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LETHAIA

The analysis of wear surfaces on teeth has been applied to infer diet, feeding mecha-
nisms, climatic conditions, and habitat in various groups of extinct organisms. Recently,
analyses of microwear surfaces have been used to study dinosaur feeding strategies in
theropods, demonstrating that different groups may have resorted to similar feeding
mechanisms. Here, we present the characterization of wear surfaces and patterns of stri-
ations in isolated teeth from Late Jurassic theropods collected at the Andrés fossil site
at Pombal, Portugal, based on electron microscopy images. Different morphologies of
wear surfaces were identified in the studied sample of isolated teeth. Various origins
for these wear surfaces are proposed based on comparisons with dental wear patterns
described in other fossil records. Among the identified patterns, the most common may
be related to contact between opposing rows of teeth or between the tooth and food, cor-
responding to wear facets and spalled surfaces, respectively. A particularly pronounced
wear surface identified in the sample suggests tooth fracture followed by subsequent
wear. Furthermore, correlations between the identified wear surfaces and microstruc-
tures with specific habits and feeding mechanisms are explored and tested using Finite
Element Analysis. The analysis of these structures holds great potential to enhance our
understanding of the palaeoecology of theropod dinosaurs, particularly in inferring
dietary strategies. (1 Lusitanian Basin, Coelurosauria, Allosaurus, wear patterns, Finite
Element Analysis, feeding behaviour
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Over the past two decades, various types of tooth
wear surface analyses at different scales have been
applied to primates and other mammals to infer diet,
chewing mechanisms, feeding strategies and food
abrasiveness, as well as habitat and climatic condi-
tions (e.g. Rivals & Deniaux 2003; Scott et al. 2005;
Ungar et al. 2007; Schulz et al. 2013; Withnell & Ungar
2014; Schulz-Kornas & Winkler 2023). Concerning
dinosaur dentition, studies of microwear patterns
have primarily focused on herbivorous taxa (e.g. Osi
et al. 2014; Skutschas et al. 2021; Sakaki et al. 2022;
Kubo et al. 2023). Wear surfaces and microstruc-
tures in theropod teeth have been studied by some
authors (Farlow & Brinkman 1994; Schubert & Ungar
2005; Candeiro et al. 2017) and mentioned by others

(Molnar 1998; Osi et al. 2010; Williamson & Brusatte
2014). More recently, Winkler et al. (2022) published
the first application of dental microwear texture anal-
ysis to study theropod feeding ecology, and Torices
et al. (2018) combined tooth microwear and finite
element analyses to demonstrate that different coe-
lurosaurian theropods employed similar puncture-
and-pull feeding mechanisms, while differences in
denticle morphology may be related to diverse pre-
dation strategies.

Recently, several authors have recognized two
different types of surfaces related to feeding on
theropod tooth crowns: 1) surfaces resulting from
repeated tooth-to-tooth contact, which correspond
to wear facets; and 2) surfaces formed by interactions
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between the teeth and the food, known as spalled
surfaces (Schubert & Ungar 2005; Hendrickx et al.
2015). According to these authors, wear facets are
typically elongated and elliptical in outline and may
occur on either lingual or labial side of the crown,
but never on both, nor on the mesial and distal sur-
faces. These facets are usually flat, aligned with the
long axis of the crown, and can vary in size from sub-
tle marks to very large surfaces. Wear facets usually
exhibit parallel striations and extend well into the
dentine. On the other hand, spalled surfaces tend
to be shorter, relatively shallower, and irregular in
shape, resulting from enamel flaking and extending
towards the apex of the tooth. These may occur on all
surfaces of the crown, are conchoidal in nature, and
can be oriented perpendicular to the long axis of the
tooth. In addition to these two surface types, patterns
of striations adjacent to the denticles may indicate
different feeding mechanisms or food preferences,
including the processing of hard material such as
bones (e.g. Candeiro et al. 2017; Torices et al. 2018;
Winker et al. 2022). Torices et al. (2018) focused on
the functional significance of denticles morphology
in theropod teeth and identified two main directions
of scratches near the denticles and carinae, which
were interpreted as indicators of a puncture-and-pull
feeding movement. A similar feeding mechanism was
proposed for other theropods, including Allosaurus,
based on dental microwear texture analysis (Winkler
etal 2022).

Here, the wear surfaces and microstructures of a
sample of isolated teeth from different small Late
Jurassic theropods collected at the Andrés fossil site
are described. Different origins are proposed for
the identified wear patterns based on comparisons
with those described in other fossil records. Feeding
mechanisms are interpreted based on analysis of the
described microwear and results of Finite Element
Analysis (FEA) performed on the most complete
tooth in the sample (MNHN/UL.AND.208). The
specimens were previously attributed to different

theropod groups (Table 1), including Allosaurus,
indeterminate Coelurosauria, an early-branching
tyrannosauroid, indeterminate Neocoelurosauria, and
dromaeosaurids possibly related to Dromaeosaurinae
and Velociraptorinae.

