Cretaceous Research 176 (2025) 106199

journal homepage: www.elsevier.com/locate/CretRes

Contents lists available at ScienceDirect

Cretaceous Research

The last non-avian theropods of Europe: Palaeoecology and )
biogeography inferred from dental records from the uppermost i
Maastrichtian of Catalonia, Spain

Oscar Castillo-Visa ab.* 'Mattia Antonio Baiano “¢, Stephen L. Brusatte ¢,
Angel Galobart ab Bernat Vila®P

2 Institut Catala de Paleontologia Miquel Crusafont (ICP-CERCA), Universitat Autonoma de Barcelona, Carrer de I'Escola Industrial 23, 08201, Sabadell

(Barcelona), Catalonia, Spain

> Museu de la Conca Della, Carrer del Museu 4, 25650, Isona i Conca Della (Lleida), Catalonia, Spain

€ Universidad Nacional de Rio Negro (UNRN), Isidro Lobo 516, 8332, General Roca, Rio Negro, Argentina

4 CONICET-Area Laboratorio e Investigacion, Museo Municipal “Ernesto Bachmann”, Dr. Natali s/n, Villa EI Chocén (Q8311AZA), Neuquén, Argentina
€School of GeoSciences, University of Edinburgh, Grant Institute, James Hutton Road, Edinburgh, EH9 3FE, Scotland, UK

ARTICLE INFO

Article history:

Received 4 November 2024

Received in revised form

25 June 2025

Accepted in revised form 28 June 2025
Available online 3 July 2025

Keywords:

Upper Cretaceous
Theropod palaeoecology
Systematics
Palaeobiogeography
Tooth microwear

ABSTRACT

Non-avian theropods were essential components of terrestrial ecosystems during the Mesozoic, were
highly diverse in size and lifestyles across different regions of the planet. Here we assess the compo-
sition and diversity of the theropod fauna of the Ibero-Armorican island (the ancient region that
encompassed present-day areas of Spain, Portugal, and France) during the final few hundred thousand
years of the Cretaceous, by reviewing the theropod teeth assemblage from the locality of Moli del Bar6-1
(upper Maastrichtian, C29r, Catalonia, Spain). Our study indicates a diverse fauna of small non-avian
theropods with different feeding strategies and ecological niches. The tooth assemblage is signifi-
cantly more diverse than previously thought and includes dental elements referred to dromaeosaurines,
velociraptorines, troodontids, and an undetermined Dromaeosauridae tooth with similarities to
microraptorines, as well as previously-referred teeth of cf. ?Richardoestesia and aff. Paronychodon.
Microwear analysis reveals diverse feeding styles among these theropods, and particularly indicates that
the troodontid had an omnivorous diet heavy in plant consumption. The assemblage of small-sized non-
avian theropods and medium-to large-sized abelisaurids from the uppermost Maastrichtian of Ibero-
Armorica differs from others from the European archipelago and worldwide, illustrating the high

regional variability of theropod faunas around the time the asteroid impact ended the Cretaceous.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC
license (http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

lifestyles without resulting in direct competition (Larson and
Currie, 2013) and multiple clades of small forms successfully

Non-avian theropod dinosaurs were pivotal components of
terrestrial ecosystems during the Mesozoic (e.g., Tschopp et al,,
2020), spanning a wide array of taxa with varied sizes and diets
that performed different roles in their ecosystems thanks to
morphological specializations and unique lifestyles (Frederickson
et al., 2018, and references therein). For instance, coexisting
small and medium-sized non-avian theropods adopted different
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occupied different roles in the lower levels of secondary con-
sumers as piscivores (Frederickson et al., 2018), small-sized
predators (e.g., Torices et al, 2018), scavengers (Kane et al,
2016), and omnivores (Cullen and Cousens, 2023).

Before the end-Cretaceous extinction, in the late Maastrichtian,
various groups of non-avian theropods worldwide attained large
(e.g., Rajasaurus, Tyrannosaurus, Wilson et al., 2003; Horner et al.,
2011, respectively), moderate (Anzu, Dakotaraptor, Ornithomimus,
Koleken, Kurupi; Lamanna et al., 2014; DePalma et al., 2015;
Claessens and Loewen, 2016; lori et al.,, 2021; Pol et al., 2024,
respectively), and small sizes (Pectinodon, Qiupanykus, Trier-
archuncus, Ypupiara, Tamarro, Larson and Currie, 2013; Lii et al,,
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2018; Fowler et al., 2020; Brum et al., 2021; Sellés et al., 2021,
respectively), and, beyond the stereotypical theropod carnivorous
diet, some developed omnivory, herbivory, and highly specialist
diets (Zanno and Makovicky, 2011; Funston et al., 2018; Hendrickx
et al,, 2019; Brum et al., 2021; Wang et al., 2024). This disparity of
taxa, sizes, and diets produced distinctive microwear patterns on
tooth enamel as a result of different feeding strategies, which ul-
timately provide insights into the ecology of the theropod as-
semblages. Therefore, although most of these feeding mechanisms
and strategies are primarily recognizable based on the cranial
structure (Barrett and Rayfield, 2006), the analysis of teeth can
provide reliable data for such palaeobiological inferences. It must
be taken into account, however, that non-avian theropods may
have switched their ecological niches during ontogeny (e.g., Cau,
2024), especially in the case of the large-sized taxa like Tyranno-
saurus. Traditionally, because most theropod tooth fossils are shed
crowns, their isolated nature often hampered taxonomic identifi-
cation beyond family level (Osi et al., 2010; Torices et al., 2015;
Marmi et al., 2016), but recent approaches based on qualitative
and quantitative dental features (Hendrickx et al., 2019, 2020;
Meso et al., 2021, 2022, 2024) have greatly improved their taxo-
nomic identification. Thus, reliable taxonomic assignments of shed
teeth have begun to provide crucial information on the temporal
range of some theropod clades (Goswami et al., 2013) or helped to
understand palaeoecological dynamics (Torices et al., 2018;
Winkler et al., 2022) at the end of the Mesozoic.

In Europe, the upper Maastrichtian fossil record of non-avian
theropods mainly consists of isolated teeth and fragmentary
bone remains from France, Spain and Romania (Laurent, 2002;
Csiki-Sava et al., 2015; Osi et al., 2019; Pérez-Pueyo et al., 2021;
Sellés et al., 2021; Isasmendi et al., 2022), which in the latest
Cretaceous were part of the two main islands of the ancient Eu-
ropean archipelago. In the largest and westernmost island, the
Ibero-Armorican island (encompassing the present-day areas of
Spain, Portugal, and France), the non-avian theropod record,
despite being mainly based on isolated teeth and ootaxa, is diverse
enough to contribute to theropod palaeobiodiversity and palae-
obiogeography studies (Isasmendi et al., 2022, 2024). In the
southern Pyrenees, isolated teeth (Prieto-Marquez et al., 2000;
Canudo et al., 2005, 2016; Baiano et al., 2014; Torices et al., 2015;
Puértolas-Pascual et al., 2018), eggs and eggshells (Vianey-Liaud
and Lopez-Martinez, 1997; Lépez-Martinez and Vicens, 2012;
Sellés et al., 2014), and a few appendicular bones (Pérez-Pueyo
et al., 2019; Sellés et al., 2021) have been recovered from lower
and upper Maastrichtian localities. Here, we focus on the Moli del
Bard-1 locality (Fig. 1), one of the uppermost Maastrichtian lo-
calities of the region, and use its theropod teeth assemblage as a
case study for examining the theropod faunal composition of
Ibero-Armorica at the very end of the Cretaceous, and comparing
with other upper Maastrichtian localities yielding theropods from
Europe and worldwide. The seven theropod shed teeth from Moli
del Bar6-1 include five tooth morphotypes that indicate consid-
erable taxonomic diversity (Marmi et al., 2016), although until
now their taxonomic classification has remained disputed. Our
aim is to clarify the taxonomy of these teeth using quantitative and
qualitative approaches, and then use this updated record to illu-
minate the diversity, evolution and palaeoecology of some of the
last-surviving theropods of Europe.

Institutional Abbreviations: AMNH, American Museum of
Natural History, New York, USA; DUGF, Delhi University, Geology
Department, Fossil Catalogue, Delhi, India; HUE, Lo Hueco collec-
tion, housed in the facilities of Museo de las Ciencias de Castilla-La
Mancha, Cuenca, Spain; IVPP, Institute of Vertebrate Paleontology
and Paleoanthropology, Beijing, China; LPB [FGGUB], Laboratory of
Paleontology, Faculty of Geology and Geophysics, University of
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Bucharest, Bucharest, Romania; JLUM, Jilin University Geological
Museum, Changchun, Jilin, China; MCD, Museu de la Conca Della,
Isona i Conca Della, Catalonia, Spain; RTMP, Royal Tyrrell Museum
of Paleontology, Drumheller, Alberta; TMP, Royal Tyrrell Museum
of Palaeontology, Drumheller, Alberta, Canada; UALVP, University
of Alberta Laboratory for Vertebrate Paleontology, Edmonton,
Alberta, Canada; ZPAL, Institute of Paleobiology, Polish Academy of
Sciences, Warsaw.

2. Materials and methods

Of the total sample of seven teeth from the Moli del Bar6-1
locality, four partial to complete shed teeth (MCD-5033, MCD-
5579, MCD-5582, and MCD-5583) from the Tremp Basin (NE
Spain) were described using anatomical terminology proposed by
Hendrickx et al. (2015). Photographs were taken with a Canon
PowerShot SX70 HS camera, and measurements were taken
directly from the images using Image] software. The data matrix
was assembled using the software Mesquite (V3.70. Maddison and
Maddison, 2019), whereas the phylogenetic analysis was carried
out with the software TNT (V1.6. Goloboff and Morales, 2023). We
based our analysis on the database of Meso et al. (2024), setting
Herrerasaurus as the outgroup taxon. To run the phylogenetic
analysis, we used the New Technology search algorithm with both
parsimony ratchet (Nixon, 1999) and tree drifting (Goloboff, 1999)
functions. The initial level of driven search was set to 30 steps, and
the number of times the minimum tree length should be obtained
was set to 30. Because of the high level of homoplasy and large
amounts of missing data for many specimens, we summarized the
most parsimonious trees using a majority rule consensus. A Prin-
cipal Component Analysis (PCA) was conducted on the best-
preserved teeth (MCD-5033, MCD-5582, and MCD-5583) using
the data of [sasmendi et al. (2022). The microwear analyses were
conducted with a QUANTA-250 SEM with a Ceptarus detector at
the Unit from Scientific and Technological Centres (CCiTUB), Uni-
versitat de Barcelona (Catalonia, Spain), without covering the
dental element surface and using the secondary electrons view.
The orientation of the scratches (and especially those of the par-
allel to subparallel family) were determined by joining the centre
of the crown apex with the equatorial section of the cervix through
a straight line, defining the longitudinal plane of the crown. We
find this methodology more reliable than establishing the
scratches sloping relative to the carina surface, as most teeth can
display a curved morphology, which often makes it difficult to
recognize the scratches and their sloping.

