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Sperm whales (Physeteroidea) include today only two genera of morphologically disparate odontocetes: the largest 
toothed whale known (Physeter macrocephalus) and small sized forms (Kogia spp.). In contrast, their fossil record indi-
cates a high diversity for the group during the Miocene, with over 20 species recognized. Miocene marine sediments from 
Patagonia (Argentina) record this diversity, including at least five species. Among them, Preaulophyseter gualichensis, 
from the Miocene of Gran Bajo del Gualicho Formation, has been one of the most enigmatic. Despite the fragmentary 
nature of the type and referred materials (isolated teeth and periotics), which casts some doubts on its validity, this species 
has not been revised since its original description. In this contribution, we re-describe the materials referred to P. guali-
chensis, revise the taxonomic status of the species and evaluate the phylogenetic signal of ear bones among Physeteroidea. 
Our results indicate that the physeteroid tympano-periotic complex morphology is poorly diagnostic at the species level. 
Intraspecific variation (including ontogeny and sexual dimorphism) and/or taphonomic processes cannot be ruled out as 
the causes of the minor differences observed among specimens. We suggest that sperm whale tympano- periotics retain 
many plesiomorphic characters and are diagnostic only between kogiids and non-kogiid physeteroids. Based on the frag-
mentary and isolated state of the studied specimens, and the lack of diagnostic characters in both teeth and periotics, we 
consider P. gualichensis as nomen dubium and we re-assign the referred specimens as Physeteroidea indet. A conservative 
morphology of the tympano-periotic and, to a lesser extent, the nasal complex in sperm whales, might result from the 
morpho-functional constraints imposed by a highly specialized but successful echolocation system.
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Introduction
Physeteroids or sperm whales are one of the living odonto-
cete lineages represented by both small and large forms with 
a unique cranial morphology. At present, the superfamily 
includes three extant species divided in two families: the 
giant sperm whale (Physeter macrocephalus Lin naeus, 1758) 
as the only representative of Physeteridae; and the dwarf and 
pygmy sperm whales (Kogia sima Owen, 1866 and Kogia 
breviceps de Blainville, 1838) comprising Kogiidae. Sperm 
whales’ evolutionary history dates back to the late Oligocene 
with Ferecetotherium kelloggi from Azerbaijan (Mchedlidze 

1970), and over 20 species are recognized worldwide from the 
Miocene (e.g., Moreno 1892; Lydekker 1893; Kellogg 1925, 
1927, 1965; Gondar 1975; Hirota and Barnes 1994; Bianucci 
and Landini 2006; Lambert et al. 2008, 2010, 2016; Boersma 
and Pyenson 2015; Velez Juarbe et al. 2015, 2016; Collareta 
et al. 2017, 2019; Benites-Palomino et al. 2020). In partic-
ular, in the southern Atlantic Ocean the Miocene outcrops 
from Patagonia (Argentina) hold one of the most important 
cetacean fossil records, including members of this group 
(Lydekker 1893; Cabrera 1926; Cozzuol 1996; Buono and 
Cozzuol 2013; Buono et al. 2014, 2017; Viglino et al. 2018a, 
b; Gaetán et al. 2019; Paolucci et al. 2019). There are at least 
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five physeteroid species known from there: Diaphorocetus 
poucheti (Moreno 1892), Idiorophus patagonicus (Lydekker 
1893), “Aulophyseter” rionegrensis (Gondar 1975), Livyatan 
sp. (Piazza et al. 2018); and Preaulophyseter gualichensis 
(Caviglia and Jorge 1980).

Preaulophyseter gualichensis was originally described 
by Caviglia and Jorge (1980), based on two isolated, frag-
mentary teeth and a left periotic (MLP 76-IX-5-1) collected 
from the Miocene of the Gran Bajo del Gualicho Formation 
(Rio Negro province, Patagonia). In the same contribution, 
the authors referred to this species two right periotics (MLP 
76-IX-2-3 and MLP 76-IX-2-4) and emphasized the lack of 
geographical and geological information associated to these 
specimens. Preaulophyseter was initially included in the 
subfamily Hoplocetinae (Cabrera 1926), which comprised 
Miocene forms retaining upper teeth, such as Scaldicetus, 
Hoplocetus, Idiorophus, Aulophyseter, and Diaphorocetus. 
The subfamily was further characterized by having teeth 
with enameled crowns (Muizon 1991; Fordyce and Muizon 
2001). Posteriorly, Hampe (2006) remarked the unclear sta-
tus of Preaulophyseter, which has contributed to its exclu-
sion from many modern phylogenetic analyses. Moreover, 
the diagnosis of Preaulophyseter is based on scarce and iso-
lated specimens, and knowledge on the evolution of sperm 
whale tympano-periotic morphology is scarce. Overall, tym-
pano-periotic characters represent a low proportion of the 
morphological characters in most of the physeteroid ma-
trices (about 11%), and their potential in the resolution of 
phylogenetic relationships has never been deeply explored. 
Therefore, the aim of this contribution is to re-describe the 
type and referred materials of Preaulophyseter, as well as to 
analyze other isolated physeteroid periotics deposited in the 
Paleovertebrate Collection of the Museo de La Plata. Finally, 
considering that tympano-periotics bear a strong phyloge-
netic signal in odontocetes (Kasuya 1973; Luo and Marsh 
1996; Geisler and Sanders 2003; Geisler et al. 2011; Ekdale 
et al. 2011; Tanaka and Fordyce 2016; Viglino et al. 2018b) 
and that Argentina holds one of the largest fossil records of 
physeteroid periotics worldwide, we also analyzed the phy-
logenetic signal of ear bones and their potential to resolve 
phylogenetic relationships among species of Physeteroidea.

