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Introduction: Vertebrate sensory systems are in close contact with surrounding
tissues, often leaving bony signatures behind. These bony features are the keys to
assessing variation in sensory systems in fossil taxa. The trigeminal sensory system
(e.g., trigeminal ganglion, ophthalmic, maxillary, and mandibular divisions) has
osteological correlates throughout the skull, including the braincase (e.g.,
trigeminal fossa, prootic notch, ophthalmic and maxillomandibular foramina) and
rostrum (e.g., mandibular canal, neurovascular foramina).

Methods: Here we measured and compared these features among a
morphologically, phylogenetically, and ecologically diverse sample of
sauropsids to determine strength of osteological correlates and to explore
ecomorphological trends. We determined several suitable osteological
correlates for trigeminal soft tissue features and discounted foramen count
alone as a suitable osteological correlate. However, when size was accounted
for, foramen count becomes a useful indicator of sensory ecology.

Results and discussion: Among extant taxa, those engaging in tactile sensory
behaviors with the face exhibit relatively larger trigeminal tissues and osteological
correlates than those not engaging in tactile sensory behaviors. Though patterns
are unclear among several clades, both relative feature sizes and models used to
predict sensory capacity reveal a trend of increasing tactile sensitivity along the
pseudosuchian lineage. Overall, a quantitative assessment of ecomorphological
trends of trigeminal osteological correlates proves informative for the
hypotheses of sensory behavior in extinct taxa and supports the use of similar
assessment methods for other osteological correlates.
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1 Introduction

Descriptive and qualitative variations in the trigeminal nervous
system and osteological correlates are well known among
sauropsids (i.e., the clade containing lepidosaurs, turtles,
crocodylians, and avians). This morphological variation is
associated with the tactile sensory capabilities of the rostrum as
these taxa engage in feeding behaviors; some reptiles exhibit
enhanced sensory abilities (e.g., crocodylians, Leitch and Catania,
2012; dabbling and probing birds, Cunningham et al., 2013),
whereas others engage in behaviors requiring less tactile sensory
ability (e.g., lizards and other birds). However, minimal quantitative
and comparative assessment of the relevant features and behaviors
has been performed (e.g., Lessner et al, 2023a), and the few
assessments have explored only small clades of reptiles or single
cranial features (e.g., Iwaniuk et al., 2009; George and Holliday,
2013). This project aims to expand the knowledge of trigeminal
features and increase the predictive power of osteological correlates
in predicting the somatosensory behaviors of extinct organisms.

10.3389/famrs.2024.1411516

Particularly, rarely have ecological categorizations of taxa been used
in the quantitative comparison of trigeminal osteological features
(e.g., Wylie et al., 2015; Lessner et al., 2023a).

1.1 Trigeminal nerve anatomy and
osteological correlates among sauropsids

The conserved trigeminal soft tissue anatomy of sauropsids is
well known (see Holliday and Witmer, 2007; Lessner et al., 2023a
for review). The fifth and primary somatosensory cranial nerve
originates from the hindbrain, comprises one or two ganglia, and
collects three divisions that innervate the face (i.e., ophthalmic,
maxillary, and mandibular), all co-occurring with
osteological correlates.

Among sauropsids, the surrounding bone differs with respect to
the trigeminal ganglion and divisions. In lepidosaurs, the trigeminal
ganglion sits within the trigeminal notch of the prootic bone just
ventral to the prootic-epipterygoid suture (Figure 15 Oelrich, 1956;

FIGURE 1

Skull cutaways of (A) lizard, (B) alligator, and (C) bird featuring bony features, 3D-modeled skull from iodine data with brain and nerves, and CT slice
data. b, brain; fVy, foramen for the ophthalmic division of the trigeminal nerve; fV,/3, foramen for the maxillomandibular divisions of the trigeminal
nerve; ls, laterosphenoid; n.pr, prootic notch; pr, prootic; g, quadrate; Vi, ophthalmic division of the trigeminal nerve; V,, maxillary division of the
trigeminal nerve; Vs, mandibular division of the trigeminal nerve; V,, trigeminal ganglion.

Frontiers in Amphibian and Reptile Science

02 frontiersin.org


https://doi.org/10.3389/famrs.2024.1411516
https://www.frontiersin.org/journals/amphibian-and-reptile-science
https://www.frontiersin.org

Lessner et al.

Barbas-Henry and Lohman, 1986). In most lepidosaurs, the
trigeminal notch is only bounded rostrally by a tendinous
ligament, creating a single foramen for the three trigeminal
divisions (Oelrich, 1956; Evans, 2008). In pseudosuchians, the
trigeminal ganglion is housed extracranially in the trigeminal
fossa, a bony cavity lateral to the braincase formed by the
quadrate, prootic, laterosphenoid, and pterygoid (Hopson, 1979;
Witmer et al., 2008; Holliday and Witmer, 2009) (Figure 1).
Therefore, in pseudosuchians, a trigeminal foramen in the
braincase allows the transmission of the trigeminal nerve into the
trigeminal fossa and the three divisions pass through the bony
foramina in their exit from the trigeminal fossa. The pseudosuchian
ophthalmic division exits the ganglion rostrally via a foramen in the
laterosphenoid, whereas the pseudosuchian maxillary and
mandibular divisions exit the trigeminal ganglion laterally
through the maxillomandibular foramen, bounded by the
laterosphenoid and prootic (Jollie, 1962; Holliday and Witmer,
2009) (Figure 1). Trigeminal ganglion and division foramina are
more variable in avemetatarsalians. In sauropod dinosaurs, there is
a single trigeminal foramen, indicating an extracranial (though not
surrounded by bone) trigeminal ganglion (Hopson, 1979; Holliday,
2009; Balanoff et al,, 2010). This pattern contrasts with more
derived avian-line condition in which the trigeminal ganglion is
found within the braincase (Holliday, 2006; Witmer et al., 2008).
This intracranial placement is reflected by the presence of separate
ophthalmic and maxillomandibular foramina within the braincase
wall of many tetanuran dinosaurs (Witmer and Ridgely 2009). In
extant birds, the trigeminal ganglion (occasionally partially divided)
is located on the floor of the cranial cavity (Baumel and Witmer,
1993). In avian-line archosaurs with an intracranial ganglion, the
ophthalmic division exits the braincase through a foramen between
the laterosphenoid and basicranium (e.g., basisphenoid,
parasphenoid, ethmoid), and the maxillary and mandibular
divisions typically exit the braincase through the
maxillomandibular foramen, bounded by the laterosphenoid and
prootic (though some birds have separate maxillary and mandibular
foramina) (Baumel and Witmer, 1993) (Figure 1). In addition to
transmitting sensory signals from the mandibles, the mandibular
division transmits motor signals to the musculature of the lower
jaw. Because the ophthalmic and maxillary divisions transmit
signals from a complex range of origins across the face (e.g., nasal
and oral cavities, orbit, sclera, palate, upper jaw), the osteological
correlates for these nerves are more complicated in interpretation.
The mandibular division’s limited innervation pattern (e.g., jaw
muscles, lower jaw, tongue, teeth) means that the interpretation of
osteological correlates is less complicated, and therefore we chose to
focus on the osteological correlates of this division.

