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Introduction: The phylogenetic and ecological importance of paranasal sinuses 

in carnivorans was highlighted by several previous authors, mostly in extant 

species. Nevertheless, no specific study on this feature on extant canids, and no 

one on fossil representatives of the family, has been published up to now. Here, 

we analyze for the first time the paranasal sinus of extant and fossil canids through 

computed tomographic techniques to characterize them morphologically and 

morphometrically, making ecological inferences. 

Methods: To do so, we applied for the first time an innovative deformation-based 

morphometric approach. 

Results: The results obtained for extant species highlight a remarkable correlation 

between morphology and ecomorphotypes previously defined by some 

scholars (namely hypercarnivorous group-hunters; small-prey hypercarnivores, 

mesocarnivores, hypocarnivores). Our results thus support the direct relationship 

between diet preferences and the development of frontal sinus in canids. 

Regarding fossil specimens, we reconstructed for the first time the frontal sinus 

of three Eucyon species and compared it to those of living forms. 

Discussion: The best-preserved specimen, the only known cranium of Eucyon 

adoxus dated to the Late Pliocene of Saint-Estève (France), displayed similarities with 

hypercarnivorous group-hunter canids by the large sinus prominences. Given that 

the overall craniodental morphology of E. adoxus suggests that it acted as a small 

prey hypercarnivore—similar to extant Canis simensis—the aforementioned affinities 

might have evolved independently, in relation to high stresses during feeding. 

Overall, our study demonstrates that morphological inspection and deformation- 

based geometric morphometrics complement each other and allow a thorough 

investigation of sinus shape variability, thus enabling the study of sinus morphology in 

other fossil carnivorans with the ultimate goal of inferring their ecological preferences. 
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1. Introduction 

1.1. Dispersal of the tribe Canini in Eurasia 

1.2. Brief overview of biomechanics of the 
frontal sinus in carnivorans 

2. Materials and methods 

2.1. Studied and comparative material 
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FIGURE 1 

Stratigraphic, phylogenetic, and geographical scheme of Eucyon spp. in the framework of extant canids evolution and zoogeography from Miocene to 

modern times. The phylogenetic relationships are compiled using widely accepted and recent molecular and total evidence analyses (e.g., Zrzavý et al., 

2018; Perri et al., 2021). Solid lines represent undisputed patterns of affinities; divergence between solid-lines groups are time-calibrated using average 

time of divergence expressed in these works (e.g., Perri et al., 2021). Dashed lines account for disputed topologies of trees (e.g., paraphyly of Lupulella; 

relationship among Vulpini; cf. Wayne and Ostrander, 2007 and Zrzavý et al., 2018). Time of the nodes in the dashed-lined groups should not be taken 

as significative. Considering the disputed nature of several Eucyon spp. (as expressed in the text) we reported only their chronological and geographic 

distribution. Data are taken from: Tedford and Qiu (1996), Sotnikova (2006), Spassov and Rook (2006), De Bonis et al. (2007), Montoya et al. (2009), 

Rook (2009), Tedford et al. (2009), Werdelin et al. (2015), Bartolini-Lucenti and Rook (2021), Valenciano et al. (2022). ‘Eucyon event’ is taken from 

Sotnikova and Rook (2010). Colors of the chronological ranges represents clades. Ranges of other canids are taken from previously cited literature and 

also from: Stiner et al. (2001), Boudadi-Maligne (2010), Werdelin and Sanders (2010), Bartolini-Lucenti et al. (2018), Marciszak et al. (2021), Tamvakis 

et al. (2022), Martínez-Navarro et al. (2023). Color continents maps next to specific names represent presence of the species in one/more than one 

continent(s), following the color code of the boxes in the figure. 
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2.2. Nomenclature and abbreviations 

2.2.1. Proposed nomenclature of the frontal 
sinuses 

2.2.2. Other abbreviations used in the text 

2.2.3. Morphometric variables and 
ecomorphogroups 

2.2.4. Diffeomorphic surface matching analyses 
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TABLE 1 List of landmarks (LM) used in the analysis and their number and 

definition. 
 