Nomenclature Abbreviations (following Hendrickx et al., 2015)
are as follow: AL (Apical Length); CA (Crown Angle); CBL (Crown
Base Length); CBR (Crown Base Ratio); CBW (Crown Base Width);
ce (cervix); CH (Crown Height); CHR (Crown Height Ratio); DA
(Distoapical Denticle Density); DAVG (Average Distal Denticle
Density); DB (Distobasal Denticle Density); DBR (Distal Denticle
Base Ratio); DC (Distocentral Denticle Density); dca (distal carina);
DCAL (Distal Carina Length); DDH (Distal Denticle Height); DDL
(Distal Denticle Length); DDT (Dentine Thickness Distally); DDW
(Distal Denticle Width); del (dentine layer); DHR (Distal Denticle
Height Ratio); DLAT (Dentine Thickness Labially); DLIT (Dentine
Thickness Lingually); DMT (Dentine Thickness Mesially); DSDI
(Denticle Size Density Index); DSL (Distal Serrated Carina Length);
enl (enamel layer); erd (eroded denticle); flu (flute); hd (hooked
denticle); ids (interdenticular sulci); lad (labial flute); LAF (Labial
Flutes); LIF (Lingual Flutes); Iri (longitudinal ridges); MA
(Mesioapical Denticle Density); MAVG (Average Mesial Denticle
Density); MB (Mesiobasal Denticle Density); MC (Mesiocentral
Denticle Density); MBR (Mesial Denticle Base Ratio); mca (mesial
carina); MCAL (Mesial Carina Length); MCE (Mesiobasal Carina



0. Castillo-Visa, M.A. Baiano, S.L. Brusatte et al.

A

Cenozoic
Menozoic

Paleozoic
Faults and discordances

Cretaceous Research 176 (2025) 106199

C29r

A
100 km
| A “{ | r:_
o
__ Coll de Nargé
o
:
e
w
.: ™~
~ d == \\E\E;?
R oSsss
I Purple mudstones
Lk [ Gre‘\)/ mudstones
[_] Ochre mudstones
Orange mudstones
E Mesozoic || Sandstones
=] Conglomerates

Fig. 1. Geographic and geologic situation of the Moli del Baré-1 locality, with its detailed stratigraphic section. A, Geographical map of south-western Europe. B, Geological map of
the specified zone between the Ebro Basin (Spain) and the Aquitanian Basin (France), detailing the specific area of the fossil locality. C, Detailed geological map of the region,
highlighting the location of the Moli del Baré-1 (MB-1) fossil locality. D, Stratigraphic section of the Moli del Baré-1 fossil locality, detailing on their left the different time frame

chrons. Geological maps modified from Vissir3 (http://srv.icgc.cat/vissir3/) and Sellés et al.

(2016).

Extension); MCL (Mid-crown Length); MCR (Mid-crown Ratio);
MCW (Mid-crown Width); MDE (Mesiobasal Denticle Extension);
MDL (Mesial Denticle Length); MDW (Mesial Denticle Width);
MHR (Mesial Denticle Height Ratio); MSL (Mesial Serrated Carina
Length); MUD (Marginal Undulation Density); puc (pulp cavity);
sps (spalled surface); TUD (Transverse Undulation Density); tun
(transverse undulation); wfa (wear facet).

3. Results

The fossil locality of Moli del Baré-1 corresponds to the fluvial
deposits of the Talarn Formation or ‘Lower red Garumnian’ unit of
the Tremp Group (C29r magnetochron, late Maastrichtian;
Fondevilla et al., 2019). Moli del Baré-1, discovered in 2001 and
excavated during five seasons (2002, 2007, 2010, 2011, and 2023),
is one of the richest fossil localities in the Tremp Basin (Marmi et
al., 2016), with a high diversity of vertebrates (mainly shed teeth,
bones, and eggshells of dinosaurs and crocodylomorphs),
invertebrates (mollusc shells, partial insect exoskeletons, and

(2021), and the stratigraphic column was extracted and modified from Marmi et al.

eggs), and plants (charophytes, sporomorphs, angiosperm leaves,
seeds, and logs).

To date, seven shed teeth have been described at the locality
(Marmi et al., 2016), four of which we review here. They are rep-
resented by partial to complete shed teeth of small size (<1 cm in
apicobasal length), and three of them preserve only the crown,
whereas the other one also preserves the root. The teeth display
some cracking, usually sliced in sections, and lack parts of the
carinae or some denticles. However, they are preserved well
enough that we can discern their taxonomic assignment.

3.1. Systematic palaeontology

DINOSAURIA Owen, 1842
SAURISCHIA Seeley, 1888
THEROPODA Marsh, 1881
TETANURAE Gauthier, 1986
COELUROSAURIA Von Huene, 1914
MANIRAPTORA Gauthier, 1986
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PARAVES Sereno, 1997
DROMAEOSAURIDAE Matthew and Brown, 1922
VELOCIRAPTORINAE Barsbold, 1983

MCD-5033 is a ziphodont tooth that preserves both the crown
and the root, although the latter lacks its distal portion (Fig. 2A, B).
The tooth is fragmented close to the cervix, and the mesial part of
the cervix and carina are lost in this region. The crown is highly
depressed labiolingually (MCW = 1.45 mm), especially in the
medial part, resulting in an 8-shaped cross-section (Fig. 2C); this
constriction is also observed in the root, although less pronounced.
Along its height, the crown is slightly sinuous, curved lingually and
labially, and apicobasally higher than mesiodistally long
(CHR = 1.91; Fig. 2D). The tooth is curved distally, with the mesial
carina having a lower slope than the distal one. At the cervix, the
boundary between the root and the crown is irregular, shifting
apicobasally through the mesiodistal plane of the tooth (Fig. 2B).
Additionally, there is no constriction between the root and the
crown.

The ornamentation of the crown surface consists of slightly
sculptured enamel with braided ridges oriented mesioapically
close to the mesial carina. The ornamentation is not extended to
the denticles of the mesial and distal carinae (Fig. 2E), despite it
being only present in the basal third of the crown. The crown
shows multiple faintly marked transverse undulations on the
enamel (only appreciable when a light source is applied over the
crown surface at a low angle; Fig. 2E). The carinae along the crown
show some displacements. The base of the mesial carina is slightly

tun
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displaced lingually and opposes apically, labially near the apex,
creating a sinuous projection (Fig. 2F). The distal carina is centrally
positioned, curving lingually close to the base of the crown in
distal view (Fig. 2G). Denticles on the distal carina show a pro-
gressive shift from a subrectangular shape at the base to sub-
quadrangular apically (Fig. 2B, D, and E). Also, their size
(DDH = 0.20 mm; DDL = 0.15 mm) increases apically and conse-
quently the denticle density decreases (DB = 38.75; DC = 35;
DA = 32.5 denticles/5 mm). Only the apicalmost denticles are
slightly apically tilted. These denticles are relatively deep mesio-
distally, whereas they are labiolingually wider than long apico-
basally, and apically they become wider progressively. Their
interdenticular space is restricted although the inner part seems to
be wider, forming a slight tear-drop shape and connecting to a
short interdenticular sulcus (Fig. 2C). The distal interdenticular
slits seem to become deeper in the mid-crown denticles.

Denticles of the mesial carina (present along all the carina.
Fig. 2B, D) are subcircular and smaller than the distal ones
(MDL = 0.13 mm), despite showing the same size apically. The
interdenticular spaces are clearly reduced compared to the distal
denticles, but the interdenticular slits seem to be similar along the
carina until reaching the crown apex. Contrary to the distal carina,
the apical mesial denticles are the smallest ones (Fig. 2D).
MB = 41; MC = 37.5; MA = 45 denticles 5 mm (see MCD-5033
Supplementary Measurements). Both distal and mesial denticles
develop operculums, which represent over 20-25 % of total
denticle height.

del

Fig. 2. Tooth MCD-5033. A, tooth in lingual view; B, tooth in labial view with close-up images of the denticles at the distal (left) and mesial (right) carinae; C, cross-section of the
tooth near the cervix; D, Detail of the crown, showing the crown apex and the apical denticles; E, close-up view of labial view showing the wide labial depression and the
transverse undulations; F, tooth in mesial view; G, tooth in distal view. Abbreviations in the text. Scale bars equal 5 mm in A, B, F, G, and 2 mm in C, D, and E.
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The apical zone of the crown does not show any wear or spalled
surface (Fig. 2D). On the crown apex, the denticles seem to be
eroded.

MCD-5033 was assigned by Marmi et al. (2016) to Theropoda
indet. based on the absence of significant features, although the
authors underscored its affinities to Richardoestesia due to their
small size. The present review of the specimen recognizes MCD-
5033 as a lateral tooth of Velociraptorinae based on the combi-
nation of the following dental features proposed by Hendrickx
et al. (2019) for this clade: 1) presence of a ziphodont dentition
with serrated mesial and distal carinae in at least some lateral
teeth; 2) lateral tooth with ridged carinae; 3) absence of a
constriction between the root and the crown base; 4) a strongly
concave distal margin; and, 5) an 8-shaped cross section of the
crown base. It is worth noting that features 3 and 4 are considered
unambiguous synapomorphies for Dromaeosauridae, whereas
feature 5 is present in all velociraptorines other than Deinonychus
(Hendrickx et al., 2019).

Our review of MCD-5033 suggests some resemblance to the
teeth assigned to Richardoestesia and Velociraptor, as also under-
scored by the PCA analysis (see below). However, MCD-5033 dif-
fers from Richardoestesia gilmorei teeth (with R. gilmorei being
more similar to MCD-5033 than R. isosceles) described by Larson
(2008), Hendrickx and Mateus (2014), and Isasmendi et al.
(2022), in the following features: display of a braided enamel
instead of a smooth or irregular texture; development of an 8-
shaped outline in cross-section; the presence of a long crown
height (CH) of 9.65 mm, this value being higher than recorded in
the Lano and Alberta teeth of R gilmorei (between 1.37 and
6.82 mm. Larson, 2008; Isasmendi et al., 2022); development of
transverse undulations and lack of longitudinal ones, whereas
Richardoestesia displays the opposite case; and maybe the lingual
displacement and sinuous projection of the carinae. Most of these
features are present in the teeth of some velociraptorines
(Sweetman, 2004). Consequently, MCD-5033 is reclassified here as
an undetermined Velociraptorinae tooth.

The tooth MCD-5033, assigned to Velociraptorinae, resembles
the specimen HUE-10051 from the Campanian-Maastrichtian site
of Lo Hueco (Cuenca, Spain; Ortega et al., 2015; Fig. 3B). Both teeth
have a similar curved morphology, a depressed medial section, and
serrated mesial and distal carinae (where denticles in the distal
carina increase in size apically). However, these teeth have
numerous differences: the mesial surface of HUE-10051 starts to
tilt distally more apically than MCD-5033 (Fig. 3A and B); the
apical part of the mesial surface is also more curved (Fig. 3A and
B); it lacks transverse undulations; the mesial carina seems to bear
denticles only on the apical region; denticle density (2.5-6 denti-
cles/mm) is lower than in MCD-5033 (7-8 denticles/mm); denti-
cles have a slight hooked shape (and not sub-quadrangular at
distal carina or subcircular at mesial one as observed in MCD-
5033); and the apex seems to be more pointed than in MCD-5033.

We here make comparisons between MCD-5033 and other
dromaeosaurid teeth from the global Cretaceous. ZPAL MgD-1/97 is
an isolated ziphodont tooth of V. mongoliensis that bears serrated
mesial and distal carinae (Fig. 3C; Barsbold and Osmolska, 1999).
However, the apical region of the crown in ZPAL MgD-1/97 is less
distally projected than in MCD-5033. The Mongolian specimen has
larger denticles, and consequently it has a lesser denticle
density in both carinae (around 7 denticles/mm in mesial carina
and over 5 denticles/mm in distal carina), whereas the Moli del
Bar6-1 specimen has 9 and 6.5 denticles/mm, respectively
(Supplementary Material). On the distal carina, both teeth display
smaller but more numerous denticles in the basal region,
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increasing in size apically (Fig. 3A, C). MCD-5033 shares similar-
ities with a Velociraptorinae tooth (UALVP 50531, Fig. 3D) from the
uppermost Santonian Milk River Formation of Alberta, Canada
(Larson, 2008). The ziphodont curved morphology, the presence of
a longitudinal median depression, the labiolingual compression, a
distal carina reaching a basally displaced cervix, distal denticles
being bigger than mesial ones, and a blunted crown apex are
characters that of UALVP 50531 shares with MCD-5033. Also,
UALVP 50531 might have transverse undulations like MCD-5033.
Conversely, UALVP 50531 has larger distal denticles, which are
lower in number than in MCD-5033, and they are slightly hooked,
whereas the mesial ones are sub-rectangular, traits that differ from
MCD-5033.

