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Despite their ecological impact as predators, several aspects concerning canid palaeoecology 
remain poorly investigated. This is curious because their evolutionary history displays an intriguing 
variability in feeding-related adaptations, representing an attractive research topic. To explore this 
topic, we digitally simulated the bite of the medium-sized fossil canid Eucyon davisi (Late Miocene-
Early Pliocene) using Finite Element Analysis (FEA). The aim of this study is the improvement of our 
knowledge on the feeding ecology of this basal Canini through the comparison of its reaction stress 
and bite efficiency with those obtained from a sample of extant Canidae. The cranial models were 
acquired through CT-scan, and the FE simulation was built using a series of trusses to reconstruct the 
muscles. We simulated a bilateral canine bite, a unilateral carnassial bite, and a unilateral bite at the 
M1. The stress patterns and the estimated bite forces across the three simulated load cases suggest 
for E. davisi a generalist ecology recalling the living jackal-like forms of the genus Lupulella. Likely its 
dietary range covered small vertebrates and non-meat food. Moreover, the FEA results highlight a role 
of the frontal sinuses in the mechanical behaviour of the cranium during a biting action.

Canidae Fischer, 1817 is a very successful terrestrial carnivoran family whose members are widespread all 
over the world and play an important role as mesocarnivorous (diet consisting of 50–70% vertebrate meat)- 
and hypercarnivorous (diet consisting of more than 70% vertebrate meat) predators in all the terrestrial 
environments1. Moreover, they have an intriguing palaeobiogeographical history, since they reached present 
day broad distribution in brief and relatively recent times (between 5.5 and 0.5 Ma)2–4. In addition, the family 
Canidae displays a wide spectrum of ecomorphotypes ranging from hypercarnivory [e.g. Canis lupus Linnæus, 
1758, Lycaon pictus (Temminck, 1820)] to hypocarnivory [diet consisting of less than 50% vertebrate meat, 
e.g., Chrysocyon brachyurus (Illiger, 1815), Lupulella adusta (Sundevall, 1847), Nyctereutes procyonoides (Gray, 
1834)]5–7, besides the fossil hyperspecialized durophagous Borophaginae Simpson, 19456,8. This is even more 
surprising if we consider their plesiomorphic and conservative cranial and dental morphology6,9. Canids became 
specialised as meat consumers multiple times along their history from generalist forms9–11, suggesting a complex 
and partially unresolved ecological history. Considering this intricacy and the present diversity of canids, the 
palaeoecological investigation at the base of the modern clades appears thus an insightful task to reconstruct the 
past of this important carnivore family.

To unravel this matter, several studies explored the morphology of teeth and snout of extant and fossil 
canids7,12–15; even the inner features of the cranium can provide useful clues about the palaeoecology and 
evolution of extinct forms5,6,16,17. For instance, Van Valkenburgh et al.17 investigated the role and function 
of the respiratory turbinates in canids and felids. Furthermore, Frosali et al.5 recently inferred the dietary 
preferences of the stem-Canini Eucyon adoxus (Martin, 1971) through an advanced comparative morphological 
and quantitative study of the frontal sinuses across the family Canidae. However, also the morphofuctional 
aspects of the skull can be crucial to understand the way of living of the more basal and enigmatic species. For 
this reason, in the last decade, the use of digital biomechanical analysis has become a widespread approach 
to simulate biological structures and investigate mechanical performance of extinct taxa. Among the several 
methods employed in computed biomechanics (e.g., multibody dynamics, computed fluid dynamics), the finite 
element analysis (FEA) appears as one of the most widely used thanks to its flexibility and the multiple type of 
data provided, such as (among others) stress, displacement and reaction forces18. Carnivorans (especially species 
displaying extreme morphologies) are the ideal subjects for this kind of studies, given the key role played by 
biting action in predation and the consequent mechanical response of the cranium. McHenry et al.19 simulated 
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the bite of Smilodon fatalis (Leidy, 1868) and that of a modern lion [Panthera leo (Linnaeus, 1758)] to assess the 
biomechanical performance of the American sabre-toothed and reconstruct its predation strategy. On a similar 
trail, FEA was employed to compare the bite mechanics of S. fatalis with those of Barburofelis fricki Schultz et 
al., 1970 and Thylacosmilus atrox Riggs, 1933 to explore the ecology of diverse sabretooth species20–22. Tseng et 
al.23–25 employed FEA to explore the skull adaptation to the durophagy and its evolutive history across Hyaenidae 
simulating the bite of Chasmaporthetes lunensis Hay, 1921 and Dinocrocuta gigantea Schlosser 1903. Such a 
biomechanical methods were applied even on fossil Canidae; more specifically, Tseng and Wang6 investigated 
the adaptation to durophagy in Borophagus Cope, 1892 and Epicyon Leidy, 1858 simulating their bite using the 
finite element method and comparing them with other canids.

