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Elevated Cranial Sutural Complexity
in Burrowing Dicynodonts
Christian F. Kammerer*

North Carolina Museum of Natural Sciences, Raleigh, NC, United States

Relationships between the complexity of the cranial sutures and the inferred ecology
of dicynodont synapsids are explored. Simple complexity indices based on degree
of sutural interdigitation were calculated for 70 anomodont species and indicate that
the naso-frontal sutures of Cistecephalidae, a clade inferred to be dedicated fossors
based on aspects of postcranial morphology, are substantially more complex than
those of other dicynodonts. The elevated complexity of the naso-frontal suture in
this clade is interpreted as being related to compressive forces sustained during
burrowing, paralleling the condition in some other fossorial vertebrate groups (e.g.,
amphisbaenians). The most highly interdigitated sutures in the cistecephalid skull are
those oriented transversely to its long axis, which would experience the greatest
longitudinal stresses from contact with the substrate. Although it is uncertain to what
degree cistecephalid burrowing was based on scratch vs. head-lift digging, it is argued
that the head played an important role during locomotion in this group. Increased sutural
complexity, rather than cranial fusion, as an adaptation to resisting compressive forces
during burrowing may be related to indeterminate growth in dicynodonts.

Keywords: Synapsida, Dicynodontia, Permian, Triassic, sutures, fossoriality, functional anatomy

INTRODUCTION

Anomodonts were the most ecologically diverse group of herbivorous synapsids in the Permo-
Triassic, spanning an impressive size range (mature skull length from 4 to ∼100 cm) and occupying
a breadth of niches, including small arboreal forms, mid-sized rooters, and massive, graviportal
browsers (Cruickshank, 1978; King, 1990; Surkov and Benton, 2008; Fröbisch and Reisz, 2009).
The majority of anomodont species richness and specimen abundance is held in its subclade
Dicynodontia, a group characterized by a usually edentulous premaxillary beak and the presence
of caniniform processes (usually housing tusks) on the maxilla (King, 1988). The earliest known
dicynodonts appear in the fossil record in the mid-Permian (Rubidge and Day, 2020) and soon
become the most abundant vertebrates in terrestrial ecosystems (Day et al., 2018). Although
dicynodonts survived the end-Permian mass extinction and ranged through to the Late Triassic,
their diversity was decimated, with their post-extinction radiation limited to a single clade of
large-bodied taxa (Kammerer et al., 2013; Sulej and Niedźwiedzki, 2019).

Many unusual and specialized taxa can be found amongst the expansive Permian diversity of
dicynodonts, including the deep-jawed endothiodontids with their secondarily expanded tooth
row, massive-skulled geikiids with their exaggerated nasal bosses, and the enigmatic, short-skulled
Lanthanostegus, which may have had stereoscopic vision (Latimer et al., 1995; Modesto et al., 2002;
Maisch and Gebauer, 2005). The most highly specialized Permian dicynodonts, however, belong
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to the family Cistecephalidae. The type genus Cistecephalus was
one of the first dicynodonts to be described from the fossil-
rich late Permian strata of the South African Karoo Basin
(Owen, 1876), and is usually one of the most abundant taxa at
sites where it is found (making it a useful index fossil; Smith,
2020). With large, forward-facing orbits, a short, narrow snout,
and an extremely broad interorbital region giving the skull a
distinctly “boxy” appearance (hence the genus name, meaning
“box head”), Cistecephalus has one of the most distinctive
crania among dicynodonts. The oddity of its skull morphology
inspired many decades of debate as to the ecology of this taxon,
with proposals including fully or semi-aquatic (e.g., Broom,
1948; Brink, 1950), fossorial, and even scansorial/arboreal (e.g.,
Keyser, 1973). Cluver (1978) was the first to reconstruct the
complete skeleton of Cistecephalus, recognizing a suite of derived
features (e.g., robust humerus with massively expanded condyles,
elongate olecranon process of the ulna, broadened manus,
mobile pes) indicating that this genus was highly adapted
to a fossorial lifestyle, similar to modern moles. Comparable
adaptations had earlier been recognized in the closely related
genera Kawingasaurus (Cox, 1972) and Cistecephaloides (Cluver,
1974), and the “cistecephalids as diggers” hypothesis is now
generally accepted among paleontologists (see, e.g., Angielczyk
and Kammerer, 2018).

Resolution of the question of cistecephalid ecology at a
broad level has thankfully not meant the cessation of research
on functional specializations in the group, and recent studies
have augmented the morphological evidence for cistecephalid
fossoriality with data from long bone microstructure (Nasterlack
et al., 2012) and CT-assisted reconstructions of endocranial
anatomy (Laaß, 2014; Laaß and Kaestner, 2017). Furthermore,
discoveries of new cistecephalid taxa in Gondwanan basins
outside of the Main Karoo have begun to provide data on
the assembly of their highly specialized morphology, based
on species showing a mosaic of the derived features seen in
Cistecephalus and Kawingasaurus and the more generalized
characters common to emydopoid dicynodonts (e.g., Lungmus
et al., 2015; Kammerer et al., 2016; Angielczyk et al., 2019).

