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Abstract 

Dinosaurs repeatedly evolved adaptations for sexual selection over their 150-million year 
history, including adaptations for display and intraspecific combat. Adaptations for 
intraspecific combat have not previously been described in non-avian maniraptorans. We 
report a troodontid from the Campanian Cerro del Pueblo Formation of Coahuila, Mexico, 
showing a thickened and domed skull roof. The cranium is domed and bones are extremely 
thick, a morphology convergent on that of Pachycephalosauridae. Referred specimens show 
less thickening or doming, suggesting ontogenetic changes or perhaps sexual dimorphism. 
The holotype shows fusion of the frontal midline suture and tightly interdigitating sutures 
between skull bones, and a rugose skull roof. The specializations seen here suggest 
adaptation for intraspecific combat, specifically head-butting as hypothesized for 
pachycephalosaurids and pachyrhinosaurin ceratopsids. Repeated evolution of elaborate 
weapons and display features in the Cretaceous suggests that sexual selection became 
increasingly important in dinosaur evolution during the Cretaceous. 

Keywords: Dinosauria; Theropoda; Maniraptora; Troodontidae; Cretaceous; Campanian; 
Laramidia; sexual selection; intraspecific combat 
 

1. Introduction 
Sexual selection is a pervasive pressure in the evolution of animals [1]. To pass on 

their genes, not only do animals have to find food, survive hostile environmental 
conditions, and evade predators, they must also find a mate [1]. Many animals have 
therefore evolved structures to attract mates, or fight for mates against other members of 
their species [1,2]. Among these are extinct dinosaurs [3]. 

A number of dinosaur clades evolved elaborate structures [4–10] serving for display, 
combat, or a combination of these functions, particularly in the Cretaceous. The 
Ceratopsidae were characterized by large frills, elaborate horns, hornlets, spikes, and 
cranial bosses [5]. Leptoceratopsids [11] and protoceratopsids [12] had elongate tail spines 
supporting a sail. Hadrosaurids evolved elaborate cranial ornamentation [6], including 
bony and soft-tissue [13] crests. Pachycephalosaurids evolved massive cranial domes 
[8,14]. Among theropods, abelisaurids bore horns [7] and bosses [9]; oviraptorosaurs 

Academic Editor: Federico Agnolin 

Received: 2 December 2025 

Revised: 23 December 2025 

Accepted: 3 January 2026 

Published: 9 January 2026 

Copyright: © 2026 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license. 



Diversity 2026, 18, 38 2 of 26 
 

https://doi.org/10.3390/d18010038 

evolved cranial crests [4,10]; and spinosaurids bore cranial crests and dorsal fins [15]. The 
function of these structures is the source of endless debate. However, in the absence of an 
obvious survival function (e.g., foraging, feeding, or defense) such structures likely 
evolved in response to sexual selection: they helped their owners find mates. 

Some structures did so by functioning for courtship, advertising their owner’s fitness 
to potential mates. Conspicuous but delicate frills and crests, like hadrosaur cranial crests 
and spinosaur sails, likely served display functions. Modern analogues include the 
elongate tails of peacocks and widowbirds [16] and cock’s combs, which are used to 
display to and court members of the opposite sex. 

Other structures are more heavily built and seem well-adapted to withstand 
mechanical loads beyond those involved in supporting a display structure. These include 
ceratopsid horns, and cranial bosses of Pachyrhinosaurus [17–20] and Pachycephalosauridae 
[8,21–23]. These structures were potentially dangerous or lethal as weapons. Modern 
analogues include the foot spurs of phasianids, the wing-spurs of geese and plovers, and 
the horns and tusks of mammals such as bovids, cervids, suines, and elephants. This 
interpretation is supported by the existence of pathologies, including lesions on the frill and 
face of ceratopsids [24] and damage to the domes of pachycephalosaurs [23], indicating 
injuries sustained during fights. 

Although adaptations for intraspecific combat are well-known and diverse in 
ornithischians, they have never been described for non-avian maniraptorans. We describe 
the first such example in a troodontid from the Late Campanian of Coahuila, Northern 
Mexico (Figures 1 and 2). The new troodontid has a thickened cranial dome, tightly 
interlocking cranial sutures, and a rugose skull surface, features seen in animals that use 
the skull for intraspecific combat. 

The Troodontidae were specialized theropods that are closely related to birds [25], and 
sister to the predatory Dromaeosauridae as part of the Deinonychosauria. Small, primitive 
troodontids first appear in the Jurassic [26], and diversify in the Early Cretaceous in Asia 
[25,27]. In the Late Cretaceous, larger and more derived troodontids appear in Asia and 
North America. Asian forms included Saurornithoides [28,29] and Zanabazar [29]. In North 
America, Troodon formosus [30], Stenonychosaurus inequalis [31], and Latenevenatrix mcmasterae 
[32] represent large, advanced troodontids; Pectinodon [33–35] represents a smaller and 
likely primitive form. 

Advanced troodontids such as Troodon and Stenonychosaurus have specializations of 
the jaws and teeth [36] typical of herbivorous dinosaurs and reptiles [34]. These include a 
U-shaped mandible, small and numerous teeth, swollen crowns with thickened enamel, 
large denticles, and heavy tooth wear [34]. They probably did not take large prey, and 
their diets likely included plant matter [34,37,38]. Stable isotope studies suggest 
troodontid diets were intermediate between those of dromaeosaurs and ornithischians 
[39], suggesting omnivory or plant-dominated omnivory similar to canids like foxes and 
coyotes [40], and birds such as cranes. Troodontines are also unusual in having among the 
largest brains of any non-avian dinosaurs [41], and large eyes suggestive of nocturnal or 
crepuscular habits [41]. These adaptations suggest they occupied a distinct ecological 
niche relative to other Maniraptora. 