In this study, we used the FEA to simulate the bite of Eucyon davisi (Merriam, 1911) (Upper Miocene – 
Lower Pliocene), a medium-sized canid thought to be basal to the tribe Canini Fischer, 1817 and characterised 
by relatively flat frontals. The data from E. davisi were assessed against those acquired from a sample of modern 
canids, included here as living analogues. The main goal of this approach, applied for the first time on a basal 
Canini, was to explore the relationship between cranial architecture and diet in E. davisi through the evaluation 
of the bite-generated stress patterns and estimation of the bite efficiency. By means of this work, we were also 
interested in verifying the role of the frontal sinuses in the dealing of the cranial stress generated from a biting 
action. Indeed, one of the commonly accepted hypotheses regarding the function of these cavities, observed 
in many carnivorans, is related with the dissipation of stresses associated to the processing of prey items26,27. 
The outcomes of the analyses performed here shed new light on the feeding habits of E. davisi, refining our 
knowledge about the paleoecology of this enigmatic canid, and contributes to our understanding of the link 
between form and function across Canidae.

Results
The von Mises stress (see Materials and Methods for the definition) distribution obtained from the bite simulations 
in the canid species included in this study are reported in Fig. 1. In all the bite simulations, the zygomatic arch 
seems to be the most stressed region of the cranium with two particularly high peak areas (between 22 and more 
than 30 MPa) at its mid-length and at the base of the zygomatic process of the temporal bone.

In the canine bite simulation of Eucyon davisi we can observe a generally moderate level of stress (values 
between 5 and 15 MPa) affecting most of the snout (except for the most anterior portion), the pterygoid, the 
temporal in its ventrolateral portion, and the frontal in its lateral portion and only partially in dorsal view. 
Dorsally, two areas of higher stress (green/yellow in Fig. 1a) can be detected: one located between the infraorbital 
foramina (14.5 MPa) and one slightly more evident affecting the rostroventral margin of the orbit (peak values 
between 16.2 and 20.9 MPa). At level of the dorsal surface of the frontals, there are two symmetrical arc-shaped 
regions of low stress, and posteriorly the values rapidly decrease. Observing the von Mises stress in the bite 
simulations at the carnassial and M1, the resulting distribution patterns appear as clearly asymmetric. The 
carnassial bite simulation (Fig. 1b) of E. davisi displays the widest pattern of the von Mises stress involving the 
base of the snout, the lateral wall of the orbit and the dorsal surface of the frontal. Excluding the peaks registered 
on the zygomatic arch, the von Mises stress values are mostly between 4 and 16  MPa and the distribution 
pattern appears as quite homogeneous. A more stressed region (between 12 and 16 MPa) is located above the 
carnassial tooth where the fixed nodal constraint was placed. Such an area extends from the level of the P3 to 
the rostral end of the orbit. Even in this bite scenario, the rostroventral margin or the orbit exhibits relatively 
high stress values reaching values between 16.8 and 21.1 MPa. Since the fixed constraint was not greatly shifted 
from the carnassial bite simulation to the M1 bite simulation, the von Mises stress distribution in the latter is 
morphologically close to those seen at the carnassial tooth, and the regions under stress are grossly the same 
(Fig. 1c). However, in this last load case, the area including the lateral surface of the frontal and the alisphenoid 
is more stressed than in the carnassial bite simulation, with values ranging from 10.4 to 18.6 MPa and local peaks 
reaching 22 MPa immediately above the M1. Another peak can be seen again at the rostroventral margin of the 
orbit. Remarkably, this region displays high von Mises stress values in all the three simulations of the E. davisi 
specimen included in this study. Consequently, the rostroventral margin of the orbit may represent a common 
point of deformation caused by the force exerted by the masseter muscle group along with the reaction force 
produced by the fixed constraints simulating the prey item. Generally, the stress pattern in the M1 simulation 
appears as less homogeneous than in the former simulation due to a low-stress region located on the surface of 
the snout at level of the orbits.

