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Tooth enamel microstructure in North American Phytosauria
(Diapsida:Archosauriformes): Implications for biogeography and
ecology of a Late Triassic clade of crocodylian-like predators

Devin K. Hoffman, Jess A. Miller-Camp, and Andrew B. Heckert

ABSTRACT

Teeth can provide important insight into diet and evolution of extinct vertebrates.
Tooth enamel microstructure records functional and phylogenetic signals beyond the
gross morphology of the dentition. Here, we provide the first systematic sampling of
phytosaur tooth enamel to address questions of intra- and interspecific variation, and
thus taxonomic identification, biogeographic connectivity, and heterodonty. We sam-
pled 23 phytosaur teeth from five localities throughout the American Southwest and
one locality from the Newark Supergroup of North Carolina. These teeth probably rep-
resent five heterodont genera and are tentatively assigned to Angistorhinus, Smilosu-
chus, Machaeroprosopus, Redondasaurus, and “Rutiodon”. We used scanning
electron microscopy to examine their enamel microstructure from transverse, longitudi-
nal, and tangential cross-sections. All sampled teeth are composed of columnar
enamel ranging in thickness from 20 to 150 um, typically 50-100 um, across all gen-
era. In phytosaurs from the western US, lines of incremental growth (LIGs) are rare,
whereas in the Newark Supergroup phytosaur “Rutiodon”, LIGs are abundant and well-
developed. Although phytosaur tooth enamel microstructure is not useful for the taxo-
nomic assignment of isolated teeth, it can be used to differentiate phytosaurs from dif-
ferent basins and lends support to the hypothesis that western and eastern North
American phytosaurs are taxonomically distinct. The posterior blade-like teeth of het-
erodont phytosaurs are consistently composed of proportionately thicker enamel (10—
14 um thicker than anterior teeth of comparable size in heterodont phytosaurs), imply-
ing a greater degree of force on these teeth during food processing. Combined with
independent measures of diet, enamel microstructure can help refine dietary hypothe-
ses during the Triassic archosauriform radiation.
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INTRODUCTION

Phytosaurs are an extinct clade of archosauri-
form diapsids from Upper Triassic strata in North
America, Europe, Africa, India, Madagascar, and
Brazil (Figure 1A), and were most recently compre-
hensively reviewed by Stocker and Butler (2013).
Traditionally, phytosaurs were long identified as
“thecodonts” (e.g., Owen, 1859; Colbert et al.,
1947) and then, with the advent of cladistic analy-
ses, were almost always recovered as an early
diverging branch of pseudosuchian archosaurs
within crown-group Archosauria (e.g., Parrish,
1993; Brochu, 2001; Weinbaum and Hungerbuhler,
2007). However, Nesbitt (2011) recovered Phyto-
sauria outside of crown Archosauria as the latest
diverging clade of non-archosaurian Archosauri-
formes (Figure 1B). More recently, Ezcurra (2016)
and Ezcurra and Butler (2018) have again recov-
ered Phytosauria as crown archosaurs (Archosau-
ria), as an early-diverging clade of Pseudosuchia.
While this has implications for the interpretation of
the possible ancestral state of Archosauria, it is
clear that enamel microstructure is plastic across
and within clades (e.g., Sander, 1999; Hwang
2005; 2010; 2011) so we do not advocate for a par-
ticular position for Phytosauria.

Phytosaurs strongly, albeit superficially,
resemble modern crocodylians in being quadrupe-
dal, semi-aquatic predators with elongate, roughly
triangular heads with many teeth. Like many croco-
dylians, several genera of phytosaurs possess a
heterodont dentition (=variation in shape and size
along jaw), though in both crocodylians and phyto-
saurs heterodonty varies in degree (D’Amore et al.,
2019) and is far less than in mammals. Given this
similarity to crocodylians, most researchers have
interpreted phytosaurs as semi-aquatic predators
(e.g., Chatterjee, 1978; Hunt, 1989; Datta et al.,
2020). Hunt (1989) made more explicit compari-
sons of phytosaur skull shapes to that of gharials,
alligators, and crocodiles to propose that some
taxa were piscivorous (convergent with gharials),
others may have relied primarily on terrestrial tetra-
pods for food (larger, more robust skulls conver-
gent with large crocodiles), and still others were
generalists. Hunt (1989) termed these skulls grac-
ile, dolichorostral, and brachyrostral for piscivo-
rous, generalist, and terrestrial diets, respectively.

Interestingly, none of these hypotheses have been
rigorously tested, though stomach contents of
Parasuchus hislopi that include the allokotosaur
Malerisaurus (Chatterjee, 1980) suggest Hunt's
(1989) hypothesis that gracile forms were obliga-
tory piscivorous is inaccurate (Chatterjee, 1978).
Additionally, the degree of heterodont dentition
within phytosaurs has been proposed to represent
variable feeding behaviors (Hungerbuhler, 2000;
Datta et al., 2021). Those with a conical, homodont
dentition are proposed to correlate to gracile skulls
of presumably piscivorous phytosaurs (Hunger-
buhler, 2000).

The degree of heterodonty in phytosaurs is
described using general shape of teeth, variation in
tooth size, and position in the jaw (Hunt, 1989;
Hungerbuhler, 2000; Datta et al., 2021; Figure 2A).
Hunt’s (1989) classification of phytosaur teeth used
morphological features to identify teeth by their rel-
ative position in the cranium and lower jaws. Hun-
gerbuhler et al. (2000) and Datta et al. (2021)
identified broadly similar morphotypes, and located
them in the upper jaw, but did not really address
the similar nature of the lower jaw dentition.
Because we sampled isolated teeth that cannot be
readily ascribed to upper or lower dentitions, we
use the terminology of Hunt (1989). Thus, the larg-
est, most mesial teeth that occupy the anterior
“bulb” of the premaxilla and dentary are termed
caniniform (or type C) teeth (Figure 2A). The
unserrated, conical “piercing” teeth through the
mesial half of the premaxilla and dentary are type
U (for unserrated) (Figure 2A). Proportionately tall,
straight teeth in the distal half of premaxilla that
possess at least some denticles on their carinae
(usually the distal carinae are serrated) are termed
intermediate (or type 1) (Figure 2A). Finally, the
shorter, doubly-serrated, blade-like maxillary and
posterior teeth are type B (for blade) teeth (Figure
2A; Hunt, 1989; Hungerbthler, 2000). These het-
erodont teeth are proposed to be used for a carniv-
orous diet, and with a primary function of,
respectively: grabbing, piercing, immobilizing, and
slicing (Hungerbuhler, 2000). Although recent phy-
tosaur enamel microwear work did not find support
for different teeth or taxa specializing in distinct
food processing strategies, there were textural dif-
ferences between the different tooth positions
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FIGURE 1. Geographic distribution and phylogenetic position of phytosaurs. 1A—Global distribution of phytosaur
specimens from Middle and Late Triassic modified from Stocker and Butler (2013). Palaeomap from C. Scotese built
into the Paleobiology Database for the Late Triassic (220 Ma) 1B—General cladogram of archosauromorphs that
have been sampled for EM with the two possible positions of Phytosauria marked in red. Based on Heckert and
Miller-Camp (2012) 1C—Locality map of specimens used in this study. North Carolina not to the same scale as west-
ern states. Locality numbers from NMMNH (western states) or NCSM (North Carolina).

