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Abstract  

Oviraptorosaurs are bird-like theropod dinosaurs that thrived in the final pre-extinction 

ecosystems during the latest Cretaceous, and the beaked, toothless skulls of derived species are 

regarded as some of the most peculiar among dinosaurs. Their aberrant morphologies are 

hypothesized to have been caused by rapid evolution triggered by an ecological/biological driver, 

but little is known about how their skull shapes and functional abilities diversified. Here, we use 

quantitative techniques to study oviraptorosaur skull form and mandibular function. We 

demonstrate that the snout is particularly variable, that mandibular and upper/lower beak form 

are significantly correlated with phylogeny, and that there is a strong and significant correlation 

between mandibular function and mandible/lower beak shape, suggesting a form-function 

association. The form-function relationship and phylogenetic signals, along with a moderate 

allometric signal in lower beak form, indicate that similar mechanisms governed beak shape in 

oviraptorosaurs and extant birds. The two derived oviraptorosaur clades, oviraptorids and 

caenagnathids, are significantly separated in morphospace and functional space, indicating that 

they partitioned niches. Oviraptorids coexisting in the same ecosystem are also widely spread in 

morphological and functional space, suggesting that they finely partitioned feeding niches, 

whereas caenagnathids exhibit extreme disparity in beak size. The diversity of skull form and 

function was likely key to the diversification and evolutionary success of oviraptorosaurs in the 

latest Cretaceous. 

Keywords: Theropoda, Dinosauria, beak, niche-partitioning, evolution, diversification  
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Oviraptorosaurs are a group of coelurosaurian theropod dinosaurs that first appeared in the Early 

Cretaceous (Ji, Currie, Norell, & Ji, 1998; Xu, Cheng, Wang, & Chang, 2002) and later 

developed a huge diversity – more than 80% of the known oviraptorosaur taxa have been 

discovered in Late Cretaceous rocks, most of which belong to the derived subclades 

Oviraptoridae and Caenagnathidae. Basal oviraptorosaurs are small-bodied forms that are 

currently only known from Asia, whereas the derived subclades dispersed across Asia and North 

America and exhibited great variation in osteological features and body sizes. Oviraptorosaurs 

are iconic animals known from remarkable fossils, some of which are covered in feathers or 

preserved brooding their nests in the same style as modern birds, and were among the final major 

wave of dinosaur diversifications before the end-Cretaceous asteroid impact killed off the non-

avian species.  

Oviraptorosaurs exhibit skull forms that deviate strongly from other non-avian theropods: their 

skulls are relatively robust and tall, and show different levels of tooth reduction  (Brusatte, 

Sakamoto, Montanari, Harcourt, & William, 2012; Foth & Rauhut, 2013; Osmolska, Currie, & 

Barsbold, 2004; Xu et al., 2002). Derived oviraptorosaurs – caenagnathids and oviraptorids – 

possess an edentulous beak and sometimes a tall cranial crest, which is pneumatized and 

elaborated into a variety of shapes and sizes (Lü et al., 2017; Ma et al., 2017; Osmolska et al., 

2004). The unusual skulls of oviraptorosaurs probably enabled distinctive diets compared to 

most theropods, although feeding habits are controversial. Direct evidence of herbivory is known 

in some basal oviraptorosaurs (Ji et al., 1998; Ji, Lü, Wei, & Wang, 2012; Xu et al., 2002), and 

diets such as herbivory, carnivory, omnivory and durophagy have been proposed for advanced 

oviraptorosaurs based on their osteological features (Funston & Currie, 2014; Funston, Currie, & 

Burns, 2015; Lee et al., 2019; Osmolska et al., 2004; Zanno & Makovicky, 2011).   

Previous work has detected an exceptionally high rate of cranial evolution in derived 

oviraptorosaurs relative to other non-avian theropods, which was hypothesized to be caused by 

an ecological or biological driver (Diniz‐Filho et al., 2015). However, the possible drivers of this 

rapid rate shift have never been investigated in detail. Previous studies have also demonstrated 

that the cranial form (shape) of theropods is strongly correlated with phylogeny, whereas the 

relationship between cranial form and function is more controversial (Brusatte et al., 2012; Foth 

& Rauhut, 2013). Given the aberrant nature of oviraptorosaurian skulls (Brusatte et al., 2012; A
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Foth & Rauhut, 2013; Osmolska et al., 2004), it is unclear whether their skull forms experienced 

similar evolutionary constraints (i.e. phylogeny) as in theropods generally. These questions 

remain because the mechanisms underpinning the evolution and diversification of oviraptorosaur 

skulls are still poorly known and lack quantitative assessment. Answering these questions will 

clarify the evolutionary history of these unusual theropods. Furthermore, as oviraptorosaurs are 

some of the few non-avian dinosaurs that developed a completely toothless skull as in extant 

birds (Wang et al., 2017), understanding their history may give important insight into whether 

similar patterns and processes operated in independent clades of toothless dinosaurs. 