Motor branches from the mandibular nerve originate
proximally near the trigeminal foramen and innervate jaw muscle
compartments via the internal constrictor, pterygoid, temporal, and
caudal rami; the branch for the anterior intermandibularis muscle
originates just proximal to the mandibular nerve’s entry into the
mandible (Holliday and Witmer, 2007; Abdel-Kader et al., 2011;
Watkinson, 1906; Lakjer, 1926; Poglayen-Neuwall, 1953; Watanabe
and Yasuda, 1970; Schumacher, 1973). Proximal sensory branches
from the mandibular division include the anguli oris nerve to the
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corner of the mouth and the recurrent cutaneous nerve to the skin
over the adductor mandibularis externus. Further distally, the
mandibular division extends the large caudal intermandibular or
external cutaneous branch medially through the angular, which
sends numerous cutaneous rami to the skin of the ventrolateral
mandible. As the mandibular nerve enters the mandibles, medial
and oral intermandibular branches extend to innervate the
epithelium of the mouth, dental lamina, and integument and the
inferior alveolar nerve enters the dentary (Abdel-Kader et al., 2011;
Poglayen-Neuwall, 1953; Watanabe and Yasuda, 1970; Holliday and
Witmer, 2007; Lessner et al., 2023a). Numerous lingual, mucosal,
and dental branches extend from the intermandibular and inferior
alveolar nerves to their terminations in the oral cavity, and the
foramina in the dentary transmits cutaneous branches to their
terminations in the integument of the rostral mandibles. Afferent
terminations of the trigeminal nerve include both free nerve
endings and sensory structures that are mostly mechanosensitive
in function (e.g., Hiller, 1978; Berkhoudt, 1980; Baumel and
Witmer, 1993; Cunningham et al., 2010; Goris, 2011; Di-Poi and
Milinkovitch, 2013).

1.2 Osteological correlates and
inferring sensation

Osteological correlates and knowledge of taxa with enhanced
trigeminal sensory abilities within the extant phylogenetic bracket
of lepidosaurs, crocodylians, and birds indicate the potential for
specialized trigeminal nerve-innervated sensation in additional
members of Archosauria (as per Witmer and Thomason, 1995).
Taxa exhibiting enhanced trigeminal somatosensitive abilities or
specializations are generally known, having been observed to engage
in distinct behaviors. Among sauropsids, these include extant
crocodylians, known for their abilities to discriminate between
fine stimuli in the semi-aquatic environment (e.g., Leitch and
Catania, 2012; Di-Poi and Milinkovitch, 2013; Grap et al., 2020).
Other specialized somatosensitive taxa are probing and dabbling
birds, which make use of tactile cues to acquire food particles and
prey (e.g., Gottschaldt and Lausmann, 1974; Cunningham et al.,
2010, 2013). Generally, with the exception of some snakes (e.g.,
Catania et al., 2010; Goris, 2011; Crowe-Riddell et al., 2019),
lepidosaurs are assumed to engage in minimal trigeminal-
innervated somatosensory behaviors, though their specific
ecologies remain unknown.

Witmer and Thomason (1995) demonstrated that soft tissue
inference is necessary for forming hypotheses on functional
morphology, behavior, ecology, and evolution and noted the
importance of basing soft tissue inferences in extant organisms on
osteological data acquired from a sample of extant organisms. As
such, there are multiple examples of research examining
osteological structures as correlates for neural soft tissues to make
further inferences of behavior and ecology (e.g., Muchlinski, 2008;
Bird et al,, 2014, 2018). Because a nerve cross-sectional area may be
used to estimate axon counts (Jonas et al., 1992; Mackinnon and
Dellon, 1995; Cull et al., 2003), regions with high densities of
sensory receptors require more innervation (Kandel et al., 2000;
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Oelschlager and Oelschlager, 2002; Marino, 2007), and regions with
higher receptor densities exhibit higher sensitivities (Dehnhardt
and Kaminski, 1995; Nicolelis et al., 1997), it is possible to estimate
the nerve cross-sectional area, axon count, and sensitivity of the
region innervated all from the relevant osteological correlates.

Previous evolutionary studies of the sauropsid trigeminal
system have mostly focused on pseudosuchians, the sister clade to
bird-line archosaurs (e.g., Soares, 2002; George and Holliday, 2013;
Lessner, 2021; Lessner et al., 2023a). Though extant crocodylians
are conservative in morphology and ecology, occupying similar
semi-aquatic niches, extinct pseudosuchians exhibited diverse
forms and occupied terrestrial to aquatic habitats, navigating
these environments with unknown sensory abilities. Soares (2002)
began with an investigation into the trigeminal system in
crocodylians, discovering that the sensory organs were receptive
to pressure changes and hypothesizing that the foraminiferous jaws
representative of this system were only present in semiaquatic
members present after the Early Jurassic. George and Holliday
(2013) performed quantitative analyses, establishing that Alligator
mississippiensis head length, brain size, and trigeminal nerve size are
consistently related. This confirmed the trigeminal ganglion size as
an informative metric for trigeminal nerve size in crocodyliforms
and as an informative proxy for sensitivity, leading to the
hypothesis that the unique system seen in extant crocodylians
likely originated along the eusuchian line. Lessner et al. (2023a)
demonstrated a stepwise progression of mandibular nerve
complexity among crocodylians and inferred an increase in
sensory abilities among pseudosuchians that preceded their
ecological transition from the terrestrial to semiaquatic habitat.

Recent studies have applied these osteological correlates to
avian-line archosaurs, both terrestrial and aquatic, inferring
sensitivity based on the presence of foramina. The presence of
neurovascular foramina is cited within Dinosauria as a proxy for
trigeminal nerve-innervated sensitivity (Ibrahim et al., 2014; Barker
et al., 2017; Rothschild and Naples, 2017, etc.). However, these
hypotheses remain qualitative, were based on the presence or
absence of foramina and canals, and have not been supported by
quantitative analyses of the associated trigeminal ganglia and
osteological correlates, neurovascular canals, or rostral foramina.

