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a b s t r a c t

The South Pyrenean Basin has yielded abundant dinosaur and penecontemporaneous vertebrate fossils,
becoming one of the most important areas in Europe for the study of these faunas. The studied isolated
theropod teeth from the Western Tremp Syncline (NE Iberia) were recovered from the uppermost
Maastrichtian (topmost Ar�en and Tremp formations). The studies conducted have led to the identifica-
tion of eight tooth morphotypes, which are referred to cf. Paronychodon, cf. Richardoestesia, an abeli-
saurid, a dromaeosaurid, and a non-dromaeosaurid paravian. Together with the previously reported
troodontid and ornithuromorph, this study increases the known theropod palaeobiodiversity in the area
to seven taxa. The latest Maastrichtian theropod fauna of the Western Tremp Syncline is thus composed
of a medium to large-sized abelisaurid as well as a high diversity of small-bodied early-branching
coelurosaurians and avialans, as seen in other Ibero-Armorican localities. Revision of the literature
concerning the theropods of the Ibero-Armorican domain indicates that, although similar theropod
groups were present before, during, and after the intra-Maastrichtian faunal turnover (an event con-
strained to between the early Maastrichtian and the early late Maastrichtian; lower part of C31r to the
C30r/C30n reversal), there were changes in the abelisaurid, dromaeosaurid, and large avialan assem-
blages, as well as in the proportions of indeterminate paravian and cf. Richardoestesia morphotypes, with
the presence of troodontids only recorded in post-turnover faunas. These changes suggest that theropods
might have been affected by the turnover event. Nevertheless, further studies and more complete
specimens could shed more light on the effects of this faunal turnover, and on the affinities and
palaeobiodiversity of the latest Cretaceous Ibero-Armorican theropods.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction dinosaur sites from the uppermost Cretaceous are mainly distrib-
The European continent includes a particularly large number of
fossil sites from the uppermost Cretaceous (Csiki-Sava et al., 2015;
Vila et al., 2016). Indeed, the rigorous sampling of the Upper
Cretaceous continental deposits of the Ibero-Armorican domain
has led to the discovery of around 500 Campanian to Maastrichtian
dinosaur-bearing sites (Vila et al., 2016). The Ibero-Armorican
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uted across the regions of Occitania, Provence, and the Southern
Pyrenees (southern France and northern Spain), and the Iberian
basins (Portugal and Spain) (Vila et al., 2016; Fondevilla et al., 2019;
Aurell et al., 2022). The study of this dinosaur record has revealed a
faunal turnover that affected dinosaur communities during the
Maastrichtian (Le Loeuff et al., 1994; Sell�es et al., 2014; Vila et al.,
2016; Fondevilla et al., 2019). This faunal change mostly involved
the assemblages of herbivorous dinosaurs, differentiating a
Campanian-early Maastrichtian assemblage with rhabdodontid
ornithopods, nodosaurid ankylosaurians, and titanosaurian sauro-
pods, from a late Maastrichtian assemblage dominated by hadro-
saurid ornithopods and other titanosaurian sauropods. These two
assemblages coexisted during an interval of around 2.5 Ma, from
the beginning of chron C31r to the end of chron C30r, although the
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disappearance of each of the pre-turnover groups is not synchro-
nous (Fondevilla et al., 2019). By contrast, theropod assemblages
seem to have been unaffected by the turnover, with medium-sized
abelisauroids, small maniraptorans, and avialans characterizing the
theropod assemblage during the entire Maastrichtian. However,
the theropod oological record from the Ibero-Armorican domain
appears to show that theropods were also somewhat affected, since
two different eggshell associations can be recognized during the
Campanianelower Maastrichtian and the upper Maastrichtian,
respectively (Sell�es et al., 2014). Either way, the scarce osteological
record of theropod dinosaurs in Ibero-Armorica has hindered more
detailed interpretations.

Among the present-day areas of the former Ibero-Armorican
Island, the South Pyrenean Basin represents one of the best-
known zones (P�erez-Pueyo et al., 2021a) based on detailed
studies that have improved our understanding of the palae-
obiodiversity of vertebrates, their palaeoenvironments, and their
chronostratigraphic framework (Canudo et al., 2016; Vila et al.,
2016; Fondevilla et al., 2019). Although fragmentary and isolated
theropod postcranial remains are known from this area (e.g., Blanco
et al., 2015; P�erez-Pueyo et al., 2019, 2021b; Isasmendi et al., 2021),
some of which have led to the description of the first European
jinfengopterygine troodontid Tamarro insperatus, most of the
theropod record from the South Pyrenean Basin is represented by
isolated teeth (e.g., Torices et al., 2015; Marmi et al., 2016; Sell�es et
al., 2021; Isasmendi et al., 2022). The appearance of new method-
ologies and exhaustive studies of theropod dentition (e.g.,
Hendrickx et al., 2015a, 2019 and references therein) has made it
possible for the revision and study of the herein studied material to
achieve the most accurate picture yet of the theropod fossil record
in the South Pyrenean Basin.

The purpose of this paper is: 1) to revise the previously pub-
lished dental specimens and analyze new isolated theropod teeth
recovered from several sites from the western sector of the Tremp
Syncline; 2) to perform morphometric and cladistic analyses using
the studied sample; and 3) to evaluate the effects that the intra-
Maastrichtian faunal turnover had on non-avian theropods, based
on the identification of the new theropod dental material.

2. Geographical and geological setting

The dental material studied here was recovered from upper
Maastrichtian deposits from the topmost Ar�en Formation (Fm) and
Tremp Fm outcropping in the county of Ribagorza (Huesca Prov-
ince, Arag�on, NE Spain) in the Southern Pyrenees. The Pyrenees are
a mountain chain situated in the northeast of the Iberian Peninsula,
resulting from the collision between the Iberian and European
plates during the Alpine orogeny, uplifting the range as a double-
vergence belt of thrusts and folds (Teixell, 1998; Sibuet et al.,
2004). The asynchronous movement of the different thrust sheets
from the Late Cretaceous to the Miocene generated a set of foreland
basins, some of which were stacked as piggyback basins (Mu~noz,
1992; Chanvry et al., 2018; Mu~noz et al., 2018). This is the case
with the South Pyrenean Basin (Fig. 1A), which is compartmental-
ized into different synform syntectonic sub-basins bounded by
thrusts (Fondevilla et al., 2016a). The Tremp Syncline (Fig. 1A) is the
largest of these sub-basins. Its uppermost Cretaceous and Paleo-
cene sedimentary record encompasses marine, transitional, and
continental deposits, including (Fig. 1B): 1) the coarse bioclastic
barrier-island sandstones of the Ar�en or Ar�en Sandstone Fm
(middle CampanianeMaastrichtian) (Nagtegaal et al., 1983; Mutti
and Sgavetti, 1987); and 2) the transitional and continental suc-
cessions of the Tremp Fm (Maastrichtian‒Paleocene; Mey et al.,
1968), which overlies and passes laterally to the Ar�en Fm
(Ard�evol et al., 2000; Fondevilla et al., 2016a).
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The Tremp Fm, traditionally known as the ‘Garumnian facies’ in
the Pyrenees (Leymerie, 1868), includes, from base to top, four
informal units (Fig. 1B; Rosell et al., 2001; P�erez-Pueyo et al.,
2021a). These are the ‘Grey Garumnian’, the ‘Lower Red Gar-
umnian’, the ‘Vallcebre limestones and equivalents’, and the ‘Upper
Red Garumnian’. The ‘Grey Garumnian’ is composed of grey marls
and mudstones, with some intercalations of sandstones, lime-
stones, and occasional coal beds, displaying a rich record of mixed
marine and freshwater invertebrate faunas and thus indicating
deposition in transitional environments such as lagoons, tidal mud
flats, and marshes (Eichenseer, 1988; Rosell et al., 2001; Díez-
Canseco et al., 2014; Oms et al., 2016). The ‘Lower Red Gar-
umnian’ is made up of multi-colored mudstones with palaeosoils,
and intercalations of lenticular sandstone packages and occasional
lacustrine carbonates, interpreted as perilagoonal and fluvial de-
posits with a certain tidal influence (Eichenseer, 1988; Rosell et al.,
2001; Riera et al., 2009; Díez-Canseco et al., 2014). The ‘Grey Gar-
umnian’ and ‘Lower Red Garumnian’ are interfingered, the 'Grey
Garumnian' passing gradually into the 'Lower Red Garumnian', and
they have been dated as latest CampanianeMaastrichtian (Fig. 1B)
(Díez-Canseco et al., 2014; Vicente et al., 2015, 2016; Fondevilla et
al., 2016a; Pu�ertolas-Pascual et al., 2018). The two remaining
units of the Tremp Fm are Paleocene in age, the lacustrine ‘Vall-
cebre limestones’ being dated as Danian, and the fluvial ‘Upper Red
Garumnian’, as Selandian to Thanetian (Serra-Kiel et al., 1994;
Ullastre and Masriera, 1998; Rosell et al., 2001; Díez-Canseco et al.,
2014).

The upper Maastrichtian theropod teeth under study come from
seven sites from the topmost Ar�en Fm and Tremp Fm in the
Western Tremp Syncline (Fig. 1). The deposits of the Ar�en and
Tremp formations have been dated as latest Maastrichtian in this
area, ranging from the top of magnetochron C30n to chron C29r,
which corresponds to the last 300 kyr of the Cretaceous before the
K/Pg boundary (L�opez-Martínez et al., 2001; Pereda-Suberbiola
et al., 2009; Canudo et al., 2016; Pu�ertolas-Pascual et al., 2018).
From base to top, the stratigraphic locations of the sites are: the
Blasi 1 locality (1 in Fig. 1B) (Ar�en/Areny, Ar�en municipality),
located in the topmost part of the Ar�en Fm, in the ‘Grey Garumnian’,
Blasi 2B (2 in Fig. 1B) and Blasi 3 (3 in Fig. 1B) (Ar�en/Areny, Ar�en
municipality); Veracruz 1 (4 in Fig. 1B) (Biascas de Obarra, Beranuy
municipality) and 172-i/04/e (5 in Fig. 1B) (Serraduy, Is�abena mu-
nicipality); and finally two sites located in the ‘Lower Red Gar-
umnian’, Larra 4 (7 in Fig. 1B) ((Sala, Valle de Lierp municipality)
and Amor 3 (8 in Fig. 1B) (Beranuy, Beranuy municipality)). In the
‘Lower Red Garumnian’, an additional locality has provided
theropod fossils: Dolor 2/3 (6 in Fig. 1B), where a vertebra from a
large ornithuromorph avialan was found (P�erez-Pueyo et al.,
2021b).

3. Methodology

3.1. Studied material

A total of 31 isolated teeth from the seven sites were studied.
The teeth were recovered between 1998 and 2021 via surface
prospection during excavation campaigns or by screen-washing of
sediments by members of the Aragosaurus-IUCA research group of
the Universidad de Zaragoza. The material is curated at the Museo
de Ciencias Naturales de la Universidad de Zaragoza, Spain
(Canudo, 2018). All the teeth were given their corresponding
museum acronyms (MPZ) as listed hereafter: MPZ 98/67 toMPZ 98/
82, MPZ 2004/3 toMPZ 2004/8, MPZ 2017/804, MPZ 2019/189, MPZ
2021/223 and MPZ 2022/80 to MPZ 2022/90. Some of these teeth
were studied previously by other authors: MPZ 98/67 to MPZ 98/82
were first studied by L�opez-Martínez et al. (2001) and were
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reidentified by Torices et al. (2015), who additionally studied
specimens MPZ 2004/3 to MPZ 2004/8, whereas specimens MPZ
2017/804 and MPZ 2019/189 were first described by Pu�ertolas-
Pascual et al. (2018). Specimens MPZ 2021/223 and MPZ 2022/80
to MPZ 2022/90 are studied for the first time in this paper.

The teeth were examined firsthand under stereo (Olympus SZ-
STS) and Dino-Lite Edge digital (AM7915MZT) microscopes. The
measurements of the larger teeth were taken with a digital caliper
(Juning) whereas the smaller teeth and the denticle densities of the
larger ones were measured with the ImageJ program (Rasband,
2003) using the photographs taken with the Dino-Lite on the
original teeth. Small teeth were gold-coated and photographed
with a JEOL JSM 6400 scanning electron microscope (SEM) housed
at the ‘Servicio de Microscopía Electr�onica de Materiales’ of the
University of Zaragoza (Spain).

3.2. Comparative methodology and terminology

The dental nomenclature and methodology applied in this work
are based on those proposed by Hendrickx et al. (2015a) and ref-
erences therein. Both the qualitative and quantitative characters
used for the study of the teeth follow those of Currie et al. (1990),
Smith et al. (2005), and Hendrickx et al. (2015a). The qualitative
features used to identify the teeth are the crown shape, type and
cross-section, the position and extension of the carinae, if present,
the presence or absence of denticles, denticle morphology and their
position along the carinae, and crown ornamentation. The mea-
surements taken on all teeth are as follows (Fig. 2): crown base
length (CBL), crown base width (CBW), mid-crown length (MCL),
mid-crown width (MCW), crown height (CH), and apical length
(AL). Furthermore, the crown base ratio (CBR; defined as CBW/CBL)
and the crown height ratio (CHR; defined as CH/CBL) were calcu-
lated for each specimen. For the larger teeth the mesioapical
denticle density (MA), the mesiocentral denticle density (MC), the
mesiobasal denticle density (MB), the distoapical denticle density
(DA), the distocentral denticle density (DC), and the distobasal
denticle density (DB) were also measured per 5 mm. These mea-
surements could not be taken on the smaller teeth, and so only the
mesiocentral denticle density (MC) and the distocentral denticle
density (DC) per 1 mm were measured; these were normalized to
5 mm afterwards. Finally, the denticle size density index (DSDI;
defined as MC/DC) was calculated for all the specimens. Some
values were estimated for the almost complete teeth, following the
outline of the tooth (see Supplementary material 1).

3.3. Discriminant analyses

Various discriminant analyses (DAs) were carried out using PAST
4.05 (Hammer et al., 2001). The database used for the analyses is
mainly based on the one published by Hendrickx et al. (2015b). In
addition to the specimens measured directly by Hendrickx et al.
(2015b), this dataset collects morphometric information from
Cope (1876), Farlow et al. (1991), Park (2000), Sankey et al. (2002,
2005), Currie and Varricchio (2004), Smith (2005), Smith et al.
(2005), Smith and Lamanna (2006), Smith and Vecchia (2006),
Fanti and Therrien (2007), Longrich (2008), Sankey (2008), Sereno
and Brusatte (2008), Hocknull et al. (2009), Molnar et al. (2009),
and Larson and Currie (2013). The teeth attributed to Zapsalis were
removed from the database because they turned out to be pre-
maxillary teeth of dromaeosaurids such as Saurornitholestes (Currie
and Evans, 2020). The teeth of ‘Megalosaurus dunkeri’ published by
}Osi et al. (2010) and Nuthetes were also eliminated due to their
uncertain affinities. In line with Hendrickx et al. (2020), moreover,
the teeth formerly assigned to Spinosaurus are here regarded as
Spinosaurinae indet. As well as this database, other teeth with
3

morphometric data collected by Currie and Azuma (2006),
Gianechini et al. (2011a), Evans et al. (2013), Tortosa et al. (2014),
White et al. (2015), Gerke and Wings (2016), Longrich et al. (2017),
Malafaia et al. (2017), Young et al. (2019), and Isasmendi et al.
(2022) were also considered. With all these changes, the database
used in the discriminant analyses consists of 1159 teeth and 65
taxa, including some indeterminate spinosaurid teeth, an unnamed
dromaeosaurid, and an unnamed megaraptoran.

