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ABSTRACT

Ontogenetic changes in the skull and mandible of thirty-one specimens
of Galesaurus planiceps, a basal non-mammaliaform cynodont from the
Early Triassic of South Africa, are documented. The qualitative survey indi-
cated eight changes in the craniomandibular apparatus occurred during
growth, dividing the sample into three ontogenetic stages: juvenile, sub-
adult, and adult. Changes in the temporal region, zygomatic arch, occiput,
and mandible occurred during the transition from the subadult to adult
stage at a basal skull length of 90 mm. At least four morphological and allo-
metric differences divided the adult specimens into two morphs, indicating
the presence of sexual dimorphism in Galesaurus. Differences include
extensive lateral flaring of the zygomatic arches in the “male” morph result-
ing in a more anterior orientation of the orbits, and a narrower snout in the
“female”. This is the first record of sexual dimorphism in a basal cynodont,
and the first time it is quantitatively documented in a non-mammaliaform
cynodont. An ontogenetic comparison between Galesaurus and the more
derived basal cynodont Thrinaxodon revealed differences in the timing and
extent of sagittal crest development. In Galesaurus, the posterior sagittal
crest, located behind the parietal foramen, developed relatively later in
ontogeny, and the anterior sagittal crest rarely formed suggesting the ante-
rior fibres of the temporalis were less developed than in Thrinaxodon. In
contrast, craniomandibular features related to the masseters became more
developed during the ontogeny of Galesaurus. The development of the
adductor musculature appears to be one of the main factors influencing
skull growth in these basal non-mammaliaform cynodonts. Anat Rec,
00:000-000, 2016. © 2016 Wiley Periodicals, Inc.
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Galesaurus planiceps was a basal non-mammaliaform
cynodont found in the Early Triassic Karoo basin of
South Africa. It is characterized by distinctive sectorial
postcanine teeth, which consist of a large recurved ante-
rior cusp and a smaller posterior cusp (Rigney, 1938).
Galesaurus was the first non-mammaliaform cynodont
to be described in the literature (Owen, 1859), although
it was initially classified as a member of the Crocodilia.
Galesaurus, along with the more derived basal cynodont
Thrinaxodon liorhinus (Fig. 1), were part of the Early
Triassic recovery fauna after the end-Permian extinction

© 2016 WILEY PERIODICALS, INC.

Grant sponsors: DST-NRF Centre of Excellence in Palaeo-
sciences (CoE-Pal); National Research Foundation (NRF).

*Correspondence to: Sandra C. Jasinoski, Evolutionary Stud-
ies Institute, University of the Witwatersrand, Private Bag 3,
WITS 2050, Johannesburg, South Africa. Fax: +27-11-717-6684.
E-mail: sandra_jas@hotmail.com

Received 27 November 2015; Revised 20 June 2016; Accepted

22 June 2016.

DOI 10.1002/ar.23473

Published online 00 Month 2016 in Wiley Online Library
(wileyonlinelibrary.com).



2 JASINOSKI AND ABDALA

event, appearing soon after the Permo-Triassic boundary
(Smith and Botha, 2005; Smith and Botha-Brink, 2014).
A recent study of the cranial ontogeny of Thrinaxodon
(Jasinoski et al., 2015) indicated that an ontogenetic
analysis of other basal cynodonts such as Galesaurus is
required so that the cranial morphological changes could
be put into a larger phylogenetic context.

The holotype of Galesaurus planiceps (NHMUK 36220),
consisting only of a skull and mandible, was first des-
cribed by Owen (1859, 1860) and further description was
undertaken by Owen (1876) and Watson (1920). Most of
the subsequent comprehensive studies of the cranial mor-
phology of Galesaurus were done prior to the 1940s (e.g.,
Broom, 1932a; Parrington, 1934; Rigney, 1938). The more
recent cranial descriptions of Galesaurus include studies
by Brink (1965), van Heerden (1972), Abdala (2003), and
Abdala and Damiani (2004), the latter being the only onto-
genetic study of the skull of Galesaurus.

Over the years, several taxa have been synonymized
with Galesaurus planiceps (Table 1). The taxon Glochino-
don detinens, originally described by van Hoepen (1916),
was synonymized with Galesaurus by Broom (1932a,b).
Hopson and Kitching (1972) synonymized Glochinodon-
toides gracilis (Haughton, 1924) and Notictosaurus trigo-
nocephalus (Brink and Kitching, 1951) with Galesaurus
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Fig. 1. Cladogram of Cynodontia showing the relationships among
the epicynodonts and the more derived non-mammaliaform eucyno-
donts (modified from Abdala [2007: fig. 9]). Cynodont taxa included in
previous allometric studies are marked with an asterisk (*).

(Table 1). Notictosaurus had a narrow, triangular-shaped
skull; hence the species name N. t¢rigonocephalus (Brink
and Kitching, 1951). On the contrary, specimens previous-
ly assigned to Glochinodontoides were characterized by a
wide skull with extensively flared zygomatic arches (pers.
obs.).

A recent study of the postcrania by Butler (2009)
determined that the Galesaurus sample can be divided
into gracile and robust morphs, with differences mani-
festing in the girdle and upper limb bones. The larger
specimens of Galesaurus (>90% of maximum adult size
in her sample) were classified as belonging to the robust
type (Butler, 2009: table 3). It could not be determined
whether these two morphological groups were due to
sexual dimorphism, ontogeny, or different subspecies
(Butler, 2009). This division between small and large
specimens of Galesaurus was recognized historically,
with small specimens commonly assigned to Galesaurus
(including the synonymized Glochinodon detinens) and
large specimens assigned to Glochinodontoides (see
review by Hopson and Kitching, 1972; Table 1).

Here we describe changes in skull morphology across a
large sample of Galesaurus using an allometric study and
a qualitative comparative analysis. The latter analysis
includes gross morphology and data from micro-computed
tomography (micro-CT) to investigate the internal mor-
phology of the skull. Differences among individuals of
Galesaurus are assessed by considering ontogenetic
growth, individual variation, and/or sexual dimorphism.
In addition, comparisons of skull growth and function
between Galesaurus and Thrinaxodon are undertaken.

MATERIALS AND METHODS
Gross Anatomical Specimens

Thirty-one specimens of Galesaurus planiceps, rang-
ing in size from 54 to 114 mm of basal skull length
(BSL), were included in this survey (Fig. 2; Table 2). The
two smallest specimens of Galesaurus (BP/1/2513B,C;
Table 2) were associated with a much larger individual
(BP/1/2513A), and have been interpreted to represent
the juvenile and adult stages, respectively (Brink, 1965).
The majority of Galesaurus specimens have been mec-
hanically prepared and the mandible is in situ, which
makes it difficult to observe the dorsolateral part of the
coronoid process. However, specimen SAM-PK-K1119
had been acid-prepared and the mandible was detached
from the skull. To observe the suture morphology on the
cranial surface (=ectocranial trace), acetone and/or

TABLE 1. Specimens of Galesaurus planiceps that were previously identified under other names

Previous identification Specimen number Holotype Reference
Glochinodon detinens TM 24 Yes van Hoepen, 1916
Glochinodontoides gracilis T™ 83 Yes Haughton, 1924
Glochinodontoides gracilis AMNH 2223 Boonstra, 1935
Glochinodontoides gracilis NMQR 1451 (NM C.1186) Brink, 1954b
Notictosaurus trigonocephalus BP/1/2513A (478, 223) Yes Brink and Kitching, 1951

BP/1/3892
BP/1/2513B,C (373)

Notictosaurus luckhoffi*
Notictosaurus luckhoffi?
Platycraniellus elegans®

NMQR 860 (NM C.476)

Brink, 1965
Brink, 1965
Brink, 1954a

#Note that the holotype of Notictosaurus luckhoffi is RC 107 (Broom, 1936), which is a subadult specimen of Thrinaxodon
liorhinus (see Jasinoski et al., 2015). Brink (1965) synonymized N. trigonocephalus with N. luckhoffi.
bP elegans is a valid taxon, but specimen NMQR 860 was re-identified as G. planiceps by Hopson and Kitching (1972).
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Fig. 2. Specimens of Galesaurus planiceps included in the present
study showing the large variation in cranial shape with an increase in
skull size. (A) NMP 581; (B) BP/1/4602; (C) NMQR 1451; (D) NMQR
860 (lateral image is mirrored). Left column shows the skulls in lateral
view, right column is in dorsal view. In (C) and (D), the black arrow

points to the angulation of the zygomatic arch. The red arrow in (D)
points to the frontal parasagittal depression. Grey arrows in (A) and
(D) indicate the coronoid process; note the left hemimandible is dis-
placed posteriorly and ventrally in (A). Scale bars are 1 cm.
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TABLE 2. Specimens of Galesaurus planiceps included in the cranial ontogenetic study

Specimen BSL (mm) District in South Africa Observations
BP/1/2513C 54 Burgersdorp Only ventral side of skull exposed
BP/1/2513B 59 Burgersdorp

FMNH PR 17742 622 Bethulie Serial-sectioned (Rigney, 1938)
NMP 581 64 unknown

SAM-PK-K10465 67 Bethulie

RC 845 69 Bethulie Micro-CT scanned

BP/1/4597 ~T70 Bethulie Eroded skull roof

TM 24 ~T71 Harrismith Anterior snout missing
SAM-PK-K1119 72 Harrismith

SAM-PK-K9956 73 Bethulie

NMQR 3716 (3678) 75 Bethulie Eroded skull roof

BP/1/4637 75 Bethulie

NMQR 655 ~75 Harrismith

AMNH 2227 79 Harrismith

SAM-PK-K8549 80 Bethulie Mandible absent

BP/1/4714 81 Estcourt Micro-CT scanned

UMZC T819P 85 Harrismith

BP/1/4506 85 Bethulie

BP/1/4602 88 Bethulie Micro-CT scanned
BP/1/3892P¢ 90°¢ Graaff-Reinet Mandible absent

BP/1/2513A 90 Burgersdorp

NMQR 1451 90 Bethulie

NHMUK 36220 92 Rhenosterberg

NMQR 135 94 Venterstad Mandible absent; Micro-CT scanned
TM 83 94 Harrismith

AMNH 2223 100 Harrismith Mandible absent

NMQR 3340 ~102 Dewetsdorp Posterior skull missing
NMQR 3542 102 Bethulie Micro-CT scanned

BP/1/5064 103 Bethulie Eroded skull roof; Micro-CT scanned
SAM-PK-K10468 105 Bethulie Micro-CT scanned

NMQR 860 114 Harrismith Micro-CT scanned

Abbreviation: BSL, basal skull length.

20bservations taken from Rigney (1938), who incorrectly referred to the specimen as “Walker Museum 1563”.
Specimen not included in the bivariate and multivariate analyses.
‘Specimen missing from collections; observations taken from Brink (1965).

water were applied to the skulls, and observations were
done under a stereo microscope.

A proper diagnosis of Galesaurus planiceps could not
be found in any of the older literature. Hopson and
Kitching (1972), who synonymized three taxa with Gale-
saurus (Table 1), did not revise the genus or species
diagnosis. The best description we could find is by
Haughton and Brink (1954: 158-9), but it is very general
and out-dated: “Skull small, fairly broad across squa-
mosals. Snout tapering forwards. Parietal foramen large;
parietal region moderately broad. Twelve upper and
twelve lower post-canine teeth with two cusps, the larg-
er of which is curved over backwards. Secondary palate
complete but not well developed.” Therefore, a revised
diagnosis of G. planiceps is required but is outside of the
scope of this study.

All specimens were considered to belong to Galesaurus
planiceps based on four craniodental features: predomi-
nance of recurved bicuspid postcanines (PCs), absence of
cingular and labial cusps on the PCs, absence of an
interpterygoid vacuity, and an incomplete secondary pal-
ate. The maximum basal skull length in Galesaurus is
114 mm (Table 2). Note that PCs of at least two small
specimens (BP/1/4597 [one PC on left side], NMQR 3716
[left PC5, PC6]) were found to have a small accessory
cusp anterior to the main (large) recurved cusp. This
variation in the postcanine dentition has not previously

been recognized, and we assume here that it is related
to ontogenetic development of the teeth.

The main diagnostic feature that differentiates Gale-
saurus from the contemporary basal epicynodont Thri-
naxodon liorhinus is the distinctive morphology of the
recurved bicuspid postcanines (Broom, 1932b). In addi-
tion, the maxillae that form part of the secondary palate
are anteroposteriorly shorter in Galesaurus, the lacrimal
in Galesaurus has an anterior process that forms a
wedge between the maxilla and nasal bones, and the
reflected lamina of the angular is a more rounded, dor-
sally expanded plate in Galesaurus relative to that of
Thrinaxodon. Platycraniellus elegans, the other contem-
porary basal epicynodont (Fig. 1), does not have well-
preserved teeth (Abdala, 2007); however, it can be differ-
entiated from the large specimens of Galesaurus by the
presence of a longer secondary palate and an interptery-
goid vacuity.

To compare ontogenetic features within a broader evo-
lutionary context, specimens of other basal epicynodonts
were considered (Fig. 1). Recent ontogenetic studies of
Thrinaxodon liorhinus (Abdala et al., 2013; Jasinoski
et al, 2015) provided a useful comparison to Galesaurus.
The contemporaneous cynodont Thrinaxodon was also
found in the Karoo Basin, but it was much more abun-
dant than Galesaurus (see Smith et al., 2012: table 2.5)
and it had a longer stratigraphic range. The only
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specimen of Progalesaurus lootsbergensis (SAM-PK-
K9954; BSL 93.5 mm), the sister taxon to Galesaurus
planiceps (Sidor and Smith, 2004; Abdala, 2007; Fig. 1),
was also used as a comparison. The comprehensive
description of Progalesaurus revealed some similarities
to Galesaurus, including the recurved morphology of the
main cusp of the postcanine teeth (Sidor and Smith,
2004). It is assumed that this galesaurid is an adult
individual based on the presence of the angulation of the
zygomatic arch (see Abdala and Damiani, 2004: table 1).

Serial Sections

Only a single unequivocal skull of Galesaurus plani-
ceps, FMNH PR 1774 (formerly Walker Museum 1563;
Rigney, 1938), has been serial-sectioned (Table 2).
Rigney (1938) serially ground the small specimen (BSL
62 mm) and illustrated most of the cranial sections
(intervals of 0.5 mm, but 1.0 mm intervals for the first
11 sections). Olson (1944: fig. 4A) presented a new later-
al restoration of Galesaurus from these serial sections.