along the jaw, indicating differential pressure load- onomy has always relied heavily on skulls in both
ing (Bestwick et al., 2021). the pre-cladistic (e.g., McGregor, 1906; Huene,

The fossil record of phytosaurs consists pri- 1922; Camp, 1930; Gregory, 1962; Hunt, 1989;
marily of isolated elements—articulated skeletons Long and Murry, 1995) and post-cladistic (Ballew,
are extremely rare and even associated skeletons 1989; Hungerbihler, 2002; Stocker, 2010, 2012;
are uncommon (e.g., Chatterjee, 1978; Gozzi and Stocker and Butler, 2013; Kammerer et al. 2016;
Renesto, 2003). As a consequence, phytosaur tax- Jones and Butler, 2018; Datta et al. 2019) eras.
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FIGURE 2. Classification and measurement of the teeth sampled here. 2A—Idealized drawings of heterodont phyto-
saur teeth following Hunt (1989; type C, U, I, B), Hungerbuhler (2001; tip-of-snout, premaxillary, maxillary), and Datta
et al. (2021; morphotypes IA, IB, IC, ID). 2B—Schematic of macro-morphological measurements taken on phytosaur
teeth as preservation allowed. Measurements following the protocols of Smith (2005) with purple labels: CH—crown
height, CBL—crown base length, AL—apical length, CA—crown angle (angle GAB), MA—mesial apical, MC—mesial
mid-crown, and MB—mesial basal denticle densities, DA—distal apical, DC—distal mid-crown, and DB—distal basal
denticle densities, with measurements new to this study in green: LAH—Iabial height, LIH—lingual height, and LLA—

labio-lingual angle.

Because phytosaur fossils are relatively common,
widespread, and are known to occur in strati-
graphic succession, they thus have great potential
as biostratigraphic indicators. Indeed, multiple
authors have hypothesized intercontinental cor-
relations based on phytosaur occurrences (Colbert
and Gregory, 1957; Hunt and Lucas, 1991; Long
and Murry, 1995). Unfortunately, problems with tax-
onomy and endemic taxa have complicated these
hypotheses (e.g., Brusatte et al., 2012; Jones and
Butler, 2018). Still, within-basin phytosaur biostra-
tigraphy remains robust in the southwestern US
(e.g., Lucas and Tanner, 2007; Parker and Martz,
2011; Martz and Parker, 2017), hindered principally
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by the need for relatively complete skulls to verify
identification at the generic and species level.

For decades, functional and phylogenetic
studies have utilized dental microstructure of both
extinct and extant amniotes (e.g., Johnston, 1979).
Lines of von Ebner in dentine and lines of incre-
mental growth (LIGs) in enamel provide records of
growth with a resolution that may be as fine as
daily (Appenzeller et al., 2005) and be equivalent
to daily lines of von Ebner present in dentine (But-
ton et al., 2017). The enamel microstructure (EM),
or schmelzmuster, records the physical structure of
the enamel and, in turn, informs hypotheses of
tooth performance and function. Though much of



this work has focused on mammals (e.g., Bromage
and Dean, 1985; Koenigswald and Sander, 1997;
Mao et al., 2017), studies of EM in diapsids are
also promising (Buffetaut et al., 1986; Sander,
1999). These diapsid EM studies have explored
questions of diet, phylogenetics, and uses for iden-
tifying isolated teeth (Sander, 1999; Stokosa, 2005;
Hwang, 2010, 2011; Button et al., 2017). Though
dinosaurs have received the greatest focus in
diapsid studies (Hwang, 2005, 2010, 2011; Wang
et al., 2015; Brink et al., 2015, 2016; Button et al.,
2017), EM studies of squamates (e.g., Wintrich et
al.,, 2017; Owocki and Madzia, 2020) and archo-
sauriformes show functional and phylogenetic
importance (e.g., Sander, 1999; Hwang, 2005;
2011; Heckert and Miller-Camp, 2013; Chen et al.,
2018).

The only previously published work on phyto-
saur EM was conducted by Sander (1999) as part
of his systematic sampling of reptilian tooth
enamel. His study incorporated four isolated phyto-
saur teeth, three from the Upper Triassic Dockum
Group of Texas, USA (Figure 1C) and one from the
Rhaet Bonebed of Hallau, Switzerland (Sander,
1999). None of these teeth were associated with
skulls or each other, and all were assigned to inde-
terminate phytosaurs (Sander, 1999). Phytosaur
EM was unusual among the sampled reptile
groups as some variation in structure and thick-
ness was present, ranging from relatively thin (~20
pm thick) parallel crystallite enamel to considerably
thicker (> 150 pm) columnar enamel (Sander,
1999). Two of the Dockum teeth were composed of
thin (< 20 pm thick) parallel enamel with prominent
incremental lines and no basal unit. The third Doc-
kum tooth had a maximum enamel thickness of
150 pm, columnar enamel and a basal unit. The
Swiss tooth was incomplete, so the apparent maxi-
mum thickness of ~60 um could be greater, with
columnar enamel and rare incremental lines. If
such variation were to be phylogenetically con-
strained, then the possibility of generic-, or spe-
cies-level identification of isolated phytosaur teeth
may be possible. Additionally, by sampling teeth of
various positions in heterodont taxa, we will evalu-
ate the hypothesis of differential function of mesial
to distal teeth. This study builds off of the unpub-
lished undergraduate honors thesis of author JM-C
(Camp and Heckert, 2007; Camp, 2007).

Institutional Abbreviations

NCSM — North Carolina Museum of Natural Sci-
ences, Raleigh, NC; NMMNH - New Mexico
Museum of Natural History, Albuquerque, NM;
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USNM—United States National Museum (Smithso-
nian), Washington, DC.

MATERIALS AND METHODS

We examined the EM of 23 teeth from several
heterodont phytosaur taxa from western (NMMNH
localities) and eastern (NCSM localities) North
America (Table 1; Figure 3), thereby greatly
increasing the sampling conducted (n = 4 teeth
from two localities) of Sander (1999). The localities
represent the four land vertebrate “faunachrons”
(LVF) or holochrons of the Late Triassic of North
America (Lucas and Hunt, 1993; Martz and Parker,
2017). We assign teeth to Phytosauria based on
the general morphology of each tooth type includ-
ing large, conical, and recurved with long and low
ridges on the enamel (type C); conical and unser-
rated, with fluting along the crown (type U); conical
shape and mesial and distal carinae (type |); and
mesial-distally elongate with somewhat mesial and
distal carinae (type B) (Figure 2). The most robust
sampling strategy would be to sample a series of
teeth from individual skulls that are unambiguously
assigned to known taxa, however, there are numer-
ous logistical hurdles, including not only the
destructive nature of EM sampling, but also the fact
that, despite their possession of more than 150
tooth positions, relatively few phytosaur skulls and
lower jaws preserve multiple in situ teeth from all
parts of the dentition. Therefore, we felt it most rea-
sonable to first survey representative isolated teeth
from stratigraphically superposed localities yielding
heterodont phytosaurs. To minimize taxonomic
uncertainty, we have selected teeth from localities
where only one phytosaur taxon is known, except-
ing the oldest, which has an additional homodont
taxon.

