticeti), a
Cetotheriidae s.s. from the early Pliocene of Peru. Geodiversitas 2006; 28: 319–395.

5. Steeman ME. Cladistic analysis and a revised classification of fossil and recent mysticetes. Zool J Linn
Soc. 2007; 150: 875–894. (doi: 10.1111/j.1096-3642.2007.00313.x)

6. Geisler JH, McGowen MR, Yang G, Gatesy J. A supermatrix analysis of genomic, morphological, and
paleontological data from crown Cetacea. BMC Evol Biol. 2011. 11: 112. (doi: 10.1186/1471-2148-11-
112) PMID: 21518443

7. Marx FG. The more the merrier? A large cladistic analysis of mysticetes, and comments on the transi-
tion from teeth to baleen. J MammEvol. 2011; 18: 77–100. (doi: 10.1007/s10914-010-9148-4)

8. Fordyce RE, Marx FG. The pygmy right whale Caperea marginata: the last of the cetotheres. Proc R
Soc B 2013; 280(1753): 20122645. (doi: 10.1098/rspb.2012.2645)

9. Bisconti M. Anatomy of a new cetotheriid genus and species from the Miocene of Herentals, Belgium,
and the phylogenetic and palaeobiogeographical relationships of Cetotheriidae ss (Mammalia, Ceta-
cea, Mysticeti). J Syst Palaeontol. 2014 (doi: 10.1080/14772019.2014.890136)

10. El Adli JJ, Deméré TA, Boessenecker RW.Herpetocetus morrowi (Cetacea: Mysticeti), a new species
of diminutive baleen whale from the Upper Pliocene (Piacenzian) of California, USA, with observations
on the evolution and relationships of the Cetotheriidae. Zool J Linn Soc. 2014; 170: 400–466. (doi: 10.
1111/zoj.12108)

11. Gol’din P, Startsev D. Brandtocetus, a new genus of baleen whales (Cetacea, Cetotheriidae) from the
late Miocene of Crimea, Ukraine. J Vertebr Paleontol. 2014; 34: 419–433 (doi: 10.1080/02724634.
2013.799482)

12. Roth F.Mesocetus argillarius sp.n. (Cetacea, Mysticeti) from Upper Miocene of Denmark, with
Remarks on the Lower Jaw and the Echolocation System in Whale Phytogeny. Zool. Scripta 1978; 7:
63–79. (doi: 10.1111/j.1463-6409.1978.tb00589.x)

13. Goloboff PA, Farris JS, Nixon KC. TNT, a free program for phylogenetic analysis. Cladistics 2008; 24:
774–786. (doi: 10.1111/j.1096-0031.2008.00217.x)

14. Mead JG, Fordyce RE. The Therian Skull: A Lexicon with Emphasis on the Odontocetes. Smithson
Contrib Zool. 2009; 627: 1–248.

15. Rasmussen LB. Molluscan faunas and biostratigraphy of the marine Younger Miocene Formations in
Denmark, Part I: Geology and biostratigraphy. Geol Survey Denmark, II Ser. 1966; 88: 1–358.

16. Schnetler KI. The Mollusca from the stratotype of the Gram Formation (Late Miocene, Denmark).
Palaeontos. 2005; 7: 62–190.

17. Beyer C. A magnetic analysis of the Late Miocene Gram Formation, Denmark. Palaeontos. 2005; 7:
19–28.

New Family and Evolution of Miocene BaleenWhales

PLOS ONE | DOI:10.1371/journal.pone.0135500 September 2, 2015 18 / 19

http://dx.doi.org/10.1098/rsbl.2014.0875
http://www.ncbi.nlm.nih.gov/pubmed/25589485
http://dx.doi.org/10.1111/j.1096-3642.2007.00313.x
http://dx.doi.org/10.1186/1471-2148-11-112
http://dx.doi.org/10.1186/1471-2148-11-112
http://www.ncbi.nlm.nih.gov/pubmed/21518443
http://dx.doi.org/10.1007/s10914-010-9148-4
http://dx.doi.org/10.1098/rspb.2012.2645
http://dx.doi.org/10.1080/14772019.2014.890136
http://dx.doi.org/10.1111/zoj.12108
http://dx.doi.org/10.1111/zoj.12108
http://dx.doi.org/10.1080/02724634.2013.799482
http://dx.doi.org/10.1080/02724634.2013.799482
http://dx.doi.org/10.1111/j.1463-6409.1978.tb00589.x
http://dx.doi.org/10.1111/j.1096-0031.2008.00217.x


18. Piasecki S. Dinoflagellate cysts of the Middle—Upper Miocene Gram Formation, Denmark. Palaeontos.
2005; 7: 29–45.

19. Schulte HVW. Monographs of the Pacific Cetacea. The Sei whale (Balaenoptera borealis Lesson). Part
2: Anatomy of a foetus of Balaenoptera borealis. Mem AmMus Natl Hist, NY. 1916; 1: 391–502.

20. Kimura T, Hasegawa Y. A new baleen whale (Mysticeti: Cetotheriidae) from the earliest late Miocene of
Japan and a reconsideration of the phylogeny of cetotheres. J Vertebr Paleontol. 2010; 30: 577–591.
(doi: 10.1080/02724631003621912)

21. Czyzewska T, Ryziewicz Z. Pinocetus polonicus gen. n. sp. n. (Cetacea) from the Miocene limestones
of Pinczow, Poland. Acta Palaeontol Polonica. 1976; 21: 259–298.