Note that the serial-sectioned AMNH FR 7600, which
was apparently collected from the Permian of South
Africa, was not included in this study due to a lack of
specimen information and the possibility that it is not
Galesaurus.

Micro-CT Scanned Specimens

Eight specimens of Galesaurus were micro-CT
scanned (Table 2) at the Evolutionary Studies Institute
(University of the Witwatersrand, South Africa) using a
Nikon Metrology XTH 225/320 LC dual source CT sys-
tem. The scanned specimens include the small specimen
RC 845 (scanned with an isotropic voxel size of 42.6 pm;
additional scan at 50 pum), intermediate-sized specimens
BP/1/4714 (68.6 um) and BP/1/4602 (66.7 um), as well as
larger specimens NMQR 135 (58.8 um), NMQR 3542 (80
pum), BP/1/5064 (66 pm), SAM-PK-K10468 (71.3 pm), and
NMQR 860 (74.1 um). There was poor contrast in speci-
mens BP/1/4714 and NMQR 860.

We compared these data with micro-CT scans of six
specimens of Thrinaxodon liorhinus, with a BSL rang-
ing from 37 mm to 87 mm (Jasinoski et al., 2015: table
2).

Section data were observed using Imaged (version
1.49) and VGStudio MAX 2.2 (Volume Graphics,
Germany).

Allometric Analysis

An allometric study of the skull of Galesaurus plani-
ceps was undertaken, following the same methods as
those for the recent comprehensive ontogenetic analysis
of Thrinaxodon liorhinus (Jasinoski et al., 2015).
Twenty-eight skulls of Galesaurus were analysed (Table
2). Twenty-four variables of the skull (Fig. 3) were mea-
sured using a Mitutoyo digital caliper, and a few meas-
urements were taken from digital photos using
Digimizer (version 4.2.6.0, MedCalc Software, Ostend,
Belgium). All measurements were taken by F. Abdala to
ensure consistency.

A bivariate analysis, comparing log-transformed crani-
al variables with the basal skull length (Fig. 3), was
undertaken. Four of the variables (AD, PD, TP, and

CCL) could not be analyzed using a bivariate analysis
because of the low number of specimens that have these
features visible. For example, the width of the trans-
verse process of the pterygoids (TP) was measurable in
only a few specimens due to lack of preparation and the
presence of an in situ mandible; therefore only the ratio
between TP and skull width (SW) was calculated.

The coefficients of allometry were calculated using the
software PAST (Hammer et al.,, 2001). Two methods
were used to calculate the coefficients: reduced major
axis (RMA) and least squares (LS) (Table 3). Allometric
results calculated via RMA for Galesaurus were then
compared to the basal epicynodont Thrinaxodon liorhi-
nus (Jasinoski et al., 2015), as well as three eucyno-
donts: the gomphodont Diademodon tetragonus (Grine
and Hahn, 1978; Grine et al., 1978; Bradu and Grine,
1979; see also Jasinoski et al., 2015), the traversodontid
Massetognathus pascuali (Abdala and Giannini, 2000),
and the probainognathian Chiniquodon theotonicus
(Abdala and Giannini, 2002) (Table 4).

Multivariate Analysis

We performed a posteriori principal component analy-
sis (PCA) to determine if the adult sample could be fur-
ther differentiated by shape and size, and explore
morphological variation possibly related to sexual dimor-
phism. Two sets of data were analyzed. The complete set
included all 20 variables and 28 specimens (Table 2)
that were previously analyzed in the bivariate analysis;
measurements that were missing were replaced by col-
umn average (see Hammer, 2015). The second set includ-
ed 15 individuals (two juveniles, seven subadults, six
adults) that have values for all nine variables (BSL,
MUL, BW, OL, 10, TEL, MTO, SW, ZH). For the second
data set, geometric mean was calculated for each indi-
vidual and raw data were scaled by geometric mean
(GM) in order to eliminate size (Mosiman and James,
1979; Meachen-Samuels and Van Valkenburgh, 2009).
Both data sets were analyzed as a between group
variance-covariance matrix in PAST (Hammer et al.,
2001).

Institutional Abbreviations

Cynodont specimens from the following institutions
were included in this comprehensive study: AMNH,
American Museum of Natural History, New York,
U.S.A.; BP, Evolutionary Studies Institute (formerly Ber-
nard Price Institute for Palaeontological Research), Uni-
versity of the Witwatersrand, Johannesburg, South
Africa; FMNH, Field Museum of Natural History, Chica-
go, U.S.A.; NHMUK, The Natural History Museum, Lon-
don, UK.; MCP, Museu de Ciéncias e Tecnologia,
Pontificia Universidade Catoélica do Rio Grande do Sul,
Porto Alegre, Brazil;, NMP, KwaZulu-Natal Museum,
Pietermaritzburg, South Africa; NM or NMQR, National
Museum, Bloemfontein, South Africa; PVL, Coleccion
Paleontologia de Vertebrados Lillo, Universidad Nacional
de Tucuman, Argentina; RC, Rubidge Collection, Well-
wood, Graaff Reinet, South Africa; SAM, Iziko South
African Museum, Cape Town, South Africa; TM, Ditsong
National Museum of Natural History (formerly Trans-
vaal Museum), Pretoria, South Africa; UMZC, Universi-
ty Museum of Zoology, Cambridge, U.K.
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Fig. 3. Twenty-four cranial variables were measured in the skull of
Galesaurus. (A) Dorsal view of an adult specimen (modified from
Boonstra [1935: fig. 1]); (B) ventral view (modified from Boonstra
[1935: fig. 2]). Abbreviations: BSL, basal skull length. Snout and pal-
ate: AD, anterior postcanine distance; BW, maxillary bicanine width;
MUL, muzzle length; NL, nasal length (posterior limit defined by the
nasal-frontal suture, not shown); PAL, palate length; PD, posterior
postcanine distance; TP, width of the transverse process of the ptery-
goid; UP, upper postcanine tooth row length. Temporal region: DBW,
width of the braincase in dorsal view; MTO, maximum length of the
temporal opening; POP, length from postorbital bar to anterior margin

RESULTS
Allometric Analysis

Results of the bivariate analysis of allometry are
listed in Table 3. Nine of the nineteen variables are not
isometric under RMA. All of the variables related to the
temporal region (TEL, POP, PSC, MTO) and zygomatic
arches (SW, ZH) are strongly positive (Fig. 4). The high-
est positive values are for TEL and PSC (Table 3), which
are both related to the lengthening of the temporal skull
roof. In contrast, the variables OL (orbital length), BGW
(basicranial girder width), and DBW (width of the brain-
case in dorsal view) are negative, and BB (basisphenoid-
basioccipital length) is negative using the method of
least squares (Table 3). As for the orbit, OL is negatively
allometric (but note that RZ [adjusted coefficient of
determination] is low, indicating a poor fit of the values
to the slope line); whereas the orbital diameter (OD) is
isometric with a strong R? value (Table 3).

The R? value is <0.7 in five cases, and very low (<0.5)
in two of these cases, both which show negative allome-
try (OL, BGW; Table 3). These low R? values may indi-
cate that deformation of the skull affected the

of parietal foramen; PSC, length from posterior margin of parietal fora-
men to posterior margin of sagittal crest; TEL, temporal region length;
SW, maximum skull width; ZH, maximum height of the zygomatic arch
(not shown). Orbital region: 10, interorbital distance; OD, orbital diame-
ter; OL, orbital length. Braincase: BB, basisphenoid-basioccipital
length; BGW, basicranial girder width; CCL, length from condyle to
anterior end of cultriform process; OH, occipital plate height (not
shown); OW, occipital plate width. Note that variables AD, PD, TP, and
CCL were not included in the bivariate and multivariate analyses due
to the low number of specimens showing these features.

measurement, but they might also be an artifact of
measurements that have low numerical values and
therefore prone to increased instrumental error (F.
Abdala, pers. obs.). This latter observation seems to
explain the low R? values in BGW and DBW, both which
are relatively small measurements.

Qualitative Differences during Ontogeny

Snout and palate.

Nasal-frontal suture. On the dorsal surface of the
snout, the nasal-frontal suture is an inverted V-shape in
all specimens of Galesaurus, including the small (Fig.
5A,B) and presumed adult (Fig. 5C) individuals. There is
subtle difference in the ectocranial suture morphology,
with some specimens having a relatively narrower ante-
rior frontal projection (Fig. 5A,B) than in the larger
specimens (Fig. 5C), but it appears that the tip of the
frontal projection reaches or extends anterior to the mar-
gin of the orbit in all specimens.

Nasal-nasal suture. On the dorsal surface of the
snout, the nasal-nasal suture appears relatively straight
in the small specimens BP/1/2513B and NMP 581 (Fig.
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TABLE 3. Summary of the regressions on the basal
skull length of Galesaurus planiceps

Variables n  R? brya Pla@=1) brs P(@=1) Trend
MUL 27 0.88 0.94 0.36 0.88 0.09 Iso
NL 17 0.79 0.89 0.29 0.79 0.06 Iso
PAL 12 0.9 0.96 0.66 0.91 0.36 Iso
BW 22 0.73 1.09 0.5 0.93 0.57 Iso
UP 19 0.84 09 0.28 0.83 0.06 Iso
OL 23 0.46 0.63 1.40E-03 0.43 1.30E-05 Neg
oD 18 0.91 1.02 0.77 0.97 0.74 Iso
10 21 0.86 1.09 0.34 1.01 0.9 Iso
TEL 23 0.87 1.96 3.50E-06 1.83 2.50E-05 Pos
POP 19 0.82 1.82 0.0004 1.65 0.003 Pos
PSC 19 0.67 1.96 0.002 1.61 0.03 Pos
MTO 21 0.85 1.66 2.20E-04 1.53 0.001 Pos
SW 22 091 1.56 2.50E-05 1.49 1.00E-04 Pos
ZH 20 0.88 1.83 2.52E-05 1.72 0.0001 Pos
BB 12 0.69 0.73 0.06 0.6 0.01 Iso/Neg
BGW 11 0.45 0.55 0.009 0.37 0.001 Neg
OH 18 0.87 1.12 0.23 1.04 0.62 Iso
oW 22 0.86 0.99 0.89 0.92 0.32 Iso
DBW 19 0.58 0.59 0.0004 0.45 1.90E-05 Neg

Abbreviations: brs, coefficient of allometry calculated via
least squares; brma, coefficient of allometry calculated via
reduced major axis method; Iso, isometry; n, sample size;
Neg, negative allometry; Pos, positive allometry; RZ, adjust-
ed coefficient of determination. Abbreviations for variables
as in Figure 3.

5A), with one to two interdigitations occurring close to
the midlength of the snout. The snout of SAM-PK-
K10465 is eroded. In larger specimens (BSL>69 mm;
Fig. 5B) this suture has a wavy appearance with small
interdigitations that are more numerous, and in a few
cases the interdigitations occur all along the length of

the snout. However, the snout is eroded in most speci-
mens with BSL 73-85 mm, making observations of this
suture difficult. In one of the large individuals (NMQR
3340; Fig. 5C), the suture has more complex interdigita-
tions on the surface of the snout but the interdigitations
remain small.

Secondary palate. The secondary palate, comprising
of the premaxillae, maxillae, and palatines, is not fully
prepared in many specimens of Galesaurus because of
an in situ mandible. The secondary palate is not fully
closed in any specimen of Galesaurus: the maxillae and
palatines are separated and the vomer is visible (Fig. 6).
The width of the secondary palatal cleft is similar across
all ontogenetic stages, with the anterior part of the cleft
(which includes the foramen incisivum) being wider
than the posterior part (Fig. 6).

Interpterygoid vacuity. None of the specimens of
Galesaurus have an interpterygoid vacuity, including the
small serial-sectioned specimen FMNH PR 1774 with a
BSL of 62 mm (see Rigney, 1938: fig. 4).

Skull roof.

Frontal-parietal suture. The smallest specimens of
Galesaurus (BSL <64 mm; Table 2) do not have a clear
frontal-parietal suture on the surface of the skull roof.
Specimen BP/1/2513B only has part of the right side pre-
served, and it shows that the parietal has two anterior
projections just lateral to the midline, suggesting that
the suture is interdigitated. The identification of the
suture is dubious on the photo of the serial-sectioned
FMNH PR 1774 skull (Rigney, 1938: pl. 1la) because
there appears to be two frontal-parietal sutures (both
which are interdigitated); whereas Rigney’s (1938: fig. 1)
reconstruction only shows a single interdigitated suture

TABLE 4. Allometric trends of Galesaurus planiceps compared with the basal cynodont Thrinaxodon liorhinus
and three eucynodont taxa

Galesaurus Thrinaxodon Diademodon Massetognathus Chiniquodon
Variable planiceps liorhinus tetragonus pascuali theotonicus
MUL Iso (0.94) Pos (1.17) Iso (1.01) Neg (0.94) Iso (1.02)
NL Iso (0.89) Iso (0.96)
PAL Iso (0.96) Pos (1.15) Iso (0.98) Neg (0.83) Pos (1.08)
BW Iso (1.09) Iso (1.1) Iso (1.02) Iso (0.99) Pos (1.24)
UP Iso (0.9) Iso (0.93) Neg (0.93) Neg (0.83) Iso (0.93)
OL Neg (0.63) Neg (0.65) Neg (0.91) Iso (0.97)
OD Iso (1.02) Neg (0.87) Neg (0.69) Neg (0.73)
10 Iso (1.09) Iso (0.99) Iso (0.92) Iso (1.09) Iso (1.09)
TEL Pos (1.96) Pos (1.41) Pos (1.25) Pos (1.12)
POP Pos (1.82) Pos (1.42)
PSC Pos (1.96) Pos (1.49)
MTO Pos (1.66) Pos (1.29) Iso (1.10)
SW Pos (1.56) Iso (0.95) Pos (1.17)% Pos (1.30) Pos (1.12)
7ZH Pos (1.83) Iso (1.17) Pos (1.21) Pos (1.37)° Pos (1.24)
BB Iso (0.73) Iso (0.92) Neg (0.87) Pos (1.28)
BGW Neg (0.55) Iso (1.23)
OH Iso (1.12) Pos (1.22) Iso (1.01) Iso (0.94)
ow Iso (0.99) Iso (0.9) Pos (1.28) Iso (1.12) Iso (1.11)

Reduced major axis coefficients for Thrinaxodon liorhinus taken from Jasinoski et al. (2015); Massetognathus pascuali
from Abdala and Giannini (2000); Chiniquodon theotonicus from Abdala and Giannini (2002). Jasinoski et al. (2015) used
data from Bradu and Grine (1979) to calculate reduced major axis coefficients for Diademodon tetragonus.