We attempted to select teeth that represented
types C, U, I, and B from each locality as described
in the “Sampling Strategy” section. In situ teeth
were not available for sampling, so we identified
each tooth morphotype based on the criteria out-
lined by Hunt (1989), but note that identification of
type C teeth is somewhat tentative, as it can be dif-
ficult to tell larger type | teeth from smaller individu-
als’ type C teeth (Figure 2A; Hungerbiihler, 2000).

Macroscopic measurements were taken fol-
lowing the protocols of Smith (2005) prior to
embedding to account for possible size-related
enamel variation. Although Smith’s (2005) analysis
focused on theropod dinosaurs, the measurements
that he used are broadly applicable to the conidont
(types C, I, U) to ziphodont (type B) dentition of
phytosaurs. To these data we added three new
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TABLE 1. All specimens used in our study, organized by holochron and then locality with tooth type assignments and

presence (marked with “X”) or absence of BUL and LIG.

Holochron

Locality

Specimen Number Tooth Type BUL

LIG

Apachean

Revueltian

Adamanian

Otischalkian

NMMNH L-4211

NMMNH L-3845

NCPaleo 0401

NMMNH L-6818

NMMNH L-3104

NMMNH L-582

NMMNH P-36184
NMMNH P-36185
NMMNH P-36186
NMMNH P-33103
NMMNH P-33105
NMMNH P-33106
NMMNH P-33593
NCSM 23303
NCSM 24322A
NCSM 24322B
NCSM 25043
NCSM 25075
NMMNH P-36145
NMMNH P-36146
NMMNH P-36147
NMMNH P-36148
NMMNH P-59647
NMMNH P-59648
NMMNH P-59649
NMMNH P-59650
NMMNH P-36190
NMMNH P-36191
NMMNH P-36192

Ut ® - ®»m - C — W ®WC - - 0O0CCwWw — W —C w — —

X X X X X

measurements—Ilabial height (LAH), lingual height
(LIH), and labio-lingual angle (LLA)—to capture the
labio-lingual recurvature exhibited by some phyto-
saur teeth (Figure 2B).

The teeth were embedded in epoxy then sec-
tioned transversely, longitudinally, and tangentially,
as in previous reptilian enamel studies (Sander,
1999; Hwang, 2005, 2010, 2011). Transverse sec-
tions were made at or just below the midline of the
crown (half of CH), and longitudinal sections were
made through the carinae to examine enamel vari-
ation along the denticles. All sections were etched
in 5% HCI for one minute, cleaned in an ultrasonic
bath for 45 seconds, then sputter coated in gold for
two minutes at 18 mA in a Polaron SEM Coating
System. Representative images were taken of
each tooth using a scanning electron microscope
(Quanta 200 ESEM—SEM) housed at the College
of Arts and Sciences microscopy facility at Appala-
chian State University, Boone, North Carolina.

Within our study we have followed the “best
practices” outlined in Heckert and Miller-Camp

(2013). To do this we took all our sections at the
same approximate point on each tooth and
describe qualitative features as well as record mul-
tiple measurements across the plane of section.
Particularly, we report minimum and maximum
enamel thicknesses for each tooth, as enamel
thickness can vary not only within taxa, but within
individual teeth as well (e.g., Sander, 1999; Heck-
ert and Miller-Camp, 2013). When possible, we
took tooth measurements prior to embedding and
sectioning, so that after enamel measurements
were taken, we could contextualize based on the
overall size of the tooth. As Heckert and Miller-
Camp (2013) noted, it is not enamel thickness, but
the relative enamel thickness, that is likely con-
strained, and so overall comparisons of thickness
from one phytosaur genus to another, is not mean-
ingful without accounting for tooth size.

EM was analyzed qualitatively and quantita-
tively. Qualitative assessment included identifica-
tion of enamel types (e.g., parallel or columnar),
features of the basal unit layer (BUL), and LIGs.
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FIGURE 3. Generalized stratigraphic distribution of the phytosaur teeth sampled here (L-3380, L-3845, L-4211, L-
6818, NCPALEO1902) and by Sander (1999; IPB E-2011, 2007I-1ll) compared to stratigraphic distribution of hetero-
dont phytosaurs, North American biostratigraphy, and the standard global chronostratigraphic scale (SGCS). See text
for details of the stratigraphy of each locality. Numerical age estimates draw on a variety of sources, including Heckert
et al., 2009; Irmis et al., 2011; Ramezani et al., 2011; Whiteside et al., 2011. FAD = First appearance datum; L- = local-
ity numbers for New Mexico Museum of Natural History and Science; LVF = Land-vertebrate faunachron (=
“holochron”); NCPaleo = Locality for North Carolina Museum of Natural Sciences.
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We use the reptilian enamel microstructure (EM)
terminology defined by Sander (1999), excepting
the use of lines of incremental growth (LIGs;
Hwang 2005) for interruptions of enamel growth (=
“‘incremental lines” of Sanders (1999) and “striae of
Retzius” in mammalian literature (Bromage and
Dean, 1985)). The quantitative measurements
(enamel thickness, column width, and BUL thick-
ness) were taken using ImageJ v1.48 (Abramoff et
al., 2004). Data were tested for normality using
Shapiro-Wilk and visually using density and Q-Q
plots prior to analysis of variance (ANOVA), fol-
lowed by a Least Significant Difference (LSD) post
hoc test of enamel thickness between tooth types
was run in IBM SPSS v22. We tested absolute dif-
ference as well as relative difference controlling for
size by dividing enamel thickness by crown height
before performing the ANOVA. As we had only one
definitively type C tooth in our study, the statistical
analyses were limited to types U, I, and B.

Enamel microstructure studies are in near-
unanimous agreement that EM should be exam-
ined in all three possible views (transverse, longitu-
dinal, and tangential) whenever possible. To
facilitate comparison, we have added an icon on
each EM image (Figures 4-8) that shows the
approximate location of the section on the tooth
and type of section (transverse, longitudinal, and
tangential).

SAMPLING STRATEGY
Otischalkian-Angistorhinus

The oldest LVF is represented by locality
NMMNH L-582 in the Popo Agie Formation of
Wyoming (Lucas et al., 2002). The age assignment
is based primarily on the occurrence of early
diverging phytosaurs—particularly Parasuchus (=
Paleorhinus) and Angistorhinus (Brachysuchus ?)
as well as the rhynchosaur Hyperodapedon (Mehl,
1913, 1928; Lucas, 1994, 1998; Lucas et al.,
2002). There is one very large specimen of a Para-
suchus-grade phytosaur (Lucas et al., 2007), but
the dentition is not preserved in that specimen, so,
although we cannot be certain these teeth all rep-
resent Angistorhinus and not Parasuchus, Angisto-
rhinus is the only taxon known from the Popo Agie
with a demonstrably heterodont dentition. We sec-
tioned and measured three teeth: one type | tooth
(NMMNH P-36190) and two type B teeth (NMMNH
P-36191; NMMNH P-36192).