Many variables have been used in performing themorphometric
analyses. However, not all the databases include all these variables.
For instance, Young et al. (2019) and Hendrickx et al. (2020) used
the denticle length instead of denticle densities to include mostly
metric-based variables. Unfortunately, the teeth of many taxa that
are interesting for this study lack these measurements. Therefore,
only the previously most widely used variables (CBL, CBW, CH, CBR,
CHR, MC and DC) were applied to the DAs, even though other
variables were also measured on the studied teeth. Before per-
forming the DAs, the data were normalized with Log (x þ 1) in
order to be able to use data with zero values. Furthermore, the
sample studied hereinwas not previously grouped for the analyses,
and only the teeth from the database built for this study were
grouped as they were previously assigned (65 groups in total).

In total, four discriminant analyses were performed: (1) DA1, at
taxon level with five variables (CBL, CBW, CH, MC and DC); (2) DA2,
at group or clade level with five variables (CBL, CBW, CH, MC and
DC); (3) DA3, at taxon level with seven variables (CBL, CBW, CH,
CBR, CHR, MC and DC); and (4) DA4, at group or clade level with
seven variables (CBL, CBW, CH, CBR, CHR, MC and DC). Note that as
the position of Paronychodon and Richardoestesiawithin Theropoda
is still undetermined, these taxa were not included in any clade or
group in DA2 and DA4, instead being considered as belonging to
distinct groups.

3.4. Cladistic analyses

To analyze the phylogenetic relationships of the different tooth
morphotypes, the teeth were subjected to several dental-based
cladistic analyses. All the teeth were scored in the matrix used by
Meso et al. (2021) (see Supplementary materials 2 and 3), which is
an updated version of the original matrix created by Hendrickx and
Mateus (2014). This version of the matrix presents 146 characters
(16 ordered) which are scored for 105 different theropod genera
plus two additional terminal taxa: a juvenile specimen of Limu-
saurus and MPC-D100-1323, a troodontid with affinities to Almas
ukhaa. Although each of the teeth was codified for the matrix (see
Supplementary material 2), to simplify the number of analyses, we
considered each dental morphotype as a separate terminal taxon.
The matrix uses several topological constraints on the data to
obtain a backbone topology that fulfills the current phylogenetic
consensus on theropod dinosaurs. This consensus is based on the
results from Müller et al. (2018) for non-neotheropod Saurischia,
Ezcurra (2017) for non-averostran Neotheropoda, Rauhut and
Carrano (2016) and Wang et al. (2017) for Ceratosauria, Carrano
et al. (2012) and Rauhut et al. (2012, 2016) for non-
coelurosaurian Tetanurae, Brusatte and Carr (2016) for Tyranno-
sauroidea, and Cau et al. (2017) for non-tyrannosauroid
Coelurosauria.

The analyses were carried out using TNT 1.5 (Goloboff and
Catalano, 2016) (see Supplementary material 3 for the TNT script,
which includes the search parameters that were used), following
the methodology proposed by Hendrickx et al. (2020). Space for up
to 50,000 trees was allocated in memory for each analysis (Enter
command Hold 50000). For each analysis, first a New Technology
search with a combination of different tree-search algorithms was
conducted, using TBR branch swapping, sectorial searches, Ratchet
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Fig. 2. Morphometric terminology used for the studied tooth specimens. A, theropod tooth in lateral view. B, theropod tooth in distal view. C, theropod tooth in basal view.
Abbreviations: AL, apical length; CBL, crown base length; CBW, crown base width; CH, crown height; DA, distoapical denticle density; DB, distobasal denticle density; DC, dis-
tocentral denticle density; MA, mesioapical denticle density; MB, mesiobasal denticle density; MC, mesiocentral denticle density; MCL, mid-crown length; MCW, mid-crown width
(based on Hendrickx et al., 2015a).
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(stopping the perturbation phase after 20 substitutions) and Tree
Fusing (5 rounds), until 100 hits of the same minimum tree length
were reached (Enter command xmult ¼ hits 100 rss fuse 5 ratchet
20). After that, the trees obtained were subjected to an additional
round of TBR branch swapping (Enter command bb). A first round of
analysis was carried out using a constrained topology (Enter com-
mand constrain¼) with all eight morphotypes acting as floating
taxa. As it was difficult to determine whether the teeth assigned to
cf. Paronychodon sp. and cf. Richardoestesia sp. belong to mesial or
to lateral teeth, this initial analysis was run twice, scoring these two
morphotypes in one case as mesial teeth, and in the other as lateral
teeth. A second round of constrained analyses was performed, us-
ing each of the eight morphotypes separately, running twice for cf.
Paronychodon sp. and cf. Richardoestesia sp. (mesial and lateral).
Finally, two more analyses were conducted, deactivating the con-
straints (Enter command constrain-) and using the 8 OTUs alto-
gether (again repeating one analysis for the mesial and another for
the lateral scores of cf. Paronychodon sp. and cf. Richardoestesia sp.)
In total 14 different analyses were carried out.
Fig. 1. Geographic and geological setting of the uppermost Cretaceous fossil sites with thero
of the South Pyrenean Basin, with emphasis on the Tremp Syncline and the location of the
Time-calibrated NW-SE correlation panel of the Western Tremp Syncline, with the stratigra
Veracruz 1; 5) 172-i/04/e; 6) Dolor 2/3; 7) Larra 4; 8) Amor 3 (modified after P�erez-Pueyo
Hartman, and Emily Willoughby. For license attribution of the silhouettes, see Supplement
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Institutional abbreviations: IIPG, Instituto de Investigaci�on en
Paleobiología y Geología, General Roca, Río Negro, Argentina;
MNHN, Mus�eum National d'Histoire Naturelle, Paris, Paris, France;
MPZ, Museo de Ciencias Naturales de la Universidad de Zaragoza,
Zaragoza, Arag�on, Spain; UPUAM, Unidad de Paleontología, Uni-
versidad Aut�onoma de Madrid, Madrid, Spain.

4. Systematic palaeontology

DINOSAURIA Owen, 1842
THEROPODA Marsh, 1881
CERATOSAURIA Marsh, 1884
ABELISAURIDAE Bonaparte and Novas, 1985

Remarks. Three dental morphotypes (1, 2 and 3) have been referred
to Abelisauridae.

Abelisauridae indet. 1

Material. One tooth (MPZ 2004/4 from Blasi 1; Fig. 3AeF).
pod remains from the Western Tremp Syncline. A, Geological map of the western sector
fossil sites studied in this paper (modified after L�opez-Martínez and Vicens, 2012). B,
phic position of the theropod fossil-bearing sites: 1) Blasi 1; 2) Blasi 2B; 3) Blasi 3; 4)
et al., 2021a). Silhouettes after Mette Aumala, Tasman Dixon, Rebecca Groom, Scott

ary material 6.



Fig. 3. Abelisauridae indet. teeth. AeF, Abelisauridae indet. 1 morphotype. AeF, MPZ 2004/4, mesial carina, crown in mesial, lingual, labial and distal views, basal cross-section.
GeM and X, Abelisauridae indet. 2 morphotype. GeL and X, MPZ 2017/804, mesial carina and mesial denticle close-up, crown in mesial, lingual, labial and distal views, and
distal carina, distal denticle close-up, and enamel texture. M, MPZ 2021/223, close-up of distal carina and denticles. NeY, Abelisauridae indet. 3 morphotype. NeR, MPZ 2022/81
crown in mesial, lingual, labial and distal views, and distal denticle close-up. SeW and Y, MPZ 2004/6 crown in mesial, lingual, labial and distal views, distal denticle close-up, and
basal cross-section. Scale bars equal 1 cm, except for denticles and textures (0.5 cm). Abbreviations: mc, mesial carina; dc, distal carina; iet, irregular enamel texture; is, inter-
denticular sulcus; and mu, marginal undulation.

E. Isasmendi, M. P�erez-Pueyo, M. Moreno-Azanza et al. Cretaceous Research 162 (2024) 105952
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Description. Specimen MPZ 2004/4 lacks the apex and parts of the
enamel, especially on the labial margin and the carinae. Some
horizontal and vertical fractures are also present. Most of the
denticles are eroded, but their bases are still preserved.
The crown is ziphodont, but not especially labiolingually com-
pressed apically, and quite elongated. It seems that the crown
would be distally curved if the apex was present, but the apex
would not extend beyond its basodistalmost point (Fig. 3C and D).
In lateral views, the distal margin is slightly concave, whereas the
mesial margin is convex (Fig. 3C and D). Both labial and lingual
surfaces are mesiodistally convex, with the convexity being more
prominent on the lingual surface in distal or mesial views (Fig. 3B
and E). The labial surface is apicobasally virtually flat, but the
lingual surface is more concave (Fig. 3B and E). The lingual surface
has concave surfaces adjacent to the mesial and distal carinae. The
concavity near the mesial carina is more marked than the one near
the distal carina. These concavities are more pronounced and wider
basally (Fig. 3AeE). The basal cross-section of the crown is J-shaped
(Fig. 3F), and the mid-crown cross-section is between salinon- and
parlinon-shaped (sensu Hendrickx et al., 2015a). No basal
constriction is present in the tooth.
The CBL measures 22.93 mmwhereas the CBW is 12.38 mm, with a
CBR of 0.54. Apically, the length of the crown decreases propor-
tionally more than the width, making the tooth appear less
compressed.
Both mesial and distal carinae are present and denticulated, and
seem to have reached the cervix or would have at least extended
close to it (Fig. 3A, C and E). The mesial carina is diagonally oriented
and lingually displaced, especially basally (Fig. 3C). By contrast, the
distal carina is strongly labially displaced and straighter and follows
the curvature of the crown (Fig. 3E). On average, the mesial den-
ticles are slightly smaller than the distal ones, with around 12.05
and 11.66 denticles per 5 mm, respectively. The denticles become
gradually smaller towards the cervix. There is no random variation
in denticle size along the carinae. Interdenticular sulci are present
along both carinae. These are subtle, short, and basally inclined.
Some subtle transverse undulations are present on the enamel. The
enamel exhibits micro-scratches and is polished. The enamel
texture is subtle, non-oriented, and irregular (sensu Hendrickx
et al., 2015a).

Abelisauridae indet. 2

Material. Four teeth (MPZ 2017/804 from 172-i/04/e; and MPZ
2021/223, MPZ 2022/87, and MPZ 2022/88 from Blasi 3; Fig. 3GeM
and X).
Description. None of the teeth is complete, but MPZ 2022/88 is
nearly complete, and the denticles are particularly well preserved
in MPZ 2017/804. The crowns are ziphodont, labiolingually com-
pressed, and slightly distally curved (Fig. 3GeL). The distal
extension of the apex with respect to the basal length cannot be
determined in most of the crowns, but in MPZ 2022/87 the apex
seems not to have extended beyond the basodistalmost point of
the crown. The mesial margin of these teeth is always convex,
whereas the distal margin is straight in MPZ 2017/804 (Fig. 3I and
J) and MPZ 2021/223, and gently concave in MPZ 2022/87 and
MPZ 2022/88. In mesial or lingual view, both labial and lingual
surfaces are convex in most of the crowns, especially the labial
surfaces (Fig. 3H and K). However, this cannot be clearly assessed
in MPZ 2022/87 due to its poor state of preservation. The lingual
and labial surfaces are convex in all the teeth, but MPZ 2017/804
exhibits a concave surface adjacent to the distal carina on the
lingual surface (Fig. 3I). This concave surface is more pronounced
basally and fades apically. In MPZ 2021/223, this surface is planar
instead of concave. The basal cross-section is lanceolate in MPZ
2021/223, and the mid-crown cross-section is lenticular in all the
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specimens. In MPZ 2021/223, this cannot be evaluated, but it is not
basally constricted.
The CBL varies between 9.81 and 17.74 mm, whereas the CBW
ranges from 6.85 to 11.71 mm, giving a CBR between 0.65 and 0.69.
In other words, the basal width is more than half of the basal
length. The CH varies between 14.57 and 30.14 mm, and the AL
ranges from 17.56 to 32.63 mm, indicating that the crowns are not
very distally curved. The CHR varies between 1.24 and 2.85.
All the teeth have denticulated mesial and distal carinae, when
preserved (Fig. 3G and L). In MPZ 2022/88, the mesial carina is
diagonally oriented and reaches the cervix. In MPZ 2017/804, it
would most likely extend from the apex to further basally than
mid-crown. The mesial carina of MPZ 2017/804 is apically centered
and is gradually displaced strongly lingually (Fig. 3H), and in MPZ
2022/88 it remains virtually centered along its entire extension but
is slightly displaced lingually near the cervix. The distal carina
reaches the cervix in MPZ 2021/223. This is slightly bowed and
labially displaced (Fig. 3K).
The denticles are largest at mid-crown and get slightly smaller
apically and especially basally (Fig. 3H and K). There is no random
variation in denticle size along the carinae. The denticles are almost
equal in size or slightly larger on the mesial carina, with DSDI
values ranging from 0.86 to 1.083. The mesial denticle density
varies between 13 and 14 denticles per 5 mm, and the distal
denticle density ranges from 10 to 14 denticles per 5 mm. The
denticles are symmetrical or slightly symmetrically convex in
outline and perpendicular to the carinae, but they are slightly
apically inclined in MPZ 2021/223. The mesial denticles are sub-
quadrangular or slightly apicobasally subrectangular (Fig. 3G),
whereas the distal denticles are subquadrangular or mediodistally
subrectangular (Fig. 3L). In MPZ 2017/804, interdenticular sulci are
present on both labial and lingual surfaces of the mesial and distal
carinae. In MPZ 2021/223, these are present and especially pro-
nounced between its distal denticles (Fig. 3M). The interdenticular
sulci are subtle, short, straight, and basally inclined.
Transverse undulations are present on the enamel of MPZ 2017/804
and MPZ 2021/223. Furthermore, MPZ 2017/804 exhibits marginal
undulations on both mesial and distal carinae. These are especially
abundant on the distal carina. In the specimens that are not pol-
ished, the enamel texture is non-oriented and irregular (sensu
Hendrickx et al., 2015a) (Fig. 3X).