Institutional abbreviations.—IRSNB, Institut royal des 
Sciences naturelles de Belgique, Brussels, Belgium; MACN, 
Museo Argentino de Ciencias Naturales “Bernardino Riva-
davia”, Buenos Aires, Argentina; MAUL, Museo dell’Am-
biente, Università di Lecce, Italy; MLP: Museo de La Plata, 
Buenos Aires, Argentina; MNHN, Museum National d’His-
toire Naturelle, París, France; MPEF, Museo Paleontológico 
Egidio Feruglio, Trelew, Chubut, Argentina; MUSM, Museo 
de Historia Natural, Universidad Nacional Mayor de San 
Marco, Lima, Peru; USNM, National Museum of Natural 
History, Smithsonian Institution, Washington, DC, USA.

Other abbreviations.—IAM, internal acoustic meatus.

Material and methods
Specimens and terminology.—The present study of Pre-
aulo physeter gualichensis was based on three specimens 
(MLP 76-IX-5-1, MLP 76-IX-2-3, and MLP 76-IX-2-4), 
and other isolated and indeterminate physeteroid periot-
ics (MPEF-PV-605, MPEF-PV-651, MPEF-PV-6098, MLP 
80-VIII-30-133a and b, MLP 76-IX-2-7, and MLP 52-X-2-8). 
However, due to preservation and completeness, the ana-
tomical descriptions were based mainly on specimen MLP 
76-IX-5-1, unless otherwise indicated. The orientation of the 
periotic and tympanic bulla used both in the descriptions and 
comparisons were based on the anatomical standard views 
used for physeteroids (e.g., Lambert et al. 2016). The anatom-
ical terminology follows Mead and Fordyce (2009) and the 
measurements were taken according to Kasuya (1973). Photos 
of the specimens were taken with a Nikon D3200 camera 
and an 18–55 mm lens. The physeteroid specimens used for 
anatomical comparisons are listed as follows: Acrophyseter 
deinodon MNHN SAS 1626 (type), MNHN F-PPI 272; 
Zygophyseter varolai MAUL 229/1 (type); “Aulophyseter” 
rionegrensis MLP 62-XII-19-1 (type); Orycterocetus croco-
dilinus USNM 22953, USNM 22952, USNM 22926, USNM 
11234; Aulophyseter morricei USNM 11230 (type), UNSM 
10853, USNM 2794, USNM 2795, USNM 2796, USNM 
2797; Physeterula dubusi IRSNB M.527 (type); Idiorophus 
patagonicus MLP 5-2 (type); Eudelphis mortezelensis 
IRSNB M.523 (type); Physeter macrocephalus MACN 
29.768; Livyatan melvillei MUSM 1676 (type).
Phylogenetic analyses.—The phylogenetic analyses were 
based on a modified version of the published morphological 
matrix of Paolucci et al. (2019). Codings for Preaulophyseter 
gualichensis were based on MLP 76-IX-5-1, which exhib-
its the best preservation state among the sample. The re-
sulting matrix has 32 taxa and 55 characters (see SOM, 
Supplementary Online Material available at http://app.pan.
pl/SOM/app66-Pauloucci_etal_SOM.pdf). Heuristic parsi-
mony analyses were carried out with the software TNT ver-
sion 1.5 (Goloboff et al. 2008a, b) using a traditional search 
(2000 replicates, with random addition sequences -RAS- 
followed by tree bisection reconnection -TBR- branch-swap-
ping, holding 10 trees per replicate) under implied (k = 3, 10, 
20) and equal weights. We performed the analyses in two 
ways: (i) treating part of the characters as ordered (follow-
ing the proposal of Lambert et al. 2010) and (ii) treating all 
characters as unordered. The resulting most parsimonious 
trees (MPTs) were summarized in a strict consensus with 
zero-length branches collapsed (“rule 1” of Coddington and 
Scharff 1994). Branch support was assessed using Bremer 
decay values (see SOM: fig. S1).

Phylogenetic signal: To determine the phylogenetic sig-
nal of the tympano-periotic bones, we used the phylosignal 
package (Keck et al. 2016) in R Core Team (version 3.4.1, 
2017). The input dataset consists of tympano-periotic mor-
phological characters of the morphological matrix (charac-
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ters 33, 34, 35, 36, 49, 50; see details of matrix in SOM), a 
MPT and the biochron of each taxa (see SOM). We chose the 
first MPT of each phylogenetic analysis (equal weights and 
implied weights with k=3, using either ordered or unordered 
characters; see above and SOM). Thus, ear bones’ phyloge-
netic signal was evaluated using four different phylogenetic 
hypotheses. The phylosignal package uses an algorithm that 
assumes an evolutionary model of Brownian motion (i.e., 
randomly) and calculates a statistic number “K”. If K takes 
values above 1 it means that the evaluated characters have 
a high phylogenetic signal and thus these characters are 
dependent on the phylogeny, whereas if K takes values be-
low 1 the characters have a low phylogenetic signal and are 
independent from the phylogeny.

Geological setting
Specimens described herein were collected from two main 
regions of northeastern Patagonia (Fig. 1). MLP 76-IX-
5-1 (Caviglia and Jorge 1980) was collected near Puesto 
Echávez, 38 km north of San Antonio Oeste city at the Gran 
Bajo del Gualicho depression (Fig. 1: location 1). This de-
pression and the San Antonio Oeste city area comprise out-
crops from the Gran Bajo del Gualicho Formation (Lizuaín 
and Sepúlveda 1978). Considering the lack of precise age 
determinations for this unit (Reichler 2010), as well as the 
absence of information regarding the stratigraphic prove-
nance of the specimen in this region, we propose a conser-
vative Miocene age for this specimen. 