Here, I provide novel insights into cistecephalid cranial
function using data from a previously understudied facet of
their anatomy: cranial sutures. Study of dicynodont sutures
and description of their variation has a lengthy history (Owen,
1876), and descriptions of the internal structure and complexity
of dicynodont sutures go back to the earliest serial sections
made of dicynodont skulls (Sollas and Sollas, 1914, 1916; Olson,
1944). Early studies such as these were largely limited to basic
descriptive anatomy, albeit with occasional, brief comments
on functional implications (e.g., Agnew, 1958). More recently,
however, some workers have begun to examine dicynodont
sutural structure in an explicitly functional context. In their study
on the paleobiology of the iconic Early Triassic “disaster taxon”
Lystrosaurus, King and Cluver (1990) noted a “zone of weakness”
at the premaxillary-nasal contact, which they interpreted as a
“shock-absorber” during biting/rooting. In a series of papers,
Jasinoski et al. (2009, 2010a,b, 2014) re-examined the function of
the premaxillary-nasal suture in Lystrosaurus in extensive detail,
as part of broader studies of cranial function and sutural anatomy

in that taxon and the Permian cryptodont Oudenodon. They
concluded that the straight scarf suture between the premaxilla
and nasal in Lystrosaurus primarily served to decrease stress and
strain during biting, but may also have dampened forces incurred
through rooting/grubbing behavior. Using finite element analysis
(FEA), Jasinoski et al. (2010a) also reconstructed areas and
orientations of dominant strain on the skulls of Lystrosaurus
and Oudenodon during biting, relating these to observed sutural
morphologies in these areas.

The growth and morphology of cranial sutures are related
to a combination of genetic and epigenetic factors (Kopher and
Mao, 2003; Slater et al., 2008). Cranial sutures are complex,
plastic structures, often remaining patent late into ontogeny
(Lenton et al., 2005; Marilao et al., 2020) and capable of alteration
related to forces experienced by the skull. Sutures are capable of
greater absorption of energy than solid bone (Jaslow, 1990), and
different sutural configurations confer varying benefits/tradeoffs
as regard minimizing the effects of stress and strain (Herring
and Ochareon, 2005; Jasinoski et al., 2010c). One common
sutural morphology in tetrapods is interdigitation, in which the
edges between adjacent bones bear alternating processes forming
complex interconnections. Foundational work on the mechanical
properties of interdigitated sutures by Herring (1972; see also
Herring, 1974, 2008; Herring and Mucci, 1991; Herring and
Teng, 2000) and Jaslow (1990; see also Jaslow and Biewener,
1995; Jaslow and Lanier, 2001) has demonstrated that this
morphology confers increased resistance to compressive strain.
As a notable example of how this relates to behavior, Jaslow
(1989) showed that sutural interdigitation is sexually dimorphic
in wild sheep, with greater complexity present in males that
sustain extreme compressive forces during agonistic head-butting
(although quasi-static loading from the weight of the horns may
also play a role; Herring, 2008).

Although dicynodont functional morphology is relatively
well-studied (at least compared to that of coeval Permo-Triassic
tetrapods), particularly as concerns feeding (e.g., Cox, 1959,
1998; Crompton and Hotton, 1967; Cluver, 1970; King, 1981;
Renaut, 2001; Maisch, 2003; Angielczyk, 2004; Surkov and
Benton, 2008; Cox and Angielczyk, 2015; Angielczyk et al.,
2018), only a few studies have seriously explored the role
of sutural morphology in this system (Jasinoski et al., 2009,
2010a,b). Furthermore, these studies have been limited to two
particularly abundant genera (Lystrosaurus and Oudenodon) for
which destructive sampling (sectioning) of cranial elements was
possible; dicynodont sutural variation has yet to be analyzed in
a broadly comparative systematic framework. Here, I present
such a study, focusing on the naso-frontal suture. This suture
was chosen for several reasons: (1). It is usually well-exposed on
the skull, even in incompletely prepared specimens (allowing for
an extensive sample size); (2). It is exposed largely in a single
orientation (dorsal view of the skull) permitting quantitative
study based on specimen photographs in orthogonal views; (3).
It divides the snout from the rest of the skull roof, giving
it potential importance in uniting distinct morphofunctional
regions of the cranium; and (4). In the course of collecting data
on dicynodont anatomy for previous studies (e.g., Kammerer
et al., 2011), I anecdotally noted remarkable variation in
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the shape and complexity of this suture worth analyzing.
Cistecephalids are particularly notable in this regard, usually
showing highly interdigitated naso-frontal sutures. Complex
sutures in Cistecephalus have been recognized for some time (e.g.,
Keyser, 1973), but whether they actually vary significantly from
those of other dicynodonts and the functional implications of
such variation have not yet been examined.