In this study, we use quantitative methods to assess patterns of skull form and mandibular 

functional variation in oviraptorosaurs. We compare the morphospace occupation between major 

clades/grades to assess whether niche-partitioning likely occurred among oviraptorosaurs. We 

then use a series of statistical tests to evaluate the phylogenetic signals in the form datasets, as 

well as the correlations between form and function. The influence of body size, which is 

potentially correlated with skull form variation, is also assessed. This study illuminates the 

evolution of some of the most aberrant dinosaur skulls and examines how feeding-related niche-

partitioning might have facilitated the diversification of oviraptorosaurs during the Late 

Cretaceous, during the last few tens of millions of years before the dinosaur extinction, 

particularly in Asia where many taxa often lived contemporaneously. 

 

Materials and methods 

Specimens 

We included every well-preserved, published, subadult or adult oviraptorosaur skull specimen in 

our analysis (see the electronic supplementary material, Table S1). Juvenile specimens were 

excluded, to minimize the possibility that observed morphological and functional variations are 

ontogenetic in nature, as at least some oviraptorosaurs exhibit high variation in mandible 

morphology across ontogeny (Wang, Zhang, & Yang, 2018). Thus, species known only from 

perinatal specimens (e.g. Yulong mini (Lü, Currie, et al., 2013) & Beibeilong sinensis (Pu et al., 

2017)) were excluded from the analysis.  A
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2D geometric morphometric analysis  

We conducted geometric morphometric analysis to quantify the pattern of skull shape variation 

among oviraptorosaurs. The skull form of oviraptorosaurs was captured by plotting homologous 

landmarks on the lateral profile of the skulls in two-dimensional view (Figures 1, S1 & S2; 

Tables S2-5). We did not place landmarks on the cranial crest region, as their morphologies are 

extremely variable among oviraptorosaurs (Osmolska et al., 2004) and it has been suggested that 

the prominent crest of Corythoraptor jacobsi likely served sociosexual functions (rather than 

biomechanical functions) (Lü et al., 2017); this is also likely the case for other oviraptorosaurs 

with elaborate crests. Excluding the crest region prevents the plausibly more feeding-related 

functional signals from being masked by the extreme crest variations. To detect any discrepancy 

in variation patterns of different parts of the skull, we divided the skull of oviraptorosaurs into 

four parts for separate geometric morphometric analyses: 1) cranium, 2) mandible, 3) upper beak 

and 4) lower beak (Figure 1; Table S6). By having four individual datasets, correlations with 

phylogeny and mandibular function could also be investigated separately. For each dataset, the 

images were compiled in the software tpsUtil (version 1.74) and imported into tpsDig (version 

3.20) for landmark digitization (Rohlf, 2017). Procrustes fit was produced to standardise the 

landmark data using the software MorphoJ  (Klingenberg, 2011). A covariate matrix was 

generated and lastly subjected to principal component analysis (PCA). The output principal 

component (PC, hereafter) scores serve as a proxy for the variation in form of oviraptorosaur 

skulls, which were used for further analyses to explore the correlations between form, function 

and phylogeny. See the electronic supplementary material section 2 for detailed methods. 

 

Functional analysis 

We quantified the functional variation among oviraptorosaur mandibles using functional 

characters. We developed 13 functional characters to capture different aspects of the mandibular 

functions of oviraptorosaurs (Note S1). All chosen characters have been demonstrated to provide 

feeding-related functional implications in extant animals and/or inferred in extinct animals (Note 

S1). We assessed these characters on 15 well-preserved mandibular specimens (Table S6). We A
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then subjected the standardised measurements to principal coordinate analysis (PCoA), using the 

software PAST 3.18 (Hammer, Harper, & Ryan, 2001) (Note S2). Additional analysis was 

conducted to estimate the contribution of each functional character to the first two principal 

coordinate (PCO hereafter) axes (Note S3). 

 

Morphological and functional niche partitioning assessment 

We conducted non-parametric multivariate analysis of variance (NPMANOVA, also known as 

perMANOVA) to assess the degree of overlap in both the morphological and functional 

morphospaces between major oviraptorosaur clades/grades (i.e. basal oviraptorosaurs, 

caenagnathids and oviraptorids) (Table S1). This allows us to test for possible niche-partitioning. 

Two analyses were conducted for each pair: PC1-2/PCO1-2 and all significant PC/PCO, which 

are defined as the first n PC/PCO explaining more than 90% of the total variance in the 

PCA/PCoA. We conducted the NPMANOVA tests in PAST 3.18 (Hammer et al., 2001). A 

significant result of the NPMANOVA test signifies that the two groups are significantly 

separated in morphological/functional space, which is consistent with niche partitioning. We 

adopt a 95% confidence level as a standard for all the statistical tests in this study. The null 

hypothesis is rejected if the p-value is <0.05. All of the p-values were corrected for multiple 

comparisons in R using the Benjamini-Hochberg procedure. 

 

Evolutionary models of skull form 

We used multiple phylogenetic comparative methods to evaluate the strength and significance of 

the correlations between phylogeny and different parts of the skull. For all the following analyses, 

we used the cladogram in Lü et al. (Lü et al., 2017) to represent phylogeny (Figure S3), which 

we time-calibrated (Note S4).  