Marginally significant (p = 0.07).

PResult from the re-analysis of data of Abdala and Giannini (2000) (see Jasinoski et al., 2015).
Abbreviations: Iso, isometry; Neg, negative allometry; Pos, positive allometry.

Abbreviations for variables as in Figure 3.
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Fig. 4. Bivariate graphs (log-transformed) of Galesaurus. (A) TEL versus BSL showing strong positive
allometry. (B) SW versus BSL showing strong positive allometry. On both graphs, the inset is the coeffi-
cient of allometry calculated via reduced major axis method, and the coloured ovals demarcate the three
ontogenetic stages of Galesaurus (blue: juveniles; green: subadults; brown: adults). Abbreviations: BSL,
basal skull length; SW, maximum skull width; TEL, temporal region length.

situated close to the parietal foramen. The suture in
specimen NMP 581 is interdigitated, with two to three
anterior projections occurring near the midline. In some
of the larger specimens of Galesaurus (BSL >69 mm;
e.g., RC 845, TM 24, BP/1/4602), the frontal-parietal
suture near the midline of the skull is also interdigitated
but it roughly forms a M-shaped morphology, with a
midline frontal interdigitation that projects posteriorly
followed by an anterior-projecting parietal interdigita-
tion(s). However, this suture is not clear in most of the
other large specimens because of lack of preparation,
distortion, or erosion of this area.

Frontal parasagittal depressions. In three Galesau-
rus specimens larger than 102 mm BSL (NMQR 3340,

A

NMQR 3542, NMQR 860; Table 2), the frontal bones,
close to their contact with the postorbital bone on the
skull roof, are characterized by distinct, paired oval-
shaped depressions (Fig. 2D). However, in one large
specimen (SAM-PK-K10468; BSL 105 mm), the surface
of the frontal bone is shallowly depressed but does not
form an oval-shaped depression.

Posterior projection of the postorbital. The posteri-
or projection of the postorbital, which extends along the
lateral edge of the skull roof, is comprised of two pro-
cesses. In the small specimens (BSL <67 mm), the ven-
tral process is much longer than the dorsal process (note
that the ventral process is not visible in SAM-PK-
K10465 but the dorsal process is quite short). In larger

Fig. 5. Sutures on the dorsal surface of the snout of Galesaurus. (A) Juvenile specimen NMP 581 with a
relatively straight nasal-nasal suture. (B) Subadult specimen TM 24 with an inverted V-shaped nasal-fron-
tal suture and small interdigitations on the nasal-nasal suture. (C) Adult specimen NMQR 3340 with an
inverted V-shaped nasal-frontal suture and a complexly interdigitated nasal-nasal suture. Abbreviations: F,
frontal; N, nasal. Scale bars are 1 cm.
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Fig. 6. Secondary palate of Galesaurus. (A) Subadult SAM-PK-K1119. (B) Adult NMQR 135. Abbrevia-
tions: M, maxilla, P, premaxilla, Pa, palatine; Pt, pterygoid; V, vomer. Scale bars are 1 cm.

specimens (BSL > 69 mm), the dorsal process is subequal
in length to the ventral process, forming a C-shaped
(forked) projection (Fig. 2B). There is variation in the
length of the posterior projection of the postorbital rela-
tive to the parietal foramen, which does not appear to be
related to ontogenetic size. The largest Galesaurus speci-
men NMQR 860 was illustrated as having only a dorsal
process (Abdala, 2007: fig. 7B), although re-examination
revealed a slight groove for the broken ventral process
on the lateral side of the skull roof. In addition, the
illustration of AMNH 2223 that shows only a ventral
process (Boonstra, 1935: fig. 3) is also incorrect.

Sagittal crest development. In Galesaurus, a sagit-
tal crest posterior to the parietal foramen developed only
in large specimens (Fig. 2, 7). As in Thrinaxodon, the
posterior sagittal crest is formed by the coalescence of
the sharp temporal ridges (see Jasinoski et al., 2015). In
one of the smallest known specimens of Galesaurus (BP/
1/2513B), there is only a faint trace of the temporal
ridges posterior to the parietal foramen, which appears
to be a result of over-preparation and/or erosion of the
skull. The smallest well-preserved specimen, NMP 581,
has a narrowed posterior sagittal table with prominent
lateral temporal ridges. Specimens of intermediate size

Fig. 7. Development of the posterior sagittal crest in Galesaurus. (A)
SAM-PK-K1119, a subadult specimen with a posterior sagittal table.
(B) The posterior sagittal crest developed in larger specimens with a
BSL >88 mm (NMQR 135). (C) NMQR 3542 showing a well-developed
posterior sagittal crest. (D) SAM-PK-K10468, the second largest

individual of Galesaurus, is the only specimen with an anterior sagittal
crest. (E) NMQR 860, the largest known specimen of Galesaurus, has
an eroded and/or overprepared temporal region (also see Fig. 8D).
Scale bars are 1 cm.
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also have a posterior sagittal table (Fig. 7A). The small-
est individual that has a fully developed posterior sagit-
tal crest, with coalesced temporal ridges, is specimen
BP/1/4602 (BSL of 88 mm; Fig. 2B). The height of the
posterior intertemporal region, which includes both the
posterior sagittal crest and the lambdoidal crest, appears
to have increased with skull size (Fig. 2).

The anterior sagittal crest, however, is absent in the
majority of Galesaurus specimens observed, and the
temporal ridges form a broad, V-shaped region in dorsal
view (Fig. TA-C). There is only one specimen that
unequivocally developed an anterior sagittal crest (SAM-
PK-K10468; Table 2; Fig. 7D). In this large specimen,
the anterior sagittal crest is taller than the correspond-
ing broad anterior temporal region in the other large
specimens.

There are two large Galesaurus specimens (AMNH
2223, NMQR 860; Table 2; Fig. 7TE) that have a distinc-
tively different intertemporal morphology than the other
large specimens. In these specimens, the broad temporal
ridges do not appear to coalesce to form a unified sagit-
tal crest, but instead the ridges are parallel to form
what appears to be a bilaminar crest separated by a
median trough (Figs. 2D and 7E). However, the histori-
cal descriptions and reconstructions of NMQR 860
(Brink, 1954a: fig. 1B) and AMNH 2223 (Boonstra, 1935:
fig. 1) indicate that the sagittal crest was unified and
broad, without a sagittal trough. Observations of NMQR
860 under a stereo microscope revealed that the dorsal
bone surface of the temporal ridges had been removed
(perhaps the result of overpreparation) or was eroded,
which artificially created the dorsally-flattened ridges.
Further investigation of NMQR 860 using micro-CT cor-
roborated this observation, including evidence that the
dorsomedial edges of the temporal ridges are incomplete
and the median trough is an artifact (Fig. 8D). The
micro-CT data also indicated that the parietal-parietal
suture, both anterior and posterior to the parietal fora-
men, was taphonomically separated (Fig. 8D); therefore
in life the temporal ridges would have been positioned
slightly closer together (although it is uncertain if they
formed a united sagittal crest). It is not known if speci-
men AMNH 2223 was also affected by taphonomic pro-
cesses and/or overpreparation; further investigation of
this specimen using CT-scanning is necessary.

Parietal foramen. In most specimens of Galesaurus,
the parietal foramen is oval-shaped, being anteropos

Fig. 8. Coronal sections through the skull roof of Galesaurus show-
ing the posterior parietal-parietal suture (A, serial section; B-D, micro-
CT sections). (A) The posterior parietal-parietal suture is present
across the thickness of the skull roof in the juvenile specimen FMNH
PR 1774 (nitrocellulose peel of section 19; compare with Rigney,
1938: pl. 3, sections 15, 18). Image courtesy of K. Angielczyk. (B) In
the large subadult specimen BP/1/4602, which has a posterior sagittal
crest, bone was deposited dorsally to the posterior parietal-parietal
suture. The suture is visible only near the ventral edge of the parietal
bones (white arrow marks its dorsal extent). (C) The condition of the
posterior parietal-parietal suture in the adult specimen NMQR 135 is
equivocal: the suture, located ventrally, might have continued dorsally
to the ectocranial edge of the parietal bone or a crack might have
formed dorsally. (D) In the largest specimen NMQR 860, the parietal
bones have been taphonomically separated (perhaps along the mid-
line of the suture), the temporal ridges are eroded dorsally, and the
median trough is an artifact.
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teriorly longer than wide. It appears to have become slight-
ly narrower in some larger specimens, but poor preserva-
tion makes it difficult to quantify this difference. In the
large specimens NMQR 3542, SAM-PK-K10468, and
NMQR 860 (Fig. 7C-E), it was necessary to use micro-CT
to locate the parietal foramen because it was not obvious on
the surface of the skull. The micro-CT scans revealed that
the parietal foramen did not disappear in these large speci-
mens. In addition, the position of the parietal foramen in
specimen NMQR 860 was found to coincide partially with
the ‘hole’ in the skull roof, but it is longer posteriorly (Fig.
7TE) (note it is located further posterior than illustrated in
Abdala [2007: fig. TAD.

Parietal-parietal suture. The condition of the
parietal-parietal suture posterior to the parietal foramen
in Galesaurus is variable, and in some cases it is not
easily determined due to poor preservation and resolu-
tion of the micro-CT scans. The serial sections drawn by
Rigney (1938: pl. 2 and 3, sections 13, 15, 18) and the
nitrocellulose peels (Fig. 8A) show that the suture is pat-
ent across the entire depth of the skull roof in the small
specimen FMNH PR 1774 (BSL 62 mm). Specimens
NMP 581 and SAM-PK-K10465 have an eroded skull
roof surface, and the posterior parietal-parietal suture is
not visible. In specimens with a BSL ranging from 69 to
81 mm (Table 2), the presence of the suture on the sur-
face of the skull is variable, with only three specimens
(RC 845, AMNH 2227, and SAM-PK-K1119) showing
dorsal obliteration of the suture. In specimen RC 845,
there is no indication of a suture on the dorsal surface of
the skull roof (Fig. 9A) or in the coronal micro-CT sec-
tions, but the latter have poor resolution. In the slightly
larger specimen TM 24 (BSL ~71 mm; Fig. 9B), the pos-
terior parietal-parietal suture is clearly visible ectocrani-
ally, and the suture slightly deviates to the right of the
skull roof midline near the parietal foramen. The poste-
rior parietal-parietal suture is not visible on the surface
of the skull of SAM-PK-K1119 (BSL 72 mm) but an
irregular ridge of bone is instead visible along the mid-
line of the intertemporal roof, which was presumably
deposited over the suture. Specimen SAM-PK-K9956

(BSL 73 mm; Fig. 9C) also has a slight ridge of bone
near the midline, but there is a stippled (non-continu-
ous) line to the right of the midline that could represent
either a partially obliterated suture or a crack (micro-CT
is required). In specimen NMQR 655 (BSL ~75 mm) the
posterior parietal-parietal suture appears to be present
to the left of the midline ridge. Specimen BP/1/4714
(BSL 81 mm; Fig. 9D) has a midline ridge developed pos-
teriorly but the posterior parietal-parietal suture is visi-
ble to the far right of the midline.

In well-preserved specimens with a BSL 85-90 mm
(Table 2), the posterior parietal-parietal suture is not
visible ectocranially. The coronal micro-CT sections of
BP/1/4602 (BSL 88 mm) indicate that the dorsal part of
the parietals is united by solid bone, and the suture is
visible only near the ventral edge of the parietals (Fig.
8B).

The condition of the parietal-parietal suture in speci-
mens with BSL 92-114 mm BSL (Table 2) is equivocal:
the intertemporal region is eroded or covered with
matrix in five specimens, and the micro-CT scans of
specimens NMQR 3542 and SAM-PK-K10468 have poor
resolution. Specimen NMQR 135 is also equivocal: part
of the suture appears visible on the dorsal surface (a
non-continuous line is present to the right of the midline
of the skull roof and it connects with the parietal-
interparietal suture on the right side; Fig. 7B), but this
instead might be a crack that extends from the dorsal
extent of the posterior parietal-parietal suture to the
ectocranial surface (Fig. 8C). The micro-CT scan of
NMQR 860 shows that the dorsally-eroded parietal
bones have been taphonomically separated (Fig. 8D),
perhaps along the midline of the suture.

The anterior parietal-parietal suture appears to be
patent through the entire depth of the skull roof in
many of the small (e.g., Rigney, 1938: pl. 3, section 27)
and presumed adult (e.g., NMQR 135) specimens. How-
ever, it is equivocal for most of the specimens with a
BSL > 100 mm (Table 2), as this area is not preserved or
the suture is not clear either on the skull surface or in
the micro-CT sections.

Fig. 9. Variation in the ectocranial morphology of the posterior
parietal-parietal suture of Galesaurus. Skulls in dorsal view. The poste-
rior parietal-parietal suture is obliterated dorsally in RC 845 (A); how-
ever the suture is clearly visible in TM 24 (B). (C) A partially obliterated

suture or crack (black arrow) is visible in SAM-PK-K9956. (D) The pos-
terior parietal-parietal suture occurs to the far right of the midline in
specimen BP/1/4714. The white arrow in (B, D) points to the posterior
parietal-parietal suture. Scale bars are 5 mm.



12 JASINOSKI AND ABDALA

Zygoma.

Angulation of the zygomatic arch. It was noted by
Abdala and Damiani (2004) and Jasinoski et al. (2015)
that the zygomatic arch of larger individuals of Galesau-
rus had a suborbital angulation between the maxilla and
jugal. Our survey confirms that this angulation is pre-
sent in most large specimens with a BSL of 90 mm or
greater (Fig. 2C,D), with the exception of specimens BP/
1/2513A and TM 83.

Watson (1920: fig. 2) noted that a process on the jugal
was roughened in the type specimen (NHMUK 36220),
and he suggested that it indicated a scar for muscula-
ture related to the lips. After re-examination of digital
photos of this poorly-preserved specimen, the jugal pro-
cess described by Watson (1920) can be homologized
with the angulation of the zygomatic arch, although it is
apparent only on the right side of the skull.