Comparing the stress maps scaled by the Fi/Ac ratio in the canine bite simulations (Fig. 2), the resulting 
pattern in E. davisi appears as intermediate between Lupulella mesomelas (Schreber, 1775) and L. adusta both 
in term of intensity and extension of the peaks. Indeed E. davisi displays a particularly stressed area (green in 
Fig. 2a) on the dorsal surface of the snout at level of the nasofrontal suture. Such a peak has been detected also 
in the tested specimens of the genus Lupulella Hilzheimer, 1906 (Fig. 2j, m), though in L. mesomelas this area 
is less evident and in L. adusta more visible. In the canine bite simulation of E. davisi and Lupulella this area of 
relatively high stress is surrounded by a wide portion of the cranium affected by a light blue area indicating lower 
stress. However, in E. davisi and L. mesomelas this pattern seems to moderately influence the dorsal surface of 
the frontals, while in L. adusta it appears severely affected. Observing the scaled von Mises stress values for the 
simulations of posterior bites, the resemblances between E. davisi and the extant Lupulella jackals still emerges, 
in reason of the similar stress distribution and values generated by the biting action. Observing the patterns in 
correspondence of the biting tooth and on the frontal region, a slightly greater resemblance with L. adusta can 
be tentatively discerned. The stress trend diagrams (Fig. 3) show more clearly the closeness of E. davisi and the 
genus Lupulella in term of mechanic performance. This is especially true for the diagrams of the canine and 
carnassial bite; in which the trend E. davisi closely follows L. adusta and L. mesomelas. Interestingly, in the canine 
and carnassial bite simulations, the stress values sampled on E. davisi are closer to L. adusta on the snout and 
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Fig. 1.  Distribution maps of von Mises stress (σvM) resulting from the bite simulations at the canine teeth 
(a, d, g, j, m, p), carnassial (b, e, h, k, n, q) and M1 (c, f, i, l, o, r) on Eucyon davisi and the extant Canidae 
included in this study. The crania are in anterolateral view and not to scale. Note that the dotted pattern on 
the neurocranium are due to the punctiform force exerted by the trusses simulating the muscle fibres. Images 
created with the open-source software Inkscape v1.1 (The Inkscape Team) and GIMP v2.10.36 (The GIMP 
Development Team).
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Fig. 2.  Distribution map of von Mises stress (σvM) with the values scaled by the Fi/Ac ratio of Eucyon davisi. 
(a, d, g, j, m, p) bite simulations at the canine teeth, (b, e, h, k, n, q) bite simulations at the carnassial tooth, (c, 
f, i, l, o, r) bite simulations at the M1 tooth. The crania are in anterolateral view and not to scale. Note that the 
dotted pattern on the neurocranium of are due to the punctiform force exerted by the trusses simulating the 
muscle fibres. Images created with the open-source software Inkscape v1.1 (The Inkscape Team) and GIMP 
v2.10.36 (The GIMP Development Team).
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Fig. 3.  Von Mises stress values (in MPa) scaled by the Fi/Ac ratio of Eucyon davisi sampled along a sagittal 
plane passing through the mid-point of the nasal width in the three bite scenarios. Results are shown for a, 
canine; b, carnassial; c, molar bite simulations. The analogous anatomical sampling points (nasal, rostrum at 
infraorbital foramina, rostrum at anterior border of orbits, frontal region between postorbital processes, frontal 
region at the postorbital constriction, centre of the parietal bone, and most posterior region of the dorsal 
cranium) are plotted as percentages of total skull length measured in dorsal view. Images created with the 
open-source software Inkscape v1.1 (The Inkscape Team).
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to L. mesomelas on the neurocranium. Notably, the sampling on the M1 bite simulation returned relatively low 
values for our specimen of E. davisi on the postorbital area with respect to those of L. adusta and L. mesomelas. 
Among the Canini considered here, C. lupus and C. aureus differs from E. davisi in displaying generally lower 
stress values in all the three load cases simulated here (Fig. 2d-i). Furthermore, in these two extant species, bite-
related stress peaks affecting the splanchnocranium and/or on the rostral portion of the neurocranium are barely 
visible (C. aureus) or absent (C. lupus).

