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Tooth enamel of most mammals shows alternating light and dark bands,
called Hunter-Schreger bands (HSB), in longitudinal sections caused by
decussating bundles of prisms, the unit building blocks of mammalian
enamel. HSB are thought to increase resistance to abrasive food and
mitigate crack propagation and hence are considered a mammalian
adaptation to high-efficiency mastication. Using traditional microscopy
techniques as well as X-ray diffraction computed tomography (XRD-CT),
here we report for the first time the presence of HSB-like features
in the tooth enamel of a non-mammalian amniote, ITharkutosuchus, an
extinct herbivorous crocodile with strong heterodonty and a unique
chewing mechanism. XRD-CT showed that the enigmatic HSB-like
pattern in Iharkutosuchus enamel, which lacks mammal-like decussating
prisms, has a purely crystallographic origin. Iharkutosuchus teeth also
exhibit wavy enamel, a well-known structure in herbivorous ornithopod
dinosaurs with shearing-type mastication. The unexpected finding of
both enamel features in this herbivorous crocodile speaks for their
role in high-efficiency chewing. However, the profoundly different
structural background of mammalian and crocodilian HSB demonstrated
here and the phylogenetic distribution of both HSB and wavy enamel
indicate nanostructure-scale convergences, highlighting the importance of
mastication-related challenges in driving dental evolution of amniotes.

1. Introduction

From the well-organized and repeated decussation pattern of bundles of
enamel prisms, the unit building blocks of mammalian tooth enamel, emerge
an optical feature referred to as Hunter-Schreger bands (HSB). HSB are
known to appear in the longitudinal section of most mammalian teeth as
alternating light and dark bands in the enamel under cross-polarized light
[1-4]. It has long been suggested that the criss-crossing bundles of prisms in
HSB, appearing distinctly under scanning electron microscope (SEM), limit
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the propagation of fractures [5-8] and reduce mastication-related enamel abrasion [9]. Thus, the presence of HSB is generally n
considered indicative of an animal’s chewing performance. Some evolutionary studies even implied that the polyphyletic
appearance of HSB has driven the diversification of Cenozoic herbivore and carnivore mammals by expanding their range
of diet [6,10]. Apart from two studies reporting its presence in some fossil sauropsid taxa without providing visual evidence
[11,12], HSB have so far only been demonstrated sufficiently in diverse mammalian species. Consequently, they are thought of
as primarily a mammalian feature [13].

The functional importance of HSB is undisputedly connected with the capability of chewing, in which food is pre-processed
orally by the occluding teeth of the upper and lower jaws. The emergence of mastication with dental occlusion in the evolution
of vertebrates is thought to be associated with a herbivorous diet [14,15]. Among extant vertebrates, oral food processing by
active chewing only occurs in mammals. However, it was phylogenetically much more widespread among extinct amniotes,
such as non-mammalian synapsids [15], ornithischian dinosaurs [16-18], placodontian marine reptiles [19,20] and even some
intriguing crocodilians [21,22]. A special representative of the latter group is ITharkutosuchus makadii, a small-bodied (approx. 1
m long), Late Cretaceous semiaquatic hylaeochampsid crocodile described from the Santonian-aged (approx. 85 Ma) Csehba-
nya Formation (Tharkat, Bakony Mountain, Hungary) based on one nearly complete and multiple partial skulls with in situ
preserved teeth and plenty of isolated teeth [23]. This peculiar species exhibits a short snout (approx. 11 cm skull length) with
heterodont dentition composed of incisiviform and multicusped premolariform and molariform teeth (figure 1A,B). Based on
extensive comparative anatomical and tooth wear analysis, Tharkutosuchus was a predominantly herbivorous crocodile with
a unique chewing mechanism involving predominantly lateromedial jaw movements with a slight mesiodistal component
[22-25].

Using traditional cross-polarized light microscopic (c-PLM) and SEM visualization techniques as well as X-ray diffraction
computed tomography (XRD-CT) applied here for the first time in the comparative context of extant and sympatric fossil
crocodilian teeth, we report the presence of HSB-like patterns in the tooth enamel of Iharkutosuchus. While ¢-PLM provided
the first visual clue, XRD-CT could explain the origin of this feature by providing evidence of its crystallographic background
that is fundamentally different from the alternating prisms seen in mammalian HSB under SEM. Besides the HSB-like pattern,
we also show the presence of wavy enamel, a structure well-known and described in the dental histology of the herbivorous
ornithopod dinosaurs and associated with a shearing type of chewing [26-31]. The differing structural origin of HSB between
Iharkutosuchus and mammals, and the phylogenetic distribution of both HSB and wavy enamel indicate evolutionary conver-
gence and a functional importance related to high-efficiency mastication. This study is the first to clearly demonstrate and
explain HSB-like enamel features in a non-mammalian amniote. We also highlight the indispensability of X-ray-based imaging
techniques, such as XRD-CT, as non-destructive tools to decipher hidden crystallographic features with potential functional
implications in fossil teeth.
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2. Methods