Here we assess the strength of trigeminal osteological correlates,
use what knowledge exists in the literature to determine whether
there is a relationship between correlate size and ecology, and make
predictions in fossil taxa based on these results. The resulting
predictions are used to inform evolutionary trends in trigeminal-
innervated somatosensory behaviors.

2 Materials and methods
2.1 Specimens

Both osteological and digital specimens were investigated for
this project (see Supplementary File SI for all specimens). Some
extant specimens underwent iodine contrast-enhanced microCT
scanning (Gignac et al., 2016) to enhance the contrast between hard
and soft tissue structures. Other extant and all fossil specimens
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underwent conventional micro- and medical CT scanning to
differentiate bone from surrounding tissue, matrix, or air.

2.2 Measurements

From extant, contrast-enhanced CT-scanned specimens, data
on the volume of the trigeminal ganglion and cross-sectional area
and height of the mandibular division of the trigeminal nerve at the
proximal opening of the mandibular canal were collected. Data on
osteological features (i.e., skull width, length, and height, foramen
magnum width, trigeminal fossa volume, maxillomandibular
foramen diameter, mandibular nerve foramen cross-sectional area
and height, rostral dentary foramen count, rostral dentary length,
rostral dentary surface area) were collected from all extant contrast-
enhanced specimens, from additional extant specimens, and from
various fossil specimens. The trigeminal fossa was measured as the
space bounded by the laterosphenoid, prootic, and quadrate. Data
on both the maximum and the minimum distance across the
foramen through which the maxillary and mandibular (and
sometimes ophthalmic) division pass were collected.

We focused on the mandibular division of the trigeminal nerve
because its sensory targets are largely integumentary, providing the
best signal for inferences of sensory behaviors from osteological
correlates. Data on the cross-sectional area and height of the
mandibular nerve were collected at the proximal-most extent of
the mandibular canal, at the first instance where the canal exhibited
a complete enclosure. This point is rostral to the separation of the
lingual branch of the trigeminal nerve, and thus measurements are
not in conflict with any influence of tongue innervation
requirements (Lessner et al., 2023a). The dentary measurements
(i.e., foramen count, length, surface area) were taken rostral to the
proximal opening of the mandibular canal. The dentary surface area
only included the lateral, integumentary surface of the dentary.
Additional dimensions were measured, (i.e., skull width, length, and
height, foramen magnum width), and data were collected as proxies
toward normalizing for body size.

Soft tissue features were measured digitally using a 3D-imaging
software, Avizo (Thermo Fisher Scientific; Waltham, MA). Linear
measurements were collected using the “Measure: 2D length” tool,
and data on cross-sectional areas were collected using the “Material
Statistics: Area per slice” module. Details on surface areas were
collected using the surface editor and “Surface Area Statistics”
module. The trigeminal ganglia, trigeminal fossae, and
mandibular canals were manually segmented and verified in three
planes using magic wand and paint-brush tools with interpolation.
Volumes were collected using the “Material Statistics” module.

2.3 Analysis

The abovementioned measurements were compared to
determine the statistical significance of osteological correlates and
to test for shared morphological patterns within ecological groups.
Correlation was assessed while accounting for phylogeny using the
R package “phytools” (Revell, 2012). Proxies for size were
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determined based on correlation with skull volume (calculated from
length, diameter, and width as elliptical cylinders; Hurlburt, 1999).
Because of the damaged or partial nature of many specimens, we
determined the utility of the foramen magnum width and anterior
dentary surface area using phylogenetic linear modeling (Revell,
2012) and the R packages “ape” (Paradis and Schliep, 2019), “nlme”
(Pinhiero et al,, 2013), and “phytools” (Revell, 2012). Based upon
observed behaviors from the literature (Leitch and Catania, 2012;
Cunningham et al,, 2013; Di-Poi and Milinkovitch, 2013; Grap
et al., 2020), each extant specimen was assigned to one of two
groups or ecologies: those engaging in tactile sensory behaviors and
those in which tactile sensory behaviors were absent
(Supplementary File S1). Group differences were tested for all
variables in R using the “evomap” (Smaers and Mongle, 2014)
package to run phylogenetic ANCOV As. Generalized linear models
(i.e., discriminant analysis) were used to estimate probabilities to
decide group membership for fossil specimens using R packages
“stats” (R Core Team, 2021) and “MASS” (Venables and Ripley,
2002). The R package “mice” (van Buuren and Groothuis-
Oudshoorn, 2011) was used for imputing data. The phylogeny
used in the analysis was adapted from those listed in Supplementary
File S2 (see Supplementary File S3 for phylogeny). Multiple
specimens per species were represented as hard polytomies, and
branch lengths were estimated using the R packages (phytools)
(Revell, 2012) and “geiger” (Pennell et al., 2014) to calculate and
assign Pagel’s lambda per variable (Pagel, 1999). Significance was
assessed at an alpha level of p = 0.05.

3 Results
3.1 Gross anatomy

This section expands on the description of the osteological
correlates of the mandibular nerve provided by Lessner et al.
(Lessner, 2022; Lessner et al., 2023a) by adding a description of
turtles and additional fossil specimens (Figure 2). Archosaurs and
other reptiles show a diversity of morphological patterns in how the
trigeminal ganglion and divisions interact with the lateral braincase
wall (e.g., Oelrich, 1956; Jollie, 1962; Hopson, 1979; Barbas-Henry
and Lohman, 1986; Holliday, 2006; Evans, 2008; Witmer et al.,
2008; Holliday, 2009; Holliday and Witmer, 2009; Balanoff et al.,
2010; Witmer and Ridgely 2009; Baumel and Witmer, 1993; Goris,
2011; Dollman, 2020). For this analysis, we will forego an
anatomical description of this morphology and focus on
measurements of fossae and foramina used in this morphometric
analysis of nerve function.

Among sauropsids, the dentary is the main and rostralmost
bone of the lower jaw and bears the fossae and formina studied here.
Here we detail the descriptions of osteological correlates of
trigeminal tissues in the dentary (e.g., mandibular canal, lateral
foramina) made from direct observation of fossil material of various
sauropsids. Several observations apply to all taxa, including the
foramina on the caudal portion of the dentary that are often groove-
like, and the grooves are directed caudally; if the specimen possesses
a rostral mandible that is mediolaterally wide rather than
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dorsoventrally tall, there is a concentration of rostral foramina;
and there is a row of foramina paralleling the dorsal dentary margin.
In the descriptions below, “few” describes foramina counts typically
less than 30, but density is based on mandible surface area, which
was not quantified for all taxa [see Lessner et al. (2023a) for an
analysis of density].