We used Blomberg’s K statistic to evaluate the strength of the phylogenetic signal in the 

oviraptorosaur skull form datasets. Blomberg’s K statistic is a measure of phylogenetic signal in 

a trait dataset (Blomberg, Garland, & Ives, 2003). A K larger than one indicates a strong 

phylogenetic signal, whereas K smaller than one implies otherwise (Blomberg et al., 2003). Each A
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PC was subjected to the test individually, which allows us to identify PCs that exhibit a 

particularly strong/weak phylogenetic signal. A corresponding p-value was also calculated for 

each analysis. We performed these analyses using the ‘picante’ package in R (Kembel et al., 

2010). Additional permutation tests were conducted to assess the correlation between overall 

skull form (represented by PC scores from PCA) and phylogeny (Note S5) in MorphoJ 

(Klingenberg, 2011), which follows the permutational procedures suggested by (Laurin, 2004). 

 

Allometry  

Skull shape of animals is often correlated with size, and thus some of the PC axes generated from 

the skull form datasets may be allometric in nature. This phenomenon has been observed in some 

extant birds, for example (Bright, Marugán-Lobón, Cobb, & Rayfield, 2016; Tokita, Yano, 

James, & Abzhanov, 2017). Thus, we are interested in knowing whether similar patterns also 

characterise oviraptorosaurs. We used centroid size as a measure of specimen size, which in turn 

acts as a proxy for body size, as utilised in a previous study on theropod skulls (Brusatte et al., 

2012). However, as some of the form datasets may have strong phylogenetic signals, we 

employed the phylogenetic eigenvector regression (PVR) technique to extract the S-component 

(i.e. the model residuals, which is the phylogenetically-independent component) of these 

variables for further correlation analysis (Diniz‐Filho, de Sant'Ana, & Bini, 1998; Diniz Filho, 

Bini, Sakamoto, & Brusatte, 2014). First, the eigenvector of the time-calibrated oviraptorosaur 

phylogeny was extracted. Second, the S-component of each PC was extracted and tested for 

autocorrelation with Moran’s I test to ensure the remaining phylogenetic signal is non-significant 

(Diniz Filho et al., 2014). If a significant phylogenetic signal was detected in the S-component 

(p-value <0.05), that PC was not included in the correlation test as we want to focus on detecting 

the correlation between size and skull forms without the potential influence of phylogenetic 

history. Thus, PC1 of the cranial form dataset was discarded. The S-components were regressed 

against centroid size (extracted from form datasets in MorphoJ (Klingenberg, 2011)) in R  using 

the package ‘PVR’ (Santos, Diniz-Filho, e Luis, Bini, & Santos, 2018) to reveal the strength and 

significance of their correlations. 
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Form vs. function relationship 

We performed three analyses to evaluate the correlation between mandibular function and form 

of different parts of the skull (Note S6; Table S6). Because of the differences in sample size 

between the form and function datasets, additional geometric morphometrics analyses and 

functional analyses were conducted to match the sample size for the correlation analysis, in order 

to make the two datasets maximally consistent for comparison. For example, 19 and 15 

specimens are present in the lower beak form and mandibular function datasets, respectively. In 

this case, we conducted an extra 15-taxon geometric morphometric analysis for lower beak form. 

Following the same principle, five additional tests were conducted: an 8-taxon PCA of cranial 

form, a 9-taxon PCA of upper beak form, a 15-taxon PCA of lower beak form, an 8-taxon PCoA 

of mandibular function and a 9-taxon PCoA of mandibular function. 

Non-phylogenetic methods were used to evaluate the overall relationship between form and 

function, which include two-block partial least squares (2B-PLS) analysis and multivariate 

multiple regression (MMR) analysis (Sakamoto, 2010) (Note S6). We also ultilised a 

phylogenetic method, PVR, to evaluate the form and function relationship. The S-components of 

the significant PC/PCO of each form dataset were extracted to remove any significant 

phylogenetic signal from influencing the results. The first two PCs and PCOs for each dataset 

were retained for correlation analyses between different form and function combinations (e.g. 

PC1 vs PCO1, PC1 vs PCO2 etc.; except the cranial form dataset). PC1 of the cranial form 

dataset was not included in the analysis as a significant phylogenetic signal remains in the S-

component. See the electronic supplementary material section 6 for detailed methods. 

 

Results 

Morphological variation pattern 

The analysis on the 11-taxon cranial dataset shows that PC1 mainly describes the anteroposterior 

length of the external naris, the depth of the premaxilla-maxilla region and the posterior extent of 

the maxilla (Figure S8). PC2 largely describes the relative position of the external naris, the 

anterior extent of the upper beak and the size of the orbit (Figure. S8). To a lesser extent, it also A
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describes the length of the lateral temporal fenestra and the antorbital fenestra. The PC1 vs PC2 

morphospace plot shows that the basal oviraptorosaur Incisivosaurus is separated from 

oviraptorids along both PC1 and PC2 (Figure 2A). (See the electronic supplementary material 

section 6 for full results.) 

 

On the 15-taxon mandibular morphospace, PC1 largely describes the length and the height of the 

dentary, size of the external mandibular fenestra and the height of the coronoid process region 

(or the overall height of the mandible) (Figure S9). PC2 largely describes the posterior extent of 

the dorsal ramus of the dentary, the relative position of the external mandibular fenestra, the 

curvature of the ventral ramus of the dentary and the relative position of the articular glenoid 

(Figure. S9). The PC1 vs PC2 morphospace shows that oviraptorids and non-oviraptorids are 

separated along PC1 without any overlapping (Figure 2C). The non-oviraptorid taxa, 

caenagnathids and basal oviraptorosaurs, are separated from each other and the derived clades on 

PC2. The morphospace occupied by oviraptorids is visually much larger than that of 

caenagnathids. 