Furthermore, the dromaeosaurid tooth LPB [FGGUB] R.2289
described by Csiki-Sava et al. (2016) (Fig. 3E) from the upper
Maastrichtian levels of the Hateg Basin (Romania) is vaguely
similar to MCD-5033. Its crown has a curved shape, serrated distal
and mesial carinae (with the distal denticles being larger than the
mesial ones), the presence of some faint transverse undulations,
and possibly a labial depression. The crown is proportionally
shorter than that of MCD-5033, the distal denticles of the Roma-
nian specimen are larger and lower in number than those of MCD-
5033, and the mesial denticles apparently are only present at the
apical half of the crown, unlike the Catalan specimen. Also, Csiki
and Grigorescu (1998) reported a Velociraptorinae tooth crown
(LPB [FGGUB] R.1428) from the upper Maastrichtian “La Carare”
locality (Hateg Basin, Romania). Although LPB [FGGUB] R.1428 is
incomplete (Fig. 3F), the mesial and distal carinae pattern in the
crown is similar to that of MCD-5033. Moreover, LPB [FGGUB]
R.1428 also has a pronounced labial depression. The distal denti-
cles resemble those of MCD-5033 but differ in that the mesial
carina holds denticles only in the apical half of the crown. MCD-
5033 shows a similar mesial carina to the Dromaeosaurinae
tooth TMP 2009.136.0008, described by Larson et al. (2010) from
the lower Maastrichtian Horseshoe Canyon Formation of Canada
(Fig. 3G). In addition, TMP 2009.136.0008 has subquadrangular
distal denticles (sensu Hendrickx et al., 2015), similar to the api-
codistal denticles of MCD-5033. However, TMP 2009.136.0008
presents smaller interdenticular slits and a more pronounced
interdenticular space. Finally, MCD-5033 and Velociraptor mon-
goliensis IGM 100/1252 (Turner et al., 2007) share smaller denticles
on the mesial carina compared to those of the distal carina, but a
wider comparison is not possible due to the lack of a detailed
description of the Mongolian material in the literature.

DROMAEOSAURIDAE Matthew and Brown, 1922
DROMAEOSAURINAE Matthew and Brown, 1922

MCD-5583 is a ziphodont tooth with the crown and part of the
root curved lingually (Fig. 4). The cervix is well preserved, but part
of the crown apex and the base of the distal carina are lost (Fig. 4A,
B). This carina is concave in the apical half (Fig. 4A) and curved
labially (Fig. 4C).

The mesial surface is fairly distally inclined, whereas the distal
carina still points apically, and it is only displaced distally in the
crown apex (Fig. 4A, B). This could indicate that this tooth occupies a
mesial position in the tooth row. The labial surface is mostly flat, or
even slightly concave (Fig. 4C); however, the lingual surface is clearly
convex (Fig. 4C). There is no constriction between the crown and the
root. The basal cross-section has a ‘]’ outline (Fig. 4F). Dentine
comprises most of the tooth thickness, and the pulp cavity is
reduced, developing a hollow space with a conical outline. The
dentine displays a radiated, fibered texture in the mesial region.

The mesial carina is unserrated near the base and at mid-height
of the crown. Apically, we cannot estimate the presence of
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Fig. 3. Morphological comparison of MCD-5033 (Velociraptorinae) tooth similar teeth. A, MCD-5033 (from left to right: lingual view (SEM image), labial view, distal carina
denticles (SEM), and mesial carina denticles (SEM); B, HUE-10051 (Velociraptorinae) tooth on lateral view and a detail of their mid-high denticles (extracted and modified from
Ortega et al., 2015); C, ZPAL MgD-1/97a (Velociraptor) tooth in lateral view (extracted and modified from Barsbold and Osmolska, 1999); D, UALVP 50531 (Velociraptorinae) tooth in
lateral view and details of their distal and mesial denticles, respectively (extracted and modified from Larson, 2008); E, LPB [FGGUB] R.2289 (Dromaeosauridae) tooth crown in
lingual and labial views (extracted and modified from Csiki-Sava et al., 2016). F, LPB [FGGUB] R.1428 (Velociraptorine) tooth crown drawing in lateral view (extracted and modified
from Csiki and Grigorescu, 1998); G, TMP 2009.136.0008 (Dromaeosaurinae) tooth in lateral views and detail of their distal denticles (extracted and modified from Larson et al.,
2010). Abbreviations in the text. Scale bars equal 5 mm in all figures, except for close-up images of denticles (1 mm; G is not to scale).

denticles due to a wear facet (Fig. 4D). The distal carina is lingually
displaced near the cervix, whereas it is medially centered near the
apex. This carina holds poorly preserved large denticles (Fig. 4E,
H), which decrease in size apically. Denticles are labiolingually
wider than apicobasally tall (DBR = 1.42; see Supplementary
Material for expanded data). They are tilted, point apically
(Fig. 4H), and remain straight independently of the distal carina
curvature in the apical region. Most of the denticles, especially
those situated at mid-height, have short and poorly marked
interdenticular sulci. The interdenticular space increases apically
(at least in the basal-middle denticles, from 0.11 mm to 0.19 mm.
See MCD-5583 Supplementary Measurements). Opercula are not
observable, maybe due to the worn state of the denticles (Fig. 4H).

The labial and lingual surfaces bear four to five longitudinal
faint ridges (Fig. 4D), especially concentrated in the mesial part,
that end near the cervix. On the labial surface, there are three or
four barely visible transverse undulations (Fig. 4E). MCD-5583
develops a braided enamel texture on the basal surface in the
distal region of the crown and a smooth one on the mesial surfaces.
The presence of wear facets, spalled surfaces, resorbed roots, and
eroded denticles (Fig. 4A-G, H) might indicate that MCD-5583 was
a shed tooth (based on Currie et al., 1990).

The specimen MCD-5583, previously identified as an indeter-
minate Theropoda (Marmi et al., 2016) and later as cf. Arcovenator
(Fondevilla et al., 2019), is here recognized as a tooth from the
mesial part of the snout and assigned to an indeterminate
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Fig. 4. Tooth MCD-5583. A, tooth in lingual view; B, tooth in labial view; C, tooth in distal view; D, tooth in mesial view; E, labial view detail with transverse undulations (tun) over
the crown; F, basal cross-section; G, tooth in apical view; H, distal carina detail with the most complete denticles. Abbreviations in the text. Scale bars equal 5 mm in A to D, and

2 mm in E to H.

Dromaeosaurinae. The new assignment is based on the presence of
a J-shaped cross-section of the crown base, which is considered an
unambiguous synapomorphy of Dromaeosauridae (Hendrickx
et al,, 2019), and a dental feature of Dromaeosaurinae.

The MCD-5583 tooth, attributed to Dromaeosaurinae, has some
resemblance to HUE-10052, a Dromaeosaurinae tooth from the
Campanian-Maastrichtian Lo Hueco fossil site in Spain (Ortega
et al, 2015). Both teeth are similar in shape (Fig. 5A and B),
ziphodont, and have straight crowns. They also share a barely
curved distal carina, and a convex mesial margin, a concave
depression near the distal carina, and a similar distal denticle
density (2.5 denticles per millimeter; Supplementary Material).

We here make comparisons between MCD-5583 and other
dromaeosaurid teeth from the global Cretaceous. Currie et al.
(1990) described a Saurornitholestes langstoni tooth (TMP
82.16.43) from southern Alberta (Judith River Formation, Canada)
that is similar to MCD-5583 (Fig. 5C). It has a barely curved,
serrated distal carina (although with numerous small-sized

denticles) and a lingually twisted and unserrated mesial carina.
The S. langstoni tooth shows a deep wear facet on the labial surface,
differing from the mesial wear facet of MCD-5583. The specimen
TMP 82.16.43 is labiolingually narrower than MCD-5583, and its
crown is more straight compared to the labially curved crown of
MCD-5583. MCD-5583 is also morphologically similar to RTMP
87.83.1, a Saurornitholestes sp. tooth from the Late Campanian
Judith River Group, Alberta (Sankey et al., 2002). Both teeth have a
very similar denticulated distal carina with relatively large denti-
cles and a J-shaped cross-section of the crown base (sensu
Hendrickx et al., 2015; Fig. 5A, D). However, the Canadian tooth
has a lingually displaced mesial carina, lacks longitudinal flutes on
the mesial surface, and has wear facets in the apical region.

DROMAEOSAURIDAE Matthew and Brown, 1922
Dromaeosauridae indet.

MCD-5582 is a ziphodont tooth that preserves most of the
crown, except the apex and the base of the distal carina (Fig. 6A, B).
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Fig. 5. MCD-5583 (Dromaeosaurinae) tooth and similar teeth. A, MCD-5583 (from left to right: lingual and labial (SEM) views, distal view, mesial view, cross-section and distal
carina denticles). B, HUE-10052 (Dromaeosaurinae) tooth in lateral view and a detail of their mid-high denticles (extracted and modified from Ortega et al., 2015); C, TMP 82.16.43
(Saurornitholestes langstoni) drawing on labial, mesial and cross-section views, and details of the distal denticles (extracted and modified from Currie et al., 1990); D, RTMP
95.92.28 (Saurornitholestes sp.) tooth crown in lateral and cross-section views, and details of the distal denticles (extracted and modified from Sankey et al., 2002). Scale bars equal

5 mm for all figures, except for close-up images of denticles (1 mm).

The distal carina is apparently broken at the contact with the
root, along the cervix. In mesodistal view, the tooth is highly
compressed labiolingually (MCW = 1 mm; Fig. 6C), showing a
sigmoidal curvature (Fig. 6C). In labial view (Fig. 6B), the tooth is
slender, having a slight curvature apically. No wear facets are
preserved on the labial or lingual surfaces. Along the crown'’s lower
half, there is a slight but visible lingual depression (Fig. 6A, F). The

crown'’s surface near the cervix is compressed on the mesial and
labial margins (Fig. 6C, D), and the basal cross section has a par-
linon outline (sensu Hendrickx et al., 2015, and references therein.
MCR = 0.64; Fig. 6G).

MCD-5582 lacks denticles on the mesial carina and the apical
half of the distal carina. In general, both carinae consist of a
smooth and thin ridge, and they are moderately expanded in the
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Fig. 6. Tooth MCD-5582. A, tooth in lingual view; B, tooth in labial view; C, tooth in distal view; D, tooth in mesial view; E, detail in lingual view of the crown in lingual view
showing the enamel’s texture, the lingual depression, and the minute distal denticles; F, Tooth crown base at lingual view, also showing the basal part of the distal carina; G, cross-
section of the tooth (mesial carina pointing upside); H, SEM image of the distal carina lingual surface showing the denticles. Abbreviations in the text. Scale bars equal 2 mm in A

to F, and 500 pm in G.

mesiodistal plane. The carinae are slightly displaced lingually
(Fig. 6C, D, and F), but they are almost straight apicobasally with a
slight curvature. The mesial carina is mesially developed and, in
the basal region, seems to reach the cervix (Fig. 6A, B, and D). The
lingual margin of this carina is depressed, forming a concave sur-
face, whereas in the labial margin the depression is distally dis-
placed andless pronounced. Also, the anterior margin of the labial
surface has the same concave curvature as the depression on the
lingual surface, increasing its thickness on the labial surface. On
the other hand, the mesial carina is convex labially, whereas the
distal one is straight (or slightly convex) labially.

