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The supplementary information (present document) is the main additional material file 

associated with the manuscript and phylogenetic analyses. 

The folder ‘Supplementary Data 1’ contains the character-taxon dataset used for the 

phylogenetic analyses as well as the TNT files.  

The folder ‘Supplementary Data 2’ contains all the primary data, code and files used to 

determine the body size estimates (folders 1. and 2.), along with the raw data and results 

(folder 3.). 

All our data is accessible under the following Figshare repository link: 

https://doi.org/10.6084/m9.figshare.27901317.v1 

 

1. CHANGES APPLIED TO THE DATASET OF MASSONNE ET AL. 

(2019) 

For our phylogenetic analysis, we modified the dataset of Massonne et al. (2019), which in turn 

is based on Brochu (1999, 2004), Brochu & Storrs (2012), Wang, Sullivan & Liu (2016), 

Cossette & Brochu (2018), and Li, Wu & Rufolo (2019). In order to update and increase the 

taxon-character sample of Massonne et al. (2019), we combined it with the datasets of 

Gismondi et al. (2015), Bona et al. (2018), Cossette (2021), Shan et al. (2021), Stocker et al. 

(2021), and Walter et al. (2022), including the addition of 20 characters, 14 character states, 

and 17 taxa. We furthermore added the taxa Diplocynodon remensis and Borealosuchus 

griffithi and removed four characters due to irreproducibility, intraspecific variability or 

redundancy with the added character states. The complete list of characters is available in part 

[4] of the present document. The expanded dataset now includes a total of 219 characters and 

128 taxa. See Supplementary Data 1 folder for nexus and tnt files and part [2] of the present 

document and Methods of the main manuscript for details of the analysis. 

 

1.1 List of taxa added to the dataset of Massonne et al. (2019) 

The following 19 taxa were added to the parent dataset (see [3] for sources): 

- Albertochampsa langstoni Erickson, 1972 

- Borealosuchus griffithi Wu, 2001 
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- Bottosaurus fustidens Cossette, 2021 

- Caiman wannlangstoni Salas-Gismondi, Flynn, Baby, Tejada-Lara, Wesselingh & 

Antoine, 2015 

- Chinatichampsus wilsonorum Stocker, Brochu & Kirk, 2021 

- Deinosuchus schwimmeri Cossette & Brochu, 2020 

- Diplocynodon remensis Martin, Smith, de Lapparent de Broin, Escuillié & Delfino, 

2014b 

- Dongnanosuchus hsui Shan, Wu, Sato, Cheng & Rufolo, 2021 (replacing the 

incomplete taxon “Maoming alligatoroid”; Skutschas et al. 2014, Massonne et al. 2019) 

- Eocaiman itaboraiensis Pinheiro, Fortier, Pol, Campos & Bergqvist, 2013 

- Eocaiman palaeocenicus Bona, 2007 

- Gnatusuchus pebasensis Salas-Gismondi, Flynn, Baby, Tejada-Lara, Wesselingh & 

Antoine, 2015 

- Kuttanacaiman iquitosensis Salas-Gismondi, Flynn, Baby, Tejada-Lara, Wesselingh & 

Antoine, 2015 

- Caiman brevirostris Souza Filho, 1987 

- Mourasuchus amazonensis Price, 1964 

- Mourasuchus arendsi Bocquentin Villanueva, 1984 

- Necrosuchus ionensis Simpson, 1937 

- Protocaiman peligrensis Bona, Ezcurra, Barrios & Blanco, 2018 

- Purussaurus brasiliensis Barbosa-Rodrigues, 1892 

- Purussaurus mirandai Aguilera, Riff & Bocquentin-Villanueva, 2006 

 

1.2 List of omitted taxa 

A total of 4 taxa were removed from the dataset: 

- Asiatosuchus nanlingensis Young, 1964 
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This taxon was omitted due to its incompleteness (Shan et al., 2021). 

- Culebrasuchus mesoamericanus Hastings et al., 2013 

This taxon was omitted due to its poor preservation and further studies are 

required before it can be reintroduced into the phylogeny (see Stocker et al., 

2021). 

- Melanosuchus fisheri Medina, 1976.  

The taxon was considered to be a nomen dubium (Bona et al., 2017). 

- Orthogenysuchus olseni, Mook 1924 

 This taxon was omitted due to its poor preservation and need for osteological 

revision (see Stocker et al., 2021 and Walter et al., 2022). 

 

1.3 List of updates and modifications of scores 

 

39. Number of contiguous dorsal osteoderm rows: 

Diplocynodon hantoniensis: 1 > ? 

We are unaware of a complete dorsal shield preserved for this species. The character 

is therefore rescored as (?). 

 

46. Alveoli size of dentary teeth: 3rd and 4th same size and confluent (0), 4th larger than 3rd and 

separate (1), 3rd and 4th nearly same size and separate (2). 

Diplocynodon deponiae: ? > 0 

Diplocynodon deponiae, as all other Diplocynodon species, has confluent 3rd and 4th 

dentary alveoli (Delfino & Smith, 2012, Fig.4). The character is therefore rescored as (0). 

 

47. Anterior dentary teeth strongly procumbent (0) or project anterodorsally (1). 

Eocaiman cavernensis: 1 > 0 

The anterior dentary teeth are procumbent in the only known specimen (AMNH FARB 

3158). This is also apparent in Godoy et al. (2021 figs. 1, 8) and the condition is not different 
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from other taxa scored for this state in the dataset. To make the scorings consistent, we 

therefore rescore E. cavernensis as (0).  

 

49. Dentary gently curved (0), deeply curved (1), or linear (2) between fourth and tenth 

alveoli. 

Dongnanosuchus hsui: 0 > 1 

The lower jaw of D. hsui is preserved in occlusion. In Shan et al. (2021 fig. 6 1), the 

curvature nevertheless looks deeper than in J. nankangensis (state 0 - Li et al., 2019 fig. 6 

c), and more similar to the stronger curvature of O. naduongensis (state 1 - Massonne et al., 

2019 fig. 8a). The character is therefore rescored as (1). 

 

50. Largest dentary alveolus immediately caudal to fourth is (0) 13 or 14, (1) between 11 and 

14 and a series behind it, (2) 11 or 12, (3) no differentiation, (4) behind 14, (5) 10. 

Bottosaurus harlani: 1 > 2 

Massonne et al. (2019) changed the scoring of this species from 2 to 1 but this was 

apparently a misinterpretation.Based on Cossette & Brochu (2018 fig. 5) and personal 

observation, the condition is clearly state (2). 