Other isolated periotics (MPEF-PV-605, MPEF-PV-651, 
MPEF-PV-6098, and MLP 80-VIII-30-133a and b) were re-

covered from sediments of the early Miocene (Burdigalian) 
Gaiman Formation at Bryn Gwyn (= Loma Blanca), within 
the southern margin of the Lower Valley of the Chubut 
River, northeast of Chubut province (Fig. 1: location 2). The 
Gaiman Formation is composed of shallow marine sedi-
ments that are well exposed at Bryn Gwyn. The depositional 
settings, age, and fossil cetacean content of this unit are 
discussed in Cuitiño et al. (2017, 2019).

A final set of isolated periotics (MLP 76-IX-2-3, MLP 76-
IX-2-4, MLP 76-IX-2-7, and MLP 52-X-2-8) belonging to the 
historical collection of the Museo de La Plata lacks detailed 
geographical provenance. The only stratigra phic information 
of these specimens came from their label, which indicates 
“Patagoniense” age. It refers to the “Pata goniense transgres-
sion”, one of the major marine floo ding events recorded 
in South America during the early Miocene, with outcrops 
recognized in Patagonia from Río Negro up to Tierra del 
Fuego (Malumián and Náñez 2011). However, considering 
the unknown specific geographical provenance of the speci-
mens and the lack of precise age of the Patagoniense deposits 
in regions outside the Chubut province, we also assign them 
a conservative Miocene age.

Systematic palaeontology
Cetacea Brisson, 1762
Pelagiceti Uhen, 2008
Neoceti Fordyce and Muizon, 2001
Odontoceti Flower, 1868
Physeteroidea Gray, 1821
Physeteroidea indet.
Figs. 2–4.
1980 Preaulophyseter gualichensis, Caviglia and Jorge 1980: 363–

368, pls. I, II.

Material.—MLP 76-IX-5-1, a left periotic and two isolated 
fragmentary teeth, from near Puesto Echávez, 38 km north 
of San Antonio Oeste city within the Gran Bajo del Gualicho 
depression, Río Negro province, Argentina; Gran Bajo del 
Gualicho Formation; Miocene (Caviglia and Jorge 1980); 
MLP 76-IX-2-3 and MLP 76-IX-2-4, isolated right periotics, 
MLP 52-X-2-8, an isolated right periotic, and MLP 76-IX-2-
7, a fragmentary periotic, from Patagonia, without a precise 
geographic provenance, Argentina; Miocene (Caviglia and 
Jorge 1980). MPEF-PV-605, an isolated right periotic and 
MPEF-PV-651, an isolated right periotic, from Bryn Gwyn 
(= Loma Blanca); MPEF-PV-6098, an isolated left periotic 
from Cerro Castillo; MLP 80-VIII-30-133 (right -a and left 
-b), two isolated periotics from Gaiman, Lower Valley of 
Chubut River; all Chubut province, Argentina; Gaiman 
Formation; lower Miocene.
Description.—Teeth: The two isolated teeth of MLP 76-IX-
5-1 are broken and eroded. They are conical with an oval 

Fig. 1. Geographic location of studied area in Patagonia, southern Argen-
tina (A) and location of the marine Miocene outcrops (B, stars) where the 
specimens included in this study were collected: Gran Bajo del Gualicho 
Formation (1) and Gaiman Formation (2). 
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transverse section, and a thin layer of crenulated enamel on 
their crowns. Given that these teeth are isolated, we could 
neither determine their anteroposterior position along the too-
throw nor their location on the skull (lower versus upper jaw). 
The better-preserved tooth (Fig. 2: I) is long (150 mm) and 
slender (maximum diameter about 21 mm). There is a shallow 
crest in both mesial and distal margins of the crown, being 
more conspicuous on the lingual side (Fig. 2A4). Over this 
side, and ventral to the crest, there is a dorsoventrally long and 
shallow occlusal facet, extending for 47 mm on the crown and 
the root. The occlusal facet runs along the longitudinal axis of 
the tooth, being obliquely oriented in its proximal region. The 
presence of this occlusal facet reinforces the hypothesis that 
both the crown and part of the root were erupted above the 
gums in most physeteroids (e.g., Bianucci and Landini 2006). 
Besides, the presence of a long occlusal facet allows us to in-
fer that both upper and lower teeth were present in this spec-
imen. The crown is short, about one fourth of the total length 
(31 mm), and there is a shallow cingulum at the base, which 
is clearer on the labial side. The long (83 mm) and fusiform 
root displays cement rings in the proximal region. The pulp 
cavity is obscured by sediment and occupies one third of the 
total length of the tooth (38 mm). In both teeth, some oblique 

layers of dentine (Growth Layer Groups, GLGs) are observed 
along break surfaces.

Periotics: MLP 76-IX-5-1 includes a left periotic al-
most completely preserved (Fig. 3). The fenestra rotunda, 
fenestra ovalis, some parts of the ventral surface of the 
periotic, as well as the fossa for the stapedial muscle are 
obscured by sediment. In dorsal view (Fig. 3A1), the cir-
cular aperture for the cochlear aqueduct is smaller than 
the anteroposteriorly compressed aperture for the vestibular 
aqueduct, and these two openings are not anteroposteriorly 
aligned. The latero medially pyriform internal acoustic me-
atus (IAM) has a well-developed transverse crest and a tear 
drop-shaped foramen singulare. The IAM also has a large 
and tear drop-shaped spiral cribriform tract. The proximal 
opening of the facial canal is a large foramen that is also 
tear drop-shaped, with its rounded part posteriorly oriented. 
Some prominences lateral to the IAM give the periotic an 
irregular dorsolateral surface. In ventral view (Fig. 3A3), 
the pars cochlearis is mediolaterally wide with a well-de-
fined convex medial surface; it is weakly tilted towards 
the anterior process. The oval-shaped accessory ossicle is 
large (Table 1), and, as in most other physeteroid periotics, 
together with part of the outer lip of the tympanic bulla it is 
fused with the anterior process of the periotic, leaving visi-
ble only a small and circular part of the anterior bullar facet. 
The mallear fossa is deep and circular, whereas the fenestra 
ovalis is oval. The conspicuous lateral tuberosity is anterior 
to the wide and deep epitympanic hiatus. Posteriorly, the 
posterior bullar facet is ventrally concave and has grooves 
and fracture lines. In medial and dorsal views, there is a 
circular prominence on the anterior process dorsal to the 
accessory ossicle. The facial sulcus is wide and deep. In 
medial view (Fig. 3A5), the pars cochlearis is subcircular. 
The fenestra rotunda has a dorsoventrally oval outline, and 
it is connected with the aperture for the cochlear aqueduct 
by a shallow groove. The anterior process of the periotic is 
small and pointed. In lateral view (Fig. 3A7), the body of the 
periotic is perpendicular to the posterior process, resulting 
in an L-shaped profile of the periotic. The posterior process 
has a deep groove at the posteroventral apex.