Geological setting

The Andrés fossil site is located in the parish of
Santiago de Litém, Pombal (Fig. 1A, B), which lies
within the Central Sector of the Lusitanian Basin, a
sedimentary basin that developed along the western
Iberian margin from the Late Triassic to the Early
Cretaceous (Kullberg et al. 2013). Andrés is situ-
ated in the Mamede sub-basin (Fiirsich et al. 2022)
(Fig. 1C) and the sedimentary levels at the site were
first described as belonging to the upper part of
the ‘Camadas de Alcobaga’ unit (Manuppella 1974;
Manuppella et al. 1978). More recently, these levels
have been considered part of the Lourinha (Firsich
et al. 2022) or Bombarral (sensu Azerédo et al. 2010)
formations, the latter is mostly considered to be
Tithonian in age (Fig. 1A, C). The sedimentary levels
at the fossil site essentially consist of fine, micaceous
sandstones containing coal remains, intercalated
with brown and reddish clay lenses. The fine-grained
sandstone levels sometimes display parallel lamina-
tion, abundant carbonized plant remains, and car-
bonate concretions (Malafaia et al. 2010). Some fine
red and grey clay lenses intercalated within the sand-
stones yielded some freshwater bivalves and gastro-
pods. This sequence laterally transitions into a thick
level of massive red mudstones. The facies association
identified at the Andrés site indicates a medium- to
high-sinuosity fluvial system with multiple channels
and crevasse splays on a large floodplain, in which
seasonal climatic variations led to repeated flood-
ing and drying episodes (Pimentel 2009; Malafaia
et al. 2010).

Table 1. Taxonomic interpretation of the tooth specimens studied in this work

Specimen Tooth position Taxonomic interpretation
MNHN/UL.AND.212 Lateral Dromaeosauridae indet. (cf. Velociraptorinae)
MNHN/UL.AND.26 Lateral Dromaeosauridae (cf. Dromaeosaurinae)
MNHN/UL.AND.213 Mesial Coelurosauria indet.

MNHN/UL.AND.206 Lateral Allosaurus (juvenile)

MNHN/UL.AND.208 Lateral Dromaeosauridae (cf. Velociraptorinae)
MNHN/UL.AND.209 Mesial Neocoelurosauria indet.
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Fig. 1. Geological context of Andrés and stratigraphical context of the Mamede sub-basin. A, geological map of the region of Andrés (mod-
ified from Manuppella, 1974). B, geographical location of the fossil site (Upper Jurassic of Pombal) in the Iberian Peninsula. C, simplified
stratigraphy of the Upper Jurassic sequences in the region of Andrés, based on Malafaia et al. (2024). D, dromaeosaurid silhouette (down-
loaded from phylopic.org; artist: Scott Hartman). Scale bars: 3 km (A), 150 km (B), 50 cm (D).

Taphonomic aspects of the site

The Andrés fossil site displays a complex taphonomic
signature, indicative of a dynamic fluvial floodplain
environment characterized by fluctuating energy
regimes and variable depositional conditions. The
preservation of both large, occasionally articulated
vertebrate remains (notably Allosaurus) and abun-
dant small vertebrate fossils, such as fish scales, small
theropod teeth, crocodyliforms, and sphenodontians
points to a multiphase taphonomic history (Dantas
et al. 1999; Pérez-Moreno et al. 1999; Malafaia et al.
2010). This likely involved transport and sorting,
where the fine-grained nature of the sediments and
the concentration of isolated small vertebrate fossils
within clay lenses suggesting deposition in low-
energy settings (e.g. overbank deposits or abandoned
channel fills). Larger vertebrate remains, including
the orientation of certain elongated Allosaurus bones
(Malafaia et al. 2010), indicate a prevailing E-W pal-
aeodrainage at the site. The presence of abundant
carbonate concretions, frequently associated with
skeletal remains - such as a large concretion pre-
serving elements of the pelvic girdle and hindlimb
of Allosaurus in anatomical position - suggests early
diagenetic processes associated to the decay of soft
tissues (Malafaia et al. 2010).

Material and methods

The studied material consists of a sample of six iso-
lated theropod teeth (MNHN/UL.AND.213, MNHN/
UL.AND.26, MNHN/UL.AND.208, MNHN/
UL.AND.212, MNHN/UL.AND.209, MNHN/
UL.AND.206), from the Upper Jurassic of the Andrés
fossil site. These teeth were collected during various
excavation campaigns conducted between 2005 and
2010. They are housed in the palaeontological col-
lections of the Museu Nacional de Histéria Natural
e da Ciéncia (National Museum of Natural History
and Science) in Lisbon and are catalogued under the
reference MNHN/UL.AND# (MNHN/UL denotes
Museu Nacional de Histdria Natural e da Ciéncia/
Universidade de Lisboa; AND refers to Andrés; and #,
corresponds to the element number).

For the study of the tooth wear structures, the spec-
imens were first observed and photographed using
a Phenom ProX Generation 5 Scanning Electron
Microscope (SEM), equipped with an integrated Energy
Dispersive Spectrometer (EDS) and a Backscattered
Electron Detector (BSD). Images were taken at an
accelerating voltage of 10 kV. To obtain higher-
resolution images and to observe more specific details
on some crowns, a HITACHI™ S3700N SEM, coupled
with a Bruker™ Xflash 5010 SDD EDS detector, was
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also used. These analyses were conducted under partial
vacuum conditions (40 Pa), with an accelerating volt-
age of 20 kV and a working distance of 10 mm between
the detector and the sample. Photographs were taken
using the BSD detector, which provides chemical con-
trast information, thereby enhancing detailed observa-
tion. The images focused on the wear surfaces (when
present), their textures and structures, as well as on
scratches and striations associated with the denticles.

A comparison between the wear structures ob-
served in the specimens from Andrés and patterns
described in the literature was carried out to infer the
possible origin of these surfaces and scratches, con-
sidering their orientation and relative abundance. For
this analysis, the methodology largely followed that
outlined by Torices et al. (2018). However, it was not
possible to measure the orientation of one hundred
scratches relative to the carina. Instead, an attempt was
made to measure eighty striations per tooth. The mean
orientation value and standard deviation were calcu-
lated for each specimen. The formula for circular mean
values (Fisher 1993; Paula & Carvalho 2024) was used
to calculate the mean angle, which is expressed as:

0 =atan2(y, x),

Where, for each 6, the corresponding unit vector
components are given by:

%1 = cos(th), y; =sin(6)),
and the average of the x, and y, components is:

_ I R Y
x:;Zi=1xi’y:; =17

If the angles are in degrees, they must be converted
into radians before applying these formulae and once
the mean value is obtained, the result is converted
back into degrees.