Flaring of the zygomatic arch. In dorsal view, the
zygomatic arches are straight and the outline of the
skull appears triangular in small specimens of Galesau-
rus (Figs. 2A,B and 10A). The width of the zygomatic
arches increased with ontogeny, as indicated by positive
allometry of SW (Figs. 3A and 4B; Table 3). However in
half of the larger specimens (BSL>90 mm; NMQR
1451, TM 83, AMNH 2223, BP/1/5064, SAM-PK-K10468,
NMQR 860; Figs. 2C,D and 10B), the zygomatic arches
show extensive lateral flaring, and the skull in dorsal
view is much wider.

Squamosal sulcus. The squamosal sulcus is a
depression on the posterolateral corner of the zygomatic
arch, which is capped by a thin dorsal lip of bone. When
preserved, this sulcus is shallow in most specimens of
Galesaurus, but it is deeply developed in three large
specimens (NMQR 1451, AMNH 2223, BP/1/5064; BSL >
90 mm) (also noted by Abdala, 2003: fig. 1B). However,
the large specimens NMQR 135 and NMQR 3542 only
have a shallow squamosal sulcus.

Orbits.

Orbit orientation. The orientation of the orbits
changed during the ontogeny of Galesaurus. In small
specimens of Galesaurus, the orbits have a lateral orien-
tation (Fig. 10A). However, in half of the presumed adult
specimens (BSL >90 mm; NMQR 1451, TM 83, AMNH
2223, BP/1/5064, SAM-PK-K10468, NMQR 860), the
orbits are oriented more anteriorly than laterally (Fig.
10B). The orbit orientation in the remaining presumed
adults (BP/1/2513A, BP/1/3892 [see Brink (1965: fig.
44A)], NHMUK 36220, NMQR 135, NMQR 3340, NMQR
3542) is lateral or anterolateral.

Orbital convergence, a measure of how much the
orbits face in the same direction (Cartmill, 1972), was
considered in two different sized individuals of Galesau-
rus. We estimated the orientation of the orbits in a small
specimen (RC 845) and the largest specimen (NMQR
860; Table 2) using a methodology similar to that of
Cartmill (1972). A line approximating the orbital margin
was drawn through two points on the orbit: the
lacrimal-jugal suture on the anterior orbital rim and the
posteroventral-most point on the orbital rim (Fig. 10).
The sagittal midline of the skull was defined as the line
through the interpremaxilla suture/snout tip and the
middle of the parietal foramen (Fig. 10). The angle
between the sagittal midline and the orbital margin line

Fig. 10. Orientation of the orbits was measured in two different-
sized specimens of Galesaurus. (A) Small subadult specimen RC 845
(24°); (B) Largest adult specimen NMQR 860 (39°). In the small sub-
adult specimen, the zygomatic arch is not flared laterally and the out-
line of the skull appears triangular-shaped; whereas in the largest
adult specimen, the zygomatic arch is greatly flared laterally. The
orbital margin line (yellow line) was defined by the lacrimal-jugal suture
on the anterior orbital rim and the posteroventral-most point on the
orbital rim (yellow landmarks). The angle measured from the sagittal
midline of the skull (black line) to the orbital margin line provides an
estimate of the orientation of the orbits. Scale bars are 1 cm.

was measured to determine the approximate orientation
of the orbit (Fig. 10). The angle is much lower in the
small specimen (24°; Fig. 10A) compared to that of the
largest specimen of Galesaurus (39° Fig. 10B), indicat-
ing that the orbits face more anteriorly in the latter.

Basicranium.

Unossified region: basioccipital-basisphenoid. The
unossified region within the basioccipital-basisphenoid
bones was recognized in the micro-CT scans of specimen
BP/1/4602 (Fig. 11A) (RC 845 and BP/1/4714 do not have
clear micro-CT scans) and the presumed adults NMQR
135 (Fig. 11B), BP/1/5064, and SAM-PK-K10468 (NMQR
3542 has poor resolution). The largest specimen, NMQR
860 (BSL 114 mm) also appears to have an unossified
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Fig. 11. Micro-CT sections through the basicranium of Galesaurus
showing the unossified zone (arrow). (A) Coronal section of subadult
specimen BP/1/4602; (B) horizontal section of the adult specimen BP/
1/5064. Scale bars are 1 cm.

zone, but the micro-CT sections of the basicranial region
are not as clear as in the other large specimens. Because
this unossified zone is retained in the large specimens, it
is assumed that the skull was still growing.

Occiput and braincase.

External occipital crest. The external occipital crest
(= median nuchal line in modern mammals) is present
on the interparietal and supraoccipital of the occiput in
all well-preserved specimens of Galesaurus (Fig. 12A,C)
(note that the condition in specimens with BSL <62 mm
is not known). The external occipital crest is a rounded
prominence in most specimens, but it is more ridge-like
in specimen UMZC T819. In larger specimens of Gale-
saurus, the external occipital crest became more promi-
nent and the oval-shaped fossae lateral to the crest
became deeper (Table 2; Fig. 12C). These differences are

non-discrete (continuous), therefore they cannot be used
to divide the sample into specific size classes, but they
can help to differentiate between small and large
individuals.

Foramen magnum. In some Galesaurus specimens,
the dorsolateral edge of the foramen magnum on the
exoccipital has two low projections for the articulation
with the proatlas. However, this feature appears to vary
across specimens of different sizes without showing an
ontogenetic trend.

The shape of the foramen magnum also appears to
vary in Galesaurus. In some specimens, the foramen has
a narrow dorsal notch (Fig. 12D), but in a few larger
specimens the foramen magnum is more circular. It is
difficult to determine if this variation is due to size dif-
ferences or to intraspecific variation because the fora-
men magnum is often distorted or covered by postcranial
elements. Because not all of the large specimens have a
circular shaped foramen magnum (e.g., NMQR 1451,
NMQR 135, BP/1/5064), it is assumed that the difference
in shape is due to individual variation.

Fusion of exoccipital with surrounding bones. Brink
(1965) noted that the sutures between the exoccipital and
three surrounding occipital elements (basioccipital, opis-
thotic, and supraoccipital) were not demarcated in the large
Galesaurus specimen BP/1/3892 (although these sutures are
present on his fig. 44). Brink’s (1954b: fig. 4A) illustration of
NMQR 1451 showed that these sutures are also obliterated
in this large specimen (BSL 90 mm). Our comprehensive
survey also indicates that the sutures between the exoccipi-
tal and the basioccipital, opisthotic, and supraoccipital are
fused in large specimens (BSL > 90 mm; Fig. 12C,D). How-
ever, in most of the smaller specimens (BSL < 90 mm; with
the possible exceptions of BP/1/4714 and SAM-PK-K8549),
these sutures are patent (Fig. 12A,B). It should be noted
that the exoccipital-tabular suture remains patent in all
ontogenetic stages (Fig. 12A,C,D).

The serial sections of the presumed juvenile specimen
FMNH PR 1774 (BSL 62mm) showed that a suture is pre-
sent between the exoccipital and supraoccipital and
between the exoccipital and opisthotic (Rigney, 1938: pl. 2,
sections 5, 6). In addition, the exoccipital and basioccipital
are separate bones (Rigney, 1938: pl. 2, sections 6, 7).
Therefore, this specimen agrees with our observation that
the exoccipital remains separate from the surrounding
bones in specimens smaller than BSL 90 mm.

However, there are two possible exceptions to this tim-
ing of fusion. In specimen BP/1/4714 (BSL 81 mm), the
exoccipital-supraoccipital suture appears fused on the
surface of the occiput; however it is equivocal because
the micro-CT data for this area has poor contrast, and
many of the other sutures on the surface of the occiput
are not apparent. Specimen SAM-PK-K8549 (BSL
80 mm) has a clear suture between the supraoccipital
and the tabular on the surface of the occiput, but there
is no suture visible between the supraoccipital and the
exoccipital as well as between the exoccipital and the
opisthotic (the exoccipital-basioccipital suture is covered
with matrix, and therefore its condition is unknown).

The micro-CT data for many of the presumed adult
specimens indicated that the sutures are fused inter-
nally (e.g., NMQR 135), although the contrast between
bones and matrix in this region was not sufficient to
determine whether this was the case in all specimens
(e.g., SAM-PK-K10468).
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Fig. 12. The occiput (A, C, D) and basicranium (B) showing the
occipital sutures in two ontogenetic stages of Galesaurus. (A) Occiput
of the subadult SAM-PK-K9956 in posterior view; (B) ventral view of
the basicranium of the subadult SAM-PK-K9956. (C) Occiput of the
adult NMQR 135 in posterior view. Note that the left squamosal is
missing and the right squamosal is displaced; costal plate is shaded
in grey. Arrow indicates the external occipital crest. (D) Interpretive

Mandible.

Position of the mandible in the temporal fenestra.

In the smaller specimens of Galesaurus
(BSL <85 mm), the tip of the coronoid process and the
body of the mandible are near the lateral edge of the
temporal fenestra, in close proximity to the zygomatic
arch (Figs. 2A and 13A,B). The relative position of the
mandible became more medial with increasing age. In
the larger specimens (BSL>88 mm; Figs. 2B-D and
13C) the tip of the coronoid process is near the middle of
the temporal fenestra, leaving more space between the
lateral edge of the mandible and the medial edge of the
zygomatic arch than in the smaller specimens.

The repositioning of the mandible might be related to
the increased lateral flaring of the zygomatic arches in
large specimens (see previous section) and/or changes in
the relative width of the pterygoid processes that abut
against the medial edge of the mandible (Fig. 14). How-
ever, in specimen BP/1/4602, the position of the mandi-
ble is closer to the middle of the temporal fenestra but
the zygomatic arches are not greatly flared (Fig. 2B).

drawing of the occiput of the adult NMQR 135 showing the remaining
patent sutures. Note the external occipital crest is more developed
and the exoccipital is fused with three of the surrounding occipital
bones (BO, OP, SO) in the adult stage (C, D). Abbreviations: A, atlas
centrum; BO, basioccipital; C, costal plate; EO, exoccipital; F, foramen
magnum; IP, interparietal; OP, opisthotic; T, tabular; S, squamosal; SO,
supraoccipital. Scale bars are 1 cm.

Therefore, this specimen indicates a clear influence of
the width of the pterygoid processes (see Discussion for
variation of the ratio between TP and SW).

Adductor fossae. The adductor fossae, situated on
the posterolateral part of the dentary, include a masse-
teric fossa ventrally and a dorsal adductor fossa on the
coronoid process. In the smaller specimens of Galesau-
rus, the masseteric fossa is not well-developed and it
lacks a prominent anterior ridge that demarcates its
anterior extent (Fig. 15A) (also noted by Sidor and
Smith [2004] for both Galesaurus and Progalesaurus).
However, in larger specimens (BSL >90 mm; Fig. 15B),
the anterior ridge is more prominent (with the exception
of SAM-PK-K10468) and the lateral swelling of the man-
dible is also apparent in ventral view. Interestingly,
specimen NMQR 1451 (BSL 90 mm) has a low anterior
ridge of the masseteric fossa on the left dentary, but it is
not yet developed on the right dentary.

Compared to the masseteric fossa, the dorsal adductor
fossa on the lateral side of the coronoid process appears
more prominent (Fig. 15C,D). In larger specimens of
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Fig. 13. Position of the mandible relative to the zygomatic arch in immature and adult individuals of
Galesaurus. Skulls are in dorsal view. (A) SAM-PK-K10465 (juvenile, BSL 67 mm); (B) BP/1/4506 (subadult,
BSL 85 mm); (C) BP/1/5064 (adult, BSL 103 mm). The coronoid process (arrow) is near the middle of the

temporal fenestra in adult individuals.

Fig. 14. Oblique ventroposterior view of the palate of BP/1/4506
(subadult, BSL 85 mm). Arrow indicates the posterolateral margin of
the transverse pterygoid process near its contact with the medial
edge of the mandible.

Galesaurus, the dorsal adductor fossa is deeper and the
dorsal tip of the coronoid process is inflected slightly lat-
erally (Figs. 13C and 15D).

DISCUSSION
Cranial Allometry in Galesaurus planiceps

The positive allometry of skull width (SW; Table 3)
indicates that during ontogeny the zygomatic arches in
dorsal view became laterally flared, although the skull is
much wider in half of the sampled adult specimens (Fig.
2C,D). The resulting increase in the width of the tempo-
ral fenestra would have accommodated large, well-
developed adductor muscles. The DBW is negatively allo-
metric, suggesting that the relative narrowing of the
temporal skull roof also contributed to the expansion of
the temporal fenestra. The combination of these trends
for the increased accommodation of the adductor muscu-
lature is also recognized in living mammals (e.g., Abdala
et al., 2001).

The strong positive allometry of TEL (Table 3) indi-
cates this region greatly lengthened during growth
(Figs. 2 and 7) and suggests that the area of attachment
of the temporalis musculature greatly increased during
growth. The strong positive allometry of the height of
the zygomatic arch also indicates that the attachment
region for the masseter muscles became well-developed
with increasing age.

The orbital length (OL) is negatively allometric and
follows the expected trend for tetrapods (see Emerson
and Bramble, 1993). Interestingly, the orbital diameter
(OD) in Galesaurus shows isometry (Table 3), which is
unlike the general trend for tetrapods but is similar to
the trend of orbital length found for the three marsu-
pials Dromiciops gliroides (Giannini et al., 2004), Calur-
omys philander (Flores et al., 2010), and Echymipera
kalubu (Flores et al., 2013). However, a common connec-
tion between the relatively faster growing orbits of these
three marsupial taxa and their lifestyle (behaviour, food
habits, and habitat) could not be found (also see Flores
et al., 2013).

Comparative allometry in non-mammaliaform
cynodonts. In comparison with Thrinaxodon, the
most significant differences for Galesaurus are positive
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Fig. 15. The mandible of Galesaurus in lateral (A, B) and ventrolateral (C, D) views. (A) SAM-PK-K10465
(juvenile, BSL 67 mm; image is mirrored); (B) TM 83 (adult, BSL 94 mm) showing the presence of the
anterior ridge of the masseteric fossa (white arrow); (C) NMP 581 (juvenile, BSL 64 mm); (D) NMQR 3542
(adult, BSL 102 mm). Red arrows in (C, D) point to the dorsal adductor fossa.

allometry for SW and ZH, negative allometry for BGW,
and isometry for OD (Table 4). In addition, the MUL
and PAL is isometric in Galesaurus, whereas they are
positively allometric in Thrinaxodon. The scaling of the
occipital plate height (OH) is also different between the
two taxa (Table 4). The temporal region (TEL, POP,
PSC, MTO) has strong positive allometry in both taxa,
although the coefficients are much larger in Galesaurus
(Table 4).