MATERIALS AND METHODS

414 specimens representing 70 anomodont species were
analyzed, including representatives from all major subclades.
Four of the five currently recognized cistecephalid species were
sampled; unfortunately, no specimens of the Indian taxon
Sauroscaptor tharavati (Kammerer et al., 2016) preserve clear
sutures in the snout region, so that species was excluded.
Sampling density varied between taxa based on their abundance
in collections and typical preservation regime; 21 of the sampled
taxa are singletons (either because the taxon is only known from
the holotype, or only a single specimen preserved measurable
sutures). The largest sample is of the South African dicynodont
Oudenodon bainii (with 55 specimens); other taxa with extensive
sampling are also among the highest-abundance dicynodonts
from the Karoo Basin (Diictodon feliceps, 45 specimens;
Cistecephalus microrhinus, 36; Aulacephalodon bainii, 25;
Lystrosaurus murrayi, 23; Pristerodon mackayi, 21; Tropidostoma
dubium, 18; Dicynodon lacerticeps, 17).

Specimens from the following institutions were studied: AM,
Albany Museum, Makhanda, South Africa; AMNH, American
Museum of Natural History, New York, United States; BP,
Evolutionary Studies Institute, University of the Witwatersrand,
Johannesburg, South Africa; BSPG, Bayerische Staatssammlung
für Paläontologie und Geologie, Munich, Germany; CGS,
Council for Geosciences, Pretoria, South Africa; CM, Carnegie
Museum of Natural History, Pittsburgh, United States; FMNH,
Field Museum of Natural History, Chicago, United States;
GPIT, Paläontologische Sammlung der Universität Tübingen,
Tübingen, Germany; GSN, Geological Survey of Namibia,
Windhoek, Namibia; IVPP, Institute of Vertebrate Paleontology
and Paleoanthropology, Beijing, China; KPM, Vyatka
Paleontological Museum, Kirov, Russia; LL, Manchester
Museum, Manchester, United Kingdom; MB, Museum
für Naturkunde, Berlin, Germany; MGB, Museu Guido
Borgamanero, Mata, Brazil; MMK, McGregor Museum,
Kimberley, South Africa; NHCC, Natural Heritage Conservation
Commission, Lusaka, Zambia; NHMUK, The Natural History
Museum, London, United Kingdom; NHMW, Naturhistorisches
Museum Wien, Vienna, Austria; NMC/NMQR, National
Museum, Bloemfontein, South Africa; PIN, Paleontological
Institute of the Russian Academy of Sciences, Moscow, Russia;
RC, Rubidge Collection, Wellwood Farm, Graaff-Reinet,
South Africa; RGM, Naturalis, Leiden, The Netherlands; SAM,
Iziko: The South African Museum, Cape Town, South Africa;
TM, Ditsong: The National Museum of Natural History,
Pretoria, South Africa; UCMP, University of California Museum
of Paleontology, Berkeley, United States; UFRGS, Universidade

Federal do Rio Grande do Sul, Porto Alegre, Brazil; UMZC,
University Museum of Zoology, Cambridge, United Kingdom;
UNIPAMPA, Universidade Federal do Pampa, São Gabriel,
Brazil; UNLaR, Universidad Nacional de La Rioja, La Rioja,
Argentina; USNM, National Museum of Natural History,
Washington, D.C., United States.

Digital photographs (taken by the author) of skulls in dorsal
view were imported into ImageJ 1.41o, with measurements
calibrated using scale bars in the original photos. A simple
interdigitation index (Rafferty and Herring, 1999) for the naso-
frontal suture was calculated as the ratio of two measurements
(Figure 1): (1). the shortest length between the origin of the
naso-frontal suture at the cranial midline and the terminus of
this suture at its contact with the prefrontal suture (measured
using the “Straight Lines” tool), and (2). the complete path length
between these points (measured using the “Freehand Lines” tool).
Whenever possible, both the left and right naso-frontal sutures
were measured on each skull, with the mean of these taken as
the data point for the specimen. A total of 385 specimens had
sutures that could be measured on both sides. Due to specimen
incompleteness, 16 specimens could only be measured for the left
and 13 specimens only for the right naso-frontal suture. Data for
all specimens is available as Supplementary Data 1.

FIGURE 1 | Illustration of the measurement protocol used in calculating the
sutural complexity index. Straight black line (1) indicates least path length from
the origin (o) to the terminus (t) of the left naso-frontal suture in dorsal view.
Red line (2) shows total path length of the suture between these points.
Sutural complexity index represents 1÷2. Scale bar represents 1 cm.
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Analyses were performed in RStudio (RStudio Team, 2020).
Clustering was performed on a data set of species-level means
using Jenks natural breaks classification via the “setjenksBreaks”
function in the R package BAMMtools (Rabosky et al., 2014),
with optimal cluster number determined to be three using
the elbow method. Natural breaks visualization was performed
using the “plotJenks” function in the R package GmAMisc
(Alberti, 2021).