 

58. Process of splenial separates angular and coronoid (0) or no splenial process between 

angular and coronoid (1). 

Globidentosuchus brachyrostris:  ? > 1 

No splenial process is visible between the angular and coronoid (Scheyer & Delfino, 

2016 fig. 9). The character is therefore rescored as (1). 

  

59. Angular-surangular suture contacts external mandibular fenestra at posterior angle at 

maturity (0) or passes broadly along ventral margin of external mandibular fenestra late in 

ontogeny (1). 
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Globidentosuchus brachyrostris:  1 > 0 

The angular-surangular suture reaches the external mandibular fenestra posteriorly 

(Scheyer & Delfino, 2016 fig. 9). The character is therefore rescored as (0). 

 

60. Surangular, relative length of the anterior processes: equal (0); subequal (1). 

 

Borealosuchus formidabilis: ? > 1     

Diplocynodon deponiae: 1 > ? 

Diplocynodon tormis: 1 > ? 

Borealosuchus formidabilis is here scored (1) following Rio and Mannion (2021; in 

Appendix 2, Fig. 107). In Diplocynodon deponiae and Diplocynodon tormis, the relative extent 

of the surangular processes are incomplete (pers. obs.; Buscalioni et al., 1992; Delfino & 

Smith, 2012). 

 

62. External mandibular fenestra absent (0) or present as narrow slit, no discrete fenestral 

concavity on angular dorsal margin (1) or present with discrete concavity on angular dorsal 

margin (2) or present and very large; most of foramen intermandibularis caudalis visible in 

lateral view (3). 

Orientalosuchus naduongensis: 2 > 1 

Orientalosuchus naduongensis has a very small external mandibular fenestra, 

noticeably reduced compared to closely related taxa. To account for this obvious difference, 

the character is rescored as (1). 

Globidentosuchus brachyrostris: 1 > 3 

The foramen intermandibularis caudalis is apparent in lateral view in Scheyer & 

Delfino (2016 fig. 9). The character is therefore rescored as (3). 

 

65. Surangular-angular suture lingually meets articular at ventral tip (0) or dorsal to tip (1). 
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Bottosaurus harlani: ? > 1 

We here follow the scoring of Cossette & Brochu (2018). 

 

66. Surangular continues to dorsal tip of lateral wall of glenoid fossa (0) or truncated and not 

continuing dorsally (1). 

Bottosaurus fustidens:  0 > ? 

The limited preservation of the relevant specimen  (TMM 40148-7; Cossette, 2021 fig. 

5) does not allow assessment of the full extent of the surangular-articular suture. The glenoid 

fossa does not seem complete enough to detect a possible truncation. We here 

conservatively rescore the character as (?). 

 

78. Teeth and alveoli of maxilla and/or dentary circular in cross-section (0), or posterior teeth 

laterally compressed (1), or all teeth compressed (2). 

Dongnanosuchus hsuii: 0 > 1 

There does not seem to be a difference in the posterior tooth morphology between D. 

hsui and Orientalosuchus naduongensis (scored (1)). In D. hsui (Shan et al., 2021 fig. 6.6), 

the posterior teeth are clearly longer than wide (laterally compressed). The character is 

therefore rescored as (1). 

 

84. External naris (0) opens flush with dorsal surface of premaxillae or (1) circumscribed by 

thin crest. 

Dongnanosuchus hsui: 1 > 0 

The condition in D. hsui is not comparable to the thin crest around the naris as 

present in e.g. Tsoabichi greenriverensis (Brochu, 2010 fig. 3c) and appears as a thinner 

bulge instead, similar to O. naduongensis (without a notch posterolateral to the naris). The 

character is therefore rescored as (0). 

Eocaiman cavernensis: 0 > ? 
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The external naris is not preserved in the only specimen unambiguously referred to 

this species (pers. obs.; Godoy et al., 2021 fig. 1). The character is therefore rescored as (?). 

 

88. Incisive foramen completely situated far from premaxillary tooth row, at the level of the 

second or third alveolus (0) or abuts premaxillary tooth row (1) or projects between first 

premaxillary teeth (2). 

Brachychampsa montana: ? > 0 

The incisive foramen is located away from the toothrow (pers. obs.; Norell et al., 

1994, fig. 1) as in other taxa scored for the corresponding state. The character is therefore 

rescored as (0). 

Brachychampsa sealeyi: ? > 0 

The incisive foramen is located away from the toothrow (Williamson, 1996, fig. 2) as 

in other taxa scored for the corresponding state. The character is therefore rescored as (0). 

Albertochampsa langstoni: ?  > 1 

The incisive foramen abuts the toothrow (Erickson, 1972, fig. 2) as in other taxa 

scored for the corresponding state. The character is therefore rescored as (1). 

We follow Stocker et al. (2021, ch. 89) who rescored this character due to what may have 

been a transcription error in one of their parent datasets. 

 

90. Dentary tooth 4 occludes in notch between premaxilla and maxilla early in ontogeny (0) 

or occludes in a pit between premaxilla and maxilla; no notch early in ontogeny (1). 

The definition of character 90 specifies early ontogenetic stage since a pit may 

develop into a notch during ontogeny in some taxa. Massonne et al. (2019) noticed that 

several taxa with a premaxillary-maxillary notch in the adult stage was scored for this 

character, even though the early ontogenetic stage is not actually known (in the absence of 

subadult specimens). In order to fix this, Massonne et al. (2019) added a new character (ch. 

194 of the present study) that only considers the adult condition. To avoid double weighting 

of the same morphology, Massonne et al. (2019) rescored all taxa with no known subadult 

specimens as unknown for character 90. For few taxa, however, Massonne et al. (2019) 
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incorrectly assumed that the juvenile condition was known, which we here correct by 

updating the following taxa: 

Acynodon iberoccitanus: 1 > ? 

Allodaposuchus precedens: 1 > ? 

 

92. Largest maxillary alveolus is 3 (0), 5 (1), 4 (2), 4 and 5 are same size (3), 6 (4), or 

maxillary teeth homodont (5), or maxillary alveoli gradually increase in diameter posteriorly 

toward penultimate alveolus (6). 

Bottosaurus fustidens:  2 > ? 

In the maxillae referred to this species (TMM 40148-7; Cossette, 2021; fig. 4 and 

TMM 41336-16; Cossette, 2021; fig. 7B), the size of the 5th alveolus is not fully discernible, 

thereby making an adequate comparison to that of the 4th impossible. The character is 

therefore rescored as (?). 