LM number Definition 

 

 

 

FIGURE 2 

Nomenclature of the main parts of the frontal sinus of Canidae. Eucyon adoxus (NMB Rss.45, A–D) and C. lupaster (MZUF-2714, E,F) were taken as 

models because their sinuses represent, respectively, a quite complex and one of the simplest versions of this paranasal structure (not to scale). The 

color map (A,B) represents the principal areas of the sinus: yellow, rostral region; blue, caudal region; red, ventral region. ci, caudal incision; dcll, 

dorsocaudal lateral lobe; dcml, dorsocaudal medial lobe; ds, dorsal sulcus; l, lobe; lb., lobule; p: prominence; pol, postorbital lobe; ri, rostral incision; rll, 

rostrolateral lobe; rml, rostromedial lobe; vl, ventral lobe; vlp, ventrolateral prominence. 
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3. Results 

3.1. Description of the sinuses of Eucyon 

3.2. Morphological and morphometric 
comparison of the frontal sinuses in 
Canidae 

FIGURE 3 

Crania of the three species of Eucyon here analyzed. (A–A’,D–D′) Eucyon adoxus (NMB Rss.45) from St. Estève (Late Pliocene, MN 15; southern 

France), in dorsal (A–A’) and in left lateral (D–D’) views. (B–B’,E-E’) Eucyon monticinensis (MSF 466) from Cava Monticino (latest Miocene, 5.61– 

5.33 Ma; Emilia-Romagna, Italy), in dorsal (B–B’) and left lateral (D–D’) views. (C–C’,F-F’) Eucyon davisi (F:AM 97057) from near Xiakou (late Early-Late 

Pliocene, ~4.0–3.0 Ma; Yushe Basin, Shanxi, China), in dorsal (C–C’) and left lateral (F–F’) views. (A’–F’) Highlight the position of the frontal sinuses 

within the crania. 
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FIGURE 4 

Dorsal and left lateral views of the crania of fossil and extant Canidae analyzed here, with the frontal sinuses in their natural position. (A–A’) NMB 

Rss.45, E. adoxus. (B–B’) MSF 466, E. monticinensis. (C–C’) F:AM 97057, E. davisi. (D–D’) MZUF-1474, V. lagopus. (E–E’) MZUF-1715, L. mesomelas. (F–

F’) MZUF-11878, C. aureus. (G–G’) MZUF-1851, C. lupaster. (H-H’) MZUF-8496, L. adusta. (I–I’) 88-50-290, C. latrans. (J–J’) MZUF-13781, C. 

simensis. (K–K′) 368.443, L. pictus. (L–L’) MZUF-11874, C. lupus. 
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FIGURE 5 

Dorsal and lateral views of the left frontal sinus of the examined species. Each model has been reported to same width (and true scale, i.e., 2cm, is 

reported per each specimen between dorsal and lateral view). (A–A’) NMB Rss.45, E. adoxus. (B–B’) MSF 466, E. monticinensis. (C–C’) F:AM 97057, E. 

davisi. (D–D′) MZUF-11880, C. aureus. (E–E’) 88-50-290, C. latrans. (F–F′) MZUF-2714, C. lupaster. (G–G’) MZUF-2032, C. lupus. (H–H′) MZUF-13781, 

C. simensis. (I–I′) MZUF-1474, V. lagopus. (J–J’) MZUF-3293, L. mesomelas. (K–K′) MZUF-8496, L. adusta. (L–L’) 368.443, L. pictus. 
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3.3. Diffeomorphic analyses 
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TABLE 2 Results of the measurements of the specimens examined. 
 

Species Cat. Num. Vol (mm3) LmaxS (mm) TL (mm) BM (kg) 

* * 

 

 

 

 

 

 

 

 
 

 

 

*

TABLE 3 Results of ordinary least-squares (OLS) regressions between natural log-transformed metric variables, natural log-transformed body mass, 

principal components (PCs), and canonical variates (CVs) used to assess the correlation between the used variables. 
 