The bite efficiency values resulting from the FEA simulation are reported in Table 1. In general, the values 
are quite close among the canids tested here. However, Canis lupus shows slightly higher bite efficiency than 
the other taxa in all the simulated scenarios, suggesting that this species possesses the most effective structure 
in the transmission of the muscle force. Moreover, among the medium-sized species included in this study, C. 
aureus displays the highest bite efficiency. Eucyon davisi is placed in the lower part of the sample for its low bite 
efficiency values. The ratio values calculated for E. davisi are close to those of Vulpes vulpes (Linnaeus, 1758) in 
the bite simulations at the canine and M1, while it results closer to L. mesomelas in the carnassial bite simulations.

Discussion
Stress and paleoecology
The stress patterns observed on Eucyon davisi indicate that the cranium of this basal Canini was only moderately 
adapted to withstand the stress caused by a biting action. Specifically, in the bite simulations at the canines the 
snout is subjected to a quite evident stress peak at level of the infraorbital foramina (Figs. 1a and 2a), suggesting 
the presence of relatively high deformation in that region of the skull. Interestingly, observing the von Mises 
stress patterns scaled by the Fi/Ac ratio, we observed similar deformation peaks even in Lupuella mesomelas and 
L. adusta (Fig. 2j, m). Considering the scaled stress patterns, we can infer that E. davisi was not as adapted as 
Canis lupus and C. aureus Linnaeus, 1758 to use an anterior full power bite, as these two extant forms exhibit 
lower values of tensile stress (Fig. 2d-i) suggesting a stiffer cranial structure. Beside this, there are clear stress 
accumulation areas in correspondence to the biting teeth in the carnassial and M1 bite simulations (Figs. 1b and 
c and 2b and c,). The intensity of these peaks suggests that E. davisi was structurally less adapted to deal with the 
mechanical response related to posterior biting actions than other species considered in the present sample (e.g., 
C. aureus and C. lupus). In this feature, E. davisi resembles again L. mesomelas and L. adusta. Observing the data 
on the stress distribution and stress trend (Figs. 2 and 3), we can affirm that, among the examined living species, 
L. adusta and L. mesomelas exhibits the most similar structural behaviour to that of E. davisi. Interestingly, 
according to the ecological classification proposed by Van Valkenburgh and Koepfli28, L. mesomelas is considered 
a mesocarnivorous form, while L. adusta exemplifies a hypocarnivorous ecomorphology. The prey range of 
L. mesomelas spans mainly from small vertebrates (e.g., rodents, birds, lagomorphs, reptiles), to occasional 
dietary inputs of larger mammals such as small antelopes29–31. The diet of L. adusta includes small vertebrates, 
insects, fruits, carrion, and plant material, and even scavenging represents an important food source for this 
jackal30,31. Based on the von Mises stress values (Fig. 1j-o), L. mesomelas seems having a generally stiffer cranial 
structure than L. adusta, and this is not surprising considering the greater elongation of the cranium in the 
latter. Consequently, the greater cranial strength of L. mesomelas may be interpreted as an adaptation to the hunt 
of medium-sized mammals such as small antelopes, a feeding habit absent in L. adusta29–31. The stress values 
resulting from the bite simulation of E. davisi are close (and often intermediate) to those of L. adusta and L. 
mesomelas. Following these results, we suggest for this basal Canini a generalist diet that likely included an input 
of non-meat food (i.e., insects and vegetal material). In consideration of the lower mechanic performance of E. 
davisi compared to that of L. mesomelas, it seems unlikely that the active hunt of medium- or larger-sized prey 
was a habit for this fossil canid, even if we cannot exclude this hypothesis. From an evolutionary perspective, 
the similarities in the mechanical behaviour between E. davisi and the genus Lupulella may be interpreted as 
evolutionary convergence or as the result of an ancestral morphology (symplesiomorphy). It should be noted 
that the genus Lupulella represents the most basal among the extant species considered here, and this seems to 
strengthen the second hypothesis. However, in our view, this does not invalidate the relationship between form 
and function in E. davisi, L. adusta and L. mesomelas highlighted by the FEA results.

Interestingly, the graphs showing the stress trends of the carnassial and M1 bite simulations display for E. 
davisi lower values at the sampling point 4 (between postorbital processes) and 5 (postorbital constriction) 
compared to those registered on the genus Lupulella, and placing the fossil form closer to C. aureus (Fig. 3b, 
c). This seems suggest a certain grade of stiffness of the postorbital region in the E. davisi specimen considered 
in this study (F: AM 97057), that could be due to a reinforcement of the postorbital portion of the frontals. 