RESULTS

A chart of mean naso-frontal interdigitation indices for all
sampled taxa is shown in Figure 2. The lowest values (near
1.00, indicating sutures that are effectively straight) are those
of non-dicynodont anomodonts (with the exception of Ulemica,
which had a relatively high interdigitation index of 2.09). The
four cistecephalids occupy the right-hand edge of the chart and
exhibit what are by far the highest interdigitation values (> 3.50).
These taxa all exhibit intensely interdigitated naso-frontal sutures
(Figures 3A,B,D,E). The highest value outside of Cistecephalidae
is Diictodon feliceps, in which the naso-frontal suture is usually
also interdigitated (Figure 3G), but to a markedly lesser degree.
Diictodon specimens also often exhibit an anterior process of the
frontals, but this is a comparably minor addition to the path
length of the suture. Dicynodontoids, which usually lack notable
interdigitation of the naso-frontal suture, often also bear anterior
frontal processes (e.g., Figure 3I), but their sutural complexity
indices are generally low (Figure 2).

Application of the Jenks natural breaks algorithm to the
data demonstrates that cistecephalids form a discrete data class
separated from other known anomodonts by their elevated naso-
frontal sutural complexity. The three means classes separated
by Jenks natural breaks consist of: (1). a large (n = 51) group
of anomodont species with minimal naso-frontal interdigitation
(1.01–1.83); (2). a smaller (n = 15) group of primarily
small-bodied dicynodont species with moderate naso-frontal
interdigitation (1.95–2.95); and (3). a group consisting solely
of the cistecephalid species in the data (n = 4), with high
naso-frontal interdigitation (3.65–4.65). Class 2 (those with
moderate interdigitation) includes one taxon known to have
lived in burrows, Diictodon feliceps (a taxon whose fossils have
been found preserved inside burrow casts; Smith, 1987; Smith
et al., 2021). Class 1 (low interdigitation) also contains one
taxon (Lystrosaurus curvatus) that has been found preserved
in a burrow cast (Botha-Brink, 2017). Enforcing additional
(suboptimal) breaks results in the partition of classes 1 and 2, but
in all cases cistecephalids remain a separate and discrete class (see
Supplementary Data 2).

Potential sexual dimorphism has been noted in the literature
for Cistecephalus microrhinus (Nasterlack et al., 2012), based on
the presence/absence of supraorbital ridges in specimens greater
than 5 cm in skull length. Possible sexual variability in sutural
morphology is difficult to evaluate for this taxon, however. Only
seven C. microrhinus specimens in the data set showed definite,
well-developed supraorbital ridges (BP/1/496, CGS R154, NMQR
1671, SAM-PK-K11187, UCMP 42802, UMZC T403, and USNM
22942). In many of the larger (> 5 cm) specimens without

FIGURE 2 | Mean interdigitation index of the naso-frontal suture plotted for sampled anomodont species. Cistecephalids highlighted in black. Dotted lines indicate
Jenks natural breaks separating the data into optimized clusters. Taxa: 1. Patranomodon nyaphulii. 2. Otsheria netzvetajevi. 3. Lystrosaurus youngi. 4. Myosaurus
gracilis. 5. Rhadiodromus mariae. 6. Katumbia parringtoni. 7. “Kannemeyeria” latirostris. 8. Elph borealis. 9. Shansiodon wangi. 10. Kitchinganomodon crassus. 11.
Lystrosaurus declivis. 12. Idelesaurus tataricus. 13. Lystrosaurus hedini. 14. Delectosaurus arefjevi. 15. Dicynodontoides nowacki. 16. Interpresosaurus blomi. 17.
Brachyprosopus broomi. 18. Endothiodon tolani. 19. Jimusaria sinkianensis. 20. Endothiodon bathystoma. 21. Lystrosaurus maccaigi. 22. Lystrosaurus murrayi. 23.
Kannemeyeria simocephalus. 24. Abajudon kaayai. 25. Tetragonias njalilus. 26. Aulacephalodon bainii. 27. Geikia locusticeps. 28. Odontocyclops whaitsi. 29.
Stahleckeria potens. 30. Dinanomodon gilli. 31. Daptocephalus leoniceps. 32. Syops vanhoepeni. 33. Euptychognathus bathyrhynchus. 34. Dolichuranus
primaevus. 35. Compsodon helmoedi. 36. Dicynodon lacerticeps. 37. Vivaxosaurus trautscholdi. 38. Thliptosaurus imperforatus. 39. Rastodon procurvidens. 40.
Rhachiocephalus magnus. 41. Delectosaurus berezhanensis. 42. Peramodon amalitzkii. 43. Pelanomodon moschops. 44. Dinodontosaurus tener. 45.
Daqingshanodon limbus. 46. Lystrosaurus curvatus. 47. Dinodontosaurus brevirostris. 48. Jachaleria candelariensis. 49. Bulbasaurus phylloxyron. 50. Oudenodon
bainii. 51. Dicynodontoides recurvidens. 52. Oudenodon luangwanensis. 53. Prosictodon dubei. 54. Emydops arctatus. 55. Emydorhinus sciuroides. 56. Ulemica
efremovi. 57. Australobarbarus kotelnitschi. 58. Pristerodon mackayi. 59. Eosimops newtoni. 60. Tropidostoma dubium. 61. Eodicynodon oosthuizeni. 62. Digalodon
rubidgei. 63. Keyseria benjamini. 64. Basilodon woodwardi. 65. Robertia broomiana. 66. Diictodon feliceps. 67. Cistecephaloides boonstrai. 68. Kawingasaurus
fossilis. 69. Cistecephalus microrhinus. 70. Kembawacela kitchingi.
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FIGURE 3 | Comparison of naso-frontal sutures (highlighted in red) in select dicynodonts. (A) Cistecephalus microrhinus (BP/1/33). (B) Cistecephalus microrhinus
(CGS R30). (C) Cistecephalus microrhinus, aberrant specimen (CGS RMS410). (D) Kembawacela kitchingi (NHCC LB14). (E) Cistecephaloides boonstrai
(SAM-PK-6243). (F) Myosaurus gracilis (BP/1/4262). (G) Diictodon feliceps (SAM-PK-K7730). (H) Delectosaurus arefjevi (PIN 4644/1). (I) Dinanomodon gilli
(SAM-PK-K10618). Specimens in (A–E) are cistecephalids (inferred to be fossorial). (F) is a member of the sister-clade to Cistecephalidae (Myosauridae), whose
ecology is uncertain. (G) is a known burrower (skeletons found in burrow casts), but lacks specializations indicating that it was primarily fossorial in ecology. (H) and
(I) are large, presumed fully surface-dwelling taxa. Scale bars represent 1 cm.

