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Megaraptora is a clade of medium-sized to large 
theropod dinosaurs that inhabited terrestrial 
ecosystems of Asia, Australia and South America 
from the Barremian through Maastrichtian (e.g., 
Novas et al., 2013; Samathi et al., 2019; Aranciaga-

Rolando et al., 2022a, 2022b). Despite their broad 
geographic and temporal distribution, the fossil record 
of megaraptorans is mainly composed of relatively 
fragmentary materials, which makes it difficult to 
establish their phylogenetic position within Theropoda 
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Abstract: Megaraptoran theropods represent an enigmatic and unusual lineage of 
theropod dinosaurs that are characterized by their unique bauplan including a low, 
elongated skull and robust forelimbs with enlarged claws. Such an unusual morphology 
has led to speculations that these theropods primarily used forelimbs instead of jaws in 
prey capture or feeding, but biomechanical studies regarding in-depth evaluations of the 
functions of their claws or jaws have been scarce. In this work, mandibular force profiles 
of Australian megaraptoran Australovenator wintonensis are constructed through the 
principle of beam theory, and mechanical advantages of first manual unguals of various 
megaraptoran taxa are evaluated using third-class lever model. Mandibular force profiles 
reveal that the lower jaw of Australovenator wintonensis behaved as a simple lever, suitable 
for delivering slashing bites, and likely unable to produce a high bite force. Biomechanical 
modeling of the first manual unguals of megaraptorans suggests a decrease in Mechanical 
Advantage in derived taxa, which indicates the claws became more adapted to hook-and-
pull function during the course of evolution in this clade. Such results imply megaraptorans 
like Australovenator wintonensis mainly preyed on relatively small-sized animals, or relied 
more on their forelimbs to hunt large prey items through hooking the claws onto the victim 
and pulling them, tearing or slicing the flesh.

Resumen: Los terópodos megaraptores representan un linaje enigmático e inusual de 
dinosaurios terópodos que se caracterizan por su bauplan único que incluye un cráneo bajo 
y alargado y extremidades anteriores robustas con garras agrandadas. Una morfología 
tan inusual ha llevado a especulaciones de que estos terópodos usaban principalmente 
las extremidades anteriores en lugar de las mandíbulas para capturar o alimentarse de 
sus presas. Sin embargo, los estudios biomecánicos sobre evaluaciones en profundidad 
de las funciones de sus garras o mandíbulas son escasos. En este trabajo, los perfiles de 
fuerza mandibular del megaraptor australiano Australovenator wintonensis se construyen 
mediante el principio de la teoría del haz, y las ventajas mecánicas de los primeros unguales 
manuales de varios taxones de megaraptores se evalúan utilizando un modelo de palanca 
de tercera clase. Los perfiles de fuerza mandibular revelan que la mandíbula inferior de 
Australovenator wintonensis se comportó como una palanca simple, adecuada para realizar 
mordidas cortantes y probablemente incapaz de producir una fuerza de mordida alta. El 
modelado biomecánico de los primeros unguales manuales de megaraptores sugiere una 
disminución en la Ventaja Mecánica en los taxones derivados, lo que indica que las garras 
se adaptaron más a la función de gancho y tracción durante el curso de la evolución en este 
clado. Tales resultados implican que los megaraptores como Australovenator wintonensis 
se alimentaban principalmente de animales de tamaño relativamente pequeño, o dependían 
más de sus extremidades anteriores para cazar presas grandes enganchando con las 
garras a la víctima y tirando de ellas, desgarrando o cortando la carne.

Received: 18 October 2024
Accepted: 13 November 2024
Published: 28 November 2024

Corresponding author:
Chan-gyu Yun
changyu1015@naver.com

Keywords:
Dinosauria
Theropoda
Megaraptora
Mandible
Manual ungual
Cretaceous

Palabras-clave:
Dinosauria
Theropoda
Megaraptora
Mandíbula
Ungual manual
Cretácico

INTRODUCTION

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7203/sjp.29797
https://orcid.org/0000-0002-2158-7918
mailto:changyu1015%40naver.com?subject=
https://sepaleontologia.es/spanish-journal-palaeontology/


Yun, C.-G. - Biomechanics of megaraptoran lower jaw and manual ungual - Spanish Journal of Palaeontology 39, 20242

or infer their ecology and behavior (e.g., Novas et al., 
2013; Bell et al., 2015; Lamanna et al., 2020). The 
exact phylogenetic placement of this group is still 
uncertain and controversial: initially, megaraptorans 
were interpreted to be either close to megalosauroid 
(=spinosauroid) tetanurans (Smith et al., 2008) or 
represent carcharodontosaurian allosauroids within a 
clade Neovenatoridae (Benson et al., 2010; Carrano 
et al., 2012; Zanno & Makovicky, 2013). Nowadays, 
megaraptorans are usually considered members of 
Coelurosauria (e.g., Novas et al., 2013; Porfiri et al., 
2014; Aranciaga-Rolando et al., 2019, 2022a, 2022b). 
Within Coelurosauria, megaraptorans are usually 
considered as a subclade nested in, or a sister taxon, 
of Tyrannosauroidea (e.g., Novas et al., 2013; Porfiri 
et al., 2014; Cau, 2018; Aranciaga-Rolando et al., 
2019, 2022a, 2022b; Naish & Cau, 2022; Kotevski et 
al., 2024), but several studies have recovered them 
as a basal coelurosaurian clade that diverged earlier 
than Tyrannosauroidea within the lineage towards 
Neornithes (e.g., Apesteguía et al., 2016; Delcourt & 
Grillo, 2018; Porfiri et al., 2018; Samathi et al., 2019). 
Despite such unclear phylogenetic relationships as well 
as a sparse fossil record, megaraptorans have enjoyed 
a recent flurry of descriptions of new taxa (e.g., Porfiri 
et al., 2018; Samathi et al., 2019; Aranciaga-Rolando 
et al., 2022b) as well as recovery of more materials or 
redescriptions of previously-erected taxa (e.g., White 
et al., 2012, 2013, 2015a, 2015b; Porfiri et al., 2014; 
Novas et al., 2016; Aranciaga-Rolando et al., 2019, 
2022a). Such new information has indicated that the 
bauplan of megaraptorans is rather different from other 
non-avian theropods in several features, including an 
elongated, shallow skull possessing apicobasally short, 
strongly recurved teeth, a robust forelimb with enlarged 
manus that possesses hypertrophied unguals, and a 
highly pneumatized axial skeleton (e.g., White et al., 
2012, 2015a, 2015b; Novas et al., 2013, 2016; Porfiri 
et al., 2014; Aranciaga-Rolando et al., 2022a, 2023). 
Among these, a unique forelimb anatomy has received 
a particular attention, and based on enlarged, raptorial 
manual unguals, as well as well-developed muscle 
attachment sites, various authors have suggested 
the forelimb of megaraptorans was important to the 
palaeobiology of these theropods, and may played a 
key role in prey capture or feeding (e.g., White et al., 
2012, 2015a; Aranciaga-Rolando et al., 2023).
Although these are plausible claims, studies that 
examined the likely functions of the hypertrophied 
manual unguals of megaraptorans have been scarce, 
such as the biomechanical modeling of the manual 
ungual bones like that performed for other non-avian 
theropods (e.g., Lautenschlager, 2014; Qin et al., 2023). 
Additionally, the skulls and jaws of megaraptorans, 
which would also have been important for hunting 
and feeding, have received less attention than their 
forelimbs. This is likely due to a paucity of cranial 
remains of this clade (e.g., Porfiri et al., 2014; White 
et al., 2015b; Coria & Currie, 2016; Kotevski et al., 