The formula used to calculate the circular standard
deviation (Paula & Carvalho 2024) is expressed as:

0 =+/—2In(R),

where R is the length of the mean resultant vector
(R=\z*+7%).

The scratches were measured on the apical part of
the crowns, where they are most commonly found.
Some specimens were excluded from these statistical
analyses because the number of identified striations
was fewer than eighty.

A 3D model of a dromaeosaurid tooth (MNHN/
UL.AND.208) was generated using images acquired
with a SkyScan 1172 microtomographer (Bruker

micro-CT), equipped with a Hamamatsu 100/250
source and a VDS 1.3 Mp camera. Rendering images
were produced at a resolution of 6.70 x 6.70 x 6.70
pm, using the free SkyScan software CTVox, varying
the colour transfer function curves and adjusting the
lighting and shadowing options. The 3D model was
obtained by generating a contour mesh in Dragonfly
3D World (version 2024.1). Damaged denticles and
minor defects in the model were repaired in Blender
3.6, after which the model was cleaned and converted
to meshes in Geomagic Wrap and ANSYS. The final
mesh of the model was approximately 721 000 ele-
ments. Following previous studies (e.g. Lautenschlager
et al. 2013, 2016; Lautenschlager, 2017), the mechan-
ical properties of Alligator mississippiensis enamel
(E = 60.40 GPa, v = 0.31), as measured by Creech
(2004), were applied to the mesh in ANSYS.
Constraints were placed at the base of the tooth, and
a force of 90 N, corresponding to the estimated bite
force for Velociraptorinae, based on comparison with
Varanus komodoensis (Therrien et al. 2005; Moreno
et al. 2008), was applied and distributed along the
denticles of the distal carina. Following the method-
ology described by Torices et al. (2018), different cut-
ting angle scenarios were tested, by applying the force
at 0°, 15°, 30°, 45°, 60° and 75° (Fig. 2). Additionally, a
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Fig. 2. Free body diagram of the Dromaeosauridae (cf. Velo-
ciraptorinae) tooth (MNHN/UL.AND.208) with the areas where
the forces were applied in red and the constraint in blue. The
arrows represent the different directions of the applied forces for
the cutting angles of 0° and 75°. Scale bar: 3 cm.
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Table 2. Orientation of the oblique scratches, with the maximum, minimum and mean value of the measured angles, as well as the standard
deviation obtained for each tooth. For the mean value and standard deviation there are the results obtained with both linear and circular
formulae. The asterisk symbol (*) indicates specimens for which the eighty measures were not possible to take

Specimen Max. Min. Mean Standard Deviation
Linear Circular Linear Circular

MNHN/UL.AND.213 82° 10° 37° 37° 17,88 17,82
MNHN/UL.AND.26 82° 10° 36° 35° 19,01 18,95
MNHN/UL.AND.208 88° 16° 55° 55° 18,09 18,02
MNHN/UL.AND.212* 91° 28° 55° 45° 16,98 16,59
MNHN/UL.AND.209* 63° 13° 34° 34° 20,34 19,54
MNHN/UL.AND.206* 55° 10° 22° 22° 11,46 11,28

55° angle scenario was included, corresponding to the
average orientation of the oblique scratches measured
for MNHN/UL.AND.208 (see Table 2).

Results

Description of wear surfaces and microwear
structures

MNHN/UL.AND.212. - This specimen was interpreted
as a lateral crown attributed to Dromaeosauridae,
possibly related to a velociraptorine (Malafaia et al.
in review) (Table 1). It has a well-developed wear
surface that begins at the tooth apex and extends to
approximately mid-height of the labial surface of the
preserved crown (Fig. 3A, B). The apical end appears
worn and displays a fractured border, whereas the
remaining margins are mostly regular. The wear sur-
face is oval in shape, with its long axis being mostly
parallel to the mesial margin of the crown (one of
its borders coincides with the mesial margin of the
crown). In some parts of the wear surface, the den-
tine is exposed (Fig. 4). Although part of the surface
is covered by sediment, there are some visible stria-
tions within the wear facet that are parallel to the long
axis of the wear surface. Inside the wear surface, near
its border on the labial surface, there are two smaller,
apicobasally elongated concavities adjacent to each
other that could be smaller secondary wear surfaces.
Although sediment partially covers these smaller sur-
faces, making it difficult to verify the possible pres-
ence of additional wear structures, it is evident that
their orientation follows the long axis of the main
wear surface. On the lingual side of the tooth crown, a
second and smaller wear evidence is present (Fig. 3C,
D). It is a semi-circular surface located at the apical
part of the lingual surface, that appears to be less deep
and it is entirely covered by sediment, preventing the
observation of any scratches or other patterns. The

borders of this surface are more irregular than those
of the wear surface on the labial side.

Striations were identified on the apical and central
denticles of the distal carina (Fig. 3E, F). Although a
few parallel scratches are present, most of them are
oriented perpendicular or oblique to the crown’s dis-
tal carina. The perpendicular scratches are generally
wider and deeper than the oblique ones. Towards the
base of the crown, striations adjacent to the denticles
are smaller and less frequently observed, which may
be due to sediment covering the surface. No striation
pattern was identified on the basal denticles.