Abelisauridae indet. 3

Material. Eight teeth (MPZ 2004/3 and MPZ 2022/81 from Blasi 1;
MPZ 2004/5 and MPZ 2004/6 from Blasi 2B; and MPZ 98/67, MPZ
2004/8, MPZ 2022/86, and MPZ 2022/89 from Blasi 3; Fig. 3NeW
and Y).
Description. Most of the teeth are not complete. The only complete
crown is MPZ 2004/6, whereasMPZ 2004/8, MPZ 2022/81, andMPZ
2022/89 are nearly complete.
The crowns are ziphodont, labiolingually compressed, and with
apices that are distally curved. However, these seem not to extend
beyond the basodistalmost point of the crown in MPZ 2004/8 and
MPZ 2022/81, although it appears to do so inMPZ 2004/6 (Fig. 3O, P,
T and U). The mesial margins of all the specimens, if preserved, are
convex, whereas the distal profiles vary depending on the crown.
The distal margins are straight or nearly straight in MPZ 98/67 and
MPZ 2022/81, whereas they are gently concave inMPZ 2004/6, MPZ
2004/8 and MPZ 2022/89 (Fig. 3O, P, T and U). In mesial or lingual
view, both the labial and especially the lingual surfaces are convex
in most of the crowns. MPZ 2022/81 exhibits a slightly concave
lingual margin that becomes convex apically in distal view (Fig. 3O).
The lingual and labial surfaces are convex, but concave surfaces
adjacent to the distal carinae can be noticed on the lingual area in
MPZ 2004/8 and MPZ 2022/86. These concave areas are more
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pronounced basally and fade apically. The basal cross-sections of
the crowns vary between figure-eight-shaped (MPZ 2004/8),
lanceolate (MPZ 2004/6, MPZ 2022/81 and MPZ 2022/89, although
in MPZ 2022/81 a basally located and centrally positioned
depression on the labial side makes it almost reniform) (Fig. 3Y),
oval (MPZ 98/67), and reniform (MPZ 2022/86). The mid-crown
cross-sections of the most complete crowns are lenticular,
although this feature cannot be evaluated in MPZ 2004/3 and MPZ
2004/5 due to their incompleteness. There are no noticeable basal
constrictions in any specimens.
The CBL ranges from 6.57 to 20.97 mm, whereas the CBW varies
between 3.77 and 12.91 mm, and the CBR between 0.5 and 0.61. In
other words, the basal width is half or slightly more than half the
basal length. The CH ranges from 12.3 to 28.91mm, and the AL from
13.7 to 30.87 mm. The values for CH and AL match closely in all
these teeth, but MPZ 2022/89 and MPZ 2004/6 indicate that the
crowns are not very distally curved. The CHR varies between 1.57
and 2.28.
All the crowns exhibit denticulated mesial and distal carinae, when
preserved (Fig. 3NeW). The mesial carinae are diagonally oriented
and reach the cervix or extend slightly beyond it inMPZ 2004/6 and
MPZ 2022/81 (Fig. 3N). Although this cannot be assessed with
certainty, it seems that inMPZ 98/67, MPZ 2004/5, MPZ 2004/8, and
MPZ 2022/89 the mesial carina would have extended further
basally than mid-height starting from the apex. The mesial carinae
are centered apically and are gradually but quite strongly displaced
lingually in MPZ 2004/6 (Fig. 3S), MPZ 2004/8, MPZ 2022/81
(Fig. 3N), and MPZ 2022/89. MPZ 2022/81 has an abnormal mesial
carina. Below a possible lesion located at mid-crown, the mesial
carina drastically curves lingually (Fig. 3N). The distal carinae also
reach the cervix in all the specimens that preserve them (Fig. 3V).
These are labially displaced in all the specimens except in MPZ
2004/6 and MPZ 2022/81. In MPZ 2022/81, the distal carina is
somewhat twisted, being apically centered and labially displaced
basally (Fig. 3N). In MPZ 2004/6, it is almost centered, but still
slightly labially displaced basally (Fig. 3V).
The denticles are larger near the middle of the carinae and grad-
ually become smaller especially towards the cervices and slightly so
towards the apices. The denticles do not change randomly in size
along the carinae (Fig. 3R and W). The mesial denticles are also
smaller or almost equal in size on the mesial carinae compared to
the distal denticles, with DSDI values varying between 1.02 and
1.125. The average mesial denticle densities range from 13.5 to 19
denticles per 5 mm, whereas the average distal denticle densities
vary from 12.6 to 17.08 denticles per 5 mm. The denticles are not
apically hooked. Indeed, the outline of the denticles is symmetrical
or slightly asymmetrically convex (Fig. 3R and W). These are
perpendicular to the carinae in most of the crowns but are slightly
apically inclined near the apex in MPZ 2022/81. The mesial denti-
cles are subquadrangular or slightly apicobasally subrectangular,
whereas the distal denticles are subquadrangular or mediodistally
subrectangular (Fig. 3R and W). Interdenticular sulci are present in
both labial and lingual surfaces of the mesial and distal carinae on
the better-preserved specimens (MPZ 2004/6 and MPZ 2022/81)
and between the distal denticles of MPZ 2004/8 and MPZ 2022/86
(Fig. 3W). These always occur along the carinae. Overall, the
interdenticular sulci are subtle, short, straight, and basally inclined.
Transverse undulations are present on the enamel of MPZ 98/67,
MPZ 2004/3, MPZ 2004/8, MPZ 2022/81 and MPZ 2022/86.
Fig. 4. Theropod teeth. AeF, cf. Paronychodon sp. morphotype. AeF, MPZ 98/76 in mesial, li
Richardoestesia sp. morphotype. GeL, MPZ 98/72 in mesial, lingual, labial and distal views
denticle close-up, mesial, lingual, labial and distal views, basal cross-section scheme and
enamel texture, basal cross-section scheme and distal denticle close-up. Scale bars equal 1
texture; cs, concave surface; lg, longitudinal groove; lr, longitudinal ridge.
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Furthermore, marginal undulations are also present on the mesial
carina of MPZ 2004/6. The enamel is polished in many specimens,
andmicro-scratches are also present. However, the enamel textures
of the teeth are non-oriented and irregular (sensu Hendrickx et al.,
2015a).

TETANURAE Gauthier, 1986
COELUROSAURIA Marsh, 1884
FAMILY INDET.
PARONYCHODON Cope, 1876
Cf. Paronychodon sp.

Material. One tooth (MPZ 98/76 from Blasi 2B; Fig. 4AeF).
Description. The tooth is composed of a virtually complete crown
that is only missing its most apical part. The tooth is ziphodont,
elongated and distally curved. Its apex extends beyond the baso-
distalmost point of the crown (Fig. 4C). Its distal profile is strongly
concave, and its mesial margin is convex in lateral views (Fig. 4B
and C). The labial and lingual surfaces are also convex, becoming
almost flat basally in mesial or distal views (Fig. 4A and D). The
lingual surface is flat whereas the labial one is convex. The basal
cross-section of the tooth is reniform due to the flat lingual surface
(Fig. 4F). At mid-crown, its cross-section seems to be lenticular.
The tooth is minute, with an estimated CH value of 2.69 mm and an
AL value of 3.3mm. Its CBL is 1.31mm, and the CBW is 0.59mm. The
tooth is relatively labiolingually compressed, with a CBR of 0.45,
and moderately elongated, with a CHR value of 2.05.
This specimen has bothmesial and distal carinae (Fig. 4AeD). These
run from the apex and extend to the cervix. The mesial carina is
strongly lingually displaced and straight (Fig. 4A). The distal carina
is better preserved basally and is virtually centered (Fig. 4D). None
of the carinae has denticles.
The ornamentation of the tooth consists of apicobasally oriented
grooves bounded by three longitudinal ridges (Fig. 4A and B). These
are only present on the lingual surface of the tooth. There are 3
grooves in total, of which the middle one extends the furthest
apically. The grooves do not reach the apex but follow the curvature
of the tooth. The enamel texture of the tooth seems to be braided
(Fig. 4E) (sensu Hendrickx et al., 2015a).

FAMILY INDET.
RICHARDOESTESIA Currie, Rigby and Sloan, 1990
Cf. Richardoestesia sp.

Material. Eight teeth (MPZ 98/72, MPZ 98/73, MPZ 98/74, MPZ 98/
75, MPZ 2004/7, MPZ 2022/82 and MPZ 2022/83 from Blasi 2B; and
MPZ 2022/90 from Veracruz 1; Fig. 4GeZ).
Description. Specimens MPZ 98/75, MPZ 2022/90 and MPZ 2022/82
are complete, but MPZ 98/72, MPZ 98/74 and MPZ 2004/7 are
fragmentary and only preserve part of the crown. MPZ 98/73 only
lacks the basal-distal part of the crown, and MPZ 2022/83 is a
poorly preserved crown fragment.
The crowns are ziphodont, labiolingually compressed, relatively
elongated and quite straight (Fig. 4GeZ). Their apices are distally
curved, but they do not extend beyond their basodistalmost point
or barely do so (Fig. 4H, I, O, P, U and V). In MPZ 98/74 and MPZ
2022/82 the apices are also slightly tilted lingually (Fig. 4T and W).
The mesial profiles of the teeth are convex, whereas the distal
profiles are either concave (MPZ 98/72, MPZ 2022/82 and MPZ
2022/90), relatively straight (MPZ 98/73, MPZ 98/74, MPZ 98/75,
MPZ 2022/83), or convex (MPZ 2004/7) (Fig. 4H, I, O, P, U and V).
ngual, labial and distal views, enamel texture and basal cross-section scheme. GeZ, cf.
, basal cross-section scheme and distal denticle close-up. MeS, MPZ 2022/90 mesial
distal denticle close-up. TeZ, MPZ 2022/82 in mesial, lingual, labial and distal views,
mm, except for denticles and textures (0.3 mm). Abbreviations: bet, braided enamel
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Both labial and lingual surfaces are convex in mesial or distal views
and become more straight basally (Fig. 4G, J, N, Q, U and W). These
surfaces exhibit centrally located planar areas. On the lingual sur-
faces of MPZ 98/72, MPZ 2022/82 and MPZ 2022/90 as well as on
both sides of MPZ 98/73 and MPZ 98/74, an apicobasally oriented
groove is present. These grooves do not reach the apex. The basal
cross-sections of the crowns are either reniform (MPZ 98/75, MPZ
2022/82 and MPZ 2022/90), oval (MPZ 98/72), or somewhat figure-
eight-shaped (MPZ 98/73) (Fig. 4K, R and Y). Among the teeth of
this morphotype, at least MPZ 98/72, MPZ 98/74, MPZ 98/75, MPZ
2022/82 and MPZ 2022/90 have concave surfaces adjacent to the
mesial and distal carinae (Fig. 4H, I, O, P, U and V).
These specimens are small. Their CBL varies between 1.37 and
2.61 mm, whereas the CBW varies between 0.79 and 1.24 mm, with
CBR values between 0.37 and 0.57. The teeth have a CH that varies
between 2.78 and 6.4 mm and AL values ranging from 3.1 to
6.8 mm. The teeth range from normal in length to elongate
(CHR ¼ 1.76e2.45).
The carinae are apicobasally oriented. The distal carinae always run
from the apex to the cervix. They are either straight and centered as
in MPZ 98/72, MPZ 98/73, MPZ 98/74, MPZ 2004/7, MPZ 2022/83
and MPZ 2022/90 (Fig. 4J and Q), or slightly labially displaced as in
MPZ 98/75. The distal carina of MPZ 2022/82 seems to be twisted,
being centrally placed apically but labially displaced near the cervix
(Fig. 4W). The mesial carinae do not reach the cervix but nearly do
so (Fig. 4G, N and T). These can be straight and lingually displaced
(MPZ 2022/82), or straight and centered (MPZ 98/72, MPZ 98/73,
MPZ 98/74, MPZ 98/75, MPZ 2004/7 and MPZ 2022/90). The distal
carinae are denticulated in all specimens, but the mesial carinae
can either bear denticles (MPZ 98/73, MPZ 2004/7, MPZ 2022/82
and MPZ 2022/90) or not (MPZ 98/72, MPZ 98/74, MPZ 98/75). The
denticles are perpendicular to the carinae. The denticles are similar
in size at the apex and mid-crown, and become smaller in size
basally. The denticles do not change randomly in size along the
carinae, except in MPZ 2004/7, MPZ 2022/82 and MPZ 2022/90,
where the mesial denticles are not as well developed. The distal
denticles are proximodistally subrectangular (Fig. 4L, S and Z),
whereas the mesial denticles are more subquadrangular or apico-
basally subrectangular (Fig. 4M). Their outline is symmetrical to
slightly asymmetrically convex. There are no apparent inter-
denticular sulci. The denticle density ranges from 60 to 80 denticles
per 5 mm on the mesial carinae, whereas it varies from 40 to 65
denticles per 5 mm on the distal carinae, with the DSDI ranging
from 1.11 to 1.33 in the crowns that have mesial denticles.
Apart from the previouslymentioned apicobasally oriented grooves
present on some of the crowns, the teeth do not have any orna-
mentation. The enamel texture seems to be braided (sensu
Hendrickx et al., 2015a) on the crowns with better-preserved
enamel (Fig. 4X).

MANIRAPTORA Gauthier, 1986
PENNARAPTORA Foth, Tischlinger and Rauhut, 2014
PARAVES Sereno, 1997
Paraves indet.

Remarks. Two Paraves indet. morphotypes (1 and 2) have been
distinguished.

Paraves indet. 1

Material. Six teeth (MPZ 98/77, MPZ 98/78, MPZ 98/79, MPZ 98/80
and MPZ 98/81 from Blasi 2B; and MPZ 2019/189 from Larra 4;
Fig. 5AeK).
Description. The crowns of MPZ 98/77, MPZ 98/78 and MPZ 2019/
189 are complete or nearly so, whereas MPZ 98/79, MPZ 98/80 and
MPZ 98/81 lack the apical part of the crown. The teeth are zipho-
dont, specimenMPZ 98/78 being almost conidont (CBR > 0.64), and
10
labiolingually compressed (Fig. 5AeK). The teeth are distally
curved, with their apices extending beyond their basodistalmost
point, at least in the crowns that preserve their apicalmost part.
Although the enamel is not well preserved on all the specimens or
is polished, it seems to be braided (Fig. 5E) (sensu Hendrickx et al.,
2015a). The teeth do not have any ornamentation or a basal
constriction.
In labial or lingual views, the mesial margins are convex whereas
the distal profiles are concave (Fig. 5B, C, H and I). In distal view,
both labial and lingual surfaces are convex, especially the labial one,
but both surfaces become straighter basally (Fig. 5D and J). Indeed,
a triangular planar area can be noticed near the base of the crowns,
centrally positioned on the labial and lingual surfaces. These are
slight concavities in MPZ 98/77, MPZ 98/78 and MPZ 98/79 (Fig. 5B
and C). The cross-section of the crowns near the base varies be-
tween lanceolate (MPZ 98/79 and MPZ 98/81), figure-eight-shaped
(MPZ 98/77), elliptical (MPZ 98/78), and oval (MPZ 98/80 and MPZ
2019/189) (Fig. 5F and K). Specimens MPZ 98/77, MPZ 98/79 and
MPZ 98/81 exhibit concave surfaces adjacent to the distal and
mesial carinae (Fig. 5B, C and H).
This morphotype consists of small-sized teeth. The CBL ranges from
1.14 to 2.89 mm, whereas the CBW varies between 0.59 and
1.34 mm, with the CBR varying between 0.45 and 0.73. The CH
ranges from 2.6 to 5mm, and the AL from 3.25 to 5.94 mm. The CHR
values are highly variable, with a minimum value of 1.73 and a
maximum of 1.97.
The teeth belonging to this morphotype have bothmesial and distal
carinae, if preserved (Fig. 5A, D, G and J). The distal carinae reach
the cervix, whereas the mesial carinae do not quite reach it in most
specimens, although the crown of MPZ 98/81 bears a mesial carina
that reaches the cervix (Fig. 5G). Themesial carinae are straight and
lingually displaced in MPZ 98/78 and MPZ 98/80, but they are
straight and centered in MPZ 98/77, MPZ 98/79 and MPZ 98/81
(Fig. 5A and G). The distal carinae are more pronounced basally.
They are straight and centered in all the specimens (Fig. 5D and J).
Specimen MPZ 2019/189 lacks enamel, and the carinae are not well
preserved, but the distal carina seems to be straight and centered;
however, the position and extension of its mesial carina cannot be
assessed with certainty. There are no traces of denticles or of
crenulations on the carinae.