ridges, though, breakage or erosion of the skull roof makes
their biological (rather than taphonomic) absence uncertain,
so the ridge-less specimens do not form a useful comparative
sample. With this said, it is worth noting that the ridge-bearing
specimens all fall within the range of variation present in
the ridge-less sample (naso-frontal interdigitation indices for
specimens with supraorbital ridges: 2.78–5.66; total range of
variation for C. microrhinus: 1.88–6.62; although see Discussion
for caveats on the low-complexity outliers). Thus, while at present
there is no indication that the presence of ridges is associated
with differences in sutural morphology, a larger sample of
undamaged, well-prepared Cistecephalus crania is needed to test
this in greater detail.

DISCUSSION

General Sutural Complexity of the
Cistecephalid Skull
The quantitative analysis herein focused on the naso-frontal
suture, both for its functional significance and its relative ease of
measurement. Although it was not possible to analyze the sutural
complexity of all cranial sutures across the same phylogenetic
breadth, some qualitative observations on cistecephalid sutures
in general are warranted. As observed by Jasinoski et al. (2010a)
for Lystrosaurus and Oudenodon, a variety of sutural types are
present in the skull of Cistecephalus, including scarf sutures
between the maxilla, jugal, and squamosal and butt-ended sutures
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FIGURE 4 | Comparisons of sutural complexity on the ventral surface of the skull in two dicynodonts. (A,B) Photograph and interpretive drawing of Cistecephalus
microrhinus (BSPG 1932-I-502). (C,D) Photograph and interpretive drawing of Dicynodon lacerticeps (SAM-PK-K7011). Boxes to the right show magnified views of
select sutural boundaries from the interpretive drawings, with Cistecephalus sutures shown in the left column and Dicynodon sutures in the right. ec, ectopterygoid;
ju, jugal; mx, maxilla; pbs, parabasisphenoid; pl, palatine; pmx, premaxilla; pt, pterygoid. Gray regions in interpretive drawings indicate matrix. Scale bars represent
1 cm.

between the parietals. However, a greater number of sutures in
Cistecephalus appear interdigitated than in other dicynodonts,
and interdigitated sutures in Cistecephalus appear to generally be
more complex than those of other dicynodonts.

To illustrate this, Figure 4 shows comparisons between
ventral sutures of the cranium in Cistecephalus microrhinus
and Dicynodon lacerticeps. The Cistecephalus specimen (BSPG
1932-I-502) is somewhat overprepared, showing sutural
morphology below the actual bone surface, but comparisons with
intact Cistecephalus specimens and comparably overprepared
specimens of other dicynodont groups indicate that the general
trends on display here hold (Kammerer, pers. obs.; the greater
complexity of the Cistecephalus sutures below the surface
indicate that the interdigitation indices calculated based on
surface structure are likely an underestimate, and future work
analyzing this complexity in 3D using CT-data would be
fruitful). Particularly notable are the longitudinally oriented
interdigitations along sutures running transverse to the long
axis of the skull (e.g., the maxillary-palatine, palatine-pterygoid,
pterygoid-parabasisphenoid, and parabasisphenoid-basioccipital
sutures), which are clearly more elongate and complex than the
comparable sutures in Dicynodon.