2024). So far, relatively complete bones that comprise 
the snout or anterior half of the mandible, which would 
have been used in hunting and feeding, are only 
known in Australovenator wintonensis and Megaraptor 
namunhuaiquii among derived megaraptorans 
(Hocknull et al., 2009; Porfiri et al., 2014; White et 
al., 2015b). For this reason, biomechanical analyses 
on craniomandibular bones, which are important for 
assessing feeding function or hunting behavior and 
were frequently performed in other theropods (e.g., 
Rayfield, 2005; Therrien et al., 2005, 2021; Rowe & 
Snively, 2021; Johnson-Ransom et al., 2024), have not 
been performed in megaraptorans.
Since the ungual bone generally operates as a third-
class lever, the ratio of in-lever length to out-lever 
length (Mechanical Advantage) can be used as a 
proxy for structural strength of the claw (e.g., Ostrom, 
1966; Tsogtbaatar et al., 2018; Kobayashi et al., 2022; 
Kubota et al., 2024). Despite being relatively simple 
in nature, biomechanical modeling of the theropod 
manual unguals through the principle of third-class 
lever (Kobayashi et al., 2022) has recently proven 
to be yield results congruent with those produced 
through more complex finite element analyses (Qin et 
al., 2023). Additionally, Mechanical Advantage of the 
ungual is correlated with the degree of development 
of the flexor tubercle, as the size of the tubercle affects 
the length of the in-lever of the claw. Considering that 
the flexor tubercle serves as an attachment point of 
the flexor digitorum longus, the values of Mechanical 
Advantage (=proxy for the size of the tubercle) can be 
used as indicators of the output force applied on the tip 
of the ungual (e.g., Tsogtbaatar et al., 2018; Kobayashi 
et al., 2022; Kubota et al., 2024).
The principles of beam theory, which requires only 
external dimensions on some aspects of the mandible, 
can be used to derive mandibular force profiles from the 
complete lower jaw, or even from the isolated dentary 
of a theropod (Therrien et al., 2005, 2021; Jasinski, 
2011; Monfroy, 2017; Yun, 2024). This technique is 
relatively simple, less time-consuming, does not require 
expensive, complex computer analysis programs, and 
has been shown to yield results compatible with the 
more complex Finite Element Analysis (FEA) (e.g., 
Therrien et al., 2005, 2016, 2021). A medium-sized 
megaraptoran dinosaur from Australia, Australovenator 
wintonensis, provides an optimal opportunity to study 
mandibular biomechanic profiles in order to infer 
feeding and hunting behavior, as well as bite force 
of this lineage. This is because the holotype of this 
taxon, AODF 604, is relatively well-preserved among 
known megaraptoran skeletons and, most importantly, 
preserves complete dentaries (Hocknull et al., 2009; 
White et al., 2015b).
In this work, a construction of a beam model for the 
Australovenator wintonensis mandible is provided, 
in order to evaluate its ability to resist bending loads 
generated during biting. Additionally, the results 
are compared to previously published results for 
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extant Varanus komodoensis and various non-avian 
theropods (Therrien et al., 2005, 2021) so that hunting 
techniques or feeding mechanisms employed by this 
taxon, or potentially other megaraptorans, can be 
gleaned. Additionally, Mechanical Advantages of known 
megaraptoran manual ungual I are derived, in order to 
investigate possible functions of this element as well as 
to infer evolutionary changes in ungual shape and role 
occurred in this clade.

Institutional abbreviations

AODF, Australian Age of Dinosaurs Fossil, Winton, 
Australia; BYU, Brigham Young University, Utah, USA; 
FPMN, Fukui Prefectural Museum, Fukui, Japan; 
MCF-PVPH, Museo Carmen Funes, Paleontologia 
de Vertebrados, Plaza Huincul, Neuquén, Argentina; 
MPCN, Museo Patagónico de Ciencias Naturales, 
General Roca, Argentina; MUCPv, Museo de la 
Universidad Nacional del Comahue, Neuquén, 
Argentina; NHMUK, Natural History Museum, 
London, United Kingdom; NMV, Museums Victoria 

(formerly National Museum of Victoria), Melbourne, 
Australia; SM, Sirindhorn Museum, Department of 
Mineral Resources, Kalasin, Thailand; TMP, Royal 
Tyrrell Museum of Palaeontology, Drumheller, Alberta, 
Canada; UNPSJB-PV, Universidad Nacional
de la Patagonia San Juan Bosco, Comodoro Rivadavia, 
Argentina; USNM, National Museum of Natural History, 
Smithsonian Institution, Washington D.C., USA.

MATERIAL AND METHODS
Measurements were made of the dentary of AODF 
604 from the published figure 2 of White et al. 
(2015b), using the program ImageJ (Schneider et al., 
2012). While the postdentary region of the mandible 
in AODF 604 is missing, Aranciaga-Rolando et al. 
(2019, fig. 1) provided a composite reconstruction of 
a complete megaraptoran mandible, using the dentary 
of AODF 604 and postdentary bones of Murusraptor 
barrosaensis (MCF-PVPH-411), and this was scaled 
after the holotype of Australovenator wintonensis. 

Figure 1. A–D, Measurement parameters used in this study, with mandible of Australovenator wintonensis (AODF 604) as 
an example; A, dimensions measured at the lateral surface; B, dimensions measured at the dorsal surface; C, depth of the 
mandibular symphysis measured at the medial surface; D, dimensions measured after the reconstructed, complete mandible. A–C 
are modified from figure 2 of White et al. (2015b), and D is after figure 1 of Aranciaga-Rolando et al. (2019); scale bars = 50 mm.
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The fact that reconstruction was used suggests that 
some property values (e.g., Zx/L, Zy/L) derived in this 
study are preliminary and, therefore, in such cases 
the results should be used as predictions when more 
complete materials are recovered. Use of images 
to derive mandibular force profiles is a valid method 
that produces congruent results with those using 
measurements directly taken from actual specimens 
(Brannick & Wilson, 2020).
Various measurements (Fig. 1) were taken following 
the protocols of Therrien et al. (2005, 2021), and are 
as follows: 1) depth of the dentary at 3rd alveolus; 
2) depth of the dentary at 10th alveolus; 3) depth 
of the dentary at the upper dentary suture with the 
surangular; 4) width between the lateral margin of 
the 3rd alveolus and the posteriormost point of the 
mandibular symphysis; 5) width of the dentary at 10th 

alveolus; 6) width of the dentary at the upper dentary 
suture; 7) depth of the mandibular symphysis; 8) 
length of the mandibular symphysis; 9) distance from 
jaw articulation to 3rd alveolus; 10) distance from jaw 
articulation to 10th alveolus; 11) distance from jaw 
articulation to upper dentary suture; and 12) length 
of the mandible. Of note, the mandibular symphysis 
of Australovenator wintonensis is not clearly defined 
(White et al., 2015b), but figure 2 of White et al. 
(2015b) provides an extent which both dentaries meet 
at their anterior portion, and this was used as a proxy 
to take measurements. From these measurements, a 
set of biomechanical properties is derived following 
protocols of Therrien et al. (2005, 2021), and each 
component are as follows: 1) Zx (a bending strength in 
the dorsoventral plane) = π*(dentary width/2)*(dentary 
depth/2)2/4; 2) Zy (a bending strength in the labiolingual 
plane) = π*(dentary depth/2)*(dentary width/2)2 /4; 
3) Zx/Zy (a relative strength of the mandible); 4) 
Zx/L (a dorsoventral mandibular strength), in which 
L is the distance between the landmark and the jaw 
articulation; and 5) Zy/L (a mediolateral mandibular 
strength). This dataset was produced using Microsoft 
Excel. For comparative purposes, mandibular 
measurements, and lower jaw force profiles of various 
non-avian theropods are obtained and derived after 
the dataset of Therrien et al. (2021), and subjected to 
exponential regressions to investigate the correlations 
between mandibular length and the bite force among 
theropods, and how Australovenator wintonensis fits 
such trends.
The Mechanical Advantage (MA) of the theropod ungual 
can be derived from the following calculation: MA = sin 
(θ + δ) d / a, when the flexor force is hypothesized to 
be applied perpendicular to the articulation surface 
(Tsogtbaatar et al., 2018; Kobayashi et al., 2022; 
Kubota et al., 2024; Fig. 2). In this calculation, a is the 
out-lever length measured from the most concave point 
of the articular surface to the tip of the ungual, d is the 
in-lever length from the concave point of the articulation 
surface to the most convex point of the flexor tubercle,

θ is the angle of the input force vector to the line of out-
lever, and δ is the angle between the in-lever and the 
out-lever. Therefore, MA values represent efficiency of 
the output force that exerted at the tip of the ungual 
relative to the input force at the flexor tubercle (e.g., 
Tsogtbaatar et al., 2018; Kobayashi et al., 2022; Kubota 
et al., 2024). In addition, they are partly correlated with 
the degree of the development of the flexor tubercle: 
that is, unguals with well-developed flexor tubercle are 
likely to have high MA values as well (Tsogtbaatar et 
al., 2018).
Measurements of manual unguals I of megaraptorans 
were taken from the published figure 6 of Lamanna 
et al. (2020), using ImageJ (Schneider et al., 2012), 
and the Mechanical Advantage values were derived 
through Microsoft Excel. Given that the ungual of the 
first digit is the most hypertrophied one within the 
manus of Megaraptora, it is reasonable to assume 
that this element played the most important role in the 
manual function (e.g., White et al., 2015a). To infer the 
possible evolutionary changes of this element in the 
clade, obtained Mechanical Advantage values were 
regressed against the out-lever length (a proxy for the 
size of an ungual), since previous studies have noted 
significant body size increase during the later course 
of megaraptoran evolution (e.g., Lamanna et al., 2020; 
Aranciaga-Rolando et al., 2022a, 2022b). A total of 10 
megaraptoran manual unguals were used to derive 
the Mechanical Advantage values, and same values 
for three non-megaraptoran theropods (Allosaurus sp. 
– NHMUK R10868 (cast), Suchomimus tenerensis – 
NHMUK R16013 (cast), Torvosaurus tanneri – BYU 
2020) that might have used their forelimbs in predation 
(e.g., Holtz, 2003, 2008) were also calculated for 
the comparative purposes, using the same method 
(Gasca et al., 2018, fig. 1). A full list of analyzed 
ungual specimens, are provided in Table 1.