(a) Investigated taxa and tooth material

Fifteen isolated Iharkutosuchus teeth representing three different morphotypes were investigated in this study: four incisivi-
form, three premolariform and seven molariform teeth (figure 1A,B; electronic supplementary material, table S1). To provide
comparative context for the interpretation of their unique enamel characteristics, we also selected isolated posterior teeth of a
further three extinct mesoeucrocodylian groups as well as an anterior and a posterior tooth of an extant American alligator
(Alligator mississippiensis) (electronic supplementary material, figure S1). All isolated fossil crocodilian teeth studied here have
been recovered from the same locality in Tharkat, the Santonian-aged Csehbanya Formation, Bakony Mts, Hungary, and are
curated in the Hungarian Natural History Museum (HNHM). These sympatric fossil taxa are representatives of the enigmatic
allodaposuchid and theriosuchid crocodiles and the genus Doratodon [32] (electronic supplementary material, figure S1). Here,
we mostly focused on the semiaquatic allodaposuchid crocodilians because, unlike the terrestrial Doratodon, they shared the
same fluvial habitat with Tharkutosuchus and thereby were exposed to the same taphonomy and diagenetic conditions during
fossilization [33]. At the same time, as the dentition and assumed diet of allodaposuchids were similar to those of modern
crocodiles [34-36], their teeth provided the best baseline comparison with Iharkutosuchus teeth to contrast potentially diet-rela-
ted enamel patterns. On the other hand, teeth positively assignable to the similarly semiaquatic theriosuchid crocodilians
are comparatively rare in this locality, and hence our study was limited to a single theriosuchid posterior tooth. The extant
American alligator anterior and posterior teeth have been extracted from a skull specimen commercially acquired from the
Atlantic Coral Enterprise, Inc. in St. Augustine, Florida, USA.

Whereas the Iharkutosuchus and allodaposuchid teeth were subjected to all imaging and analytical techniques presented in this
study, including PLM, SEM and XRD-CT, theriosuchid and Doratodon teeth were investigated only as petrographic sections with
PLM. The extant alligator teeth were characterized by XRD-CT only, owing to the numerous PLM and SEM images and descriptions
available in the literature for comparison [e.g. 26,37-39]. Iharkutosuchus tooth morphology and general enamel microstructure have
previously been described [22,23,25]. For technical information on the selected teeth, including the number of tooth specimens
investigated in each group, catalogue numbers and section planes, see electronic supplementary material, table S1.
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Figure 1. General anatomical and dentition characteristics of the heterodont hylaeochampsid crocodile, tharkutosuchus. (A) Reconstructed body silhouette and skull
of Iharkutosuchus in ventral view with the studied incisiviform (in), premolariform (pm) and molariform (mo) teeth highlighted in red, and the actual tooth specimens
magnified (incisiviform and molariform in occlusal and medial views, premolariform in occlusal and mesial views). (B) Thin sections of teeth cut in mesiodistal (=
longitudinal) plane. (C,D,E) Columnar microstructure of the enamel (en) demonstrated in a molariform tooth in SEM (C) and (D) and cross-polarized light microscopic
(c-PLM) (E) images. The red rectangle in (C) indicates the magnified region in (D). (F-J) Prism-like structures (ps) are shown in molariform teeth in SEM (F)—(I) and
¢-PLM (J) images (I in cross-section). Red rectangle in (G) indicates magnified region in (H). (K) Mammalian prismatic enamel in a rodent molar tooth for comparison.
Further abbreviations: cu, cusps; co, columns; de, dentin; os, occlusal surface; pr, enamel prisms.

(b) Sample preparation, visualization and analytical techniques

(i) Polarized light microscopy (PLM)

Fossil teeth were embedded in Araldite 2020 epoxy resin, and petrographic ground sections in longitudinal (mesiodistal and
labiolingual) and transverse planes prepared following the method outlined in Prondvai et al. [40]. Histological and image
analyses were performed using a Nikon ECLIPSE LV100 POL polarized light microscope, Qlmaging Micro Publisher 5.0 digital
CCD camera, and Image-Pro Insight 8.0 software (Media Cybernetics).

(ii) Scanning electron microscopy (SEM)

For the SEM analysis, the resin-embedded Iharkutosuchus and allodaposuchid teeth were cut in various planes, ground, their
etched surfaces coated with a 5 nm gold—palladium layer by an XC7620 Mini Sputter Coater and analysed using a Hitachi
S-2360N SEM at the Department of Botany, HNHM. Images were taken at 15-20 kV from 5 to 9 mm distance using Everhart-
Thornley detector. With the same specimen preparation but applying 5 nm carbon-coating and using a FEI Quanta 3D FEG
SEM for the analysis of tooth microstructure, another SEM analysis was conducted at the Research and Instrument Core Facility,
Faculty of Science, E6tvos Lorand University, Hungary.

(iiii) X-ray diffraction computed tomography (XRD-(T)

Hydroxyapatite (HAP), the main mineral constituent of enamel, preserves well in fossils and is thought to largely reflect
the original crystallographic arrangements, especially crystallite orientations [41]. This is particularly true of tooth enamel,
which has high crystallinity and low organic content [42]. Hence, application of X-ray diffraction-based methods can reveal
characteristics that are hidden from PLM and SEM techniques traditionally used in descriptive studies of fossil teeth. For the
first time in fossil teeth, we apply non-destructive XRD-CT, a cross-disciplinary approach that has already been successfully
used in imaging the crystalline structure of human teeth [43,44], to decipher the structural background of the HSB-like pattern
in Tharkutosuchus teeth.