Functional Implications of Naso-Frontal
Suture Morphology in Burrowing
Dicynodonts
Previous work in dicynodonts (Jasinoski et al., 2010a) associated
sutural interdigitation (e.g., the premaxillary-nasal suture of
Oudenodon) with compressive strain incurred while biting. While
bite forces doubtless played some role in shaping cistecephalid

sutures, there is reason to suspect that additional influences
are at play here. Cox (1998, p. 372) studied jaw mechanics
across a wide variety of dicynodont taxa, concluding that
the feeding system of cistecephalids was “almost identical”
to that of other small emydopoids such as Emydops and
Myosaurus. If strain incurred during feeding is the dominant
factor underlying sutural complexity in cistecephalids, we would
expect the interdigitation indices of Emydops and Myosaurus to
be comparable to them. Myosaurus in particular, as the taxon
usually recovered as most closely related to cistecephalids among
emydopoids (e.g., Kammerer et al., 2016; Angielczyk et al., 2019),
should show similar sutural morphology, yet it has one of the
lowest interdigitation indices in Dicynodontia (Figures 2, 3F).
The marginally more powerful bites of cistecephalids (inferred
based on larger areas of insertion for jaw musculature; Cox,
1998) are unlikely to account for this difference (particularly
as clades with substantially greater areas of attachment for jaw
musculature, such as cryptodonts and dicynodontoids, also have
markedly lower interdigitation indices). Instead, it is likely that
this morphology is tied to external forces, related to the highly
specialized lifestyle of cistecephalids.

Extreme sutural interdigitation as an adaptation to a fossorial
lifestyle was first recognized by Gans (1960, 1974, 1978)
in his studies of amphisbaenian reptiles. The majority of
amphisbaenians are legless and burrow by compressing sediment
using powerful movements of the head (Gans, 1973; Navas
et al., 2004; Kazi and Hipsley, 2018). Amphisbaenian skulls are
generally divided into two major morphofunctional components,
an anterior (pre-orbital) “spade” and a posterior (post-orbital)
“handle” region, divided dorsally at the deeply interdigitated
fronto-parietal suture (Gans and Montero, 2008). The complex
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interdigitations at this junction help to reduce the intense
compressive stresses incurred by the snout during burrowing
(Gans, 1960). Although less extreme, complexly interdigitated
sutures of the skull roof are also present in the elongate Permo-
Carboniferous recumbirostran Brachydectes, which has also been
interpreted as a head-first burrower (Bolt and Wassersug, 1975;
Pardo and Anderson, 2016). However, this specialization is
not present in all vermiform burrowing tetrapods, with little
interdigitation of the dorsal cranial sutures present in caecilians
(Kleinteich et al., 2012), blind snakes (Rieppel et al., 2009),
or legless skinks (Rieppel, 1981). In non-vermiform dedicated
fossors such as moles, the skull is often extensively fused
such that the sutures have been obliterated during ontogeny
(Goswami and Prochel, 2007).

Mammalian fossors are generally divided into three categories:
“scratch diggers” (e.g., true moles), “chisel-tooth diggers” (e.g.,
most mole rats), and “head-lift diggers” (e.g., marsupial and
golden moles), based on their primary mode of substrate
alteration (Hildebrand, 1985). However, there can be extensive
overlap between these categories: tuco-tucos (Ctenomys) use
both scratch and chisel-tooth digging in constructing burrows
(Echeverría et al., 2017), and all head-lift diggers also use
scratch or chisel-tooth digging to aid in moving sediment while
burrowing (Borghi et al., 2002). Head-lift diggers use the head
as a wedge, incurring compressive forces from contact with
the sediment, and often have the surface of the head covered
in thickened, hairless integumentary pads inferred to alleviate
stresses from this activity (Wake, 1993). Convergence in overall
skull shape between the major categories of fossorial mammals
has been used to infer digging behavior in extinct rodents
(Samuels and Van Valkenburgh, 2009), but has not been applied
to the vastly different non-mammalian configuration of the
cistecephalid skull. Based on gross morphology (Angielczyk et al.,
2019) and analyses of manual element proportions (Kümmell
and Frey, 2012), cistecephalids have been reconstructed as
scratch-diggers, primarily using their expanded, flattened manus
and unguals to move sediment. However, numerous authors
(e.g., Cox, 1972; Cluver, 1974; Nasterlack et al., 2012) have
also noted the distinctly “wedge-shaped” appearance of the
cistecephalid snout, suggesting that the skull also played some
role in burrowing.