 

97. Antorbital fenestra present (0) or absent (1). 

Globidentosuchus brachyrostris: ? > 1 

An antorbital fenestra is absent in this taxon (Hastings et al., 2016, fig. 4). 

 

112. Anterior face of palatine process rounded or pointed anteriorly (0) or notched anteriorly 

(1). 

Eocaiman cavernensis: ? > 0 

The anterior palatine process is pointed in AMNH FARB 3158 (pers. obs.; Godoy et 

al., 2021, fig. 4) and instead of medially, it is laterally notched. The morphology differsfrom 

the notched condition of e.g. Paleosuchus palpebrosus. The character is therefore rescored 

as (0). 
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115. Palatine process generally broad anteriorly (0) or in form of a thin wedge (1). 

Chinatichampsus wilsonorum: 1 > 0 

Based on Stocker et al. (2021, fig. 5) the anterior palatine process is round and broad 

instead of forming a thin wedge. We assume this was a typographical error in Stocker et al 

(2021). The character is therefore rescored as (0). 

 

119. Lateral edges of palatines parallel posteriorly (0) or flare posteriorly, producing shelf (1). 

Diplocynodon darwini: 0 > 1 

Diplocynodon deponiae: 0 > 1 

Diplocynodon hantoniensis: 0 > 1 

Diplocynodon muelleri: 0 > 1 

Diplocynodon ratelii: 0 > 1 

 

 In Massonne et al. (2019) the definition of ch. 119 was misinterpreted and this error is 

corrected here. 

124. Internal choana not septate (0) or with septum that remains recessed within choana (1) 

or with septum that projects out of choana (2). 

 We follow Stocker et al. (2021, ch. 125) who rescored this character due to what may 

have been a transcription error in one of their parent datasets. 

 

128. Prefrontals separated by the frontals and nasals, anterior process of frontal extending 

far anterior to the anterior margin of the orbit (0) prefrontals separated by the frontal and 

nasals, anterior process of frontal around the same level or posterior to the anterior margin of 

the orbit (1) or prefrontals meet medially, anterior process of frontal around the same level or 

posterior to the anterior margin of the orbit (2). 

Albertochampsa langstoni: ? > 1 

The anterior process of the frontal is in line with the orbit (Erickson; 1972 fig. 1). 
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130. Anterior tip of frontal (0) forms simple acute point or (1) forms broad, complex sutural 

contact with the nasals. 

Deinosuchus schwimmeri: 2 > 1 

This character was previously scored with state (2) by Shan et al. (2021), but the character 

includes two states only. The character is therefore rescored as (1). 

 

139. Quadratojugal spine presence: prominent (0); greatly reduced or absent (1).  

 

Diplocynodon tormis: 1 > ? 

Diplocynodon tormis does not preserve a complete lower temporal fenestra, lacking 

most elements posterior to the jugal in the most complete specimen (IPS-9001, pers. obs.). 

Other referred specimens by Buscalioni et al. (1992) consist of skull elements not pertaining 

to or not preserving the area of interest (see also Serrano-Martinez et al., 2019 for a description 

of another specimen, STUS-344). The authors also mentioned disarticulated material 

attributed to Diplocynodon tormis but without further description, figures or inventory numbers. 

Since the score appears to be irreproducible, we rescore this character as unknown (?).  

 

 

140. Quadratojugal spine position: low, near posterior angle of fenestra (0); high, between 

posterior and superior angles of fenestra (1). 

 

Diplocynodon tormis: 1 > ? 

See justification under ch. 139. 

 

148. Caudal margin of otic aperture not defined and gradually merging into the exoccipital (0) 

or smooth and continuous with the paraoccipital process (1) or caudal margin of otic aperture 

inset (2). 

Diplocynodon tormis: 2 > ? 

See justification under ch. 139.  
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150. Frontoparietal suture concavoconvex (0) or linear (1) between supratemporal fenestrae. 

Globidentosuchus brachyrostris: 1 > ? 

In Hastings et al. (2016, fig. 4), the frontoparietal suture cannot be clearly followed. 

The scores of Massonne et al. (2019) and Walter et al. (2022) are contradicting. We here 

therefore prefer caution over the scoring of this character and rescore it as unknown (?). 

 

163. Prootic on external wall of braincase is extensively exposed (0); largely obscured by the 

quadrate and laterosphenoids externally (1). 

Eoalligator chunyii: 1 > ? 

Specimens of Eoalligator chunyii do not preserve the prootic (Wang, 2016; Wu et al. 

2018). The extent of its exposure relative to the quadrate and laterosphenoid therefore cannot 

be assessed. 

 

196. If largest dentary alveolus is between 11th and 14th and a series behind it, is it the (0) 

11th, (1) 12th, or (2) 13th or 14th. 

Bottosaurus harlani: 1 > (-) 

After rescoring character 50 for this taxon (see above), character 196 is no longer 

applicable. The character is therefore scored as (-). 

 

202. Ventral premaxilla-maxilla suture short and ends posteriorly before the 3rd maxillary 

alveoli (0) or elongated and extends or exceeds the 3rd maxillary alveoli (1). [added from 

Stocker et al. (2021)] 

Brachychampsa montana: 0 > 1 

In B. montana the premaxilla-maxilla suture is strongly bowed posteriorly due to the 

large incisive foramen. The suture reaches the level of the fourth maxillary tooth (pers. obs.; 

Gilmore, 1911 pl. 27; Norell et al. 1994 fig. 1). The character is therefore scored as (1). 
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204. Lateral edge of the skull table at the level of the postorbital-squamosal suture situated 

laterally or at the same level as (0), or medially to (1) the quadrate condyle in dorsal view at 

maturity. [added from Stocker et al. (2021)] 

Boverisuchus vorax: 1 > 0 

In B. vorax, the lateral edge of the skull table at the level of the postorbital-squamosal 

suture reaches the level of the medial quadrate condyle (Langston, 1975 fig.1; Brochu, 2012 

fig. 3). The character is therefore scored as (0). 

 

207. Interorbital bridge narrower to equivalent (0), or broader (1) than the width of the orbit.  

[added from Stocker et al. (2021)] 

Boverisuchus vorax: 0 > 1 

In B. vorax, the interorbital bridge is wide, broader than the width of the orbit (pers. 

obs.; Langston, 1975 fig.1; Brochu, 2012 fig. 3). The character is therefore scored as (1). 