Paraves indet. 2

Material. Two teeth (MPZ 98/82 and MPZ 2022/84 from Blasi 2B;
Fig. 5LeP).
Description. Neither of the teeth is complete. Specimen MPZ 2022/
84 lacks the apical portion of the crown, and MPZ 98/82 does not
preserve the base of the crown, either. The teeth are ziphodont,
labiolingually compressed, and lower compared to those of Paraves
indet. 1. The teeth are distally recurved, with their apices extending
beyond their basodistalmost point (Fig. 5M and N). Despite the
apex not being preserved in MPZ 2022/84, its apicalmost preserved
point already extends further distally than the base. The enamel
texture is not well marked but seems to be braided (sensu
Hendrickx et al., 2015a). The teeth are devoid of other ornamen-
tation and do not have a basal constriction. The mesial margin is
convex, and the distal profile is concave in labial or lingual views
(Fig. 5M and N). In distal view, both labial and lingual surfaces are
convex, especially the labial one (Fig. 5O).
In MPZ 98/82, these faces become basally straighter (Fig. 5O). The
basal cross-section is reniform in MPZ 98/82 (Fig. 5P). These teeth
are small in size. Their CBL varies between 1.22 and 1.32 mm,
whereas the CBW ranges from 0.72 to 0.74 mm. The CH value of
MPZ 98/82 is 1.8 mm, and it has a CHR value of 1.48.
The two teeth belonging to this morphotype have both mesial and
distal carinae (Fig. 5L and O). The distal carinae run from the apex to
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the cervix and are more pronounced basally, straight and centered.
The mesial carinae almost reach the cervix. This is straight and
lingually deflected in MPZ 98/82, whereas it is more centered in
MPZ 2022/84.

DROMAEOSAURIDAE Matthew and Brown, 1922

Dromaeosauridae indet.

Material. One tooth (MPZ 2022/80 from Amor 3; Fig. 5QeX).
Description. The tooth lacks its apicalmost part, and some distal
denticles are broken. The tooth is labiolingually compressed,
ziphodont and distally curved (Fig. 5QeX). Its apex would have
extended beyond its basodistalmost point, and it is slightly tilted
lingually (Fig. 5S and T). The mesial margin is convex, whereas the
distal one is concave in labial or lingual views (Fig. 5S and T). In
distal or mesial views, both labial and lingual surfaces are convex,
becoming straighter basally (Fig. 5R and U). The lingual surface
becomes flatter or more planar distally (Fig. 5S and T). There is also
a triangular planar area centrally located on the lingual surface near
the base of the crown. The basal cross-section of the crown is
figure-eight-shaped (Fig. 5X). The enamel texture seems to be
braided (sensuHendrickx et al., 2015a), but the state of preservation
of the enamel does not allow an accurate identification of the
texture (Fig. 5V). There are some transverse undulations, at least on
the labial surface of the crown. These are horizontal and not very
marked.
MPZ 2022/80 is a small crown. Its CBL measures 3.21 mm and its
CBW is 1.29 mm in length, with a CBR of 0.4, indicating that the
tooth is very compressed labiolingually. The measured CH is
4.72mm, whereas the AL is 6.71mm. The CHR is 1.47, and hence the
crown is not very elongated.
The carinae are apicobasally oriented and denticulated (Fig. 5Q, R, S,
T, U and W). The distal carina reaches the cervix, but the mesial
carina does not (Fig. 5R and U). The mesial carina is straight and
slightly lingually displaced, whereas the distal carina is more cen-
trally positioned (Fig. 5R and U). Denticles are present along the
entire preserved distal carina, but on the mesial carina these
become gradually smaller and are not as well developed basally. On
the distal carina the denticles gradually become smaller apically
and distally. The denticles are chisel-shaped in morphology (Fig. 5Q
and W). Furthermore, they are proximodistally subrectangular on
the distal carina but become more subquadrangular apically. The
mesial denticles are subquadrangular or slightly apicobasally sub-
rectangular. The denticles are perpendicular to the carinae and
symmetrically to asymmetrically convex in outline (Fig. 5Q andW).
There is no arbitrary size variation between adjacent denticles.
There are no interdenticular sulci. The denticle density varies from
one carina to the other, and along the same carina. The distal
denticle density at mid-crown is 30 denticles per 5 mm, whereas
the denticle density on the mesial carina is 50 denticles per 5 mm.
The DSDI value is 1.67.

5. Results

5.1. Discriminant analyses

In all the analyses (Fig. 6 and Supplementary material 1), Axis 1
shows most of the variance among the teeth, explaining around
70% of it, whereas the variance of Axis 2 ranges from 15% to less
than 22% (Table 1). The discriminant analyses do not show high
reclassification rates, with a reclassification rate of around 50% in all
of them. Nevertheless, this parameter is slightly greater in DA2 and
11
DA4, where the taxa were grouped at clade-level, and especially in
DA4, where as well as grouping the taxa at clade-level, seven var-
iables were considered (Table 1 and Supplementary material 1).

The consistency of the placement of the teeth in the discrimi-
nant analyses varies among the tooth sample (Table 2). In at least
one of the discriminant analyses, but inmost cases two ormore, the
teeth MPZ 98/67, 2004/3e2004/6, 2004/8, 2017/804, 2021/223,
2022/81, 2022/86 and 2022/88, which are among the largest in the
sample, are classified as belonging to abelisaurid theropods
(Table 2). With regard to the other two largest teeth, MPZ 2022/87
is classified as an allosaurid or dromaeosaurid tooth, whereas MPZ
2022/89 is assigned to Deinonychus or Tyrannosauroidea. Within
the smallest sample, the teeth with no denticles (see Systematic
palaeontology section), MPZ 98/76, 98/77 and 98/82 are attributed
to Paraves, MPZ 98/78e98/81 and 2022/84 are classified as Bui-
treraptor, and MPZ 2019/189 as Paronychodon. Among the small
denticulated teeth (see Systematic palaeontology section), MPZ 98/
72, 98/73, 98/75 and 2022/82 are classified as Richardoestesia in at
least two discriminant analyses (MPZ 2022/90 only in DA3), but
also as basal theropods or noasaurids (Table 2). MPZ 98/74 is
assigned to “Ischisaurus” or Dromaeosauridae, MPZ 2004/7 to a
non-tyrannosaurid tyrannosauroid, MPZ 2022/83 to Dromaeo-
sauridae, Neovenatoridae, or non-averostran Neotheropoda, and
MPZ 2022/80 to Atrociraptor, non-averostran Neotheropoda, or
Noasauridae.
5.2. Cladistic analyses

The first two cladistic analyses carried out using a constrained
topology with all the terminal taxa recovered trees with similar
topologies. When cf. Paronychodon sp. and cf. Richardoestesia sp.
were scored as mesial teeth, 2700 MPTs (Most Parsimonious Trees)
were recovered (Length L ¼ 1326 steps, Consistency Index
CI ¼ 0.197, Retention Index RI ¼ 0.464). In the strict consensus tree
(Fig. 7A), the three abelisaurid morphotypes were recovered within
Abelisauroidea (Abelisauridae indet. 1 in a polytomy with Masia-
kasaurus, Noasaurus, and Limusaurus; and Abelisauridae indet. 2
and Abelisauridae indet. 3 among Abelisauridae). The cf. Richar-
doestesia sp. morphotype appears at the base of Neotheropoda,
forming a polytomy with other early-branching neotheropods (e.g.
Dracovenator, Dilophosaurus) and other averostrans such as cera-
tosaurians and megalosauroids. Both Paraves morphotypes are
recovered as a distinct clade, sister to the above-mentioned poly-
tomy at the base of Neotheropoda. The cf. Paronychodon sp. mor-
photype is recovered at the base of a clade that comprises basal
coelurosaurians, tyrannosauroids and compsognathids, forming a
polytomy with Dilong. Finally, the Dromaeosauridae indet. mor-
photype is recovered within Dromaeosauridae, as an early-
branching member of Eudromaeosauria. A similar scenario was
recovered in the constrained analysis including all the morpho-
types but scoring cf. Paronychodon sp. and cf. Richardoestesia sp. as
lateral teeth. In this case, far fewer MPTs were recovered (30), but
they still show features similar to the previous analysis (L ¼ 1326
steps, CI ¼ 0.197, RI ¼ 0.464). Both abelisaurid and dromaeosaurid
morphotypes are recovered in the same positions as in the ‘mesial’
analysis, whereas the main difference concerns the position of the
two Paraves, the cf. Richardoestesia sp. and the cf. Paronychodon sp.
morphotypes. All four of these are recovered as a sister clade to
Spinosauridae, withwhich the two Paraves and cf. Paronychodon sp.
form a polytomy, whereas cf. Richardoestesia sp. represents a sister
group to the clade formed by the other three taxa.
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Fig. 6. Results of the discriminant analyses performed at group level. Discriminant analysis 2 (DA2) with five variables (CBL, CBW, CH, MC and DC). Silhouettes of Richardoestesia and
Paronychodon were not added, due to their uncertain affinities within Theropoda. Silhouettes courtesy of Scott Hartman.

Table 1
Reclassification rate and percentages of variance of the discriminant analyses (DA1-
DA4). Database in Supplementary material 1.

Reclassification rate (%) Variance (%)

Axis 1 Axis 2

DA1 46.68 73.68 17.48
DA2 54.84 71.19 21.53
DA3 49.54 72.02 15.88
DA4 56.35 69.45 20.14
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Regarding the analyses with constraints performed with each of
the OTUs considered separately, similar results were recovered for
some of the morphotypes (Fig. 7B). The analysis with Abelisauridae
indet. 1 yielded 5 MPTs (L ¼ 1309 steps, CI ¼ 0.199, RI ¼ 0.473), in
which the tooth is recovered within Abelisauroidea, among noa-
saurids, and combining with Masiakasaurus, Noasaurus and Limu-
saurus. In the case of Abelisauridae indet. 2, the analysis allowed
just 2 MPTs to be recovered (L ¼ 1309 steps CI ¼ 0.199, RI ¼ 0.473),
with the tooth appearing in the consensus tree included within
Abelisauridae, in a polytomy with Majungasaurus and Indosuchus.
Fig. 5. Theropod teeth. AeK, Paraves indet. 1 morphotype. AeF, MPZ 98/77 in mesial, lingua
81 in mesial, lingual, labial and distal views, and basal cross-section scheme. LeP, Paraves in
cross-section scheme. QeX, Dromaeosauridae indet. morphotype. QeX, MPZ 2022/80, mesia
close-up, and basal cross-section scheme. Scale bars equal 1 mm, except for denticles and t
distal carina; mc, mesial carina: sp, spalled surface.
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Abelisauridae indet. 3 was recovered as a sister taxon of Majunga-
saurus, among Abelisauridae, as the analysis found just 1 most
parsimonious tree (L ¼ 1309 steps, CI ¼ 0.199, RI ¼ 0.473). In the
case of cf. Paronychodon sp., the analysis run with the morphotype
scored as a mesial tooth provided 3 MPTs (L ¼ 1312 steps, CI ¼
0.199, RI ¼ 0.471), and this OTU was found to be either an early-
branching tyrannosaurid, an early-branching neocoelurosaurian,
or an early-branching compsognathid. For the ‘lateral’ scoring, the
analysis yielded 4MPTs (L¼ 1313 steps, CI¼ 0.199, RI¼ 0.471), with
cf. Paronychodon sp. recovered as an early-branching ceratosaur (2
trees), as a non-neotheropod theropod (1 tree), or as an early-
branching neotheropod, sister to Dilophosaurus (1 tree). Some-
what similar results were returned with the duplicated analyses of
cf. Richardoestesia sp. The mesial version recovered 10 MPTs (L ¼
1308, CI ¼ 0.200, RI ¼ 0.473), classifying the morphotype as an
early-branching averostran (3 trees), sometimes as a sister taxon to
Liliensternus, but also as a non-megalosaurian megalosauroid (1
tree), as a megalosaurid (3 trees), as a spinosaurid (2 trees), and as
an early-branching avetheropod (1 tree). For the ‘lateral’ scoring,
just 1 MPT (L ¼ 1309, CI ¼ 0.199, RI ¼ 0.473) was recovered,
resolving the position of cf. Richardoestesia sp. as a sister taxon to
the clade Spinosauridae. For Paraves indet. 1, the analysis yielded 9
l, labial and distal views, enamel texture and basal cross-section scheme. GeK, MPZ 98/
det. 2 morphotype. LeP, MPZ 98/82 in mesial, lingual, labial and distal views, and basal
l denticle close-up, mesial, lingual labial and distal views, enamel texture, distal denticle
extures (0.3 mm). Abbreviations: bet, braided enamel texture; cs, concave surface; dc,



Table 2
Results of the discriminant analyses (DA1-DA4) performed with the tooth sample studied in this work and the database. Database in Supplementary material 1.

Discriminant analyses

Label DA1 DA2 DA3 DA4

Abelisauridae indet. 1 MPZ 2004/4 Abelisaurus Tyrannosauridae Abelisaurus Megalosauridae
Abelisauridae indet. 2 MPZ 2017/804 Abelisaurus Abelisauridae Indosuchus Abelisauridae
Abelisauridae indet. 2 MPZ 2021/223 Indosuchus Tyrannosauridae Abelisaurus Abelisauridae
Abelisauridae indet. 2 MPZ 2022/87 Unpublished dromaeosaurid Allosauridae Unpublished dromaeosaurid Allosauridae
Abelisauridae indet. 2 MPZ 2022/88 Abelisaurus Abelisauridae Abelisaurus Abelisauridae
Abelisauridae indet. 3 MPZ 98/67 Dilophosaurus Tyrannosauridae Abelisaurus Megalosauridae
Abelisauridae indet. 3 MPZ 2004/3 Dilophosaurus Abelisauridae Dilophosaurus Abelisauridae
Abelisauridae indet. 3 MPZ 2004/5 Raptorex Neovenatoridae Abelisauridae Neovenatoridae
Abelisauridae indet. 3 MPZ 2004/6 Abelisauridae Neovenatoridae Abelisauridae Neovenatoridae
Abelisauridae indet. 3 MPZ 2004/8 Neovenator Abelisauridae Neovenator Abelisauridae
Abelisauridae indet. 3 MPZ 2022/81 Unpublished dromaeosaurid Neovenatoridae Carnotaurus Neovenatoridae
Abelisauridae indet. 3 MPZ 2022/86 Abelisaurus Abelisauridae Dubreuillosaurus Neovenatoridae
Abelisauridae indet. 3 MPZ 2022/89 Raptorex Non-tyrannosaurid