MNHN/UL.AND.26. - This specimen was interpreted
as a lateral crown attributed to a possible dromaeo-
saurid (Malafaia et al. in review) (Table 1). A large
wear surface extends from the apex to at least 5 mm
along the mesial margin of the crown, affecting both
the labial and lingual surfaces (Fig. 5A-C). Another
wear surface extends along the distal carina, where the
apical denticles are worn down, but only on the labial
side of the crown. This forms a conchoidal surface
that is filled with sediment. On the large wear surface,
some parallel scratches (i.e. following the direction
of the mesial margin of the crown) are present, along
with perpendicular and a few oblique striations. These
features are visible only on the most apical part of the
wear surface, as the surface is covered by sediment
towards the mesial margin.

The most apical denticles of the mesial carina are
almost completely abraded, and in their place are
small concavities filled with sediment. As a result,
only small denticles are visible along the mesial mar-
gin of the crown, just below the end of the wear sur-
face (Fig. 5D). These denticles display several parallel
and oblique striations on their surface and near the
base. In general, the length of these striations tends
to increase towards the apex of the crown. No other
wear patterns were identified in association with the
mesial denticles, as their surfaces are mostly covered
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1.7mm x650 BSECOMP 40Pa

Fig. 3. Specimen MNHN/UL.AND.212. A, crown in labial view. B, detail of the wear surface in apicomesial view on the SEM. C, crown in
lingual view. D, detail of the spalled surface in apicolingual view on the SEM. E, detail of the scratches on the apical distal denticles on the
SEM. F, detail of the scratches on the central distal denticles on the SEM. Scale bars: 2 mm (A, C), 1 mm (B), 300 um (D).

-

20.0kV 12.5mm*95 BSECOMP 40Pa 20.0kV 12.2mm x750 BSECOMP 40Pa

Fig. 4. Wear surface on MNHN/UL.AND.212. A, detail of the labial wear surface on the SEM. B, detail of the dentine seen within the surface
on the SEM.
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Fig. 5. Specimen MNHN/UL.AND.26. A, crown in mesial view. B, C, close views of the spalled surface on the SEM. D, detail of the scratches
on the apical mesial denticles on the SEM. E, detail of the scratches on the central distal denticles on the SEM. Scale bars: 2 mm (A),
500 pum (B), 300 um (C).

by sediment. Only near the base of the tooth it is pos-
sible to observe small, parallel, and faint striations on
the denticles.

In the most apical denticles of the distal carina,
the surface is covered by sediment; however, in some
of them, parallel and oblique striations are still visible
(Fig. 5E). This pattern is also present in some mid-
crown denticles. Towards the base, around mid-crown
height, some denticles lack their distal margin and
appear to have been affected by abrasion, resulting in
concavities that are filled with sediment. This abraded
distal margin is also present on some basal denticles.
Associated with these denticles, oblique striations can
be observed, which are also present in the basalmost
denticles.

MNHN/UL.AND.213. - This specimen was inter-
preted as a mesial crown of an indeterminate
Coelurosauria (Malafaia et al. in review) (Table 1).
The apex of the tooth crown is completely missing due
to the presence of a prominent wear surface, which
gives the crown a rounded apical end (Fig. 6A, B).
This wear surface extends to the distal margin of
the crown, forming a shallow concavity. The con-
cavity is filled with sediment, making it impossible
to observe any additional wear structures within it.
The apical wear surface also slightly extends onto
the mesial margin of the crown. This apical margin
of the wear surface displays a high density of stria-
tions (Fig. 6B), predominantly oriented mesiodistally,
although oblique striations with different orientations
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Fig. 6. Specimen MNHN/UL.AND.213. A, crown in labial view. B, detail of the wear surface in apical view on the SEM. C, detail of the
scratches on the apical distal denticles on the SEM. Scale bars: 2 mm (A), 500 pm (B).

are also present. In lateral view, the two most apical
preserved distal denticles are very abraded (Fig. 6C),
apparently being the extension of the wear surface
along the distal carina. This wear results in another
concavity along the apical end of the distal carina,
which is also filled with sediment. Other denticles also
present evidence of wear, mostly expressed as irreg-
ularities along their distal margin. Along the distal
margin of the crown, as well as on some denticles and
adjacent to their base, oblique and parallel striations
are observed (Fig. 6C).

MNHN/UL.AND.206. - This specimen (Fig. 7A) was
interpreted as a lateral crown attributed to a juvenile
Allosaurus (Malafaia et al. in review). The tooth crown
is largely covered by sediment on both lingual and
labial surfaces, including the denticles, which makes
it difficult to observe any wear structures. However,
some striations are visible near the apex of the crown
on both distal (Fig. 7B) and mesial (Fig. 7C) denti-
cles. On the denticles, most striations are parallel to
the distal margin of the crown, but there are also a few
oblique striations that are longer and deeper in some
denticles. Some mesial denticles also evince striations,
which are smaller and oriented obliquely and parallel
to the mesial margin.

MNHN/UL.AND.208. - This specimen was inter-
preted as a lateral crown attributed to a velocirap-
torine dromaeosaurid (Malafaia et al. in review)
(Table 1). The tooth crown does not present any wear
surfaces (Fig. 7D). However, there is a high density
of striations in the apical region of the crown and
on the apical denticles of the distal carina (Fig. 7E),
visible on both labial and lingual surfaces. Based on
the identified striation patterns, two distinct sets can
be distinguished: one with a parallel (to subparallel)

orientation relative to the distal margin of the crown,
and another with an oblique orientation. In the lat-
ter, striations are notably long, wide, and deep. The
same striation pattern is present towards the base of
the crown, including the central denticles of the dis-
tal carina (Fig. 7F). Some apical denticles of the distal
carina appear abraded, presenting small concavities
in their distal margin or having highly irregular ends,
visible from both lingual and labial views. These most
apical denticles of the distal carina are smaller than
those in the central and basal sections of the crown
and appear to be slightly affected by wear. Some den-
ticles around mid-crown height also present concav-
ities in their distal margins. Most of the labial surface
of the crown is covered by sediment, but some irregu-
larities are visible, probably also resulting from wear.
Wear patterns are also present on the mesial serration
of the crown, revealing some abrasion marks and stri-
ations, which are difficult to observe due to the small
size of the denticles.