215. Dentary teeth series behind alveoli 12-13 are pointed to slightly blunt (0); globular, 

different in size among them (1); globular, at least four subequal in size (2), molariform 

multicusped (3) or absent (4). [added from Stocker et al. (2021)] 

Bottosaurus harlani: 1 > 0 

In B. harlani, posterior teeth behind the 12th are slightly blunt rather than being 

globular (Cossette & Brochu, 2018 fig. 5) and resemble the corresponding teeth of e.g. O. 

naduongensis more than the condition of e.g. Ceratosuchus burdohsi (state 1). In order to 

remain consistent with the scores and morphology of other taxa, we rescore B. harlani as (0). 

 

1.4 Deleted characters 

Character 1 of Massonne et al. (2019)  

Ventral tubercle of proatlas: more than one-half (0), or no more than one-half (1) the width of 

the dorsal crest. [OMITTED] 

The definition of this character is imprecise regarding the angle of view necessary to 

score the morphology of the tubercles. A few fossil taxa were scored for this character in the 

parent dataset, but their scoring was irreproducible. Moreover, Sookias (2020; supplementary) 
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evaluated the character as non-robust in his review of crocodylian morphological characters, 

based on a different dataset using the same version of the character (Narváez et al., 2015). 

The author specifies that the variation indicated by the scorings could not be observed for 

extant taxa. Given the uncertainty of the morphological variation and irreproducibility of the 

scoring distribution, we omit this character from the present analysis. 

 

Character  194 of Massonne et al. (2019) 

Nasal bone does (0) or does not (1) reach to the height of the orbita. [OMITTED] 

This character was introduced in Massonne et al. (2019) and by updating ch.128 of 

the present dataset with an additional state (after Salas-Gismondi et al. 2015), this 

morphology is already included and makes ch. 194 redundant.  

 

Character 197 of Massonne et al. (2019) 

Sutural contact of the exoccipitals dorsal to the foramen magnum (0) long, at least half the 

height of the foramen magnum, (1) short, shorter than half the height of the foramen 

magnum, or (2) no sutural contact between the exoccipitals. [OMITTED] 

This character was introduced in Massonne et al. (2019). In occipital view, the 

supraoccipital is generally triangular but its ventral extension differs among taxa. In e.g. 

Acynodon iberoccitanus Buscalioni, Ortega & Vasse 1997, the supraoccipital nearly prevents 

contact between the exoccipitals (Martin, 2007 fig. 2), whereas in Leidyosuchus canadensis 

Lambe, 1907, the ventral supraoccipital process is short,  allowing a long contact between the 

exoccipitals (Wu et al. 2001, fig. 3). However, we find that in most taxa, the condition is 

intermediate or the variation is continuous. In addition, fossil skulls are commonly crushed. We 

therefore omit this character from the present analysis. 

 

Character  199 of Massonne et al. (2019) 

Intersupratemporal bar (0) as or near as broad as the supratemporal fenestra, (1) at least 

twice as broad as the supratemporal fenestra, (2) around half the broadness of the 

supratemporal fenestra or (3) constricted, less than half the broadness of the supratemporal 

fenestra. [OMITTED] 
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This character was introduced in Massonne et al. (2019). While the extreme 

conditions are straightforward (broad bar in caimanines with small or nearly closed 

supratemporal fenestrae versus a constricted bar in gavialines with large fenestrae), variation 

is continuous in most other taxa. Furthermore, the character is partly correlating with ch. 209. 

 

2. ADDITIONAL DATA, RESULTS AND DISCUSSION OF 

PHYLOGENETIC ANALYSES 
 
 

2.1 Phylogenetic analysis of the modified Massonne et al. (2019) dataset 

 

The character-taxon dataset (nexus and tnt files) is in Supplementary Data 1. The complete 

list of characters is provided in section [4] of the present document. Strict consensus tree is 

provided in Figure S1, together with the molecular scaffold topology implemented. 

Excluding the two Paleocene taxa Borealosuchus griffithi and Diplocynodon remensis, and 

deactivating the constraints recovers a few trees with Deinosuchus spp. as the earliest 

branching alligatoroid. 
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Figure S1.  
Pruned strict consensus of 506 most parsimonious trees (tree length = 1185) from the parsimony analysis of the 

modified Massonne et al. (2019) dataset employing a molecular backbone constraint following Darlim et al. (2022) 

and Oaks (2011), indicated on the bottom left. Borealosuchus griffithi has two alternative positions, either as sister 
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to Diplocynodon spp. or an early diverging placement within Borealosuchus spp. (orange triangle; see 

Supplementary Data 1, “Walter et al_[TNT]” for the tnt file). Alternative positions of pruned taxa (Eocaiman spp. and 

Necrosuchus ioensis) are furthermore indicated. 

 

 

List of synapomorphies recovered for Alligatoroidea 

 

4. Atlas intercentrum shape: wedge-shaped (0); or plate-shaped (1). 

0 > 1 

 

38. Dorsal midline osteoderms shape: rectangular (0); or nearly square (1). 

0 > 1 

 

50. Largest dentary alveolus caudal to fourth: 13 or 14 (0); 13 and 14 and series behind it (1); 

11 or 12 (2); no differentiation (3); behind 14 (4); 10 (5); 11 and series behind it (6); or 12 and 

series behind it (7). 

2 > 1 

 

58. Splenial process: separates angular and coronoid (0); or no process between angular 

and coronoid (1). 

0 > 1 

 

121. Choana projecting at maturity: posteroventrally (0); or anteroventrally (1). 

0 > 1 

 

131. Ectopterygoid extension at postorbital bar: extends along medial face of postorbital bar 

(0); or stops abruptly ventral to postorbital bar (1). 

0 > 1 

 

139. Quadratojugal spine appearance: prominent at maturity (0); or greatly reduced or 

absent at maturity (1). 

0 > 1 

 

List of  synapomorphies recovered for Crocodylia 

 

17. Third cervical vertebra (first postaxial) with prominent hypapophysis (0) or lacks prominent 

hypapophysis (1). 

1 > 0 

 

26. Proximal edge of deltopectoral crest emerges smoothly from proximal end of humerus and 

is not obviously concave (0) or emerges abruptly from proximal end of humerus and is 

obviously concave (1). 

0 > 1 

 

80. Naris projects anterodorsally (0) or dorsally (1) or posterodorsally (2). [modified by Cossette 

& Brochu (2020)]:  

0 > 1 
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88. Incisive foramen completely situated far from premaxillary tooth row, at the level of the 

second or third alveolus (0) or abuts premaxillary tooth row (1) or projects between first 

premaxillary teeth (2). 

0 > 1 

 

92. Largest maxillary alveolus is 3 (0), 5 (1), 4 (2), 4 and 5 are same size (3), 6 (4), or maxillary 

teeth homodont (5), or maxillary alveoli gradually increase in diameter posteriorly toward 

penultimate alveolus (6). 