The positive allometry of ZH in Galesaurus suggests
that the masseters became more developed with growth
than in Thrinaxodon, and the SW indicates an enlarge-
ment of the temporal fenestra to accommodate these
muscles. The difference of isometry in the PAL in Gale-
saurus and the positive allometry in Thrinaxodon might
be related to the development of a longer secondary pal-
ate in the latter taxon. The positive allometry of OH in
Thrinaxodon indicates a greater increase in the height
of the posterior sagittal crest but also an increase in the
height of the apex of the lambdoidal crest during ontog-
eny; whereas OH is isometric in Galesaurus.

The eucynodonts and Galesaurus both have positive
allometry in the temporal region (TEL, SW, and ZH)
(Table 4). The OH and OW (occipital plate width) are
isometric in Galesaurus, Massetognathus, and Chiniquo-
don (Table 4).

There are some overall interesting trends observed in
the sampled cynodonts (Table 4). The UP is isometric in
basal cynodonts and Chiniquodon; whereas it is nega-
tively allometric in the two gomphodonts Diademodon
and Massetognathus. The maxillary bicanine width (BW)
is isometric in all of the cynodont taxa except Chiniquo-
don that has a positive allometry. Considering orbital
trends, the OL is isometric in Chiniquodon but negative-
ly allometric in the other cynodonts (no data in Diade-
modon); whereas the OD is isometric in Galesaurus and

negatively allometric in the remaining cynodonts (no
data in Chiniquodon). The 10 is isometric in all cyno-
donts (Table 4).

Qualitative Differences during Ontogeny

The changes in the craniomandibular apparatus that
occurred during the ontogenetic development of Galesau-
rus planiceps are listed in Table 5.

Nasal-frontal suture. In all specimens of Gale-
saurus, the ectocranial morphology of the nasal-frontal
suture is an inverted V-shape. In the adult specimen of
Progalesaurus, the nasal-frontal suture is also inverted
V-shaped (Sidor and Smith, 2004), although the frontal
projection does not reach the anterior margin of the
orbit.

In Thrinaxodon, however, the nasal-frontal suture
morphology changed with ontogenetic age: juveniles
have an inverted V-shaped suture, subadults have either
an inverted V-shaped suture, transverse suture or an
intermediate morphology, and most adults have a trans-
verse suture (Jasinoski et al., 2015). However, in a few
adult Thrinaxodon specimens, the suture is an inverted
V-shape (Jasinoski et al., 2015), which suggests that the
tendency to have this morphology at the adult stage was
still present. The anterior frontal projection in the juve-
niles of Thrinaxodon is relatively shorter than in imma-
ture (non-adult) specimens of Galesaurus.

An ontogenetic survey of this suture is required for
other basal cynodonts to determine if there is a phyloge-
netic trend (see Fig. 1).

Nasal-nasal suture. During the ontogeny of Gale-
saurus, the nasal-nasal suture on the surface of the
snout changed from a relatively straight suture with few
interdigitations to an interdigitated suture (Table 5).
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TABLE 5. List of craniomandibular features of Galesaurus planiceps that changed during ontogeny

BSL Ontogenetic Cranial
Character (mm) Stage Region
Nasal-nasal suture: relatively straight on surface, 1-2 interdigitations near mid- <64 Juvenile Snout
length of snout
Nasal-nasal suture: numerous small interdigitations on the snout >69 Subadult, Adult
Posterior projection of postorbital: ventral process longer than dorsal process <67 Juvenile Temporal
Posterior projection of postorbital: dorsal and ventral processes are subequal in >69 Subadult, Adult
length
Sagittal crest is not developed <85 Non-adult Temporal
Posterior sagittal crest is present >88* Adult
Angulation of the zygomatic arch is absent <88P Non-adult Zygoma
Angulation of the zygomatic arch is present >90°¢ Adult
External occipital crest and parasagittal fossae are not prominent n/ad Younger Occiput
External occipital crest and parasagittal fossae are more prominent and well- n/ad Older
developed
Sutures between exoccipital and the supraoccipital, opisthotic, basioccipital are <88 Non-adult Occiput
patent
Sutures between exoccipital and the supraoccipital, opisthotic, basioccipital are >90° Adult
fused -
Mandible positioned in close proximity to the zygomatic arch (lateral position) <85 Non-adult Mandible
Mandible positioned near the middle of the temporal fenestra (middle position) >88 Adult
Anterior ridge of the masseteric fossa is absent <88 Non-adult Mandible

Anterior ridge of the masseteric fossa is present

>90f  Adult

From these qualitative characters, the present sample of Galesaurus can be divided into three ontogenetic stages: juvenile
(BSL <67 mm), subadult (69—88 mm), and adult (BSL > 90 mm). Non-adults include both the juvenile and subadult individuals.
%In specimens AMNH 2223 and NMQR 860, the condition of the sagittal crest is equivocal due to over-preparation and/or

taphonomic processes.
bSpecimen BP/1/4714 is an exception.
‘Specimens BP/1/2513A and TM 83 are exceptions.

9A non-discrete character, so a numeric division between skull sizes is not possible.
°Specimens BP/1/4714 and SAM-PK-K8549 are possible exceptions.

{Specimen SAM-PK-K10468 is an exception.
Abbreviations: BSL, basal skull length; n/a, not applicable.

This differs from Thrinaxodon, in which the suture
showed no clear ontogenetic pattern (Jasinoski et al.,
2015). In Thrinaxodon, most specimens have a fairly
straight suture with interdigitations mostly confined to
the midlength of the snout (see Jasinoski et al., 2015:
fig. 6A), which is similar to that observed in the small
specimens of Galesaurus (Fig. 5A).

The difference in suture morphology might also indi-
cate that the snout of Galesaurus is more rigid than in
Thrinaxodon.

Secondary palate. The degree of openness of the
secondary palate of Galesaurus is similar in all ontoge-
netic stages. Abdala (2007) stated that the palatine
bones are relatively shorter in specimens NMQR 860
and BP/1/5064 compared with AMNH 2223, indicating
variability of this feature. However, our observations of
the secondary palate in the larger sample of Galesaurus
indicate that in all specimens the palatines only contrib-
ute a small portion to the secondary palate.

In both Galesaurus and Thrinaxodon, the anterior
part of the secondary palatal cleft is wider than the pos-
terior part. However, in Galesaurus the palatal cleft is
relatively wider and the length of the secondary palate
is relatively shorter (Fig. 6) compared with Thrinaxodon

(Jasinoski et al., 2015: fig. 7); the latter difference is due
to the shorter maxillae in Galesaurus.

Interpterygoid vacuity. An interpterygoid vacuity
is absent from all observed specimens of Galesaurus
(Table 2). In contrast, a paired interpterygoid vacuity is
present in early juveniles of Thrinaxodon but is absent
from subadult and adult specimens (BSL > 56 mm; Jasi-
noski et al., 2015). In the more basal epicynodont Cyno-
saurus, it is also present in a juvenile specimen and
absent from the adult specimen (Van den Brandt, 2013).
The interpterygoid vacuity is also absent from the adult
specimen of Progalesaurus (Sidor and Smith, 2004). An
interpterygoid vacuity, however, is present in the adult
forms of the more primitive basal cynodonts Procynosu-
chus (e.g., Brink, 1963) and Dvinia (Tatarinov, 1968), as
well as in the epicynodont Platycraniellus (Abdala, 2007).

Therefore, an interpterygoid vacuity appears to be a
plesiomorphic character of basal epicynodonts, present
in at least the early juvenile stage. Considering the con-
dition represented in Cynosaurus (Fig. 1), it is possible
the vacuity was present in specimens of Galesaurus that
are smaller than those recorded to date (see Table 2).
This feature remains equivocal for Galesaurus until
smaller specimens are found.
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Frontal-parietal suture. The ectocranial mor-
phology of the frontal-parietal suture in Galesaurus
cannot be comprehensively documented across all onto-
genetic stages; therefore it is uncertain if it changed
with increasing age or it was affected by individual vari-
ation. In Thrinaxodon, the late juvenile stage had a
transverse morphology, whereas it was interdigitated
(M-shaped morphology) in the early juvenile, subadult,
and adult stages (Jasinoski et al., 2015: table 6). The
adult specimen of Progalesaurus also has a M-shaped
frontal-parietal suture near the midline of the skull roof
(see Sidor and Smith, 2004: fig. 3).

Frontal parasagittal depressions. The paired
frontal parasagittal depressions were found only in three
specimens with a BSL > 102 mm (Table 2; Fig. 2D), but
more well-preserved specimens are needed to confirm
that this is an ontogenetic feature of large adult individ-
uals of Galesaurus. The function of these depressions is
unknown, and they are unlikely related to muscle
attachment.

Paired parasagittal depressions on the frontal bones
have been previously described in the eucynodont Chini-
quodon (Teixeira, 1982). These depressions are similar
to Galesaurus, but in MCP PV1600 [type specimen of
Probelesodon kitchingi = Chiniquodon theotonicus, after
Abdala and Giannini (2002)] the depression covers near-
ly the entire frontal bone because the skull roof is nar-
rower, and the frontal-frontal suture is raised as a
sharp ridge (see Teixeira, 1982: pl. I). These depressions
occur in mid to large chiniquodontid specimens (e.g.,
MCP PV1600; BSL 164 mm from Abdala and Giannini
[2002: table 1]). In addition, frontal depressions devel-
oped in intermediate and large specimens of Dadadon
isaloi, a traversodontid (Kammerer, et al., 2012).

Posterior projection of the postorbital. During
the ontogeny of Galesaurus, the posterior projection of
the postorbital changed in morphology. In juvenile speci-
mens of Galesaurus (BSL <67 mm), the ventral process
is much longer than the dorsal process; whereas the pro-
cesses are subequal in length in subadult and adult indi-
viduals (BSL>69 mm). This change in morphology is
similar to the pattern observed for Thrinaxodon that
occurred during the transition from late juvenile to the
subadult stage (Jasinoski et al., 2015). Therefore it
appears that Thrinaxodon and Galesaurus developed
subequal processes of the posterior projection of the post-
orbital at the same relative ontogenetic stage.

In most basal epicynodonts, the posterior projection of
the postorbital is comprised of two processes that
became longer during ontogeny. In Cynosaurus, the most
basal epicynodont (Fig. 1), the ventral process developed
before the dorsal process (e.g., juvenile specimen BP/1/
4469) and the adult has two subequal processes (BP/1/
3926). In the adult Progalesaurus, the projection is
divided forming a forked morphology (Sidor and Smith,
2004). Thrinaxodon has two subequal processes in sub-
adult and adult individuals, but in juvenile specimens
(BSL <42 mm) the ventral process is much longer than
the incipient dorsal process (Jasinoski et al., 2015), simi-
lar to what was observed in small specimens of Cynosau-
rus and Galesaurus. However, in the most derived basal
epicynodont Platycraniellus (Fig. 1), only a single,

undivided projection is present in the adult specimen
(Abdala, 2007).

Sagittal crest development. In most specimens
of Galesaurus, only the posterior sagittal crest became
fully developed during ontogeny. The only unequivocal
exception is specimen SAM-PK-K10468, which also
developed a narrow anterior sagittal crest. This speci-
men is close to the maximum size for Galesaurus (Table
2; note that NMQR 860 has an eroded intertemporal
region), and it presumably represents an old (senescent)
individual. Therefore, it is possible that the anterior sag-
ittal crest developed only in old individuals, or it may
represent individual variation.

The adult specimen of Progalesaurus also lacked
development of an anterior sagittal crest (Sidor and
Smith, 2004).

In contrast to the galesaurids, the anterior sagittal
crest is present in all adult specimens of Thrinaxodon
(Jasinoski et al., 2015). The lack of development of the
anterior sagittal crest in most Galesaurus specimens
suggests that the anterior fibres of the temporalis mus-
culature of Galesaurus were not as well-developed as in
Thrinaxodon.

The posterior sagittal crest developed in Galesaurus
specimens with BSL > 88 mm, close to the transition to
adulthood, which is relatively much later in ontogeny
than in Thrinaxodon (BSL >42 mm, late juvenile stage;
Jasinoski et al., 2015). This later development also indi-
cates that the temporalis was proportionately smaller in
the immature specimens of Galesaurus relative to
similar-sized specimens of Thrinaxodon.

A heterochronic shift in the development of the sagit-
tal crest has been proposed for some species and popula-
tions of Lynx (Garcia-Perea, 1996). A survey of the
variation across four species of Lynx (and across differ-
ent populations of a single species) showed that the sag-
ittal crest is not fully developed (i.e., not extended along
the total length of the parietal suture) in some adult
species and it can differ between some populations (Gar-
cia-Perea, 1996). In the species that only developed the
posterior part of the sagittal crest, it was suggested that
these species are paedomorphic in comparison to the
hypothetical ancestral pattern (Garcia-Perea, 1996).
Taking this into consideration, it appears that Thrinaxo-
don, which was more derived than Galesaurus (Fig. 1),
showed accelerated development in relation to the poste-
rior sagittal crest. In addition, the ontogenetic delay
between the development of the posterior sagittal crest
(late juvenile stage) and the anterior sagittal crest (adult
stage) in Thrinaxodon (Jasinoski et al., 2015) suggests
that the anterior crest in Galesaurus might not have
manifested until much later in its ontogeny. Therefore,
it is not surprising that the anterior sagittal crest only
developed in the second largest specimen of Galesaurus
(Table 2).

Parietal-parietal suture. The ontogenetic condi-
tion of the posterior parietal-parietal suture is variable
for Galesaurus. In one of the smallest specimens of Gale-
saurus (FMNH PR 1774), the posterior parietal-parietal
suture remained patent across the depth of the parie-
tals. In some of the larger specimens (BSL>69 mm),
there are deposits of new bone dorsal to the suture;
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however, the suture was visible on the dorsal surface of
the skull in four specimens with BSL ~71-81 mm.
Therefore, it is assumed that the dorsal deposition of
bone onto the posterior parietal-parietal suture began at
69 mm BSL if not earlier, and there is variation in the
timing of this deposition. Because of the lack of well-
preserved specimens and the absence of a clear pattern
regarding the dorsal obliteration of the posterior
parietal-parietal suture, at this time we cannot use this
feature as an ontogenetic indicator.