XRD-CT is a focused pencil-beam computed tomography method in which the signal corresponds to differences in the
diffracted intensity of X-rays [45], enabling spatial resolution of chemical species of similar density or low absorption cross-sec-
tion. It informs about crystallinity (i.e. level of structural order reflecting the density of HAP packing), crystallite size and
unit cell parameters, including size and orientation along the main axes. For XRD-CT-based comparison, we selected an intact
premolariform and a molariform tooth from Iharkutosuchus with well-preserved ridges, cusps and general 3D morphology,
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an isolated posterior allodaposuchid tooth and a posterior and an anterior tooth of an extant American alligator (electronic
supplementary material, table S1).

XRD-CT data were measured using beamline P07 (EH2) at PETRA III, DESY, Hamburg. The beam energy was 73.4 keV (0.169
A), focused to 2 x 20 pum (vertical x horizontal). Data were collected at 500 Hz using an Eiger X 4M hybrid pixel detector at
900 mm sample—detector distance and calibrated using a CeO, reference standard (NIST, 99.9%, < 5 micron). The samples were
mounted atop a goniometer with a horizontal rotation axis and oriented such that the measurement followed a longitudinal
slice down the tooth. The samples were scanned with continuous translation (vertical) steps of 4 um in a zig-zag configuration
and with a 0-360° rotation range using 1000 steps of 0.36°. A beam monitor diode was used for sample absorption correction.

The raw 2D diffraction images were integrated using PyFAI [46]. Sinogram alignment, absorption correction and reconstruc-
tion with filtered back-projection were performed using in-house Matlab scripts. The final reconstructed images have a pixel
size of 4 x 4 um. Reconstructed XRD-CT datasets were masked to exclude the dentin, after which Rietveld refinement was
applied using Beamstop [47] over the range of 15-68° (when scaled to A = 1.5406 A) and Topas V7 utilized [48] on the masked
datasets using the hydroxylapatite structure (ICSD 131599), with +/~1 % min/max limits on the reported unit cell parameters [a =
9.42, ¢ = 6.88]. For further explanation on the Rietveld analysis, see Electronic Supplementary Information.

In addition to the Rietveld analysis, two peaks of interest were fitted with Gaussian profiles: the 002 and 300 reflections
(3.436 A and 2.719 A d-spacing). These peaks were chosen as unique reflections representing the c- and a-axes of the unit cell
and providing additional information on the relative crystallite orientation not directly accessible by standard Rietveld analysis.
XRD-CT datasets are available in Dryad [49].

All figures were created using InkScape open-source imaging and drawing software (https://inkscape.org).

3. Results
(a) PLM- and SEM-based observations

Ground sections of all investigated Iharkutosuchus teeth reveal a comparatively thick enamel (150-300 pum) for a crocodilian
of similar size (e.g. [13,38,39,50]). Some of the premolariform and molariform cusps are slightly worn, but the majority of the
enamel is well-preserved in all studied teeth. A largely columnar enamel microstructure appears to be present in cross-polar-
ized light (c-PLM) and in some SEM images of the tooth sections (figure 1C-E), just like in the allodaposuchid crocodile and
most extant crocodilians [26,39]. Other SEM images, however, reveal uniformly oriented, short and thick, prism-like structures
with blunt cone-shaped ends (figure 1F-J). This prism-like layer mostly occurs on the occlusal plane of the teeth and extends
from the enamel surface down to or below half of its thickness. Prism-like as these structures are, also evidenced by side-by-side
comparison with mammalian enamel prisms (figure 1K), no well-defined interprismatic enamel can be observed in between
them. Thus, prismatic enamel, as defined in mammals and in a few extant reptiles, such as the spiny-tailed lizard, Uromastyx,
and a hatchling gharial (Gavialis gangeticus), as well as in some extinct sphenodontians [26,51-54], cannot be identified in the
Tharkutosuchus teeth.

In the c-PLM images of all three investigated tooth types (incisiviform (figure 2A,B), premolariform (figure 2C,D) and
molariform (figure 2E-G), alternating light and dark bands appear in longitudinal sections. They are organized in a sickle-sha-
ped pattern with a broader base starting almost perpendicular to the enamel-dentine junction (EDJ) and usually tapering into a
finer band that curves slightly and merges with the enamel surface at an acute angle (figure 2). These features can be observed
regionally on the sides of cusps as well as on the labiolingual and mesiodistal surfaces of the teeth. Hereafter, we refer to these
alternating light and dark curving bands as HSB-like pattern, recognizing its close reminiscence of HSB as it appears in human
and other mammalian teeth [55,56]. By contrast to mammalian HSB, however, the HSB-like pattern in Iharkutosuchus teeth is
characterized by a more irregular spatial distribution and a hierarchical sub-structuring depending on the scale of investigation.
Band widths are resolved in ¢-PLM as being approx. 90 um thick at their base at lower magnification (4x), and as thin, hairlike
structures of a few pm width at higher magnification (40x) (figure 2). This hierarchical nature of the HSB-like pattern, with
broader bands being subdivided into finer stripes, makes identification of band boundaries difficult. In SEM images, neither
criss-crossing bundles of prisms explaining HSB in mammals nor abrupt changes in enamel crystal orientation can be observed
in the largely columnar Tharkutosuchus enamel (figure 1C-J).