If the skull of cistecephalids was in any way used as a
wedge during burrowing, even if not to the degree of extant
head-lift diggers, it would incur compressive strain. Intense
interdigitation of the sutures in this clade is here suggested to
represent a plastic response from the bones to such forces, with
this sutural structure increasingly conferring resistance through
the animal’s life (Jaslow, 1990). Given that the animal would
have been locomoting head-first through sediment, it makes
sense that it is mostly the transverse sutures which show extreme
interdigitation, as they are most subject to longitudinally oriented
compression of the skull. It should be noted, however, that recent
fossorial mammals mostly lack interdigitated sutures and instead
alleviate this issue through a combination of calvarial fusion, skull
pneumatization, and (in the case of head-lift diggers) soft-tissue
integumentary shields. Given that the cistecephalid body morph
is more similar, overall, to that of extant mammalian fossors (all

of which are, to varying degrees, convergent on the postcranial
anatomy originated by cistecephalids) than reptilian fossors (in
which a trend toward vermiform locomotion dominates), why
then did they not also converge in their cranial specializations?
The difference may lie in growth patterns.

Mammals are generally characterized by determinate growth,
in which the animal ceases skeletal growth upon reaching
maturity (Mumby et al., 2015). By contrast, many ectothermic
vertebrates exhibit indeterminate growth, in which growth
continues after sexual maturity, sometimes for the duration of the
animal’s lifespan (Armstrong et al., 2017). As is the case for many
aspects of their paleobiology, non-mammalian synapsid growth
appears to show a mixture of traits seen in extant ectothermic
and endothermic tetrapods. Osteohistological studies suggest
that early synapsids (“pelycosaurs”) had an indeterminate
growth strategy (Sánchez-Villagra, 2010), whereas later, more
mammal-like synapsids (e.g., mammaliamorph cynodonts) had
determinate growth (Chinsamy and Hurum, 2006). Non-
cynodont therapsids such as dicynodonts generally show rapid
early growth slowing markedly into maturity (Botha-Brink and
Angielczyk, 2010), but can be considered indeterminate overall
(Ray et al., 2009). Although fused elements can still grow (as
an example within the study clade, several braincase/occipital
elements in dicynodonts are usually fused into a single periotic
bone early in development, which nevertheless increases in
absolute size during ontogeny; Kammerer et al., 2015), the growth
potential of elements with closed sutures is reduced (Delashaw
et al., 1989), so it is possible that indeterminate growth in this
clade conflicted with the trend toward broad fusion across the
cranium seen in fossorial mammals.

The two dicynodont taxa (Diictodon feliceps and Lystrosaurus
curvatus) known to have occupied burrows based on fossil
evidence (Smith, 1987; Botha-Brink, 2017) have naso-
frontal interdigitation indices markedly lower than those of
cistecephalids. Based on Jenks natural breaks classification,
Diictodon falls into class 2 (moderately interdigitated) for
mean complexity, while L. curvatus is a member of class
1 (minimally interdigitated) (Figure 2). This variation can
probably be attributed to differences in lifestyle between these
taxa and cistecephalids. The combination of general postcranial
anatomical (Cluver, 1978), osteohistological (Nasterlack et al.,
2012), endocranial (Laaß, 2014), and cranial sutural data (this
paper) are all consistent with a dedicated fossorial lifestyle
for cistecephalids (i.e., their locomotion was for the most part
occurring in the subterranean realm). By contrast, the known
burrows of Diictodon and Lystrosaurus appear to represent dens
(also potentially brood chambers in the case of Diictodon; Smith
et al., 2021). If this is the case, these animals would have been
foraging primarily at the surface and using the burrow as a refuge.

Burrows of Diictodon are highly stereotyped (a helical tunnel
emerging into an expanded terminal living chamber; Smith,
1987) and indicate that they were dug from the surface, without
substantial subterranean elaboration or extension following their
initial construction. The one robustly identified Lystrosaurus
burrow cast consists of a simple, expanded terminal chamber
(Botha-Brink, 2017). Another possible Lystrosaurus burrow
(containing definite Lystrosaurus skeletal remains, although these
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have alternatively been interpreted as prey left by a carnivorous
burrow-maker; Modesto and Botha-Brink, 2010) consists of
a similar terminal chamber connected to the surface by a
straight, low-angle ramp. Such burrows may have remained
stable and been occupied for long periods, and these taxa
may have spent only a small portion of their time actively
digging. Of the two, Diictodon is more frequently found in
burrows and does exhibit some (albeit minor compared to
cistecephalids) postcranial adaptations for scratch-digging (Ray
and Chinsamy, 2003). Notably, this taxon also has the highest
naso-frontal interdigitation index outside of Cistecephalidae,
suggesting that it was also experiencing compressive stresses
on the skull, even if not as consistently and/or intensely as
cistecephalids. Other dicynodonts in class 2 mostly consist of
small-bodied taxa similar to Diictodon in general morphology
(including other pylaecephalids, Emydops, and Pristerodon),
and their elevated interdigitation indices (relative to class 1
anomodonts) could be evidence for some burrowing behavior
in these taxa as well. Although it is important not to over-
attribute variation in complex structures such as sutures
to a single source (considering that feeding behaviors and
even potentially agonistic behaviors can also be important
influences on suture shape), the higher complexity of the class
2 dicynodonts relative to otherwise similar taxa in class 1
(e.g., Compsodon, Elph, Myosaurus) does beg explanation, and
burrowing (if only for den construction) should be considered
as a possibility.