Turtles are unique in the possession of densely perforated,
edentulous, rhampthotheca-covered mandibles. Caretta (TMM
M-7143) and Chelydra (TMM M-2337) possess highly perforated
dentaries, Trachemys (TMM M-858, 7159) has slightly less
perforated dentaries, and Gopherus (TMM M-4934) and Trionyx
(TMM M-3132) have even less perforated dentaries. All have a
distinctive row of foramina along the tomial edge of the dentary.
Gopherus (TMM M-4934) possesses a rostral concentration of
foramina, and the pattern in Caretta (TMM M-7143) is radiate,
resembling that of aetosaurs (extinct pseudosuchians).

The neodiapsid Champsosaurus (YPM 16239) has few foramina
(approximately eight) on the dentary; most of those present are
located along the alveolar margin and are elongate and groove-like
in shape. This is similar to the condition in lepidosaurs [see Lessner
et al. (Lessner, 2022; Lessner et al., 2023a) for more description] in
which there tends to be five to six foramina distributed in a line
paralleling the tooth row (Figure 3A). The allokotosaurid
archosauromorph Trilophosaurus (TMM 31025-125, 116, 223)
has a similar arrangement in which there are few foramina
present (~19), with most falling in a row parallel to the alveolar
margin (Figure 3B). The mandibular canal in Trilophosaurus
(TMM 31025-233) becomes distinct from the Meckelian fossa at
the level of the 7th tooth (from rostral) and is located ventromedial
to the teeth. The archosauriform Proterochampsa (MCZ 3408)
possesses a higher density of foramina, which are elongate in shape.

Among crocodylian-line archosaurs, phytosaurs Mystriosuchus
(SMNS 9134), Rutiodon (YPM 7899), and the unidentified MNA
V3601 have a higher density of foramina than the non-archosaur
diapsids and a row of foramina paralleling the tooth row.
Phytosaurs typically possess a rostral concentration of foramina
on the dentary tip. The mandibular canal in phytosaurs (MNA
V3601) is located lateral to the alveoli rostrally. Aetosaurs
Paratypoyhorax (SMNS 19003), Stenomyti (DMNH 60708),
Aetosaurus (SMNS 5770), and Longosuchus (TMM 31100-1338,
TMM 31185-84) have a low density of foramina (approximately
eight to 34) that are accompanied by grooves arranged in a stellate
pattern, radiating from a point on the rostrolateral surface of the
mandible (Figure 3C). Aetosaurs also possess a row of foramina on
the edentulous portions of the mandible and paralleling the alveolar
margin. A foramen is present at the rostral tip of the mandible. The
mandibular canal in Longosuchus (TMM 31185-84) becomes
distinct from the dorsal aspect of the Meckelian fossa at the level
of the fourth tooth (from rostral) and continues rostrally lateral to
the alveoli. The non-paracrocodylomorph suchian Gracilisuchus
(MCZ 4117), as well as the unnamed suchian SMNS 1977, and the
non-crocodylomorph loricatans Saurosuchus (MCZ 4687, 4690)
and Batrachotomus (SMNS 52970, 80260) all have few foramina
(approximately four to 27). In Batrachotomus (SMNS 52970,
80260), there is a distinct line of foramina within a groove
paralleling the alveolar margin caudally and the alveolar margin
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FIGURE 2

trigeminal foramen; Vg, trigeminal ganglion.

Lateral braincases of selected CT-scanned taxa with reconstructed endocasts (blue) and trigeminal ganglia and nerves (yellow) in (A) Anolis (MUVC
L1089; reflected), (B) Anas (OUVC 10252; reflected), (C) Litargosuchus (BP 5237; reflected), (D) Pelagosaurus (BRLSI M1413), (E) Orthosuchus (SAM PK
K4009; reflected), (F) Junggarsuchus (IVPP V14010), (G) Protosuchus (BP | 4770; reflected), (H) Hamadasuchus (ROM 54513), (I) Simosuchus (UA
8679), (3) Leidyosuchus (ROM 1903), (K) Alligator (MUVC AL606, reflected), and (L) phylogeny of figured taxa. fV,, foramen for the ophthalmic
division of the trigeminal nerve; fV,/s, foramen for the maxillomandibular divisions of the trigeminal nerve; n.pr, prootic notch; V, trigeminal nerve;
V3, ophthalmic division of the trigeminal nerve; V,, maxillary division of the trigeminal nerve; Vs, mandibular division of the trigeminal nerve; Vs,

L

Anolis

Anas

Litargosuchus

Junggarsuchus
- Pelagosaurus

Protosuchus

L —— Orthosuchus
Hamadasuchus

Simosuchus

Leidyosuchus

Alligator

rostrally. SMNS 80260 also has a distinct row of foramina along the
ventral margin of the dentary, and the opening for the mandibular
canal is present at the rostral narrowing of the Meckelian fossa. In
the non-crocodyliform crocodylomorphs Litargosuchus (BP 5237),
Junggarsuchus (IVPP V14010), and the unnamed YPM 57103, there
is a low density of foramina with a row of foramina paralleling the
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alveolar and ventral dentary margins (~26-34) (Figures 3D, ). In
the non-crocodyliform crocodylomorph Macelognathus (LACM
150148), there is a higher density of foramina especially at the
rostral edentulous portion of the jaw (~30) (Figure 3E). In
Litargosuchus (BP 5237), Junggarsuchus (IVPP V14010), and
Macelognathus, (LACM 150148), the mandibular canal is located
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FIGURE 3

Dentaries of selected CT-scanned taxa with reconstructed mandibular neurovascular canals (yellow) in (A) Anolis (MUVC LI089, reflected),

(B) Trilophosaurus (TMM 31025-233, reflected), (C) Longosuchus (TMM 31185-84), (D) Junggarsuchus (IVPP V14010), (E) Macelognathus (LACM
150148), (F) Nominosuchus (IVPP 14392), (G) Orthosuchus (SAM PK K409, reflected), (H) Araripesuchus (AMNH 24450), () Protosuchus (BP | 4770),
(J) Simosuchus (UA 8679, reflected), (K) Caiman (FMNH 73711, reflected), and (L) Arenaria (USNM 612977).