Another peculiar enamel structure apparent under c-PLM in all three types of Iharkutosuchus teeth corresponds to what is
known as the ‘wavy enamel’ that has so far only been described in herbivorous dinosaurs—mostly ornithopods with elaborate
mastication [26,28,31,57]. It appears as stacks of undulating waves with an alternating light and dark pattern in the successive
layers that run largely parallel to the EDJ (figure 2H-J). The individual waves have an average thickness of 5.3 + 1.6 um.
This feature is visible in both longitudinal and transverse sections of the teeth, but its spatial distribution is diverse across the
different types of teeth and along the section plane. In most sections, it is present between the main and accessory cusps on
the occlusal surface closer to the EDJ (figure 2H), but it may also appear as a few stacks of waves running in the middle layer,
as a double layer (figure 2I), or even across the entire enamel thickness (figure 2J). Wavy enamel can regionally co-occur with
—and partially overlap—the HSB-like pattern (figure 2R). A spatially less organized but similar wavy enamel feature is also
discernible in the c-PLM images of allodaposuchid (figure 2N,O), theriosuchid and Doratodon teeth (electronic supplementary
material, figure S2). Wherever observed, they occupy the entire enamel thickness in both longitudinal and cross-sections.
However, unlike the wavy enamel that runs parallel to the ED]J in the teeth of Iharkutosuchus, these similar structures in the other
studied fossil crocodilian teeth mostly run at the same acute angle as the striae of Retzius, i.e. marked growth lines deposited
in multiple-day cycles during enamel formation [58]. Whereas striae of Retzius are not evident in Iharkutosuchus teeth, daily
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Figure 2. Hunter-Schreger band-like structures (HSB) in the tooth enamel of /harkutosuchus and wavy enamel in the teeth of /harkutosuchus and the sympatric
allodaposuchid crocodile. HSB in longitudinally cut (A,B), incisiviform, (C,D), premolariform, and (E-G), molariform enamel appear as alternating light and dark bands
under ¢-PLM running in a sickle-shaped pattern from the enamel—dentine junction to the outer surface of the enamel. HSB occur mostly on the anterior surface
(as) up to the occlusal edge in incisiviform teeth (A,B) and on the occlusal surface in premolariform and molariform teeth running up the cusps (C-G). Note the
multiple identifiable scales of bands at different magnifications. Dashed lines in (A) indicate the sickle-shaped pattern of HSB. (H-J), Wavy enamel (we) under c-PLM
in Iharkutosuchus molariform ((H,1)) and premolariform (J) teeth organized in single (H) or multiple (I) layers or occupying the entire enamel thickness (J). Note that
the waves run parallel to the enamel—dentine junction (EDJ). Daily incremental growth lines (gl) appear largely independently from wavy enamel. (K—M) SEM images
of lharkutosuchus molariform enamel regions with clusters of crystallites interrupted by elongate voids (vo). Red rectangle in (L) indicates magnified region in (M).
(N-Q) Wavy enamel as it appears in allodaposuchid teeth under ¢-PLM ((N,0)) and SEM ((PQ)). Note that the waves run at an acute angle to EDJ like the striae of
Retzius, occupying the entire enamel thickness (N,0). Red rectangle in P indicates magnified region in (Q). (R) lharkutosuchus molariform tooth enamel under c-PLM,
demonstrating the columnar microstructure overlain by the co-occurring HSB-like and wavy enamel patterns. Further abbreviations as in figure 1.

incremental growth lines organized in stacks run parallel with wavy enamel layers but are manifested on a much smaller scale
(approx. 1-1.5 um zone width) and occur largely independently from wavy enamel (figure 2H).

In some SEM images of Iharkutosuchus teeth (figure 2K), undulating rows of poorly organized enamel crystallites resem-
ble the so-called ‘staggered crystallites’ (sensu [26]) illustrated in the coarse wavy enamel of ornithopod dinosaurs, such as
Iquanodon, Hypacrosaurus and Saurolophus [27,28,37]. In other samples, crystallites form thicker bundles regionally interrupted
by elongated voids (figure 2I,M) that look more like the structures identified as wavy enamel in SEM images of Anatosaurus
teeth [26]. Still, no evident spatial correlation or consistent pattern could be ascertained to link the wavy enamel appearing
in ¢-PLM to these SEM structures in Tharkutosuchus teeth. Similarly, in allodaposuchid teeth, regions showing wavy enamel in
¢-PLM images have SEM characteristics demonstrated in diverse crocodilian enamel [e.g. 26,38,39] (figure 2P,Q), but they are
also virtually indistinguishable from those identified as wavy enamel in the basal ornithopod Changchunsaurus (fig. 5 in [31]).
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(b) HSB-like pattern explained by XRD-CT

As the structural background of the HSB-like pattern appearing in c-PLM images of the Iharkutosuchus teeth could not be
established at a microstructural scale by SEM profiling, XRD-CT was used to probe the nanostructural level of this enigmatic
phenomenon.