Tyrannosauroidea
Deinonychus Non-tyrannosaurid

Tyrannosauroidea
cf. Paronychodon sp. MPZ 98/76 Paraves indet. Paraves Paraves indet. Paraves
Paraves indet. 1 MPZ 98/77 Paraves indet. Paraves Paraves indet. Paraves
Paraves indet. 1 MPZ 98/78 Buitreraptor
Paraves indet. 1 MPZ 98/79 Buitreraptor
Paraves indet. 1 MPZ 98/80 Buitreraptor
Paraves indet. 1 MPZ 98/81 Buitreraptor
Paraves indet. 1 MPZ 2019/189 cf. Paronychodon Paronychodon Paronychodon Paronychodon
Paraves indet. 2 MPZ 98/82 Paraves indet. Paraves Paraves indet. Paraves
Paraves indet. 2 MPZ 2022/84 Buitreraptor
cf. Richardoestesia sp. MPZ 98/72 Eodromaeus Richardoestesia Richardoestesia
cf. Richardoestesia sp. MPZ 98/73 cf. Richardoestesia Richardoestesia cf. Richardoestesia Richardoestesia
cf. Richardoestesia sp. MPZ 98/74 Ischisaurus Dromaeosauridae Ischisaurus Dromaeosauridae
cf. Richardoestesia sp. MPZ 98/75 Richardoestesia Richardoestesia Richardoestesia Richardoestesia
cf. Richardoestesia sp. MPZ 2004/7 Proceratosaurus Non-tyrannosaurid

Tyrannosauroidea
Proceratosaurus Non-tyrannosaurid

Tyrannosauroidea
cf. Richardoestesia sp. MPZ 2022/83 Unpublished dromaeosaurid Neovenatoridae Unpublished dromaeosaurid Non-averostran

Neotheropoda
cf. Richardoestesia sp. MPZ 2022/82 cf. Richardoestesia Noasauridae cf. Richardoestesia Basalmost Theropoda
cf. Richardoestesia sp. MPZ 2022/90 Masiakasaurus Noasauridae cf. Richardoestesia Basalmost Theropoda
Dromaeosauridae indet. MPZ 2022/80 Atrociraptor Noasauridae Atrociraptor Non-averostran

Neotheropoda
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MPTs (L¼ 1309, CI ¼ 0.199, RI ¼ 0.473), recovering the morphotype
in the consensus tree in a polytomy with Chilesaurus, Berberosaurus
and Dilophosaurus, collapsing the clade Averostra. Paraves indet. 1
is classified as a non-averostran neotheropod (3 trees), as an early-
branching ceratosaurian (5 trees), or as an early-branching teta-
nuran (1 tree). The analysis with only Paraves indet. 2 recovered 31
MPTs (L ¼ 1311, CI ¼ 0.199, RI ¼ 0.472), the consensus of which
resulted in a large polytomy that collapses several clades such as
Neotheropoda, Ceratosauria, Tetanura, and Coelurosauria. Paraves
indet. 2 shows great mobility, being recovered as non-averostran
neotheropod, as an early-branching averostran, an early-
branching ceratosaurian, an early-branching tetanuran, a sister
taxon to Chilesaurus, an early-branching spinosaurid, an early-
branching allosauroid, an early-branching coelurosaurian, or an
early-branching neocoelurosaurian, sister taxon to Ornitholestes
among others, eluding a precise phylogenetic classification. Finally,
the analysis performedwith Dromaeosauridae indet. recovered just
one most parsimonious tree (L ¼ 1310, CI ¼ 0.199, RI ¼ 0.472), this
morphotype being nested within Dromaeosauridae as an early-
branching eudromaeosaurian.

The analyses that were carried out without a constrained to-
pology led to the classification of the studied morphotypes in large
and unresolved polytomies. In the analysis in which cf. Paro-
nychodon sp. and cf. Richardoestesia sp. were scored as mesial teeth,
2080 MPTs were recovered (L ¼ 1082, CI ¼ 0.241, RI ¼ 0.587). In the
strict consensus tree, Abelisauridae indet. 3, cf. Richardoestesia sp.
and both Paraves (1 and 2) were recovered in a polytomy with
Ornitholesthes, Bicentenaria, Erectopus, Skorpiovenator, Chenanisau-
rus, Arcovenator, Noasaurus, Dilophosaurus, Dracovenator and
14
Eodromaeus. Abelisauridae indet. 1 was recovered in a polytomy
with the two species of Sinraptor, nested in a clade with cerato-
saurians, allosauroids and tyrannosaurids, whereas Abelisauridae
indet. 2 appears as a sister taxon to Indosuchus, an abelisaurid.
Dromaeosauridae indet. and cf. Paronychodon sp. were recovered in
a polytomy with Bambiraptor, Microraptor, Sinornithosaurus and
Graciliraptor (all four dromaeosaurians) but also with the juvenile
Limusaurus. On the other hand, the analysis with cf. Paronychodon
sp. and cf. Richardoestesia sp. interpreted as lateral teeth recovered
more than 50000 MPTs (L ¼ 1083, CI ¼ 0.241, RI ¼ 0.586), and the
strict consensus tree collapsed into a large polytomy, with virtually
all the studied morphotypes included. This polytomy brings
together taxa ranging from early-branching theropods to dro-
maeosaurids, including ceratosaurians, abelisauroids, non-
spinosaurid megalosaurids, allosauroids, tyrannosauroids, comp-
sognathids and oviraptorosaurians. The only exception is Abeli-
sauridae indet. 2, which appears again as a sister taxon to
Indosuchus. All the strict consensus trees of each analysis can be
found in Supplementary material 4.

6. Discussion

6.1. Taxonomic identification

Abelisauridae indet. morphotypes. The discriminant and cladistic
analyses classify most of these teeth as Abelisauridae, but not
necessarily referable to the Ibero-Armorican Arcovenator (Table 2).
The cladistic analyses tend to recover both Abelisauridae indet. 2
and Abelisauridae indet. 3 as abelisaurids, reinforcing our



Fig. 7. Phylogenetic relationships of the eight morphotypes from the uppermost Maastrichtian Tremp Fm in the Western Tremp Syncline (Spain). A, simplified strict consensus tree
from 2700 MPTs recovered from the cladistic analysis of the dentition-based data matrix from Meso et al. (2021) using a constrained search and all eight morphotypes, with cf.
Paronychodon sp. and cf. Richardoestesia sp. scored as mesial teeth. B, simplified strict consensus tree from 30 MPTs recovered from the cladistic analysis of the dentition-based data
matrix from Meso et al. (2021) using a constrained search and all eight morphotypes, with cf. Paronychodon sp. and cf. Richardoestesia sp. scored as lateral teeth. Silhouettes after
Mette Aumala, Tasman Dixon, Rebecca Groom, Scott Hartman, and Emily Willoughby. For license attribution of the silhouettes, see Supplementary material 6.
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morphology-based classification, whereas Abelisauridae indet. 1,
placed among Noasauridae in the cladistic analysis with con-
strained topology, remains problematic. The synapomorphies for
Noasauridae in this analysis are represented by 4 characters (29, 38,
44, 60), two of which (29 and 38) are not scored for Abelisauridae
indet. 1, because they are related to the shape of the dentary alveoli
and the presence of a constriction between root and crown, neither
of which are preserved in MPZ 2004/4 (Fig. 3AeE). Having just one
isolated specimen included in this morphotype, and one that is not
well preserved, hindered the description of some features, and it
was only possible to score the tooth for 18 of the 29 possible
characters. This limitation, together with its large size, may
reasonably challenge its phylogenetic classification within Noa-
sauridae, as proposed by the analysis.

The combination of the following features permits the different
Abelisauridae tooth morphotypes to be confidently assigned to
Abelisauridae: the non-oriented and irregular enamel texture, the
mostly straight or gently convex distal profile, denticulated mesial
15
and distal carinae that reach the cervices or even extend beyond
them, the denticle shape, the variation in denticle size along the
carinae, and the DSDI values (see Hendrickx et al., 2020).

The only tooth assigned to Abelisauridae indet. 1 (MPZ 2004/4)
is identified asmesial mainly on the basis of its cross-section as well
as its asymmetrical labial and lingual surfaces (Hendrickx et al.,
2015a). However, the CBR of this crown is less than 0.64, unlike
the condition found in other ziphodont theropods. By contrast, the
teeth grouped as Abelisauridae indet. 2 and 3 are identified as
lateral due to their symmetrical cross-section profile. The teeth
grouped within Abelisauridae indet. 2 exhibit a higher CBR, sug-
gesting a more anterior location along the tooth row, whereas the
Abelisauridae indet. 3 teeth probably correspond to more posterior
maxillary or dentary teeth. As pseudoheterodonty is present in
most theropods including the members of Abelisauridae
(Hendrickx et al., 2019, 2020), it is likely that these abelisaurid
morphotypes belong to the same taxon. However, as the abelisaurid
record of the South Pyrenean Basin is currently limited, the
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presence of more than one co-existing abelisaurid taxon cannot be
ruled out either.

Most of the teeth from the Abelisauridae indet. 1, 2 and 3 mor-
photypes exhibit transverse undulations, a feature quite common
in abelisaurids (e.g., Canale et al., 2009; Longrich et al., 2017;
Hendrickx et al., 2020; Meso et al., 2021; Isasmendi et al., 2022),
and an irregular enamel texture as in Abelisauridae (Hendrickx
et al., 2019, 2020). As in Abelisauridae, in most of the Abelisaur-
idae indet. teeth the denticles decrease in size near the cervix, and
there is no notable size difference between the mid-crown and
apicalmost denticles (Hendrickx et al., 2020). Furthermore, the
DSDI values are close to 1, similar to the values observed in Abeli-
sauridae (Hendrickx et al., 2020). Reminiscent of abelisaurid teeth,
moreover, the teeth identified here as Abelisauridae indet.1, 2 and 3
do not exhibit denticle densities higher than 20 denticles per 5 mm
at mid-crown. Nevertheless, the observed denticle densities are
usually quite high compared to other abelisaurid taxa, though still
within the ranges of most abelisaurids except Chenanisaurus (see
Longrich et al., 2017; Hendrickx et al., 2020).

The mesial crown of Abelisauridae indet. 1 also has denticulated
mesial and distal carinae that seem to have reached at least the
cervix, and a J-shaped basal cross-section like most abelisaurid
mesial teeth (Fanti and Therrien, 2007; Smith, 2007; Hendrickx and
Mateus, 2014; Hendrickx et al., 2020). The CBR of MPZ 2004/4 is
within the range of the mesial teeth belonging to taxa such as
Abelisaurus, Rugops and Skorpiovenator (Hendrickx et al., 2020). The
distal profile of MPZ 2004/4 is somewhat concave, but nearly
straight, so that the crown curves distally, as do the more distal
crowns of the mesial dentition of Abelisauridae (Hendrickx et al.,
2020). An apicobasally oriented concave surface adjacent to the
carinae on the lingual surface is present in MPZ 2004/4, as in some
abelisaurids (Hendrickx et al., 2020). The Abelisauridae indet. 1
crown also shares with abelisaurid mesial dentition the mesially
facing mesial carina and the distally facing distal carina (Hendrickx
et al., 2020), despite these not being specifically centrally placed.
Indeed, the mesial carina is lingually displaced, whereas the distal
one is labially deflected, differing from most abelisaurid mesial
crowns (Hendrickx et al., 2020). Nevertheless, among Abelisaur-
idae, the isolated abelisaurid mesial crown IIPG-09 and the lateral
crowns of Arcovenator, at least, show labially displaced distal
carinae (Hendrickx et al., 2020; Meso et al., 2021; Isasmendi et al.,
2022).

The lateral crowns represented by Abelisauridae indet. 2 and 3
are low or moderately elongate but never reach a CHR of 2.3, like
the lateral crowns of most abelisaurids (see Hendrickx et al., 2020).
Almost all the lateral crowns of Abelisauridae indet. 2 and 3 have a
straight or slightly concave distal profile like most abelisaurid teeth
(Hendrickx et al., 2020), with the apex not extending beyond the
basodistalmost point of the crown. Nevertheless, in MPZ 2004/6
and MPZ 2022/89, the concavity of the distal margin is more pro-
nounced, and the apex extends further distally than the basodis-
talmost point of the crown in MPZ 2004/6, just as in Arcovenator
(Hendrickx et al., 2020). The basal labiolingual compression of the
Abelisauridae indet. 2 and 3 crowns is strong to moderate, as seen
in most abelisaurids (see Hendrickx et al., 2020). Furthermore, the
mesial and distal carinae of the studied crowns reach the cervix or
extend below it as in Abelisauridae, but unlike Arcovenator
(Hendrickx et al., 2019, 2020). Despite their similarities, however,
most of the Abelisauridae indet. 2 and 3 teeth differ from most
abelisaurid crowns in having uncentered mesial and distal carinae
(see Hendrickx et al., 2020). Indeed, most of these teeth resemble
those of Arcovenator in having a mesiolingually curving mesial ca-
rina and a strongly labially displaced distal carina. MPZ 2022/81 is
the exception because its distal carina is somewhat twisted or
bowed, like the condition reported in specimen IIPG-06 (Meso
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et al., 2021). The lateral dentition of Abelisauridae seems to be
devoid of concave surfaces adjacent to the carinae (Hendrickx et al.,
2020). However, they are present near the distal carinae on the
lingual sides of MPZ 2004/8, MPZ 2017/804, and MPZ 2022/86. The
orientation, shape and outline of the mesial and distal denticles of
the Abelisauridae indet. 2 and 3 specimens are also consistent with
other abelisaurid teeth (see Hendrickx et al., 2020). Interdenticular
sulci are present in the Abelisauridae indet. 2 and 3 morphotypes,
as in other abelisaurids (Hendrickx et al., 2020).

Despite the similarities with the dentition of Arcovenator, the
Abelisauridae indet. 2 and 3 lateral teeth differ from Arcovenator, for
instance in having a mesial carina that extends further basally and
in the distal curvature of the crown, which is more pronounced in
Arcovenator (e.g., Tortosa et al., 2014; Hendrickx et al., 2020;
Isasmendi et al., 2022). Contrary to P�erez-García et al. (2016),
therefore, these teeth are here assigned to an indeterminate abe-
lisaurid other than Arcovenator.

Cf. Paronychodon sp. morphotype. The discriminant analyses
classified specimen MPZ 98/76 as Paraves (Table 2) due to its small
size and lack of denticles. However, this specimen exhibits longi-
tudinal grooves and ridges (sensu Hendrickx et al., 2015a), differ-
entiating it from other paravian teeth. The cladistic analyses show
great variability in the possible phylogenetic positions for the cf.
Paronychodon sp. morphotype from the Pyrenees, which is recov-
ered within several different clades depending on the analysis.
Some of these are implausible, such as basal Neotheropoda or basal
Ceratosauria, and in general these analyses do not shed light on the
phylogenetic affinities of the taxon. However, it is interesting to
note that in the analysis of just this morphotype scored as a mesial
tooth, it is always recovered within Coelurosauria, albeit nested
within two clades that appear equally unlikely: Tyrannosauridae
and Compsognathidae. Although the affinities of Paronychodon are
unclear because the taxon is mostly represented by isolated teeth,
there is currently a consensus that it is a coelurosaurian, but it is not
clear whether it is a paravian, a dromaeosaurid, a troodontid, or
something else (Currie et al., 1990; Larson, 2008; Sues and
Averianov, 2013; Isasmendi et al., 2022). Given our poor knowl-
edge of this taxon, it is thus understandable that its position in the
different trees is not consistent.