MNHN/UL.AND.209. - This specimen was inter-
preted as a mesial crown of an indeterminate
Neocoelurosauria (Malafaia ef al. in review) (Table 1).
The apex of the crown is missing, and the most apical
preserved part is fractured (Fig. 7G). The enamel is also
poorly preserved, with several fractures and exposing
the dentine in some parts. Additionally, large portions
of the crown surface are covered by sediment, making
the observation of wear features even more difficult.
In the most apical preserved part of the crown, near a
fractured surface, the enamel displays some striations
with random patterns and orientations. Along the
mesial crenulation of the crown, although less abun-
dant, striations parallel to the mesial margin are pres-
ent. In the most apical preserved denticles of the distal
carina, small striations with parallel (to subparallel)
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400um

20.0kV 12 0MMX300 BSECOMP 40Pa 100um

Fig. 7. Specimens presenting no wear surfaces. A, MNHN/UL.AND.206 in labial view. B, detail of the scratches on the apical distal den-
ticles of MNHN/UL.AND.206 on the SEM. C, detail of the scratches on the apical mesial denticles of MNHN/UL.AND.206 on the SEM.
D, MNHN/UL.AND.208 in lingual view. E, E, detail of the scratches on the apical and central distal denticles, respectively, on the SEM.
G, MNHN/UL.AND.209 in lingual view. H, I, detail of the distal denticles of MNHN/UL.AND.209 showing few scratches on SEM. Scale

bars: 2 mm.

orientations can also be observed, although they are
not present in all denticles (Fig. 7H, I). Additionally,
the unusual morphology of the denticles, which have
a rounded external surface with a well-marked lat-
eral border surrounding the apex of the denticle, may
also be related to wear. Near the base of the denti-
cles, oblique striations are present. Although several
denticles are broken or covered with sediment, some
mid-crown denticles exhibit both oblique and parallel
striations. The labial surface of the crown is poorly pre-
served, with more fractures and missing parts than the
lingual surface. Furthermore, it is also covered with
sediment, making observations particularly challeng-
ing. Due to the lingual deflection of the carina, only

four distal denticles are visible on the lingual surface,
and no striations were observed. The distal margin
is almost completely covered by sediment. However,
some parallel striations are visible adjacent to the
mesial margin of the crown.

Finite Element Analysis

The model of MNHN/UL.AND.208 exhibits the low-
est average and minimum stress values between 45°
and 60°, with stress values gradually increasing as the
angle deviates from this interval (Fig. 8; Table 3). The
model’s tooth displayed the highest stress values on
the distal carina, where the force was applied. Lower
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Fig. 8. Results of the Finite Element Analyses performed in the Dromaeosauridae (cf. Velociraptorinae) tooth (MNHN/UL.AND.208)
showing Von Mises stress for the different cutting angles tested (A) and average von Mises stress (MPa) experienced by the tooth related
with its Von Mises contour plots depending on the cutting angle scenario tested (B). Scale bar: 3 cm.

Table 3. Results of the Finite Element Analyses under the different
cutting angle scenarios

Angle (°) Minimum Maximum Average
(Mpa) (Mpa) (Mpa)
0 0,096554 1062,3 70,445
15 0,06374 1032,2 59,629
30 0,027049 1125,1 49,834
45 0,005755 1278 44,2
55 0,0062882 1386,2 44,658
60 0,0076237 1426,2 46,388
75 0,012719 1484,9 56,315

stress values were observed on the distal carina, espe-
cially at non-optimal angles (outside the 45° - 60°
range). However, the tooth body does not display any
areas with high stress values (Fig. 8).

Discussion

Wear surfaces and microwear interpretation

The study of wear patterns on tooth crowns can pro-
vide valuable insights into diet and feeding mecha-
nisms, independent of variations in tooth and denticle
morphologies, tooth and body size, and phylogenetic
context (Torices et al. 2018). However, the study of
these structures in theropod teeth is still in its early
stages. To assess the presence of wear surfaces on the
teeth, this study applies the subjective wear classes
defined by Farlow & Brinkman (1994), which cat-
egorize the degree of wear on each tooth as follows:
1) little or no wear; 2) slight to moderate wear,
extending less than half the length of the carina; 3)
extensive wear, extending more than half the length
of the carina; and 4) wear that cannot be determined
due to poor preservation or post-shedding breakage.



MNHN/UL.AND.208 and MNHN/UL.AND.206
fall into the class 1, as their crowns are well preserved
and show no visible evidence of wear to the naked eye.
Dental wear of this class is proposed to result from
premature breaking of the teeth from the jaw, possibly
during a fight or feeding (Farlow & Brinkman 1994).
In contrast, the crown of MNHN/UL.AND.209 is too
poorly preserved to determine the degree or the wear
type (corresponding to class 4).