Recently, a troodontid cranium was described from the upper Campanian Cerro del 
Pueblo Formation of Coahuila province (Figure 1) [42], from the locality of La Parrita [42] 
(Figures 2 and 3). It was surface-collected and is weathered, but relatively complete. The 
specimen was previously described, but not named in the preliminary paper [42]. 
Subsequently, two isolated troodontid frontals were studied which showed unusual 
thickening. Further examination of the La Parrita troodontid, including CT scanning, 
confirms the presence of thickened skull bones. Here we describe this material as 
representing a new species of thick-headed troodontid. 
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Figure 1. Map of troodontid occurrences in North America. 1, Stenonychosaurus inaequalis, Campanian, 
Dinosaur Park Formation; 2, Latenivenatrix mcmasterae, Campanian, Dinosaur Park Formation; 3, 
Albertavenator curriei, Maastrichtian, Horseshoe Canyon Formation; 4, Pectinodon bakkeri, Maastrichtian, 
Lance Formation; 5, Troodon formosus, Campanian, Two Medicine Formation; 6, Talos sampsoni; 7, 
Kaiparowits Formation troodontid; 8, Xenovenator(?) robustus; 9, Xenovenator espinosai. 



Diversity 2026, 18, 38 4 of 26 
 

https://doi.org/10.3390/d18010038 

 

Figure 2. Map of the Parras Basin region of Coahuila, Mexico, showing the location of La Parrita 
(holotype CPC 2973 and referred specimen CPC 2976) and Ejido Trincheras (referred specimen CPC 
3112) sites (satellite image courtesy Google Maps, map data © 2025 INEGI). 

 

Figure 3. Stratigraphic column showing the stratigraphic position of Xenovenator espinosai in the 
uppermost Campanian of the Cerro del Pueblo Formation. 

Geological Setting 

The Difunta Group of northeastern Mexico (Chihuahua, Coahuila, and northeastern 
Nuevo León), spans the Late Campanian to the Eocene (Figure 3) [43]. Deposited under 
deltaic conditions, the sediments represent marsh, lagoonal, and eulittoral to shallow 
marine environments [44]. 
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The Cerro del Pueblo Formation, the basal unit of this sequence, outcrops in 
southeastern Coahuila. It consists of shales, sandstones, and limestones deposited in a 
low-gradient homogeneous coastal plain [44]. With a thickness of 162 m, increasing 
westward to 445 m from Saltillo to Rincón Colorado [44], it has been dated with strontium 
isotopes to 73 ± 1 Ma [45], placing it in the uppermost Campanian (Figure 3). 

The stratigraphic sequence at La Parrita includes alternating sandstone, siltstone, and 
shale layers (Figure 3) [46]. Bed 1 consists of 0.20 m ochre-gray shales containing the 
ammonite Sphenodiscus and isolated dinosaur bones, correlating with facies 1 of the Parras 
Shale [44,46]. Bed 2 is 0.30 m of exfoliated siltstones with abundant oysters, indicating a 
brackish setting. Beds 3–5, composed of sandstones and ochre-gray shale, yield a diverse 
fossil assemblage, including Tympanotonus nodosa, Lissapiopsis sp., and Flamingostrea sp., 
suggesting an estuarine environment [44–47]. 

Beds 6–14 show fluctuating conditions, from fine-grained sandstones to fossil-devoid 
shales, with Inoceramus vamuxemi present in Bed 12. The cyclic nature of these deposits 
suggests intermittent shallow-marine, brackish, and freshwater influences at La Parrita, 
driven by marine regressions and transgressions, consistent with other Cerro del Pueblo 
Formation localities [44–47]. 

2. Materials and Methods 
2.1. Materials 

The holotype and paratype CPC 2976 were discovered by the second author during 
surface collecting in the field season of the summer of 2000 and 2004, respectively. The 
referred specimen CPC 3112 was collected at Trincheras in 2002 and later anonymously 
donated to the museum. All specimens are curated in the Museo del Desierto (MUDE). 
The specimens were mechanically prepared using pneumatic hand tools of various sizes, 
with final preparation completed using dental picks and pin vises. 

2.2. Phylogenetic Analysis 

An initial phylogenetic analysis was conducted using a version of the Theropod 
Working Group Matrix [48] to test the broader affinities of Xenovenator with Troodontidae 
(Supplementary Materials). Phylogenetic reconstruction was conducted in PAUP* 4.10 b10. 

The primary phylogenetic analysis was performed using a new character-taxon 
matrix specifically designed to infer the ingroup relationships of Troodontidae. The new 
matrix has reduced character sampling and outgroup taxon sampling relative to other 
studies of troodontid phylogeny [32,49–51], but these matrices include large numbers of 
both taxa and characters that are uninformative with respect to troodontid ingroup 
relationships, and so have tended to produce poor resolution, conflicting results, and trees 
that are incongruent with stratigraphy, with extremely long ghost lineages. A targeted 
approach makes it possible to increase ingroup taxon sampling and also to include more 
characters relevant to the ingroup taxa. 

A total of 32 taxa were used, with Archaeopteryx lithographica, Sinornithosaurus 
millennii, Xiaotingia zhengi, and Hesperornithoides miessleri used as outgroups. Several taxa 
were found to have few informative characters (e.g., ‘Urbacodon’ norelli [48]) or have only 
received preliminary descriptions (Jinfengopteryx) and so are excluded, but otherwise the 
matrix includes almost all known Troodontidae. A total of 114 morphological characters 
were included; multi-state ordered characters were used to improve resolution where a 
clear transitional series could be identified. 

Several taxa (Urbacodon itemirensis; Hypnovenator) have few codable characters and 
limited overlap with other taxa; they act as wildcard taxa causing a collapse in strict 
consensus. To constrain their position, stratigraphy was added as an irreversible, multi-
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state character and arbitrarily downweighted to 0.001 to act as a tiebreaker. This means 
that stratigraphy does not override morphological signal, but instead allows the analysis 
to choose, out of all shortest trees found on the basis of morphology, the subset of trees 
that incur the minimum stratigraphic debt. Given the strong correspondence between 
stratigraphy and phylogeny [52], this strategy will tend to improve not only resolution 
but accuracy in the phylogenetic analysis. 

In addition, morphology-only analyses were conducted using both equal-weights 
parsimony and implied weights, which tends to have a positive effect on the accuracy of 
phylogenetic inference [53]. 

2.3. Nomenclatural Act 

This published work and the nomenclatural acts it contains have been registered in 
ZooBank, the proposed online registration system for the International Code of Zoological 
Nomenclature (ICZN). The ZooBank LSIDs (Life Science Identifiers) can be resolved and 
the associated information viewed through any standard web browser by appending the 
LSID to the prefix ‘http://zoobank.org/’. The LSID for this publication is 
urn:lsid:zoobank.org:pub:99513243-9B90-4903-82CC-93B7B5BB9805. 