On the 12-taxon upper beak morphospace, basal oviraptorosaurs are far separated from 

oviraptorids along PC1 (Figure 2B), as in the cranial PC plot. On the 19-taxon lower beak 

morphospace, PC1 largely separates the specimens into different taxonomic groups – 

oviraptorids, basal oviraptorosaurs and caenagnathids, from left to right (with exception of 

Gigantoraptor, which lies close to oviraptorids) (Figure 2D). The morphospace occupations of 

oviraptorids and caenagnathids slightly overlap, and they do not visually exhibit prominent 

differences in their areas.  

NPMANOVA reveals that basal oviraptorosaurs exhibit significant morphospace separation 

compared to oviraptorids in the mandible form, upper beak form and lower beak form datasets 

(Table 1). However, there is no significant separation in the cranium form morphospace. When 

basal oviraptorosaurs are compared to caenagnathids, there are no significant differences in any 

of the morphospace-overlap comparisons. However, when caenagnathids are compared to 

oviraptorids, these groups are significantly separated in all morphospaces.  
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Table 1.  Differences in morphospace occupation between major clade/grade of Oviraptorosauria 

shown by NPMANOVA (p values; Bonferroni-corrected p-values (upper right)) (PC1-2/all sig 

PC); significant p-values at p<0.1 (0.05<p<0.1) are underlined.  

Compared groups Form/function 

metric  

p-value Benjamini-

Hochberg 

corrected p-

value 

 

Basal oviraptorosaurs vs. 

oviraptorids 

cranium form 0.1757/0.1801 0.1757/0.1801  

 mandible form 0.0185/0.019 0.02775/0.0285  

 upper beak form 0.0139/0.0164 0.0139/0.0164  

 lower beak form 0.0232/0.0106 0.0348/0.0159  

 mandible 

function 

0.111/0.0706 0.1665/0.1059  

Basal oviraptorosaurs vs. 

caenagnathids 

mandible form 0.0696/0.1321 0.06960/0.1321  

 lower beak form 0.6655/0.1967 0.6655/0.1967  

 mandible 

function 

0.7349/0.1321 0.7349/0.1321  

Caenagnathids vs. 

oviraptorids 

mandible form  0.0011/ 

0.0011 

0.0033/0.0033  

 lower beak form 0.0007/0.0003 0.0021/0.0009  

 mandible 

function 

0.0012/0.001 0.0036/0.0030  

 

 

 

Functional variation pattern A
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In the 15-taxon dataset, there is no functional morphospace overlap between oviraptorids and 

other oviraptorosaurs (Figure 3). Basal oviraptorosaurs and caenagnathids overlap in their 

functional morphospaces, mainly because of the position of Gigantoraptor – which is closer to 

the oviraptorid cluster than basal oviraptorosaurs along PCO1. Basal oviraptorosaurs and 

oviraptorids are considerably spread out along PCO2, whereas caenagnathids are more restricted. 

Overall, oviraptorids appear to occupy a larger functional morphospace than caenagnathids. (See 

electronic supplementary material section 7 for complete results.) 

NPMANOVA detected no significant difference in functional morphospace occupation between 

basal oviraptorosaurs and caenagnathids/oviraptorids (Table 1). However, caenagnathids and 

oviraptorids show significant morphospace separation, as in the mandibular and lower beak form 

data sets.  

 

Evolution model of skull forms 

Blomberg’s K test shows that there is no significant phylogenetic signal in any of the significant 

PCs of the cranium matrix (Table 2 & S14). However, we find a significant and strong 

phylogenetic signal in PC1 but not in any other PCs of the mandible and upper beak datasets. In 

contrast, PC1 of the lower beak form dataset shows a weak but significant phylogenetic signal (K, 

0.565; p-value, 0.002), while no phylogenetic signal was detected in PC2. 

The permutation test reveals that the overall shape of the oviraptorosaur cranium is not 

significantly correlated with phylogeny (Table S15). The overall shape of the oviraptorosaur 

mandible, upper beak and lower beak, however, are significantly correlated with phylogeny. 
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Table 2. Phylogenetic signal in the morphometric data shown by Blomberg’s K test (see Table 

S14 for full results). 

Data PC K PIC.var.obs PIC.var.rnd.mean p-value Benjamini-

Hochberg 

corrected 

p-value 

PIC.var.Zscore 

Cranium PC1 0.850 0.000357 0.000320  0.71 0.902 0.283 

Mandible PC1 2.203 0.000329 0.00165 0.001 0.006 -3.448 

Upper 

beak 

PC1 

3.243 0.000611 0.00150 0.009 

0.027 

-1.728 

Lower 

beak 

PC1 

0.565 0.00176 0.00656 0.001 

0.003 

-2.117 
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Allometry 

Regressions reveal no significant correlation between the S-component of PC scores and centroid 

sizes in any of the significant form PC (Table. S16). This implies that none of the significant PC 

variations are primarily allometric in nature. However, it is worth-noting that PC1 of lower beak 

form shows moderate correlation with specimen size (p=0.08665; corrected p=0.25995). 