The crown of MNHN/UL.AND.212 exhibits a
prominent wear surface extending onto the labial side
from the most apical part of the preserved fragment
and reaching about half its length (corresponding to
class 3). It also presents long striations oriented par-
allel to the long axis of the wear surface, which are
clearly visible to the naked eye. Lambe (1917) docu-
mented wear surfaces on the lingual and labial sur-
faces of lateral teeth of tyrannosaurs, interpreting
them as the result of contact between opposing teeth
during biting (Farlow & Brinkman 1994). This would
have resulted in significant wear on the lingual sur-
face of upper jaw teeth and the labial surface of lower
jaw teeth. If this pattern is applied to the specimen
from Andrés, it would suggest that this tooth belongs
to the lower jaw, as the wear surface is located on the
labial surface. This wear surface is elongated and ellip-
tical in shape, extending into the dentine and with an
orientation following the long axis of the tooth. Its
edge is positioned next to the mesial margin, and it is
located on the labial surface of the crown, resembling
the wear/attritional facet described in some tyranno-
saurid teeth (Schubert & Ungar 2005). In these spec-
imens, some striations were also identified within the
wear facets, which are usually visible to the naked eye
and consistently oriented at about 15 degrees to the
long axis of the facet (Schubert & Ungar 2005).

This pattern is similar to that found within the
wear surface of MNHN/UL.AND.212, which also
presents a consistent orientation of the scratches,
with approximately 17 degrees from the long axis of
the facet. While Molnar (1998) suggested that this
type of wear surfaces may result from the contact
between the tooth and the food, Schubert & Ungar
(2005) argued that the consistent, parallel striations
within the wear facet are more compatible with an
attritional origin, caused by dental occlusion and
vertically-oriented movement during biting. If the
wear patterns found in these tyrannosaurid teeth
are extrapolated to other theropod groups, the wear
facet in MNHN/UL.AND.212 would be interpreted
as resulting from dental occlusion of opposing teeth
(Farlow & Brinkman 1994; Schubert & Ungar 2005;
Candeiro et al. 2017) (Table 4). On the lingual sur-
face of this tooth, another wear surface is observed,
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which appears to have a different aetiology. It is short,
sub-quadrangular, and located in the apical region of
the crown (class 2, sensu Farlow & Brinkman 1994).
Although no striation pattern could be identified
due to sediment covering the surface, it appears shal-
lower than the wear surface described on the labial
surface. The apical margin of this surface is irregular
and approximately perpendicular to the long axis of
the crown. This morphology is consistent with the
definition provided by Schubert & Ungar (2005) for a
spalled surface, interpreted as resulting from repeated
contact between the tooth and the food during food
processing (Table 4). Other authors suggested that
these spalled surfaces could be a consequence of
crushing bones or other hard materials (Candeiro
et al. 2017). Schubert & Ungar (2005) noted that wear
facets do not occur on both the labial and lingual sides
of a single tooth. As there is a wear facet on the labial
side of MNHN/UL.AND.212, the surface on the lin-
gual side must have a different origin and is therefore
interpreted as a spalled surface (sensu Schubert &
Ungar 2005).

The wear surface observed in MNHN/UL.AND.26,
(class 2, sensu Farlow & Brinkman 1994), located at
the apex and extending across all surfaces of the crown
with rounded and irregular edges, is similar to the
spalled surface described in a tyrannosaurid lateral
tooth (Schubert & Ungar 2005). In this specimen, the
wear surface is shallow, resembling the spalled surface
found on the lingual side of MNHN/UL.AND.212.
Schubert & Ungar (2005) noted that wear striations
within spalled surfaces are typically microscopic and
heterogeneously oriented. In MNHN/UL.AND.26,
only a few striations are present within the wear sur-
face, and these are barely visible. Therefore, the wear
surface in this specimen is also interpreted as result-
ing from antemortem enamel spalling due to repeated
contact between the tooth and the food (possibly
including the crushing of hard elements such as
bones) (Table 3).

The wear surface on MNHN/UL.AND.213 (class 2,
sensu Farlow & Brinkman 1994) is markedly differ-
ent from all those previously described. It occurs at
the apex of the tooth, which is entirely worn, result-
ing in a rounded top surface with several clearly
visible striations. Both the edges of this structure,
as well as the surface itself are rounded and appear
somewhat polished. A surface with a similar mor-
phology was described in a pliosauroid tooth and
interpreted as resulting from breakage of crown apex
followed by subsequent wear of the surface (Massare
1987). Another type of tooth wear was described for
some ichthyosaur species, where the crown forms a
conical shape with a blunt apex and rough surface
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Table 4. Morphology and respective interpretation of the different wear surfaces found in the studied specimens

Specimen Wear surfaces Interpretation

Wear surface (sensu Schubert & Ungar 2005),
resulting from the contact between opposite tooth
TOWS.

MNHN/UL.AND.212
Spalled surface (sensu Schubert & Ungar 2005)
resulting from the repeated contact between the
tooth and the food.
£
Q
R
| Sediment covered area
Spalled surface (sensu Schubert & Ungar 2005),
MNHN/UL.AND.26 ; resulting from the repeated contact between the
tooth and the food.
E
MNHN/ULAND.213 i Early breakage of the tooth crown apex and,
= subsequently worn down over time.
£
[ Fracture of the crown, affecting the wear surface
Sediment covered area
(Massare 1987), similar to the ‘tip-rounding’ wear Furthermore, it seems unlikely that wear alone could
type described by Abler (1992) and Molnar (1998) cause such a pronounced surface and the complete
for tyrannosaurs. Despite the taxonomic differences, absence of the crown apex. Given that this is a mesial
when comparing the morphology of the unusual wear tooth crown, it most probably had a grasping func-

surface of MNHN/UL.AND.213 with these two types, tion (Massare 1987), which would have increased its
several characteristics correspond closely to those susceptibility to breakage. Although D’Amore (2009)
described by Massare (1987) in the pliosauroid tooth. stating that mesial teeth contact the substrate only



when the jaw is nearly closed, a grasping function
associated with mesial teeth could indicate, that these
teeth would have been the first to contact with the
prey, thereby increasing the probability of breakage.
Such a break may have removed the entire tip of the
tooth, which then remained functional and was pro-
gressively worn down over time (Table 4), resulting
in a rounded surface and edges, and in the striations
present on it (Massare 1987).