When HAP crystallinity is considered, relative scale factor distribution colour maps show that Iharkutosuchus teeth have
uneven, regionally differing intensities throughout the enamel (green to red colours indicating lower to higher intensity HAP
distributions in figure 3A,B,E,F and figure 4B,D). This contrasts with the strongly uniform pattern of relatively high crystallinity
in the bulk of the enamel found in the teeth of the fossil allodaposuchid and the modern alligator (orange to red colours in
figure 3C,D,G,H). The same difference between the tooth enamel of Iharkutosuchus and the other crocodilians is evident in the
crystallite size distribution. In Iharkutosuchus, adjacent regions of larger (approx. 40-60 nm, orange to red in figure 3, yellow
to red in figure 4B,D) and smaller (approx. 25-30 nm, green to yellow in figure 3, blue to green in figure 4B,D) crystallites
are observed at the scale of 20-200 um. The other crocodilians rather show a thin inner layer of smaller and a thick outer
layer of larger crystallites in their enamel (figure 3G,H). Similarly, the heterogeneity in the intensity of the 300 reflection of
the HAP unit cells (figure 3, electronic supplementary material, figure S3) reveals changes in the relative a-axis orientation
of the HAP crystallites at the same spatial scale as the detected changes in crystallite sizes in Iharkutosuchus. In the HAP 300
reflection maps, finer columnar features are also visible at 820 um (figure 3F,H) consistent with the columnar enamel structure
appearing in SEM and c-PLM images. Although the a-axis orientation of the HAP unit cells also shows variations in the modern
alligator posterior tooth (figure 3H), orientation changes in the adjacent regions are more pronounced in the ITharkutosuchus teeth
signified by alternating red and green/blue colours, as opposed to the alternating blue and green bands seen in the alligator.

Most importantly, the spatial distribution, dimensions and hierarchical structuring of the changing intensities in HAP
crystallinity (relative scale factor), crystallite size and a-axis orientation of HAP unit cells seem to match the large-scale HSB
pattern identified in c-PLM images of Iharkutosuchus enamel (figures 3, 4, electronic supplementary material, figures S4).
Even though the XRD-CT resolution in this study did not allow us to establish a relationship at the finest scale of the HSB
phenomenon (figure 2D,F,G), the combination of the changes in these three identified HAP parameters appears to correlate
spatially with the HSB pattern emerging at higher hierarchical levels (figure 4A-C and electronic supplementary material,
figures S4). The spatial correlation that exists among the three HAP parameters in the XRD-CT is clearest in the images of
the premolariform tooth. In the latter, crystallinity —and to a lesser extent, crystallite size—can be best linked to the HSB-like
pattern seen under c-PLM, whereas their relationship with HAP a-axis orientation is not evident. However, as it was not
possible to image the same tooth/cross-section applying these two different methods, identical matching of features between
c-PLM and XRD-CT images is not to be expected.

By contrast, with similar variability in 002 reflection intensities across the studied taxa, the c-axis orientation of the HAP unit
cells in ITharkutosuchus tooth enamel does not deviate from the pattern found in the other crocodilians (figure 3). As for lattice
parameters ‘a” and ‘c’ (electronic supplementary material, figures S5 and S6), HAP unit cell length along the a-axis (i.e. lattice
parameter ‘a’) increases towards the enamel surface in the premolariform of Iharkutosuchus and in the posterior allodaposuchid
tooth. By contrast, HAP a-axis length is mostly uniform in all other teeth, with the Iharkutosuchus molariform having the
shortest, and the modern alligator posterior tooth the longest unit cell a-axis across the enamel (electronic supplementary
material, figure S5). HAP unit cell length along the c-axis (i.e. lattice parameter ‘c’) is uniformly small throughout the enamel
in all fossil teeth compared with modern alligator, in which HAP c-axis is longer in the bulk of the enamel and decreases
close to the enamel surface (electronic supplementary material, figure S6). Thus, neither HAP c-axis orientation nor unit cell
size seems to correlate with the HSB-like features present in Iharkutosuchus teeth. Furthermore, despite their appearance in the
300 reflection images, the columnar enamel units do not appear to be linked to the varying intensities of this HAP orientation
parameter, which can cross columnar boundaries in a spatially uncorrelated manner. For further details on the XRD-CT
observations, see the electronic supplementary material.

4. Discussion

Our study demonstrated a unique and unexpected combination of mammal-like HSB pattern and dinosaur-like wavy enamel
in the teeth of the extinct herbivorous crocodilian, Tharkutosuchus. While c-PLM was the essential tool for primary detection of
both enamel features, only XRD-CT could uncover the underlying cause of the HSB-like pattern and its important functional
evolutionary implications in Tharkutosuchus. We also added XRD-CT to the growing list of applicable high-resolution analytical
tools for deciphering the nanostructural background of adaptive characteristics in the enamel of both extant and extinct
vertebrates [e.g. 39,59-64].

The evolution of vertebrate herbivory is associated with various dental adaptations to increased tooth wear caused by
highly fibrous, tough plant material [14,22,65]. Such adaptations can manifest themselves at multiple scales, from anatomical
to molecular, crystallite and even atomic levels [38,53,60,64,66], as also evidenced by our findings in Iharkutosuchus. Besides
the prominent morphological and anatomical correlates of chewing [22-25], the observed combination of the HSB-like pattern
and wavy enamel appears to represent much more cryptic, nano-scale adaptations to the highly specialized herbivorous diet of
Tharkutosuchus.