rostral

<«

ventrolateral to the alveoli. The protosuchian crocodylomorph
Platyognathus (CUP 2083) has a large opening for the
mandibular canal. Several thalattosuchians were investigated,
including Steneosaurus (SMNS 53661, 20218, 10114; P 14541),
Machimosaurus (SMNS 81608, 91415), Pelagosaurus (SMNS
50374; BRSLI M1413), Metriorhynchus (SMNS 10115), and
Dakosaurus (SMNS 8203), all of which possessed a low density of
foramina (~38). The foramina of the thalattosuchians were elongate
and groove-like. In Dakosaurus (SMNS 8203), the foramina
paralleled the tooth row and the ventral dentary margin, and in
Machimosaurus (SMNS 91415), there was a rostral concentration of
foramina. The non-neosuchian crocodyliforms Protosuchus (BP 1
4770; MCZ 6727), Orthosuchus (SAM PK K409), and
Nominosuchus (IVPP 14392) have a higher density of foramina
(~26-69) and Protosuchus (BP 1 4770; MCZ 6727) has a notable
rostral concentration (Figures 3F, G, I). The mandibular canal in
these taxa is located ventrolateral to the alveoli and is large in
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Nominosuchus (IVPP 14392). Among notosuchians, the more basal
Mahajangasuchus (FMNH PR 2721) and Kaprosuchus (MNN IGU
12) have a low density of foramina but exhibit high rugosity of the
mandible. In Kaprosuchus (MNN IGU 12), the foramina are present
largely along the alveolar margin. Other notosuchians, Simosuchus
(UA 8679), Anatosuchus (MNN GAD17), and Araripesuchus
(MNN GAD20, 27; UCRCPV 3; AMNH 24450) possess more
foramina (~35-40) exhibiting high rostral densities, with lower
densities elsewhere across the dentary (Figures 3H, J). In
Simosuchus (UA 8679) and Araripesuchus (AMNH 24450), the
mandibular canal is located ventrolateral to the alveoli. The
tethysuchid Elosuchus (UCRCPV G4-7) exhibits a low density of
foramina. The unnamed non-crocodylian eusuchian MCZ 4453 has
a high density of foramina, and the basal non-crocodylian
eusuchian Laganosuchus (UCRCPV 2) has a low density of
foramina. The crocodylians Allognathosuchus (FMNH P 12141),
Gavialosuchus (UC 610), Alligator mcgrewi (FMNH P 26242), and
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Alligator olseni (MCZ 4703) all exhibit density on the scale of extant
crocodylians, whereas Diplocynodon (SMNS 59595) has fewer
foramina along with a higher rugosity and elongate, narrow
foramina. Extant crocodylians all share a high density of foramina
with a rostral concentration (Figure 3K).

Avian mandibles (e.g., Figure 3L) are variable, and foramen
distribution is associated with feeding and sensory ecology
(Lessner et al., 2023a).

3.2 Confirming osteological correlates

Trigeminal ganglion volume was compared with the
maximum and minimum diameters of the maxillomandibular
foramen (or prootic notch in lepidosaurs) in extant reptiles while
accounting for phylogeny (Table 1; Figures 4A, B). Among all
0.94).
Maxillomandibular foramen diameter is even more highly

reptiles, these features are highly correlated (c

correlated with trigeminal ganglion volume within crocodylians
and lepidosaurs individually, though less so in birds (¢ = 0.95,
0.98, ¢ = 0.96, c = 0.59, 0.61, respectively).

The cross-sectional area of the mandibular division of the
trigeminal nerve as it passes into the dentary was also compared
to the cross-sectional area of the mandibular canal at the same
location in extant reptiles while accounting for phylogeny (Table 1;
Figure 4C). Among all reptiles, these features are well correlated (c =
0.911). Correlation is stronger when assessed within crocodylians (¢
=0.985) but less so when assessed just within lepidosaurs and birds
(c = 0.882, 0.853, respectively).

The height of the mandibular division of the trigeminal nerve as
it passes into the dentary was also compared to the height of the
mandibular canal at the same location in extant reptiles while
accounting for phylogeny (Table 1; Figure 4D). Among all
reptiles, these features are well correlated (¢ = 0.868). Correlation
is stronger when assessed within just lepidosaurs and birds (¢ =
0.977, 0.875, respectively) but less so when assessed within
crocodylians (¢ = 0.815).

10.3389/famrs.2024.1411516

The same correlations above were assessed for extant members
of the non-tactile and tactile groups and are still strong (Table 1).

Trigeminal ganglion volume and mandibular nerve cross-
sectional area and height were also compared in extant reptiles to
the number of foramina on the dentary rostral to the point where
the mandibular nerve enters the dentary (typically excludes few
foramina; Table 1; Figure 4E). Correlations are very weak among
sauropsids (¢ = 0.453, 0.329, 0.352, respectively) and thus were not
explored further.

3.3 Establishing a size proxy

Because of the limited availability of complete skeletons or
skulls, to make the most from the collected data, we explored
foramen magnum width as a proxy for size using 80 extant
sauropsids with both foramen magnum width and head volume
(metric representing size of the animal) measurable. Phylogenetic
reduced major axis (RMA) regression of skull volume vs. foramen
magnum width reveals a significant relationship between the two
= 0.88, p-value 0.000; Figure 5). Additionally,
phylogenetic ANOVA revealed no significant differences in this

metrics (R?
relationship between clades. Because of the strength of this
relationship, we use foramen magnum width as a covariate for
size in future linear models involving features of the neurocranium
(e.g., maxillomandibular foramen size).

We also explored the anterior (to the complete enclosure of the
mandibular canal) surface area of the dentary as a proxy for size to
be used when only dentaries are available for measurement. This
was tested using the phylogenetic RMA regression of skull volume
vs. anterior surface area in extant specimens. We find a significant
relationship between the two metrics (R2 = 091, p-value = 0.000;
Figure 5) using 57 extant sauropsids. Additionally, phylogenetic
ANOVA revealed no significant differences in this relationship
between clades. We use the anterior surface area of the dentary as
a covariate for size in future linear models involving mandibular
features (e.g., mandibular canal size, foramen count).

TABLE 1 Correlations of soft tissue features and their osteological correlates.

Soft tissue feature Osteological

correlate

Sauropsids

Ganglion volume (mm?) Foramen minimum 0.935
diameter (mm)
Ganglion volume (mm®) Foramen maximum 0.943
diameter
(mm)
Mandibular division cross-sectional | Canal cross-sectional 0.911
area (mm?) area (mm?)
Mandibular division height (mm) Canal height (mm) 0.868
Ganglion volume (mm?) Foramen count 0.453
Mandibular division cross-sectional | Foramen count 0.329
area (mm?)
Mandibular division height (mm) Foramen count 0.352
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Lepidosaurs Crocodylians Avians Non- Tactile
tactile

0.958 0.950 0591 0.877 0.953

0.960 0.985 0.609 0.827 0975

0.882 0.985 0.853 0.920 0.817

0.977 03815 0.875 0.882 0.920
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and (E) trigeminal ganglion volume and foramen count.