In contrast, Thrinaxodon showed a clear pattern of
progressive dorsal deposition of bone that increased in
thickness with ontogenetic size (Jasinoski et al., 2015:
fig. 12). In addition, the posterior parietal-parietal
suture was not visible on the dorsal ectocranial surface
in juvenile specimens of Thrinaxodon (Jasinoski et al.,
2015) [but note a single exception: further preparation of
two small Thrinaxodon skeletons (block SAM-PK-
K8004b,c) revealed disarticulated cranial material (BSL
31-36 mm; pers. obs.) of which there is a dorsally-patent
posterior parietal-parietal suture]. New bone was there-
fore already deposited dorsal to the suture at an early
juvenile ontogenetic stage of Thrinaxodon even though
the posterior sagittal crest was not yet developed (Jasi-
noski et al., 2015).

In the adult specimen of Progalesaurus, the posterior
parietal-parietal suture is not visible on the dorsal sur-
face of the skull roof (Sidor and Smith, 2004), which sug-
gests that new bone was deposited on top of the suture.

The anterior parietal-parietal suture appears to be
patent in all ontogenetic stages of Galesaurus, although
its condition is equivocal in the large adult specimens.
This pattern of patency across all ontogenetic stages was
also observed in the comprehensive ontogenetic survey
of Thrinaxodon (Jasinoski et al., 2015). The adult speci-
men of Progalesaurus also has a patent anterior parie-
tal-parietal suture.

Angulation of the zygomatic arch. Angulation
of the zygomatic arch is an ontogenetic feature of Gale-
saurus (Table 5). The presence of this feature in nearly
all of the large specimens of Galesaurus (BSL>90 mm)
suggests that the adults had a much more developed
superficial masseter muscle than the immature
individuals.

It was proposed that the superficial masseter was pre-
sent at the epicynodont stage, but absent at the base of
the cynodonts (Abdala and Damiani, 2004; Fig. 1). How-
ever, the only well-preserved adult skull of Cynosaurus
(BP/1/3926) does not have angulation of the zygomatic
arch; therefore it is possible that the superficial masse-
ter was not divided in this basal epicynodont taxon.
Angulation of the zygomatic arch is present in the adult
epicynodont specimens of Progalesaurus, Galesaurus,
and Platycraniellus (Abdala, 2007). Its absence from the
majority of large adult Thrinaxodon specimens (Jasi-
noski et al., 2015) suggests that the superficial masseter
was not as well-developed in these adults relative to the
adult Galesaurus.

Flaring of the zygomatic arch. The zygomatic
arches of Galesaurus became more laterally flared with
age (SW; Table 3). However, in half of the sampled adult
Galesaurus specimens, the zygomatic arches appear

much more laterally flared, which suggests that the
adductor muscles became much more developed in those
individuals. This difference between adult specimens is
further investigated in relation to sexual dimorphism
(see section “Variation within Galesaurus,” below).

Squamosal sulcus. 1t appears that the develop-
ment of the squamosal sulcus is variable within Gale-
saurus, as only three adult specimens have a relatively
deep sulcus.

The squamosal sulcus has been considered possibly
for the passage of the external auditory meatus (see
Allin, 1975: pl. 4, fig. 19; Allin and Hopson, 1992) or for
the attachment of the depressor mandibulae (Allin 1975:
pl. 6, fig. 26E). In Galesaurus, the dorsal shelf of bone
that forms the squamosal sulcus continues anteriorly for
a short distance along the posterolateral part of zygo-
matic arch. In some cynognathians, the structure in the
zygoma developed into a robust sulcus [e.g. Cynognathus
(BP/1/4664), Trirachodon (BP/1/4658), Massetognathus
(PVL 5441, BP/1/4245)], and it is assumed that it was
the site of origin for the depressor mandibulae (jaw
opening muscle) because a similar dorsal position of this
muscle occurs in chelonians (Werneburg, 2011) and liz-
ards (Iordansky, 1970). Therefore, we consider the squa-
mosal sulcus as being the origin of the depressor
mandibulae.

Orbit orientation. During the ontogeny of Gale-
saurus, the orientation of the orbits changed from a lat-
eral orientation in immature specimens (Fig. 10A) to a
more anterior orientation in at least half of the sampled
adult individuals (Fig. 10B). The change in orbit orienta-
tion in these adult specimens is partially due to the
extensive flaring of the zygomatic arches (which includes
the infraorbital arch).

A change in visual orientation during ontogeny has
not been documented before in any other non-
mammaliaform cynodont. In all ontogenetic stages of
Cynosaurus, the orbits face mostly laterally (see Van den
Brandt, 2013: fig. 8). A re-examination of the ontogenetic
series of Thrinaxodon revealed that there is a change in
orbit orientation, in which the orbits face more antero-
laterally in larger individuals (see Jasinoski et al.
[2015]: figs. 2 and 5). In the adult Probainognathus, the
orbits have a distinctive anterodorsal orientation
(Romer, 1970), but this orientation is also the same in a
juvenile individual (PVL 4169; F. Abdala, pers. obs.).

Orbital convergence has been considered in several
modern mammals (e.g., Cartmill, 1972; Noble et al.,
2000; Heesy, 2004). Orbital convergence has a strong lin-
ear correlation with increasing binocular visual field
overlap in mammals (Heesy, 2004). Therefore, mammals
with highly convergent orbits have better binocular
vision; whereas species with laterally-facing orbits have
a wide panoramic visual field (Heesy, 2004). Eutherian
taxa that are nocturnal or cathemeral tend to have more
convergent orbits than diurnal taxa; carnivorous and
omnivorous taxa have more convergent orbits than non-
carnivorous or opportunistic taxa (Heesy, 2008). Highly
convergent orbits do not necessarily indicate an arboreal
lifestyle (e.g., Cartmill, 1972; Heesy, 2008).

Allometry of orbital convergence has rarely been
investigated during the growth of a single modern
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species. In a recent ontogenetic study of giraffes, it was
discovered that the amount of binocular overlap
increased with age, with adults having less panoramic
vision than neonates (Mitchell et al., 2013). Comparisons
across taxa have shown that orbital convergence and
skull size are positively correlated in herpestids (Noble
et al., 2000). Thus larger herpestid taxa have more con-
vergent orbits than the smaller ones, but behavioural
studies are required to determine if the former engage
in more nocturnal activities that require highly conver-
gent orbits (Noble et al., 2000).

A change in orbit orientation due to geographic isola-
tion has been documented in a bovid species (Kohler and
Moya-Sola, 2004). The extinct island species Myotragus
had a more anterior orbit orientation compared to its
closest living relative that resides on the continent
(Kohler and Moya-Sola, 2004). This shift was attributed
to lack of predation pressure on the island because an
anterior orbit orientation is atypical of a prey species
that normally depends on a large panoramic field of
vision provided by a lateral orientation of the orbits
(Kohler and Moya-Sola, 2004). In addition, the orbit and
brain size was smaller in comparison to its mainland rel-
ative (Kohler and Moya-Sola, 2004).

It has been documented in some eutherian mammals
that the relative size of the adductor muscles correlates
with the position of the orbits (Cox, 2008). Mammals
with a dominant temporalis muscle (e.g., Carnivora)
have a more anterior orientation (increased orbital con-
vergence), but those with a dominant masseter (e.g.,
rodents, lagomorphs) tend to have a lateral orientation
of the orbits (Cox, 2008). However, these specific obser-
vations in eutherian mammals can only be tentatively
applied to the basal cynodonts because the deep masse-
ter had a posterodorsal orientation unlike the anterodor-
sal orientation in several mammals (see Turnbull, 1970).
In Galesaurus, which has a well-developed postorbital
bar, it is predicted that the masseters and not the tem-
poralis muscle were instead the main influence on the
orientation of the orbits, based on changes in the zygo-
matic arch associated with the development of these
muscles.

Clearly habitat, lifestyle, and masticatory muscula-
ture can influence the orientation of the orbits. It is pos-
sible that the adductor musculature in Galesaurus was
the main factor for the flaring of the zygomatic arches,
and that the orbits became more anterior facing as a
side-effect of the flared arches. The change in orienta-
tion of the orbits may also indicate that there was a shift
during ontogeny to a more nocturnal lifestyle or more
active predation.

External occipital crest. The external occipital
crest occurs in all ontogenetic stages of Galesaurus, and
it increased in prominence with an increase in skull
size.

The structure of the external occipital crest in
Galesaurus is similar to that of the closely-related Pro-
galesaurus, but is unlike that of Thrinaxodon. In Gale-
saurus, the long crest occurs both on the interparietal
and supraoccipital, and the lateral depressions became
more prominent with age. In Thrinaxodon, the crest is
generally poorly developed and it mainly formed on the
interparietal (and only rarely on the supraoccipital) of

large subadult and adult Thrinaxodon (BSL>61 mm;
Jasinoski et al., 2015). It was assumed that this low
crest that developed later in ontogeny indicated relative-
ly weak nuchal muscles in Thrinaxodon (Jasinoski et al.,
2015). In contrast, the ubiquitous and longer crest in
Galesaurus might indicate that the nuchal muscles were
much more developed.

Foramen magnum. In Galesaurus, the foramen
magnum has either a circular shape or a dorsal notch,
but this difference does not appear to coincide with the
size of the individual. Interestingly, variation in shape of
the foramen magnum has been observed in some smaller
breeds of dogs, and the presence of a dorsal notch does
not appear to affect function (Watson et al., 1989; Onar
et al., 2013). The foramen magnum has a circular out-
line in Thrinaxodon and Progalesaurus, but it is dis-
torted in the latter taxon.

The disparity in the presence and development of two
projections along the dorsolateral edge of the foramen
magnum also appears to reflect individual variation in
Galesaurus.

Fusion of exoccipital with surrounding bones.
In the adult specimens of Galesaurus (BSL>90 mm),
the sutures between the exoccipital and the supraoccipi-
tal, opisthotic, and basioccipital became fused. This is a
distinctive ontogenetic feature of Galesaurus that can be
used to divide immature from adult individuals (with
two possible exceptions; Table 5).

The fusion of these three sutures created a solid occip-
ital plate surrounding the foramen magnum (Fig.
12C,D). Fusion of the four occipital bones would have
stabilized the occiput and helped to protect the spinal
cord and brain. The large external occipital crest of
Galesaurus suggests that it had well-developed neck
muscles, and a fused occipital plate would have pro-
tected the occiput from deformation during movements
of the head and during locomotion.

In the adult specimen of Progalesaurus, there is no
fusion of the exoccipital with the surrounding occipital
elements (see Sidor and Smith, 2004: figs. 4 and 5). Per-
haps fusion did not occur in this taxon, but additional
large specimens of Progalesaurus are required to con-
firm this supposition.

Specimens of Thrinaxodon, including previous serial
sectioned and micro-CT and CT scanned specimens,
were re-investigated to determine if fusion similar to
that observed in adult Galesaurus occurred during
ontogeny. During our original survey (Jasinoski et al.,
2015), the ventral half of the occiput in most large adult
specimens was either not prepared (e.g., TM 166; NMQR
1416 [subsequently prepared but the occiput was badly
crushed]) or poorly-preserved (e.g., NMQR 809, NMQR
1864). In a serial section of a large adult Thrinaxodon
(BSL 88 mm; Broom, 1938: fig. 2, section 18) a suture is
present between the exoccipital and basioccipital, and
the exoccipital and the opisthotic. However, Broom’s
(1938: fig. 2) interpretive drawing and description of sec-
tion 17, a more anterior section of the skull, suggested
that the exoccipital and opisthotic might be partially
fused to the right of the supraoccipital bone; however,
his interpretation cannot be confirmed because he did
not photograph the serial section and the left side of the
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occiput does not show the same configuration (see
Broom, 1938: fig. 2, section 17). On the contrary, smaller
individuals of Thrinaxodon do not show any evidence of
fusion of the occipital elements. This includes the serial-
sectioned subadult (dorsal skull length of 67 mm; see
Fourie, 1974: fig. 29) and the CT-scanned adult specimen
UCMP 40466 (BSL 74 mm; see Rowe et al., 1995). In
addition, the micro-CT scan of the adult BP/1/7199 (BSL
75 mm) shows a clear sutural gap between all of the
occipital elements, and the gross morphology and micro-
CT sections of TM 180 (BSL 75 mm) indicate that the
occipital sutures are patent. Unfortunately, the largest
micro-CT scanned Thrinaxodon specimen BP/1/5905
(BSL 87 mm) has poor resolution and the condition of
these sutures could not be determined. Taking into
account the available evidence, we postulate that fusion
of the occiput did not occur in adult specimens of
Thrinaxodon.

Fusion of the occipital elements has been documented
in the derived probainognathian eucynodonts. In Probai-
nognathus, the occipital bones are fused, with only the
tabulars and interparietal having distinct sutures
(Romer, 1970). This is a similar pattern to Chiniquodon,
as observed in an intermediate-sized specimen (PVL
4444; Abdala, 1996). In the subadult specimen of Lum-
kuia, the suture between the exoccipital and the supra-
occipital is indistinct (Hopson and Kitching, 2001),
which may indicate that these elements are fused. In
the mammaliaform Morganucodon, the exoccipital—-
basioccipital is fused, but the exoccipital-supraoccipital
remained patent (Kermack et al., 1981). However, the
exoccipital-supraoccipital is fused in the tritylodont Oli-
gokyphus (Kihne, 1956). Therefore, there are some dif-
ferences in the pattern of occipital fusion in these
derived eucynodonts.

In modern mammals, fusion of the exoccipitals with
surrounding bones (basioccipital, supraoccipital) is one
of the earliest fusion events, occurring soon after or near
the same time as the obliteration of the parietal-parietal
suture (e.g., Sanchez-Villagra, 2010; Rager et al., 2014:
fig. 1). Note that in modern mammals the opisthotic
bone is part of the petrosal (Kielan-Jaworowska et al.,
2004).

Position of the mandible in the temporal
fenestra. A phylogenetic character describing the rel-
ative position of the mandible within the temporal fenes-
tra (lateral or middle) has been used several times in
cladistic analyses of derived therapsids (e.g., Hopson
and Barghusen, 1986: char. 11.2; Sidor and Smith, 2004:
char. 33; Abdala, 2007: char. 51). In these studies, this
character was coded as “middle” for Galesaurus and all
other cynodonts. This coding is in agreement with our
survey of the large specimens of Galesaurus (Table 5;
Fig. 2B-D); however, these studies did not take into
account the immature specimens of Galesaurus that
have a “lateral” position of the mandible (Table 5; Figs.
2A and 13A,B). This lateral position present in imma-
ture Galesaurus specimens is the only occurrence docu-
mented so far in any non-mammaliaform cynodont.
Immature specimens of Galesaurus share a similar, but
not as extreme, condition as in therocephalians (see Bar-
ghusen, 1968: fig. 6); however, unlike Galesaurus, the
mandible remained in a lateral position in the adult

therocephalians even if the temporal fenestra became
laterally expanded (e.g., Theriognathus; F. Abdala,
unpublished data).