 

Form and function relationship 

2B-PLS analysis reveals no significant correlation between cranial form and mandibular function, 

but significant correlations between the mandible, upper beak and lower beak when each are 

compared to mandibular function (Table S17). No significant correlation is detected in MMR 

analysis between cranium form and mandibular function (Table S18). MMR analyses using 

different test statistics consistently show that mandible/lower beak form is significantly 

correlated with mandibular function. Although MMR analyses reveal that the upper beak has 

strong correlations with function, all the test statistics suggest these correlations to be non-

significant, except Pillai’s trace.  

PVR on form and function shows that cranium PC2 does not have a significant correlation with 

function PCO1 and PCO2 (Table 3 & S19). No significant correlation is found between the 

upper beak and functional dataset, either. Both PC1 of the mandible and lower beak show a 

significant correlation with function PCO1. In comparison, the correlation between lower beak 

and function is slightly stronger and more significant than the one between mandible and 

function. PC1 of the lower beak also shows a significant correlation with function PCO2.  

 

Table 3. Correlation between form and function shown by phylogenetic eigenvector regression 

(PVR) correlation test (see Table S19 for full results). 

Form Correlation pairs Coefficient of 

determination (R
2
) 

p-value Benjamini-Hochberg 

corrected p-value A
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Cranium PC2c vs PCO1fc 0.0113 0.802 0.954 

PC2c vs PCO2fc 0.000616 0.954 0.954 

Mandible PC1m vs PCO1fm 0.506 0.00292 0.0117 

PC1m vs PCO2fm 0.193 0.101 0.127 

Upper beak PC1p vs PCO1fp 0.190 0.240 0.321 

PC1p vs PCO2fp 0.0437 0.590 0.590 

Lower beak PC1d vs PCO1fd 0.535 0.00195 0.00780 

PC1d vs PCO2fd 0.273 0.0456 0.0911 

 

 

 

 

 

 

 

Discussion 

Diversification of oviraptorosaur skull form 

The cranial form of oviraptorosaurs mainly varies in the snout region (premaxilla and maxilla). 

Overall, the modified snouts of oviraptorids are downturned compared to those of basal 

oviraptorosaurs: the dorsal margin of the jugal-quadratojugal and the dorsal margin of the 

premaxilla form an obtuse angle in lateral view. It seems reasonable that this difference implies 

different cranial mechanics. For example, a more inclined beak was found to be correlated with 

bite force increase in finches (van der Meij & Bout, 2008). Thus, the downturned snout of 

oviraptorids may have been an adaptation for a powerful bite. Large variation in the shape, size 

and relative position of the external naris is also detected, which is perhaps related to the A
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observed modification of snout orientation (PC1 & 2; Figure S8) (Lü, Chen, Brusatte, Zhu, & 

Shen, 2016; Lü et al., 2015). However, the implications of the high variability in naris shape are 

more difficult to explain, as the nasal region of vertebrates is related to a variety of biological 

roles (i.e. sound production, olfactory and respiratory) (Witmer, 2001). It is also possible that the 

variable external naris is a by-product of the development of a prominent cranial crest in some 

oviraptorosaurs, which was likely a socio-display structure (Lü et al., 2017). If this is the case, 

then the variation in the naris region may not imply any particular biomechanical variation 

among oviraptorosaurs. 

The mandible and lower beak form datasets include specimens of basal oviraptorosaurs, 

caenagnathids and oviraptorids, allowing us to assess large-scale form variations between these 

major groups. The wide separation between caenagnathids and oviraptorids in the mandible form 

morphospace is not surprising, as their differences in mandibular anatomy are well-noted 

(Funston et al., 2015; Funston, Mendonca, Currie, & Barsbold, 2017; Longrich, Barnes, Clark, & 

Millar, 2013; Longrich, Currie, & Dong, 2010; Ma et al., 2017; Osmolska et al., 2004). The 

lower beak form morphospace also displays a similar pattern, with most caenagnathids and 

oviraptorids situated at the opposing sides and basal oviraptorosaurs located between them on 

PC1. However, in both morphospaces, Gigantoraptor is located closer to oviraptorids than other 

caenagnathids and even basal oviraptorosaurs on PC1, despite phylogenetic studies consistently 

placing it within caenagnathids (Longrich et al., 2013; Lü et al., 2017; Yu et al., 2018). The 

functional morphospace shows a similar pattern with that of mandible form, as caenagnathids 

and oviraptorids are separated on PC1 and do not overlap. Similarly, Gigantoraptor is positioned 

close to the oviraptorid cluster. These results indicate that Gigantoraptor evolved a more 

oviraptorid-like mandible form that deviates from those of other caenagnathids, which perhaps 

relates to an allometric effect and/or a unique feeding style suitable for its gigantic body size (Ma 

et al., 2017). 

Overall, the largest variation among oviraptorosaur skulls is in the rostral portion: PCs1 of the 

cranium and mandible datasets mainly describe variation in the snout region and the dentary 

region, respectively (Figures S8 & S9). Large-scale geometric morphometric studies on 

theropods (Brusatte et al., 2012; Foth & Rauhut, 2013) and extant birds (Marugán-Lobón & 

Buscalioni, 2006) have consistently identified the snout to be highly variable compared to other A
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parts of the cranium. Some studies focusing on particular extant bird families also found 

substantial cranial variation in the beak region (Grant & Grant, 1996; Kulemeyer, Asbahr, Gunz, 

Frahnert, & Bairlein, 2009; Sun, Si, Wang, Wang, & Zhang, 2018). Our results demonstrate that 

this pattern still persists within a restricted taxonomic theropod group like oviraptorosaurs, 

despite the development of highly modified skull forms that deviate from those of other 

theropods (Brusatte et al., 2012; Foth & Rauhut, 2013).  