3. Results 
3.1. Systematic Paleontology 

Saurischia Seeley, 1888 [54]. 
Theropoda Marsh, 1881 [55]. 
Avetheropoda Paul, 1988 [56]. 
Coelurosauria Von Huene 1914 [57]. 
Maniraptora Gauthier 1986 [58]. 
Deinonychosauria Colbert and Russell, 1969 [59]. 
Troodontidae Gilmore, 1924 [60]. 
Troodontinae van der Reest and Currie, 2017 [32]. 
Troodontini n. tax. 
Xenovenator gen. nov. 
Diagnosis. Troodontid characterized by thick frontals, anterior displacement of 

frontal postorbital processes relative to the parietal suture, broad and transversely arched 
interfrontal ridge, broad frontal-lacrimal suture. 

Etymology. Greek xenos, ‘strange’ + Latin venator, ‘hunter’. 
Type species. X. espinosai. 
Holotype. CPC 2973, braincase including frontals, parietals, orbitosphenoids, 

laterosphenoids, exoccipitals, prootics, basisphenoid, basioccipital (Figures 4–8). 
Referred specimens. CPC 2976 left frontal (Figure 9); CPC 3112 right frontal (Figure 10). 
Etymology. The species name honors Luis Espinosa, a pioneer in the study of Mexican 

dinosaurs and mentor to many generations of paleontologists. 
Diagnosis. Xenovenator characterized by the following characters (* = autapomorphy): 

frontals extensively fused; frontals, parietals, and other cranial bones with strongly 
interdigitating sutures *; strong doming of frontals *; frontals and parietals massive (up to 
12 mm thick) *, thickening well-developed anteriorly and less well-developed in the 
center of the frontal *; dorsal surface of frontals and parietals rugose and striated *, nasal 
processes broad between lacrimals *, orbital fossae widely separated ventrally *, frontal 
with notch and shelf to receive posterior end of lacrimal, parietal forms narrow process 
inserting between frontals *; triangular parietal table *, anteroventral expansion of the 
orbitosphenoids and laterosphenoids to enclose braincase ventrally *. 
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Horizon and Locality. Cerro Del Pueblo Formation, uppermost/latest Campanian 
(Figure 3), Coahuila, Mexico. CPC 2973 and CPC 3112 are from the La Parrita locality, 54 
km west of Saltillo; municipality of General Cepeda, Coahuila, Mexico. CPC 3112 is from 
the Ejido Trincheras locality, 109 km west of Saltillo, municipality of Parras de la Fuente, 
Coahuila, Mexico (Figure 2). 

3.2. Description and Comparisons 

Holotype. The holotype, CPC 2973, comprises most of the braincase (Figures 4 and 5), 
including the frontals, parietals, orbitosphenoids, laterosphenoids, prootics, and parts of 
the parabasisphenoid, exoccipitals, and basioccipital. It is damaged by weathering and 
covered with desert varnish, obscuring the sutures; the parasphenoid rostrum, 
basipterygoid processes, and occiput have been eroded away. The frontals fuse dorsally, 
with the interfrontal suture obscured by fusion. CT scans show the interfrontal suture 
remains open ventrally, but is united dorsally by a spongy mass of bone. CT scans 
(Supplementary Materials) also reveal that sutures between the frontals and parietals, 
frontals and laterosphenoids, parietals and exoccipitals, etc., are tightly interdigitating, 
with interlocking flanges and grooves; poor contrast between bone and matrix makes it 
difficult to determine whether their sutures are simply interlocking, or partially fused. 

The frontals are short and broad (Figures 4C and 5A), with individual frontals being 
broader mediolaterally than long anteroposteriorly. Short, broad frontals characterize 
derived troodontids including Stenonychosaurus [32], Latenivenatrix [32], Albertavenator 
[61], Zanabazar junior [29], and Gobivenator [50]. Frontal width is exaggerated by expansion 
of the frontals over the orbit, similar to the condition in Albertavenator [61]. 

Anteriorly, the frontals are broadly arched transversely and convex between the 
lacrimals, forming a broad midline ridge similar to the condition in Albertavenator [61]. In 
other derived troodontids, including Stenonychosaurus [32], Latenivenatrix [32], and 
Zanabazar [29], the frontals instead form a narrow midline ridge. In Gobivenator, the frontals 
are very weakly convex between the lacrimals, forming a low midline convexity [50]. 

The frontals are broad anteriorly where they abut and expand behind the lacrimals, 
a derived feature shared with Troodon [30], Stenonychosaurus [32], Latenivenatrix [32], and 
Zanabazar [29], but not in basal troodontids. 

Posteriorly, the frontals form a wide dome, which rises above the orbital margins of 
the skull. In Troodon [30], Stenonychosaurus [32], and Latenivenatrix, the frontals are flat 
rather than domed posteriorly [32], a derived condition within Troodontidae [50]. In 
general, doming is less well-developed in the more derived troodontines than basal forms 
such as Gobivenator [50]; the strong doming seen here seems to be a reversal. The dorsal 
surface of the dome is highly rugose; the surficial bone is formed of transverse ridges near 
the center of the dome, corresponding to the striated internal structure seen in CT scans. 
The texture becomes pustulose and then gnarled towards the edges of the frontals. 
Ornamentation is seen on other troodontid frontals to varying degrees, e.g., in 
Stenonychosaurus AMNH 6174 [32], the edges of the orbits and the postorbital processes 
have a rugose and gnarled texture; in Troodon formosus [32], the postorbital processes are 
rugose and the rest of the frontal is covered with a series of wrinkles or striae, extending 
anteroposteriorly along the frontal midline, and transversely over the postorbital 
processes. Rugose ornamentation is also seen on other parts of the skull in derived 
troodontids, e.g., the nasals and maxillae in Zanabazar [29] and on the maxilla in an 
indeterminate troodontine from the Dinosaur Park Formation [62]. 
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Figure 4. Xenovenator espinosai, holotype braincase CPC 2973. In (A) left lateral; (B) right lateral; (C) 
dorsal; (D) ventral; (E) anterior; (F) posterior. Abbreviations: bo, basicoccipital; bul, 
parabasisphenoid bulla; ex, exoccipital; fr, frontal; lad, lateral depression; lac, lacrimal articulation; 
lat, laterosphenoid; osp, orbitosphenoid; par, parietal; pbs, parabasisphenoid; po, postorbital; ri, 
median ridge; sk, skull; stf, supratemporal fossa. 