Because of the uncertainty surrounding these variables, when
necessary, phylogenetic RMA regression was used to explore and
illustrate (Figure 6) relationships between the proxies and other
variables of interest. In this case, the size proxies are uncertain, likely
covarying with unknown and unaccounted for variables, and
phylogenetic RMA adjusts for this and phylogeny by assuming both
the x and y variables have associated error rather than just the y variable.

10g1o Skull Volume (mm?®)
10g1o Skull Volume (mm?®)

3.4 Differences among ecologies

With osteological correlates confirmed (see “Confirming
osteological correlates” above) and a proxy for size established
(see “Establishing a size proxy” above), we performed
phylogenetic ANCOVAs to test for size and phylogeny-controlled
differences in osteological correlates among ecologies.

Taxon

* Avian

e Crocodylian
* Lepidosaur

0 1 2 3
logso Foramen Magnum Width (mm)

FIGURE 5

25 5.0 75
logyo Dentary Surface Area (mmz)

Phylogenetic RMA regression plots evaluating the foramen magnum width (A) and anterior dentary surface area (B) as proxies for body size by

comparing to skull volume.
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Ecological differences in relative osteological correlates including (A, F) minimum and (B, G) maximum diameter of the maxillomandibular foramen
(C, H) cross-sectional area and (D, 1) height of the mandibular canal, and (E, J) foramen count. Plots include (A—E) and exclude (F-J) lepidosaurs.
The black line is a regression line calculated by phylogenetic RMA regression, the red line models the average of tactile taxa, and the blue line

models the average of non-tactile taxa.

Comparisons between minimum and maximum diameters of
the maxillomandibular foramen, cross-sectional area and height of
the mandibular canal, and foramen count were made between
tactile and non-tactile sauropsids, with size proxies included as
covariates. Relative maxillomandibular foramen diameters (i.e.,
minimum and maximum) are not significantly different between
groups (Figures 6A, B; p = 0.65, 0.90, respectively; n tactile = 53,
n non-tactile = 40). Relative canal dimensions (i.e., cross-sectional
area and height) are not significantly different between groups
either (Figures 6C, D; p = 0.33, 0.43; n tactile = 26, 26, n non-
tactile

30, 21, respectively). Relative foramen counts are
significantly different between groups (Figure 6E; p < 0.0001;
n tactile = 27, n non-tactile = 32).

Since most features showed no significant differences among
Sauropsida, differences were investigated within Archosauria, though
this greatly reduced the sample size of non-tactile taxa. Relative
maxillomandibular foramen diameters (i.e., minimum and
maximum) are significantly different between groups (Figures 6F, G;
p = 0.0083, 0.0023, respectively; n tactile = 53, n non-tactile = 7).
Relative canal dimensions (ie., cross-sectional area and height) and

foramen counts are also significantly different between groups
(Figures 6H-J; p < 0.001; » tactile = 26, 26, 27, n non-tactile = 4, 5,
6, respectively).
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3.5 Predictions

With significant differences in sensory ecologies present among
Archosauria, linear discriminant analysis (LDA) was used to predict
the affinity of fossil specimens after removing all lepidosaurs from
the dataset. For each taxon, LDA calculated posterior probabilities
for sensory ecology classes (tactile vs. non-tactile); the predicted
sensory class was assigned by maximum posterior probability.
Additionally, LDA defined a new axis of separability on which
taxa could be compared.

Of the archosaurs sampled (see Supplementary File S1), only 28
extant and seven fossil specimens had all metrics present (i.e.,
maxillomandibular foramen metrics, mandibular canal metrics,
foramen count, size proxies). A model including all metrics
predicts extant sensory ecology with 96% accuracy, with only
Psittacus (MUVC AV092) being predicted to be opposite as
classified, as a non-tactile taxon (Figure 7G). Using the rostral,
mandibular metrics only, the model predicted extant sensory
ecology with 97% accuracy, with only Psittacus (MUVC AV092)
being predicted to be opposite as classified, as a non-tactile taxon
(Figure 7F). Using the maximum diameter of the
maxillomandibular foramen and foramen magnum width as a
covariate, the model predicted extant sensory ecology with 92%
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accuracy, with only Psittacus (MUVC AV092), Fulica (MUVC
AV285), Phasianus (MUVC AV263), Phoebastria (OUVC 10905),
and Scolopax (USNM 292760) predicted to be opposite as classified
(Figure 7B). For the minimum diameter of the maxillomandibular
foramen and foramen magnum width as a covariate, the model
predicted extant sensory ecology with 90% accuracy, with only
Psittacus (MUVC AV092), Pandion (MUVC AV335), Fulica
(MUVC AV285), Phoebastria (OUVC 10905), Scolopax (USNM
292760), and Arenaria (USNM 612977) predicted to be opposite as
classified (Figure 7A). The model of the cross-sectional area of the
mandibular canal with dentary surface area as a covariate predicted
extant sensory ecology with 93% accuracy, with only Psittacus
(MUVC AV092) and Fulica (MUVC AV285) predicted to be
opposite as classified (Figure 7C). A model using height of the
mandibular canal and dentary surface area as a covariate predicted
extant sensory ecology with 94% accuracy, with only Megascops
(MUVC AV073) and Fulica (MUVC AV285) predicted to be
opposite as classified (Figure 7D). A final model using foramen
count and dentary surface area as a covariate predicted extant
sensory ecology with 94% accuracy, with only Psittacus (MUVC
AV092) and Arenaria (USNM 612977) predicted to be opposite as
classified (Figure 7E). All predictions for fossil specimens are listed
in Supplementary File SI.

Missing data was imputed and the dataset re-evaluated using
the model, including all metrics, broadening the sample to 84 extant
and 68 fossil specimens. The model predicted extant sensory
ecology with 98% accuracy, with only Psittacus (MUVC AV092)

Frontiers in Amphibian and Reptile Science

11

predicted to be opposite as classified (Figure 7H). All predictions for
fossil specimens are listed in Supplementary File SI.

Among the extinct specimens, the imputed data is consistent in
predicting the stem archosaur Trilophosaurus as non-tactile. Members
of Phytosauria and Aetosauria were predicted as tactile. Non-
crocodyliform crocodylomorphs were largely predicted as tactile in
all models except for Litargosuchus, Junggarsuchus, and Macelognathus.
Among the non-crocodylian crocodyliforms sampled, Protosuchus and
Nominosuchus are the only taxa in which the models result in non-
tactile predictions (Supplementary File S1).