3 > 1 

 

149. Frontoparietal suture deeply within supratemporal fenestra; frontal prevents broad contact 

between postorbital and parietal (0) or suture makes modest entry into supratemporal fenestra 

at maturity; postorbital and parietal in broad contact (1) or suture on skull table entirely (2). 

0 > 1 

 

List of synapomorphies for Alligatoroidea recovered in Cossette & Brochu (2020) 

 

60 (1): Anterior processes of the surangular are equal to subequal. 

 

69 (1): Foramen aerum of articular set in from the margin of retroarticular process. 

 

91 (0): All dentary teeth occlude lingual to maxillary teeth. 

 

130 (1): Anterior tip of frontal forms broad, complex sutural contact with the nasals. 

 

140 (1): The quadratojugal spine is high, between posterior and superior angles of 

infratemporal fenestra. 

 

176 (1): Quadrate foramen aëreum on dorsal surface. 

 

 

2.2 Phylogenetic analyses using a modified version of the Rio & Mannion (2021) 

dataset 

In order to test the phylogenetic position of Deinosuchus and Diplocynodon spp., we 

performed a parsimony analysis on an alternative dataset using a modified version of Rio 

and Mannion (2021) [Supplementary Data 2, “Walter-RM” files]. Modifications are detailed 

below. 

We added the following taxa:  

Deinosuchus riograndensis Colbert & Bird, 1954 

Borealosuchus griffithi Wu, 2001  

 



19 
 

We modified the scores of the following taxa: 

 

32. Rostral ornamentation, morphology of the transverse orbital ridge (i.e. spectacle): low, 

lacking a posterior fossa (0); tall, with deep posterior fossa (1). 

 

Diplocynodon remensis: 1 > 0  

 The ridge is low in Diplocynodon remensis, preserved in both the holotype MHNH F 

BR 4020 and specimen CE0001. 

 

87. Supratemporal fenestra, posterior wall: quadrate forms entire ventral margin of 

orbitotemporal canal (no parietal-squamosal contact) (0); quadrate partially forms ventral 

margin of orbitotemporal canal (parietal and squamosal narrowly separated) (1); quadrate 

excluded from ventral margin of orbitotemporal canal (parietal and squamosal in contact) (2). 

 

Diplocynodon hantoniensis: 1 > (?) 

In the juvenile specimen NHMUK OR 25170a, the parietal and squamosal are in 

contact in the posterior wall of the supratemporal fenestra (2) in contrast  to the (1) scoring of 

Rio & Mannion (2021). Moreover, the left and right squamosal-quadrate sutures in NHMUK 

OR30393 (Rio et al., 2020; fig. 30) appear different on each side, and might represent 

independent cracks. In this case, the parietal-quadrate sutures indicated on the figure may 

actually correspond to the squamosal-parietal contact. 

 

Diplocynodon darwini: 1 > (?) 

Direct observation of a large sample of specimens, including those cited in Rio & 

Mannion (2021), reveals that the material referable to this species is dorsoventrally 

compressed and we were unable to reproduce the previous scoring of this character. We here 

conservatively score this taxon as unknown (?). 

 

 

142. Premaxilla, posterior extent on palate, relative to number of maxillary alveoli, in ventral 

view: 0 (0); 1 (1); 2 (2); 3 (3); 4 (4); 5 or more (5). 

 

Diplocynodon darwini: ? > (0) 

Based on specimen GMH XXXVI 524 1966, the premaxilla does not even extend up 

to the 1st maxillary alveolus. 



20 
 

 

 

241. Surangular, relative length of the anterior processes: unequal, ventral process <75% 

anteroposterior length of dorsal process (measured from surangular foramen) (0); sub-equal, 

ventral process >= 75% length of dorsal process (1). 

   

Diplocynodon hantoniensis: 1 > 0 

This scoring was likely erroneously entered in the previous version of the dataset, as 

state 1 is clearly recognisable in fig. 9D from Rio et al. (2020). 

 

Diplocynodon muelleri: 1 > (?) 

 Piras & Buscalioni (2006) described this morphology as follows “In its anterior dorsal 

suture with the dentary, the surangular probably bears two subequal anterior processes. This 

feature is also seen in the holotype and in a specimen from the Tàrrega Museum”. Direct 

observation of the holotype and paratype however did not allow assessment of this feature, 

as the surangular is fragmentary in NMB-Spa 4., and occlusion of the jaws obscures the 

morphology  in NMB-Spa. 73. The alternative specimen of the Tàrrega Museum is not 

precisely referred, figured nor described, making the previous scoring irreproducible. We 

therefore adopt a more cautious scoring, here (?). 

 

Diplocynodon ratelii: 1 > 0 

The processes are unequal in the specimen MNHN SG 599, we therefore rescore the character 

as (0). 

  

Diplocynodon remensis: 1 > 0 

Based on Martin et al. (2014, fig.5; specimen CE0001), the processes are unequal. We 

therefore rescore the character as (0).  

 

248. Articular, position of foramen aëreum: at medial margin of retroarticular process (0); 

inset from medial margin of retroarticular process (1). 

 

Borealosuchus formidabilis: 0 > 1 

Erickson (1976) describes the alligatoroid condition observed on the single specimen 

preserving this feature (SMM P74.24.6). 
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Results 

Parsimony analyses of the modified Rio & Mannion (2021) dataset were ran in TNT 1.6. We 

performed a first round of Traditional Search using 1000 replicates of Wagner trees, followed 

by a second round of Tree Bisection Reconnection (TBR) using trees saved from the first 

round, with 10 saves per replication. 

Equal weighting parsimony analyses in TNT are as follows: 

Continuous + discrete dataset (equivalent to analysis 1.1 in Rio & Mannion, 2021) 

● 8 MPTs were recovered from the analysis, with a tree length of 225,845.239 (Fig. S2). 

● Diplocynodon and Deinosuchus are placed at the base of Alligatoroidea, but have a 

poor stratigraphic fit. 

● Diplocynodon is monophyletic under this topology. 

● Leidyosuchus is the earliest-branching alligatoroid. 

● Borealosuchus is monophyletic under this topology. Planocrania hengdongensis is 

sister to the latter clade. 

● Planocraniids are not recovered in Alligatoroidea under this topology, in contrast to 

Rio & Mannion (2021). 

● 8 synapomorphies are recovered for Alligatoroidea 

- 1: 1.382-1.608 > 1.614–1.710 - Skull proportions, ratio of mediolateral rostrum 

width at the level of the anterior orbital margin, to mediolateral width across 

anterior margin of the cranial table. 

- 104: 0 > 1 - Quadratojugal, position of spina quadratojugalis: high, between 

posterior and dorsal angles of infratemporal fenestra. 

- 117: 0 > 1 - Quadrate, foramen aërum position on posterior quadrate ramus: 

on dorsal surface.  

-  181: 2 > 0 - Ectopterygoid, morphology of posterior process on the medial 

jugal surface: acute, extends beyond level of posterior margin of postorbital 

bar. 

- 195: 0 > 2 - Choanae, ornamentation of margins: elevated forming a wall 

which extends to the anterolateral (but not anterior) margins of the choanae. 

- 217: 1 > 0 - Dentary, alveoli 3 and 4: confluent. 

- 221: 1 > 0 - Mandibular symphysis, posterior extent, adjacent to number of full 

dentary alveoli: < 6. 

- 248: 0 > 1 - Articular, position of foramen aërum: inset from medial margin of 

retroarticular process. 
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Figure S2. 

Strict consensus tree of the Analysis 1.1 of Rio & Mannion (2021) continuous + discrete character dataset (left) and 
the modified dataset of Rio & Mannion (2021) used in the present study (right). Blue diamond denotes the node 
Alligatoroidea. 

 

Re-discretised + discrete dataset  (equivalent to analysis 2.1 in Rio & Mannion, 2021): 

● number of MPTs > 99999, tree length of 2270 steps (Fig. S3). 

● Similarly to the continuous + discrete version of the dataset, Diplocynodon and 

Deinosuchus are placed at the base of Alligatoroidea, contra Rio & Mannion (2021) 
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result which recovered Diplocynodon, Leidyosuchus and Borealosuchus as early-

branching Longirostres. 

● Diplocynodon is monophyletic under this topology. 

● Deinosuchus is recovered as a basal alligatoroid, placed one step crownward to 

Diplocynodon. 

● Leidyosuchus is recovered as a ste-crocodylian under this topology. In contrast to Rio 

& Mannion (2021), Isisfordia is not recovered in Alligatoroidea, but forms a sister 

clade to crown-Crocodylia together with Leidyosuchus and other traditional early-

branching eusuchians. 

● 10 synapomorphies are recovered for Alligatoroidea: 

- 94: 0 > 1 - Orbit, dorsal profile of jugal forming posteroventral margin: 

posteroventrally sloping, gradually descending into the lower temporal bar. 

- 103: 0 > 1 - Quadratojugal, development of spina quadratojugalis (at maturity): 

greatly reduced or absent. 

- 104: 0 > 1 - Quadratojugal, position of spina quadratojugalis: high, between 

posterior and dorsal angles of infratemporal fenestra. 

- 152: 0 > 1 - Occlusion pattern, 4th dentary tooth occludes in a pit between 

premaxilla and maxilla; no notch early in ontogeny. 

- 180: 0 > 1 - Ectopterygoid, dorsal extent along medial surface of postorbital 

bar: small, level with or ventral to level of ventral orbital margin. 

- 222: 0 > 2 - Splenial, participation in symphysis: no participation. 

- 267: 0 > 1 - Atlantal rib, dorsal margin shape: with prominent process. 

- 283: 0 > 1 - Cervical rib 8, length in proportion to cervical rib 9: short, equal to 

or less than half the length of cervical rib 9. 

- 294: 0 > 1 - Caudal vertebrae, articular surfaces of chevrons posterior to the 

first: completely fused. 

- 330: 0 > 1 - Limb armour: densely covered in well-formed osteoderms. 
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Figure S3. 

Strict consensus trees of the redescritised + discrete dataset modified from Rio & Mannion (2021). Left: Analysis 
2.1 of Rio & Mannion (2021) parent dataset; Right: this study, modified dataset of Rio & Mannion (2021). Blue 
diamond denotes the node Alligatoroidea. 

 

 

Discussion 

 

● Deinosuchus is consistently recovered inside Alligatoroidea in the modified Rio & 

Mannion (2021) dataset, crownward to Diplocynodon. This, however, involves a poor 

stratigraphic fit since representatives of Deinosuchus are Campanian and the earliest 

Diplocynodon species is late Paleocene.  

 

● As in previous phylogenies, the stratigraphic fit within Diplocynodon is poorly 

resolved. The oldest species, Diplocynodon remensis from the late Paleocene is 
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recovered in a derived position and Diplocynodon is monophyletic. On the other 

hand, this stratigraphic incongruence is resolved in our preferred and alternative 

topology using the modified Massonne et al. (2019) dataset (Fig. S1; Figs. 1-2), which 

furthermore recognizes the unique shared derived traits of Diplocynodon and 

Borealosuchus. 

 

● The synapomorphies of Alligatoroidea retrieved by these analyses are mostly 

ambiguous and are not unique to the clade. 

 

3. SOURCES FOR TAXA 
 

Acynodon adriaticus: Delfino et al., 2008; MCSNT 57248; MCSNT 57032 

Acynodon iberoccitanus: Martin, 2007; ACAP-FX1, ACAP-FX2, an ACAP-QR1, ACAP-

M1343, ACAP-M260, ACAP-QR7 

Agaresuchus subjuniperus: Puértolas-Pascual et al., 2014 

Albertochampsa langstoni: Erickson, 1972; Norell et al., 1994;  

Alligator mcgrewi: Schmidt, 1941; Brochu, 1999; AMNH FAM 

7905, AMNH FAM 8700, AMNH 17090 

Alligator mefferdi: Mook, 1941; Brochu, 1999; AMNH 7016 

Alligator mississippiensis: O’Brien et al., 2019; Paiva et al., 2022;  

Alligator olseni: White, 1942; Brochu, 1999; Alligator prenasalis: Brochu, 1999; AMNH 4994, 

YPM PU 

13799, YPM PU 16273, YPM PU 14063 

Alligator sinensis: Shan et al., 2013; Iijima et al., 2016; O’Brien et al., 2019; Paiva et al., 2022 

Alligator thomsoni: Mook, 1923; Brochu, 1999 

Allodaposuchus precedens: Delfino et al., 2008; Martin et al., 2016; PSMUBB V 438; MAFI 

Ob 3131 

Allognathosuchus polyodon: Brochu, 2004b; AMNH 6049 

Allognathosuchus wartheni: Brochu, 2004b; YPM PU 16989 

Arambourgia gaudryi: Kälin, 1939; MNHN QU17155 (holotype) 
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Arenysuchus gascabadiolorum: Puértolas-Pascual, 2011 

Asiatosuchus germanicus: Berg, 1966; Vasse, 1992; HLMD-Me 5345; GMH-XIV 420; GMH-

XIV 4757a; GMH-XIV 4757 

Asiatosuchus depressifrons: Delfino & Smith, 2009; Delfino et al., 2017; MNHN G 159, 

IRScNB IG 9912, IRScNB R 251, IRScNB R 253, IRScNB R 254 

Australosuchus clarkae: Willis & Molnar, 1991; 

Bernissartia fagesii: Buscalioni & Sanz, 1990; Sookias, 2020; Martin et al., 2020; IRScNB 

1538 

Borealosuchus acutidentatus: Sternberg, 1932; Lucas & Sullivan, 1986; Brochu, 1997; 

Borealosuchus formidabilis: Erickson, 1976; Brochu, 1997; YPM 16242, YPM 16241, YPM 

6512; photos from digital collection of SMM 

Borealosuchus griffithi: Wu et al., 2001; Lindblad et al., 2022 

Borealosuchus sternbergii: Gilmore, 1910; Brochu, 1997; photos from digital collection of 

USNM 

Borealosuchus threensis: Brochu, 2012 

Borealosuchus wilsoni: Mook, 1959; Brochu, 1997; Hester, 2018; AMNH 6050, AMNH 7637; 

photos from digital collection of USNM 

Bottosaurus harlani: Cossette & Brochu, 2018; 

Bottosaurus fustidens: Cossette, 2021; 

Boverisuchus magnifrons: Rossmann, 1998; Brochu, 2012; all material in GMH, HLMD 

Boverisuchus vorax: Langston, 1975; Rossmann, 1998; Brochu, 2012; YPM 249 (holotype),  

Brachychampsa montana: Norell et al., 1994; Carpenter & Lindsey, 1980; Brochu, 1999; 

Sullivan & Lucas, 2003; AMNH 5032 (holotype) 

Brachychampsa sealeyi: Williamson, 1996 

Brachyuranochampsa eversolei: Zangerl, 1944; Mook, 1962; Brochu, 2000; AMNH FARB 

6048 

Brochuchus pigotti: Conrad et al., 2013 

Caiman brevirostris: Fortier et al., 2014; Scheyer & Delfino, 2016 
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Caiman crocodilus: O’Brien et al., 2019; Paiva et al., 2022 

Caiman latirostris: O’Brien et al., 2019; Paiva et al., 2022 

Caiman wannlangstoni: Salas-Gismondi et al., 2015; Scheyer & Delfino, 2016 

Caiman yacare: O’Brien et al., 2019; Paiva et al., 2022 

Centenariosuchus gilmorei: Hastings et al., 2016; Stocker et al., 2021 

Ceratosuchus burdoshi: Bartels, 1983; Brochu, 1999 

Chinatichampsus wilsonorum: Stocker et al., 2021 

Crocodylus acer: Mook, 1921; AMNH 7121 

Crocodylus affinis: Mook, 1921; AMNH 1213, AMNH 1719, AMNH 

6166, AMNH 16609, AMNH 16622, AMNH 6176, YPM 1352, YPM 265, YPM 266, YPM 

246 

Crocodylus megarhinus: Mook, 1927; Müller, 1927; Andrews, 2016; AMNH 5061, AMNH 

5062 

Crocodylus niloticus: O’Brien et al., 2019; Paiva et al., 2022 

Crocodylus porosus: O’Brien et al., 2019; Paiva et al., 2022 

Crocodylus rhombifer: O’Brien et al., 2019; Paiva et al., 2022  

Deinosuchus riograndensis: Cossette & Brochu, 2020; AMNH 3073 (holotype) 

Deinosuchus schwimmeri: Cossette & Brochu, 2020 

Diplocynodon darwini: Ludwig, 1877; SMF-Me 896, SMF-Me 898, SMF-Me 900, SMF-Me 

1137, SMF-Me 1289, SMF-Me 2748, SMF-Me 3780; HLMD-Me 233, HLMD-Me 236, HLMD-

Me 5317, HLMD-Me 5349, HLMD-Me 5485, HLMD-Me 7492, HLMD-Me 7500, HLMD-Me 

10262, HLMD-Me 10496, HLMD-Me 14600a; GMH-XXXVI 524; GMH 6077;  SMNK-PAL 

6517 

Diplocynodon deponiae: Delfino & Smith, 2012; SMF-Me 899; SMF-Me 2609; HLMD-Me 

147; HLMD-Me 8080; HLMD-Me 7496 

Diplocynodon hantoniensis: Rio et al., 2020; Rio & Mannion, 2021; specimens in Rio et al. 

(2020) 

Diplocynodon muelleri: Piras & Buscalioni, 2006; NMB-Spa 4 (holotype); NMB-Spa 73 
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Diplocynodon ratelii: MNHN-SG 599; MNHN 13728a; MNHN 13728b 

Diplocynodon remensis: Martin et al., 2014b; MNHN-F-BR 4020 (holotype); MNHN-F-BR 

13105; MNHN-F-BR 13106; MNHN-F-BR 13100; MNHN-F-BR 3501; CT-scan of CE 0001 

Diplocynodon tormis: Buscalioni et al., 1992; IPS 36361 (holotype, IPS-9001 in Buscalioni et 

al., 1992; housed in ICP) 

Dollosuchoides densmorei: Brochu, 2007 

Dongnanosuchus hsui: Shan et al., 2021 

Eoalligator chunyii: Wu et al., 2018; IVPP V.2716 

Eocaiman cavernensis: Simpson, 1933; Godoy et al., 2021; AMNH 3158 (holotype) 

Eocaiman itaboraiensis: Pinheiro, 2013 

Eocaiman palaeocenicus: Bona, 2007 

Eogavialis africanum: Andrews, 1901; Müller, 1927; YPM 6263; 

Eosuchus lerichei: Delfino et al., 2005 

Eosuchus minor: Brochu, 2006 

Eothoracosaurus mississippiensis: Brochu, 2004a 

Euthecodon arambourgi: Ginsburg, 1978 

Gavialis gangeticus: O’Brien et al., 2019; Paiva et al., 2022;  

Gavialis lewisi: Lull, 1944; YPM VP 3226 

Gavialosuchus eggenbrugensis: Toula & Kail, 1885; Nicholl et al., 2020 

Globidentosuchus brachyrostris: Scheyer, 2013; Scheyer & Delfino, 2016 

Gnatusuchus pebasensis: Salas-Gismondi et al., 2015; Cidade et al., 2019; Rio & Mannion, 