 

Phylogenetic signals in oviraptorosaur skull forms  

There are several possible interpretations for why we did not find any phylogenetic signal in the 

shape of the cranium. Oviraptorosaur skull shape may have evolved under various different 

selection pressures. For instance, selection on feeding mechanics, olfaction, vision, intelligence, 

and sexual display (e.g., cranial crest) may affect skull shape evolution in wildly different ways, 

with the combined effect being a departure from Brownian motion in the evolution of skull shape. 

It is possible that phenotypic proxies for these individual selection pressures may show 

phylogenetic signals on their own. This is supported by the upper beak analysis, as this region 

shows strong phylogenetic signal (K>3) while being part of the cranium, indicating that at least 

one cranial region evolved under potentially strong stabilizing selection  (K>1 implies strong 

phylogenetic conservatism or weaker tendency to deviate away from the ancestral shape). 

Alternatively, failure to detect phylogenetic signal in the overall cranial shape dataset may be 

because of a lack of statistical power owing to small sample size (N=11). Because morphometric 

studies encompassing a wide range of non-avian theropods have detected a high phylogenetic 

signal in their cranial morphologies, our results indicate that such signals may be weaker within 

subclades (Brusatte et al., 2012; Foth & Rauhut, 2013). 

That mandible and upper beak forms both have significant and strong phylogenetic signals – 

with K>1 –indicates that these cranio-mandibular regions are more phylogenetically ‘conserved’ 

than expected under Brownian motion. That is, closely related taxa are more similar in shape 

than expected given the branch lengths. Interestingly, the K < 1 in lower beak form indicates that 

a large proportion of lower beak shape variance cannot be explained by Brownian motion 

evolution alone – i.e., closely related taxa are more disparate in shape than expected given 

branch length – and may be indicative of additional processes like adaptive evolution or 
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directional evolution (Blomberg et al., 2003) as well as the possibility of noise in the data. The 

discrepancy in K between different parts of the skull indicates that the skull of oviraptorosaurs is 

not a single, well-integrated structure. A certain part, in this case the shape changes associated 

with PC1 in the lower beak (length and depth of the beak), may have been governed by an 

evolutionary process that is distinct from the other parts of the skull/mandible. 

 

Correlation of oviraptorosaur skull forms and mandible function 

Our findings that cranium and upper beak forms (the latter once accounting for phylogeny) show 

no significant relationships with mandibular function is consistent with previous studies 

(Brusatte et al., 2012; Foth & Rauhut, 2013). However, on the contrary, we find significant 

relationships between mandible and lower beak forms and mandibular functions. The 

discrepancy in form-function relationships between the skull and mandible can possibly be 

explained by the fact that the cranium has multiple functional roles (e.g. feeding, neurosensory 

and social display etc.) whereas the role of the mandible is less variable (i.e. feeding). Thus, a 

single function is not capable of explaining the variance in skull shape but can do so for 

mandible shape. However, a study on herbivorous dinosaurs suggests that morphologically 

similar skulls could have disparate functional properties, as demonstrated by 3D biomechanical 

techniques like finite element analysis and bite force estimation (Lautenschlager, Brassey, 

Button, & Barrett, 2016). It is possible that future in-depth 3D biomechanical studies would 

demonstrate a similar pattern in oviraptorosaur mandibles. If the close association between form 

and function is supported by future analysis, this would consolidate our finding that feeding 

mechanics likely played an important role in shaping the mandible and the lower beak of 

oviraptorosaurs. 

Beak evolution  

One of the most fascinating features of derived oviraptorosaur skulls is the presence of a 

toothless beak (Balanoff & Norell, 2012; Ma et al., 2017; Osmolska et al., 2004) . Different 

levels of tooth reduction are known among non-avian dinosaurs (Zanno & Makovicky, 2011), 

but only some oviraptorosaurs, some ornithomimosaurs and mature Limusaurus exhibit complete 

tooth loss as in extant birds (Makovicky, Kobayashi, & Currie, 2004; Osmolska et al., 2004; Xu A
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et al., 2009). The beak shape of extant birds is usually regarded as closely associated with diet 

(Grant & Grant, 1996; Grant & Grant, 2006). However, recent studies demonstrate that a number 

of other factors may also play a role in influencing beak shape, such as phylogeny, size and 

function (i.e. mechanical advantage) (Bright et al., 2016; Navalón, Bright, Marugán‐Lobón, & 

Rayfield, 2018; Shao et al., 2016). Our results show that oviraptorosaur lower beak shape is in 

general closely related to phylogeny and function, as in mandible form. Interestingly, a moderate 

allometric signal is detected in lower beak form (R
2
=0.162852; p=0.08665; corrected p=0.25995). 

Together, these findings may suggest that the mechanisms governing beak shape in birds are 

similar to those in oviraptorosaurs, despite the independent evolution of a toothless beak in these 

two clades.  