22. Bisconti M. Titanocetus, a new baleen whale from the Middle Miocene of northern Italy (Mammalia,
Cetacea, Mysticeti). J Vertebr Paleontol. 2006; 26: 344–364 (doi: 10.1671/0272-4634(2006)26[344:
TANBWF]2.0.CO;2)

23. Steeman ME. A new baleen whale from the Late Miocene of Denmark and early mysticete hearing.
Palaeontology. 2009; 52: 1169–1190. (doi: 10.1111/j.1475-4983.2009.00893.x)

24. Van Beneden P-J. Les mysticètes à courts fanons des sables des environs d’Anvers. Bull Acad R Sci,
Lett Beaux-Arts Belgique, Ser 2. 1880; 50: 11–27.

25. Van Beneden P-J. Description des ossements fossils des environs d’Anvers, part 5: Cétacés. Genres:
Amphicetus, Heterocetus,Mesocetus, Idiocetus et Isocetus. Ann Musée R Hist Nat Belgique, Bru-
xelles, Sér Paléontol. 1886; 13: 1–139.

26. Van Beneden P-J. Sur la d´ecouverte d’ossements fossils faite à Saint-Nicolas. Bull Acad R Sci, Lett
Beaux-Arts Belgique, Ser 2. 1859; 8: 123–146.

27. Van Beneden P-J, Gervais P.Ostéographie des cétacés vivant et fossiles, comprenant la description
et l’iconographie du squelette et du système dentaire de ces animaux; ainsique des documents relatifs
à leur histoire naturelle. Paris: Arthus Bertrand; 1880.

28. SteemanME. The extinct baleen whale fauna from the Miocene-Pliocene of Belgium and the diagnostic
cetacean ear bones. J Syst Palaeontol. 2010; 8: 63–80.

29. Vandelli AA. Additamentos ou notas a memoria geognostica ou golpe de vista do perfil das estratifi
cacoes das diff erentes rochas que compoem os terrenos desde a Serra de Cintra ate a de Arrabida.
Hist Mem Acad R Sci Lisboa. 1831; 2: 281–306.

30. Brandt JF. Bericht uber den Fortgang meiner Studien uber di Cetaceen, welche das grosse zur Tertiar-
zeit von Mitteleuropa bis Centralasien hinein ausgedehnte Meeresbechen bevolkerten. Bull Acad Imp
St Petersbourg. 1871; 16: 563–566.

31. Brandt JF. Untersuchungen über die fossilen und subfossilen Cetaceen Europas. Mém Acad Imp Sci
St Pétersbourg. 1873; 20: 1–371.

32. Cope ED. Sixth contribution to the knowledge of the Miocene fauna of North Carolina. Proc Am Phil
Soc. 1896; 35: 139–146.

33. Kellogg R. On the cetotheres figured by Vandelli. Boletime do Labrotorio Mineralogico e Geologico da
Universidade de Lisboa. 1940; 3: 13–23.

34. Kellogg R. A new cetothere from the Modelo Formation at Los Angeles, California. Carnegie Inst Wash-
ington. 1934; 447: 83–104.

35. Kellogg R. The Kellogg Illustration Collection: Whale Bones (Fossil and Modern). Smithsonian National
Museum of Natural History. 2012 Aug [cited 2015 Jun 1]; [348 p.] Available: http://paleobiology.si.edu/
paleoArt/prentice/gallery.htm

36. Marx FG, Fordyce RE. Baleen boom and bust: a synthesis of mysticete phylogeny, diversity and dispar-
ity. R Soc Open Sci. 2015; 2(4): 140434. doi: 10.1098/rsos.140434 PMID: 26064636

37. Gol’din P, Startsev D, Krakhmalnaya T. The anatomy of the Late Miocene baleen whaleCetotherium
riabinini from Ukraine. Acta Palaeontol Polonica 2014; 59: 795–814. (doi: 10.4202/app.2012.0107)

38. Kellogg R. Pelagic mammals of the Temblor Formation of the Kern River region, California. Proc Cal
Acad Sci. 1931; 19: 217–397.

39. Mchedlidze G. A fossil whale from the Miocene deposits in the environs of the village of Otradnaya
(Northern Caucasus). Tbilisi: Metsniereba; 1984.

40. Fraser FC, Purves PE. Hearing in cetaceans: evolution of the accessory air sacs and the structure and
function of the outer and middle ear in recent cetaceans. Bull Brit Mus. 1960; 7: 1–140.

41. Kasuya T. Systematic consideration of recent toothed whales based on the morphology of tympano-
periotic bone. Sci Repts Whales Res Inst. 1973; 25: 1–103.

New Family and Evolution of Miocene BaleenWhales

PLOS ONE | DOI:10.1371/journal.pone.0135500 September 2, 2015 19 / 19

http://dx.doi.org/10.1080/02724631003621912
http://dx.doi.org/10.1671/0272-4634(2006)26[344:TANBWF]2.0.CO;2
http://dx.doi.org/10.1671/0272-4634(2006)26[344:TANBWF]2.0.CO;2
http://dx.doi.org/10.1111/j.1475-4983.2009.00893.x
http://paleobiology.si.edu/paleoArt/prentice/gallery.htm
http://paleobiology.si.edu/paleoArt/prentice/gallery.htm
http://dx.doi.org/10.1098/rsos.140434
http://www.ncbi.nlm.nih.gov/pubmed/26064636
http://dx.doi.org/10.4202/app.2012.0107