As mentioned above, tiny denticles are only present on the
distal carina, which is located from the cervix to mid-height of the
crown and turns smaller apically (Fig. 6E, H. See MCD-5582
Supplementary Measurements). These denticles are labiolin-
gually thin (DDW = 0.13 mm), mesiodistally longer than apico-
basally tall (DBR = 0.84), and their shape is barely recognizable,
but they seem to be subquadrangular in labiolingual view (Fig. 6H),
as in Suchomimus (Hendrickx et al., 2015, Fig. 8E). No operculum is
observed. The interdenticular slits between denticle ends are
short; the interdenticular diaphysis is also difficult to recognize;
and the interdenticular sulci are absent.

Regarding tooth ornamentation, MCD-5582 displays multiple
shallow longitudinal ridges on the labial and lingual surfaces (four

on the labial surface and three on the lingual one. Fig. 6A, B). No
transverse undulations are observed, and the enamel texture
seems to be composed of circular and irregular pits that might be
produced by taphonomic processes, but in general the texture is
irregular, with some sub-straight striations close to carinae
(Fig. 6F).

Due to the moderately curved mesial carina, the nearly straight
projection of the distal carina in lateral view, and the relatively
thin labiolingual section (Fig. 6A-F), we consider MCD-5582 as a
mesial tooth (also see Maranga (2021), as crown morphology
seems to change along the mesial position).

MCD-5582 was originally classified as ?Euronychodon (Marmi
et al., 2016) based on the lack of denticles, the development of
two longitudinal flutes, and the general shape of the crown. In the
present PCA analysis, MCD-5582 falls in the Dromaeosauridae
morphospace. However, this tooth shares morphological similar-
ities and dental features with Lower Cretaceous microraptorines,
such as: 1) a Crown Base Ratio (CBR) higher than 0.64 (Fig. 6A, B);
2) relatively short crown; 3) concave surface adjacent to carinae
(Fig. 6A-D, F); 4) twisted mesial carina (Fig. 6D); 5) displaced distal
carina; 6) absence of hooked denticles (Fig. 6E, F); 7) absence of
convex distal margins (being concave in the current specimen); 8)
absence of transverse and marginal undulations (Fig. 6A, B, E); 9)
smooth or irregular tooth surface texture (Fig. GE, F); 10)
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longitudinal ridges in mesial teeth (Fig. 6A, B). Additionally, con-
stricted crowns in the cervix with unserrated mesial carina are
typical dental features of microraptorine teeth; although
Hendrickx et al. (2019) mention this trait as present in lateral
positions, it is also noticed in the microraptorine mesial teeth (Xu
and Li, 2016; Maranga, 2021). Finally, the assignment of MCD-5582
to Paronychodon (considering Euronychodon as a nomen dubium
taxon sensu Rauhut, 2002; Torices et al., 2015) is unlikely due to
the absence of the typical curved distal carina, the lack of a flat-
tened lingual surface, and the presence of denticles (Currie et al.,
1990; Sankey et al., 2002; Sues and Averianov, 2013; Torices
et al,, 2015).

MCD-5582 (Fig. 7A), herein assigned to Dromaeosauridae
indet., shares remarkable morphological similarities and dental
features with Lower Cretaceous microraptorines, and this prompts
us to compare it with various tooth morphotypes of this clade. For
instance, we focus on an indeterminate Microcraptorinae (JLUM Y-
MR160501) with a near-complete dental series from the Aptian
sediments of the Jiufotang Formation (China, Maranga, 2021). In
particular, MCD-5582 resembles the fourth (and vaguely the sec-
ond) maxillary teeth of JLUM Y-MR160501 (Fig. 7B). The fourth
maxillary tooth of the mentioned Chinese specimen shares with
MCD-5582 a poorly posteriorly recurved ziphodont morphology,
an unserrated mesial carina but a serrated distal carina, the
presence of longitudinal ridges, a labial surface that is labially
expanded, and the development of a constriction between root
and crown. MCD-5582 is also similar to the sixth premaxillary
tooth of IVPP V 13476, a Lower Cretaceous indeterminate micro-
raptorine from the Jehol Group (China, Xu and Li, 2016). Like the
Moli del Baré-1 tooth, the crown of the IVPP V 13476 tooth is
slightly curved distally in labial view (Fig. 7C), with its mesial ca-
rina apically increasing their convex curvature more pronouncedly
than the distal carina. The mesial carina lacks denticles, and the
distal one contains numerous small-sized denticles (like MCD-
5582). Also, both dental elements seem to be labially expanded.
However, both teeth preserve a constriction between root and
crown, being a trait clearly more pronounced in MCD-5582.

PARAVES Sereno, 1997
TROODONTIDAE Gilmore, 1924 sensu Turner et al., 2012

MCD-5579 is a lateral, ziphodont tooth that only preserves the
crown, lacking the crown apex (Fig. 8). The crown surface is
affected by cracks and fissures, but most of its morphological
features are recognizable. The crown is relatively short (with CBL
measuring at least 4.5 mm, Fig. 8A-B; Supplementary Material)
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and slightly curved lingually, and is apicobasally higher than
mesiodistally long (CHR = 1.20). Further, it is relatively labiolin-
gually wide (CBR = 0.49) and has a denticulated distal carina
(Fig. 8C), but lacks a mesial one. The tooth shows an outline with a
pronounced distal curvature in labial and lingual views, the mesial
surface being much more curved than the distal one. The cervix is
not well preserved, and it is only possible to infer that there was no
constriction between root and crown (Fig. 8A-B, D-E). Crown sur-
face ornamentation is composed of a slightly marked, braided
texture oriented apicobasally on most of the surface, whereas the
surfaces adjacent to the distal carina show an irregular texture
(Fig. 8F). No transverse undulations are appreciable on the crown
surface. There are two subtle longitudinal flutes, one on each side
and mesially located (Fig. 8E, G).

The distal carina in MCD-5579 is apicobasally straight and
slightly displaced labially (Fig. 8D). Both lingual and labial surfaces
are concave when adjacent to the distal carina (Fig. 8A). This
concavity starts to develop at the labiolingually widest section of
the crown. No marginal undulations are observed.

Recorded denticles are proportionally large (DDH = 0.39 mm;
DDL = 0.33 mm) and low in number (total number of preserved
denticles = 9) primarily due to their size. Apical denticles are not
preserved, and only a portion of the basal and middle denticles are
present (Fig. 8C-D, H). Their density diminishes apically
(DB = 17.5; DC = 15 denticles/5 mm), suggesting an increase in size
apically or an increase the denticle interdenticular spaces. The
denticles are characteristically hook-shaped (Fig. 8C), slightly
apically directed, and as apicobasally long as labiolingually wide
(DBR = 0.99. Fig. 8D. See MCD-5579 Supplementary
Measurements). Close to the apex, the denticles are slightly
labiolingually thinner. The distalmost part of the well-preserved
denticles bears a very thin operculum. Because denticles are
hooked-shaped, their interdenticular slits are pronounced
(Fig. 8C), having constrained interdenticular spaces that connect to
short interdenticular sulci. Pits are only found around the distal
carina; most of them are concentrated on its basal part, and a few
are present over denticles.

Marmi et al. (2016) classified MCD-5579 as Dromaeosauridae
indet. based on its distally recurved and labiolingually compressed
crown, a teardrop-shaped cross-section of the crown base, a
serrated distal carina, the lack of a mesial carina, and the presence
of asymmetrical and apically pointed denticles, which are dis-
talloapically oriented and have a marked constriction at their ba-
ses. Here, we instead regard it as a Troodontidae lateral tooth
based on the combination of the following dental features

Fig. 7. MCD-5582 (Dromaeosauridae indeterminate) tooth and similar teeth. A, MCD-5582 on lingual and labial (SEM) views; B, JLUM Y-MR160501 (Microraptorine) tooth outline
in labial view (extracted and modified from Maranga, 2021); C, IVPP V 13476 (Microraptorine) tooth in labial view (extracted and modified from Xu and Li, 2016). Scale bars equal

5 mm.
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Fig. 8. Tooth MCD-5579. A, tooth in lingual view; B, tooth in labial view; C, detail of the distal denticles in labial view; D, tooth in distal view; E, tooth in mesial view; F, close-up
image in labial view and details of the crown’s enamel texture; G, tooth in apical view. Abbreviations in the text. Scale bars equal 5 mm in A, B, D, and E, and 2 mm in C, F, and G.

(recognized by Hendrickx et al., 2019): 1) relatively short crown
height; 2) unserrated mesial carina (i.e. Norell et al., 2009); 3)
concave surface adjacent to the carinae; 4) distal carina centrally
positioned or slightly displaced (crown sub-symmetrical); 5) small
number of large distal denticles (i.e., fewer than 15 denticles/
5 mm. See Larson and Currie, 2013); 6) hook-shaped denticles (i.e.
Makovicky et al., 2003); 7) absence of marginal undulations; and
8) presence of interdenticular sulci and transverse undulations (as
in Troodon). Because of its incompleteness, no we did not include
MCD-5579 in a Principal Component Analysis. Although previous
work recognized some features present on dromaeosaurid teeth,
such as the serrated distal carina (Marmi et al., 2016), other
characteristics (e.g., the presence of an unserrated mesial carina,
large and low number of hook-shaped denticles) do not fit with
that previous assignment.

Regarding the troodontid tooth MCD-5579, its overall
morphology is similar to the AMNH 21874, which belongs to Pec-
tinodon bakkeri from the Lance Formation of Wyoming (USA;
Longrich, 2008. Fig. 9B), which was considered as a posterior
dentary tooth. Both have a ziphodont, distally curved crown, and
hooked denticles only on the distal carina. Denticle density for
P. bakkeri (DAVG estimated at 3.8 denticles/mm) is just slightly
higher than MCD-5579 (which ranges between 3 and 3.5 denticles/
mm depending on the crown’s height). The P. bakkeri tooth seems
to be more labiolingually compressed than MCD-5579 and
apparently develops transverse undulations at the middle and
apical denticle height (Fig. 9B), which differs from the Moli del
Bard-1 specimen.