Adamanian-Smilosuchus

The Adamanian is represented by two locali-
ties: NMMNH L-3380 in New Mexico and NMMNH
L-6818 in Arizona, of which L-3380 is the strati-
graphically lowest. NMMNH L-3380 is low in the
Bluewater Creek Formation in the Lucero Uplift of
central New Mexico and is the most stratigraphi-
cally and taxonomically ambiguous locality sam-
pled. No complete phytosaur skulls are known from
this outcrop belt, but an incomplete postcranial
skeleton of a phytosaur tentatively referred to Smi-
losuchus was recovered from nearly the same
stratigraphic level nearby and described by Heck-
ert (1999). Based on this and other lines of evi-
dence, these localities are assigned to the
Admanian LVF (e.g., Lucas and Heckert, 1994;
Heckert, 1999), and thus Smilosuchus is the most
likely candidate for a heterodont phytosaur from
this locality.

NMMNH L-6818 is in the basal beds of the
Blue Mesa Member of the Petrified Forest Forma-
tion (=Chinle Formation) in the Blue Hills of eastern
Arizona. It contains numerous Adamanian index
taxa and is the type assemblage of the St. John-
sian sub-LVF (Hunt et al., 2005). Phytosaurs from
the Blue Hills have been referred to a variety of
taxa, currently recognized as Smilosuchus gregorii
(Camp) and “Machaeroprosopus” zunii Camp
(1930) by Stocker and Butler (2013). The latter was
referred to Leptosuchus adamanensis by Long and
Murry (1995), and “Rutiodon” spp. (Heckert and
Lucas, 2003; Heckert et al.,, 2005) and Leptosu-
chus gregorii (Irmis, 2005), and this is in fact the
type locality for Camp’s “Machaeroprosopus” zunii.
The postcrania of “M.” zunii strongly resemble
those of Smilosuchus, and there is a very large
skull of Smilosuchus (USNM 18313) known from
the Blue Hills, so we feel confident in assigning
these teeth to Smilosuchus, which is more strongly
heterodont than any species of Leptosuchus (=
“Rutiodon" of some workers).

The base of the Blue Mesa Member in the
Blue Hills has a maximum depositional age of
220.9+0.6 Ma based on U-Pb dating of detrital zir-
cons (Heckert et al., 2009), which agrees well with
other ages from the base of the member else-
where, especially in Sixmile Canyon to the east in
New Mexico (Heckert et al., 2009; Irmis et al.,
2011; Ramezani et al., 2011). Recently Marsh et al.
(2019) have argued that the Blue Mesa Member is
absent in western New Mexico and parts of Ari-
zona, and instead that the horizon yielding detrital
zircons with a maximum depositional age pertains
to the Sonsela Member, which changes the names
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FIGURE 4. SEM captures of Angistorhinus teeth from the Popo Agie Formation of Wyoming. 4A—NMMNH P-36190
type | tooth, transverse section across a denticle; 4B—NMMNH P-36190 type | tooth tangential view of enamel, polyg-
onal columnar enamel packages evident on lower half of image; 4C—NMMNH P-36190 type | tooth enamel from labial
margin of tooth; 4AD—NMMNH P-36190 type | tooth enamel from lingual margin of tooth; 4E—NMMNH P-36192 type B
tooth enamel preserves thin columnar packages; 4F—NMMNH P-36191 type B tooth with a few faint LIGs near OES.
All scale bars equal 50 pm.



HOFFMAN, MILLER-CAMP, & HECKERT: PHYTOSAUR TOOTH ENAMEL

FIGURE 5. SEM captures of Smilosuchus teeth from the lower Chinle of New Mexico (4.1-2) and Arizona (4.3-6).
5A—NMMNH P-36146 type U tooth with well-developed columns; 5B—NMMNH P-36148 type B tooth in longitudinal
view along the carina with faint LIGs in the inner half of the enamel; 5C—NMMNH 59648 type U tooth overview of
transverse section showing the contributions of enamel and dentine to the fluting; 5D—NMMNH P-59648 type U tooth
fluting along lingual surface; 5SE—NMMNH P-59650 type B tooth along labial margin of enamel with well-developed
columns; 5F—NMMNH P-59650 type B tooth along lingual margin of enamel. Scale bars for 5.1, 5.4—6 equal 50 ym,
5.2 scale bar equals 100 ym and 5.3 scale bar equals 2 mm.
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applied to lithostratigraphic correlations, and sug-
gests that localities in the Blue Hills are stratigraph-
ically higher than previously appreciated, but still
recognizes this assemblage as being a relatively
young occurrence of Adamanian taxa.

We sectioned and imaged a total of nine teeth
that we assign to Smilosuchus, four from L-6818 in
Arizona and five from L-3380 in New Mexico.The
Arizona Smilosuchus teeth include one type U
(NMMNH P-59648), two type | (NMMNH P-59647,
NMMNH P-59649) and one type B (NMMNH
59650). The New Mexico Smilosuchus teeth
include one type U (NMMNH P-36146), one type |
(NMMNH P-36145), and two type B teeth (NMMNH
P-36147, NMMNH P-36148).

Adamanian-“Rutiodon”

The taxonomic status of phytosaurs from
eastern North America is more problematic than in
the west, largely due to a paucity of preserved,
identifiable material and the fact that the known
fossils were recovered from a variety of Newark
Supergroup basins, leading to stratigraphic cor-
relation and age constraint issues (Hunt and
Lucas, 1989; Stocker and Butler, 2013). The teeth
we sampled were collected from NCPaleo 0401,
which consists of artificial exposures of the Cum-
nock Formation in a brick quarry in the Wadesboro
sub-basin of North Carolina (Litwin and Ash, 1993).
The age of the Cumnock Formation has been
debated, but recent estimates place it at approxi-
mately 225 Ma (Whiteside et al., 2011; see Heckert
et al., 2012 for discussion). The vertebrate assem-
blage at this locality is still under study, but the
Cumnock Formation in the more central Sanford
sub-basin has yielded the type and some referred
material of Rutiodon carolinensis Emmons 1856,
including AMNH 1, a complete skeleton (McGre-
gor, 1906; Colbert et al.,, 1947; Hunt and Lucas,
1989). This assignment is tentative, as Rutiodon
has been used as a wastebasket taxon for Newark
Supergroup phytosaurs (Stocker and Butler, 2013;
Jones and Butler, 2018). The Wadesboro teeth can
only confidently be referred to Phytosauridae
indet., but could well represent the true heterodont
“Rutiodon-like” phytosaur from the Cumnock For-
mation, though resolving this is beyond the scope
of this project, see Jones and Butler (2018) for the
most recent discussion of Rutiodon synonymy.