MPZ 98/76 is without denticles, like most previously assigned
Paronychodon teeth, including the Paronychodon lacustris holotype
specimen (Cope, 1876; Currie et al., 1990), although some teeth
assigned to Paronychodon bear denticles on the distal carina, or
even on both carinae (Currie et al., 1990). Only the lingual surface of
specimen MPZ 98/76 is flat, with three longitudinal grooves
delimited by three longitudinal ridges (sensu Hendrickx et al.,
2015a) as in other Paronychodon teeth (Cope, 1876; Currie et al.,
1990; Canudo and Ruiz-Ome~naca, 2003). The planar lingual sur-
face makes the basal cross-section of Paronychodon semicircular
(Cope, 1876), similar to the reniform basal outline of cf. Paro-
nychodon sp. from La~no and of MPZ 98/76 (Isasmendi et al., 2022,
this work) or the D-shaped basal cross-section of the referred
morphotype from Gams (}Osi et al., 2019). Although some of the
North American denticulated teeth formerly assigned to Paro-
nychodon overlap with the premaxillary teeth of Bambiraptor and
Saurornitholestes (Currie and Evans, 2020), MPZ 98/76 does not
seem to be a premaxillary tooth from an Iberian dromaeosaurid
similar to those from North America, because this specimen is
undenticulated.

MPZ 98/76 is similar to some of the morphotype IV teeth of
Paronychodon asiaticus from the CenomanianeTuronian Bissekty
and Khodzhakul formations of Uzbekistan (Nessov, 1995; Sues and
Averianov, 2013), because these lack denticles and exhibit similar
groove arrangement patterns, with lateral surfaces that lack this
ornamentation, and a flat lingual surface with a similar number of
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grooves. However, whereas the distal carina is usually lingually
located in this morphotype (Sues and Averianov, 2013), in MPZ 98/
76 it is centrally placed.

Tooth MPZ 98/76 from the South Pyrenean Basin is similar to
previously reported European Paronychodon teeth in the outline of
the crown base, the flat lingual surface, and the undenticulated
carinae. Nevertheless, it differs frommost of the previously referred
crowns because it lacks grooves/ridges on the labial surface, similar
to the teeth from the Turonian locality of Gams (Austria) and the
Maastrichtian locality of N�alaţ-Vad (Romania) (Smith et al., 2002;
}Osi et al., 2019). MPZ 98/76 shares with the crown from Gams the
number of grooves, but these seem to be shallower on the latter
specimen. Despite the similarities with some teeth referred to the
North American P. lacustris, the Asian P. asiaticus, and other Euro-
pean specimens, the lack of fossil material other than isolated teeth
prevents MPZ 98/76 from being confidently attributed to any of
these nominal species or even to the genus. Considering these
limitations, therefore, MPZ 98/76 is here assigned to cf. Paro-
nychodon sp.

Cf. Richardoestesia sp. morphotype. Most of the teeth within this
morphotype have been classified as Richardoestesia (Table 2) in at
least one of the discriminant analyses carried out, supporting their
referral to this genus. As happens with Paronychodon, however, this
tooth morphotype is problematic owing to its uncertain phyloge-
netic affinities (Currie et al., 1990), and it has even been proposed
that Paronychodon and Richardoestesia might represent different
teeth from the same taxon (Longrich, 2008) that exhibit differences
due to heterodonty. Against this background, the poor performance
of cf. Richardoestesia sp. in the cladistic analyses is again under-
standable, where it is recovered within the clade Megalosauroidea,
sometimes within Spinosauridae, or even as an early-branching
neotheropodan. These positions are usually driven by the charac-
ters coding a serrated distal carina (49/ 0) or the extension of the
serration of the mesial carina to the cervix (51 / 1), but also by
character 54, which could not be scored for Richardoestesia. It is
noteworthy that Hendrickx et al. (2019) removed Richardoestesia
gilmorei from a previous version of the data matrix used here,
having ascertained that the taxon is difficult to place in a con-
strained analysis.

The teeth grouped within the cf. Richardoestesia sp. morphotype
are small like the teeth of Richardoestesia, have a virtually identical
braided enamel texture, and are more reminiscent of the North
American Richardoestesia isosceles or the Asian Richardoestesia
asiatica in being relatively elongate and in having rather straight
crowns (Currie et al., 1990; Sankey et al., 2002; Sues and Averianov,
2013; Averianov and Sues, 2019). Although plenty of Richardoestesia
crowns from other sites exhibit oval or figure-eight-shaped basal
cross-sections (e.g., Larson, 2008; Hendrickx and Mateus, 2014;
Isasmendi et al., 2022), most of the studied teeth have a reniform
basal cross-section, a feature also present, for instance, in some
North American specimens (e.g., Sankey et al., 2002, fig. 5;
Willianson and Brusatte, 2014, fig. 8) or in some crowns of
R. asiatica (e.g., Averianov and Sues, 2019, fig. 4v).

Richardoestesia crowns are characterized by the possession of
minute denticles (more than 5 or 6 denticles per mm) on the distal
carinae (Currie et al., 1990; Hendrickx et al., 2019). This is similar to
the denticle densities found in the cf. Richardoestesia sp. morpho-
type, which indeed has even higher denticle densities (8e13 den-
ticles per 1 mm, or 40e65 denticles per 5 mm). Half of the studied
specimens with preserved mesial carinae have denticles whereas
the other half lack them, a feature also present in other samples of
Richardoestesia teeth (e.g., Sankey et al., 2002; Torices et al., 2015;
Averianov and Sues, 2019). The mesial denticles of the cf.
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Richardoestesia sp. morphotype are subquadrangular or slightly
apicobasally subrectangular. The distal denticles are more prox-
imodistally subrectangular. This denticle shape is consistent with
that of R. isosceles, whereas the denticles are not as subquadrangular
in Richardoestesia gilmorei, and furthermore these have small
interdenticular spaces unlike in R. asiatica and R. isosceles (Sankey
et al., 2002; Averianov and Sues, 2019). Diverging from the typical
condition found in most theropods at least, the teeth attributed to
R. isosceles from the uppermost SantonianMilk River Fmandmost of
the R. asiatica specimens from the upperemiddle Turonian Bissekty
Fm seem to display random changes in denticle size along the
carinae (Larson, 2008; Averianov and Sues, 2019). This variation is
also recorded along the mesial carinae of MPZ 2004/7 and MPZ
2022/82. In Richardoestesia, the distal carinae are strongly labially
displaced (Hendrickx et al., 2019). Although the distal carina of MPZ
98/75 is similarly placed, its deflection is less pronounced. In the
other specimens where the position of the distal carina can be
assessed, it is centered, as inbothcf.Richardoestesia sp.morphotypes
described from the upper Campanian La~no site (Isasmendi et al.,
2022).

Averianov and Sues (2019) distinguished five morphotypes
among R. asiatica based mainly on the crown morphology, despite
an overlap in terms of the CBR and CHR, as well as the crown- and
denticle-shape and disposition. Of these morphotypes, the Spanish
specimens MPZ 98/74 and MPZ 2004/7 resemble morphotype A or
the less distally recurved specimens of morphotype C in having a
more convex or straight distal margin and not being as recurved.
Specimens MPZ 98/72, MPZ 98/73, MPZ 2022/82 and MPZ 2022/90
are similar to the teeth belonging to morphotype C and the most
elongate teeth of morphotype D, because they are relatively elon-
gate and have a more convex distal margin. Finally, MPZ 98/75 is
like the teeth of morphotype E and the shorter specimens of mor-
photype C in being lower, slightly distally recurved, and having an
almost straight distal margin (see Averianov and Sues, 2019).

The European Richardoestesia-like teeth exhibit remarkable
variability in crown-shape, curvature, and the presence or absence
of mesial denticles. Nevertheless, they are small in size, have tiny
denticles, and have DSDI values �1 in the specimens with dentic-
ulated mesial carinae (see, e.g., Codrea et al., 2002; Valentin et al.,
2012; Vasile et al., 2012; Ortega et al., 2015; Csiki-Sava et al.,
2016; Marmi et al., 2016; Isasmendi et al., 2022; this study). The
teeth of our cf. Richardoestesia sp. morphotype resemble the cf.
Richardoestesia sp. B teeth from La~no (Isasmendi et al., 2022) in the
overall crown-shape, the extension and disposition of the carinae,
the possession or absence of denticles, and their densities. How-
ever, MPZ 2004/7 and MPZ 2022/82 have sporadic denticle-size
variation. The La~no teeth seem to have an irregular enamel
texture, whereas this is braided on the better-preserved crowns
studied herein, although the former could simply be abraded.
Further similar teeth are present in several other European sites as
well (e.g., Buffetaut et al., 1986, drawing d; Codrea et al., 2002, fig.
4L; Codrea et al., 2013, plate I-21; Vasile, 2008, fig. 2o; Ortega et al.,
2015, fig. 7D).

Despite the aforementioned similarities between our South
Pyrenean teeth and other Richardoestesia or closely related teeth, as
well as the high-confidence classification of these teeth as Richar-
doestesia by the discriminant analyses, the European fossil record of
this genus is still poor, hindering the confident assignment of these
teeth to Richardoestesia. The teeth MPZ 98/72, MPZ 98/73, MPZ 98/
74 and MPZ 2004/7, which were previously attributed to ?Richar-
doestesia sp. by Torices et al. (2015), specimenMPZ 98/75, identified
as Nanoraptor pyrenaicus by Torices (2007), and the three other
teeth in this sample are therefore here assigned to cf.
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Richardoestesia sp., being most similar to R. asiatica, R. isosceles, cf.
Richardoestesia sp. B from La~no, or to other similarly elongate Eu-
ropean teeth.

Paraves indet. morphotypes. All the teeth except MPZ 2019/189
were classified as Buitreraptor or Paraves by the discriminant ana-
lyses (Table 2). MPZ 2019/189 was instead attributed to Paro-
nychodon (Table 2), although it lacks any longitudinal grooves or
ridges (sensu Hendrickx et al., 2015a). Therefore, these analyses
support the affinities of the teeth with other paravians overall. By
contrast, the cladistic analyses performed with the two Paraves
morphotypes do not support their assignation within that clade
very well, as their position varies greatly in the different MPTs, and
they were never recovered within the Paraves clade. Since the state
of knowledge of Late Cretaceous paravian theropods from Europe is
poor and mostly based on isolated elements, it is reasonable to
conclude that they are underrepresented in the data matrix, so it
may be difficult to recover them in their respective clades. More
complete material is needed to compare and score these taxa
properly.

The South Pyrenean teeth grouped within Paraves indet. 1 and 2
are asymmetrical, distally recurved, ziphodont, and have no
constriction between the crown and root. Furthermore, the com-
bination of the lack of denticles on the mesial and distal carinae,
their small size, their CH values still higher than 1, and CBR values
lower than 0.75, suggests paravian affinities for these tooth mor-
photypes (Hendrickx et al., 2019).

The teeth of paravian theropods (Dromaeosauridae þ
Troodontidae þ Avialae, according to Sereno, 1997) exhibit a wide
range of variation (e.g., Currie et al., 1990; Sankey et al., 2002;
Hendrickx et al., 2019; Currie and Evans, 2020). Undenticulated
teeth are found in many paravians (Hendrickx et al., 2019 and
references therein), and in fact this condition could be apomorphic
for Paraves (Hendrickx et al., 2019). Among paravians, many taxa
have concave surfaces on their mesial dentition (Hendrickx et al.,
2019), as seen in specimens MPZ 98/77, MPZ 98/79 and MPZ 98/81.

The dentition is folidont in anchiornithines and jinfengoptery-
gines (Hendrickx et al., 2019), unlike the ziphodont teeth studied
herein. However, lateral ziphodont dentition is also present in Jin-
fengopteryx, Byronosaurus, Gobivenator, and Xixiasaurus (Makovicky
et al., 2003; Xu and Norell, 2004; Averianov and Sues, 2007; Lü
et al., 2010; Tsuihiji et al., 2014; Hendrickx et al., 2019). The teeth
of Byronosaurus and Xixiasaurus have a figure-eight-shaped basal
cross-section (Hendrickx et al., 2019), as does MPZ 98/77. Moreover,
the basal outline of some lateral teeth of Byronosaurus is also
elliptical (Makovicky et al., 2003), similar to MPZ 98/78.

Among Dromaeosauridae, the teeth of halszkaraptorines and
unenlagiines except Austroraptor are strongly distally recurved,
with lateral ziphodont teeth (Novas et al., 2009; Gianechini et al.,
2011a; Cau et al., 2017; Hendrickx et al., 2019), similar to the
specimens studied here. The latter, however, differ from the teeth of
unenlagiines in not possessing ridged/fluted lateral teeth and, at
least from Buitreraptor, also in not having mesial carinae and in
most of the teeth exhibiting lower CBR values (see Novas et al.,
2009; Gianechini et al., 2011a; Hendrickx et al., 2019). Neverthe-
less, MPZ 98/77 has a figure-eight-shaped cross-section, like the
lateral teeth of Buitreraptor (Gianechini et al., 2011a; Hendrickx
et al., 2019). The halszkaraptorine Halszkaraptor has constrictions
between the root and crown, and possibly all halszkaraptorines
have D-shaped mesial teeth (Hendrickx et al., 2019), unlike the
Pyrenean teeth grouped in these morphotypes. Some mesial and
lateral teeth of microraptorines are not denticulated and ziphodont
(Hendrickx et al., 2019 and references therein), similar to Paraves
indet. 1 and 2 identified here. Furthermore, a figure-eight-shaped
cross-sectional outline is inferred to be present in Graciliraptor,
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Microraptor, and Sinornithosaurus (Gianechini et al., 2011b;
Hendrickx et al., 2019).

At least some of the Paraves indet. 1 and 2 teeth seem to have a
braided enamel texture, as do many eudromaeosaurs (Hendrickx
et al., 2019). This condition differs from that found in the troo-
dontids Byronosaurus and Troodon, as well as in the dromaeosaur-
ids Buitreraptor, Tsaagan, Velociraptor, and the lateral teeth of
Dromaeosaurus, all of which have an irregular tooth enamel texture
(Hendrickx et al., 2019).

The teeth of the Ibero-Armorican Pyroraptor are denticulated
(Allain and Taquet, 2000) and so differ from the paravian teeth
studied in this work. By contrast, non-denticulated paravian teeth
have been described in other Ibero-Armorican sites (Antunes and
Sigogneau-Russell, 1992; Sig�e et al., 1997; Garcia et al., 2000;
Company et al., 2009; Torices et al., 2015; Isasmendi et al., 2022).
The degree of elongation and curvature of the teeth belonging to
Paraves indet. 1 is like those from Aveiro, Fons-Champ-Garimond,
La Neuve, Montrebei, Vicari-4 and at least three teeth from
Taveiro (TV 23, 26 and 30) (see Antunes and Sigogneau-Russell,
1992; Sig�e et al., 1997; Garcia et al., 2000; Torices et al., 2015).
The teeth from Paraves indet. 2 are more similar to TV 28 and 29
from Taveiro (see Antunes and Sigogneau-Russell, 1992).

The specimens studied herein share the following features with
the La~no teeth belonging to Paraves indet. (Isasmendi et al., 2022):
undenticulated mesial and distal carinae that reach the cervix or
nearly do so, centered distal carinae on most crowns, some crowns
with slightly lingually displaced mesial carinae, lack of ornamen-
tation, and no constriction between root and crown. The Paraves
indet. 1 teeth are similarly recurved and elongated, like many teeth
belonging to the Paraves indet. A morphotype. Furthermore, the
elliptical basal cross-section of MPZ 98/78 and the more oval-
shaped cross-sectional outline of MPZ 2019/189 and MPZ 98/80
do not differ significantly from the Paraves indet. A morphotype
from La~no. Likewise, the Paraves indet. 2 crowns are low, like those
of Paraves indet. B, and MPZ 98/82 exhibits a reniform basal cross-
section, like many of the Paraves indet. B teeth from La~no. The
consistent differences between the two morphotypes can be
interpreted as indicating that they belong to two different taxa or as
being due to dental variability along the tooth row, since the latter
phenomenon occurs widely among Theropoda (Hendrickx et al.,
2019 and references therein).