Temporalis force 
(N)

Masseter + pterygoid 
force (N)

Canine BF 
(N)

Carnassial 
BF (N) M1 BF (N)

Bite efficiency 
(canine)

Bite efficiency 
(carnassial)

Bite 
efficiency 
(M1)

Eucyon davisi 319.2 408.12 121.63 361.85 446.68 0.0836 0.249 0.307

Canis aureus 209.34 289.53 86.76 266.96 331.3 0.087 0.268 0.332

Canis lupus 501.369 618.603 221.06 671.86 787.56 0.0987 0.3 0.352

Lupulella adusta 243.48 372.36 104.81 321.87 384.2 0.0851 0.261 0.312

Lupulella mesomelas 200.82 295.98 78.98 250.93 317.22 0.0795 0,252 0.319

Vulpes vulpes 149.1 213.48 60.9 178.35 219.58 0.084 0,246 0.303

Table 1.  Input muscular data, resulting bite forces and bite efficiency values. BF bite force.
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However, we cannot state if this feature has a functional value related to feeding or it is due to intraspecific 
variability. It is important to say that the cranium is a complex structure fulfilling to several functions6; thus, we 
decided to keep a cautious position in the interpretation of this specific cranial trait detected on F: AM 97,057, 
pending for additional specimens to be included in future investigations.

Bite reaction force and palaeoecology
Observing the raw data of the bite reaction force estimated on these studies, the extant species having the most 
similar magnitudes in values to those of E. davisi is L. adusta. Since the side-striped jackal is considered a generalist 
hypocarnivore5,28, this apparently do not contrast with the von Mises stress results. However, the strength of the 
bite is highly influenced by the size of the cranium that determines the volume, and thus the input force, of the 
masticatory muscles. At this regard, among our sample, L. adusta has the closest measure of total cranial length 
to E. davisi, which can explain these results. Considering this, the sole data on the bite reaction force probably 
are not sufficient, although they are encouraging, to provide insights about the ecology in Canidae. The data on 
bite efficiency provide additional information. According to our results, E. davisi exhibits one of the less efficient 
cranial structures in the transmission of the muscle force, close to L. mesomelas and V. vulpes. These two extant 
Canidae are known to be highly generalist mesocarnivores1,30,31, and this is in agreement with our conclusions 
from the von Mises stress analysis. Coupling the bite efficiency and stress data we can hypothesise for E. davisi a 
generalist predator paleoecology with a diet mainly based on small prey items (e.g., small mammals and small-
sized reptiles) and non-meat food. This hypothesis represents the more conservative one even considering the 
similarities of E. davisi with L. adusta, L. mesomelas and V. vulpes as well as the overlapping in the diets of meso- 
and hypocarnivores. Moreover, such an interpretation substantially concurs with previous analysis14 based on 
morphometric parameters, in which E. davisi is interpreted as mesocarnivore.

Noteworthy, comparing the bite efficiency values obtained from the canids included in this study, we observe 
that there is not a clear separation between the mesocarnivore taxa and L. adusta, since this latter register very 
similar values to L. mesomelas, C. aureus and V. vulpes. This uncertainty may be explained by highly similar 
ecologies that do not generate an evident signal in the form-function link on the cranium. In other words, there 
may not be sufficient biomechanical demand to result in different FEA results between meso- and hypocarnivores. 
However, based on the data collected until now, we believe that using the sole bite efficiency it is hard to discern 
between mesocarnivore and hypocarnivore forms. Surely this kind of datum should be combined to evaluations 
of the mechanical performances as well as to morphological and morphometric parameters to draw reliable 
conclusions.

Biomechanical significance of the frontal sinuses
The function of the frontal sinuses in the tribe Canini has been a subject of debate, and the matter is still not 
fully resolved. A factor that complicates this research question is also the presence of phylogenetic signal in the 
morphology of these structures5. However, the link between frontal sinuses and diet in Canidae has been always 
clear and pointed out by several scholars16,32–34. In this study, we wanted also to assess the influence of the frontal 
sinuses in the dealing of the stress experienced by the cranium during a biting action.