Supratemporal fossae are small, and restricted to the posterior margin of the frontals, 
as in Stenonychosaurus [32], Latenivenatrix [32], and Zanabazar [29]; supratemporal fossae 
are larger in Gobivenator [50]. Unlike Stenonychosaurus [32] and Latenivenatrix [32], where 
the supratemporal fossae extend laterally in dorsal view, the supratemporal fossae extend 
strongly anterolaterally in Xenovenator. This is associated with projection of the 
frontoparietal suture posteriorly behind the postorbital processes; a similar condition 
occurs in “Saurornitholestes” robustus. 

Posteriorly, the parietals broadly contact the frontals. There is a narrow, triangular 
tab of the parietals that inserts between the frontals in dorsal view. CT sections show that 
the parietal is narrow dorsally where it is overlapped by the frontals, but forms a broad, 
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triangular process ventrally. There is only a slight overlap of the parietals by the frontals 
in Stenonychosaurus [32] and Latenivenatrix [32]. Just behind the frontoparietal suture, the 
parietal bears a distinct, triangular frontoparietal table, not seen in other troodontids. 
Posterior to this, the parietals and laterosphenoids extend and taper, forming the posterior 
braincase, as in other derived troodontids; the braincase here is elongate as in Zanabazar 
[29], Stenonychosaurus [32], and Latenivenatrix [32]. The parietal midline bears a tall sagittal 
keel as in other derived troodontids [32], but it is more massively constructed. Lateral to 
this, the parietal bears a pair of massive, blunt ridges, similar to Zanabazar [29] and 
Stenonychosaurus [32]. 

 

Figure 5. Xenovenator espinosai, holotype braincase CPC 2973, volume rendering based on CT scans. 
In (A) dorsal; (B), ventral; (C) left lateral; (D) right lateral; (E) posterior; (F) anterior views. 
Abbreviations: bo, basicoccipital; ex, exoccipital; fr, frontal; lat, laterosphenoid; orb, orbit; osp, 
orbitosphenoid; par, parietal; pr, prootic; pbs, parabasisphenoid. 
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Figure 6. CT sections ((A–D); see bottom of the figure for location of sections) showing the thickened 
bone of the skull roof of CPC 2973, holotype of Xenovenator espinosai. Abbreviations: fr, frontal; lat, 
laterosphenoid; par, parietal; pbs, parabasisphenoid. 

In lateral view (Figure 4A,B), the braincase is strongly arched, with the parietals 
deflected downward relative to the frontals. Arching is well-developed in Zanabazar [29] 
and Gobivenator [50]. In Latenivenatrix [32] and Stenonychosaurus [32], the braincase is 
straighter, with limited deflection of the parietal region. The frontals are strongly domed 
in lateral view, with their apex projecting strongly upwards above the orbital rim. 

The braincase’s lateral wall is formed by the orbitosphenoid, laterosphenoid, prootic, 
and exoccipitals, and floored by the parabasisphenoid and basioccipital. Most of the 
ventral elements are tightly sutured or perhaps fused, as in other Troodontidae [50,62]. 
The large endocranial cavity is shared with other Troodontidae, but the braincase of 
Xenovenator appears large and inflated even compared to other troodontids [50,62]. The 
laterosphenoids and orbitosphenoids are strongly expanded anteriorly to enclose the 
braincase ventral to the frontals, an autapomorphy of Xenovenator. The prootics, 
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exoccipitals, parabasisphenoid, and basioccipital bound a large lateral depression as in 
Stenonychosaurus [62] and Zanabazar [29], but not basal troodontids [29]. The 
parabasisphenoid is damaged, but a large anterior opening appears to represent the 
opening for the large, pneumatized parasphenoid rostrum seen in other North American 
troodontids [62], as well as Zanabazar [29] and Gobivenator [50]. 

 

Figure 7. CT sections showing the interlocking sutures in CPC 2973, holotype of Xenovenator espinosai. 
(A) Frontoparietal suture seen in sagittal plane; (B) frontoparietal suture in horizontal plane. 
Abbreviations: fr, frontal; fps, frontoparietal suture; ifs, interfrontal suture; par, parietal. 
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Figure 8. CT sections of CPC 2973, holotype of Xenovenator espinosai, showing cancellous structure and 
trabeculae of the frontals. (A) Back of frontals and tip of parietal; (B) mid-frontal; (C) anterior frontal. 

The skull’s internal architecture and bone microstructure are highly modified. All the 
bones of the skull are thickened (Figures 6–8), especially dorsally. Frontals and parietals 
reach 12 mm in thickness posteriorly and the nasal boss is similar in thickness; however, 
frontals are somewhat thinner in between, being about 8 mm thick. The frontal ventral 
flanges bounding the cerebral fossae are also massively constructed. Other cranial bones 
are similarly thickened. The laterosphenoids are about 15 mm wide where they contact 
the parietals anteriorly, but thin to about 6 mm ventrally. All derived troodontids, 
including Latenivenatrix, Stenonychosaurus, Albertavenator [63], and Zanabazar, appear to 
have relatively thick skull elements compared to theropods such as dromaeosaurids [63], 
although not to this extreme. “Saurornitholestes” robustus [64] is unusual in having much 
thicker frontals, however [63]. Although not as thick as the Xenovenator holotype, it is 
similar to the referred specimens (see below). 

Cranial elements form interlocking contacts along the sutures (Figure 7). The frontal–
frontal contact bears interlocking flanges and grooves as is typical of theropods, but these 
are exaggerated such that the frontal suture has a zig-zag shape in coronal section. The 
frontals and parietals form complex, zig-zag contacts reminiscent of ammonite sutures 
when seen either dorsally, or in transverse section. Most other contacts, e.g., parietal–
laterosphenoid and frontal–laterosphenoid, are similarly interlocking, although the sutures 
are obscured by poor contrast between fossil and matrix and possible fusion of elements. 
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Figure 9. Xenovenator espinosai, referred specimen CPC 2976, left frontal in (A) dorsal, (B) medial, (C) 
ventral views. Abbreviations: cer, cerebral fossa; ifs, interfrontal suture; lac, lacrimal contact; nas, 
nasal contact; olf, olfactory fossa; orb, orbital fossa; par, parietal suture; vr, ventral ridge. 
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Figure 10. Xenovenator espinosai, referred specimen CPC 3112, right frontal in (A) ventral, (B) dorsal, 
(C) medial, (D) lateral views. Abbreviations: cer, cerebral fossa; lac, lacrimal contact; nas, nasal 
contact; olf, olfactory fossa; orb, orbital fossa; stf, supratemporal fossa. 