MCD-5579 slightly resembles the premaxillary teeth of the
dromaeosaurid Saurornitholestes langstoni from the Campanian
Dinosaur Park Formation of Alberta, Canada (Currie and Evans,
2020). Both teeth share small ziphodont crowns, with a distal

1

carina bearing relatively large denticles (although those in the
Canadian specimen are more numerous and proportionally
smaller; Fig. 9A, C); however, the premaxillary teeth of S. langstoni
have a serrated mesial carina, a distal carina that is barely curved
distally, bear several longitudinal flutes, and are much more
compressed labiolingually. According to characters listed in
Hendrickx et al. (2019), some features of MCD-5579, such as the
shape and number of the denticles (hook-shaped denticles with a
density less than 15 per 5 mm), rule out a dromaeosaurid affinity.
TMP 82.19.180, a Saurornitholestes specimen from the Judith River
Formation (Canada; Currie et al., 1990) that preserved several
teeth, shares some similarities with MCD-5579 (Fig. 9D). In both
cases, the teeth have a distally curved morphology with large
denticles on the distal carina (although in MCD-5579 they are
larger and seem to have more pronounced interdenticular sulci).
However, TMP 82.19.180 differs from MCD-5579 in having a
serrated mesial carina with denticles near the crown apex.
Furthermore, Currie et al. (1990) described numerous troo-
dontid teeth attributed to Troodon formosus, most of which have a
ziphodont or folidont shape (sensu Hendrickx et al., 2015), and
both carinae with denticles (the hooked shape of the MCD-5579
denticles is less pronounced than generally recorded in Troodon
formosus teeth). In particular, the specimen TMP 83.12.11 (Fig. 9E)
lacks a mesial carina, and the shape of the distal denticles is also
similar to MCD-5579. However, their main difference is the size of
the denticles, with TMP 83.12.11 having mesiodistally larger den-
ticles than MCD-5579. Sankey et al. (2002) described a tooth of
Troodon sp. (RTMP 86.177.8) from the late Campanian Judith River
Group, Alberta (Fig. 9F), which shares with MCD-5579 the zipho-
dont condition, the general shape in lateral views, and the large
size and shape of the hooked denticles. Contrary to MCD-5579,
RTMP 86.177.8 has an unserrated mesial carina with a mesial
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A

Fig. 9. Morphological comparison of MCD-5579 (Troodontidae) tooth and similar teeth. A, MCD-5579 (from left to right: lingual and labial views on SEM images, distal and mesial
views on normal light); B, AMNH 21874 (Pectinodon bakkeri) posterior dentary tooth in lingual and labial views (extracted and modified from Longrich, 2008); C, TMP
1987.050.0008 (Saurornitholestes) tooth in lingual, labial, distal and mesial views (extracted and modified from Currie and Evans, 2020); D, TMP 82.19.180 (Saurornitholestes
langstoni) tooth in lingual view (extracted and modified from Currie et al., 1990); E, TMP 83.12.11 (“Troodon formosus”) tooth crown in lingual view (extracted and modified from
Currie et al,, 1990); F, RTMP 86.177.8 (“Troodon” sp.) tooth crown in lateral views, and detail of the distal carina denticles (extracted and modified from Sankey et al., 2002);
G, indeterminate velociraptorine tooth crown in lateral view (extracted and modified from Codrea et al., 2002); H, DUGF/52 (troodontid) tooth in lingual, labial, and detail of the
distal carina denticles (extracted and modified from Goswami et al., 2013). Scale bars equal 5 mm in A, B, C, D, E, 2 mm in F and G, and 1 mm for denticles detail in E, and 500 um
for denticles detail in G.
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expansion at the base of the crown (Fig. 9F), which apically
changes towards a carina with poorly developed denticles. Also,
RTMP 86.177.8 has wider interdenticular spaces than MCD-5579.
In cross-section, RTMP 86.177.8 is slightly more laterally com-
pressed than MCD-5579 and has a lanceolate shape.

Additionally, MCD-5579 shares some similarities with a tooth
assigned to Velociraptorinae from the Maastrichtian “Totesti-baraj”
locality, Hateg Basin, Romania (Codrea et al., 2002). They share a
similar distally curved morphology and relatively large denticles on
the distal carina (Fig. 9G). However, the Romanian tooth has a
mesial carina with denticles in its apical region, smaller denticles
(DAVG estimated at 6.3 denticles/mm), lacks well-developed hook-
shape denticles, and the interdenticular sulci are less pronounced.
Finally, it is also interesting to compare MCD-5579 with an upper
Maastrichtian troodontid tooth from India (DUGF/52) described by
Goswami et al. (2013) (Fig. 9H). DUGF/52 shows a lanceolate shape
and is highly labiolingually compressed (especially on the lingual
surface), differing from the Moli del Bar6-1 tooth. As a consequence,
the distal carina is much less concave than in MCD-5579 (Fig. 9A).
Regarding the denticles, those at the distal carina mid-height of
DUGF/52 reach a maximum of 0.25 mm of apicobasal length (DDL),
which is smaller than MCD-5579 (0.33 mm). Additionally, the In-
dian tooth has a serrated mesial carina, with parallelogram-shaped
denticles present all along the carina except near the base.

3.2. Cladistic analysis

The phylogenetic analysis produces 8099 most parsimonious
trees with a Consistency Index (CI) and Retention Index (RI) of 0.211
and 0.606, respectively. These are summarized in a relatively well-
resolved strict consensus tree view (Fig. 10). As acknowledged by
the authors of the original dentition-based datasets, these are
heuristic tools meant to help identify isolated teeth rather than a
means to infer an accurate phylogeny of all theropods (i.e. Hwang,
2005; Zanno and Makovicky, 2011; Hendrickx et al., 2019). With
that in mind, we note that our results incorrectly do not recover
some well-known groups of theropods, but this does not hinder the
use of these analyses for providing a line of evidence to help identify
the Moli del Baré-1 specimens. Indeed, these teeth are recovered in
different clades of non-avian theropods (Fig. 10), largely corrobo-
rating our identifications based on diagnostic characters.

MCD-5033 and MCD-5583: These teeth are recovered as sister
taxa of Velociraptor (Fig. 10). So, the analysis grouped these veloc-
iraptorines (Velociraptor and MCD-5033) along with dromaeosaur-
ids (Tsaagan and MCD-5583). Strikingly, these taxa being branched
with the basal theropod Daeomonosaurus, the noasaurid Noasaurus,
and spinosaurids (Fig. 10). Regardless, the placement of MCD-5033
as a close Velociraptor relative corroborates our identification of it as
a velociraptorine, and the position of MCD-5583 among other
dromaeosaurids supports its assignation to this family.

MCD-5582: This tooth is recovered in the strict-consensus tree
within a clade that contains the tyrannosauroid Dilong, the basal
neocoelurosaur Ornitholestes, and the noasaurid abelisauroid
Masiakasaurus (Fig. 10). In this branch, MCD-5582 is established as
the sister taxa of Masiakasaurus. Despite that MCD-5582 shares
dental features with known dentated noasaurids (such as Masia-
kasaurus), other features rule out the assignment to this clade.
These contrasting features are: the presence of mesial denticles
reaching the cervix, the lateral displacement of the distal carina
(strongly deflected labially in Masiakasaurus whereas in MCD-
5582 it is slightly lingually displaced), the development of
hooked denticles, the transverse undulations, and the presence of
marginal undulations. The placement of this tooth (which we have
classified as an indeterminate dromaeosaurid with microraptorine
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affinities) in this artificial group seems misleading and we do not
consider it an accurate reflection of its affinities.

MCD-5579: The analysis placed this tooth within a small group
with the troodontid Zanabazar, the last forming a sister taxa with
Troodon (Fig. 10). However, other troodontids (Byronosaurus,
Sinusonasus, Almas, and MPC D100 1128 sensu Hendrickx et al.,
2019) are separated from mentioned taxa and form another
group. Regardless, the position of MCD-5579 close to representa-
tive troodontids supports our identification of it as a troodontid
based on diagnostic features.

3.3. Statistical analysis

The three main Principal Components explain nearly all the
variance. PC1 explains 51.807 %, followed by the PC2 and PC3
explaining 29.594 % and 17.913 %, respectively. The eigenvalues of
those Principal Components are 0.610, 0.348, and 0.211,
respectively.

MCD-5033: PCA analysis (Fig. 11) shows that in PC1-PC2 and
PC1-PC3 plots MCD-5033 falls within the Richardoestesia mor-
phospace and just outside but relatively close to the Velociraptor
mongoliensis morphospace, which also overlaps the Richardoes-
tesia area. However, on the PC2-PC3 plot, MCD-5033 is situated
inside the Velociraptor morphospace. As Larson (2008) noted,
Velociraptorinae and cf. Richardoestesia morphospaces are known
to overlap when dental data are subjected to multivariate analysis,
suggesting that Velociraptorinae diversity is higher than indicated
just by tooth morphology.

Although Marmi et al. (2016) suggested a Richardoestesia af-
finity for MCD-5033, it was based on its relatively small size and
additional unspecific similarities with other teeth assigned to this
genus (i.e., Currie et al., 1990; Prieto-Marquez et al., 2000; Sankey
et al., 2002; Torices et al., 2015) instead of particular traits. How-
ever, the current results indicate that MCD-5033 can be reassigned
to Velociraptorinae due to displaying characteristics of this man-
iraptorans clade, and also by having key differences with Richar-
doestesia teeth. PCA analysis (Fig. 11) recovered MCD-5033 within
the Richardoestesia range (and being within the Velociraptor mor-
phospace occasionally).

MCD-5582: MCD-5582 is recovered in the PCA analysis in a
morphospace closely situated to Troodon, Dromaeosaurus, and
Saurornitholestes (Fig. 11). In the PC1-PC2 and PC1-PC3 plots, MCD-
5582 is close but outside of the Troodon morphospace and rela-
tively close to the MCD-5583 tooth. However, when looking at the
last two components (PC2-PC3), MCD-5582 is found within the
morphospaces of Troodon and Dromaeosaurus and close to MCD-
5583. Additionally, MCD-5582 is more closely situated (despite
still being outside) Saurornitholestes morphospace than in the PC1-
PC2 and PC1-PC3 plots. All these data suggest that MCD-5582 has
strong affinities with Dromaeosauridae, which reinforces the
assignment of this tooth to this group.

MCD-5583: Finally, the PCA analysis (Fig. 11) shows that MCD-
5583 is situated very close to the Dromaeosaurus morphospace
(but within the Troodon morphospace) in the plot of the first two
components (PC1-PC2). On the other hand, MCD-5583 is recovered
within the Dromaeosaurus morphospace in the plots of the com-
ponents PC1-PC3 and PC2-PC3 (Fig. 11). This quantitative approach
supports a new assignment to Dromaeosaurinae, although minor
differences might indicate that MCD-5583 could be a different
species than D. albertensis.

3.4. Microwear analysis

The Moli del Baré-1 theropod teeth show a clear predomi-
nance of scratches over pits, which is in concordance with the
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observations of previous studies (Fiorillo, 2008; Torices et al.,
2018). In general, teeth preserve the two microwear-oriented
families of scratches already described by Torices et al. (2018):
the parallel to subparallel (considering the longitudinal plane of
the crown) and the oblique families. However, a third family of
perpendicular to sub-perpendicular scratches (perpendicular to
the longitudinal plane of the crown) is recognized in the Moli del
Bard-1 sample. In this newly recognized family, scratches and
pits are preserved on both labial and lingual surfaces with very
similar microwear patterns.

3.4.1. MCD-5033

This tooth records scratches and pits (Fig. 12), being dominated
by scratches corresponding to the parallel family on both lingual
and labial surfaces (see complete description in Supplementary
Material). The second most abundant family of scratches is the
oblique one, followed by the perpendicular family. Whereas
scratches are present on both denticles and tooth margins, pits are
restricted to the tooth margins. Additionally, MCD-5033 does not
show wear facets (Fig. 12). Scratches belonging to the parallel-to-
subparallel family project rectilinear traces of varying lengths
(Table 1). Scratches belonging to the perpendicular family run
perpendicular to the crown’s longitudinal plane (Fig. 12A-C). The
crown apex shows different scratch patterns between the lingual
and labial surfaces: the lingual one contains a greater number of
scratches of all the three families and pits compared to the
abundance recorded on the labial surface. Along the crown, the
parallel to subparallel scratches often display crossing structures
with the oblique and perpendicular families of scratches. Oblique
scratches are arranged in two different populations along the
crown: those tilting towards the mesial carina (among 7° to 34°)
and those tilting distally (ranging between 7° to 67°; Fig. 12C-E,
Table 1). This family of scratches can display a projection of
rectilinear or curved scratches. The perpendicular family of
scratches can also develop rectilinear or curved structures, but
with a slope between 57° and 76° (Table 1) relative to the long axis
of the crown. It is noteworthy to mention that this last family of
scratches sometimes has wider scratches than the other families

on this tooth, reaching values of 3-6 pm and up to 8 um in width.
Finally, pits have subcircular to oval outlines (being between 8 pm
and 16 pm in diameter), showing rounded and irregular margins
(Fig. 12C).