Observing the von Mises stress patterns of the canine bite simulations (Fig. 2a, d, g, j, m), we observed a 
decrease of the values as well as a patchy distribution in correspondence of the frontal sinus areas in C. aureus, 
C. lupus, E. davisi and L. mesomelas. Among these, C. lupus and C. aureus are surely the species in which this 
effect is more evident. Within our sample, C. lupus bears the most developed, domed and complex frontal sinus 
ornamented with grooves created by inner bony struts5. In addition, the grey wolf is a hunter of large-sized 
mammals (hypercarnivorous group hunter following Van Valkenburgh and Koepfli28), and it is intuitive that 
the capture of such prey items requires a great use of the anterior bite and a robust cranium. At a first sight, 
this seems to support interpretations that link the developing of the frontal sinuses with the stress dispersion. 
In L. adusta almost no decrease of the stress values in the frontal region is visible in the canine bite simulation. 
This species, the only hypocarnivore in our sample, displays rostro-caudally elongated frontal sinuses with an 
almost flat rostro-lateral lobe5. This feature gives to the sinuses of L. adusta a unique flattened and obtuse-
angled morphology that differs both from the hypercanivorous C. lupus and from the mesocarnivorous forms 
C. aureus and L. mesomelas. These species share with E. davisi a quite simple morphology without the evident 
development of sinus copmlexity observed in C. lupus and in general a lesser development compared to the 
latter5. Furthermore, C. aureus, E. davisi and L. mesomelas exhibits in lateral view a domed dorsal shape, recalling 
in this C. lupus although to a far lesser degree. Thus, considering the morphology of the frontal sinuses along 
with the stress distribution (Figs. 1 and 2), we believe that the arched morphology may represent a relevant 
factor in the dealing of the cranial reaction stress caused by a bite taken with canines. Indeed, such a dome of the 
frontal sinuses may work as a discharging structure to reduce the bite-related solicitations on the frontal bones. 
A separate discussion should be conducted for V. vulpes (Fig. 2p). Indeed, this member of the tribe Vulpini 
Hemprich and Ehrenberg 1832 lacks the frontal sinuses, and it has an ossified cranial vault with a few trabeculae 
and canals. The von Mises stress values at the level of the frontal bones are comparable to those observed in 
other Canidae provided of frontal sinuses (e.g., L. mesomelas, C. aureus), and this seems to contrast with our 
interpretation. However, the lack of these structures in V. vulpes can be outlined in the peculiar ‘hourglass’ shape 
of the pattern and in its uniformity. This unique combination of features may be due to the ossification of the 
cranial vault and the presence of the vulpine crease (a fold of the postorbital process typical of the tribe Vulpini). 
Another peculiarity of the cranium of V. vulpes is represented by a slight dorsal convexity of the bones between 
the orbits. It is possible that the ossified cranial vault and the convex infraorbital region compensate the lack of 
the frontal sinuses in a canine bite scenario35.

Observing the results of the carnassial (Fig. 2b, e, h, k, n) and M1 (Fig. 2c, f, i, l, o) bite simulations, the 
influence of the frontal sinuses in the stress dealing is not fully clear across the tested sample. Indeed, in E. 
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davisi, L. adusta and L. mesomelas these cavities seem having little or no influence. On the other hand, C. lupus 
displays particularly low values of von Mises stress on the dorsal surface of the frontal and a characteristic 
striated pattern in the carnassial and molar bite simulations. We deem that these effects are due to the presence 
of bony struts projecting inside the frontal sinus cavities, which may act as reinforcements against the tensile 
stress and reduce the solicitations on the neurocranium during the processing of food items. Notably, such a 
supporting function of these frontal sinus structures also was proposed by other authors36,37. Furthermore, this 
agrees with the known ecology of the grey wolf, since this canid sometimes process even the bone of its prey6. 
Furthermore, we detected low stress values even on the frontals area of C. aureus (Fig. 2e, f) despite it having a 
similar ecology to the mesocarnivorous jackal L. mesomelas. Such a pattern likely is due to the shortened and 
robust cranial shape of C. aureus, and we cannot exclude that the morphology of its frontal sinuses may have 
an effect on mechanical performance. According to our results, C. aureus represents the most similar specimen 
to C. lupus for stress values and bite efficiency. In addition, the golden jackal is the phylogenetically closest 
species to the grey wolf and one of the most derived among the Canidae selected here. Therefore, the mechanical 
behaviour of the cranium, which depends on its morphology, is likely to be influenced not only by the ecology 
but also by phylogeny. The presence of a phylogenetic signal in the morphology of the frontal sinuses of the tribe 
Canini has been reported by Frosali et al.5 and supports our interpretation here.