The functional significance of mammalian HSB in increasing resistance to chewing-related attrition and abrasion and in
mitigating crack propagation has been extensively investigated [5-9,56,61,67-72]. For instance, Lynch et al. [56] found that HSB
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Figure 3. XRD-CT imaging of fossil and extant crocodilian teeth in longitudinal virtual section planes. (A) and (B) /harkutosuchus premolariform and molariform teeth,
(C) allodaposuchid posterior tooth and (D) modern alligator posterior tooth with rectangles of corresponding colour indicating magnified areas in (E—H), respectively.
Four-stack images from top to bottom show intensity mapping of relative crystallinity (scale factor), crystallite size, relative a-axis orientation (300 intensity) and
relative c-axis orientation (002 intensity) of HAP unit cells, respectively, in entire tooth section images ((A-D)) and a selection of magnified regions for assessing
heterogeneity and spatial correlation across parameters (E—H). Note, owing to the large size of the modern alligator tooth causing parallax artefacts, only a small
section of the scan highlighted in the purple rectangle delivered reliable data. Abbreviations as in figures 1and 2.
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Figure 4. Matching HSB-like pattern in ¢-PLM images with XRD-CT images of /harkutosuchus premolariform tooth enamel. (A) ¢-PLM image of the enamel with
HSB-like pattern. (B) XRD-CT images of the enamel brought to the same scale as (A) reflect crystallinity (scale factor) and crystallite size adjusted to the range of
the premolariform tooth for enhanced contrast. Note the matching intensity changes (colour differences) with the large-scale spatial distribution, orientation and
size range of HSB-like dark and light bands shown in (A). (C) Crystallographic explanation of differing intensities in the three HAP parameters demonstrated in the
premolariform tooth enamel and suggested here to be associated with HSB-like pattern. (D) Interpretative drawing of the HAP crystallographic background of enamel
regions marked with rectangles of corresponding colour in (C). Note that the c-PLM and XRD-CT images were not taken of the same teeth and hence are not expected
to show identical spatial distributions of features.
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packing densities (number of HSBs/mm ED]J length) in human tooth enamel are asymmetrically distributed, being the highest in n
areas of greatest functional loads, like the occlusal surfaces of posterior teeth. Moreover, differences in HSB configurations,
including shape, orientation, packing density or spatial distribution, have been shown to correlate well with taxon-specific
dietary spectra [6,9,10,73]. Thus, we suggest that the HSB-like pattern in the enamel of the herbivorous crocodile Iharkutosuchus
with elaborate chewing mechanism had similar functional significance in providing more resistance to highly abrasive plant
material, albeit on a different structural hierarchical level.

Diversity in the appearance of HSB is considerable among different mammalian taxa with varied diet. Nevertheless, HSB in
mammalian prismatic enamel are always the result of the decussation patterns defined by the various spatial arrangements of
prisms. The width of individual prisms corresponds to the secretory surface of individual ameloblasts (enamel-forming cells),
and thus, changing orientation of groups of prisms responsible for HSB being clearly traceable on a cellular scale [3,74-77].
Although prism-like structures are also present in the Iharkutosuchus enamel (figure 1F-J), they do not show any decussation
pattern or other orientational changes that would correspond with the detected HSB-like features. Instead, XRD-CT revealed
three HAP parameters as potential crystallographic correlates of the HSB-like pattern in Iharkutosuchus teeth: crystallinity,
crystallite size and a-axis orientation (i.e. 300 reflection intensity) of HAP unit cells (figure 4). Although none of these parame-
ters on their own accounts for the HSB pattern to its finest details, their combination holds the key to explain this nanostructural
phenomenon in the Iharkutosuchus tooth enamel.

How these three parameters correlate with each other in the enamel is not entirely understood; nor is their relationship to the
larger columnar enamel units of which they seem to be largely independent. In Tharkutosuchus teeth, higher crystallinity seems
to co-occur with larger crystallites, indicating that larger crystallites can be more densely packed, while smaller crystallites
are more loosely packed (figure 4C,D). However, such spatial correlation is not apparent in any of the other crocodilian
teeth. Furthermore, whereas crystallinity and crystallite size both also show spatial correlation with the HAP unit cell a-axis
orientation in the premolariform tooth, this trend is not apparent in the molariform tooth or in any of the other crocodilian
teeth. In the Iharkutosuchus premolariform, lower-intensity 300 reflection areas correspond with lower crystallinity and smaller
crystallite size. Thus, in this particular tooth, the a-axis of HAP unit cells is oriented closer to parallel to the tooth surface (and
hence EDJ) in regions of low crystallinity and smaller crystallite size, while their misorientation increases in regions of high
crystallinity and larger crystallite size (figure 4C,D). The regionally highest a-axis misalignment found in the Iharkutosuchus
premolariform and molariform teeth (red areas in figure 3) indicates that this HAP parameter may be the main contributor
to creating the HSB-like appearance under c-PLM. Even so, at this point, it cannot be conclusively determined which single
parameter or combination thereof corresponds to the dark and light bands of the HSB-like pattern. Future studies could shed
further light on this association by exploring how changes in these parameters influence the optical behaviour of HAP under
c-PLM.