3.4.2. MCD-5579

This tooth only displays a serrated distal carina, showing
abundant scratches along the denticles and the crown’s surfaces
and even pits (Fig. 13). However, it lacks wear facets. On MCD-
5579, the main family of scratches is represented by the perpen-
dicular family, followed by the oblique family, and lastly by the
parallel family. All of them are also present in the mesial margin
(where they develop long scratches; Fig. 13D, Table 1). Parallel
scratches are rectilinear and are overall proportionally shorter
than those of the other families. Within the oblique family, the
morphology of their scratches is sub-straight or curved. Also,
mesially tilting scratches (14° to 68°) are more abundant than the
distally tilting ones (35° to 84°; Fig. 13C-G, Table 1). The perpen-
dicular family of scratches includes both curved and straight
scratches, whose tilt ranges from 51° to 98° (Table 1). It is note-
worthy to mention the differences among the lingual and labial
surfaces of a well-preserved and complete denticle (Fig. 13E and
F); the lingual surface shows a greater number of scratches and a
smoother enamel texture than the labial surface. When looking in
detail at the mesial margin, the oblique family of scratches is the
most abundant (Fig. 13D), followed by the parallel to subparallel
family. Crossing structures are abundant on this tooth, on all its
surfaces and margins, generally being produced by the perpen-
dicular and the oblique scratches (Fig. 13C-G). Pits have a circular
to subcircular shape (ranging between 10 and 23 pm in diameter;
Table 1) and are mostly restricted to the labial surface.

3.4.3. MCD-5582

Despite being damaged, this tooth still preserves scratches,
which are relatively scarce and situated near the carinae of both
lingual and labial surfaces (Fig. 14A-L). The parallel to subpar-
allel family of scratches is most common, followed by the obli-
que and perpendicular families, respectively. On the labial
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A 0°

270°

Fig.12. MCD-5033 (Velociraptorinae) microwear results. A, microwear scratches orientations of the distal carina; B, general lingual view in SEM, with indication of selected close-
up images depicting scratches families; C, close-up of the crown apex; D, close-up of the distal carina; E, close-up of the mesial carina caption. Colour legend: Crown long axis and
the parallel to subparallel scratches in black; mesially tilting oblique scratches in green, distally tilting oblique scratches in orange, and perpendicular to sub-perpendicular
scratches in red. Scale bars equal 5 mm in A, and 500 ym in C, D, and E.
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Table 1
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Microwear measurements of the Moli del Baré-1 theropod teeth, divided into distal and mesial carinae, and inside of each the scratches length and sloping angle (this last
regarding the longitudinal plane of the crown). All measurements in micrometres (um). Abbreviations: dc, distal carina; mc, mesial carina; scr, scratches.

MCD-5033 MCD-5579 MCD-5582 MCD-5583
dc. parallel scr. length 14-60 (100-186) pm 90-120 pm 20-290 pm 20-464 pm
dc. oblique scr. (mesial) length 30-34 um 80-300 pm 20-360 pm 25-467 pm
dc. oblique scr. (distal) length 19-53 pm 30-100 pm 20-220 pm 25-467 pm
dc. perpendicular scr. length 46-108 pm 15-420 pm 20-156 pm 30-196 pm
dc. oblique scr. (mesial) angle 7-32° 14-68° 14-28° 12-52°
dc. oblique scr. (distal) angle 34-67° 35-84° 13-66° 8-66°
dc. perpendicular scr. angle 57-76° 51-96° 53-102° 63-137°
mc. parallel scr. length 17-75 pm 300-550 pm 25-300 pm 40-780 pm
mc. oblique scr. (mesial) length 20-90 ym 134-511 pm 32-145 pm 56-550 pm
mc. oblique scr. (distal) length 32-304 pm 120-544 pm 10-160 pm 25-220 pm
mc. perpendicular scr. length 31-85 um 22-590 pm 9-210 pm 58-160 pm
mc. oblique scr. (mesial) angle 22-34° 33-63° 20-44° 29-59°
mc. oblique scr. (distal) angle 7-47° 36-62° 7-50° 6-26°
mc. perpendicular scr. angle 55-74° 73-98° 85-114° 87-114°
Scratches mean width 0.8-1.2 2;0.8-1.1 1.2 1.5-2.1
Pitting (outline diameter) 1.4-3.8; 8-16 um 10-23 um 10-20 pm 7-32 yum
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180°

Fig. 13. MCD-5579 (Troodontidae) microwear results. A, general SEM view of the tooth in lingual view and the selected close-up views; B, microwear scratches orientations of the
distal carina; C, close-up SEM view of the mid-height to apical denticles in the distal carina; D, close-up SEM view of the mesial carina in labial view; E, close-up SEM view of the
distal carina caption in labial view; F, close-up SEM view of the distal carina caption in lingual view; G, close-up SEM view of the basal distal carina with denticles. Colour legend:
crown long axis and the parallel to subparallel scratches in black, mesially tilting oblique scratches in green, distally tilting oblique scratches in orange, and perpendicular to sub-
perpendicular scratches in red. Dashed line in A indicates that the caption is from the labial margin. Scale bars equal 5 mm in A, 1 mm in C and D, and 400 ym in E and F, 500 um in G.

surface, scratches are significantly more abundant than on the
lingual surface (note the different number of scratches in
Fig. 14D-L). The tooth lacks wear facets but has several
crossing structures and a few pits. Notably, the tilting range of
scratches for each family is well differentiated in this tooth
(Table 1). Scratches from the parallel family generally display a
rectilinear morphology but they show different lengths. As
observed in the previous teeth, the family of oblique scratches is
divided in two populations, having a close proportion between
these two and developing relatively low angles, with over 22°
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and 37° for the mesial and distally tilting populations, respec-
tively (Fig. 14B, Table 1). Scratches from the mesial population
predominantly display straight shapes, whereas the distal pop-
ulation generally develops curved projections (e.g., Fig. 14D-F, I-
L). For the family of perpendicular to sub-perpendicular
scratches, their structures are typically rectilinear and have a
tilting range between 53° and 114° (Table 1) relative to the
crown’s elongated plane (Fig. 14B, D, H, I-L). Pits are scarce in
this tooth. They have a subcircular shape with a diameter be-
tween 10 and 20 pm (Fig. 14E, G).
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Fig. 14. MCD-5582 (Dromaeosauridae indet.) microwear results. A, general views of the tooth in lingual view and the selected close-up views; B, microwear scratches orientations
of the distal carina; C; general views of the tooth in labial view and the selected close-up views; D and E, close-up SEM images of the distal carina in lingual view where it is
possible to recognize the denticles; F to H, close-up SEM images of the mesial carina in lingual view at different heights; I, close-up SEM image of the apical mesial carina in labial
view; J-L, close-up SEM images of the distal carina in labial view at different heights. Colour legend: crown long axis and the parallel to subparallel scratches in black, mesially
tilting oblique scratches in green, distally tilting oblique scratches in orange, and perpendicular to sub-perpendicular scratches in red. Scale bars equal 5 mm in A and C, 500 pm in

E,F H,1toL, and 200 pm in D and G.

3.4.4. MCD-5583

The tooth has abundant scratches on the mesial and distal
margins and few in on the distal carina (Fig. 15A-E). Pits are also
recorded. In the apical region, there are 2 two wear facets (Figs. 15
and 16), and all along the crown there are numerous crossing
structures (Fig. 15C-E). Generally, parallel to subparallel and obli-
que scratch families have the same overall predominance in terms
of abundance, whereas the perpendicular to subperpendicular
family is the scarcest. However, in the mesial carina there is a
predominant family of scratches represented by parallel to sub-
parallel structures (Figs. 15 and 16B-E). Generally, parallel
scratches have a straight morphology, as do the oblique scratches.
However, the latter family can also exhibit curved shapes more
often than the parallel family (Fig. 15C-E). The mesially tilting
population of oblique scratches is more abundant than the distal
population, tilting between 12 and 59° and 6 to 66° respectively
(Fig. 15A; Table 1). The perpendicular scratches can display both
curved and rectilinear morphologies (Fig. 15C-E) and a tilt
restricted between 87 and 114° (Table 1). Regarding the presence
of pits, they are frequent and can be found all over the crown
(Figs. 15C-E and 16B-D) with a circular or irregular outline (be-
tween 7 and 32 pm; Table 1).

4. Discussion
4.1. Palaeoecological inferences

Tooth microwear analyses have been used to infer diets and
chewing patterns among theropods (i.e., Torices et al., 2018;
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Winkler et al., 2022). When applied to teeth from the Moli del
Bar6-1 locality, similar analyses reveal a variety of microwear
patterns among the theropod teeth assemblage (Fig. 17), possibly
implying different feeding roles among the small theropods during
the uppermost Maastrichtian.

MCD-5033 (Figs. 12, 17) is characterized by a predominant
family of parallel to subparallel scratches, followed by a set of
oblique ones, which are similar to observed on Gorgosaurus and cf.
Pyroraptor (Torices et al., 2018). Perpendicular scratches are less
abundant. This suggests that these scratches might have been
produced through a ‘puncture-and-pull’ feeding mechanism, a
feeding behaviour that has been inferred for dromaeosaurids
(Torices et al., 2018).

Among the Moli del Baré-1 sample, the troodontid tooth MCD-
5579 has the most abundant and prominent perpendicular to sub-
perpendicular scratches (Figs. 13, 17). The parallel to subparallel
scratches are less abundant on the distal carina but more frequent
on the mesial margin. This pattern of scratches suggests that this
tooth probably did not perform the typical ‘puncture and pull’
mechanism but a more specific and/or specialized one. For
instance, the relatively low number of parallel scratches might
imply that the food source was softer and/or smaller than that
inferred for MCD-5033 (Fig. 17). However, the ‘pull’ component
was undoubtedly present, producing the numerous mesial oblique
scratches distributed along the whole crown.

The microwear pattern observed on MCD-5579 resembles, in
some aspects, that observed in some Troodon teeth (Torices et al.,
2018). Moreover, the perpendicular scratches in MCD-5579
(Figs. 13, 17) are straight (or very slightly curved), suggesting that
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Fig. 15. MCD-5583 (Dromaeosaurinae) microwear results. A, microwear scratches orientations of the distal carina; B, microwear scratches orientations of the distal carina and
general SEM image of the tooth in lingual view, with indication of the close-up captions; C, close-up SEM image of the mesial margin in lingual view; D, close-up SEM image of the
mid-apical distal carina in lingual view; E, close-up SEM image of the mid height distal carina in lingual view. Colour legend: crown long axis and the parallel to subparallel
scratches in black, mesially tilting oblique scratches in green, distally tilting oblique scratches in orange, and perpendicular to sub-perpendicular scratches in red. Scale bars equal

5mm in B,1 mmin C, D, E.

they were produced as a response to a sustained “grip” of the flesh
or food source (or alternatively, a “pulling back and tugging”
movement produced when feeding on carcasses; Wings et al,,
2015), without any vertical movement. Therefore, the “puncture
and pull” system would not be the main feeding mechanism for
the individual that lost this tooth, as previously proposed for
troodontids and therizinosauroids (Holtz et al., 1998). If so, these
scratches could have been produced passively by the prey move-
ments when it was still grabbed, instead of an active movement of
the predator (Wings et al., 2015). Grabbing the prey with the
mouth might have been a strategy to reduce the prey’s movements
or produce injuries in vital points (such as the neck).
Alternatively or additionally to this, the microwear pattern
might have been produced by a movement of pulling back the
flesh without the need of puncturing (i.e., in a comb or rake-like
movement), which subsequently makes possible inferring a
substantial degree of plant content in their diet. A phytophagous
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diet was previously proposed for theropods through different
approaches, including for troodontids (Holtz et al., 1998; Zanno
et al., 2009; Li et al., 2010; Zanno and Makovicky, 2011; Larson
et al,, 2016; Cullen and Cousens, 2023). Cullen and Cousens
(2023) used isotopic geochemical analyses to demonstrate a
plant-dominant omnivorous diet for troodontids,
incorporating other dietary components, such as small to me-
dium vertebrates.