Regarding microwear patterns near the denticles,
it is important to note that the angles further dis-
cussed were not only calculated using the formulae
presented in the methodology for circular values,
but also with the formulae for both simple arithmetic
mean and standard deviation. This was necessary in
order to allow comparisons with the results obtained
by Torices et al. (2018), who treated them as linear
values. However, the results obtained for the mean
angle values do not differ significantly when using the
circular or the linear formula (with the exception of
the tooth MNHN/UL.AND.212).

In all of the studied teeth, four distinct sets of
scratch orientations were identified: 1) the most
abundant set, which comprises scratches obliquely
oriented relative to the carina (averaging between 22°
and 55°, see Table 2); 2) a less abundant set of oblique
scratches, oriented almost perpendicularly to the first
set (approximately 130° to 160° relative to the carina);
3) scratches parallel to the long axis of the tooth; and
4) a set of large, deeper scratches with random orien-
tations. The second set of oblique scratches, although
present near the denticles of all tooth crowns, is sig-
nificantly less abundant than the other patterns.
Therefore, the orientation of these structures was
excluded from the statistical analysis. The fourth set
of striations is characterized by being deeper, more
pronounced, and sometimes wider and longer than
the other identified scratches. These scratches often
display random orientations and frequently overlap
and intersect with other striation sets. Due to their
appearance, random orientation, and distribution
across the tooth crowns, these marks are interpreted
as resulting from taphonomic processes. Although
these striations are present in all studied specimens,
and occasionally relatively abundant, they were not
measured due to their inferred taphonomic origin. All
scratches observed on the distal denticles of MNHN/
UL.AND.206 fall into this category, as do the major-
ity of scratches found on the denticles of MNHN/
UL.AND.209 and MNHN/UL.AND.212.

The most abundant scratches identified in the
studied specimens exhibit two preferential orien-
tations: one oblique and the other approximately
parallel to the carina. This pattern is similar to that
observed in scratches associated with denticles of
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different theropod clades (Torices et al. 2018). The
average orientation values range from 36° to 55° for
MNHN/UL.AND.26, MNHN/UL.AND.208, and
MNHN/UL.AND.213, which are the specimens for
which measurements of eighty scratches were possi-
ble to obtain (following the methodology of Torices
et al. 2018). The striations on these crowns are more
commonly observed near the distal carina, although
they are also associated with the mesial carina (when
present). In all studied tooth crowns, oblique stria-
tions are more abundant than parallel ones. Parallel
striations tend to be more commonly on the surface
of the denticles rather than at their base. This pat-
tern contrasts with that found in the teeth of other
theropods, in which parallel scratches are gener-
ally more abundant than oblique ones (Torices et al.
2018). Regarding striation size, there does not seem
to be any significant difference between the two ori-
entation sets, although some crowns display longer
oblique ones. For MNHN/UL.AND.209 and MNHN/
UL.AND.212, the average orientation values also fall
near the 36° to 55° range, although only eleven and
twenty scratches, respectively, were measured. In
MNHN/UL.AND.206, the average value is considera-
bly lower. However, as only thirty-four scratches were
measured, and exclusively near the mesial denticles,
these data should be interpreted with caution.

Implications for the interpretation of feeding
mechanisms in theropods

The results obtained through FEA for MNHN/
UL.AND.208 indicate that the optimal angle for tooth
use lies between 45° and 60°, which aligns closely
with the average angle of 55° observed for the oblique
scratches on this tooth. These results suggest that this
theropod was using its teeth at an optimal angle to min-
imize stress, reflected by the orientation of the oblique
scratches and as demonstrated by the results of the
FEA. This outcome is consistent with those reported
by Torices et al. (2018) for other coelurosaurian thero-
pods. Specifically, the Late Cretaceous coelurosaurian
theropods Troodontidae indet. and Saurornitholestes
also exhibit similar angles for both the optimal angle
for stress minimisation and the predominant orienta-
tion of oblique scratches. Although the angle meas-
ured in the Late Jurassic tooth from Andrés is higher
than the 30° measured for Troodontidae indet. and
Saurornitholestes (Torices et al. 2018), it is comparable
to the optimal angle of 45° reported on the Cretaceous
noasaurid Vespersaurus paranaensis through FEA
(Barbosa et al. 2023).

The pattern of scratch orientations, along with the
FEA results obtained in this study, are compatible
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with a puncture-and-pull feeding movement. This
type of movement was first proposed by Huene
(1923), who interpreted the presence of opisthoc-
oelous anterior presacral vertebrae as an adapta-
tion for the pulling movement in ‘Megalosauridae)
‘Deinodontidae’ (Tyrannosauridae), and possibly
Ceratosaurus. Since then, this feeding behaviour has
been repeatedly hypothesized for theropods based on
studies of jaw muscle insertion (Bakker 1986), neck
muscle reconstruction (Snively & Russell 2007), tooth
marks on bones (e.g. Erickson & Olson 1996) and,
more recently, by combining wear facet analysis and
FEA in coelurosaurian dinosaurs (Torices et al. 2018).
This feeding mechanism is similar to that employed
by the extant Varanus komodoensis, the Komodo
dragon (e.g. Erickson & Olson 1996; D’Amore &
Blumenschine 2009) and implies that the apex of the
tooth would be the first part to get in contact with the
prey’s body. Due to the curvature of the crown, its
mesial part would contact with the body before the
distal one (D’Amore 2009), thereby supporting the
highest resistance (Torices et al. 2018). As the tooth
continued to penetrate the flesh, it would create a set
of parallel scratches and subsequently, as the thero-
pod closed its mouth and retracted its head away from
the prey, the tooth would move obliquely through the
flesh, producing more randomly oriented and oblique
scratches.

Despite differences in denticle morphology among
MNHN/UL.AND.26, MNHN/UL.AND.208, and
MNHN/UL.AND.213, the same striation pattern
was observed, possibly indicating a similar origin
mechanism. Furthermore, MNHN/UL.AND.26 and
MNHN/UL.AND.208 are interpreted as belonging to
dromaeosaurids (Malafaia et al. in review), one of the
theropod groups for which this feeding mechanism
has previously been proposed (Torices et al. 2018).
Since MNHN/UL.AND.213 (interpreted as belonging
to Coelurosauria indet.) exhibits the same striation
pattern, it is plausible that this individual employed a
similar movement and feeding mechanism. As for the
other three specimens, MNHN/UL.AND.212 also dis-
play a comparable pattern, although fewer scratches
were counted, possibly due to obliteration by tapho-
nomic processes and presence of sediment covering
the enamel. Correlating this crown with the respective
taxonomic classification, it also corresponds to a pos-
sible dromaeosaurid (Malafaia et al. in review), sug-
gesting that the feeding mechanism could have been
also similar to that previously mentioned. MNHN/
UL.AND.206 and MNHN/UL.AND.209 are the
crowns most affected by taphonomic processes, with
fewer, but longer and deeper scratches, most of which
are interpreted as of taphonomic origin. However, the

parallel and oblique scratches observed on the mesial
denticles of MNHN/UL.AND.206 (interpreted as pos-
sible belonging to a juvenile Allosaurus), correspond
to the pattern described above for the puncture-
and-pull movement, This interpretation is consistent
with previous proposals for this taxon, which suggest
that Allosaurus defleshed carcasses by retraction of
the skull (Snively & Russel 2007; Snively et al. 2013;
Torices et al. 2018; Winkler et al. 2022).

The use of the puncture-and-pull mechanism
among different theropod groups from Andrés,
including dromaeosaurids and other possible coe-
lurosaurs, and Allosaurus, suggests the persistence of
this feeding strategy over time, at least since the Late
Jurassic, as was previously suggested based on other
analyses (Winkler et al. 2022).

Based on FEA, Torices et al. (2018) found an
optimal bite angle of 30° for a troodontid indet. and
Saurornitholestes, while Dromaeosaurus exhibited
similar stress across all bite angles. Additionally,
the preferential orientation of the oblique scratches
in these taxa ranged from 32.25° in coelurosaurs of
uncertain affinity to 45.3° in an indeterminate large
theropod, all from the Campanian-Maastrichtian of
Spanish South Pyrenees. The dataset studied here
indicates greater variability, with preferential oblique
scratch orientations ranging from 22° in MNHN/
UL.AND.206 to 55° in MNHN/UL.AND.208 and
MNHN/UL.AND.212, along with an optimal bite
angle between around 45° and 60° for MNHN/
UL.AND.208. This greater variation may be related
to the smaller sample size of this study compared to
that of Torices et al. (2018), but it could also reflect
differences in tooth function related to their position
in the jaw, or even an evolutionary shift in tooth use
and feeding strategies between Late Jurassic and Late
Cretaceous theropod faunas.

Conclusions

The principal goal of this work was to study the wear
surfaces and other wear patterns on a sample of iso-
lated theropod teeth collected from Upper Jurassic
levels of the Andrés fossil site (Portugal) to analyse
dietary habits and feeding mechanisms on these dino-
saurs. This study allowed the identification of distinct
wear surfaces as well as various macro- and micro-
scopic striation patterns in different specimens. The
diverse dental wear patterns are interpreted as having
different origins, related to varied feeding behaviours
and interactions with food. Extensive wear, some-
times cutting into the dentine, with regular margins
observed in a dromaeosaurid crown, is interpreted as



resulting from tooth-to-tooth contact. More superfi-
cial wear with irregular margins, sometimes observed
in different positions of the tooth crown, is interpreted
as spalled surfaces, resulting from repeated contact
between the tooth and the food, or as a consequence
of crushing hard elements. A mesial tooth exhibits an
unusual and very extensive wear surface, interpreted
as the result of breakage followed by subsequent wear,
consistent with a grasping function and a high prob-
ability of breakage during feeding. The crowns that
showed no wear surfaces are interpreted as having
broken prematurely from the jaw.

The results of the FEA performed on the
Dromaeosauridae (cf. Velociraptorinae) tooth indi-
cate that the optimal bite angle aligns with the orien-
tation of the abundant oblique scratches identified,
which is consistent with findings from Late Cretaceous
Coelurosauria. This suggests an optimal use of the
teeth to minimize stress. The microwear striation pat-
terns (mainly oblique and parallel to the carinae) are
compatible with a puncture-and-pull feeding mecha-
nism, similar to that observed in the extant Komodo
dragon and inferred for several Late Jurassic and Late
Cretaceous theropods. This hypothesis is also sup-
ported by the FEA results obtained in this study.

This study emphasizes the importance of analysing
dental wear structures to enhance our understanding
of theropod feeding strategies and ecology. Despite
being limited to a few clades, this study provides
valuable data that can be useful for further research
on this subject, allowing comparisons between dif-
ferent patterns and feeding strategies across various
groups. Future studies incorporating a larger phy-
logenetic and/or stratigraphical sample will provide a
more comprehensive understanding of the variations
observed between the teeth studied here from the
Late Jurassic of Portugal and those previously pub-
lished from the Late Cretaceous of Canada and Spain.
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