The periotics MLP 76-IX-2-3 and MLP 76-IX-2-4 have 
the same general characteristics as MLP 76-IX-5-1. When 
comparing all the periotics, MLP 76-IX-2-3 is smaller, 
while MLP 76-IX-2-4 and MLP 76-IX-5-1 are similar in 
size (Table 1). In MLP 76-IX-2-3, the posterior process is 
broken and the accessory ossicle is missing, making the oval 
fovea epitubaria visible. In medial view, the periotic has a 
triangular outline due to the erosion of the dorsal region 
of the pars cochlearis. In ventral view, the pars cochlearis 
of MLP 76-IX-2-3 and MLP 76-IX-2-4 (Fig. 3C) is shorter 
than in MLP 76-IX-5-1, and leaning towards the anterior 
process more than in MLP 76-IX-5-1. Finally, the fenestra 
rotunda of MLP 76-IX-2-3 and MLP 76-IX-2-4 is D-shaped, 
whereas it is oval in MLP 76-IX-5-1.

MPEF-PV-605 (Fig. 4A) corresponds to an almost com-
plete right periotic with a certain degree of erosion and of 

Fig. 2. Teeth of a sperm whale Physeteroidea indet. previously described 
as “Preaulophyseter gualichensis” Caviglia and Jorge, 1980, MLP 76-IX-
5-1, from the Miocene of Gran Bajo del Gualicho Formation, Patagonia, 
Argentina; in labial (A1) and lingual (A2) views, and detailed view of the 
crown (A3) and enamel (A4). I and II refer to the two fragmentary teeth 
of the MLP 76-IX-5-1 (the best and worst preserved tooth, respectively).
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similar size than MLP 76-IX-2-3 (Table 1). The general mor-
phology is in concordance with MLP 76-IX-5-1, so we only 
provide here the main differences. In medial view, the pars 
cochlearis has a D-shape profile, with a straight dorsal and 
a convex ventral margin. The D-shaped fenestra rotunda is 
positioned on the posterior margin of the pars cochlearis. In 
ventral view, the fenestra ovalis is circular whereas the fossa 
incudis is oval. The posterior bullar facet is laterally oriented, 
concave and has grooves and ridges. The pars cochlearis 

leans towards the anterior process. In dorsal view, the circular 
aperture for the cochlear aqueduct is larger than the antero-
posteriorly compressed aperture for the vestibular aqueduct. 
The spiral cribriform tract is large and circular, medial to the 
oval proximal opening of the facial canal. The foramen sin-
gulare is small and mediolaterally narrow, and the transverse 
crest is less conspicuous than in MLP 76-IX-5-1.

The anterior process and the ventral part of the pars 
cochlearis of the right periotic MPEF-PV-651 (Fig. 4B) are 

Fig. 3. Sperm whale Physeteroidea indet. A. Left periotic of nomen dubium “Preaulophyseter gualichensis” Caviglia and Jorge, 1980, MLP 76-IX-5-1, 
from the Miocene of Gran Bajo del Gualicho Formation, Patagonia, Argentina, in dorsal (A1, A2), ventral (A3, A4), medial (A5, A6), and lateral (A7, A8) 
views. B, C. Two isolated right periotics from the Miocene of Patagonia, MLP 76-IX-2-3 (B) and MLP 76-IX-2-4 (C), in dorsal (B1, C1), ventral (B2, C2), 
medial (B3, C3), and lateral (B4, C4) views. Photographs (A1, A3, A5, A7, B, C) and explanatory drawings (A2, A4, A6, A8). Abbreviations: abf, anterior 
bullar facet; aca, aperture for cochlear aqueduct; ai, anterior incisure; ao, accessory ossicle; ava, aperture for the vestibular aqueduct; eh, epitympanic 
hiatus; fasu, facial sulcus; fo, fenestra ovalis; fosi, foramen singulare; fr, fenestra rotunda; iam, internal acoustic meatus; lt, lateral tuberosity; mf, mallear 
fossa; pbf, posterior bulla facet; pofc, proximal opening of facial canal (VII); sct, spiral cribiform tract (VIII). 
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highly eroded, so the margins of the fovea epitubaria are 
lost. The pars cochlearis’ profile, fenestra rotunda, aper-
ture for the vestibular and cochlear aqueducts are similar 
to MPEF-PV-605. In ventral view, the fenestra ovalis has 
broken edges.

The left periotic MPEF-PV-6098 (Fig. 4C) has a size 
similar to MLP 76-IX-5-1. Even though it is eroded, most 
of the features are visible. In dorsal view, the apertures for 
the cochlear and vestibular aqueducts have approximately 
the same size. In ventral view, the fovea epitubaria is visible 
and oval-shaped. The anterior bullar facet is rounded due 
to erosion. The posterior bullar facet is laterally bended 
and has crests and grooves as in MPEF-PV-605. In medial 
view, the pars cochlearis is oval and the fenestra rotunda is 
D-shaped.