The internal structure of the individual bones is highly unusual (Figure 8). 
Throughout most of the frontals and parietal, the inner cortex forms a dense layer about 
2–3 mm thick, which transitions to a more open, cancellous architecture in the center. Near 
the dorsal surface of the frontals and parietals, the bone takes on a more spongy or foamy 
appearance, with trabeculae and canals running through the bone. Throughout much of 
the frontal, vertically oriented canals are present (being infilled by ironstone, they appear 
white on the CT scans), and in the center of the frontals the bone forms long, transversely 
oriented fibers atop the pillar-like structures. This texture is developed externally as a 
series of bony striae extending transversely across the skull. 

Referred specimens. Two specimens are referred to Xenovenator: CPC 2976, a left frontal 
(Figure 9), and CPC 3112, a right frontal (Figure 10). The tip of the narial process, the 
orbital margin, and postorbital process are broken off in CPC 2976, but it is otherwise well-
preserved. CPC 3112 is eroded and broken anteriorly and medially; description focuses 
on the better-preserved CPC 2976. 
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Anteriorly, the nasal process between the lacrimal facets is broad (Figure 9A). Its 
dorsal surface is arched to meet its counterpart on the midline, and form a broad arch 
between the lacrimals, similar to Albertavenator, but contrasting with the narrow ridge 
seen in most other North American troodontids. The bone of the nasal processes is 
relatively thin, just 1–2 mm thick. 

Lateral to the nasal processes lies a deep, well-developed lacrimal facet. The lacrimal 
facet forms a sort of L-shape, with a short transverse contact posteriorly behind the 
lacrimal, and a longer contact medial to the lacrimal, making a right angle to the first. This 
L-shaped contact is not seen in Stenonychosaurus or Latenivenatrix, where the lateral 
margins of the nasal processes converge anteriorly to form a more V-shaped contact with 
the lacrimals. The lacrimal contact has a lappet or shelf of bone that would have projected 
beneath the lacrimal; a similar shelf is seen in other troodontids, but it is much wider and 
better-developed here [62]. 

Behind this, the frontal is domed, being anteroposteriorly and mediolaterally convex. 
Doming is less well-developed in referred specimens than in the holotype. Posteriorly, the 
frontal becomes flatter again. Supratemporal fossae are small, and placed posterolaterally. 
Laterally, the frontals extend out over the orbits to form a broad, triangular supraorbital 
shelf similar to Albertavenator. 

In ventral view, the nasal process is wide and the olfactory fossa is broad. The 
olfactory fossa is narrower in Latenivenatrix [32] and Stenonychosaurus [32]. The olfactory 
fossa is separated from the cerebral fossa posteriorly by a broad, transverse ridge; no such 
ridge is visible in Latenivenatrix, Stenonychosaurus [32], or Albertavenator [61]. The anterior 
margin of the ridge bears a small tubercle of bone medially, and a pit laterally. Posteriorly, 
cerebral fossae are large and deep. 

In medial view, the interfrontal suture is thin anteriorly, then becomes deeper, about 
10 mm deep just behind the lacrimals where the frontals form the transverse ridge, then 
shallows posteriorly, to about 5 mm deep at the parietal contact. The interfrontal suture is 
much shallower overall in Latenivenatrix [61] and overall straighter. 

In lateral view, the frontal in the referred specimens is relatively deep, strongly 
arched, and forms a convex dome, but it does not project up as far above the orbits as in 
the holotype. The lacrimal facet is dorsoventrally deep, suggesting a deep lacrimal; it is 
also everted relative to the orbit; it is shallow and laterally positioned in Latenivenatrix [32]. 
In anterior view, the frontal is strongly convex, forming a broadly arched nasal ridge 
unlike the narrow ridge in Latenivenatrix [32] and Stenonychosaurus [32], but as in the 
holotype. 

Xenovenator(?) robustus Sullivan, 2006 [64]. 
Holotype. SMP VP-1955, right frontal [64]. 
Horizon and Locality. De-na–zin Member of the Kirtland Formation; SMP locality 

number 388, Alamo Wash [64]. 
Diagnosis. Xenovenator with relatively flat frontals, frontals weakly arched in medial view, 

strongly thickened posteriorly* but weakly thickened anteriorly; doming not developed(?). 
Notes. Xenovenator robustus was previously described as a species of the 

dromaeosaurid Saurornitholestes, as “Saurornithoides” robustus [64]. The species was later 
reinterpreted as an indeterminate troodontid [63]. “S.” robustus shares several derived 
characters with Xenovenator espinosai, including an L-shaped frontal–lacrimal contact, 
thickening of the frontals, and strong anterior displacement of the supratemporal fossae 
and postorbital processes. Phylogenetic analysis (see below) argues for a sister-taxon 
relationship with Xenovenator espinosai. 

Despite similarities with X. espinosai, “Saurornitholestes” robustus exhibits features 
that allow it to be diagnosed as a distinct taxon. The frontal is only weakly arched and 
lacks a dome. The frontal is also weakly thickened anteriorly, but more strongly thickened 
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posteriorly, the reverse of the pattern in X. espinosai; neither does it have the transverse 
ventral ridge separating the cerebral and olfactory fossae. This unique combination of 
characters distinguishes “S.” robustus from X. espinosai or any other troodontid; 
accordingly, we consider X. robustus to represent a valid species, tentatively assigned to 
Xenovenator (see below). 

3.3. Phylogenetic Analysis 

Phylogenetic analysis recovers a relatively well-resolved tree; the strict consensus is 
shown in Figure 11. Congruent tree topologies are recovered with and without 
stratigraphic data (Supplementary Materials) and with the use of either equal-weights 
parsimony or implied weighting, but the use of stratigraphic data as a tie-breaker 
produces a better-resolved tree by finding the shortest morphological trees that incur 
minimum stratigraphic debt and helping constrain wildcards. 