Specimens MPZ 98/77 and MPZ 98/78 were previously
assigned to ?Paronychodon sp. by Torices et al. (2015). Despite
these teeth being undenticulated, like those of Paronychodon
lacustris (Cope, 1876) and other teeth assigned to the genus, they
lack the characteristic longitudinal ridges/grooves of the genus
Paronychodon and hence cannot be assigned to it. Therefore, tak-
ing into consideration the poor European theropod fossil record,
the differences noted with respect to the dentition of other small-
toothed non-paravian coelurosaurs, the wide range of dentition
types occurring in Paraves, and the similarities of the teeth
studied here with paravian teeth from other Ibero-Armorican
sites, the teeth MPZ 98/79-MPZ 98/81 (previously assigned to
Coelurosauria indet. by Torices et al., 2015), MPZ 98/77-MPZ 98/78
and MPZ 2019/189 are here assigned to Paraves indet. 1, whereas
specimensMPZ 98/82 (previously assigned to Coelurosauria indet.
by Torices et al., 2015) and MPZ 2022/84 are attributed to Paraves
indet. 2.

Dromaeosauridae indet. morphotype. Two of the discriminant
analyses carried out classified specimen MPZ 2020/80 as Atrocir-
aptor, and the other two as belonging to Noasauridae or as a non-
averostran neotheropod. The cladistic analyses support its assig-
nation as a dromaeosaurid tooth well, Dromaeosauridae being the
only clade where this morphotype is consistently recovered.
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Likemany dromaeosaurid teeth, specimenMPZ 2020/80 is small
and ziphodont, bears mesial and distal carinae that are both
denticulated, and has an especially high DSDI value exceeding 1.2
(Hendrickx, 2015; Hendrickx et al., 2019). Specimen MPZ 2020/80
also shares with Dromaeosauridae the lack of constriction between
the crown and root and a very pronounced concave distal profile
(Hendrickx et al., 2019). A figure-eight-shaped basal cross-section
similar to that of MPZ 2022/80 also appears in most dromaeo-
saurids but also in other theropod taxa (Hendrickx et al., 2019). The
braided enamel texture present on the crown surface of MPZ 2022/
80 is also widely distributed among Theropoda and is present in
eudromaeosaurians (Hendrickx et al., 2019).

Denticles are present in some microraptorine teeth, all the
lateral teeth of Dromaeosaurinae, and some lateral teeth of veloc-
iraptorines (Hendrickx et al., 2019). The usual denticle-shape of
dromaeosaurid teeth is subrectangular and chisel-like (Currie et al.,
1990; Torices et al., 2015), and most dromaeosaurines and veloc-
iraptorines, as well as all microraptorines where denticles are
present, exhibit symmetrically to asymmetrically convex denticles
(Hendrickx et al., 2019), as seen in MPZ 2022/80. Its distal denticles
are also similar to those of dromaeosaurids in being prox-
imodistally subrectangular (Hendrickx et al., 2019).

Specimen MPZ 2022/80 has a planar surface in the lingual sur-
face near the distal carina. Concave or planar surfaces adjacent to
carinae appear in many theropod clades, notably on the mesial
dentition of many paravians (Hendrickx et al., 2019). Taken
together, this combination of features allows specimen MPZ 2022/
80 to be assigned to Dromaeosauridae indet.

Within the Ibero-Armorican fossil record, a number of dro-
maeosaurid remains, especially teeth, have been reported from
both Lower and Upper Cretaceous sites (e.g., Ortega et al., 2015;
Torices et al., 2015; Fuentes-Vidarte et al., 2016; Marmi et al., 2016;
Alonso et al., 2017), although Pyroraptor is the only nominal dro-
maeosaurid described with preserved teeth (Allain and Taquet,
2000). As with the South Pyrenean tooth, the tooth crowns of
Pyroraptor have a figure-eight-shaped basal cross-section, and DSDI
values higher than 1.2 (Hendrickx et al., 2019). The denticle den-
sities are also similar between MPZ 2022/80 and the Pyroraptor
specimens MNHN BO014 and BO015. Nonetheless, the mesial
denticles extend further basally in Pyroraptor compared to MPZ
2022/80. Furthermore, the disposition of the mesial and distal
carinae is different in MPZ 2022/80 from the Pyroraptor teeth.
Whereas in MPZ 2022/80 the mesial carina is slightly lingually
displaced, in Pyroraptor teeth it is centered. The distal carina of MPZ
2022/80 is centrally located. In Pyroraptor, by contrast, this seems to
be bowed labially. In addition, MNHN BO014 and BO015 showwell-
developed, distally positioned, concave surfaces adjacent to the
distal carinae. In MPZ 2022/80 a planar surface can be seen in this
position, instead.

Compared with other Iberian dromaeosaurid teeth, MPZ 2022/
80 exhibits denticles that are perpendicular to the carinae, unlike
the velociraptorine crowns from Lo Hueco, which have apically
inclined denticles (Ortega et al., 2015). The dromaeosaurine teeth
from Lo Hueco also exhibit larger denticles, and hence lower den-
sity values compared to MPZ 2022/80. Furthermore, MPZ 2022/80
is more distally recurved and has higher denticle densities
compared to the teeth assigned to cf. Dromaeosauridae recovered
from Figuerola 2 and Fontllonga 6 (Torices et al., 2015). On the other
hand, specimen MPZ 2022/80 shares with the La~no dromaeosaurid
teeth the enamel texture, the overall crown shape, the basal cross-
section, the position and extension of both carinae, the overall
denticle shape, and the denticle densities. However, the La~no
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dromaeosaurid teeth lack the planar surface adjacent to the distal
carinae (Isasmendi et al., 2022).

In the light of these considerations as well as given the classi-
fication of this tooth as Atrociraptor by DA1 and DA3, MPZ 2022/80
is here identified as Dromaeosauridae indet. Although they belong
to the same family, however, MPZ 2022/80 has features differen-
tiating it from Pyroraptor and from the dromaeosaurid teeth from
the Figuerola 2, Fontllonga 6, La~no and Lo Hueco sites.

6.2. Theropod palaeobiodiversity in the upper Maastrichtian of the
Western Tremp Syncline and the intra-Maastrichtian faunal
turnover of Ibero-Armorican theropods

A comparable previous study carried out in the Western Tremp
Syncline recognized six theropod tooth morphotypes (Torices et al.,
2015): Theropoda indet. morphotype 1 and 2 (regarded as cf.
Arcovenator by P�erez-García et al., 2016), Coelurosauria indet., ?
Paronychodon sp., ?Richardoestesia sp., and ?Dromaeosauridae
indet. In the present work, the indeterminate theropod morpho-
types and the cf. Dromaeosauridae indet. (MPZ 2004/6) of Torices
et al. (2015) are assigned to Abelisauridae indet. 1, 2 and 3,
instead. As in Torices et al. (2015), in this study only one cf.
Richardoestesia sp. morphotype has been found. As previously,
specimen MPZ 98/76 is also attributed to cf. Paronychodon sp., but
MPZ98/77 and MPZ98/78 (?Paronychodon sp. in Torices et al., 2015)
are here referred to Paraves indet. 1. The Coelurosauria indet.
morphotype is here attributed to two paravian morphotypes (Par-
aves indet. 1 and 2), and with a previously undescribed specimen, a
new Dromaeosauridae indet. morphotype is proposed. In this
study, we therefore identify eight tooth morphotypes: Abelisaur-
idae indet. 1, 2 and 3, Dromaeosauridae indet., Paraves indet. 1 and
2, cf. Paronychodon sp., and cf. Richardoestesia sp. Aside from this,
the presence of an ornithuromorph avialan vertebra from the area
(P�erez-Pueyo et al., 2021b) increases the number of theropod taxa
in the Western Tremp Syncline to a minimum of six.

A latest Cretaceous faunal change first identified in the Ibero-
Armorican domain by Le Loeuff et al. (1994) was later studied in
detail by several authors, especially for non-theropod dinosaurs
(see Vila et al., 2016; Fondevilla et al., 2019 and references therein).
This event was first proposed to have occurred in a relatively short
time span in the early late Maastrichtian, around the C31reC31n
reversal (Vila et al., 2016). However, Fondevilla et al. (2019)
concluded that the faunal turnover would have been a longer
process that started in the early Maastrichtian and ended in the
early late Maastrichtian, lasting for around 2.5e2.8 Ma between the
lower part of chron C31r and the C30r/C30n boundary (Fig. 8).
Herein, the time span from Fondevilla et al. (2019) is accepted.

Since uppermost Cretaceous theropod remains are scarce and
mainly consist of isolated teeth, it is difficult to study the impact
that the intra-Maastrichtian faunal turnover had on this dinosaur
group. Prior studies have not found significant changes in the
composition of theropod faunas during this interval and have
maintained that this event would not have affected the non-avian
theropods (Torices et al., 2015; Vila et al., 2016; Fondevilla et al.,
2019; Isasmendi et al., 2022; Malafaia et al., 2023). However, the
more thorough study and revision carried out herein is the most
specific approach made until now to assessing the theropod faunas
during the intra-Maastrichtian faunal turnover. Nevertheless, it is
worth pointing out that there are different numbers of pre-
turnover, intra-turnover, and post-turnover theropod-bearing
sites that are more or less accurately dated, withmore sites dated to
the pre-turnover than to the post-turnover period, and very few
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sites from the turnover period itself. Thus, a sampling bias and
sample-size factors cannot be ruled out (Supplementary material
5).

Assessment of the higher-level palaeobiodiversity for pre-
turnover, intra-turnover, and post-turnover theropod faunas
shows the same groups to be present in all three time slots: abe-
lisaurid ceratosaurians, the enigmatic taxa cf. Richardoestesia and
cf. Paronychodon, indeterminate paravians, dromaeosaurids, as well
as large ornithuromorph avialans and enantiornithines. Neverthe-
less, representatives of Troodontidae occur solely in the post-
turnover faunas, with Tamarro insperatus (Sell�es et al., 2021) (Fig. 8).

A few abelisaurid taxa have been described from the Upper
Cretaceous deposits of southern France, such as Tarascosaurus sal-
luvicus (Le Loeuff and Buffetaut, 1991) and Arcovenator escotae
(Tortosa et al., 2014). The lower and upper Campanian abelisaurid
record is richer than the Maastrichtian. Tarascosaurus was defined
from elements recovered from the lower Campanian ‘Fuvelian’ grey
limestone (upper part of chron C33r; Fondevilla et al., 2016b) in
Lambeau du Beausset of Provence (France) (Le Loeuff and Buffetaut
1991; Tortosa et al., 2014). Moreover, two femora from La~no (upper
Campanian, chron C32n; Corral et al., 2016) in Trevi~no County
(Burgos, Spain) have also been compared with this genus (Le Loeuff
and Buffetaut, 1991; Le Loeuff, 1992), although the current where-
abouts of these elements is unknown (Isasmendi et al., 2021). It is
therefore not possible to reassess this material. Arcovenator was
erected frommaterial recovered from the upper Campanianelower
Maastrichtian of Pourri�eres-Jas Neuf Sud locality (Var Department,
France) and is themost complete European abelisaurid recovered to
date (Tortosa et al., 2014). Apart from the type locality, isolated teeth
of this genus have also been found in the upper Campanian of the
sites of Armu~na (Segovia Province, Spain), Chera (Valencia Province,
Spain), and La~no (P�erez-García et al., 2016; Isasmendi et al., 2022). In
addition, in Armu~na, the possible lateral side of the ungual phalanx
UPUAM 14066 (P�erez-García et al., 2016) has a bifurcated lateral
groove. This feature is present in abelisauroid theropods among
early-branching averostrans (e.g., Novas and Bandyopadhyay, 2001;
Carrano et al., 2002; Carrano and Sampson, 2008;Novas et al., 2013),
and hence this element can be confidently attributed to this group.
The teeth of the South Pyrenean Abelisauridae indet. 1, 2 and 3
morphotypes and the tooth (MON-T10 1) from the Montrebei lo-
cality (lowerMaastrichtian, chronC31r according toFondevilla et al.,
2019) (Lleida, Spain), assigned to Theropoda indet. by Torices et al.
(2015), were later reassigned to cf. Arcovenator (P�erez-García et al.,
2016) and subsequently to a probable indeterminate abelisaurid
(Isasmendi et al., 2022). As discussed above, the differences found
between the Abelisauridae indet. 1, 2 and 3 morphotypes from the
uppermost Maastrichtian sites of Blasi 1, 2B and 3 and 172-i/04/e
(chrons C30n and C29r, P�erez-Pueyo et al., 2021a) (Huesca, Spain)
and the teeth of Arcovenator indicate that all these tooth morpho-
types belong to an abelisaurid other than Arcovenator. MON-T10 1 is
here regarded as Abelisauridae indet., pending further studies.
Despite the presence of abelisaurid theropods throughout the
CampanianeMaastrichtian, therefore, the data gathered to date
indicate that the pre-turnover abelisaurid genera are not repre-
sented in the post-turnover faunas, disappearing before or during
Fig. 8. Temporal occurrences of the uppermost Cretaceous (middle CampanianeMaastricht
are based on Fondevilla et al. (2019) and references therein, and P�erez-Pueyo et al. (2021a). T
Tuilli�eres; 5, Chera; 6, Trets-La Boucharde; 7, Vitrolles-La Plaine; 8, Velaux-La Bastide Neuv
Montrebei; 15, Vicari-4; 16, Larra-4; 17, Fons, Fons 0 or Champ-Garimond; 18, Lo Hueco; 1
Campagne-sur-Aude-Bellevue; 24, Figuerola-2; 25, Amor-2/3; 26, Fontllonga-6; 27, Peguera-
2; 32, Camino de Fornons 1; 33, Fornons 3; 34, Cassagnau 1; 35, Villespassans-Castigno. T
Quintanilla del Coco (Spain), as well as that of certain French sites (e.g., Marignac-Laspeyres-
Le Bexen in Aude; Serviers in Gard) is not included, due to the lack of exact temporal calib
Hartman.
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the event, with new abelisaurid(s) occurring in post-turnover de-
posits, as previously suggested by Isasmendi et al. (2022) (Fig. 8).

Cf. Richardoestesia/?Richardoestesia/cf. ?Richardoestesia teeth are
mostly known from Iberian deposits and are rare in French deposits
(Isasmendi et al., 2022 and references therein). As regards the
shape of these teeth, several differences can be found among them.
For instance, at La~no, where an important theropod tooth sample
has been recovered (Isasmendi et al., 2022), the lower, more distally
curved and labiolingually more compressed cf. Richardoestesia
teeth (the cf. Richardoestesia sp. Amorphotype) represent by far the
most abundant morphotype, and the teeth of the more elongate,
straighter, and less compressed cf. Richardoestesia sp. B morpho-
type are less common. By contrast, in the post-turnover South
Pyrenean sites of Huesca (Blasi 2B and Veracruz 1; top of chrons
C30n and C29r, respectively, according to P�erez-Pueyo et al.,
2021a), only one morphotype has been identified, which re-
sembles the cf. Richardoestesia sp. B morphotype from La~no.
Admittedly, the specimens of the cf. ?Richardoestesia tooth mor-
photype from Molí de Bar�o-1 (Lleida, upper Maastrichtian, chron
C29r, according to Marmi et al., 2016) are more distally curved and
lower. However, the more elongate, straighter, and less compressed
morphotype is apparently more abundant in the post-turnover
deposits. Hence, these taxa could have also been affected by the
intra-Maastrichtian faunal turnover (Fig. 8). Nevertheless, further
systematic sampling and studies, in addition to the revision of the
Richardoestesia-like specimen (IPS 18 372) of Prieto-M�arquez et al.
(2000) from the L'Abeller (Suterranya-1) locality (Lleida), could
shed more light on this potential change.