We interpret the scratch pattern of MCD-5579 as reinforcing
the idea of an omnivorous diet, with a predominance of plants, for
troodontids. A mainly phytophagous dietary content is supported
by the low number of parallel scratches (that would not likely be
produced in the situation of reaching a leaf or branch and subse-
quently plucking it) and by the significant accumulation of
perpendicular scratches on the interdenticular sulci. These latter
scratches could have been caused by the concentration of leaf
veins and small branches passing through interdenticular sulci,
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Fig. 16. MCD-5583 (Dromaeosaurinae) microwear results. A, general SEM image of the tooth in mesio-labial view with indication of selected caption; B, C, and D, close-up SEM
images of the mesial carina at different heights; E, close-up SEM image of the lingual surface. Scale bars equal 1 mm in A, and 500 pm in B to E.

with the large-sized denticles developing a comb-like structure.
This proposal concurs with the results of Torices et al. (2018),
which indicate that troodontid denticles might have been
vulnerable to breakage if high stress forces were applied at non-
optimal cutting angles.

Another supporting point for plant-heavy omnivorous diet in
troodontids are traits in basal troodontids (such as Jinfengopteryx)
that correlate with herbivorous feeding (Zanno and Makovicky,
2011). The lack of a lanceolate crown shape, a characteristic seen
in derived troodontids, suggests that MCD-5579 may be related to
basal troodontids. Furthermore, MCD-5579 has pits on both distal
region surfaces, which suggests consumption of hard objects (such
as bone fragments, hard vegetation, seeds, or insects). The con-
sumption of hard objects is in line with the observation of an area
with abundant pits over the labial cervix together with the record
of wider and parallel scratches on the mesial margin (Fig. 13).
Various authors (Fiorillo, 1998; Mallon and Anderson, 2014)
reported populations of scratches in Late Cretaceous mega-
herbivores (sauropods, ankylosaurids, nodosaurids, centro-
saurines, chasmosaurines, hadrosaurines, and lambeosaurines)
ranging from <2 pm to 26 pm. In MCD-5579, we recorded thick
scratches that range from 2 to up to 14 pm, although most of the
values are between 0.8 and 1.1 um. These values fall within the
range of scratch widths observed in megaherbivores, opening the
possibility supporting the hypothesis that some troodontid
scratches were produced by plant components. Finally, the func-
tion of the crossing structures (Figs. 13, 17) is not clear, although
they seem to follow the formation model proposed by Torices et al.
(2018) and thus were related to some head movements.

In the dromaeosaurid tooth MCD-5582, parallel to subparallel
scratches are the dominant family (Figs. 14, 17), and this might
indicate the use of the puncture and pull feeding mechanism.
However, another feeding mechanism may also be suggested for
this tooth due to the presence of a significant proportion of
perpendicular to sub-perpendicular scratches. Following this, as
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pits are not located at the carinae margins but in a more equatorial
position on the lingual and labial sides, they might have been
produced during the consumption of hard food (such as seeds,
fruits, or even invertebrates). Further, if the affinity with micro-
raptorines is considered, it is worth mentioning the alleged
omnivorous diet, or at least not strictly carnivorous diet, of
members of this clade (Li et al., 2020).

Scratches in MCD-5583 likely were produced by a typical
puncture and pull mechanism (as in MCD-5033), as few perpen-
dicular scratches are recorded, but instead a predominance of
parallel and oblique scratches are present. Finally, it is worth
mentioning that the tilting degree ranges of the oblique scratches
on the Moli del Bard-1 teeth are similar to those observed in the
sample studied by Torices et al. (2018), thus representing the
general pattern expected for theropod teeth used in puncture and
pull feeding mechanisms.

4.2. Theropod diversity at the Moli del Baro-1 locality

The previous study by Marmi et al. (2016) proposed the pres-
ence of several theropod taxa at the Moli del Baré-1 locality based
on shed teeth. They recognized the presence of dromaeosaurids
and possibly Richardoestesia, Paronychodon, and “Euronychodon”
(sensu Rauhut, 2002; Torices et al., 2015), along with other inde-
terminate forms. Our review of these specimens supports the
presence and a notable abundance of small-sized maniraptoran
taxa at the locality, including indeterminate dromaeosaurids
(likely microraptorines), dromaeosaurines, velociraptorines, troo-
dontids, cf. ?Richardoestesia and aff. Paronychodon, highlighting a
diverse faunal assemblage in the uppermost Maastrichtian (C29r)
on the Ibero-Armorican island. This concurs with the high
theropod diversity recorded by Isasmendi et al. (2024) for the
upper Maastrichtian of the western Pyrenees.

Dromaeosaurines and velociraptorines are well-documented in
the Maastrichtian dinosaur assemblages of south-western Europe
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Fig. 17. Microwear on the Moli del Bar6-1 theropod sample. Left column, unmodified SEM images; right column, scratches and pitting structures coloured (black: parallel to
subparallel and crown’s longitudinal plane; mesial oblique: green; distally oblique: yellow; perpendicular to sub-perpendicular: red). Scale bars equal 500 pm in A and C, and
1 mm in B and D.

21



0. Castillo-Visa, M.A. Baiano, S.L. Brusatte et al.

(Csiki-Sava et al., 2016; Isasmendi et al., 2022, 2024; Malafaia et al.,
2023). As for Troodontidae, the assignment of MCD-5579 to this
family supports the presence of the clade in the latest times of the
Maastrichtian in the Ibero-Armorican island. Interestingly, the
presence of an indeterminate dromaeosaurid (MCD-5582) with
remarkable similarities with microraptorines is striking because
indisputable remains of this clade are nearly exclusive from the
Lower Cretaceous of Liaoning, China (Maranga, 2021 and refer-
ences therein), and probably from the Upper Cretaceous of North
America (Longrich and Currie, 2009). One exception is the younger
partial skeleton of Hesperonychus from the Dinosaur Park Forma-
tion, Alberta, Canada (Longrich and Currie, 2009), which poten-
tially extends the record of the clade around 45 My, from middle
Aptian to upper Campanian, although we note that large-scale
phylogenetic analyses have sometimes found this species to be a
wildcard taxon that is not clearly recovered as a microraptorine
(e.g., Brusatte et al.,, 2013). The potential presence of a micro-
raptorine in the upper Campanian of North America led us to more
strongly speculate the occurrence of this group in the uppermost
Maastrichtian of Europe as well. Unfortunately, the Hesperonychus
holotype and referred material lack teeth (Longrich and Currie,
2009), preventing a direct comparison with the Moli del Baro-1
specimen. If further studies on MCD-5582 confirm its micro-
raptorine affinities, then this would represent the first occurrence
of this clade in the Cretaceous of Europe and the youngest record
worldwide. At the very least, regardless of its taxonomic place-
ment, this tooth indicates that small paravians of similar size and
ecology to microraptorines were components of the uppermost
Cretaceous European faunal assemblages.

4.3. Late Maastrichtian theropod assemblages

In Europe, some authors have proposed that during the early
upper Maastrichtian (C31r-C31n), ecosystems of the Ibero-
Armorican island were restructured by the arrival of several
dinosaur clades around 69 Ma as a result of marine regressions,
favouring the introduction of new groups of iguanodontian or-
nithopods and titanosaurian sauropods (Le Loeuff et al., 1994;
Vila et al., 2016; Fondevilla et al., 2019). This event, called the
‘Maastrichtian Dinosaur turnover’, produced changes in the
predominance of some dinosaur clades over others, with small
changes also for theropod fauna (Vila et al., 2016; Isasmendi et al.,
2024). Basically, it was composed of small-sized taxa as velocir-
aptorines, dromaeosaurines, indeterminate dromaeosaurids,
Richardoestesia, and Paronychodon, alongside abelisaurids
(Fig. 18). Currently recorded abelisaurids typically represent part
of the pre-turnover assemblages (Vila et al., 2016), being pre-
dominantly recorded on the Ibero-Armorican island from the
upper Campanian to the lower Maastrichtian (Tortosa et al., 2014;
[sasmendi et al., 2022; Malafaia et al., 2025). Abelisaurids likely
arrived on the Ibero-Armorican island during Gondwanan
dispersal events, most probably through northern Africa
(Gheerbrant and Rage, 2006; Pereda-Suberbiola, 2009; Ezcurra
and Agnolin, 2012; Isasmendi et al., 2022; Longrich et al,
2023). As an effect of the Maastrichtian Dinosaur turnover, at
the end of the Maastrichtian, the Ibero-Armorican island was also
populated by troodontids (Sellés et al., 2021; Pérez-Pueyo et al.,
2021). As a whole, the late Maastrichtian theropod assemblage
on the Ibero-Armorica island differs from that observed in other
contemporary regions (Fig. 18).

In the eastern part of the European archipelago, the Hateg island
also records small theropod specimens, many of which are shared
with the Ibero-Armorican assemblage. These forms are: troo-
dontids, velociraptorines, dromaeosaurines, indeterminate dro-
maeosaurids, Richardoestesia, and Paronychodon (Csiki-Sava et al.,
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2015, 2016). This island also has yielded the bizarre dromaeo-
saurid (or possible avialan: Cau et al., 2015) Balaur (Csiki et al.,
2010; Brusatte et al., 2013), the alvarezsaurid Heptasteornis (Naish
and Dyke, 2004) and the enigmatic Elopteryx (Kessler et al., 2005;
Csiki-Sava et al., 2016, Fig. 18), whose records have not been re-
ported yet in other islands of the European archipelago. Regarding
the latter two taxa, their assignment to Alvarezsauridae is still a
topic of debate (Csiki-Sava et al., 2015, and references therein), and
the possibility that these two taxa were the same should not be
ruled out (Le Loeuff, 1992; Csiki and Grigorescu, 1998). The main
differences with the records of the Ibero-Armorican island is the
absence of abelisaurids or other mid-to-large-sized theropods in
the Hateg ecosystems, and that troodontids are restricted to the
interval C31n-C30n but absent in the C29r in Romania. Csiki-Sava
et al. (2015) considered the European archipelago as an individual
bioprovince; however, a detailed analysis suggests that probably
these minor differences among islands in their non-avian thero-
pods (but also in other groups like the lambeosaurine hadrosaur-
ids) indicate a more complex biogeographic history for the
vertebrate faunas, which may have been shaped by numerous
idiosyncratic dispersal and isolation events (Weishampel et al.,
2010; Pérez-Pueyo et al., 2019).