 

Figure 11. Phylogenetic analysis of Troodontidae showing the relationships of Xenovenator espinosai. 
Strict consensus of 3025 trees (treelength = 191.031, consistency index = 0.6910, retention index = 
0.8499). Analysis based on 114 characters and 27 ingroup taxa, with stratigraphy used to constrain 
wildcard taxa (see Supplementary Materials). 

The large-bodied troodontids from the late Cretaceous of Asia and North America, 
including Saurornithoides, Zanabazar, Troodon, and Xenovenator, form a clade. We propose 
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the name Troodontinae [32] for this clade; previously proposed as an apomorphy-based 
taxon, its application is ambiguous due to poor preservation of many specimens; a node-
based definition meanwhile removes ambiguity and creates a stable definition that can 
accommodate changes in tree topology or character definition. Troodontinae is here 
redefined as the most inclusive clade containing Troodon formosus + Saurornithoides 
mongoliensis. Features here found to diagnose Troodontinae include a thickened frontal, a 
frontal with a broad, notched contact for the lacrimal, a frontal with a strongly demarcated 
supratemporal fossa, elongate parietals with a strong midline crest, a lateral depression, 
a broad and deep development of the narial fossa on the maxilla, a prominent lip on the 
dorsal margin of the dentary, and a posteriorly deep dentary. 

Within Troodontinae, we recognize two major divisions. Saurornithoidini is defined 
as all taxa closer to Saurornithoides mongoliensis than Troodon formosus; it includes the Asian 
Saurornithoides mongoliensis and Zanabazar junior, and (based on derived characters of the 
pes) may include Borogovia gracilicrus and the North American Talos sampsoni. 
Saurornithoidini is diagnosed by a very slender metatarsal II (MT II ≥ 33% the width of 
MT IV), metatarsal III with a sinusoidal curve, and a highly reduced pedal phalanx II-2 
(≥40% the length of II-1). Zanabazar does not preserve these parts of the anatomy but is 
united with Saurornithoidini by the steeply inclined anterior margin of the maxilla, the 
elongate and narrow antorbital fossa, and the very narrow and slitlike maxillary fenestra 
(skulls are unknown for either Borogovia or Talos, so it is unclear whether these characters 
diagnose Saurornithoidini as a whole). 

The other major division includes all large-bodied North American troodontids—
Troodon, Stenonychosaurus, Latenevenatrix, Albertavenator, and Xenovenator. This clade is 
here termed Troodontini, defined as all taxa closer to Troodon formosus than Saurornithoides 
mongoliensis. Troodontini is diagnosed by weakly arched to straight frontals, and a flat 
dorsal surface of the frontals (reversed in Xenovenator), serrated mesial carinae of 
maxillary and dentary teeth, and strongly hooked distal denticles. 

In all analyses, Xenovenator is part of Troodontini. Xenovenator espinosai is found to be 
the sister taxon to Xenovenator(?) robustus, which in turn form a clade with Albertavenator 
curriei. A phylogenetic analysis using an alternative matrix with broader sampling of 
Coelurosauria and Theropoda [48] recovers a different topology for Troodontidae, but 
again recovers Xenovenator as a member of Troodontidae (Supplementary Materials). 

4. Discussion 
4.1. Systematics of the Cerro del Pueblo Troodontids 

Although the morphology of Xenovenator espinosai is highly derived, Xenovenator is 
typical of Coelurosauria and especially Maniraptora in having triangular frontals, a large 
endocranial volume, and large, anteriorly directed orbits. Aside from the superficial 
similarity in the thickened and domed frontals, the animal lacks derived features of 
Pachycephalosauridae (e.g., tuberculate frontoparietal ornament, large olfactory fossae, 
parietal table roofing supratemporal fossae, accessory supraorbital elements) [8,21]. 

Within coelurosaurs, numerous features link Xenovenator to derived troodontids [42], 
the Troodontinae and Troodontini (Figure 11), while derived features of other clades such 
as Dromaeosauridae or Ornithomimosauria are absent [42]. Characters supporting 
referral to Troodontidae or more inclusive clades within Troodontidae include (i) short 
and broad frontals, (ii) a notched frontal contact for the lacrimal, (iii) a frontal median 
ridge, (iv) thickened frontals and parietals, (v) rugose lateral margins of the frontals, (vi) 
anteroposterior arching of the frontals, (vii) a long and narrow parietal in dorsal view, 
(viii) a tall parietal sagittal crest, (ix) elongate parietals (x) a strongly pneumatized and 
inflated parabasisphenoid complex, (xi) a lateral depression on the braincase, and (xii) 
fusion of the frontal–frontal suture in mature individuals. This combination of 



Diversity 2026, 18, 38 18 of 26 
 

https://doi.org/10.3390/d18010038 

characteristics is not seen among contemporary North American theropods such as 
Dromaeosauridae, Tyrannosauridae, Ornithomimidae [65], or Caenagnathidae, or any 
known theropod clade. A phylogenetic analysis including a wide range of troodontid, 
coelurosaur, and non-coelurosaurian theropods corroborates troodontid affinities 
(Supplementary Materials). 

Within Troodontinae, a number of troodontids share derived features with X. 
espinosai to the exclusion of other taxa. “Saurornitholestes” robustus from the Kirtland 
Formation of New Mexico [63,64] resembles X. espinosai in having an unusually thick 
frontal, and anterior displacement of the postorbital processes and the supratemporal 
fossae. Phylogenetic analysis recovers “S.” robustus as sister to X. espinosai (Figure 11). 
Although the frontals are not fused or highly domed in the type (and only known) 
specimen of “S.” robustus, it is conceivable that “S.” robustus represents a juvenile (or 
female) and that other individuals would have developed a thicker skull late in life. 
Arching of the frontal in “S. robustus” is, however, more subtly developed than in any of 
the three specimens of Xenovenator espinosai, implying that it was less specialized in this 
feature than X. espinosai. “Saurornitholestes” robustus is here tentatively assigned to 
Xenovenator, as X. robustus. 