Based on results obtained from the Canini included in this work, it seems that the frontal sinuses are somewhat 
involved in dealing the stresses affecting the cranial vault generated by a biting action. The simulation performed 
in this work suggest that the frontal sinuses play an important role in the improvement of the cranial mechanical 
performance in an anterior bite load case. However, the results of the carnassial and M1 bite simulations are 
ambiguous. In E. davisi as well as in the genus Lupulella the frontal sinuses seem to have little influence in the 
response of the cranium during the cutting and mastication. But apparently this is not true for C. aureus and 
even less in C. lupus, even if they have quite different ecologies (mesocarnivore the first, hypercarnivore the 
latter). Interestingly, V. vulpes may exploit the dorsal convexity observed on its cranium to reduce the load in 
the cranial vault. This interpretation is supported by the low stress values displayed by this taxon on the dorsal 
portion of the cranium between the orbits.

The mechanical behaviour of a complex structure like the mammalian cranium is a wide and complicated 
research topic. Surely, besides to the inner structure, there are multiple factors that concur to determine the stress 
pattern experienced by the cranium of a predator during a biting action. As an example, even the elongation of 
the snout and the cranial proportion play an important role in the structural reaction to the bite-related stresses. 
This is evident in L. adusta, which appears as the species with the most stressed cranium among those included 
here, but it is also the form with the slenderest snout and elongated cranium. Despite this, from the present study, 
it is evident that in the tribe Canini the frontal sinuses perform a stress-relieving and redistribution function 
on the stress generated by a bite. Further bite simulations on other Canidae species, both extant and extinct, 
will shed new light on the matter and will improve our comprehension of the ecology and palaeoecology of this 
important family of terrestrial predators.

Materials and methods
Sample availability
This study focuses on the study of a Eucyon davisi cranium (F: AM 97057) from the Early-Late Pliocene of 
the Yushe Basin (Xiakou, China)38, currently stored at the American Museum of Natural History of New York 
(U.S.A.).

The comparative analyses were performed using data derived from the following specimens as modern 
analogues of comparison:

•	 Canis aureus (CBL-298).
•	 C. lupus (MZUF-2032).
•	 Lupulella adusta (MZUF-8496).
•	 L. mesomelas (MZUF-1128).
•	 Vulpes vulpes (CBL-1015).

Eucyon davisi cranium (F: AM 97057) high resolution CT-scans were performed at the University of Texas X-ray 
CT facility by George Lyras (Athens), with permission to study the specimen from AMNH curators39.

We included the species of Canini listed above in order to cover most of the dietary variability displayed by 
this clade (hypercarnivore, mesocarnivore and hypocarnivore). Besides these, we also considered Vulpes vulpes 
to assess the stress patterns in a representative of the tribe Vulpini since in this group the frontal sinuses are 
lacking (the sole exceptions are some species belonging to the genus Nyctereutes Temminck, 1838). All the 3D 
models of the specimens were acquired by CT-scan, and the crania were aligned with the respective dentition 
and mandibles in Blender. For a detailed description of the acquisition and processing of the models see the 
supplementary materials.

Data availability
The complete set of data generated and analysed during the current study are available from the corresponding 
author on reasonable request.

Muscle force Estimation
For the purposes of this study, we considered a condition of static bite, when the velocity of the mandible elevator 
muscles is 0 m/s, and the force exerted by them is isometric40,41. In such a condition, the force value produced by 
a muscle is equal to its anatomical cross-section area (CSA) multiplied by the specific muscular tension. In the 
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present study, we assumed a value of 30 N/cm2 for the muscular tension, following what previously did in many 
other papers investigating the mammalian bite20–22,42,43. Such a value has been acknowledged as underestimated 
when applied to masticatory muscles of mammals; due to their highly pennated morphology and to variation in the 
fibre length19,20,40,41. However, considering the uncertainty about the muscular architecture of fossil carnivorans, 
we decided to employ this value in our analyses as a conservative estimation that provides a repeatable protocol 
and more comparative results20. The CSA of the mandible elevator muscles was estimated in Blender using the 
dry-skull method proposed by Thomason42 as ‘temporalis muscle CSA’ and ‘masseter + pterygoid muscle CSA’.