Figure 2. Biomechanical modeling of the theropod manual 
ungual, using third-class lever model (after Tsogtbaatar et 
al., 2018). Explanations: a is the out-lever measured from 
the articular surface to the tip of the ungual, d is the in-lever 
from the articulation surface to the flexor tubercle, θ is the 
angle of the input force vector to the out-lever, and δ is the 
angle between the in-lever and the out-lever. Illustration of 
the ungual is after Lamanna et al. (2020).
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RESULTS
Mandibular force profiles: The bending strength about 
the mediolateral axis (Zx) of the holotype (AODF 604) 
dentary of Australovenator wintonensis increases 
posteriorly (Tab. S1). The Zx value at the 3rd alveolus 
of AODF 604 is approximately 2.27, whereas that at 
the middentary is about 1.36 times higher (about 3.10). 
The Zx value at the upper dentary suture with the 
surangular is highest, being about 5.36. The bending 
strength about the dorsoventral axis (Zy) shows a 
slightly different trend (Tab. S1), as Zy values at the 
3rd alveolus and middentary are found to be nearly 
identical (about 1.16). The Zy value at the upper suture 
region is slightly higher, being about 1.25.
In the case of the relative mandibular force (Zx/Zy), the 
Zx/Zy value is lowest at the 3rd alveolus (about 1.96), 
whereas those at the middentary and the upper dentary 
suture are significantly higher, being about 2.68 and 
4.29, respectively (Fig. 3A). These values suggest that 
the lower jaw of Australovenator wintonensis is slightly 
more rounded in cross-section near the symphysis, 
but is still close to twice the width (versus depth), and 
becomes deeper posteriorly, reaching more than four 
times the width (Tab. S1).
The bending force in the dorsoventral plane (Zx/L) 
increases posteriorly (Fig. 3A): the Zx/L value at the 
3rd alveolus of AODF 604 is estimated to be about 
0.053, whereas those of the middentary and the 
upper suture region are estimated to be about 0.090 
and 0.236, respectively (Tab. S1). The bending force 
in the mediolateral plane (Zy/L) shows a similar trend 
of increasing posteriorly like Zx/L (Fig. 3A): the Zy/L 
value at the 3rd alveolus is 0.027, and those at the 

middentary and upper dentary suture are about 0.034 
and 0.055, respectively. These values, of course, 
also suggest that Zy/L does not increase as much 
posteriorly as the bending force in the dorsoventral 
plane (Tab. S1). Recent studies have demonstrated 
that Zx/L value at the middentary is a valid proxy for 
bite force in theropods (Therrien et al., 2005, 2021), 
as this region is close to the most prominent upper 
jaw tooth where the bite force is usually estimated or 
compared in crocodylians and non-avian theropods 
(e.g., Erickson et al., 2003, 2004, 2012; Rayfield, 2004; 
Gignac & Erickson, 2015, 2017). The middentary Zx/L 
value (0.090) of Australovenator wintonensis is nearly 
identical to that of TMP 2016.14.1 (0.091; Tab. S1), an 
immature individual of the tyrannosaurid Gorgosaurus 
libratus with a mandibular length of 46.45 cm (Therrien 
et al., 2021; Voris et al., 2019, 2022; Fig. 3B). An 
estimated complete mandibular length of AODF 604 is 
approximately 48.69 cm (after White et al., 2015b, fig. 
2; Aranciaga-Rolando et al., 2019, fig. 1), making both 
of similar lengths as well.
In terms of the proportion of the mandibular symphysis, 
it appears that Australovenator wintonensis has a 
symphysis length that is subequal to the depth with a 
ratio of 1.06 (Tab. S1). In this respect, the mandibular 
symphysis of this taxon is more similar to that of 
tyrannosaurids than to other non-avian theropods, in 
that an anteroposterior extent of the symphyseal region 
is nearly equal to the dorsoventral extent (Therrien et 
al., 2005, 2021). In most other non-avian theropods, the 
depth of the symphysis is usually much higher than the 
length of the region, mostly because of its subvertical 
nature (Therrien et al., 2005, 2021).

Clade Taxon/Specimen a (cm) d (cm) δ(°) θ(°) δ(rad) θ(rad) MA Note Source

Megaraptora Australovenator wintonensis 
AODF 604 15.87 3.26 4.61 65.91 0.080 1.150 0.194 Moderately 

restored
Lamanna et al. (2020): 

fig. 6

Megaraptora cf. Australovenator 
wintonensis NMV P239464 14.37 2.93 20.68 60.81 0.361 1.061 0.202 - Lamanna et al. (2020): 

fig. 6

Megaraptora Fukuiraptor kitadaniensis 
FPMN 9712211 10.7 3.76 38.52 32.62 0.672 0.569 0.333 - Lamanna et al. (2020): 

fig. 6

Megaraptora Gualicho shinyae MPCN PV 
0001 6.69 2.14 24.41 55.79 0.426 0.974 0.315 Slightly 

restored
Lamanna et al. (2020): 

fig. 6

Megaraptora Megaraptor namunhuaiquii 
MCF-PVPH 79 26.65 4.63 21.82 62.28 0.381 1.087 0.173 Slightly 

restored
Lamanna et al. (2020): 

fig. 6

Megaraptora Megaraptor namunhuaiquii 
MUCPv 341 25.91 5.26 11.05 70.95 0.193 1.238 0.201 Slightly 

restored
Lamanna et al. (2020): 

fig. 6

Megaraptora Phuwiangvenator yaemniyomi 
SM-PW9B-19 6.73 2.37 23.96 39.5 0.418 0.689 0.315 Moderately 

restored
Lamanna et al. (2020): 

fig. 6

Megaraptora UNPSJB-PV 958 24.43 4.8 26.61 63.72 0.464 1.112 0.196 Slightly 
restored

Lamanna et al. (2020): 
fig. 6

Megaraptora UNPSJB-PV 1046 21.35 5.53 19.14 58.04 0.334 1.013 0.253 Slightly 
restored

Lamanna et al. (2020): 
fig. 6

Megaraptora UNPSJB-PV 1102 20.15 4.82 12.58 61.38 0.220 1.071 0.230 Slightly 
restored

Lamanna et al. (2020): 
fig. 6

Non-Megaraptora 
(Allosauridae)

Allosaurus sp. NHMUK 
R10868 (cast) 18.16 6.62 10.34 60.95 0.180 1.064 0.345 - Gasca et al. (2018): 

fig. 1
Non-Megaraptora 
(Spinosauridae)

Suchomimus tenerensis 
NHMUK R16013 (cast) 21.16 7.11 21.42 51.52 0.374 0.899 0.321 - Gasca et al. (2018): 

fig. 1
Non-Megaraptora 
(Megalosauridae)

Torvosaurus tanneri BYU 
2020 20 5.87 11.16 67.96 0.195 1.186 0.288 - Gasca et al. (2018): 

fig. 1

Table 1. Mechanical Advantage values of manual ungual I-2 of megaraptoran theropods and three non-megaraptoran theropods, 
derived from a variety of measurements.
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Mechanical Advantage of the first manual ungual: 
Among the analyzed manual ungual I specimens (Fig. 
4), that of the early-diverging megaraptoran Fukuiraptor 
kitadaniensis (FPMN 9712211) is found to have the 
highest Mechanical Advantage value (0.333), followed 
by Gualicho shinyae (MPCN PV 0001), another putative 
early-diverging member of the clade (0.315). Another 
basal megaraptoran, Phuwiangvenator yaemniyomi 
(SM-PW9B-19), is also found to have nearly identical 
Mechanical Advantage value (0.315). It is notable that, 
the Mechanical Advantage values of non-megaraptoran 
theropods with raptorial manual ungual I, are found 
to be largely similar to those of early-diverging 
megaraptorans. Allosaurus sp. (NHMUK R10868 - 
cast) is found to have the value of 0.345, and those of 
Suchomimus tenerensis (NHMUK R16013 - cast), and 
Torvosaurus tanneri (BYU 2020) are estimated to be 
about 0.321 and 0.288 respectively.
In contrast, those of the later-diverging taxa tend to 
have lower values (Fig. 4). For example, unguals of 
Megaraptor namunhuaiquii (MCF-PVPH 79, MUCPv 
341) are found to have values lower than 0.2 (0.173–
0.201), and similarly lower values are found in those 
(AODF 604, NMV P239464) referred to Australovenator 
wintonensis (0.194–0.202).