Another troodontid, Albertavenator curriei [61], resembles Xenovenator in having a 
broadly expanded, triangular frontal supraorbital shelf, an L-shaped frontal–lacrimal 
contact, and tall and arched nasal processes; it is recovered as part of a clade with 
Xenovenator. Most remaining North American troodontids, including Troodon, 
Stenonychosaurus, Latenivenatrix, and an unnamed troodontid from the Kaiparowits 
Formation of Utah, are recovered with Xenovenator and Albertavenator as part of an 
endemic Laramidian clade (Figure 11) characterized by broad, relatively flat frontals. 
Members of this clade also have anterior denticles on the maxillary teeth, whereas anterior 
carinae are unserrated in the Asian Saurornithoides and Zanabazar. 

We found a close sister-group relationship between Stenonychosaurus inaequalis and 
Latenivenatrix mcmasterae, but the two do not form a sister-group relationship with Troodon 
formosus, arguing against proposed synonymy [30]. Frontals from the Dinosaur Park 
Formation suggest two or more taxa are likely present [32] but lack of overlap between 
the holotypes of Stenonychosaurus and Latenivenatrix [66] complicate the taxonomy; more 
complete specimens are needed to resolve these issues, but the range of variation in the 
Dinosaur Park Formation troodontids, while subtle, is consistent with more than one 
species, and given the high faunal turnover within the assemblage [67], it is highly 
unlikely that a single troodontid species existed throughout the Dinosaur Park Formation. 

Talos sampsoni [68] represents an outlier from other North American taxa, being 
relatively small-bodied and having a specialized pes. It is tentatively recovered in 
Saurornithoidini. Talos, Saurornithoides, and Borogovia are united by a narrow MT II (one-
third with the width of MT IV) and a very short pedal phalanx II-2; Zanabazar lacks most 
of the pes but shares with Saurornithoides a narrow antorbital fossa and a steep 
anterodorsal margin of the maxilla, uniting it with this group. Remaining Late Cretaceous 
troodontids form successively more distant outgroups. 

The derived morphology of the Cerro del Pueblo troodontids merits the recognition 
of a distinct genus, characterized by thickening and arching of the skull, and extensive 
fusion and interlocking of the skull bones. 

4.2. Variation Within Xenovenator 

The referred frontals differ from the holotype in that they lack fusion between the 
frontals, the frontal is not as strongly domed, and the bones do not tightly interlock. There 
are three likely explanations for the variation seen here: 

(i) Variation between distinct species; 
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(ii) Ontogeny within a single species; 
(iii) Sexual dimorphism within a single species. 

The presence of a number of striking autapomorphies—the frontal is thicker 
anteriorly, then becomes thinner behind; the domed shape; the ridge separating the 
olfactory and cerebral fossae—seen in holotype and referred specimens implies these 
animals are closely related. The remaining differences can potentially be interpreted as 
ontogenetic or sexual variation within a single species. 

In pachycephalosaurs, the cranial dome becomes much larger and thicker later in life 
[69], and this developmental pattern may serve as a model for the variation seen here. The 
variation seen in Xenovenator, while remarkable, could represent points along the 
ontogenetic trajectory of a single species. Cranial fusion is widespread in advanced North 
American troodontines (e.g., AMNH 6174 [29], CMN 12,340 [31], TMP 1982.19.23 [62], TMP 
78.9.1 [62], TMP 1988.50.88 [32], TMP 1986.36.4, UALVP 55,285 [32]) and is presumably 
associated with maturity as it is in certain lineages of dinosaurs [70] and in modern birds 
[71]. If so, the isolated, unfused frontals might come from skeletally immature animals, 
consistent with the idea that these specimens are part of an ontogenetic series. 

Alternatively, the specimens could represent males and females. Sexual dimorphism 
is not well-documented in dinosaurs, but is pervasive in modern birds and mammals [72]. 
Strikingly, the referred frontal (CPC 2976) is nearly the same size as the holotype (~60 mm 
along the midline) but it lacks the extensive doming, extreme thickening, and interlocking 
sutures seen in the holotype. That it is so different in morphology but similar in size 
suggests it could lie on a different ontogenetic trajectory, i.e., it represents a female rather 
than a juvenile. Additional specimens and histological work would be needed to 
corroborate or reject these hypotheses. 

4.3. Paleobiology 

The thick, modified cranium of Xenovenator is unique among maniraptorans, and its 
function is not immediately obvious. Many features that lack an obvious adaptive value 
in terms of improving their owners’ survival—cranial horns, crests, bosses, frills, etc.—are 
sexually selected [1,3]. In modern mammals and birds, such features can function in 
courtship, for display, or as weapons. 

As extant dinosaurs, birds provide potential analogues for their extinct relatives. 
Many extant birds have cranial crests, casques, or hornlets [73]. Puffins and anis, for 
example, have crests formed by dorsal and ventral extension of the beak. Hornlike 
prominences occur in Galliformes, including helmeted guineafowl, guans, currassows, 
and certain megapodes, as well as cassowaries. A number of anseriformes have 
prominences on the skull formed by swelling of the frontal bones, including magpie geese, 
swans, and goldeneyes, as do some species of the crowned cranes. Hornbills are known 
for their massive casques. Most of these features appear to function for display. In a few 
cases, the cranial crests are used in combat. This is the case in helmeted hornbills [74,75], 
which fly at each other at high speed and ram their casques together head-on. 

Mammals may also offer potential analogues to Xenovenator. Among extant 
mammals, cranial doming is seen in musk-oxen [40,76], cape buffalo [40], the Sumatran 
serow [77], and giraffe [78]. All of these species engage in head-butting combat [40]; 
bighorn sheep use their massive horns to ram each other head-on [79]. 

Among dinosaurs, domes, hornlets, or thick bosses are seen in Pachycephalosauridae 
[8,21], the ceratopsid Pachyrhinosaurus [17–20], and the abelisaur Majungasaurus [9]; the 
carcharodontosaurid Sauroniops bears thick lateral bosses on the frontals [80]. While their 
function remains contentious, pathologies suggest that pachycephalosaurids used their 
heads for butting [23], and pachyrhinosaur bosses are thought to have functioned for 
head-butting or shoving matches [20,81]. Among these taxa, Xenovenator most closely 
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resembles the pachycephalosaurids, although it also differs in significant ways, including 
the relatively thinner frontoparietal dome and the tight interlocking of the skull bones. 