Paleobiological Significance of an
Aberrant Cistecephalus Skull
One unusual specimen of Cistecephalus (CGS RMS410;
Figure 3C) represents a notable outlier in the data. With
an interdigitation index of only 1.88, it lies well outside the
main range of variation (3.31–6.62) for this taxon. A second
outlier (BP/1/496; interdigitation index = 0.278) is also below
this range, but in this specimen the naso-frontal suture
was traced in black ink following its initial preparation,
which may not have captured the true complexity of the
underlying structure. The suture in CGS RMS410, by contrast,
is unmarked, well-preserved, and well-exposed on the skull,
such that no latter-day alterations can be invoked to explain
its low complexity. Although not quantified, it should be
noted that the other exposed sutures on the skull also show
minimal interdigitation (contrasting with that seen in, e.g.,
BSPG 1932-I-502). Nasterlack et al. (2012) referred CGS
RMS410 to the species Cistecephalus microrhinus, and this
referral is upheld here. Other than in its sutural morphology,
this specimen accords perfectly with other C. microrhinus
specimens of comparable size; in gross morphology it is nearly
indistinguishable from a specimen such as BP/1/33 (Figure 3A).
As such, taxonomic distinction is unlikely to explain the low
amount of interdigitation in this individual. Finally, while this
specimen is relatively large (basal skull length 6.70 cm), it is
not at the maximum size for C. microrhinus, so its condition
cannot be attributed to occupying an extreme in the growth
history of the taxon.

In the absence of clear taphonomic, taxonomic, or ontogenetic
explanations for the low sutural complexity of CGS RMS410,
some speculation as to possible life history factors is warranted.
Although fossorial behavior in cistecephalids is well-supported
based on morphological evidence, nothing is known about
other aspects of the life history and behavior in this clade.
One particularly notable gap in our knowledge concerns
the structure of cistecephalid burrows and the potential for
cistecephalid sociality; there are no published examples of a
cistecephalid specimen within a burrow cast. The best fossil
record of dicynodont burrows is that of Diictodon, which
demonstrate that this taxon produced Daimonelix-style helical
burrows with an elongate terminal chamber that could house
up to two adult individuals (Smith, 1987; Ray and Chinsamy,
2003). It is unknown whether Cistecephalus had a comparable,
lesser, or greater degree of sociality; although highly abundant
in the strata where they occur (Smith, 2020), Cistecephalus
fossils are usually disarticulated (with only the skulls typically
recovered), making life association of this material highly
uncertain. Modern burrowing mammals run the gamut from
completely solitary (e.g., the mole, Talpa) to maintaining large,
multigenerational colonies with complex social structure (e.g.,
prairie dogs, Cynomys) to eusocial (e.g., the naked mole rat,
Heterocephalus) (Jarvis, 1981; Loy et al., 1994; Johnson and
Collinge, 2004). Cistecephalids could conceivably have occupied
any part of this spectrum.

If the intense interdigitation of cistecephalid sutures
developed as a result of compressive forces exerted on the
skull, as argued here, this suggests that CGS RMS410 was, for
some reason, not experiencing those forces during its life. The
locality producing this specimen (the farm Vogelfontein, near
Fraserburg in the Northern Cape Province) yields other C.
microrhinus specimens (e.g., CGS RMS413) showing the typical
naso-frontal morphology for the species, suggesting that local
differences in substrate (i.e., looser, sandier soil) are not the
cause. At present, we can only speculate, but several possibilities
are worth considering. Could this individual have occupied an
existing burrow (as known to have been done by some other
Permo-Triassic tetrapods; Fernandez et al., 2013) and been
foraging primarily at the surface? Many extant rodents use
burrows primarily as protection/den sites and do most of their
foraging on the surface (Heffner et al., 1994), although this would
seem to conflict with the extensive postcranial specializations
of cistecephalids for fossorial life. Alternatively, could it be that
this individual was somehow incapacitated and cared for by
a conspecific? There is no skeletal evidence of pathology in
CGS RMS410, although this is not proof that the animal was
operating at normal capacity. A final possibility to consider
would be eusocial cistecephalids, with CGS RMS410 representing
a member of a non-working (and thus, non-digging) caste.
However, this is unlikely, given the large sample known for
this species and the absence of any other comparably low-
complexity individuals in the record. For now, this is a mystery,
and demonstrates how much there is left to learn about the
paleobiology of even the best-studied and most abundant early
synapsids. In the case of cistecephalids, many of the specimens in
museums were collected with limited taphonomic context, prior
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to field-recognition of burrow casts, so it is hoped that renewed
fieldwork at classic localities (Smith, 2020) will improve our
understanding of how these remarkable animals actually lived.
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