DISCUSSION
The results of biomechanical modeling of the dentary 
preserved in AODF 604 provide insights into hunting 
and feeding behavior in Australovenator wintonensis, 
and potentially other megaraptoran theropods. While 
the cranial anatomy of megaraptorans is still very 
poorly understood, a juvenile specimen (MUCPv 595) 
that is referred to Megaraptor namunhuaiquii indicates 
megaraptorans possessed an elongated skull with a 
shallow snout bearing small teeth (Porfiri et al., 2014), 
and a gracile, elongated morphology of the dentary of 
Australovenator wintonensis appears to be consistent 
with such cranial form (Hocknull et al., 2009; White et al., 
2015b). Additionally, despite the potential differences 
in the presence of mesial denticles between early-
diverging members and derived forms (e.g., Aranciaga-
Rolando et al., 2022b; Kotevski et al., 2024), almost all 
known megaraptorid teeth share a unique combination 
of features such as short apicobasal length, a strongly 
recurved nature, and 8-shaped basal cross-section 
(e.g., Novas et al., 2008; Porfiri et al., 2014; White et al., 
2015b; Hendrickx et al., 2019; Aranciaga-Rolando et 
al., 2022b; Kotevski et al., 2024). Although preliminary, 
these observations suggest craniodental anatomy of 

Figure 3. A–B, Mandibular force profiles of Australovenator wintonensis and other non-avian theropods; A, mandibular properties 
of Australovenator wintonensis (AODF 604); B, comparison of bite force estimates between Australovenator wintonensis and 
other non-avian theropods, using Zx/L at the middentary as a proxy. Illustrations are after Aranciaga-Rolando et al. (2019), Voris 
et al. (2019) and Therrien et al. (2021).
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megaraptorans is broadly similar to each other, and the 
inferred feeding or hunting behavior of Australovenator 
wintonensis might also can be applied to a variety of 
other members of the lineage, if not all of them.
Both dorsoventral and mediolateral strengths along 
the dentary in Australovenator wintonensis increase 
towards rear of the bone, potentially suggesting the 
symphyseal region of this taxon is mechanically 
weaker than the post-symphyseal regions. Such results 
are broadly congruent with the simple-lever model 
of varanid lizards and most non-avian theropods, 
but different from a strengthened symphysis of 
tyrannosaurids (Therrien et al., 2005, 2021), despite 
having a similar symphyseal proportion. It is assumed 
that tyrannosaurids, which have a mechanically strong 
symphyseal region, held their prey with the anterior 
part of their jaws, but other non-avian theropod 
dinosaurs that lacked a strong symphyseal region are 
likely to have hunted by delivering rapid, slashing bites 
like varanids (Therrien et al., 2005, 2021). Results of 
this work strongly indicate Australovenator wintonensis 
and, possibly, other megaraptorans hunted in a manner 
that is more similar to other non-avian theropods and 
varanids, rather than tyrannosaurids. Considering that 
megaraptorans are often considered as tyrannosauroids 
that diverged earlier than Eutyrannosauria (e.g., Novas 
et al., 2013; Porfiri et al., 2014; Cau, 2018; Naish & Cau, 
2022; Kotevski et al., 2024) or form a sister clade of 
Tyrannosauroidea (Aranciaga-Rolando et al., 2022b), 
it appears that unique hunting and feeding behaviors of 
using the front of jaws to bite, capture and dismember 
prey that are assumed to be employed by derived 
tyrannosauroids (e.g., Tyrannosauridae) likely occurred 
later in the course of the evolution in this clade. Indeed, 
Brusatte and Carr (2016) noted that the development 
of the mandibular symphysis into a bony brace that 

prevents dislocation between the complementary lower 
jaws first appeared in a grade of taxa on the line to 
Tyrannosauridae (Appalachiosaurus montgomeriensis 
+ Tyrannosauridae), and cranial biomechanic studies 
using finite element analysis also showed that early-
diverging tyrannosauroids have mechanically weaker 
skulls and lower bite forces compared to tyrannosaurids 
(Rowe & Snively, 2021; Johnson-Ransom et al., 2024).
Of course, the fact that the Zx/Zy value (1.96) of 
the anterior region is lower than those of the rear 
parts suggests that the front of the lower jaw of 
Australovenator wintonensis has a slightly rounded 
cross-section, which means it is slightly more resistant 
to torsional load. The fact that the first tooth of the lower 
jaw of Australovenator wintonensis may be smaller 
than the other teeth that are ziphodont, recurved and 
blade-like, but has a conical shape may also tentatively 
support this (White et al., 2015b). In any case, the fact 
that the Zx/Zy value at the front of the jaw is high in 
absolute terms (close to 2.0), suggests the ability to 
withstand the dorsoventral load was still almost twice 
as important as the mediolateral load in this region. 
The fact that a similar phenomenon occurs in varanids 
and many non-tyrannosaurid theropods (Therrien et 
al., 2005), suggests that although Australovenator 
wintonensis may have occasionally caught, held, or 
dismembered prey with the front of its snout, it did so to 
a similar extent as these animals and much less often 
than tyrannosaurids did.
Of note, the Zx/Zy value at the anterior region of the 
lower jaw (1.96) of Australovenator wintonensis, is close 
to those of captive individuals of Varanus komodoensis 
(2.00) and Ceratosaurus nasicornis USNM 4735 
(2.01) examined by Therrien et al. (2005). Therrien 
et al. (2005) pointed out that Varanus komodoensis 
individuals in captivity do not experience high torsional 

Figure 4. Comparison of the length of the first manual ungual and the mechanical advantage among megaraptoran theropods.
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loads at the front of the jaw since they are supplied 
with prey that is small or already dead and, therefore, 
are not required to be adapted to such loads. Based on 
this, Therrien et al. (2005) interpreted high Zx/Zy values 
at the symphyseal region of Ceratosaurus nasicornis 
as indicating that this taxon hunted small prey. Applying 
the same logic, Australovenator wintonensis may also 
have hunted primarily relatively smaller animals. This 
interpretation is reasonable, given that Australovenator 
wintonensis was a medium-sized theropod: while the 
ontogenetic status of the holotype is not clear, when 
the femur length (578 mm) of AODF 604 (Hocknull et 
al., 2009) is introduced into an equation proposed by 
Christiansen and Fariña (2004) for estimating body 
mass using the corresponding measurement (log body 
mass (kg) = 3.22 log femur length (mm) – 6.288), the 
body mass of the holotype individual of Australovenator 
wintonensis is estimated to be about 403.1 kg.
The bite force (Zx/L at middentary) of Australovenator 
wintonensis is found to be close to that of other 
non-avian theropods with similar mandibular length 
(Gorgosaurus libratus TMP 2016.14.1) but it is unclear 
whether the same trend would have existed in later-
diverging megaraptorans, which had significantly 
larger body sizes than Australovenator wintonensis 
(e.g., Lamanna et al., 2020; Aranciaga-Rolando et al., 
2022a, 2022b) and, presumably, longer mandibular 
length. It has been revealed that another large-bodied 
theropod (spinosaurid Suchomimus tenerensis) with a 
gracile, longirostrine skull had relatively and absolutely 
lower bite force for a theropod of its size (Therrien 
et al., 2005, 2021) and, if large-bodied, derived 
megaraptorans had an elongated skull with a shallow 
snout that is provisionally suggested by an incomplete 
cranium of juvenile Megaraptor namunhuaiquii and 
the dentary of Australovenator wintonensis (Porfiri et 
al., 2014; White et al., 2015b), they also might have 
had somewhat low bite forces. Indeed, based on the 
features of the nasal and the contour of nasofrontal 
suture of known megaraptoran specimens, Kotevski 
et al. (2024) suggested the snouts of megaraptorans 
may have become more elongated over time, and the 
highly ziphodont, apicobasally short nature of known 
megaraptoran teeth, including those of later-diverging 
ones, imply they were probably incapable of withstanding 
high vertical or torsional loads (e.g., Novas et al., 2008; 
Porfiri et al., 2014; White et al., 2015b; Hendrickx et 
al., 2019; Aranciaga-Rolando et al., 2022b; Kotevski 
et al., 2024). Of note, the area of the dorsotemporal 
fossa in the frontal bone of megaraptorans is relatively 
large (Porfiri et al., 2014; Paulina-Carabajal & Currie, 
2017), and the fact that the width and depth of this 
bone scaled positively in this lineage (Porfiri et al., 
2014; Paulina-Carabajal & Coria, 2015; Coria & Currie, 
2016; Paulina-Carabajal & Currie, 2017; Yun et al., 
2022) suggests a considerable amount of the jaw 
adductor musculature covered the dorsal surface of the 
skull in megaraptorans. However, other than this, there 
seems to be no clear evidence that megaraptorans had 