The two periotics MLP 80-VIII-30-133a and b (Fig. 4D, 
E) have an eroded and rounded surface. The better- 
preserved (MLP 80-VIII-30-133a) individual (Fig. 4D) lacks 
the posterior process. In medial view, the pars cochlearis 
is anteroposteriorly oval, and the fenestra rotunda has a 
D-shape profile as in MPEF-PV-605, MPEF-PV-6098, and 
MPEF-PV-651. In dorsal view, the aperture for the vestib-
ular aqueduct is larger than the aperture for cochlear aq-
ueduct, as in MLP 76-IX-5-1. The other left periotic (MLP 
80-VIII-30-133b) is poorly preserved (Fig. 4E), lacking most 
of the pars cochlearis. The posterior process is reduced to 
a thin process, and the margins of the anterior process are 
rounded due to erosion. Both processes are at a right angle, 
resulting in an L-shaped profile of the periotic. Posterior to 
the anterior process is a prominent lateral tuberosity.

MLP 52-X-2-8 is an eroded and fragmentary right peri-
otic (Fig. 4F), with the anterior process missing. In medial 
view, the fenestra rotunda is D-shaped and the pars cochle-
aris is oval as in the previous specimens. In dorsal view, 
the aperture for the vestibular aqueduct is anteroposteriorly 
compressed and larger than the aperture for the cochlear 
aqueduct, as in MLP 76-IX-5-1.

MLP 76-IX-2-7 is represented by an eroded portion of 
pars cochlearis, in which the spiral cribriform tract and the 
medial edge of the foramen singulare are preserved. The 
spiral cribriform tract is circular and delimited by conspic-
uous edges.

The periotics analyzed above present the diagnostic char-
acters of Physeteroidea described in the previous section. 
Cozzuol (1993: 22) referred MPEF-PV-605 to “Aulophyseter” 
rionegrensis, the only Patagonian physeteroid species that 
is currently known with associated ear bones. However, we 
cannot confidently assign any of these isolated periotics to 
any known or new taxa, and therefore they are here identified 
as Physeteroidea indet. (see Discussion).

The morphology of the periotics and teeth referred to 
Preaulophyseter by Caviglia and Jorge (1980) is consistent 
with that of Physeteroidea. The physeteroid periotic is char-
acterized by a large accessory ossicle often fused with the 
anterior process of the periotic, contact surface between 
posterior process of tympanic bulla and periotic with keels 
and grooves, a pointed anterior process, posteroventrally re-
curved posterior process at a right angle with the body of 
periotic, anteriorly inclined pars cochlearis, a thick superior 
process, concave posterior bullar facet, and a volcano-shaped 
IAM (Kasuya 1973; Luo and Marsh 1996). However, there 
are no characteristics that differentiate these specimens from 
other known non kogiid-physeteroid species. The observed 
minor differences could possibly be explained by intraspe-
cific (including ontogenetic variation and sexual dimor-
phism, although the latter has not yet been demonstrated 
at the level of ear bones in physeteroids; e.g., de Buffrenil 
et al. 2004; Lancaster et al. 2015) or interspecific variations 
(e.g., Kasuya 1973; Oelschläger 1986; Gutstein et al. 2014). 
Therefore, we assign MLP 76-IX-5-1, MLP 76-IX-2-3 and 
MLP 76-IX-2-4 as Physeteroidea indet. (see Discussion).

The main differences observed between the periotics 
described above are related to: (i) size; (ii) shape of the pars 
cochlearis; and (iii) size of the apertures for the cochlear and 
vestibular aqueducts. Below, we provide detailed compari-
sons between the specimens analyzed in this contribution 
and with other non-kogiid physeteroid species.

The periotic MLP 76-IX-5-1 (Fig. 5A) differs from that 
of “Aulophyseter” rionegrensis in being larger, mediolate-
rally wide, with a more circular pars cochlearis that is less 
inclined towards the anterior process. It further differs in 
having an oval fenestra rotunda. “A.” rionegrensis (Fig. 5B) 
and MLP 76-IX-2-3 differ only in the size of the pars co-
chlearis in medial view. Both MLP 76-IX-2-4 and MLP 
52-X-2-8 differ from “A.” rionegrensis in being larger. On 
the other hand, there are no significant differences between 

Table 1. Measurements (mm) of the periotics of the Patagonian Mio-
cene Physeteroidea indet. included in our study.

Specimens

Measurements

M
LP

 7
6-

IX
-5

-1

M
LP

 7
6-

IX
-2

-3
M

LP
 7

6-
IX

-2
-4

M
LP

 8
0-

V
II

I-
30

-1
33

M
LP

 5
2-

X
-2

-8
M

PE
F-

PV
-6

51
M

PE
F-

PV
-6

09
8

M
PE

F-
PV

-6
05

Anteroposterior length of pars 
cochlearis 18 17 18 17 18 18 18 19

Standard length of periotic 38 31 37 35 - 34 37 31
Mediolateral height of posterior 
bulla facet 10 14 10 11 15 11 14 13

Width of periotic across pars 
cochlearis and superior process 27 25 25 24 25 26 27 24

Least distance between the margins 
of internal acoustic meatus and 
aperture of cochlear aqueduct

3 3 3 4 4 4 5 3

Least distance between the margins 
of internal acoustic meatus and 
aperture of vestibular aqueduct

1 1 1 1 2 1 2 1

Anteroposterior length of accessory 
ossicle 12 - 11 - - - - 9

Maximun dorsoventral height of 
periotic 21 19 22 18 21 20 23 16
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“A.” rionegrensis, MPEF-PV-605 and MLP 80-VIII-30-
133a and b. MPEF-PV-651 differs from “A.” rionegrensis 
in having a higher pars cochlearis in ventral view, whilst 
MPEF-PV-6098 differs in being larger and in having a 
small prominence along the posteromedial outline on the 
pars cochlearis, above the fenestra rotunda. The periotic of 
Acrophyseter deinodon (Lambert et al. 2016; Fig. 5C) differs 
from all remaining physeteroids in having a quadrangu-
lar pars cochlearis in medial view. However, as in MLP-