Finite element model
The 3D meshes of the cranium, dentition and mandibles aligned in Blender were exported as stl files and uploaded 
in STRAND7 (Strand7 Pty. Ltd., Sydney, Australia) for the building of the finite element model and the setting of 
the simulation. Strand7 imported the vertices and faces of the 3D meshes as nodes and plates respectively; after 
a cleaning operation, we used the tool “automesh from plates” to generate solid meshes composed by 4-noded 
tetrahedral elements having two different material properties (one for the bone tissue and one for teeth). The 
number of tetrahedral elements varied between 3,931,409 and1,499,024 for the cranium, and between 1,392,144 
and 213,633 for teeth. We assigned to the two material properties values of elastic modulus and Poisson’s ratio 
that was compatible with the mammalian bone and dentine (bone: E = 13.7 GPa, ʋ = 0.30; teeth: E = 38.6 GPa, ʋ 
= 0.4), following previously published procedures20–22,44,45. The teeth were connected with the cranium by means 
a series of coupled links placed both at level of the crown-root interface and on the root apices; such a kind of 
entities transmit the displacement and/or rotation from one node to another. We placed 5 links on the single-
rooted teeth, 8 links on the double-rooted teeth and 9 on the triple-rooted teeth. As previously did in Tseng and 
Wang6, temporomandibular joint was simulated fixing two nodes at the mandibular fossae (one for each side) 
by two constraints only allowing the rotation around the axis perpendicular at the sagittal plane. Similarly, we 
fixed in a similar way the mandible at the level of the mandibular condyles roughly in correspondence of the 
constraints on the cranium.

The mandible elevator muscles included here were the temporalis group, the masseter group and the 
pterygoid group, and their architecture was taken from Hermanson46. The muscles were simulated through 
pretensioned beam elements transmitting an axial compression, defined as trusses. The tension value assigned 
at every truss was calculated dividing the muscular force estimated with the dry-skull method by the number of 
trussed assigned to the relative muscle. In our bite simulations we used 260 trusses for the temporalis muscles, 
102 trusses for the master muscles and 52 trusses for the pterygoid group, reaching a total of 414 trusses.

To simulate the resistance of the food item during a biting action we placed a series of fixed constraint at the 
tip of the teeth involved in the simulation. Indeed, varying the position and the number of the dental constraints 
allowed us to simulate the following bite scenarios:

•	 bilateral canine bite, two constraints at the tips of the C;
•	 unilateral carnassial bite, one constraint at the paracone of the P4;
•	 unilateral molar bite, one constraint at the protocone of the M1;

The reaction force measured the teeth constraints represent the bite force measured at that specific point following 
several published papers40,41,47. To evaluate the bite efficiency across the load scenarios simulated here, the ratio 
between the estimated bite forces and the total input muscle force was calculated, and the values were matched 
among the species. This parameter represents how much of the force produced by the masticatory muscles is 
expressed at the dentition and thus it evaluates the efficiency of the skull in transmitting the muscle energy. 
The stress produced in all the bite simulations has been expressed as values of von Mises stress, a combined 
measure of the major stresses affecting the models. Such a measurement method is widely accepted as a good 
estimator of the reaction of a body under ductile failure condition, as observed in cortical bones6,48. In order to 
remove the any possible scale effect due to differences of size among the included taxa we scaled the von Mises 
stress values on the surface area of the cranium (as the stress is proportional to area)48. We calculated the ratio 
between the total input force (Fi) and cranial surface area (Ac) among the taxa. Since E. davisi represents the 
focus of this study, we used this fossil canid as a reference comparing its Fi/Ac ratio with those of all the other 
taxa in the form of a secondary ratio [(Fi/Ac)taxon/ (Fi/Ac)Eucyon]. Then, we applied such a scaling factor to the 
von Mises stress values though the Combination function of Strand7 and visualised the stress distribution as 
colour patterns. Furthermore, we sampled the values of the von Mises stress on specific points of the cranium 
(nasal, rostrum at infraorbital foramina, rostrum at anterior border of orbits, frontal region between postorbital 
processes, frontal region at the postorbital constriction, centre of the parietal bone, and posterior region of the 
dorsal cranium) along a plane passing through the right nasal and frontal bone and plotted on a graph, following 
what done by Tseng and Wang6. Through the study of the von Mises stress values and distribution, we discussed 
the mechanical efficiency of the tested crania. Moreover, the comparison of the scaled von Mises stress patterns 
among the tested species allowed us to evaluate the paleoecology of E. davisi in relation to its morphological 
adaptation.

Data availability
The complete set of data generated and analysed during the current study are available from the corresponding 
author on reasonable request.
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