particularly strong bite forces. Based on these facts, it 
is assumed here that the bite force of the large, later-
diverging megaraptorans may also have been similar 
to that of similarly-sized non-avian theropods (possibly 
lower), and much lower than that of tyrannosaurids. Of 
note, the fact that the Zx/Zy value of the anterior part of 
the lower jaw of Australovenator wintonensis revealed 
in this study is close to that of Varanus komodonensis 
individuals in captivity, may suggest that the mandible 
of megaraptorans played a minor role in prey capture. 
A similar idea was suggested for dromaeosaurid 
theropods by Therrien et al. (2005), based on similar 
values of the sampled mandibles.
However, although megaraptorans like Australovenator 
wintonensis may have had a relatively weak bite, they 
may have used their strong forelimbs equipped with 
large claws to take down larger prey. Analyses on 
unguals of the first manual digit indicate a decrease 
in Mechanical Advantage in derived megaraptorans 
such as Australovenator wintonensis and Megaraptor 
namunhuaiquii (e.g., Porfiri et al., 2014; Naish & 
Cau, 2022), compared to early diverging members 
like Fukuiraptor kitadaniensis and Phuwiangvenator 
yaemniyomi (e.g., Samathi et al., 2019; Aranciaga-
Rolando et al., 2019, 2022b). This is potentially 
corroborated by a high Mechanical Advantage value in 
Gualicho shinyae, another putative basal megaraptoran 
(e.g., Apesteguía et al., 2016). Indeed, low Mechanical 
Advantage values are also found in isolated ungual 
phalanges (UNPSJB-PV 958, 1046, 1102) from 
the Upper Cretaceous of Argentina, and their large 
sizes are indicative of later-diverging phylogenetic 
positions (e.g., Lamanna et al., 2020). Considering that 
Mechanical Advantage value is closely associated with 
the out-lever length and the degree of development of 
the flexor tubercle (Tsogtbaatar et al., 2018), low values 
in later-diverging, large megaraptoran taxa reflect 
an elongated out-lever length and weakly developed 
flexor tubercle of their manual unguals and presumably, 
relatively low output force. A study of Kobayashi et 
al. (2022) found a trend of decreases in Mechanical 
Advantage and flexor tubercle size during evolution of 
therizinosaurian theropods, in which the results were 
corroborated by finite-element and functional-space 
analyses (Qin et al., 2023). In that work, compact, 
short unguals with high Mechanical Advantage values 
found in early members were interpreted to be used 
in a generalist function, whereas elongated unguals 
with low Mechanical Advantage values of derived 
taxa represent adaptations for behaviors that are less 
prone to higher stresses, such as hook-and-pulling 
(Kobayashi et al., 2022). Additionally, three large-
bodied, non-megaraptoran predatory theropod taxa 
(Allosaurus sp., Suchomimus tenerensis, Torvosaurus 
tanneri) are found to have high MA values (0.288–
0.345) in manual ungual I-2, suggesting they could 
have been used in a generalist fashion as well. In fact, 
the strongly recurved nature as well as the presence of 
the well-developed flexor tubercle in manual unguals 



Yun, C.-G. - Biomechanics of megaraptoran lower jaw and manual ungual - Spanish Journal of Palaeontology 39, 2024 9

of these taxa (e.g., Gasca et al., 2018, fig. 1) strongly 
recall the plesiomorphic theropod ungual morphology 
that is designed to withstand high forces (Senter & 
Parrish, 2005; Lautenschlager, 2014), which suggest 
their functions were not significantly deviated from 
grasping prey items.
The results of this work, provisionally indicate that 
manual ungual I-2 of the early-diverging megaraptorans 
were not specialized in any specific function and likely 
used in a generalist fashion, whereas elongate claws 
in later forms like Australovenator wintonensis and 
Megaraptor namunhuaiquii were functionally adapted 
for actions that involve hook-and-pull motions. Indeed, 
manual unguals of derived megaraptorans (i.e., 
Megaraptoridae) greatly differ from the generalized 
theropod condition in being transversely narrow and 
bearing a sharp, longitudinal keel at the ventral surface 
as well as relatively small flexor tubercle, making 
the overall morphology of the claw sickle- or blade-
like (e.g., Novas et al., 2013, 2016; Bell et al., 2015; 
White et al., 2015a, 2015b). Manual unguals of other 
theropods, including early-diverging megaraptorans 
such as Fukuiraptor kitadaniensis, do not possess a 
ventral keel and the ventral surface is transversely 
expanded and rounded (Novas et al., 2016). Such 
unusual morphology seen in manual unguals of derived 
megaraptorans, could be another indicator that they 
were more specialized in specific functions compared 
to those in other theropods.
Indeed, a unique combination of features seen in 
megaraptoran forelimbs, provides additional evidence 
that they were adapted to hook-and-pull movements. 
The manus of megaraptorans is huge, and the unguals 
of the two medialmost manual digits (especially the 
first one) are enlarged and relatively narrow in width 
(e.g., Benson et al., 2010; White et al., 2012; Novas 
et al., 2013, 2016; Aranciaga-Rolando et al., 2023). 
Additionally, the estimated range of motions of the 
forelimb bones suggest the arms of megaraptorans were 
very flexible, and their manual unguals were capable of 
hyperextension (White et al., 2015a; Aranciaga-Rolando 
et al., 2023). This suggests megaraptorans had strong 
forelimbs capable of complex movements, and such 
ability further developed over time (Aranciaga-Rolando 
et al., 2023). Based on such observations, it has been 
suggested the forelimbs of megaraptorans played a key 
role in predation, by grasping prey and pulling it close 
to the chest to make it easy to dismember with their 
jaws (White et al., 2015a; Aranciaga-Rolando et al., 
2023). Furthermore, the humerus of megaraptorans is 
robust and bowed laterally (White et al., 2012), and the 
ulna has a well-developed large olecranon process that 
is transversely compressed and bladelike (Hocknull et 
al., 2009; Novas et al., 2013, 2016). In these respects, 
they are similar to those in spinosaurids like Baryonyx 
walkeri and Suchomimus tenerensis (Smith et al., 
2008). The radius of megaraptorans is short and robust, 
and bears an expanded triangular cranial process 
in the proximal part that is similar to spinosaurids 

as well (Smith et al., 2008). The manual unguals of 
megaraptorans, especially the one in the first digit, were 
hypertrophied and flexible as aforementioned (White et 
al., 2012, 2015a; Novas et al., 2013, 2016; Bell et al., 
2015; Aranciaga-Rolando et al., 2023). This suite of 
characters that is partly converged with spinosaurids 
(Smith et al., 2008), is reminiscent to animals that 
engage in hook-and-pull movements of the forelimbs 
(e.g., Hildebrand, 1985; Senter, 2005; Hone & Holtz, 
2017; Gasca et al., 2018). Indeed, the spinosaurid 
theropods, which are known to have similar forelimb 
anatomy with megaraptorans (Smith et al., 2008), were 
recently suggested to have had a similar function of 
the forelimbs (Hone & Holtz, 2017; Gasca et al., 2018). 
Hook-and-pull movements of the forelimbs could 
have been involved in a variety of situations, such as 
lifting prey from the ground, breaking up carcasses, or 
grasping and pulling prey items (Gasca et al., 2018). 
The enlarged manual unguals of megaraptorans are 
transversely compressed (Smith et al., 2008; Novas et 
al., 2013), and by hooking such claws into a live animal 
and pulling them, they may have been able to cause 
fatal injuries through tearing. Indeed, a blade-like, sharp 
ventral margin formed by a ventral keel of megaraptorid 
manual unguals (e.g., Novas et al., 2013, 2016) may 
have been advantageous in tearing or slicing through a 
flesh of an animal. In such ways, megaraptorans may 
have been able to prey on large animals, despite having 
relatively weak jaws. It should be noted, however, that 
at least one study suggested that the ventral surface of 
the keratin sheath of the claw may not correspond to 
the morphology of that of the ungual bone (Manning et 
al., 2006; but see Fowler et al., 2011 for an alternative 
opinion), so the possibility that the ventral surface of the 
megaraptoran manual claw was not that sharp, cannot 
be dismissed. Therefore, these potential paleobiological 
interpretations are largely hypothetical and should be 
tested through more detailed biomechanical analyses 
such as Finite Element Analysis or robotic experiment 
on a flesh substrate, similar to those performed for other 
theropod manual unguals (e.g., Manning et al., 2006; 
Lautenschlager, 2014; Qin et al., 2023). Such analyses 
may shed further light on the functional capabilities of 
the unusual forelimb anatomy of megaraptorans, and 
what that implies about hunting or feeding behavior of 
this theropod lineage.

CONCLUSIONS
Mandibular force profiles of an Australian megaraptoran 
taxon Australovenator wintonensis suggest the lower 
jaw of this theropod behaved as a simple lever, and 
bending strengths in both dorsoventral and mediolateral 
planes decrease towards the front. Such mandibular 
morphology is broadly congruent with those of modern 
varanids and other non-avian theropods excepting 
tyrannosaurids, and suggests Australovenator 
wintonensis was unlikely able to produce a high bite 
force, and the lower jaw of this taxon was suited 
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for delivering quick, slashing bites. Biomechanical 
modeling of the manual unguals I-2 suggests a 
decrease in Mechanical Advantage in later-diverging 
megaraptorans, which indicates the claws became 
more adapted to hook-and-pull function among derived 
taxa. Perhaps, derived megaraptorans were capable of 
hunt down large-bodied animals through causing fatal 
injuries by hooking claws into a live prey and pulling 
them, tearing through a flesh.
Supplementary Material. Table S1 is available at the Spanish 
Journal of Palaeontology website (https://sepaleontologia.es/
spanish-journal-palaeontology/) linked to the corresponding 
contribution.