In North Africa, the theropod record in Morocco during the
upper Maastrichtian is still scarce. However, this assemblage
highly differs from that from the Ibero-Armorican island, since it is
exclusively composed of medium-to large abelisaurids (Longrich
et al, 2017, 2023) and apparently lacks the small paravian
theropod forms recorded in the European archipelago (Fig. 18),
although this may be a figment of sampling bias. The bias might
also affect the record of small and ontogenetically earlier forms of
medium and large known forms (on a global scale, not just in this
region), as younger individuals necessarily have to be signi-
ficatively more numerous than adults, possibly masking their
abundance. In western Gondwana, the Brazilian Marilia Formation
(dated as upper Maastrichtian, 70.6 to 65.5 m.a.; Dias-Brito et al.,
2001; Abreu Filho and Albuquerque, 2016; Brusatte et al., 2017)
has yielded a relatively wide variety of non-avian theropods. As on
the Ibero-Armorican island, derived maniraptorans (Novas et al.,
2005) and abelisaurids (Candeiro et al., 2008; Novas et al., 2008)
were present (Fig. 18). However, the Brazilian record clearly sug-
gests a proportionally higher abundance of abelisaurids than in the
Ibero-Armorican record, as the Brazilian abelisaurids include the
medium-sized abelisaurid Kurupi itaata (lori et al., 2021) and
multiple indeterminate taxa (Candeiro et al., 2008; Novas et al.,
2008). Furthermore, the Marilia Formation also records the pres-
ence of the small-sized indeterminate theropod Ypupiara lopai
(Brum et al., 2021; Motta, 2023). Geographically close by, the La
Colonia Formation (Argentina) is dated also to the upper Maas-
trichtian (Clyde et al., 2021) and the current record is restricted to
abelisaurid non-avian theropods such as Carnotaurus sastrei
(Bonaparte, 1985) and Koleken inakayali (Pol et al., 2024). Still in
Gondwana, the Indian subcontinent records a similar non-avian
theropod assemblage to that of Morocco during the upper Maas-
trichtian, exclusively represented by abelisauroids such as Raja-
saurus (Wilson et al., 2003), Rahiolisaurus (Novas et al., 2010),
indeterminate abelisaurids (Prasad et al., 2016), and noasaurids
(Mohabey et al., 2024 and references therein). Moreover, Goswami
et al. (2013) reported the presence of an isolated troodontid tooth
in India. Despite the presence of a troodontid, the Indian assem-
blage contrasts with those from the European archipelago at the
end of the Maastrichtian by the absence of an abundant assem-
blage of small-sized maniraptorans (Fig. 18).

The China assemblage during the upper Maastrichtian also
differs from the non-avian theropod fauna of the Ibero-Armorican
island as it lacks any of the recognized European taxa. This
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Fig. 18. Global non-avian theropod diversity in the late Maastrichtian. Color legend in A corresponds to: Sea (pale grey), Continental platform (grey), and Exposed landmass (dark
grey). Abbreviations: Br: Brasil; Ch: China; Ib-Ar: Ibero-Armorican island; In: India; Ha: Hateg island; Mo: Morocco; NA: North America; Ru: Russia. 1: Abelisauridae; 2:
Alvarezsauridae; 3: Caenagnathidae; 4: large dromaeosaurid; 5: Dromaeosauridae; 6: Dromaeosaurinae; 7: Elopteryx; 8: Ornithomimidae; 9: Oviraptorosauria; 10:
Richardoestesia + Paronychodon; 11: Therizinosauridae; 12: Troodontidae; 13: Tyrannosauridae; 14: Velociraptorinae; 15: Derived maniraptoran; 16: Small theropods; 17: Ypu-
piara. Silhouettes (not at scale) extracted and modified from PhyloPic (https://www.phylopic.org/). Palaeomap extracted and modified from Scotese (2014).

particular assemblage is represented by oviraptorosaurs, tyran-
nosauroids, therizinosaurids, small theropod taxa (Russell et al.,
1993; Han et al., 2022), plus small alvarezsaurids (as Qiupanykus,
Li et al, 2018; Fig. 18). Apparently, troodontids were absent in
this assemblage at the end of the Cretaceous, whereas they per-
sisted in other regions of Asia. Conversely, the assemblage of non-
avian theropods from eastern Siberia (Russia) shares a similar
structure as that observed on the Ibero-Armorican island, despite
being at higher latitudes (Godefroit et al., 2009). This community
of theropods is represented by diverse families of small-sized
theropods as dromaeosaurids and troodontids, together with
large-sized forms like tyrannosauroids (Tumanova et al., 2004;
Godefroit et al., 2009, Fig. 18). However, the Ibero-Armorican is-
land shows a richer diversity of small forms, and large theropods
niches were held by abelisaurids instead of tyrannosauroids.

On the Laramidia and Appalachia continental masses of
present-day North America, the upper Maastrichtian theropod
record is highly diverse, sharing with that of the Ibero-Armorican
island multiple clades of small non-avian theropods: dromaeo-
saurines, velociraptorines, troodontids, Richardoestesia, and Paro-
nychodon (Sankey, 2008; Longrich, 2008; Zelenitsky et al., 2017;

Jasinski et al., 2020). However, these landmasses had their own
groups of medium and large forms: caenagnathid oviraptorosaurs
(Lamanna et al., 2014; Bell et al.,, 2015), large dromaeosaurids
(DePalma et al., 2015), tyrannosaurids (Gates et al., 2013; Stein,
2019), and ornithomimids (Claessens and Loewen, 2016)
(Fig. 18). Aside from that, there is the small to intermediate sized
alvarezsaurid Trierarchuncus prairiensis (Fowler et al., 2020,
Fig. 18), being this lineage absent in the Ibero-Armorican associ-
ation. It is therefore remarkable that the Ibero-Armorican island
lacks the medium-sized forms, which were taxonomically and
ecologically diverse in North America during the late Maas-
trichtian, although taphonomic biases cannot be ruled out as an
explanation.

4.4. Palaeobiogeography of the Ibero-Armorican troodontids

Troodontids were present nearly exclusively on the Laurasian
landmasses and persisted in Europe until the end of the Maas-
trichtian (C29r) (Sellés et al., 2021). However, if the known fossil
record is taken at face value, troodontids were apparently absent
on the Ibero-Armorican island (Pérez-Pueyo et al., 2019; [sasmendi
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et al., 2024) during most of the entire Maastrichtian (72-66.5 m.a.)
but present during at least some of this time on the eastern Hateg
island. Up to date, sampling efforts have been made on both re-
gions, but still it is not impossible to rule out that this apparent
absence during certain times might be produced by a sampling
artifact. Considering both records, below we evaluate several
scenarios and hypotheses that attempt to explain the biogeo-
graphical history of Troodontidae in Europe:

a) Troodontids reached the Ibero-Armorican island during the
‘Dinosaur Turnover’, around 70 m.a. - This hypothesis assumes
that the arrival of troodontid populations to the Ibero-
Armorican island likely resulted from Laurasian (North Amer-
ican or Asian) dispersal events (Csiki-Sava et al., 2015; Ding
et al., 2020; Sellés et al., 2021) and that they reached the is-
land at the beginning of the posturnover interval. Thus, the
uppermost Maastrichtian (C29r) troodontids from Ibero-
Armorica were descendants of those that reached the island a
few million years before, in the same dispersal pulse that
brought the group from Asia or America to the Hateg island in
the lower Maastrichtian. Therefore, the arrival of troodontids
on the Ibero-Armorican island would have occurred simulta-
neously with the migratory wave that introduced them to the
eastern Hateg island, and they would have reached the western
island together with the Asian lambeosaurine hadrosaurids
around 70 m.a (Prieto-Marquez et al., 2013; Conti et al., 2020).
This possibility seems, however, quite improbable since there
are no lambeosaurines known from the Hateg island so far.
Finally, in this hypothesis, the absence of troodontids in the
Ibero-Armorican island during most of the Maastrichtian (and
most of the post-turnover interval) would not be genuine
absence, but perhaps be explained in terms of low sampling
effort, sedimentary, or preservational biases. So far, no remains
of troodontids have appeared in any of the localities sampled,
and in this time interval (72-66.5 m.a.; mid-C31r-C30n) the
theropod record is particularly scarce in all the Ibero-
Armorican basins (with some Pyrenean basins even recording
significant sedimentary hiatuses; Fondevilla et al., 2016).
Furthermore, the number of troodontid remains identified so
far from the uppermost Maastrichtian of the island is so low
that we cannot completely rule out that remains of this clade
will appear in the future in upper Maastrichtian levels older
than C29r.

b) Troodontids reached the Ibero-Armorican island late in the post-
turnover interval, in the latest Maastrichtian, around 66.5 m.a. -
This hypothesis suggests that troodontids did not arrive during
the faunal turnover, but they reached the Ibero-Armorican is-
land in a later dispersal event. This dispersal event might have
coincided with one of the marine regressions that occurred
after the faunal turnover, such as the KMa5 event (Haq, 2014),
which may have created available land bridges between the
archipelago and the surrounding landmasses. Some authors
(Martin et al., 2005; Brikiatis, 2014) proposed a terrestrial
connection between North America and Europe, enabling
faunal dispersal events during the late Maastrichtian. The high-
latitude Thulean route (through Canadian islands and
Greenland) could be the terrestrial corridor that brought mar-
supials to Europe in the late Maastrichtian, and the De Geer
route (through Greenland and Fennoscandia) could have been
an alternative connection between North America and western
Europe in the latest Cretaceous. In any case, precise hypotheses
about dispersal routes cannot be tested further until more
complete and diagnostic theropod remains are recovered that
determine a more precise phylogenetic affinity of the Ibero-
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Armorican troodontids. For instance, as we discussed above,
it is not clear based on the dental records alone whether these
Ibero-Armorican species are basal or derived troodontids, and
these differing phylogenetic positions might imply vastly
different dispersal histories.

5. Conclusions

Our review of isolated theropod teeth from the upper Maas-
trichtian Moli del Baré-1 locality in the southern Pyrenees (Cata-
lonia, Spain) updates the taxonomy and diversity of the theropod
assemblage of this fossil site and provides an important window
into of the composition of theropod communities during the up-
permost Maastrichtian (C29r) of Ibero-Armorica, during the final
million years (or less) before the end-Cretaceous mass extinction.
This non-avian theropod assemblage consists of small theropods,
including velociraptorines, troodontids, and different undeter-
mined dromaeosaurids (e.g., Richardoestesia and Paronychodon).
Interestingly, the identification of a troodontid tooth, together with
previous reports of troodontids from this region based on skeletal
material (Tamarro insperatus; Sellés et al., 2021), corroborates the
presence of the clade on the Ibero-Armorican island. Furthermore,
based on our new analyses, we report the unusual occurrence of an
undetermined dromaeosaurid tooth with striking affinities with
microraptorines, a clade known almost exclusively from earlier in
the Cretaceous in Asia. Microwear analysis shows that all studied
teeth preserve a family of perpendicular to sub-perpendicular
scratches (perpendicular to the longitudinal plane of the crown)
that are probably related to a more specific and/or specialized
feeding mechanism, being alternative or complementary to the
typical ‘puncture and pull’ model of theropods. The microwear
pattern observed in the troodontid suggests a certain degree of
feeding specialization compared with the usual pattern of dro-
maeosaurids and close relatives, indicating an omnivorous diet
with plants as a major component. Our reanalysis and review of
these specimens underscores a high level of diversity in the upper
Maastrichtian non-avian theropod assemblages of Europe and il-
luminates an end-Cretaceous ecosystem with abundant small
theropods with different ecological niches. The Ibero-Armorican
theropod assemblage at the end of the Cretaceous differs from
those of the eastern Hateg island and other assemblages world-
wide, further illustrating how dinosaur faunas were regionally
variable, diverse, and successful until the asteroid hit.
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