76-IX-5-1, A. deinodon has an oval-shaped fenestra rotunda, 
whereas in the other studied specimens it is D-shaped. MLP-
76-IX-5-1 differs from Zygophyseter varolai (Bianucci and 
Landini 2006; Fig. 5D) in having a smaller pars cochlearis. 
Zygophyseter differs from all other studied specimens in 
having a rectangular fovea epitubaria. MLP-76-IX-5-1 dif-
fers from Aulophyseter morricei (Kellogg 1927; Fig. 5E) in 
having a higher pars cochlearis in ventral view, whilst this 
genus differs from the other specimens analyzed here in 

Fig. 4. Isolated periotics of a sperm whale Physeteroidea indet. from the Miocene of Patagonia. A. MPEF-PV-605, right periotic. B. MPEF-PV-651, right 
periotic. C. MPEF-PV-6098, left periotic. D. MLP 80-VIII-30-133a, right periotic. E MLP 80-VIII-30-133b, left periotic. F. MLP 52-X-2-8, right periotic. 
In dorsal (A1–F1), ventral (A2–F2), medial (A3–F3), and lateral (A4–F4) views. G. MLP 56-IX-2-7, fragmentary periotic in dorsal (G1) and medial (G2) views. 
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having more circular IAM and apertures for cochlear and 
vestibular aqueducts. Orycterocetus crocodilinus (Kellogg 
1965; Fig. 5F) differs from all the specimens analyzed here 
in having a larger and circular spiral cribriform tract. In 
ventral view, O. crocodilinus presents the same small prom-
inence along the posteromedial outline as MPEF-PV 6098. 
Finally, the main difference between Physeter (Fig. 5G) 
and the physeteroid periotics studied here is the acute angle 
formed by the posterior process and the body of the periotic 
in the former, whereas our specimens display a right angle.

Phylogenetic analyses and signal
The phylogenetic analyses recovered MLP-76-IX-5-1 in an 
unresolved polytomy with several other physeteroid taxa 
(see SOM: fig. S1). These results suggest that, in this case, 
the inclusion of an isolated periotic specimen (even if asso-
ciated to detached teeth), often considered as a highly in-
formative bone in odontocetes (e.g., Tsai and Fordyce 2016; 
Tanaka and Fordyce 2016; Viglino et al. 2018b), does not 
result in a good resolution of its phylogenetic relationships.

On the other hand, the phylogenetic signal analyses of 
the tympano-periotic morphological characters resulted in 
K values lower than 1 for all of them (e.g., with ordered 
characters and implied weights we obtain: character 33, K = 
0.043; ch. 34, K = 0.076; ch. 35, K = 0.039; ch. 36, K = 0.059; 
ch. 49, K = 0.051; ch. 50, K = 0.044; for further details see 
SOM), reflecting the independence of these characters with 
phylogenetic relationships among physeteroids, and thus 
suggesting that the observed morphological variation in the 
tympano-periotic morphology is not related to phylogeny.

Discussion
Over the last decade and a half, our understanding of the 
taxonomic diversity of physeteroids has been improved by 
the description of new and/or historically known species (e.g., 
Bianucci and Landini 2006; Lambert 2008; Lambert et al. 
2008, 2010, 2016; Boersma and Pyenson 2015; Velez Juarbe et 
al. 2015, 2016; Collareta et al. 2017, 2019; Paolucci et al. 2019; 
Benites-Palomino et al. 2020). Historically, the physeteroid 
skull has been considered as the main source to diagnose 
taxa and resolve phylogenetic relationships among species. 
However, the diagnostic value of teeth and tympano-periotic 
bones has been questioned by some authors (Kellogg 1925, 
1927; Caviglia and Jorge 1980; Hirota and Barnes 1994; Luo 
and Marsh 1996; Bianucci and Landini 2006; Kimura et al. 
2006; Hampe 2006; Reumer et al. 2017), especially in the case 
of isolated materials or incomplete skulls.

Physeteroid teeth.—Tooth morphology has been histor-
ically used as a diagnostic feature among extinct sperm 
whales, and many species and even genera have been de-
fined based on one or more isolated teeth (e.g., Hoplocetus 

Gervais, 1848, Scaldicetus Du Bus, 1867). However, the 
power of dental characters to diagnose sperm whale species 
has been questioned by many authors (e.g., Kellogg 1925; 
Bianucci and Landini 2006; Hampe 2006; Reumer et al. 
2017). Nowadays, there is a broad consensus about the fact 
that dental morphology is not sufficient to identify and dif-
ferentiate taxa neither at genus nor at species level. This is 
mainly related to the difficulty to evaluate homodont denti-
tion in odontocetes, but also because there is scarce infor-
mation on ontogenetic and sexual dimorphism variation in 
sperm whale teeth. Moreover, most of the dental characters 
used in physeteroid phylogenetic analyses are based on the 
size of teeth with respect to skull size, tooth position, or the 
number of mandibular teeth, with only few characters that 
could be scored for isolated teeth (e.g., Bianucci and Landini 
2006; Lambert et al. 2016; Collareta et al. 2019; Paolucci et 
al. 2019).

In this study, a careful comparative analysis between the 
teeth of MLP 76-IX-5-1 and other Patagonian sperm whales 
(i.e., “A.” rionegrensis and Idiorophus patagonicus) shows 
that it is the only Patagonian physeteroid in having teeth with 
enameled crowns. This condition is only shared with mac-
roraptorial forms (e.g., Acrophyseter spp., Brygmophyseter, 
Livyatan, and Zygophyseter) probably representing a plesio-
morphic condition retained by non-obligate suction feeding 
forms. The general morphology of MLP 76-IX-5-1 resem-
bles other Patagonian taxa (“Aulophyseter” rionegrensis, 
Idiorophus) in the elongated and conical teeth with no clear 
boundary between the crown and the root, with smooth-sur-
faced crown and root, but with the presence of some lon-
gitudinal grooves on the root. These conditions are also 
shared with extinct crown physeteroid morphotypes (such 
as Aulophyseter, Orycterocetus, and Physeterula; Fig. 6). 
However, MLP 76-IX-5-1 differs from Orycterocetus, 
Physeterula, Pliokogia, Scaphokogia cochlearis, and extant 
physeteroids (Physeter and Kogia) in having enamel on the 
crown; it further differs from Physeter in having more slen-
der teeth and from Kogia in having more robust teeth. MLP 
76-IX-5-1 differs from the macroraptorial morphotype in 
having a thinner enamel layer, in the absence of an abrupt 
step between crown and root (such as a constriction or ex-
pansion just below the crown; Fig. 6). Thus, MLP 76-IX-5-1 
could probably correspond to a stem physeteroid species, 
retaining primitive traits such as the presence of enamel. 
However, and as explained above, based on tooth morphol-
ogy there is not enough information to keep the original 
assignation of Caviglia and Jorge (1980) as a separate taxon. 
Associated cranial remains would be needed to finally con-
firm the taxonomic status of this specimen.

Physeteroid periotics.—The petrosal and tympanic bones 
have been an important source of phylogenetic informa-
tion within mammals (MacPhee 1981; Novacek 1993). In 
cetaceans, the tympano-periotic bones are a morphologi-
cally and functionally complex structure, differing mark-
edly from that of other eutherians (Fordyce 1994), with the 
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Fig. 5. Schematic comparisons of the periotic of MLP 76-IX-5-1, “Preaulophyseter gualichensis” Caviglia and Jorge 1980 (A) with “Aulophyseter” rioneg-
rensis (B), Acrophyseter deinodon (C, modified from Lambert et al. 2016), Zygophyseter varolai (D, modified from Bianucci and Landini 2006), Aulophyseter 
morricei (E, modified from Kellogg 1927), Orycterocetus crocodilinus (F, modified from Kellogg 1965), and Physeter macrocephalus (G, modified from 
Kasuya 1973). In dorsal (A1–G1), ventral (A2–G2), medial (A3–G3), and lateral (A4–C4, E4–G4) views. Black areas indicate anatomical foramina. Not to scale.
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Fig. 6. Comparisons of non-kogiid physeteroid teeth from the Miocene. A–F. Isolated teeth of: Orycterocetus crocodilinus (Cope, 1867), Calvert Formation, 
between Maryland and Virginia, USA (A, USNM 22926), Acrophyseter sp., Pisco Formation, Cerro los Quesos, Peru (B, MUSM 2182; modified from 
Lambert et al. 2016), Zygophyseter varolai (Bianucci and Landini, 2006), Pietra Leccese Formation, Cisterna Quarry, Italy (C, MAUL 229/1; modified 
from Bianucci and Landini 2006), Physeteroidea indet., Gran Bajo del Gualicho Formation, Rio Negro, Argentina (D, MLP 76-IX-5-1, “Preaulophyseter” 
sensu Caviglia and Jorge 1980), Livyatan melvillei (Lambert, Bianucci, Post, de Muizon, Salas-Gismondi, Urbina, and Reumer, 2010), Pisco Formation, 
Cerro Colorado, Peru (E, MUSM 1676; modified from Lambert et al. 2016), the extant Physeter macrocephalus (Linnaeus, 1758) (F, MACN 29.768; 
modified from Perez et al. 2011). G. Maxillary tooth of Eudelphis mortezelensis (Du Bus, 1872), Berchem Formation, Antwerp, Belgium (IRSNB M.523; 
modified from Lambert 2008). H–J. Mandibular tooth of: Idiorophus patagonicus (Lydekker, 1893), Gaiman Formation, Chubut, Argentina (H, MLP 
5-2), “Aulophyseter” rionegrensis (Gondar, 1975), Gran Bajo del Gualicho Formation, Rio Negro, Argentina (I, MLP 62-XII-19-1), and Physeterula 
dubusi (Van Beneden, 1877), Antwerp, Belgium (J, IRSNB M.527; modified from Lambert 2008).
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potential to contribute to phylogenetic (e.g., Kasuya 1973; 
Ekdale et al. 2011; Tanaka and Fordyce 2016) and morpho-
functional analyses (e.g., Ketten 1984; Oelschläger 1986; 
Gutstein et al. 2014; Park et al. 2016; Mourlam and Orliac 
2017; Ary 2017). Among odontocetes, tympano-periotic 
morphology is extensively used in the definition of families 
or, more occasionally, even in the naming of genera and spe-
cies (e.g., Kasuya 1973; Tanaka and Fordyce 2016; Viglino et 
al. 2018b), and provides an important source of anatomical 
data for phylogenetic analyses (e.g., Luo and Marsh 1996; 
Geisler and Sanders 2003; Geisler et al. 2011; Tanaka and 
Fordyce 2016; Viglino et al. 2018a, b). However, not all tym-
pano-periotic characters are taxonomically informative in 
all the cetacean lineages (Luo and Marsh 1996).

Kasuya (1973) provided the first attempt to analyze the 
potential of the tympano-periotic morphology to differenti-
ate between extant odontocete species. In the case of physe-
teroids, Kasuya (1973) and Luo and Marsh (1996) provided 
some diagnostic features for non-kogiid specimens, such as: 
massiveness, a large accessory ossicle often fused with the 
anterior process of periotic, suture surface between poste-
rior process of the tympanic bulla and periotic with keels 
and grooves, pars cochlearis sloping anteriorly, posterior 
process cylindrical and tapered distally, a pointed anterior 
process, concave posterior bullar facet, volcano-shaped 
IAM, and posterior process bent posteroventrally at a right 
angle with the thick superior process. These authors also 
found notable differences between Physeter macrocephalus 
and Kogia spp., but few differences between Kogia sima and 
Kogia breviceps.

In the case of extinct species, previous studies have 
pointed out the lack of interspecific variation for the phy-
seteroid tympano-periotic morphology. Kellogg (1927:18) 
was particularly clear on this topic: “It is remarkable how 
closely, except for minor modifications in the anterior pro-
cess, this periotic resembles those of the living sperm whale, 
for the relative proportions and peculiarities of the various 
structures are essentially the same. (…) Minor variations in 
the contour of the articular facet on the posterior process 
are observable in the eleven periotics under consideration, 
but most of these may be attributed to the effects of erosion. 
(…) There is a very little variation in the general outlines 
of the pars cochlearis as seen from a ventral view in these 
eight periotics. Whatever differences are observable are of 
a minor nature”. Kasuya (1973) made a brief observation 
on the periotics of Orycterocetus and Aulophyseter morri-
cei, and proposed that they differed only in the size of the 
posterior process. Modern studies also casted doubts on 
the use of isolated periotics for the identification of extinct 
physeteroid species (Caviglia and Jorge 1980; Cozzuol 1996; 
Bianucci and Landini 2006) and it was noted that the major 
morphological differences are found at the family level (i.e., 
Physeteridae and Kogiidae; Luo and Marsh 1996; Velez-
Juarbe et al. 2016). In addition, the limited interspecific 
variation of ear bones among physeteroids is reflected in the 
small number of tympano-periotic characters available in 

morphological matrices (representing about 11% of the total 
characters; e.g., Lambert et al. 2016; Collareta et al. 2019; 
Paolucci et al. 2019). However, the discovery of new speci-
mens with tympano-periotic-skull associations for currently 
more fragmentarily known species could potentially lead to 
the addition of new morphological characters of these com-
plex bones in future physeteroid matrices.

Our analysis of the phylogenetic signal of tympano-peri-
otic characters showed that they are independent of the phy-
logenetic relationships, reinforcing the idea that in physe-
teroids ear bones are non-diagnostic at the species level. 
We suggest that, in this group, tympano-periotics retain 
many plesiomorphic characters, and appear to be diag-
nostic only at higher taxonomic levels (e.g., Kogiidae vs. 
Physeteridae, or even between kogiids and non-kogiid phy-
seteroids). For example, the periotics of Zygophyseter and 
Acrophyseter, both genera phylogenetically recovered out-
side of Physeteridae (e.g., Lambert 2008; Velez-Juarbe et al. 
2015; Lambert et al. 2016; Collareta et al. 2017; Collareta et 
al. 2019; Paolucci et al. 2019) have far more anatomical dif-
ferences with kogiids than with physeterids. All non-kogiid 
physeteroids (e.g., “A.” rionegrensis, Acrophyseter deino-
don, Orycterocetus, and Zygophyseter) share a more sim-
ilar periotic morphology: pyriform IAM, globose pars co-
chlearis, large accessory ossicle, circular and deep mallear 
fossa, a right angle between the posterior process and the 
body of the periotic, and contact surface between posterior 
processes of the tympanic bulla and the periotic with keels 
and grooves. These observations suggest that, as in the case 
of teeth, the diagnosis of isolated physeteroid periotics to a 
specific genus or species is hazardous. As mentioned above, 
only a small number of extinct physeteroids are known with 
tympano-periotic bones associated to the skull, which might 
explain the low number of diagnostic characters currently 
available. Pending the discovery of new specimens with 
tympano-periotic-skull associations, which will allow fur-
ther testing this hypothesis, we consider all isolated periot-
ics from the Miocene of Patagonia as Physeteroidea indet. 
Nevertheless, thorough anatomical and quantitative analy-
ses are required to shed light on both inter and intraspecific 
morphological variation in the tympano-periotic complex of 
Physeteroidea.

The highly distinct, hypertrophied nasal complex of 
sperm whales was acquired early in the evolutionary his-
tory of the group, as suggested by the occurrence of the 
main osteological correlate (i.e., supracranial basin) in the 
early Miocene species. Nasal complex structures, in asso-
ciation with ear bones, are closely related to a sophisticated 
underwater sound system in sperm whales (e.g., Cranford 
1999; Huggenberger et al. 2014), related to deep diving (e.g., 
Watwood et al. 2006) and other biological aspects of the 
group (e.g., reproduction; Cranford 1999). Therefore, the 
conservative tympano-periotic morphology identified along 
the evolutionary history of non-kogiid sperm whales might 
be the result of morpho-functional constraints imposed by a 
successful but highly specialized echolocation system.
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Conclusions
In this study, we performed for the first time a complete 
revision of one of the largest collections of fossil physet-
eroid periotics worldwide and investigated the phylogenetic 
signal of ear bones to resolve taxonomical issues within 
Physeteroidea. Based on the lack of diagnostic charac-
ters in both the teeth and the periotic of the holotype of 
“Preaulophyseter gualicheneses”, we consider this species 
and the materials previously referred to it as nomen dubium, 
and assign it, as well as other isolated periotics from the 
Miocene of Patagonia, as Physeteroidea indet. Our analysis 
of tympano-periotic morphology suggests that, contrary to 
most odontocetes, it does not have a diagnostic value at 
the generic level within physeteroids; thus, the use of iso-
lated periotics for naming new species should be avoided. 
Morphological differences observed between periotics 
could be related to intraspecific variation (including sexual 
dimorphism and/or ontogenetic variations), and even possi-
bly diagenetic processes. Finally, the discovery of new spec-
imens with tympano-periotic-skull associations will help 
to further test the phylogenetic signal of these bones within 
Physeteroidea.
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