Table S1. Mandibular dimensions and properties of 
Australovenator wintonensis (AODF 604) and other non-
avian theropods used in this work. Data of other non-avian 
theropods are from and after Therrien et al. (2021).

Author’s Contributions. C.-G. Y. conceived, designed and 
performed the experiments, analyzed the data, prepared 
figures and tables, and wrote the paper.

Competing interests. The author declares that he does not 
have any competing interests.

Funding. The author received no funding for this work.

Author details. Chan-Gyu Yun. Independent Researcher, 
Incheon 21974, Republic of Korea; changyu1015@naver.
com.

Acknowledgements. This manuscript was improved by 
insightful comments from reviewers Steven E. Jasinski 
(Harrisburg University, Harrisburg), an anonymous reviewer, 
and by the editor Humberto G. Ferron (University of Valencia, 
Valencia).

REFERENCES
Apesteguía, S., Smith, N. D., Juárez Valieri, R., & Makovicky, 

P. J. (2016). An unusual new theropod with a didactyl 
manus from the Upper Cretaceous of Patagonia, 
Argentina. PLoS ONE, 11, e0157793. doi: 10.1371/
journal.pone.0157793

Aranciaga-Rolando, A. M., Novas, F. E., & Agnolín, F. L. (2019). 
A reanalysis of Murusraptor barrosaensis Coria & Currie 
(2016) affords new evidence about the phylogenetical 
relationships of Megaraptora. Cretaceous Research, 99, 
104–127. doi: 10.1016/j.cretres.2019.02.021

Aranciaga-Rolando, A. M., Méndez, A., Canale, J. I., 
& Novas, F. E. (2022a). Osteology of Aerosteon 
riocoloradensis (Sereno et al. 2008) a large megaraptoran 
(Dinosauria: Theropoda) from the Upper Cretaceous 
of Argentina. Historical Biology, 34, 226–282. doi: 
10.1080/08912963.2021.1910816

Aranciaga-Rolando, A. M., Motta, M. J., Agnolín, F. L., 
Manabe, M., Tsuihiji, T., & Novas, F. E. (2022b). A large 
Megaraptoridae (Theropoda: Coelurosauria) from Upper 
Cretaceous (Maastrichtian) of Patagonia, Argentina. 
Scientific Reports, 12, 6318. doi: 10.1038/s41598-022-
09272-z

Aranciaga-Rolando, A. M., Novas, F. E., Calvo, J. O., Porfiri, 
J. D., Dos Santos, D. D., & Lamanna, M. C. (2023). 
Reconstruction of the pectoral girdle and forelimb 
musculature of Megaraptora (Dinosauria: Theropoda). 

The Anatomical Record, 306, 1804–1823. doi: 10.1002/
ar.25128

Bell, P. R., Cau, A., Fanti, F., & Smith, E. T. (2015). A large-
clawed theropod (Dinosauria: Tetanurae) from the Lower 
Cretaceous of Australia and the Gondwanan origin of 
megaraptorid theropods. Gondwana Research, 36, 473–
487. doi: 10.1016/j.gr.2015.08.004

Benson, R. B. J., Carrano, M. T., & Brusatte, S. L. (2010). A 
new clade of archaic large-bodied predatory dinosaurs 
(Theropoda: Allosauroidea) that survived to the latest 
Mesozoic. Naturwissenschaften, 97, 7–78. doi: 10.1007/
s00114-009-0614-x

Brannick, A. L., & Wilson, G. P. (2020). New specimens of 
the Late Cretaceous metatherian Eodelphis and the 
evolution of hard-object feeding in the Stagodontidae. 
Journal of Mammalian Evolution, 27, 1–16. doi: 10.1007/
s10914-018-9451-z

Brusatte, S. L., & Carr, T. D. (2016). The phylogeny and 
evolutionary history of tyrannosaurid dinosaurs. Scientific 
Reports, 6, 20252. doi: 10.1038/srep20252

Carrano, M. T., Benson, R. B. J., & Sampson, S. D. (2012). 
The phylogeny of Tetanurae (Dinosauria: Theropoda). 
Journal of Systematic Palaeontology, 10, 211–300. doi: 
10.1080/14772019.2011.630927

Cau, A. (2018). The assembly of the avian body plan: a 
160-million-year long process. Bollettino della Società 
Paleontologica Italiana, 57, 1–25. doi: 10.4435/
BSPI.2018.01

Christiansen, P., & Fariña, R. A. (2004). Mass prediction in 
theropod dinosaurs. Historical Biology, 16, 85–92. doi: 
10.1080/08912960412331284313

Coria, R. A., & Currie, P. J. (2016). A new megaraptoran 
dinosaur (Dinosauria, Theropoda, Megaraptoridae) 
from the late Cretaceous of Patagonia. PLoS ONE, 11, 
e0157973. doi: 10.1371/journal.pone.0157973

Delcourt, R., & Grillo, O. N. (2018). Tyrannosauroids from the 
Southern Hemisphere: Implications for biogeography, 
evolution, and taxonomy. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 511, 379–387. doi: 
10.1016/j.palaeo.2018.09.003

Erickson, G. M., Gignac, P. M., Steppan, S. J., Lappin, A. K., 
Vliet, K. A., Brueggen, J. D., Inouye, B. D., Kledzik, D., 
& Webb, G. J. W. (2012). Insights into the ecology and 
evolutionary success of crocodilians revealed through 
bite-force and tooth-pressure experimentation. PLoS 
ONE, 7, e31781. doi: 10.1371/journal.pone.0031781

Erickson, G. M., Lappin, A. K., & Vliet, K. A. (2003). The 
ontogeny of bite-force performance in American alligator 
(Alligator mississippiensis). Journal of Zoology, 260, 
317–327. doi: 10.1017/S0952836903003819

Erickson, G. M., Lappin, A. K., Parker, T., & Vliet, K. A. 
(2004). Comparison of bite-force performance between 
long-term captive and wild American alligators (Alligator 
missippiensis). Journal of Zoology, 262, 21–28. doi: 
10.1017/S0952836903004400

Fowler, D. W., Freedman, E. A., Scannella, J. B., & Kambic, 
R. E. (2011). The predatory ecology of Deinonychus and 
the origin of flapping in birds. PLoS ONE, 6, e28964. doi: 
10.1371/journal.pone.0028964

Gasca, J. M., Díaz-Martínez, I., Moreno-Azanza, M., Canudo, 
J. I., & Alonso, A. (2018). A hypertrophied ungual 
phalanx from the lower Barremian of Spain: Implications 
for the diversity and palaeoecology of Spinosauridae 
(Theropoda) in Iberia. Cretaceous Research, 84, 141–
152. doi: 10.1016/j.cretres.2017.11.011

https://sepaleontologia.es/spanish-journal-palaeontology/
https://sepaleontologia.es/spanish-journal-palaeontology/
mailto:changyu1015%40naver.com?subject=
mailto:changyu1015%40naver.com?subject=
http://doi.org/10.1371/journal.pone.0157793
http://doi.org/10.1371/journal.pone.0157793
http://doi.org/10.1016/j.cretres.2019.02.021
http://doi.org/10.1080/08912963.2021.1910816
http://doi.org/10.1038/s41598-022-09272-z
http://doi.org/10.1038/s41598-022-09272-z
http://doi.org/10.1002/ar.25128
http://doi.org/10.1002/ar.25128
http://doi.org/10.1016/j.gr.2015.08.004
http://doi.org/10.1007/s00114-009-0614-x
http://doi.org/10.1007/s00114-009-0614-x
http://doi.org/10.1007/s10914-018-9451-z
http://doi.org/10.1007/s10914-018-9451-z
http://doi.org/10.1038/srep20252
http://doi.org/10.1080/14772019.2011.630927
http://doi.org/10.4435/BSPI.2018.01
http://doi.org/10.4435/BSPI.2018.01
http://doi.org/10.1080/08912960412331284313
http://doi.org/10.1371/journal.pone.0157973
http://doi.org/10.1016/j.palaeo.2018.09.003
http://doi.org/10.1371/journal.pone.0031781
http://doi.org/10.1017/S0952836903003819
http://doi.org/10.1017/S0952836903004400
http://doi.org/10.1371/journal.pone.0028964
http://doi.org/10.1016/j.cretres.2017.11.011


Yun, C.-G. - Biomechanics of megaraptoran lower jaw and manual ungual - Spanish Journal of Palaeontology 39, 2024 11

Gignac, P. M., & Erickson, G. M. (2015). Ontogenetic 
changes in dental form and tooth pressures facilitate 
developmental niche shifts in American alligators. Journal 
of Zoology, 295, 132–142. doi: 10.1111/jzo.12187

Gignac, P. M., & Erickson, G. M. (2017). The biomechanics 
behind extreme osteophagy in Tyrannosaurus rex. 
Scientific Reports, 7, 2012. doi: 10.1038/s41598-017-
02161-w

Hendrickx, C., Mateus, O., Araújo, R., & Choiniere, J. (2019). 
The distribution of dental features in non-avian theropod 
dinosaurs: Taxonomic potential, degree of homoplasy, 
and major evolutionary trends. Palaeontologia 
Electronica, 22, 1–110. doi: 10.26879/820

Hildebrand, M. (1985). Digging of quadrupeds. In M. 
Hildebrand, D. M. Bramble, K. F. Liem, & D. B. Wake 
(Eds.), Functional vertebrate morphology (pp. 89–109). 
Harvard University Press.