We sectioned and imaged five teeth assigned
to “Rutiodon”: one possible type C (NCSM 25043),
two type U (NCSM 24322A, NCSM 24322B), one
type | (NCSM 25075), and one type B tooth (NCSM
23303).
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Revueltian-Machaeroprosopus

The Revueltian is represented by NMMNH
locality 3845, the “Snyder Quarry”, in the Painted
Desert Member (=Petrified Forest Member) of the
Petrified Forest Formation (=Chinle Formation)
(Zeigler et al., 2005; Martz and Parker, 2017). The
Snyder Quarry is an extremely prolific bonebed
that yields multiple skulls and abundant postcrania
of Machaeroprosopus (=Pseudopalatus) buceros
(Cope, 1881; e.g., Zeigler et al., 2002; 2003a,b,c).
As Machaeroprosopus is the only phytosaur
recorded from this site, we are confident in this
assignment. This phytosaur and the aetosaurs
Typothorax coccinarum and Rioarribasuchus cha-
maensis are all considered index fossils of the
Revueltian land vertebrate faunachron and have all
been recovered from the Snyder Quarry (Zeigler et
al., 2003a,b,c; Lucas et al., 2007). We sectioned
and imaged four teeth assigned to the genus
Machaeroprosopus: one type U (NMMNH P-
33103), two type | (NMMNH P-33105, NMMNH P-
33593), and one type B tooth (NMMNH P-33106).

Apachean-Redondasaurus

The youngest LVF is represented by NMMNH
L-4211 in the Duke Ranch Member of the Redonda
Formation (Spielmann and Lucas, 2012). This site
yielded a giant, incomplete skull and more frag-
mentary fossils assigned to Redondasaurus by
Heckert et al. (2001) and R. gregorii by Spielmann
and Lucas (2012). These teeth come from the
same jacket as the skull, and so likely represent
Redondasaurus, as no other phytosaur taxa are
known from this formation. While some workers
consider Redondasaurus to represent species of
Machaeroprosopus (e.g., Hungerbihler et al.,
2013), we retain the genus name here to represent
the clade of Apachean phytosaurs recovered by
recent analyses (e.g., Jones and Butler, 2018),
even though that clade is nested within “Machaero-
prosopus.” We sectioned and imaged three teeth
assigned to the genus Redondasaurus: two type |
teeth (NMMNH P-36184; NMMNH P-36185) and
one type B tooth (NMMNH P-36186).

RESULTS

In the following sections we present our
results taxonomically and in stratigraphic order
from oldest to youngest. All taxa possess columnar
enamel that varies in thickness from as little as 18
pMm in some teeth to as much as 156 ym in others.
Basal unit layers (BUL) were not consistently pres-
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FIGURE 6. SEM captures of “Rutiodon” teeth. 6A—NCSM 23303 type B tooth in transverse section with well-devel-
oped columns along lingual margin and abundant LIGs; 6B—NCSM 23303 type B tooth in transverse section with
well-developed columns along labial margin and abundant LIGs; 6C—NCSM 24322A type U tooth in tangential sec-
tion showing polygonal columnar packages ~10 ym above EDJ with abundant LIGs; 6D—NCSM 24322B type U tooth
in longitudinal section showing minimum thickness of enamel along posterior margin just above tooth base with abun-
dant LIGs; 6E—NCSM 25043 type C? tooth in transverse section with thin (~10 yum wide) well-developed columnar
enamel with abundant LIGs in outer half of enamel; 6F—NCSM 25075 type | tooth in transverse section of well-devel-
oped columnar enamel with abundant LIGs. All scale bars equal 50 pm.
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FIGURE 7. SEM captures of Machaeroprosopus teeth from the Petrified Forest Formation of New Mexico. 7A—
NMMNH P-33103 type U tooth, overview of transverse cross-section; 7B—NMMNH P-33103 type U tooth with well-
developed columns; 7C—NMMNH P-33103 type U tooth fluting with contribution solely from the enamel; 7D—
NMMNH P-33105 type | tooth, overview of transverse cross-section; 7E—NMMNH P-33105 type | tooth denticle and
maximum enamel thickness; 7F—NMMNH P-33105 type | tooth with well-developed columns. Both overview scale
bars equal 2 mm. Enamel image scale bars equal 50 pm.
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FIGURE 8. SEM captures of Redondasaurus teeth from the Redonda Formation of New Mexico. 8A—NMMNH P-
36184 type | tooth in transverse section with poorly-developed LIGs near OES as well as a few more near the center;
8B—NMMNH P-36185 type | tooth in transverse section with well-developed columns along lingual margin; 8C—
NMMNH P-36186 type B tooth in transverse section along labial margin; 8D—NMMNH P-36186 type B tooth in trans-
verse section along lingual margin; 8E—NMMNH P-36186 type B tooth in transverse section with well-developed col-
umns; 8F—NMMNH P-36186 type B tooth in tangential section with ~50 ym at bottom of enamel, just above enamel-
dentine junction (EDJ) showing polygonal columnar packages. All scale bars equal 50 pm.
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ent even within teeth and, when present, were
almost always < 5um thick.

Otischalkian-Angistorhinus

Enamel thickness of the type | tooth ranges
from 73-131 ym from the lingual edge to the center
of the denticles (average of 84 um excluding the
denticles themselves; Figure 4A-D). Type B tooth
NMMNH P-36191 ranges from 27-37 um (Figure
4E). Measurements could only be taken at one
location of the transverse section of type B tooth
NMMNH P-36192, where it ranged from 40—-43 um.

Typically, Angistorhinus teeth lack a well-
developed BUL, and columnar enamel emanates
from the enamel-dentine junction (EDJ). The indi-
vidual columnar units are readily discerned and
vary in column width from 5-20 ym in the type B
teeth and from 10-29 ym in the type | tooth (Figure
4C-D). These columnar packages of crystallites
can also be clearly seen in tangential sections of
columnar unit centers (Figure 4B). LIGs in Angisto-
rhinus are uncommon, but three potential LIGs are
visible on some images of NMMNH P-36190 (Fig-
ure 4C). When LIGs are present, they typically
occur near the outer enamel surface (OES) within
the outer ~25% of the enamel (Figure 4E) yet can
be scattered throughout (Figure 4F).

Adamanian-Smilosuchus

Enamel thickness of type U teeth ranges from
36-72 uym at the crests of the subparallel ridges
(fluting) (Figure 5A). Type | teeth range from 41-90
pgm in enamel thickness. Type B teeth range from
43 pm thick to 156 pym at the denticles (82 ym
excluding the denticles; Figure 5B).