The laterally-positioned mandible in the immature
specimens of Galesaurus would have left only a small
space for the insertion of the masseter muscles onto the
lateral side of the mandible (Figs. 2A, 13A,B, 14, and
15C). In therocephalians it was hypothesized that the
deep masseter inserted onto the surangular (Crompton,
1963; Barghusen, 1968). However, in basal cynodonts
the masseter inserted onto the lateral edge of the den-
tary (e.g., Crompton, 1963), therefore it is unlikely that
small specimens of Galesaurus had a different insertion
to that of other cynodonts. Instead, we hypothesize that
the masseter muscles were poorly developed in the
immature specimens of Galesaurus based on the struc-
ture of the zygomatic arch (absence of angulation of the
zygomatic arch and non-flaring arches) and the absence
of the anterior ridge of the masseteric fossa on the
dentary.

The relative width of the transverse processes of the
pterygoid (TP; Fig. 3B) imposed a constraint on the rela-
tive position of the mandible (Fig. 14). The ratio between
TP and skull width (SW) is larger in immature speci-
mens of Galesaurus than in adults. This indicates that
the width of the transverse processes is proportionally
narrower in adults relative to skull width. It is apparent
that changes in both the transverse processes of the
pterygoid and the masseter muscles resulted in the man-
dible being positioned more medially within the tempo-
ral fenestra of adults.

Adductor fossae. The development of an anterior
ridge of the masseteric fossa is characteristic of adult
Galesaurus (Table 5), which indicates that the deep mas-
seter was well-developed in mature individuals.

The dorsal adductor fossa, which is the insertion point
for the lateral part of the temporalis, is deeper in large
specimens of Galesaurus, indicating that the temporalis
also became more developed with age.

Summary of the Qualitative
Ontogenetic Features

There are eight ontogenetic differences in the skull
and mandible that were observed in the sample of Gale-
saurus (Table 5). These include changes related to
suture morphology, structures that support the adductor
musculature, and the occiput.

From these qualitative changes, the present sample of
Galesaurus can be divided into three ontogenetic stages:
juvenile (BSL <67 mm); subadult (69-88 mm); and adult
(BSL >90 mm) stages (Table 5). It is interesting to note
that the division between the gracile and robust postcra-
nial morphs of Galesaurus (Butler, 2009: table 3) coin-
cides with our division between subadult and adult
Galesaurus that is based on craniomandibular differ-
ences (Table 5). This suggests that the division between
the two postcranial morphs of Galesaurus is due to onto-
genetic differences rather than sexual dimorphism. In
addition, our designation of the subadult stage (BSL 69—
88 mm) agrees with Butler’s (2009) histological results
of the long bones of specimens RC 845 (BSL 69 mm) and
NMQR 3716 (BSL 75 mm), both which have multiple
layers of circumferential endosteal lamellar bone
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surrounding the medullary cavity suggesting they repre-
sent a non-juvenile stage.

Only two cranial ontogenetic features separate the
juveniles from the non-juvenile (subadult and adult)
stages (Table 5). However, the transition from subadult
to the adult stage in Galesaurus is demarcated by five
craniomandibular ontogenetic changes (Table 5).

There are two Galesaurus specimens that have a com-
bination of subadult and adult features. With a BSL of
88 mm, specimen BP/1/4602 is near the transition
between the subadult and adult stages. It has a patent
occiput, a relatively short temporal region, and absence
of both the angulation of the zygomatic arch (Fig. 2B)
and the anterior ridge of the masseteric fossa, which are
features of most subadults; however, its mandible is
positioned near the middle of the temporal fenestra and
the posterior sagittal crest is developed, which are both
adult features. Specimen BP/1/4714 also appears to have
developed two features that are characteristic of adults:
angulation of the zygomatic arch and the possible fusion
of the exoccipital-supraoccipital suture. However, this
specimen has a BSL of only 81 mm (Table 2); therefore
it clearly falls within the subadult category.

Ontogenetic Comparison of the Cranial
Function of Galesaurus

Several craniomandibular features changed during
the growth of Galesaurus (Table 5; Fig. 2), indicating
that cranial function might have varied between the
ontogenetic stages. Juveniles were characterized by a
relatively short dorsal process of the postorbital projec-
tion, which became subequal in length to the ventral
process during the transition to the subadult stage. The
extension of this projection increased the amount of
bony overlap on the edge of the skull roof and may have
increased stability of the postorbital bar that partially
supported the anterior fibres of the temporalis muscle
(see similar explanation for Thrinaxodon in Jasinoski
et al. [2015] but note that the attachment of the anterior
part of the postorbital bar to the skull roof was not as
loose in Galesaurus as it was in Thrinaxodon). In addi-
tion, the increased number of ectocranial interdigitations
in the nasal-nasal suture in subadult and adult Gale-
saurus (Fig. 5B,C) might indicate an increase in strain
across the snout because the snout became more rigid.

Most of the changes in the skull occurred during the
transition between the subadult and adult stages (Table
5). The angulation of the zygomatic arch developed in
adults (Fig. 2C,D), indicating that the superficial masse-
ter greatly increased in size, and the height of the zygo-
matic arch increased (Table 3), which suggests that the
deep masseter was also well developed in adult Galesau-
rus. The medial shift of the mandible in adults (and the
large subadult BP/1/4602) increased the space between
the lateral edge of the mandible and the medial edge of
the zygomatic arch for the insertion of the developing
masseters (Fig. 2B-D), and the site of insertion onto the
dentary became more apparent (Fig. 15B). The posterior
sagittal crest developed (Fig. 7B-E) and the intertempo-
ral region greatly lengthened (Table 3), creating a larger
attachment area for the temporalis and indicating that
this muscle became more developed in the adults. All of
these changes suggest that the adult functioned differ-
ently than the immature individual (i.e., masseter and

temporalis muscles were much larger). In addition, the
external occipital crest became more prominent with
increasing skull size, which indicates that the nuchal
muscles became more developed with age. Fusion that
occurred between four occipital bones at the adult stage
(Fig. 12C,D) would have helped stabilize the occiput.

Variation within Galesaurus

There are a few cranial features that appear to exhibit
intraspecific variability other than ontogenetic variation.
This includes the morphology of the foramen magnum
and the surrounding paired dorsolateral projections,
which varied across all ontogenetic stages. The posterior
parietal-parietal suture might have had an ontogenetic
trend, but the inclusion of more well-preserved speci-
mens is necessary to determine if all larger specimens
have a dorsally obliterated suture or if this feature
shows individual variation. The flaring of the zygomatic
arches, changing of the orientation of the orbits, and
deepening of the squamosal sulcus showed variation in
the adult specimens. Because variation of the two former
features divided the adult sample into two equal groups,
the possibility of sexual dimorphism in Galesaurus was
investigated.

Sexual dimorphism. Adult specimens of Galesau-
rus that were previously assigned to the taxon
“Glochinodontoides gracilis” (synonymized with Galesau-
rus by Hopson and Kitching [1972]) have a wide skull
with laterally flared zygomatic arches (see Haughton,
1924: fig. 50; Boonstra, 1935: fig. 1; Brink, 1954b: fig. 4;
Table 1). On the contrary, Galesaurus planiceps (Owen,
1876: pl. XVIII, fig. 8) and “Notictosaurus trig-
onocephalus” (Brink and Kitching, 1951: fig. 8; Table 1)
have a narrower skull. The holotype of the latter species
is closely associated with two juveniles on block BP/1/
2513, and has been interpreted as an adult female asso-
ciated with its young (Brink, 1965). Therefore, it is
hypothesized that adult specimens with a narrow skull
might represent a “female” morph; whereas the wide
skull morphology of “Glochinodontoides” might indicate
a “male” morph.

We then reclassified the adult specimens as either
“male” or “female” based on the skull width (Tables 1, 6)
and replotted the allometric results from Table 3. The
graph comparing the maximum skull width (indicative
of flaring of the zygomatic arches) to BSL (Fig. 16A)
shows that the “male” individuals plot above or on the
regression line, confirming that their zygomatic arches
are much wider than the “female” individuals that con-
sistently plot below the slope. A ¢-test comparing meas-
urements of SW between “males” and “females” was
statistically significant (Table 7). It is interesting to note
that the subadult individuals plot below the regression
line, suggesting that the sexual dimorphism started at
the adult stage (Fig. 16A). When the ‘males’ were
excluded from the allometric analysis, the “females” still
had positive allometry for SW (b = 1.19), but the value is
not as strongly positive as when the “males” are also
included in the analysis (b = 1.56; Table 3). This indi-
cates that the zygomatic arches became laterally flared
in all adult specimens, but the skull width increased to
a greater extent in the “males.”
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The bivariate graph comparing the temporal region
length with BSL shows that most of the “male” morphs
have a longer temporal region that the “female” morphs
(Fig. 16B), but this difference is not statistically signifi-
cant under a t¢-test. The plot of the maxillary bicanine
width (indicative of snout width) shows that most of the
“male” morphs plot above the regression line (Fig. 16C);
the difference between “males” and “females” is signifi-
cant under a t-test (Table 7). The plots of snout length
(Fig. 16D) and maximum zygomatic arch height show no
clear separation between the morphs.

We also compared the variables relative to BSL to
eliminate differences due to absolute size (see Simpson
et al.,, 2003). The resulting ratios for the “male” and
“female” morphs were compared in PAST using a ¢-test.
The difference was significant for SW and marginally
significant for TEL (Table 7). The latter result indicates
that TEL is relatively longer in “males” only when this
variable is scaled to BSL.

Principal component analysis of the complete data set
discriminated between the three ontogenetic stages rec-
ognized by qualitative features through the PC1 (influ-
enced by size), and split the adults into two groups
based on shape alone (PC2) (Fig. 17A). Variables having
high loads for PC2 are related to the temporal region
(SW, TEL, MTO) and also include the width of the occip-
ital plate (OW) and snout (BW). The “male” specimens
are positioned in the upper right quadrant, indicating
they have a wider skull (i.e., expanded temporal open-
ing), longer temporal region and temporal opening, a
wider occipital plate and snout; whereas a longer snout
and skull characterize “female” specimens (Table 8; Fig.
17A). In summary, differences in shape of the snout,
temporal region, and occipital plate are pronounced
between “male” and “female” individuals.

The analysis with the reduced data set using GM scal-
ing also shows a strong influence of variables describing
the temporal region in the discrimination of groups (Fig.
17B). Here, the PC1 separated juveniles and subadults
from adults with major contributions of BSL and MUL
that positioned subadults and juveniles to the right of
the first component and TEL influencing the position of
adults to the left of the component (Fig. 17B; Table 8).
The PC2 positioned adult “males” in the upper left quad-
rant by the influence of SW, and the only adult “female”
of this reduced sample, which is located in the lower left
quadrant, was influenced by MTO and ZH.

In the complete data set analysis, variables MUL and
BSL separated adult “females” from “males” (Fig. 17A),
but when size is eliminated, these variables separate
adults from juveniles and subadults (Fig. 17B). The vari-
able MTO has opposite loadings in the two analyses
(Table 8). In the complete analysis MTO influences the
position of adult “males”; whereas in the reduced data
set analysis it strongly influences the placement of the
only “female”. This variation in MTO is the result of the
reduction of data in the second analysis. In both analy-
ses, SW has a strong influence in the discrimination of
“males” (Fig. 17). Overall size change, accompanied by
shape changes in the temporal region and occiput, differ-
entiated between the adult sexual dimorphs of
Galesaurus.

A relatively undeformed skull of a “male” morph
(AMNH 2223; Fig. 18A) and “female” morph (NMQR
135; the dislocated squamosal and postorbital were

TABLE 6. Adult specimens of Galesaurus planiceps
re-classified as either a “male” or “female” morph

Specimen BSL (mm) Sexual dimorph
BP/1/3892% 90? Female
BP/1/2513A° 90 Female®
NMQR 1451 90 Male
NHMUK 36220 92 Female
NMQR 135 94 Female
T™ 83 94 Male
AMNH 2223 100 Male
NMQR 3340 ~102 Female
NMQR 3542 102 Female
BP/1/5064 103 Male
SAM-PK-K10468 105 Male
NMQR 860 114 Male

See text for description of the sexual dimorphs.

aSpecimen missing from collections; observations taken
from Brink (1965).

bSpecimen was interpreted as a ‘female’ based on its associ-
ation with two juvenile individuals (Brink, 1965).
Abbreviation: BSL, basal skull length.

taken into account; Fig. 18B) were scaled to the same
basal skull length. The area of the temporal fenestra, a
rough approximation of the size of the adductor muscles,
was traced in both skulls (Fig. 18). The area of the tem-
poral fenestra was much larger in the “male” morph,
indicating that it had a larger development of the adduc-
tor musculature relative to the “female” morph.

In some modern amphibians and reptiles, differences
in head size and shape occur between the sexes. In
many cases, the male has a larger head than the female
resulting in a stronger bite, which could be either relat-
ed to dietary divergence or sexual selection (e.g., Shine,
1989: appendix; Herrel et al., 1996; Vincent and Herrel,
2006). An ontogenetic study of the frogs Rana ingeri and
R. ibanorum showed that males have wider and longer
skulls than females, and were able to eat crabs at an
earlier age than females presumably due to their more
developed jaw musculature (Emerson and Bramble,
1993). However, it has been suggested for lizards that
the larger head size in males (and hence, larger bite
force) may have resulted from sexual selection (male-to-
male combat) and that dietary divergence might be a
secondary consequence, although more functional stud-
ies are required (Vincent and Herrel, 2006).

Taking these extant analogues into account, it is
hypothesized that “males” of Galesaurus had a stronger
bite force than “females” due to the larger attachment
area for the adductor muscles. However, it is not possi-
ble to determine if this difference reflects a dietary dif-
ference between the sexes or antagonistic behaviour in
the “males” of Galesaurus.

The wide, laterally flared zygomatic arches of the
“male” Galesaurus appears to have indirectly influenced
the orientation of the orbits: the “male” morph had a
more anterior orientation of the orbits than the “female”
morph (Fig. 18; Table 7). This difference in orbit orienta-
tion might have slightly increased binocular vision in
the “males.” Despite the difference in orbit orientation
between the two morphs, the allometric plots of orbital
diameter and length compared to BSL indicate that
there is no sexually dimorphic difference regarding the
size of the orbits (Table 7).
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Fig. 16. Bivariate graphs after the adult specimens of Galesaurus
were re-classified as either “male” (blue square) or “female” (red
cross) based on skull width and previous taxonomic identification (see
Tables 1, 6). Immature (non-adult) individuals are represented by black

The morphology of the sagittal crest is a sexual dimor-
phic trait in some modern mammals. For example, the
sagittal crest tends to be absent or poorly developed in
female gorillas but it is usually more developed in the
males, reflecting the larger area of attachment for the
temporalis in males (Ashton and Zuckerman, 1956).

In our sample of Galesaurus there is only one un-
equivocal occurrence of an anterior sagittal crest; how-
ever, the sagittal crest region is eroded or damaged in a
few large adult specimens. Therefore, at this time we
cannot state if the anterior sagittal crest is due to sexual
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circles. (A) SW versus BSL; (B) TEL versus BSL; (C) BW versus BSL;
(D) MUL versus BSL. Abbreviations: BSL, basal skull length; BW, max-
illary bicanine width; MUL, muzzle length; SW, maximum skull width;
TEL, temporal region length.

dimorphism or individual variation until further collec-
tion of well-preserved adult specimens. But it is interest-
ing to note that the only occurrence of the anterior crest
is in a large “male” morph (Table 6; Fig. 7D).

The depth of the squamosal sulcus might be a sexual
dimorphic trait in Galesaurus, with the “male” morph
having a deeper depression than the “female” morph
(Table 7). However, more large adult specimens that
have this area preserved are needed to confirm unequiv-
ocally this supposition. If it transpires that this feature
is sexually dimorphic, we then hypothesize that the

TABLE 7. Cranial characters investigated for sexual dimorphism in Galesaurus

Character Sexual dimorphic “Male” condition “Female” condition
Skull width (SW): lateral flaring of the zygomatic arch Yes? Wider Narrower
Maxillary bicanine width (BW): width of snout Yes? Wider Narrower

Length of snout (MUL) No

Temporal region length (TEL)® Yes® Longer Shorter

Maximum height of zygomatic arch (ZH) No

Orbit orientation Yes More anterior More lateral
Orbital diameter (OD) No

Orbital length (OL) No

Squamosal sulcus development Equivocal? Deep Shallow

See Figure 3 for location of variables.

AStatistically significant under a ¢-test.

PCalculated using ratio TEL:BSL. See text for more details.
“Marginally significant (P = 0.06) under a ¢-test.

9More well-preserved specimens are required to determine if this is a sexual dimorphic feature.
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Fig. 17. Principal component analysis of cranial measurements of
Galesaurus. (A) Complete data set includes 20 variables (Table 8) and
28 specimens (Table 2). (B) Reduced data set includes nine variables
(Table 8) and 15 individuals; geometric mean was calculated for each
individual and the raw data was scaled to the geometric mean to elim-
inate the influence of size. Green lines are the loading of the variables
for the two components. Only the variables with the largest loads are
represented in (A). The extreme location of the juvenile specimen BP/
1/2513C in the upper left quadrant in (A) is the result of missing
entries for all the variables with high loads for PC2. Abbreviations:
PCH1, principal component 1; PC2, principal component 2. See Figure
3 caption for abbreviations of variables.

“males” would have had a larger jaw opening muscle
than the “females.”

Sexual dimorphism has been documented in only one
other non-mammaliaform cynodont, Diademodon (Grine

et al., 1978). The division between the two morphs of

this eucynodont, however, could not be quantified, but
was instead based on four qualitative cranial differences:
(1) height and shape of the snout; (2) shape and orienta-
tion (lateral versus anterior) of the orbits; (3) develop-
ment of the pterygoids; and (4) development of the
“pterygosphenoid fossa” on the basioccipital (Grine et al.,
1978). However, according to their figures (Grine et al.,
1978: figs. 3 and 4), the orientation of the orbits appears
to be anterolateral in both morphs, and differences are
mainly reflected in the overall shape of the orbit with
the “male” having a rounded orbit versus an ellipsoid
orbit in the “female”. The structure of the zygomatic
arches was also mentioned as a possible difference sepa-
rating the morphs, but its variability rendered it less
diagnostic (Grine et al., 1978).

Grine et al. (1978) postulated that the four features
separating the two morphs of Diademodon were neither
sexually selective nor were they related to functional dif-
ferences. This is in contrast to our hypothesis for

TABLE 8. Results of the multivariate analysis of Gale-
saurus planiceps

Complete data set Size adjusted PCA

Variable PC1 PC 2 PC1 PC 2
BSL 0.6290 —0.6557 0.5000 0.0204
MUL 0.1935 —0.1704 0.4376 0.1311
NL 0.1063 —0.1023

PAL 0.0451 0.0723

BW 0.1448 0.1298 0.1034 0.1914
UP 0.0948 —0.1309

OL 0.0417 0.0025 0.2666 0.1014
oD 0.0592 —0.0474

10 0.1158 —-0.1073 0.1329 0.0118
TEL 0.2430 0.1999 —0.3956 0.0087
POP 0.0865 —0.0341

PSC 0.0632 0.0432

MTO 0.2370 0.1796 —-0.3202 —0.4458
SW 0.5693 0.5512 —0.3955 0.8041
ZH 0.1452 0.0785 —0.2090 —-0.3001
BB 0.0289 0.1000

BGW 0.0162 —-0.0227

OH 0.0924 0.0196

ow 0.1492 0.2839

DBW 0.0334 —0.0304

Loadings of the first two principal components are shown
for two data sets: the complete raw data set, and the
reduced data set that was size adjusted by using the geo-
metric mean.

Abbreviation: PCA, principal component analysis. See Fig-
ure 3 for abbreviations of variables.

Galesaurus (Table 7), in which differences in morphology
between the two morphs, such as the lateral flaring of
the zygomatic arches and the relative lengthening of the
temporal region, may indicate a difference in cranial
function.

Cranial Ontogeny of Galesaurus
Compared to Thrinaxodon

A comparison of the cranial ontogeny of Galesaurus
and the more derived basal cynodont Thrinaxodon (Jasi-
noski et al., 2015) revealed several differences, which
include:

1. Zygomatic arch height has positive allometry in Gale-
saurus (ZH is isometric in Thrinaxodon; Table 4),
which indicates that the masseter muscles, especially
the deep masseter, were much more developed in
older individuals of Galesaurus than in Thrinaxodon.
A robust zygomatic arch would have been able to sup-
port a large attachment of the masseter, even if it just
attached along the ventral edge of the zygomatic
arch.

2. The development of the angulation of the zygomatic
arch in the adult Galesaurus also suggests that the
superficial masseter muscle became more developed
relative to Thrinaxodon, which only rarely developed
this feature.

3. The relative timing of the development of the posteri-
or sagittal crest differs between the basal cynodonts.
It appeared during the adult stage of Galesaurus
(Table 5), whereas it developed at the late juvenile
stage of Thrinaxodon (Jasinoski et al.,, 2015).
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Fig. 18. Dorsal view of the skull of adult specimens of Galesaurus
showing sexual dimorphism. (A) “Male” morph (AMNH 2223). (B)
“Female” morph (NMQR 135; the disarticulated right postorbital and
squamosal have been repositioned [blue outline]). (C) “Male” morph
(SAM-PK-K10468). (D) “Female” morph (NMQR 3542). The skulls of

B

AMNH 2223 and NMQR 135 were scaled to the same BSL, and the
approximate area of the temporal fenestra, which estimates the size
of the adductor muscles, is outlined. Note the area of the temporal
fenestra is much larger in the “male” morph. Scale bars are 1 cm.



CRANIAL ONTOGENY OF GALESAURUS PLANICEPS 27

Therefore, the posterior sagittal crest had a relatively
later development in Galesaurus compared to
Thrinaxodon.

4. The anterior sagittal crest developed in all adult indi-
viduals of Thrinaxodon; whereas this structure was
absent from the majority of Galesaurus specimens.
This difference suggests that the anterior fibres of the
temporalis muscle were less developed in Galesaurus.

5. Skull width, a measure of the lateral expansion of the
zygomatic arches, is positively allometric in Galesau-
rus, but is isometric in Thrinaxodon (Table 4). This
suggests that the adductor musculature was more
developed in Galesaurus. Taking into account the pre-
vious four differences related to the adductor muscu-
lature in both taxa, and the large medial shift of the
mandible within the temporal fenestra of Galesaurus
(Table 5), it is hypothesized that the lateral expansion
of the temporal fenestra reflects the greater develop-
ment of the masseters in Galesaurus.

6. The external occipital crest of Galesaurus increased
during growth, indicating an increase in the size of
the nuchal muscles. In Thrinaxodon, an external
occipital crest was absent in immature specimens and
poorly developed in large subadults and adults (Jasi-
noski et al., 2015), suggesting relatively weaker
nuchal muscles in Thrinaxodon.

7. Galesaurus attained a larger maximum skull size
(BSL 114 mm; Table 2) than Thrinaxodon (BSL
96 mm; Jasinoski et al., 2015). However, both taxa
appear to have indeterminate growth because of the
presence of an unossified zone in the basicranium.

8. Galesaurus and Thrinaxodon reached the adult stage
at different skull sizes. Thrinaxodon reached the
adult stage at BSL 69 mm (72% of maximum adult
size; see Jasinoski et al., 2015); whereas Galesaurus
reached it at BSL 90 mm (79% of maximum adult
size; Table 2). This might indicate that sexual maturi-
ty was reached relatively later in Galesaurus.

Only three features of the skull that changed during
ontogeny were shared by Galesaurus and Thrinaxodon:
(1) posterior projection of the postorbital; (2) posterior
sagittal crest; and (3) external occipital crest (Table 5;
Jasinoski et al., 2015). However, the ontogenetic timing
and the degree of development of the two latter features
differed between these basal cynodonts. The develop-
ment of subequal processes of the posterior postorbital
projection occurred during the transition to the subadult
stage in both taxa.

There are four ontogenetic changes that only occurred
in Galesaurus but not in Thrinaxodon: (1) large shift in
the relative position of the mandible within the temporal
fenestra; (2) change in ectocranial morphology of the
nasal-nasal suture; (3) fusion of the exoccipital with
three surrounding occipital bones (although further
investigation of large, well-preserved adult Thrinaxodon
specimens is required); and (4) development of sexual
dimorphism at the adult stage.

There are a few characters in Thrinaxodon that
changed during ontogeny, but are equivocal in Galesau-
rus: (1) presence of an interpterygoid vacuity in small
juveniles (Galesaurus specimens smaller than BSL
54 mm are required); (2) change in the ectocranial trace
of the frontal-parietal suture; (3) change in the shape of
the parietal foramen; and (4) obliteration of the posterior

parietal-parietal suture. Although there was no clear
ontogenetic pattern for the obliteration of the posterior
parietal-parietal suture in Galesaurus, the earliest
unequivocal occurrence of dorsal obliteration was at BSL
69 mm (subadult stage). This is relatively late in ontog-
eny compared to Thrinaxodon, in which obliteration was
apparent during the earliest ontogenetic stage (early
juvenile; Jasinoski et al., 2015).

According to Butler’s (2009) postcranial histological
comparison of two similar-sized specimens of Galesaurus
(NMQR 3716) and Thrinaxodon (SAM-PK-K1395), Thri-
naxodon had much thicker peripheral lamellar tissue.
This suggests Thrinaxodon reached sexual maturity
sooner than Galesaurus (Butler, 2009). Our observations
that Thrinaxodon had an earlier (accelerated) ontogenet-
ic development of the posterior sagittal crest (Table 5),
and that Galesaurus reached the adult stage at a rela-
tively larger skull size (BSL 90 mm), also indicate that
Galesaurus reached sexual maturity relatively later
than Thrinaxodon.

CONCLUSIONS

This comprehensive study of Galesaurus revealed sev-
eral changes in morphology of the skull and mandible
that occurred during ontogeny. Most of these changes
developed during the transition between subadult and
adult stages. For example, changes in structure of the
zygomatic arch, development of the posterior sagittal
crest, medial shift of the mandible within the temporal
fenestra, and fusion of several occipital elements with
the exoccipital, occurred during the transition to adult-
hood. These changes suggest that the masseter, tem-
poralis, and nuchal musculature became much more
developed in adult individuals of Galesaurus.

This is the first time sexual dimorphism has been
documented in a basal epicynodont, with at least four
cranial features dividing the adult sample of Galesaurus
into two morphs. The most distinctive difference is the
lateral flaring of the zygomatic arches in “males”, which
suggests an increased development of the masseter mus-
culature and possibly bite force. In addition, the orbits
are more anteriorly oriented, which is an indirect conse-
quence of the flaring of the zygomatic arches, the snout
width increased, and the relative length of the temporal
region increased in the adult ‘males’ (Table 7). These dif-
ferences between the two adult morphs reflect a differ-
ence in cranial function, which might be a result of
dietary differences between the sexes or perhaps antago-
nistic behaviour in the “males”.

A comparison of Galesaurus with Thrinaxodon revealed
differences in cranial ontogeny and function between
these two basal cynodonts. In Galesaurus, eight cranio-
mandibular changes occurred during ontogeny separating
the sample of thirty-one specimens into three ontogenetic
stages. In contrast, nine cranial ontogenetic changes were
documented in Thrinaxodon, dividing the much larger
sample into four ontogenetic stages, including a division
between the early and late juveniles (Jasinoski et al.,
2015). Both taxa shared a few cranial ontogenetic fea-
tures, but the degree and timing of two of these changes
differed. For instance, the posterior sagittal crest devel-
oped much later at the adult stage in Galesaurus, whereas
it formed at the late juvenile stage in Thrinaxodon. Other
ontogenetic changes in Galesaurus such as the large shift
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in the relative position of the mandible and partial fusion
of the occiput were quite dramatic and not documented
before in a basal cynodont. The ontogenetic changes and
allometric trends in the zygomatic arch suggested that
the masseter muscles in Galesaurus were more developed
than in Thrinaxodon.

In summary, the combination of the two comprehen-
sive ontogenetic surveys of the basal cynodonts Galesau-
rus and Thrinaxodon revealed that the development of
the adductor musculature appears to have been one of
the main factors influencing the growing skull.
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