Cf. Paronychodon/?Paronychodon/aff. Paronychodon teeth are yet
to be described from uppermost Cretaceous French deposits
(Isasmendi et al., 2022). In Iberia, these and similar morphotypes
are present in several localities from the upper Campanian to the
upper Maastrichtian (Antunes and Sigogneau-Russell, 1991; Ortega
et al., 2015; Torices et al., 2015; Marmi et al., 2016; Isasmendi et al.,
2022; this study). Overall, no significant differences can be dis-
cerned among the Iberian teeth that would allow them to be
classified as different morphotypes. Hence, as they are present in
both pre- and post-turnover faunas, these theropods were appar-
ently not affected by the intra-Maastrichtian faunal turnover,
reinforcing the conclusions reached by Isasmendi et al. (2022)
(Fig. 8).

Paravians are among the most abundant and diverse theropods
in the Upper Cretaceous of the Ibero-Armorican domain. These are
represented by indeterminate paravians, dromaeosaurids, dro-
maeosaurines, velociraptorines, troodontids, and avialans found in
several sites in Iberia and France (Fig. 8). Non-denticulated paravian
teeth (Paraves indet.1 and 2 in this work) have awide temporal and
biogeographical range (Fig. 8). They are present in pre-turnover
faunas, having been recovered from the Iberian Chera and La~no
sites, as well as from the French Campanian locality of Champ-
Garimond (Gard Department, Languedoc) and the middle Campa-
nian (chron C33n) site of La Neuve (Bouches-du-Rhône Depart-
ment, Provence) (Garcia et al., 2000). They are also present in
Iberian faunas during the turnover (Montrebei and Vicari-4 sites,
Lleida Province, both from the lower Maastrichtian, chron C31r,
ian) theropods from the Ibero-Armorican domain. The chronostratigraphic references
heropod-bearing sites: 1, Pourri�eres-Jas Neuf Sud; 2, La~no; 3, Armu~na; 4, Pourcieux-Les
e; 9, Fox-Amphoux; 10, Cruzy; 11, 172-i/04/e; 12, Blasi 1, 2b and 3; 13, La Neuve; 14,
9, Suterranya-1; 20, Veracruz-1; 21, Molí de Bar�o-1; 22, Villespassans-Combebelle; 23,
1; 28, Roques-Hautes, 29, Sant Rom�a d'Abella; 30, Camino de Rin-1; 31, Camino de Rin-
he fossil record of the Upper Cretaceous sites of Aveiro, Taveiro and Viso (Portugal),
Cassagnau, Lestaillats and Marsoulas, and other sites in Haute-Garonne; Fontjoncouse-
ration of the sites (modified from Fondevilla et al., 2019). Silhouettes courtesy of Scott
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according to Fondevilla et al., 2016a, 2019) and in post-turnover
ecosystems (the Blasi 2B and Larra 4 sites, Huesca Province, up-
per Maastrichtian, top C30n and C29r, respectively, according to
P�erez-Pueyo et al., 2021a; Isasmendi et al., 2022). These morpho-
types is also present in theMaastrichtian sites of Aveiro and Taveiro
(Isasmendi et al., 2022). The paravian teeth that are more elongated
and closer to the conidont morphotype are more abundant in the
Maastrichtian deposits of theWestern Tremp Syncline, whereas the
more curved, lower and ziphodont crowns are less common. This
contrasts with the pre-turnover site of La~no, where the latter
morphotype is by far the most abundant (Isasmendi et al., 2022)
(Fig. 8). Therefore, a subtle impact of the intra-Maastrichtian event
can be proposed for these indeterminate paravians, confirmation
for which is pending on a larger sample of uppermost Maas-
trichtian specimens.

Dromaeosaurids are quite abundant and are present in both pre-
and post-turnover faunas (Fig. 8). Among the different specimens
recovered, two dromaeosaurids were described in the French de-
posits: Pyroraptor olympius (Allain and Taquet, 2000) and Variraptor
mechinorum (Le Loeuff and Buffetaut, 1998). Pyroraptor comes from
the middle Campanian site of Trets-La Boucharde (Bouches-du-
Rhône Department, Provence). Several Iberian teeth have previ-
ously been assigned to this genus (Company et al., 2009; Torices
et al., 2015), but these cannot be attributed securely to Pyroraptor
according to Isasmendi et al. (2022). Often considered a nomen
dubium, Variraptor was described on the basis of the last dorsal
vertebra and the sacrum recovered at the upper Campanianelower
Maastrichtian locality of Bastide Neuve in Fox-Amphoux (Var
Department, Provence). Furthermore, several remains from the
upper Campanian to lower Maastrichtian French localities of Cruzy
(Languedoc) and Roques-Hautes (Provence) have been assigned to
the same taxon (Chanthasit and Buffetaut, 2009). Even though
there is no exact age calibration of these sites, it appears that
neither of these genera survived into post-turnover times (Fig. 8).
As far as the different dromaeosaurid, dromaeosaurine and veloc-
iraptorine teeth and other remains are concerned, the lack of
detailed descriptions of most of these French and Iberian speci-
mens precludes a thorough assessment of their affinities
(Isasmendi et al., 2022).

Dromaeosauridae indet./?Dromaeosauridae indet./cf. Dro-
maeosauridae indet. remains have been recovered both in France
and in the Iberian Peninsula. In Iberia, these remains come from the
Maastrichtian sites of Aveiro and Taveiro (Beira Litoral Region) in
Portugal (Antunes and Sigogneau-Russell, 1992), as well as the
Spanish localities of Amor 3 (Huesca, upper Maastrichtian, chron
C29r, according to Pu�ertolas-Pascual et al., 2018; P�erez-Pueyo et al.,
2021a), Chera, Figuerola-2 (Lleida, lowereupper Maastrichtian,
chron C31r, according to Torices et al., 2015), Fontllonga-6 (Lleida,
upper Maastrichtian, chron C30r, according to Torices et al., 2015),
Molí de Bar�o-1, Montrebei, La~no, and the upper Maastrichtian
Quintanilla del Coco (Burgos) (Pol et al., 1992; Torices et al., 2015;
Marmi et al., 2016; Isasmendi et al., 2022). In France, dromaeo-
saurid remains have been reported in the lower Maastrichtian of
Campagne-sur-Aude-Bellevue (Aude Department, Languedoc),
Champ-Garimond, the upper Campanianelower Maastrichtian of
Cruzy and Fox-Amphoux (Var Department), the upper Maas-
trichtian Marignac-Laspeyres-Cassagnau area (Haute-Garonne
Department, Midi-Pyr�en�ees), and the upper Campanian localities of
Villespassans-Combebelle and Villespassans-Castigno (H�erault
Department, Languedoc) (Sig�e et al., 1997; Laurent et al., 2001,
2002; Laurent, 2003; Chanthasit and Buffetaut, 2009; Buffetaut
et al., 2021; Santos Brilhante et al., 2022).

At the upper Campanianelower Maastrichtian site of Lo Hueco
(Cuenca, Spain), two dromaeosaurid morphotypes have been
distinguished: Dromaeosaurinae indet. and Velociraptorinae indet.
22
(Ortega et al., 2015), as well as a tentatively identified velocir-
aptorine tibia (Malafaia et al., 2023). A single velociraptorine tooth
was described from the upper Maastrichtian locality of Peguera-1
(chrons C31r-C31n according to Vila et al., 2012) (Barcelona,
Spain) by Baiano et al. (2014). The exhaustively described teeth
appear to suggest differences between pre- and post-turnover
morphotypes (Fig. 8). Nevertheless, it is not yet possible to assess
the possible identity of the taxa present in each assemblage and
their precise affinities, and thus the potential effects the intra-
Maastrichtian turnover event had on dromaeosaurids (Isasmendi
et al., 2022).

The troodontid fossil record is rather poor, with a single taxon,
the jinfengopterygine Tamarro insperatus, reported from the up-
permost Maastrichtian locality of Sant Rom�a d'Abella (Lleida, chron
C29r) (Sell�es et al., 2021), together with several cf. Troodontidae
indet. teeth from Aveiro and Taveiro (Antunes and Sigogneau-
Russell, 1992). The attribution of the teeth was considered doubt-
ful by Isasmendi et al. (2022). Therefore, it is not currently possible
to evaluate whether or not this family was affected by the intra-
Maastrichtian faunal turnover.

Regarding other theropod remains, Pereda-Suberbiola et al.
(2000) mentioned the presence of a possible indeterminate orni-
thomimosaur at La~no, and several fossils have been attributed to
indeterminate theropods. Some of these consist of isolated
theropod remains belonging to small- and medium-sized taxa.
More thorough studies of this material could lead to its more
specific attribution and hence could help us achieve a better un-
derstanding of the effects this event had on theropods.

The avialan theropods from the Upper Cretaceous of Ibero-
Armorica are poorly and fragmentarily represented. Several upper
Campanianelower Maastrichtian (pre-turnover) sites from France
and Spain have yielded isolated remains allowing the erection of
the taxon Gargantuavis philoinos (Buffetaut and Le Loeuff, 1998).
Gargantuavis was interpreted as a large terrestrial bird, nested
within Ornithuromorpha, and probably within Ornithurae
(Buffetaut and Angst, 2019), although the fragmentary, isolated,
and scattered condition of its remains has led to this assignation
being widely contested (see Buffetaut and Angst, 2020; Mayr et al.,
2020). The holotype, a synsacrum and partial ilia (Buffetaut and Le
Loeuff, 1998), comes from the Bellevue locality, dated as early
Maastrichtian (C32n.1n according to Fondevilla et al., 2016b).
Several other sites have provided fossil material referred to Gar-
gantuavis, including Bastide Neuve, Montplo-Nord (Cruzy; H�erault
Department), Combebelle, Castigno, and La~no (Buffetaut et al.,
1995, 2015, 2019, 2021; Buffetaut and Le Loeuff, 1998; Buffetaut
and Angst, 2013, 2016a, 2016b, 2019; Angst et al., 2017). The
chronological calibration of these sites is not precise beyond the
upper Campanianelower Maastrichtian, except for La~no, Combe-
belle and Castigno. It should further be pointed out that cervical
vertebrae from Lo Hueco have recently been tentatively referred to
large ornithuromorph birds (Ortega et al., 2021). The only fossil
belonging to a large bird from the upper Maastrichtian (post-
turnover) is the cervical vertebra from Beranuy (Huesca) in the
Western Tremp Syncline (P�erez-Pueyo et al., 2021b) (Fig. 1B). This
fossil is dated to within magnetochron C29r (Pu�ertolas-Pascual
et al., 2018) and has been identified as an unnamed ornithur-
omorph differing from Gargantuavis. This might suggest that large
birds were also affected by the intra-Maastrichtian faunal turnover,
with two clearly different taxa present in the pre- and post-
turnover assemblages (Fig. 8). However, the fragmentary and iso-
lated condition of the fossils urges caution with regard to this
conclusion.

The Upper Cretaceous of the Ibero-Armorican domain has also
yielded some fossils of enantiornithine birds, but due to their rarity
and incompleteness, it is difficult to evaluate whether or not Ibero-
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Armorican enantiornithines were affected by the faunal turnover.
The pre-turnover enantiornithines are represented by two
different-sized taxa: Martinavis cruzyensis from the Massecaps site
(Cruzy, H�erault Department) and Castignovolucris sebei from Cas-
tigno (Walker et al., 2007; Buffetaut et al., 2023). As well as these
two taxa, both identified based on fragmentary material (a hu-
merus and a coracoid, respectively), additional remains of inde-
terminate enantiornithines have also been recovered from the
lower Maastrichtian of France, including a coracoid and a proximal
head of a femur fromMassecaps (Buffetaut, 1998), and a tibiotarsus
from Bastide Neuve (Buffetaut et al., 2000). The post-turnover re-
cord of Enantiornithes is almost non-existent, which makes it
difficult to estimate the taxonomic impact of the turnover on this
clade (Fig. 8). The only fossil assignable to this group is an incom-
plete scapula from the upper Maastrichtian site of Cassagnau 1
(Laurent, 2003).
7. Conclusions

The systematic, morphometric, and cladistic studies carried out
on a sample of 31 isolated theropod teeth found at different lo-
calities from the upper Maastrichtian of the Western Tremp Syn-
cline in the South Pyrenean Basin (NE Iberia) allowed us to
distinguish a total of eight tooth morphotypes: Abelisauridae indet.
1, 2 and 3, Dromaeosauridae indet., Paraves indet. 1 and 2, cf.
Paronychodon sp., and cf. Richardoestesia sp. As in other uppermost
Cretaceous Ibero-Armorican sites, therefore, the late Maastrichtian
theropod fauna of the South Pyrenean Basin consists of a medium-
to large-sized abelisaurid (Abelisauridae indet. 1, 2 and 3) and
several small-sized coelurosaurians (cf. Paronychodon, cf. Richar-
doestesia, Paraves indet. 1 and 2, and Dromaeosauridae indet.). The
occurrence of different abelisaurid and non-dromaeosaurid para-
vian morphotypes may be attributable to pseudoheterodonty.

This study has also led to a slight increase in the recorded
theropod palaeobiodiversity in the Western Tremp Syncline from
six identified theropod tooth morphotypes to eight, with a mini-
mum of five non-avialan theropods. Furthermore, with the pres-
ence of the troodontid Tamarro and an ornithuromorph avialan,
this palaeobiodiversity increases to seven taxa, indicating high
theropod palaeobiodiversity in the Western Tremp Syncline.

The revision of these non-avian theropod remains also allowed
us to evaluate the effects of the intra-Maastrichtian faunal turnover
(known to have occurred from the early Maastrichtian to the early
late Maastrichtian; lower part of C31r to the C30r/C30n boundary).
Despite the presence of similar theropod groups prior to, during,
and subsequent to the intra-Maastrichtian faunal turnover, some
differences can be pointed out. These are: (1) the presence of
different abelisaurid and dromaeosaurid taxa; (2) the predomi-
nance of more elongate, straighter, and less compressed teeth
referred to cf. Richardoestesia in post-turnover deposits compared
to pre-turnover deposits; (3) a higher proportion of more elongated
paravian teeth that are closer to a conidont morphology in post-
turnover deposits compared to pre-turnover deposits; (4) the
presence of Troodontidae only in post-turnover faunas; and (5) the
replacement of large gargantuaviid ornithurines by a different large
ornithuromorph taxon after the turnover. Therefore, it seems that
theropods too were at least partially affected by the turnover event.
Nevertheless, more thorough studies and more complete speci-
mens will be needed to better understand the affinities and
palaeobiodiversity of Ibero-Armorican theropods, as well as the
details of the changes that occurred during this faunal turnover.
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trichtian) deposits of the Haţeg Basin. Sargetia 21, 5e15.
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