Hocknull, S. A., White, M. A., Tischler, T. R., Cook, A. G., 
Calleja, N. D., Sloan, T., & Elliott, D. A. (2009). New 
Mid-Cretaceous (Latest Albian) Dinosaurs from Winton, 
Queensland, Australia. PLoS ONE, 4, e6190. doi: 
10.1371/journal.pone.0006190

Holtz, T. R., Jr. (2003). Dinosaur predation: evidence and 
ecomorphology. In P. H. Kelley, M. Kowalewski, & T. A. 
Hansen (Eds.), Predator—Prey Interactions in the Fossil 
Record (pp. 325–340). Topics in Geobiology. Springer. 
doi: 10.1007/978-1-4615-0161-9_14

Holtz, T. R., Jr. (2008). A critical re-appraisal of the obligate 
scavenging hypothesis for Tyrannosaurus rex and 
other tyrant dinosaurs. In P. Larson, & K. Carpenter 
(Eds.), Tyrannosaurus rex: The Tyrant King (pp. 370–
396). Indiana University Press.

Hone, D. W. E., & Holtz, T. R., Jr. (2017). A century of 
spinosaurs - a review and revision of the Spinosauridae 
with comments on their ecology. Acta Geologica Sinica, 
English Edition, 93, 1120–1132. doi: 10.1111/1755-
6724.13328

Jasinski, S. E. (2011). Biomechanical modeling of Coelophysis 
bauri: possible feeding methods and behavior of a Late 
Triassic theropod. New Mexico Museum of Natural 
History and Science Bulletin, 53, 195–201.

Johnson-Ransom, E., Li, F., Xu, X., Ramos, R., Midzuk, A. 
J., Thon, U., Atkins-Weltman, K., & Snively, E. (2024). 
Comparative cranial biomechanics reveal that Late 
Cretaceous tyrannosaurids exerted relatively greater 
bite force than in early-diverging tyrannosauroids. The 
Anatomical Record, 307, 1897–1917. doi: 10.1002/
ar.25326

Kobayashi, Y., Takasaki, R., Fiorillo, A. R., Chinzorig, T., & 
Hikida, Y. (2022). New therizinosaurid dinosaur from 
the marine Osoushinai Formation (Upper Cretaceous, 
Japan) provides insight for function and evolution of 
therizinosaur claws. Scientific Reports, 12, 7207. doi: 
10.1038/s41598-022-11063-5

Kotevski, J., Duncan, R. J., Pentland, A. H., Rule, J. P., 
Vickers-Rich, P., Rich, T. H., Fitzgerald, E. M. G., 
Evans, A. R., & Poropat, S. F. (2024). A megaraptorid 
(Dinosauria: Theropoda) frontal from the upper Strzelecki 
Group (Lower Cretaceous) of Victoria, Australia. 
Cretaceous Research, 154, 105769. doi: 10.1016/j.
cretres.2023.105769

Kubota, K., Kobayashi, Y., & Ikeda, T. (2024). Early Cretaceous 
troodontine troodontid (Dinosauria: Theropoda) from the 
Ohyamashimo Formation of Japan reveals the early 

evolution of Troodontinae. Scientific Reports, 14, 16392. 
doi: 10.1038/s41598-024-66815-2

Lamanna, M. C., Casal, G. A., Martínez, R. D., & Ibiricu, L. 
M. (2020). Megaraptorid (Theropoda, Tetanurae) Partial 
Skeletons from the Upper Cretaceous Bajo Barreal 
Formation of Central Patagonia, Argentina: Implications 
for the Evolution of Large Body Size in Gondwanan 
Megaraptorans. Annals of Carnegie Museum, 86, 255–
294. doi: 10.2992/007.086.0302

Lautenschlager, S. (2014). Morphological and functional 
diversity in therizinosaur claws and the implications 
for theropod claw evolution. Proceedings of the Royal 
Society B, 281, 20140497. doi: 10.1098/rspb.2014.0497

Manning, P. L., Payne, D., Pennicott, J., Barrett, P. M., & 
Ennos, R. A. (2006). Dinosaur killer claws or climbing 
crampons? Biology Letters, 2, 110–112. doi: 10.1098/
rsbl.2005.0395

Monfroy, Q. T. (2017). Correlation between the size, shape 
and position of the teeth on the jaws and the bite force 
in Theropoda. Historical Biology, 29, 1089–1105. doi: 
10.1080/08912963.2017.1286652

Naish, D., & Cau, A. (2022). The osteology and affinities of 
Eotyrannus lengi, a tyrannosauroid theropod from the 
Wealden Supergroup of southern England. PeerJ, 10, 
e12727. doi: 10.7717/peerj.12727

Novas, F. E., Ezcurra, M. D., & Lecuona, A. (2008). Orkoraptor 
burkei nov. gen. et sp., a large theropod from the 
Maastrichtian Pari Aike Formation, Southern Patagonia, 
Argentina. Cretaceous Research, 29, 468–480. doi: 
10.1016/j.cretres.2008.01.001

Novas, F. E., Agnolin, F. L., Ezcurra, M. D., Porfiri, J., 
& Canale, J. I. (2013). Evolution of the carnivorous 
dinosaurs during the Cretaceous: The evidence from 
Patagonia. Cretaceous Research, 45, 174–215. doi: 
10.1016/j.cretres.2013.04.001

Novas, F. E., Aranciaga Rolando, A. M., & Agnolín, F. L. 
(2016). Phylogenetic relationships of the Cretaceous 
Gondwanan theropods Megaraptor and Australovenator: 
the evidence afforded by their manual anatomy. 
Memoirs of Museum Victoria, 74, 49–61. doi: 10.24199/j.
mmv.2016.74.05

Ostrom, J. H. (1966). Functional morphology and evolution of 
the ceratopsian dinosaurs. Evolution, 20, 290–308. doi: 
10.2307/2406631

Paulina-Carabajal, A., & Coria, R. (2015). An unusual 
theropod frontal from North Patagonia. Alcheringa, 39, 
514–518. doi: 10.1080/03115518.2015.1042275

Paulina-Carabajal, A., & Currie, P. J. (2017). The braincase 
of the theropod dinosaur Murusraptor: Osteology, 
neuroanatomy and comments on the paleobiological 
implications of certain endocranial features. Ameghiniana, 
54, 617–640. doi: 10.5710/AMGH.25.03.2017.3062

Porfiri, J. D., Novas, F. E., Calvo, J. O., Agnolin, F. L., 
Ezcurra, M. D., & Cerda, I. A. (2014). Juvenile specimen 
of Megaraptor (Dinosauria, Theropoda) sheds light about 
tyrannosauroid radiation. Cretaceous Research, 51, 
35–55. doi: 10.1016/j.cretres.2014.04.007

Porfiri, J. D., Valieri, R. D. J., Santos, D. D., & Lamanna, 
M. C. (2018). A new megaraptoran theropod dinosaur 
from the Upper Cretaceous Bajo de la Carpa Formation 
of northwestern Patagonia. Cretaceous Research, 89, 
302–319. doi: 10.1016/j.cretres.2018.03.014

Qin, Z., Liao, C. C., Benton, M. J., & Rayfield, E. J. (2023). 
Functional space analyses reveal the function and 
evolution of the most bizarre theropod manual unguals. 

http://doi.org/10.1111/jzo.12187
http://doi.org/10.1038/s41598-017-02161-w
http://doi.org/10.1038/s41598-017-02161-w
http://doi.org/10.26879/820
http://doi.org/10.1371/journal.pone.0006190
http://doi.org/10.1007/978-1-4615-0161-9_14
http://doi.org/10.1111/1755-6724.13328
http://doi.org/10.1111/1755-6724.13328
http://doi.org/10.1002/ar.25326
http://doi.org/10.1002/ar.25326
http://doi.org/10.1038/s41598-022-11063-5
http://doi.org/10.1016/j.cretres.2023.105769
http://doi.org/10.1016/j.cretres.2023.105769
http://doi.org/10.1038/s41598-024-66815-2
http://doi.org/10.2992/007.086.0302
http://doi.org/10.1098/rspb.2014.0497
http://doi.org/10.1098/rsbl.2005.0395
http://doi.org/10.1098/rsbl.2005.0395
http://doi.org/10.1080/08912963.2017.1286652
http://doi.org/10.7717/peerj.12727
http://doi.org/10.1016/j.cretres.2008.01.001
http://doi.org/10.1016/j.cretres.2013.04.001
http://doi.org/10.24199/j.mmv.2016.74.05
http://doi.org/10.24199/j.mmv.2016.74.05
http://doi.org/10.2307/2406631
http://doi.org/10.1080/03115518.2015.1042275
http://doi.org/10.5710/AMGH.25.03.2017.3062
http://doi.org/10.1016/j.cretres.2014.04.007
http://doi.org/10.1016/j.cretres.2018.03.014