Some of the sampled Smilosuchus teeth pre-
serve a BUL (Figure 5D,5F). Where, present, the
BUL is generally thin (~5 pm), with well-developed
columnar enamel originating from it. Contributions
to the fluting seen on NMMNH P-59648 are made
by both the enamel and, to a lesser extent, the
underlying dentine such that the EDJ remains
straight (Figure 5C). The enamel crystallites form
columnar packages 12—-27 um thick and are most
clearly seen in the transverse sections (Figure 5D—
E). A handful of poorly developed LIGs are present
and visible in both transverse (NMMNH P-36147;
NMMNH P-59647) and longitudinal (NMMNH P-
36146) sections (Figure 5B). Unlike Angistorhinus,
the LIGs of Smilosuchus are consistently present
throughout the enamel layer (Figure 5B, 5E).
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Adamanian-“Rutiodon”

The enamel thickness of the transverse sec-
tion of type C tooth NCSM 25043 is fairly constant
(42 pm to 44 pm). The two type U teeth (NCSM
24322A and 24322B) vary from 52—71 pym from the
base to the apex. The enamel of the type | tooth
(NCSM 25075) spans from 51-66 um at the carina.
The type B tooth (NCSM 23303) possesses the
greatest thickness and range of enamel from 42—
100 um, with the greatest thickness at the denticles
(Figure 6A-B).

“Rutiodon” teeth have a very thin (2—-3 um)
BUL, with poor- to well-defined columnar enamel
emanating towards the OES from the BUL (Figure
6C-D). Measurable columns are 13-28 um in
width and are visible in transverse (NCSM 23303),
longitudinal (NCSM 24322B), and tangential
(NCSM 24322A) sections (Figure 6A-D). The most
striking feature evident in “Rutiodon” teeth are the
numerous, well-defined LIGs present in all sam-
pled teeth and in every plane of sectioning (Figure
6A—F, not all labeled due to sheer number). The
LIGs are consistent throughout the thickness of the
enamel and are typically spaced 2-5 ym apart
(Figure 6A—F). These numerous LIGs give the
appearance of wavy enamel (e.g., Sander, 1999
and Whitney and Sidor, 2019), however, we inter-
pret “Rutiodon” as possessing columnar, rather
than wavy enamel (see Discussion).

Revueltian-Machaeroprosopus

Enamel thicknesses for Machaeroprosopus
teeth range from 45-60 um in the type U tooth
(Figure 7A—C), 43—-87 um (Figure 7D—F) and ~24—
29 um in the type | teeth (NMMNH P-33105 and
NMMNH P-33593, respectively), and 47—109 um in
the type B tooth. Interestingly, the fluting visible on
the outer surface of type U tooth NMMNH P-33105
is made up entirely of enamel, with no contribution
from the underlying dentine (Figure 7C), unlike in
Smilosuchus.

Most of the Machaeroprosopus teeth appear
to lack a BUL, though NMMNH P-33105 pos-
sesses a thin (<5 ym), poorly-defined BUL (Figure
7B). The enamel is composed of well-defined
columnar crystallite packages 7—20 um thick (Fig-
ure 7F). There may be three to four LIGs present
near the middle of the enamel of NMMNH P-33103
(Figure 7B).

Apachean-Redondasaurus

Enamel thickness of type | teeth of Redonda-
saurus ranges from 18-39 um (Figure 8A) on
NMMNH P-36184. Only one site on NMMNH P-
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36185 could be measured, where thickness ranged
from 52-55 pm (Figure 8B). The type B tooth
(NMMNH P-36186) possessed the thickest
enamel, with thicknesses of 90-109 um, with the
greatest thickness at the denticles.

Redondasaurus teeth possess a very thin (2—
3 pm), well-developed BUL from which columnar
enamel emerges (Figure 8B). Column thickness
varies from 16-38 pm in the type B tooth (Figure
8E). These well-defined columnar packages are
visible in both transverse and tangential sections
(Figure 8E—F). Only one of the sampled Redonda-
saurus teeth contained any discernable LIGs
(NMMNH P-36184, Figure 8A) and, like Angistorhi-
nus, these few LIGs were near the OES.

Statistical Analyses

While tooth EM features appears to be con-
servative between phytosaur genera, with the nota-
ble exception of “Rutiodon”, the thickness of
enamel varies among tooth types and genera. The
ANOVA results show significant between group
variation in enamel thickness (df =2, F =7.187,p =
0.001). Type B teeth were significantly thicker than
type U and | teeth in post hoc analysis, with a
greater average thickness of ~14 ym and ~10 ym
(B vs. U p=0.001 and B vs. | p = 0.004) (Figure
9A). There was not a significant difference in the
enamel thicknesses of U and | teeth (p = 0.417).
When we controlled for size (Figure 9B) ANOVA
results again show significant between group varia-
tion in enamel thickness (df = 2, F = 14.3, p <
0.001), type B teeth were still thicker in enamel by
crown height (CH) from type U by 0.6 pm per mm
(p = 0.003) and type | by 1.1 ym per mm (p <
0.001), and the difference between U and | teeth
became significant (p = 0.02), with U teeth pos-
sessing thicker enamel (approximately 0.5 pym per
mm CH). In analyzing the thicknesses from trans-
verse sections of all types of teeth from each taxon
ANOVA found that enamel thickness does differ
significantly between taxa (df = 7, F = 2.083, p
=0.048) but without a visually discernible trend
through time (Figure 9C). We then controlled for
tooth type and limited our comparison to type |
teeth as we had the most samples of type | across
the most taxa. In type | teeth average enamel thick-
ness appears to thin through time upon visual
inspection (Figure 9D); Angistorhinus has the thick-
est type | teeth (mean = 89.9 ym) and Machaero-
prosopus the thinnest (mean = 41.6 ym). However,
when we controlled for tooth size, this visual pat-
tern reversed and enamel thickness by crown
height appears to increase through time (Figure
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9E). Angistorhinus had the thinnest enamel (1.9
pm per mm CH) and Machaeroprosopus had the
thickest (5.9 ym per mm CH). We were unable to
include Redondasaurus in the size-controlled anal-
ysis as the tooth crowns were fragmentary prevent-
ing an accurate measure of crown height.

DISCUSSION

The primary focus of this study was to expand
upon the variation of phytosaur tooth enamel
recorded by Sander (1999), and then evaluate the
use of tooth EM in taxonomic assignment of iso-
lated phytosaur teeth. Much like the indeterminate
phytosaur from Switzerland (Sander, 1999), all of
the sampled phytosaur teeth consisted of entirely
columnar enamel with well-defined boundaries and
polygonal cross-sections visible in tangential sec-
tions (Figure 4B, Figure 7F, Figure 8C), and col-
umns typically 10-20 ym wide. We were, however,
unable to document additional instances of thin
(~20 um) entirely parallel enamel, as reported in
two of the indeterminate phytosaurs of the Dockum
Group in Texas (Sander, 1999). Also, unlike
Sander’s (1999) study, we did not uncover signifi-
cant variation between phytosaur teeth from the
same localities, or even the same basins. As the
phytosaur teeth originally used in Sander (1999)
were unavailable for us to examine (Sander, per-
sonal commun., 2015), we cannot reevaluate their
assignment to Phytosauria, though the distinct pos-
sibility exists that the teeth with thin, parallel
enamel belong to a different clade. We consider it
possible that the outlier tooth may in fact represent
a doswelliid, a clade not reported from the Dockum
in the 1990s, not widely known until relatively
recently, and whose tooth enamel microstructure
has not been studied (e.g., Sues et al., 2013). It is
also possible that the thin parallel enamel belongs
to a homodont phytosaur, such as Parasuchus
(=Paleorhinus), an indeterminate homodont phyto-
saur is known from the Otischalkian of West Texas,
in addition to the heterodont Angistorhinus (e.g.,
Lucas et al., 1993).

Following the design of this study, two new
taxa were described from the Sonsela Member,
Chinle Formation in the Petrified Forest National
Park, Pravusuchus hortus Stocker 2010 and
Protome batalaria Stocker 2012. Based on strati-
graphic position and correlation, these new taxa
are likely stratigraphically higher than the Bluewa-
ter Creek and Blue Mesa Members of L-3380 and
L-6818, respectively. These species are thus far
only known from their type specimens, and the
Chinle Formation has been well-sampled for phyto-
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FIGURE 9. Boxplots of overall enamel thickness and enamel thickness to crown height ratio. Circles around boxplots
represent outliers. 9A—Enamel thickness (um) by tooth type. Type B teeth have the thickest enamel on average; 9B—
Enamel thickness (um) over crown height (mm) by tooth type. We included this ratio as a way to account for the over-
all size of teeth. Type B teeth have the thickest enamel on average, followed by type U; 9C—Enamel thickness (um) of
transverse sections by taxonomic assignment with stratigraphically oldest on the left of the plot,showing variation in
enamel thickness but no chronological trend; 9D—Enamel thickness (um) of transverse sections of type | teeth. When
only considering type | teeth enamel thickness thins through time; 9E—Enamel thickness (um) over crown height
(mm) of transverse sections of type | teeth. When overall tooth size is accounted for, the opposite of Figure 9E is seen
with typical enamel per mm height increasing through time.
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saur taxa, so, their rarity renders them even less
likely to be present in our sample at the stratigraph-
ically lower intervals.

The consistency of the heterodont tooth EM
within and between the western USA phytosaurs
indicates that phytosaur EM has little use in taxo-
nomic identification—at least to genus level—and
is therefore not useful as a biostratigraphic marker.
The only difference we saw was in the contribution
of the dentine to the carina in Type U teeth in Smi-
losuchus but not in Machaeroprosopus, but sus-
pect that this trait, while worth studying further, may
be variable. However, we did find distinct differ-
ences between phytosaurs of different basins. Few
of the western USA phytosaurs possess LIGs, and
in those taxa the individual LIGs are not especially
well-developed. In contrast, the Newark Super-
group phytosaur, “Rutiodon”, preserves numerous,
well-defined LIGs throughout all the sampled teeth
(Figure 6A-F). It has been argued that North Amer-
ican phytosaur genera had a continuous range
from the Newark Supergroup into the western
USA, and that “Rutiodon” is synonymous with
Angistorhinus (Hungerbihler and Sues, 2001) or
Smilosuchus/Leptosuchus (Hunt, 1989). The differ-
ences in schmelzmuster between the sampled
Newark Supergroup and western USA phytosaurs
instead supports the hypothesis that the taxa in
these basins are phylogenetically distinct, and
there existed at least two separate populations of
phytosaurs in North America during the Late Trias-
sic. This finding of larger scale differences in
schmelzmuster than the generic level is an echo of
previous findings related to dinosaur phylogenet-
ics, in which tooth EM is found to be useful in dis-
tinguishing dinosaurs only at the suprageneric
clade level (Hwang, 2011). An important caveat in
this assessment is the variable appearance of LIGs
due to specimen preparation. We attempted to
minimize variability in LIGs appearance by stan-
dardizing the etching process and taking sections
from multiple directions. Because strong LIGs are
present in transverse, longitudinal, and tangential
sections we believe this is an authentic signal of
the enamel at not an artifact of a slightly different
etch, but that remains a possibility.

The differential occurrence of LIGs in phyto-
saurs implies variable enamel deposition within
Phytosauria. If LIGs do represent daily arrests in
growth due to autonomic nervous system activity
(Appenzeller et al., 2005), then one of two scenar-
ios for “Rutiodon” enamel deposition is possible.
Either “Rutiodon” replaces and grows its teeth at a
significantly slower rate than other phytosaurs,
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thereby recording numerous LIGs, or “Rutiodon’
deposits enamel in a far more cyclical manner than
other phytosaurs, which deposit enamel fairly con-
tinuously, resulting in few to no LIGs. We favor the
latter hypothesis, as it requires only a change in
the timing of enamel deposition, rather than a
physiological shift. We have no additional lines of
evidence suggesting Newark phytosaurs had sig-
nificantly higher growth rates. Additionally, the
western North American phytosaurs were all recov-
ered from units interpreted to represent semi-arid
to fluvial deposition (High Jr. et al., 1969; Heckert
and Lucas, 2003; Tanner et al., 2003; Cleveland et
al., 2007; Trendell et al., 2013) with the exception
of Redondosaurus, as the Redonda Formation is
interpreted as a mosaic of lakes (Hester et al.,
2001; Lucas et al., 2006) whereas the “Rutiodon”
teeth are found in lacustrine environments (Litwin
and Ash, 1993). Therefore, this different enamel
deposition pattern could be the result of environ-
mental controls. Though the latter hypothesis
seems more plausible, to test both hypotheses
would require a comprehensive study of tooth
replacement in phytosaurs using complete jaws
with in situ teeth. Sander (1999, pl. 9f) illustrated a
single tooth referred to an indeterminate rauisuchid
that possesses columnar enamel with many well-
developed LIGs throughout the enamel that
strongly resembles our own images of Rutiodon,
perhaps indicating some convergence. An alter-
nate explanation for the features of “Rutiodon”
teeth is that they are composed of wavy enamel. In
wavy enamel crystallites are in a staggered
arrangement with a constant gradual angle away
from the EDJ (Sander, 1999). As a result of the
helical arrangement of the crystallites numerous
differentially reflective waves are formed through
the enamel giving a similar appearance to LIGs,
and can be seen in ornithischian dinosaurs
(Sander, 1999; Hwang 2010; 2011) and in a tapino-
cephalid synapsid (Whitney and Sidor, 2019). If
this were the case, it would mean “Rutiodon” teeth
likely reflect a drastically different diet or feeding
mode as wavy enamel is associated with herbi-
vores and a grinding style of eating and would be
the first occurrence of wavy enamel in Pseudosu-
chia. However, we do not believe “Rutiodon” teeth
possess wavy enamel due to the presence of
diverging zones in the center of columns and con-
verging zones at the edges of columns, which indi-
cate different angles in crystallite structure not
expected in wavy enamel. These columns are also
apparent in bundles in tangential view (Figure 6C),
typical of columnar enamel, not wavy enamel



(Sander, 1999). Given that columnar and wavy
enamel both appear in hadrosaur ornithischian and
wavy enamel is still poorly understood, it is possi-
ble that they represent a continuum of enamel
types, rather than distinct types, but based off
Sander (1999) interpretations of enamel types
“‘Rutiodon” teeth are more similar to columnar
enamel.

Different types of heterodont phytosaur teeth
do preserve predictable patterns, chiefly with
regards to enamel thickness. The type B, or blade-
like, teeth consistently form the thickest enamel,
even when overall tooth size is accounted for in our
analyses. This discovery reinforces the idea that
some phytosaurs have “true heterodont” or tripar-
tite dentition (Hungerbihler, 2002). Columnar
enamel is thought to be more resistant to fracturing
and bending (Sander, 1999). This, combined with
the overall thicker enamel of type B teeth, lends
credence to the hypothesis that the posterior maxil-
lary (type B) teeth were primarily responsible for
food processing, by way of slicing and shearing
soft tissue, in phytosaurs (Hungerbihler, 2002).
This would parallel the role of carnassial teeth in
carnivoran mammals, another heterodont preda-
tory clade with blade-shaped teeth in the back of
the jaw, although in carnivorans the carnassial
teeth function with tooth-tooth occlusion, not evi-
denced in phytosaurs (Greaves, 1983). However,
recent tooth enamel microwear analysis of phyto-
saurs did not find evidence of material processing
differences for teeth in different sections of the jaw
(Bestwick et al., 2021). Instead, the differences
between the posterior (type B) and the anterior +
middle teeth (types C, I, U) are hypothesized to be
the result of differential forces during food process-
ing, potentially by side-to-side shaking of the head
or the “death roll” of extant crocodylians (Bestwick
et al., 2021), though those authors also note that
these ideas have not been explicitly tested in phy-
tosaurs. A simpler explanation is that the Type B
teeth experience greater pressure, generating
greater bite force, than more anterior teeth since
jaws are Type 3 levers with Type B teeth closer to
the fulcrum. Thus, they need more reinforcement in
the form of thicker enamel. This is in line with gross
morphological examinations of rear teeth in
durophagous animals, which need to take bite
forces to an extreme (see Miller-Camp, 2016).

Although tooth schmelzmuster in phytosaurs
is not useful for taxonomic assignment and there-
fore biostratigraphy, EM does provide useful
insights into biogeographic distributions and ecol-
ogy of phytosaurs. Using EM, we identify eastern
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and western North American phytosaurs as two
distinct populations not only phylogenetically, but
physiologically and potentially ecologically. This
study of EM is also one of the few to statistically
compare enamel thickness, whereas most previ-
ous work has relied upon relative comparisons.
Our finding of significant patterns in opposite direc-
tions when tooth size is controlled for points to the
importance of including measurements of all teeth
prior to destructive sampling, and including the
macroscopic measurements to contextualize EM
observations, as highlighted by Hwang (2011),
Heckert and Miller-Camp (2013), and Wang et al.
(2015). Future studies of EM should continue to
use more objective methods when comparing
enamel within and between taxa. We echo the con-
clusions of other authors (e.g., Sander, 1999;
Hwang, 2011; Heckert and Miller-Camp, 2013; But-
ton et al.,, 2017) in emphasizing the potential of
tooth EM to address questions of evolution, diet,
and distribution, particularly for archosauriforms.
Because phytosaurs have a nearly Pangean distri-
bution, and their shed teeth are one of the most
common body fossils found in a variety of basins of
Late Triassic age, we encourage workers to sec-
tion some of these teeth to elucidate additional
details of phytosaur tooth EM, and thus possible
ecological and taxonomic variation.

CONCLUSIONS

We present the first systematic sampling of
phytosaur tooth enamel microstructure, sampling
throughout the Late Triassic of North America.
Phytosaur EM features appear to be highly conser-
vative through time with some changes in overall
enamel thickness, but a distinct change across
basins with phytosaur EM from eastern North
America (i.e., Newark Supergroup) preserving >30
LIGs per tooth. This demonstrates that phytosaurs
from eastern and western North America deposited
enamel in a visibly different manner and lends sup-
port to the hypothesis that phytosaurs are taxo-
nomically distinct in eastern and western North
America.

Given the differences between phytosaur EM
of major geographic regions and apparent conser-
vation of EM through time (~15 my) within a single
region, a potentially fruitful area of future work
would be to examine phytosaur EM from other
regions, ideally those with multiple time intervals
that preserve phytosaurs. A single tooth from an
indeterminate phytosaur of Hallau, Switzerland,
was sectioned by Sander (1999) and possessed
EM similar to that of the western North American
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phytosaurs in this study (i.e., rare LIGs, columnar
enamel ~60 ym thick). However, there remain tax-
onomic and biogeographic questions about phyto-
saurs that could be investigated using phytosaur
tooth EM, namely the potential biogeographic con-
nectedness of the less sampled African and Indian
phytosaurs to contemporaneous European phyto-
saurs and the taxonomic monophyly of genera
such as Paleorhinus and Machaeroprosopus
(Stocker and Butler, 2013; Jones and Butler, 2018).
Another potential avenue of research would be to
compare growth between eastern and western
North American phytosaurs using additional skele-
tal elements. Our tooth EM results suggest the
eastern phytosaurs of the Newark Supergroup
deposited enamel during tooth development
unique from the western phytosaurs of the Chinle/
Dockum strata. As annual growth records are well-
preserved in phytosaur elements such as osteo-
derms (e.g., Scheyer et al., 2014), a comparison of
elements from temporally-equivalent phytosaurs
could elucidate if the variation in EM LIGs is the
result of a novel growth strategy in Newark Super-
group phytosaurs, or limited to a change in tooth
replacement and growth.

Phytosaurs are often reconstructed as semi-
aquatic predators with variation in dietary special-
ization based upon overall skull morphology (Hunt,
1989) and heterodont dentition (Hungerbihler,
2000; Datta et al., 2020; Bestwick et al., 2021). It
was not until recently that these hypotheses have
been explicitly tested. Our finding that type B, or
the posterior maxillary teeth, have thicker than
average enamel, even when controlling for size,
supports the hypothesis that different teeth in het-
erodont phytosaurs performed different functions.
This, along with phytosaur tooth enamel microwear
results (e.g., Bestwick et al., 2021) suggest poste-
rior maxillary teeth (type B) were under a different
pressure regime during feeding. The combination
of tooth EM description and quantification com-

bined with other methods of dietary interpretation
like dentine ultrastructure (e.g., Brink et al., 2016),
enamel microwear (e.g., Bestwick et al., 2021), and
3D-OPCR (e.g., Melstrom, 2017) is a promising
method of testing dietary reconstructions of extinct
saurians. This is particularly important within the
context of the archosauriform radiation following
the end-Permian mass extinction, when archosau-
riforms evolved to fill a variety of ecological roles
after the decline of parareptiles and non-mamma-
lian therapsids (Nesbitt, 2011; Ezcurra, 2016;
Ezcurra and Butler, 2018). By combining indepen-
dent measures of food processing, we can use the
diversity of EM in reptiles (e.g., Sander, 1999) to
better reconstruct how archosauriforms rose to
ecological dominance in the Triassic.
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