Whereas it is well-known that diagenetic processes can alter the structural and chemical characters of bioapatite [41,78-81],
the only crystallographic parameter that was identical across all fossil teeth but unitedly different from modern teeth was the
length of HAP unit cell along its c-axis (lattice parameter ‘c’, electronic supplementary material, figure S6). The smaller unit cell
size in fossil enamel might be related to the considerably larger size of the modern alligator teeth. However, this HAP parameter
is probably more prone to diagenesis-induced changes based on previous studies showing that diagenesis tends to change
crystallite size-related characteristics and elemental composition rather than crystallite orientation [41,78-81]. Nevertheless, in
all the other parameters, there was a considerable variability across the different samples, irrespective of their fossil or modern
origin. It is noteworthy that in many parameters, the allodaposuchid enamel was more similar to the modern alligator enamel
than to Iharkutosuchus enamel, despite the fact that these sympatric fossil crocodilians shared the same fluvial habitat with
identical diagenetic and fossilization conditions [33]. This suggests that the distinct crystallographic enamel characteristics
observed in Iharkutosuchus are intrinsic biogenic features unrelated to diagenetic alterations. Instead, they probably reflect
general feeding habits and diet that were very different between Iharkutosuchus and allodaposuchids but very similar between
allodaposuchids and modern alligators [34-36].

There is growing evidence that enamel nanostructural features are not the product of by-chance random crystallite growth
but have distinct functional significance. For instance, Beniash et al. [61] showed that the homogeneous orientation of crystalline
c-axes in interprismatic crystals versus the misaligned c-axes of nanocrystals in adjacent prisms, along with gradually changing
c-axes orientation within a single prism, induces crack deflection in human enamel. This heterogeneity of HAP c-axis orienta-
tion among and within prisms has been considered as a toughening mechanism aiding long-term enamel resistance under
great physical and chemical challenges [61]. Similarly, An et al. [82] found non-uniform crystal arrangement in enamel prisms
(rods) and concluded that it facilitates energy dissipation, while providing a stiff and tough biocomposite material that can
resist penetration and mitigate fracture propagation. This suggests that HAP heterogeneity resulting in the HSB-like pattern in
Iharkutosuchus probably contributes to enamel toughness.

It is important to note that two studies [62,63] published PLM images of the longitudinal section of a single isolated
indeterminate allodaposuchid tooth, G2-W-016, showing very similar alternating light and dark curved features in its enamel
to the HSB-like pattern in Iharkutosuchus (fig. 1A in [62]; fig. 1H in [63]). These studies used a range of modern techniques,
including synchrotron-based micro-XRD, to investigate HAP characteristics in modern and fossil crocodilian teeth. Still, this
curious enamel pattern has been entirely overlooked and hence was neither recognized as HSB nor described or considered
in any other way by the authors. Furthermore, both studies focused mostly on dentine characteristics with insufficient pXRD
resolution to detect such fine-scale features in the enamel. Still, as the isolated G2-W-016 was assigned to an allodaposuchid
crocodilian [63], the absence of similar features in our allodaposuchid teeth under c-PLM is notable. Whether the light-dark
enamel pattern represents a true crystallographic optical phenomenon or other type of colouration cannot be assessed because it
is not specified whether the PLM images of G2-W-016 were taken under plane-polarized or cross-polarized light. Nevertheless,
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we acknowledge the resemblance and thereby the possibility that HSB-like pattern might be present in the enamel of this E
indeterminate crocodilian tooth and call for its further investigation in this direction.

The second enamel feature that we demonstrated in Iharkutosuchus teeth with presumably functional adaptative value is
wavy enamel. Despite the recurring statement that it has distinct characteristics under SEM [26,37], studying our specimens and
reviewing the literature, we found it difficult to identify clear and consistent SEM-based visual correlates of wavy enamel. In
fact, the regional enamel microstructure of Iharkutosuchus with positive identification of wavy enamel under c-PLM appeared
diverse, largely depending on the tooth’s general preservation and their preparation for SEM imaging (naturally broken/worn/
ground/ground-etched surfaces). Hoffman et al. [83] also noted that the arrangement of enamel crystallites in SEM images of
some pseudosuchian teeth resembles those demonstrated in the wavy enamel of ornithischian dinosaurs. Yet, they could not
confirm the presence of wavy enamel in c-PLM tooth images of the fossil pseudosuchians they investigated [83].

By contrast, we have demonstrated wavy enamel under c-PLM in the teeth of other fossil crocodilians known from the
same locality as Iharkutosuchus without showing any peculiar SEM microstructural characteristics. Furthermore, the SEM
features associated with the wavy enamel in the ornithopod Changchunsaurus [31] are indistinguishable from those found
in the allodaposuchid teeth, despite the fact that the orientation of the waves under c-PLM seems to follow the striae of
Retzius in allodaposuchid teeth, whereas they run parallel to ED] in Changchunsaurus, just like in Tharkutosuchus teeth. These
controversial findings also speak against a well-defined SEM-based correlate of wavy enamel. Thus, it is our conclusion that
the SEM characteristics of wavy enamel can only be ‘reverse-correlated” once a positive c-PLM-based identification is present
and therefore cannot be used as definite wavy enamel correlates on their own. Thus far, we have found no clear and consistent
demonstration that could sufficiently explain the underlying structure of wavy enamel. However, with smaller tooth samples
and hence increased resolution of the focused beam, XRD-CT might be able to identify the origin of this feature in the future as
well.