Yun, C.-G. - Biomechanics of megaraptoran lower jaw and manual ungual - Spanish Journal of Palaeontology 39, 202412

Communications Biology, 6, 181. doi: 10.1038/s42003-
023-04552-4

Rayfield, E. J. (2004). Cranial mechanics and feeding in 
Tyrannosaurus rex. Proceedings of the Royal Society 
of London Series B, 271, 1451–1459. doi: 10.1098/
rspb.2004.2755

Rayfield, E. J. (2005). Aspects of comparative cranial 
mechanics in the theropod dinosaurs Coelophysis, 
Allosaurus and Tyrannosaurus. Zoological Journal of 
the Linnean Society, 144, 309–316. doi: 10.1111/j.1096-
3642.2005.00176.x

Rowe, A. J., & Snively, E. (2021). Biomechanics of juvenile 
tyrannosaurid mandibles and their implications for bite 
force: evolutionary biology. The Anatomical Record, 305, 
373–392. doi: 10.1002/ar.24602

Samathi, A., Chanthasit, P., & Sander, P. M. (2019). Two new 
basal coelurosaurian theropod dinosaurs from the Lower 
Cretaceous Sao Khua Formation of Thailand. Acta 
Palaeontologica Polonica, 64, 239–260. doi: 10.4202/
app.00540.2018

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). 
NIH Image to ImageJ: 25 years of image analysis. Nature 
Methods, 9, 671–675. doi: 10.1038/nmeth.2089

Senter, P. (2005). Function in the stunted forelimbs of 
Mononykus olecranus (Theropoda), a dinosaurian 
anteater. Paleobiology, 31, 373–381. doi: 
10.1666/0094-8373(2005)031[0373:FITSFO]2.0.CO;2

Senter, P., & Parrish, J. M. (2005). Functional analysis 
of the hands of the theropod dinosaur Chirostenotes 
pergracilis: evidence for an unusual palaeoecological 
role. PaleoBios, 25, 9–19.

Smith, N. D., Makovicky, P. J., Agnolín, F. L., Ezcurra, M. D., 
Pais, D. F., & Salisbury, S. W. (2008). A Megaraptor-like 
theropod (Dinosauria: Tetanurae) in Australia: support for 
faunal exchange across eastern and western Gondwana 
in the mid-Cretaceous. Proceedings of the Royal 
Society of London B, 275, 2085–2093. doi: 10.1098/
rspb.2008.0504

Therrien, F., Henderson, D., & Ruff, C. B. (2005). Bite me: 
biomechanical models of theropod mandibles and 
implications for feeding behavior. In K. Carpenter (Ed.), 
The Carnivorous Dinosaurs (pp. 179−237). Indiana 
University Press.

Therrien, F., Quinney, A., Tanaka, K., & Zelenitsky, D. K. 
(2016). Accuracy of mandibular force profiles for bite force 
estimation and feeding behavior reconstruction in extant 
and extinct carnivorans. The Journal of Experimental 
Biology, 219, 3738–3749. doi: 10.1242/jeb.143339

Therrien, F., Zelenitsky, D. K., Voris, J. T., & Tanaka, K. 
(2021). Mandibular force profiles and tooth morphology 
in growth series of Albertosaurus sarcophagus and 
Gorgosaurus libratus (Tyrannosauridae: Albertosaurinae) 
provide evidence for an ontogenetic dietary shift in 
tyrannosaurids. Canadian Journal of Earth Sciences, 58, 
812–828. doi: 10.1139/cjes-2020-0177

Tsogtbaatar, C., Kobayashi, Y., Tsogtbaatar, K., Currie, P. 
J., Takasaki, R., Tanaka, T., Iijima, M., & Barsbold, R. 
(2018). Ornithomimosaurs from the Nemegt Formation of 
Mongolia: manus morphological variation and diversity. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 
494, 91–100. doi: 10.1016/j.palaeo.2017.10.031

Voris, J. T., Zelenitsky, D. K., Therrien, F., & Currie, P. J. (2019). 
Reassessment of a juvenile Daspletosaurus from the 
Late Cretaceous of Alberta, Canada with implications for 
the identification of immature tyrannosaurids. Scientific 
Reports, 9, 17801. doi: 10.1038/s41598-019-53591-7

Voris, J. T., Zelenitsky, D. K., Therrien, F., Ridgely, R. C., 
Currie, P. J., & Witmer, L. M. (2022). Two exceptionally 
preserved juvenile specimens of Gorgosaurus libratus 
(Tyrannosauridae, Albertosaurinae) provide new insight 
into the timing of ontogenetic changes in tyrannosaurids. 
Journal of Vertebrate Paleontology, 41, e2041651. doi: 
10.1080/02724634.2021.2041651

White, M. A., Bell, P. R., Cook, A. G., Barnes, D. G., Tischler, T. 
R., Bassam, B. J., & Elliott, D. A. (2015a). Forearm range 
of motion in Australovenator wintonensis (Theropoda, 
Megaraptoridae). PLoS ONE, 10, e0137709. doi: 
10.1371/journal.pone.0137709

White, M. A., Bell, P. R., Cook, A. G., Poropat, S. F., & 
Elliott, D. A. (2015b). The dentary of Australovenator 
wintonensis (Theropoda, Megaraptoridae); implications 
for megaraptorid dentition. PeerJ, 3, e1512. doi: 10.7717/
peerj.1512

White, M. A., Benson, R. B. J., Tischler, T. R., Hocknull, S. A., 
Cook, A. G., Barnes, D. G., Poropat, S. F., Wooldridge, 
S. J., Sloan, T., Sinapius, G. H., & Elliott, D. A. (2013). 
New Australovenator hind limb elements pertaining to 
the holotype reveal the most complete neovenatorid 
leg. PLoS ONE, 8, e68649. doi: 10.1371/journal.
pone.0068649

White, M. A., Cook, A. G., Hocknull, S. A., Sloan, T., Sinapius, 
G. H. K, & Elliott, D. A. (2012). New forearm elements 
discovered of holotype specimen Australovenator 
wintonensis from Winton, Queensland, Australia. PLoS 
ONE, 7, e39364. doi: 10.1371/journal.pone.0039364

Yun, C. -G., Peters, G. F., & Currie, P. J. (2022). Allometric 
growth in the frontals of the Mongolian theropod dinosaur 
Tarbosaurus bataar. Acta Palaeontologica Polonica, 67, 
601–615. doi: 10.4202/app.00947.2021

Yun, C. -G. (2024). Mandibular force profiles of Alioramini 
(Theropoda: Tyrannosauridae) with implications for 
palaeoecology of this unique lineage of tyrannosaurid 
dinosaurs. Lethaia, 57, 1–12. doi: 10.18261/let.57.2.6

Zanno, L. E., & Makovicky, P. J. (2013). Neovenatorid 
theropods are apex predators in the Late Cretaceous of 
North America. Nature Communications, 4, 2827. doi: 
10.1038/ncomms3827

http://doi.org/10.1038/s42003-023-04552-4
http://doi.org/10.1038/s42003-023-04552-4
http://doi.org/10.1098/rspb.2004.2755
http://doi.org/10.1098/rspb.2004.2755
http://doi.org/10.1111/j.1096-3642.2005.00176.x
http://doi.org/10.1111/j.1096-3642.2005.00176.x
http://doi.org/10.1002/ar.24602
http://doi.org/10.4202/app.00540.2018
http://doi.org/10.4202/app.00540.2018
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.1666/0094-8373(2005)031[0373:FITSFO]2.0.CO;2
http://doi.org/10.1098/rspb.2008.0504
http://doi.org/10.1098/rspb.2008.0504
http://doi.org/10.1242/jeb.143339
http://doi.org/10.1139/cjes-2020-0177
http://doi.org/10.1016/j.palaeo.2017.10.031
http://doi.org/10.1038/s41598-019-53591-7
http://doi.org/10.1080/02724634.2021.2041651
http://doi.org/10.1371/journal.pone.0137709
http://doi.org/10.7717/peerj.1512
http://doi.org/10.7717/peerj.1512
http://doi.org/10.1371/journal.pone.0068649
http://doi.org/10.1371/journal.pone.0068649
http://doi.org/10.1371/journal.pone.0039364
http://doi.org/10.4202/app.00947.2021
http://doi.org/10.18261/let.57.2.6
http://doi.org/10.1038/ncomms3827

	INTRODUCTION
	Institutional abbreviations

	MATERIAL AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES

