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Geometric Morphometrics Methods 

 

Acquisition of specimen’s photographs 

 

In our data set used for GMM and PM analysis, the photographs of Angaturama limai GP/2T-

5, and Suchomimus tenerensis MN 6675-V (replica of the specimen MNN GDF501) were obtained 

in the Vertebrate Paleontology collection of the Departamento de Geologia e Paleontologia from 

Museu Nacional (MN/UFRJ), Rio de Janeiro, Brazil, by MBSL. The photographic protocol used to 

obtain the images of the specimens follows the three basic steps presented by Zelditch et al. (2012): 

(i) keeping the specimen surface in a horizontal plane with the camera lens; (ii) standardized scale; 

(iii) copies positioned at a fixed distance from the camera and in the center, aiming to settle or 

standardize any distortion. The photographs were taken with a Canon Rebel XS digital camera, fixed 

to a tripod, with an 18-55 mm lens (fixed at 55 mm) at a distance of 65 cm from the specimen 

whenever possible. 

 Photographs of specimen NHMUK PV R 16420, were provided by Angela C. Milner to our 

analysis. Other specimens’ imagens were extracted from original and complementary literature: 

MSNM V4047 from Dal Sasso et al. (2005); MNHN SAM 124 from Taquet and Russel (1998) and 

additional images of SM of Hendrickx et al. (2016); Baryonyx walkeri NHMUK PV R 9951 from 

Charig and Milner (1997) and additional images of Hendrickx et al. (2016); Cristatusaurus lapparenti 

MNHN GDF 365 and MNHN GDF 366 from Kellner and Campos (1996), additional drawings of 

Taquet (1984) and additional images from SM provided by Hendrickx et al. (2016); and 

Spinosauridae indet. FSAC-KK-7281 from Lakin and Longrich (2019). The positioning of the 

specimens in the literature photographs was considered equivalent to our photography protocol, with 

perhaps only minor changes in the scale. Furthermore, the adjustment of the scale was done digitally 

in the program TpsDig2 (Rohlf 2015), allowing the removal of differences in the scale of the 

specimens (see text of the manuscript). Concerning the specimen FSAC-KK-7281, the description 

size and illustrated scale presented by Lakin and Longrich (2019) do not match, so, we consider the 

specimen size described by these authors. 
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Figure S1. Premaxillae of Baryonyx walkeri NHMUK PV R 9951 (A), Suchomimus tenerensis MNN GDF501 

(B, mirrored), and Cristatusaurus lapparenti MNHN GDF 366 (C) and MNHN GDF 365 (D) in ventral (left) 

and left lateral (right) views. Landmarks (filled blue circles; see Table 2 and Table 3 for LMs descriptions) 

and semi-landmarks (open circles). Scale bar = 100 mm. Images in (A) modified from Charig and Milner 

(1986). Images in (C) and (D) modified from Kellner and Campos (1996). 
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Figure S2. Premaxillae of the Spinosaurinae indet. MSNM V4047 (A), MNHN SAM 124 (B), NHMUK PV 

R 16420 (C), and Oxalaia quilombensis MN 6117-V (D) in ventral (left; A and C mirrored) and left lateral 

(right) views. Landmarks (filled blue circles; see Table 2 and Table 3 for LMs descriptions) and semi-

landmarks (open circles). Scale bar = 100 mm. Images in (A) modified from Dal Sasso et al. (2005). Images 

in (B) modified from Hendrickx et al. (2016). Images credit Angela Milner (C) and Orlando Grillo (D). 
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Figure S3. Premaxillae of Angaturama limai USP GP-2T/5 (A) and Spinosaurinae indet. FSAC-KK-7281 (B) 

in ventral (left) and left lateral (right) views. Lateral views mirrored from right side. Ventral view in B 

mirrored. Landmarks (filled blue circles; see Table 2 and Table 3 for LMs descriptions) and semi-landmarks 

(open circles). Scale bar = 50 mm. Images in (B) modified from Lakin and Longrich (2019). 
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Ordination analysis – additional supporting data  

 

 

Figure S4. Percentage of variance of the principal components for the GMM analysis following the broken 

stick model (Jackson 1993). A) Ventral view, B) Additional ventral view, C) Lateral view. 
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Figure S5. Regressions of PC1 scores and CAC scores of the three datasets analyzed. A) Ventral view, B) 

Additional ventral view, C) Lateral view. The regressions (red lines) fit into a bivariate linear model 

reconstructed based on Ordinary Least-Square algorithm and blue lines represent the 95% ellipse of 

confidence. Pearson's correlation coefficient (R2), p-value for null-hypothesis of uncorrelation between both 

variables (p), and slope (allometric coefficient) are given. Blue squares represent Spinosaurinae individuals 

and pink dots represent ‘Baryonychinae’ individuals. All regressions show clear correlation between the PC1 

and CAC scores, close to isometry (specially the ventral view dataset). Thus, most of the variance in shape is 

interpreted as due to allometry. More details on the manuscript. 
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Phylogenetic Morphometrics  