3.6 Relative size of osteological correlates

Means of osteological correlates (e.g., minimum and maximum
maxillomandibular foramen diameter vs. foramen magnum width,
and foramen count, mandibular foramen height, and mandibular
foramen cross-sectional area vs. dentary surface area) among
phylogenetically grouped taxa (e.g., lepidosaurs, non-archosaurian
archosauromorphs phytosaurs, aetosaurs, non-crocodylomorph
suchians, non-crocodyliform crocodylomorphs, non-crocodylian
crocodyliforms, and avians) were compared using phylogenetic
ANOVAs with size proxies included as covariates. Though there
was no significant difference between group means, some patterns
were evident in the data (Figure 8; Supplementary File SI).

Relative maxillomandibular foramen size is largest in extant
crocodylians. Lepidosaurs and suchians excluding non-
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crocodyliform crocodylomorphs share a similar mean. Non-
crocodyliform crocodylomorphs and avians share the smallest
means. Relative mandibular canal cross-sectional area is smallest
in avians, and all other taxa have similar means. Relative
mandibular canal height is largest in crocodyliforms, and avians
have some of the smallest canals. Archosauromorphs, aetosaurs,
and crocodylomorphs have intermediate-sized canals. Relative
foramen counts increase along the pseudosuchian line to extant
crocodylians. Tactile avian relative foramen counts are comparable
to crocodylians, and non-tactile avians and lepidosaur taxa have the
lowest relative foramen counts. Tactile taxa have greater means than
non-tactile taxa for all metrics (Figure 8; Supplementary File S1).

4 Discussion
4.1 Morphology

4.1.1 Lateral braincase wall

The specimens observed here do not vary significantly from
discussions of lateral braincase wall evolution detailed elsewhere
(e.g., Holliday, 2006; Holliday and Witmer, 2009), and therefore
there is no further discussion here.

4.1.2 Dentary

In general, foramina or trigeminal neurovasculature distribution
in dorsoventrally tall mandibles tends to occur along the alveolar
margin (sometimes in a groove) and along the ventral dentary
margin. When mandibles are dorsoventrally compressed and more
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spatulate in shape, (e.g., phytosaurs, crocodylians), there is often a
rostral concentration of foramina. In the theropod taxa with
mediolaterally compressed mandibles, the mandibular canal is
located ventral to the alveoli rather than ventrolateral as in the
pseudosuchian taxa, and the neurovascular morphology may differ
as a result of alveolar depth (Bouabdellah et al.,, 2022). Additionally,
in taxa with mediolaterally narrow, elongate mandibles (e.g.,
Laganosuchus, thalattosuchians, Elosuchus), there is a reduction in
foramina numbers. These taxa are secondarily aquatic, and we
hypothesize that this reduction occurs as a result of morphological
constraint. The same pattern is not observed when comparing
longirostrine (e.g., Gavialis and Tomistoma) and brevirostrine
crocodylians (e.g., Caiman and Alligator), which both exhibit high
foramina counts and densities. Whereas a reduction in foramina is
present in some taxa, notosuchian crocodyliforms have an increase in
foramina. Whether this is an independent origin of foraminiferous
mandibles from the condition in extant crocodylians or marks the
phylogenetic origin of foraminiferous mandibles among suchians is
unknown. The latter would be the case if the presence of few foramina
in Elosuchus is a secondary reduction.

There are some similarities in osteological correlates between taxa
believed or known to have keratinous structures in addition to the
bony mandible (e.g., Knutsen, 2007; Holliday and Nesbitt, 2013).
Distinct foramina accompany the keratinous rhamphotheca on the
dentary of birds and turtles, notably the large rostral foramina in
many birds, and the row of foramina along the tomial edge in turtles.
In extant birds, many of these rostral neurovascular foramina are
present at oblique angles (Hieronymus et al., 2009; Lessner et al,
2023a). In extinct suchian taxa with edentulous portions of the
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dentary (e.g., aetosaurs, Macelognathus), the edentulous portion is
often accompanied by more, larger, and groove-like foramina. This
rostral portion of the aetosaur mandible has been hypothesized to
have a keratinous covering and the foramina passages for vasculature
to supply keratin (Parrish, 1994; Demir and Ozsemir, 2021).

We propose the use of foramen density as a phylogenetic character
in future analysis. Though the taxonomic status of the suchian MCZ
4453 is unknown, the high density of foramina supports its postulated
position within Eusuchia (Turner and Pritchard, 2015).

4.2 Osteological correlates

The strength of the correlations indicates that most of the
trigeminal osteological features (i.e., trigeminal foramen diameter,
mandibular canal cross-sectional area, mandibular canal height) are
suitable correlates for their soft-tissue counterparts (i.e., trigeminal
ganglion volume, mandibular nerve cross-sectional area,
mandibular nerve height). The exception is the count of foramina
on the dentary, which does not correlate well with any measured
soft tissue feature. The strength of correlations among clades and
ecological categories indicates that these patterns occur
independent of phylogeny and ecology. Therefore, all osteological
features noted, except for foramen counts, may be used for direct
predictions of soft tissues in bony and fossil taxa.

4.3 Size proxy and other limitations

One drawback of incomplete or damaged fossil material is that
we often lack a good-sized proxy, which is necessary for comparing
relative sizes, and therefore implications of the data are often
obscured. It is unclear whether the proxies for size used here (i.e.,
foramen magnum width, dentary surface area) are suitable for such
a large sample. There is a general trend of increasing skull size with
increasing foramen magnum size and dentary surface area, and
using these features did allow for an increased sample size and use
of incomplete specimens. Because many fossil specimens are
incomplete, we felt it useful to use commonly present features as
proxies for size. However, foramen magnum width likely varies
widely based on numerous neural and biomechanical constraints,
and dentary surface area similarly varies with head shape and other
features. For this reason, conservative statistical approaches (e.g.,
phylogenetic RMA regression) were used when relying on these
features was necessary. Further assessment of foramen magnum
dimensions and dentary morphologies among vertebrates may
discount or support the use of these measurements.

We also recognize that the braincase wall is variable in structure
among sauropsids, and thus osteological correlates vary in soft
tissue contents. We measured the maxillomandibular foramen in
taxa as a proxy for trigeminal ganglion size. Among sauropsids, the
ophthalmic division is variable in its exit from the braincase, and
therefore its contribution was included in some taxa measured here
and ignored in others. Because trigeminal ganglion volume and the
diameter of the prootic notch (lepidosaurs) and maxillomandibular
foramen (archosaurs) were well correlated with trigeminal ganglion
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size, we were confident in excluding the ophthalmic measurements.
This feature is often small, unprepared, and difficult to measure in
fossil specimens as well.