 

Niche partitioning between major clades of oviraptorosaurs 

Previous studies have noted a number of function-related anatomical dissimilarities between 

caenagnathids and oviraptorids (Funston et al., 2015; Longrich et al., 2013; Ma et al., 2017). In 

our study, these two clades are significantly separated from each other in both morphological and 

functional morphospace, as revealed by NPMANOVA. Eight functional characters are 

considered to have a significant contribution to functional PCO1 variations (Table S13). These 

characters include proxies for mechanical advantage, jaw robustness and occlusal mode (Note 

S1). The large separation between caenagnathids and oviraptorids in functional morphospace 

likely indicates that they had distinct feeding styles, corroborating previous suggestions based on 

comparative anatomy (Funston et al., 2015; Longrich et al., 2013; Longrich et al., 2010; Ma et al., 

2017; Smith, 1992). Our results also provide quantitative support to the hypothesis that 

caenagnathids and oviraptorids coexisted through niche-partitioning in the Mongolian Nemegt 

Formation ecosystem (Funston et al., 2017), and probably other ecosystems as well. Toothed 

basal oviraptorosaurs likely shared similar jaw mechanics as caenagnathids because they have a 

number of anatomical similarities (Wang et al., 2018). The NPMANOVA tests reinforce this 

idea by demonstrating that basal oviraptorosaurs are not significantly separated from 

caenagnathids in the various morphospaces, but often are significantly separated from 

oviraptorids. Taken together, these results suggest that oviraptorids are a highly derived clade 

which developed unique mandible morphologies distinctive from other oviraptorosaurs.  A
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Niche partitioning within caenagnathids and oviraptorids 

The diverse mandibular function of oviraptorids has likely allowed some of them to partition 

feeding niches in the same ecosystem. The Late Cretaceous Nanxiong Formation in the Ganzhou 

region of Jiangxi, China, is the best example of within-clade co-occurrence of multiple 

oviraptorosaur species (Lü et al., 2017). Since 2010, seven new oviraptorids have been described 

from this formation (Lü et al., 2016; Lü et al., 2017; Lü et al., 2015; Lü, Yi, Zhong, & Wei, 2013; 

Wang, Sun, Sullivan, & Xu, 2013; Wei, Pu, Xu, Liu, & Lu, 2013; Xu & Han, 2010), leading 

researchers to propose that these species diversified during an evolutionary radiation, perhaps 

driven by differences in feeding style (Lü et al., 2016). Our results show that the Ganzhou taxa 

occupy a wide spread in both morphological and functional spaces (Figures. 2 & 3), instead of 

clustering together, supporting the hypothesis that their coexistence was facilitated by dietary-

related niche-partitioning (see electronic supplementary material section 14).  

Caenagnathids might have partitioned niches as well, but with a different strategy: they 

developed a wide range of body sizes (Yu et al., 2018). In the Nei Mongol Erlian Formation, 

Gigantoraptor, the largest known caenagnathid, has a mandible length and dentary width of 46.0 

cm and 10.0 cm, respectively (Ma et al., 2017). In contrast, Caenagnathasia, a small 

caenagnathid from the same ecosystem, has a dentary width of 1.56 cm (Yao et al., 2015). By 

having different jaw sizes, caenagnathids could have procured different types of food, and hence 

developed varying feeding strategies (Ma et al., 2017). It is likely that derived oviraptorosaurs – 

caenagnathids and oviraptorids – developed different intra-clade niche-partitioning strategies to 

reduce competition among themselves. The high ecological variability of derived 

oviraptorosaurs—underpinned by their cranial and mandibular form and functional variations—

might have been key to their diversification in the Late Cretaceous, and their important role in 

the last pre-extinction dinosaur ecosystems of the northern hemisphere.  
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Figure 1. Homologous landmarks plotted on the (a) cranium, (b) upper beak, (c) mandible 

and (d) lower beak of oviraptorosaurs for geometric morphometric analysis. Black dots 

indicate fixed landmarks; red dots indicate semi-landmarks. See Tables S2-5 for descriptions of 

landmarks. 
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Figure 2. Two-dimensional morphospaces of oviraptorosaur skull form dataset. (A) Cranial 

morphospace of the 11-taxon dataset; (B) Upper beak morphospace of the 12-taxon dataset; (C) 

Mandibular morphospace of the 15-taxon dataset and (D) Lower beak morphospace of the 19-

taxon dataset. Each morphospace depicts the first PCA axis versus the second axis. See Table S1 

for sources of the images used. 
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Figure 3. Two-dimensional functional morphospace of the 15-taxon mandibular function 

dataset. AEMF, relative area of external mandibular fenestra; AMA, anterior mechanical 

advantage; AMMHL, average mandibular height; AO, articular offset; MMHL, maximum 

mandibular height; PMA, posterior mechanical advantage; RBD, relative beak depth; SD, 

symphysis deflection. 

 

 

Supporting information 

Table S1. List of taxon and specimens included in the geometric morphometric analysis and 

functional analysis. 
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Table S2. Homologous landmarks on oviraptorosaur cranium. 

Table S3. Homologous landmarks on oviraptorosaur mandible. 

Table S4. Homologous landmark on oviraptorosaur upper beak. 

Table S5. Homologous landmark on oviraptorosaur lower beak. 

Table S6. Specimens included in geometric morphometric analysis and functional analysis for 

each data sets. 