Wavy enamel has long been thought to be a synapomorphy of ornithopod dinosaurs exhibiting elaborate mastication [26—
28,30,31,37]. However, it has recently been described in other herbivorous dinosaurs, such as stegosaurids and psittacosaurids
[57]. Although stegosaurid dinosaurs are generally considered unable to chew, investigating tooth wear patterns and histology
of isolated stegosaurian teeth from the Early Cretaceous of Russia, Skutschas et al. [57] concluded that these high-latitude
stegosaurs probably performed complex oral food processing with occluding teeth and palinal jaw movement. If this recon-
struction is correct, it would further support the assumed primary function of wavy enamel in reducing abrasion caused by
tough plant material [37]. We suggest that the presence of wavy enamel in Iharkutosuchus, just like the HSB-like pattern, is
indicative of high, masticatory loading regimes related to its feeding strategy. The functional significance of similar features in
the other fossil crocodilians demonstrated here is a conundrum and needs further investigation.

In addition to these nano-scale adaptations, Iharkutosuchus also exhibits a combination of relatively thick enamel and
high tooth replacement rates, corroborating its elaborate feeding habits and related dental functions. The enamel of the
posterior teeth regionally reaching over 300 um thickness is among the thickest recorded in crocodilians relative to skull
length [39,50]. With an estimated replacement rate of approx. 1-4 months (Horvath, 2025, personal observation), Iharkutosuchus
is also characterized by fast tooth replacement when compared with extant (approx. 3-6 months; [84,85]) and other fossil
crocodilians living sympatrically with Iharkutosuchus (3—12 months; Horvath, 2025, personal observation). Even though the
enamel thickness of Iharkutosuchus is only impressive among polyphyodont amniotes and remains in the lowest range of that
observed in diphyodont mammals [50], combined with the high tooth replacement rate, it is deemed to be an efficient adapta-
tion to chewing highly abrasive plant food. This hypothesis is supported by the comparable absolute enamel thickness and
estimated tooth replacement rate in ITharkutosuchus and hadrosaurid dinosaurs [50,86]. Furthermore, a relatively thick enamel
combined with similarly high tooth replacement rates inferred in sauropod dinosaurs [67] also implies that these distantly
related archosaurian taxa shared a common evolutionary strategy to develop highly efficient herbivory. Consistent with this
argument, tooth replacement rates among dinosaurs were found to be the highest in herbivores (approx. 50-80 days) and
lowest in carnivores (approx. 290-780 days) [86]. Thicker enamel than found in Iharkutosuchus characterizes the bulbous teeth
of a durophagous fossil crocodilian, Allognathosuchus, in which the thick enamel is considered to resist fractures and prolong
the functional lifetime of the tooth ([50] & refs therein). However, in contrast to Allognathosuchus, tooth morphology in the
distinctly heterodont Tharkutosuchus speaks for a herbivorous diet that is highly abrasive, but less fracture-inducing compared
with durophagy. In this functional context, combining medium-high enamel thickness with high tooth replacement rate may
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therefore be a more advantageous herbivorous strategy than developing massive enamel proportions for deciduous teeth.

The phylogeny of amniotes clearly shows that functional adaptation-driven convergence is the most plausible explanation
for the appearance of the HSB-like pattern and wavy enamel in Iharkutosuchus teeth. Archosauria is a monophyletic clade
inclusive of the last common ancestor of crocodiles and dinosaurs, including birds, and all of its descendant clades [87-89].
Archosaurian tooth enamel essentially shows the same general microstructure of prismless units that is thought to be distinct
from the typical prismatic mammalian enamel [26,37]. All the diverse manifestations of the archosaurian aprismatic enamel
can be derived from these prismless units. Thus, the independent emergence of wavy enamel in different archosaurs is much
less surprising than that of the mammalian-like HSB pattern in a crocodilian. The instances of parallel evolution of wavy
enamel among different ornithischian groups, such as hadrosaurs and stegosaurs [57], support the notion of a comparatively
simple transition from one state to another within the broad spectrum of archosaurian enamel types. In fact, the presence of
wavy enamel-like patterns in the other fossil crocodilians described here suggests that the microstructural background of wavy
enamel is already given in the simplest crocodilian enamel types and is probably much more widespread than previously
recognized.

By contrast, HSB have thus far only been demonstrated in mammals with decussating enamel prisms. The HSB-like pattern
arising from nano-scale crystallographic heterogeneity of HAP in Tharkutosuchus is a prime example of superficially similar
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but profoundly different levels of structural adaptation. Interestingly, as shown in the HSB of fossil hyanids, the increasing
proportion of hard items in the diet is linked with mosaic evolution in which microstructural adaptations precede macrostruc-
tural changes in tooth morphology [10]. Similarly conceivable is that the nanostructural characteristics of the HSB-like pattern
emerged in the tooth enamel before the development of strong heterodonty in Iharkutosuchus.

Finally, even though we refrain from referring to the enamel of Iharkutosuchus teeth as prismatic owing to the apparent lack
of interprismatic substance, the evolutionary history and nomenclature of prismatic enamel are still unsettled and inconclusive.
The ever-growing diversity of enamel microstructure revealed in a variety of extant and fossil taxa cautions against adhering
to ‘carved in stone’ definitions restricted to currently known and/or acknowledged enamel types and urges more focus on
investigating their functional evolutionary aspects. Our findings demonstrating a ‘pseudo-mammalian— dinosaurian hybrid”
enamel in a fossil herbivorous crocodile further showcase a highly specialized diet as an important functional drive at each
structural hierarchical level in the evolution of amniotes.
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