4.4 Differences among ecologies

Though no significant differences were found among ecologies
when including lepidosaurs in the sample (Figures 6A-E),
differences were significant among archosaurs (Figures 6F-]).
This is likely a result of weaknesses introduced by the size proxy
used or the limited understanding of lepidosaurian ecologies.
Regardless, the means of all trigeminal osteological correlates
were larger in taxa engaging in tactile sensory behaviors. Since
these osteological features correlate well with their soft tissue
counterparts, it is apparent that trigeminal-innervated tactile
sensation is dependent on more trigeminal tissues and the
increased size of morphologically related bony structures.

Though no trigeminal soft tissue features were found to
correlate with foramen counts, here we note a distinct difference
in foramen density between taxa engaging in tactile behavior and
those that are not. Rostral foramen counts are commonly used
without scientific support to predict sensory abilities in fossil taxa
(e.g., Ibrahim et al., 2014; Barker et al., 2017; Carr et al,, 2017;
Rothschild and Naples, 2017; Cerroni et al., 2020; Kawabe and
Hattori, 2021). However, we demonstrate that using this feature to
predict sensory ecology is only appropriate when size is controlled
and the density of foramina is rigorously assessed (Figure 6]).

4.5 Predictions

Of the extant archosaurs, crocodylians were consistently
predicted to have the trigeminal tissues for tactile sensation, and
only a few avian species were predicted to be opposite as per our
categorization. Though parrots have been noted to possess a highly
innervated rostral bill tip (Goujon, 1869; Menzel and Liidicke, 1974;
Lessner et al., 2023b), and thus we categorized them as tactile, models
consistently indicate that their morphology was more representative
of the non-tactile ecology. We posit that this prediction results from
the presence of a high concentration of innervation solely on the
rostral tomia rather than a widely distributed bill tip organ as in
probe- and tactile-foraging birds (Cunningham et al, 2010).
Similarly, Fulica is consistently predicted as tactile despite our non-
tactile classification. The non-tactile classification was chosen because
there is little indication in the literature of specialized tactile sensory
behaviors in coots. This is an interesting case because feeding
convergence is present between coots, dabbling ducks, and other
waterfowl (Allouche and Tamisier, 1984). Ducks and geese exhibit a
highly innervated rostral bill tip organ used for the tactile
discrimination of food (Gottschaldt and Lausmann, 1974;
Berkhoudt, 1980), and our data indicates that there is a sensory
system convergence between ducks and Fulica in addition to the
known feeding convergence (Lind and Poulsen, 1963).

The non-tactile prediction for the stem-archosaur indicates that
the basal archosaurian condition was one lacking enhanced
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trigeminal sensory abilities. Among pseudosuchians, the tactile
prediction for phytosaurs is in line with their occupation of semi-
aquatic habitats and predictions of enhanced trigeminal sensation
in the clade (Lessner and Stocker, 2017). The non-crocodylomorph
suchians largely included aetosaurs, which were predicted as tactile.
Aetosaurs exhibit relatively larger trigeminal foramina than other
suchians (Paes Neto et al, 2021; von Baczko et al., 2022). As
discussed above, the rostral, edentulous portion of the aetosaur
mandible may have had a keratinous covering, and therefore the
enlarged rostral trigeminal features may be a result of the need to
extend more vasculature to nourish the growing keratin rather than
to provide nervous tissue to the jaws (Demir and Ozsemir, 2021).
These data reveal a trend of increasing tactile sensory ability along
the line to extant crocodylians similar to that described by Lessner
et al. (2023a). The non-tactile predictions among the non-
crocodyliform crocodylomorphs Litargosuchus, Junggarsuchus,
and Macelognathus and the non-crocodylian crocodyliforms
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Nominosuchus and Protosuchus indicate that the transition
occurred among early-branching crocodyliforms, diverging in the
Late Triassic, and preceding the Neosuchian transition to a semi-
aquatic ecology [see Lessner et al. (2023a) for divergence dates and
other details; Figure 9]. Maxillomandibular foramen diameters
resulted in predictions of tactile ecologies for most taxa and
therefore are not as informative as hoped.

4.6 Relative size of osteological correlates

Though not statistically significantly different, the trends appearing
upon the comparison of relative sizes of osteological correlates
generally match the model predictions. The models indicate an
increase in tactile sensory abilities present along the crocodylian line,
and the maxillomandibular foramen diameter, mandibular canal cross-
sectional area, and foramen count all increase from non-crocodyliform
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crocodylomorphs to extant crocodylians (Figures 7-9). There is some
variation among basal pseudosuchians, which may be because of the
potential semi-aquatic specialization of the phytosaur trigeminal
system and beak innervation in aetosaurs.

Lepidosaurs are expected to have small relative features, but
generally do not (Figures 6, 8; Supplementary File S1). Both the
degree of variation and the high average in lepidosaur
maxillomandibular foramen diameters indicate that the foramen
magnum width may not be a suitable size proxy. These
measurements may also be artificially inflated because of the lack
of complete bony bounds for the trigeminal ganglion and divisions.
Therefore, measuring the prootic notch in the absence of soft tissue
may be an overestimate of trigeminal tissue size. Additionally, little
is known about relative sensitivity among lepidosaurs; therefore, it
is possible that the non-tactile designations assigned in the analysis
are not accurate and lepidosaurs retain large trigeminal nervous
tissues for increased tactile abilities.

The degree of variation and the inconsistent averages in avians
indicate similar issues. Beak shape is highly variable (e.g., Cooney
et al, 2017) and thus may confound surface area measurements
(Figures 8C-E). Regardless, tactile taxa consistently exhibit larger
osteological correlates with respect to the mandible but not with
respect to the braincase (Figure 8; Supplementary Figure S1). The
avian braincase is relatively large and takes up most of the skull
(Balanoff et al, 2013), leaving little room for other tissues.
Therefore, foramina and canals are often exactly the size of their
contents and direct osteological correlates for neurovasculature. For
this reason, we suspect that the maxillomandibular foramen size in
avians may underestimate trigeminal ganglion size as the
intracranial ganglion can be substantially larger than the nerve
divisions. Often, trigeminal ganglia leave an impression in the avian
braincase, and this feature may be more useful for comparison.

5 Conclusions

Overall, the osteology associated with the trigeminal sensory
system is quite variable among sauropsids. In spite of this variation,
statistically supported predictions of somatosensory abilities are still
possible, and this data, in addition to data from Lessner et al.
(2023a), supports evolutionary trends within pseudosuchians
(Figure 9). Though other conclusions are limited, this reveals a
number of interesting avenues worth pursuing, including broad
proxies for body size, relative sensitivities and ecologies of
lepidosaurs, and use of osteological correlates as phylogenetic
characters. Further quantification of additional osteological
correlates among clades and ecologies will help inform inferences
of behavior in extinct animals and contribute to a complete picture
of vertebrate sensory evolution.
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