Table S7. First occurrence of oviraptorosaur specimens. 

Table S8. Morphological variation of the 11-taxon cranium form data set explained by the first 

10 PCA axes. 

Table S9. Morphological variation of the 15-taxon mandible form data set explained by the first 

14 PCA axes. 

Table S10. Morphological variation of the 12-taxon upper beak form data set explained by the 

first 11 PCA axes. 

Table S11. Morphological variation of the 19-taxon lower beak form data set explained by the 

first 18 PCA axes. 

Table S12. Functional variation of the 15-taxon mandibular function data set explained by the 

first 13 PCO axes. 

Table S13. Correlations between functional characters and the first 2 PCO axes. 

Table S14. Phylogenetic signal in the morphometric data shown by Blomberg’s K test. 

Table S15. Phylogenetic signal in the morphometric data shown by permutation test. 

Table S16. Allometric signal in the morphological data shown by regression analysis between 

forms and specimen size (represented by centroid size). 

Table S17. Correlation between form and function shown by two-block partial least squares (2B-

PLS) analysis. A
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Table S18. Correlation between form and function shown by multivariate multiple regression 

(MMR) analysis. 

Table S19. Correlation between form and function shown by phylogenetic eigenvector 

regression (PVR) correlation test. 

Table S20. Morphological variation of the 8-taxon cranium form data set explained by the first 7 

PCA axes. 

Table S21. Morphological variation of the 9-taxon upper beak form data set explained by the 

first 8 PCA axes. 

Table S22. Morphological variation of the 15-taxon lower beak form data set explained by the 

first 14 PCA axes. 

Table S23. Functional variation of the 8-taxon mandibular function data set explained by the 

first 8 PCO axes. 

Table S24. Functional variation of the 9-taxon mandibular function data set explained by the 

first 9 PCO axes 

Table S25. Landmarks representing different mandible sections. 

Table S26. Correlation between mandible sections and overall morphology of mandible shown 

by two-block partial least squares (2B-PLS) analysis Table S27. Disparity analysis comparing 

the forms and function of caenagnathids and oviraptorids. 

Table S28. Disparity analysis comparing the forms and function of Ganzhou oviraptorosaurs and 

non-Ganzhou oviraptorosaurs. 

Table S29. Disparity analysis comparing the forms and function of Ganzhou oviraptorids and 

non-Ganzhou oviraptorids. 

Figure S1. Homologous landmarks plotted on the (a) cranium and (b) mandible of 

oviraptorosaurs for geometric morphometric analysis. 

Figure S2. Homologous landmarks plotted on the (a) upper beak and (b) lower beak of 

oviraptorosaurs for geometric morphometric analysis. A
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Figure S3. Phylogenetic trees of Oviraptorosauria used in this study. 

Figure S4. Two-dimensional morphospaces with phylogenetic tree mapped for the 11-taxon 

cranium form data set. 

Figure S5. Two-dimensional morphospaces with phylogenetic tree mapped for the 15-taxon 

mandible form data set. 

Figure S6. Two-dimensional morphospaces with phylogenetic tree mapped for the 12-taxon 

upper beak form data set. 

Figure S7. Two-dimensional morphospaces with phylogenetic tree mapped for the 19-taxon 

lower beak form data set. 

Figure S8. Major shape changes in cranium based on 11-taxon data set. 

Figure S9. Major shape changes in mandible based on 15-taxon data set. 

Figure S10. Major shape changes in upper beak based on 12-taxon data set. 

Figure S11. Major shape changes in lower beak based on 19-taxon data set. 

Figure S12. Two-dimensional morphospaces with phylogenetic tree mapped for the 8-taxon 

cranium form data set. 

Figure S13. Two-dimensional morphospaces with phylogenetic tree mapped for the 9-taxon 

upper beak form data set. 

Figure S14. Two-dimensional morphospaces with phylogenetic tree mapped for the 15-taxon 

lower beak form data set. 

Figure S15. Major shape changes in cranium based on 8-taxon data set. 

Figure S16. Major shape changes in upper beak based on 9-taxon data set 

Figure S17. Major shape changes in lower beak based on 15-taxon data set 

Figure S18. Two-dimensional functional morphospaces for the 8-taxon mandibular function data 

set A
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Figure S19. Two-dimensional functional morphospaces for the 9-taxon mandibular function data 

set 

Note S1. Functional characters for disparity analysis 

Note S2. Disparity analysis of functional characters. 

Note S3. Principal coordinate (PCO) correlation with functional characters. 

Note S4. Scaling the phylogenetic tree. 

Note S5. Blomberg’s K statistic and permutation test. 

Note S6. Non-phylogenetic and phylogenetic comparative methods. 

Note S7. Morphological variation of oviraptorosaur skull forms shown by 2D geometric 

morphometrics. 

Note S8. Correlation between overall mandibular form and its components shown by two-block 

partial least square (2B-PLS) analysis. 

Note S9. Implications of the differences in the integration level of the mandibles of 

caenagnathids and oviraptorids. 

Note S10. Results of disparity analysis of caenagnathids and oviraptorids. 

Note S11. Discussion on disparity analysis of caenagnathids and oviraptorids. 

Note S12. Results of disparity analysis of Ganzhou oviraptorids. 

Note S13. Discussion on niche partitioning within Ganzhou oviraptorids.  
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