 
R2 p Slope SE 95% CI 

 
Intercept SE 95% CI 

 

− − −

− − −

− − −

− − −

− − −

− − −

− − −

https://doi.org/10.3389/fevo.2023.1173341
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


Frosali et al. 10.3389/fevo.2023.1173341 

Frontiers in Ecology and Evolution 11 frontiersin.org 

−

FIGURE 6 

Bivariate regressions between (A) the natural log-transformed body mass (ln BM) vs. the log-transformed maximum rostrocaudal length of sinus (ln 

LmaxS). (B) The log-transformed body mass (ln BM) vs. the log-transformed of cubic root of volume of the sinus (ln Vol). (C) The natural log- 

transformed total length of the cranium (ln TL) vs. the log-transformed maximum rostrocaudal length of sinus (ln LmaxS). (D) the natural log- 

transformed total length of the cranium (ln TL) vs. the log-transformed of cubic root of volume of the sinus (ln Vol). Lines represent OLS (ordinary least 

squares regressions) best-fit lines for the whole canid sample. There is a significant correlation between all the variables (see Table 3 for further details). 
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4. Discussion 

4.1. Frontal sinus: phylogenetic signal and 
ecological relevance 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

−

FIGURE 7 

Bivariate regressions between the natural log-transformed of cubic 

root of volume of the sinus (ln Vol) and log-transformed maximum 

rostrocaudal length of sinus (ln LmaxS). Lines represent OLS (ordinary 

least squares regressions) best-fit lines for the whole canid sample 

(black) and hypercarnivorous group-hunting canids (red). There is a 

significant correlation between volume and the length of the sinus 

(see Table 3 for further details). 
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FIGURE 9 

(A) Bivariate scatterplots of CVA results performed on the deformation fields obtained from DSM analysis of sinus shape (variance for each canonical 

variate included within parentheses). (B) Maximum (below) and minimum (above) extreme conformations of shape variation are shown in dorsal (left), 

lateral (middle), and medial (right) views for each CV: CV1 and CV2. Cumulative deformations from mean shape are mapped on the surface by means 

of a pseudocolor scale ranging from dark blue (no displacement) to dark red (0.11mm). Black arrows correspond to the vectors identifying the direction 

and amount of displacement. Symbols and convex hulls are colored group-wise as follows: dark red – hypercarnivorous group hunters; grey – 

mesocarnivores; blue – hypercarnivores on small prey; green – hypocarnivores. 

FIGURE 8 

Bivariate scatterplots of PCA results performed on the deformation fields obtained from DSM analysis of sinus shape (variance for each component 

included within parentheses): (A) PC2 vs. PC1; (B) PC3 vs. PC1. (C) Maximum (below) and minimum (above) extreme conformations of shape variation 

are shown in dorsal (left), lateral (middle), and medial (right) views for each PC: PC1, PC2, and PC3. Cumulative deformations from mean shape are 

mapped on the surface by means of a pseudocolor scale ranging from dark blue (no displacement) to dark red (0.11mm). Black arrows correspond to 

the vectors identifying the direction and amount of displacement. Symbols and convex hulls are colored group-wise as follows: dark red – 

hypercarnivorous group hunters; grey – mesocarnivores; blue – hypercarnivores on small prey; green – hypocarnivores. 
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TABLE 4 Posterior and typicality probabilities computed for E. adoxus, E. davisi, and L. adusta based on canonical variate analysis (CVA) scores obtained 

using hunting strategy as a grouping factor. 
 

 Group hunters Hypercarnivores Mesocarnivores 

4.2. Frontal sinus and inferred diet 
preferences 
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FIGURE 10 

Restoration of the three Eucyon species studied here with their fossil crania highlighting the position of the frontal sinuses, in red. Top: Eucyon davisi 

and the cranium F:AM 97057, on the right. Centrum: Eucyon adoxus and the specimen NMB Rss.45, on the left. Bottom: Eucyon monticinensis with 

fragmented cranium MSF 466. Artwork by Cecilia Loddi. 
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5. Concluding remarks 
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