 

Cladistic analysis 

 

We did not perform an extensive review of this character-taxon matrix because we consider it 

was already properly done (Carrano et al. 2012; Evers et al. 2015; Sales and Schultz 2017). However, 

by removing 50 OTUs, 304 characters became uninformative, which were deactivated using the 

WinClada v.1.61 (Nixon 1999-2002). Our searches were carried using the 50 remaining informative 

characters (they are: 6, 8, 10-13, 16, 23-24, 26, 45, 47, 83-84, 92, 100-101, 121-122, 139, 141-147, 

149, 151-155, 159, 167-168, 180-182, 193, 196, 221, 239, 243, 272, 312, 314, 324, 353-354, see 

character list in Carrano et al. 2012 and Sales and Schultz 2017). 

 

 

Figure S6. Strict consensus of 3 MPTs obtained with standard characters only. 
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Table S1. Comparison of different RFTRA realignment prior to heuristic searches performed in TNT using 

morphological characters (standard) and landmark-based characters (configurations) of the ventral view (VV) 

and lateral view (LV). All analyses were carried out following the same search strategies and both landmark-

based characters were up weighted (=5) 

RFTRA 

realignment 

Character 

inclusion 
B. walkeri C. lapparenti O. quilombensis MSNM V4047 Su. tenerensis 

Best score VV + LV 86.695 86.829 86.615 86.697 86.710 

VV 82.533 82.556 82.612 82.537 82.568 

LV 79.161 79.274 79.002 79.160 79.142 

MPT retained VV + LV 1 1 1 1 1 

VV 2 1 1 1 1 

LV 1 2 4 1 1 

MSNM V4047 + 

Irritator clade 

VV + LV Not found Found Found Found Found 

VV Found Found Found Found Found 

LV Not found Found Found Found Found 

Oxalaia + Irritator 

clade 

VV + LV Found Not found Not found Not found Not found 

VV Found Not found Not found Not found Not found 

LV Found Found Found Not found Not found 
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Premaxilla ‘ancestral’ shape 

 

In the most recent ancestor of Baryonychinae (i.e. Su. tenerensis + B. walkeri), the ‘ancestral 

shape’ of the premaxilla, in ventral view, presents a large displacement of the interpremaxillary 

contact at the secondary palate, and in the middle-posterior portion of this structure. There is also a 

lateral expansion of the secondary palate as well as shape changes in the third (lingual border), fourth 

(labial border), and fifth (lingual and mesial borders) teeth of the premaxilla. The main changes in 

the lateral view are related to the position of the third, fourth, fifth, and sixth premaxillary teeth. In 

addition, there is a dorsoventral expansion/retraction of the dorsal-most and posterior-most portion 

of the premaxilla (referring to the end of the sLM curve and the LM6). 

The ‘ancestral shape’ of Spinosaurinae premaxillae (i.e. A. limai, O. quilombensis, MSNM 

V4047, and I. challengeri) is not well defined as there is no data for Angaturama limai (the first 

branch to diverge). Therefore, the topology of this ancestor represents a mean between the ancestors 

of the clades Baryonychinae + Spinosaurinae and O. quilombensis + MSNM V4047 + I. challengeri. 

The ‘ancestral shape’ of Spinosaurinae premaxillae, in the ventral view, are concentrated in the region 

of the interpremaxillary contact at the secondary palate, and in the maximum width of the palate. 

These changes reflect in the sagittal position of the palate (assessed based on Lpm6). There are also 

changes in the shape of the second (labial border), fourth (labial and distal border), and fifth (labial 

and distal borders) premaxillary teeth. In the lateral view, the main changes are also in the sixth 

premaxillary teeth position. However, it is important to note the distinct morphology of the premaxilla 

of A. limai (presence of a sagittal crest), which was not considered in our analyses. 

Finally, the major shape changes of the ancestor of the clade O. quilombensis + MSNM V4047 

+ I. challengeri are concentrated in the first tooth of the premaxilla, in the anterior region of the palate, 

and in the most extreme lateral expansion of the premaxilla. General shape changes also occur in the 

fourth and fifth teeth of the premaxilla. In the lateral view, the main shape changes occur in the 

anterior-most contour of the premaxilla in addition to shape changes in the third, fourth, fifth, and 

sixth teeth of the premaxilla, as already highlighted for the ventral view. 
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Figure S7. Most parsimonious tree (score=86.615) obtained by the analysis of morphological characters 

(standard) and landmark-based characters (configurations) of Spinosauridae species. In the left, ventral 

configuration; in the right, lateral configuration. The transformations of the ancestral shape of the premaxillary 

branches refer to the lateral view. 
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Data files 

 

GMM data. Matrices with LMs coordinates; Procrustes coordinates, analysis and results of 

ordination methods and multivariate regression; CAC data. Matrices with LMs coordinates corrected 

by Common Allometric Component analysis; and PM data. Phylogenetic Morphometrics matrix 

combining standard characters and premaxillae configurations are available in Lacerda et al. (2021). 
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