Other examples of cranial domes or bosses are seen in the dome-headed Triassic 
archosauromorph Triopticus; the Triassic dicynodont Kannemeyeria, which bears a low, 
massive and rugose frontal-nasal boss [82]; and the dome-headed Permian dinocephalian 
Moschops, which is thought to have engaged in head-butting [83]. 

It is conceivable that the doming of the skull in Xenovenator made the animal more 
conspicuous and impressive to mates and rivals, as cranial domes and casques in swans, 
geese, cranes, and hornbills [73] are thought to do. However, the dome’s low profile must 
have limited its effectiveness as a display. Meanwhile, the thick skull bones seem 
overdesigned for a display structure; by comparison, the lightweight cranial domes and 
crests of Anseriformes [73] and most hornbills make their owners conspicuous without 
imposing excessive costs in terms of growing and carrying around heavy bony tissue. 

A number of other unusual features seen in Xenovenator seem suggestive of 
intraspecific combat. The extensive fusion of the skull bones seen in Xenovenator is, for 
example, also seen in head-butting species, including musk-oxen, where both frontals and 
the nasals fuse along the midline [76]; the skull roof is extensively fused in cape buffalo, 
and giraffe [78]. Elaborate sutures also occur in the frontal–nasal contact of musk oxen [76] 
and in the skull of cape buffalo. 

The internal architecture of the Xenovenator frontals may also represent an adaptation 
for ramming. In bighorn sheep, trabeculae of the horn cores form a foamy internal 
architecture to help absorb strain [79], and the dense layer of trabecular bone found in 
helmeted hornbills may serve a similar function [75]. The bone architecture in Xenovenator 
more closely resembles the condition in hornbill [75], with the alignment of densely 
packed trabeculae (Figure 7) likely reflecting the direction of loading. 

Finally, a curious feature of Xenovenator is the gnarled, rugose texture of the skull 
roof (Figure 4). Most coelurosaurs have smooth skull bones. Similar rugose textures are 
seen in birds that engage in combat, however, including steamer-ducks [84] and the 
extinct solitaire, which fight with enlarged spurs of the carpometacarpus, and helmeted 
hornbills [75], which engage in head-butting. Rugose facial bones are also seen in large 
theropods like tyrannosaurs [85–87], which frequently show evidence of intraspecific 
combat in the form of healed bite marks [87,88], and in the facial bones and frills of 
ceratopsids [20], which jousted with horns and head-butted [20]; cranial rugosity is also 
seen in head-butting pachycephalosaurids [14]. Among extant mammals, similar bone 
rugosity occurs in giraffes [78], musk-oxen [76], and cape buffalo. This rugosity seems to 
correlate with intraspecific combat, although its function is unclear: it could be the result 
of loading, an adaptation to reduce stress or prevent fracture of the bone surface, for the 
attachment of soft tissues, or perhaps to protect blood vessels on the bone surface. 

Given the evidence found here—the thickening of the skull, the cranial dome, cranial 
rugosity, and the elaborate sutures—it seems likely that the doming of the skull in 
Xenovenator was an adaptation for intraspecific combat. If so, it is the first known example 
of modification of the skull for intraspecific combat in a paravian. Curiously, as discussed 
above, troodontine frontals are sometimes rugose, and rugosity is also seen on the 
maxillae and nasals [29]. This hints that intraspecific combat may have been widespread 
in Troodontinae, but that such combat was particularly intense than in Xenovenator. 

4.4. Sexual Selection in Dinosaurs 

Dinosaurs repeatedly evolved sexually selected structures, including cranial domes, 
bosses, horns, frills, crests, and casques. Some functioned for display, some generated 
sound [89], and some were weapons, used in combat [23,81,90,91]. Such sexually selected 
features are known from relatively early, such as the cranial crests of Early Jurassic 
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Coelophysis? kayentakatae [92], Dilophosaurus, and Cryolophosaurus [93]. Such features 
continued to evolve up until the Maastrichtian in ceratopsids and hadrosaurs. 

Yet in the Cretaceous, display structures and weapons appear to be especially 
common; it is here when a number of diverse clades evolved that are characterized by 
elaborate ornament and weapons. Ceratopsids bore elaborate frills, horns, and bosses [5]. 
Pachycephalosaurids had elaborate parietal-squamosal ornament and massive domes 
[8,14,21] used for head-butting [23,90,91]. Lambeosaurine duckbills had conspicuous 
casques [89,94,95] that not only acted for display, but functioned to generate sounds [89]. 
Other hadrosaurs evolved cranial crests, such as the bony crests in kritosaurins and 
brachylophosaurins [96] and soft-tissue crests [13] in edmontosaurins. Dorsal or caudal 
sails evolved in spinosaurids [15], carcharodontosaurs [97], diplodocoids [98], 
iguanodontians [99], basal ceratopsians [11], and hadrosaurids [100]. 

Seen in this context, the appearance of sexually selected features in maniraptorans, 
including cranial doming in Xenovenator and the elaborate cranial crests of 
oviraptorosaurs [4,101], hints at a trend towards increased sexual selection, with sexual 
selection becoming more intense over the course of the Mesozoic, resulting in an arms 
race of display structures and weapons. This may reflect changes in reproductive strategy; 
more intensive parental care such as brooding of eggs and care of young [102,103] may 
have caused dinosaurs to be more picky in choosing mates given the high investment 
made in the young. Alternatively, more complex social structures such as herds [104–106] 
may have increased conflict over mates. 

5. Conclusions 
A new troodontid, Xenovenator espinosai, is described based on a braincase from the 

Late Campanian of Coahuila, Mexico. Xenovenator is characterized by a thickened, domed, 
rugose skull with fusion and interlocking of skull bones. These features likely were 
adaptations for intraspecific combat. The presence of the related Xenovenator(?) robustus in 
New Mexico suggests they represent a distinct clade of thick-skulled troodontids endemic 
to the Southwest, emphasizing the endemicity and diversity of southern Laramidian 
faunas (Figure 12). Sexual selection, including adaptations for display and combat, was a 
widespread phenomenon in Late Cretaceous dinosaurs. 

 

Figure 12. Silhouettes of Xenovenator espinosai and other Cerro del Pueblo Formation dinosaurs, 
showing the diversity of the fauna. 
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