2021; photos from Rodolfo Salas-Gismondi 

Gryposuchus colombianus: Salas-Gismondi et al., 2016 

Hassiacosuchus haupti: HLMD-Me 4415; HLMD-Me-137;  HLMD-Me 9119; HLMD-Me 6117; 

GMH-Ce-IV 6042 

Hylaeochampsa vectiana: Clark, 1992; NHMUK R177  

Iharkutosuchus makadii: Ösi, 2008; Ösi & Weishampel, 2009; material in MTM 
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Jiangxisuchus nankangensis: Li et al., 2019 

Kambara implexidens: Salisbury, 1996 

Kentisuchus spenceri: Brochu, 2007 

Krabisuchus siamogallicus: Martin & Laupraset, 2010; Kr-C-006; Kr-C-007; Kr-C-010; Kr-C-

012; Kr-C-015 

Kuttanacaiman iquitosensis: Salas-Gismondi et al., 2015 

La Venta Caiman: Langston, 1965 

Leidyosuchus canadensis: Wu et al., 2001; Brochu, 1997; RTMP 86.221.01, RTMP 96.12.74 

Lohuecosuchus mechinorum: Narvaez et al., 2015 

Lohuecosuchus megadontos: Narvaez et al., 2015 

Maomingosuchus petrolica: Shan et al., 2017 

Mecistops cataphractus: O’Brien et al., 2019; Paiva et al., 2022 

Melanosuchus niger: Vieira et al., 2016; O’Brien et al., 2019; Paiva et al., 2022 

Mourasuchus amazonensis: Paiva et al., 2022 

Mourasuchus arendsi: Paiva et al., 2022 

Mourasuchus atopus: Paiva et al., 2022 

Navajosuchus mooki: Lucas & Estep, 2000; Brochu, 2004b; AMNH 6780, AMNH 5186 

Necrosuchus ionensis: Brochu, 2011; Cidade et al., 2019a 

Orientalosuchus naduongensis: Massonne et al., 2019; GPIT/RE/09761; GPIT/RE/09730; 

GPIT/RE/09729; GPIT/RE/09784; GPIT/RE/09727 

Osteolaemus osborni: O’Brien et al., 2019; Paiva et al., 2022 

Osteolaemus tetraspis: O’Brien et al., 2019; Paiva et al., 2022 

Pachycheilosuchus trinquei: Rogers, 2003 

Paleosuchus palpebrosus: O’Brien et al., 2019; Paiva et al., 2022 

Paleosuchus trigonatus: O’Brien et al., 2019; Paiva et al., 2022 

Paratomistoma courti: Brochu, 2000 

Pietraroiasuchus ormezzonai: Buscalioni et al., 2011 
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Piscogavialis jugaliperforatus: Kraus, 1998; Salas-Gismondi, 2016; SMNK 1282 PAL 

Planocrania datangensis: Brochu, 2012; IVPP V5016 

Planocrania hengdongensis: Brochu, 2012; IVPP V6074 

Procaimanoidea kayi: Mook, 1941a; Wasserug & Hecht, 1967; Brochu, 1999 

Procaimanoidea utahensis: Gilmore, 1946 

Prodiplocynodon langi: Mook, 1941b; AMNH FARB 108 

Protoalligator huiningensis: Wang et al., 2016; Massonne et al., 2019 

Protocaiman peligrensis: Bona et al., 2018; Shan et al., 2021 

Purussaurus brasiliensis: Aguilera, 2006; Paiva et al., 2022 

Purussaurus mirandai: Aguilera, 2006; Scheyer et al., 2019; Paiva et al., 2022 

Purussaurus neivensis: Paiva et al., 2022 

Quinkana spp.: Molnar, 1981; Rossmann, 1998 

Rimasuchus lloydi: Storrs, 2003 

Shamosuchus djadochtaensis: Pol, 2009; Turner, 2015; AMNH FARB 6412 

Stangerochampsa mccabei: Wu, 1996; digital collection of RTMP 

Thecachampsa antiqua: Myrick, 2001; Weems, 2018 

Thoracosaurus macrorhynchus: Koken, 1888; Voiculescu-Holvad, 2022; (Ca.) 

Thoracosaurus neocesariensis: Voiculescu-Holvad, 2022 

Tomistoma cairense: Müller, 1927 

Tomistoma lusitanica:Antunes, 1961 

Tomistoma schlegelii: O’Brien et al., 2019; Paiva et al., 2022 

Toyotamaphimeia machikanensis: Kobayashi, 2006 

Trilophosuchus rackhami: Willis, 1993; Ristevski et al., 2021 

Tsoabichi greenriverensis: Brochu, 2010; Walter et al., 2022; SMNK-PAL 2333a; SMNK-PAL 

2333b; SMNK-PAL 2334; AMNH FR 3666 

Voay robustus: Brochu, 2007; Bickelmann & Klein, 2009; AMNH FR 3101; AMNH FR 3102; 

MNH FR 3103; AMNH FR 310; AMNH FR 3105 
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Wannaganosuchus brachymanus: Brochu, 1999; Erickson, 1982 

 

Institutional abbreviatons: 

ACAP: Association Culturelle, Archéologique et Paléontologique de l’Ouest Biterrois, Cruzy, 

France; 

AMNH: American Museum of Natural History, New York, USA; 

GMH: Geiseltal Museum of Martin-Luther-University Halle-Wittenberg, Halle (Saale), 

Germany; 

GPIT: Geologisch-Paläontologisches Institut Tübingen, Tübingen, Germany; 

HLMD: Hessisches Landesmuseum Darmstadt, Darmstadt, Germany; 

IPS: Institut de Paleontologia Miquel Crusafont of Sabadell, Sabadell, Spain (= ICP; Institut 

Català de Paleontologia Miquel Crusafont); 

IRScNB: Institut Royal des Sciences Naturelles de Belgique, Brussels, Belgium; 

IVPP: Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, China; 

Kr-C: Sirindhorn Museum, Kalasin Province, Thailand; 

MAFI: Magyar Állami Földtani Intézet, Hungarian Geological Institute, Budapest, Hungary; 

MCSNT: Museo Civico di Storia naturale di Trieste, Trieste, Italy; 

MNHM: Museum National d'Histoire Naturelle, Paris, France; 

MTM: Magyar Természettudományi Múzeum, (Natural History Museum of Hungary), 

Budapest, Hungary; 

NHMB: Naturhistoriches Museum Basel, Basel, Switzerland; 

PSMUBB: Paleontology-Stratigraphy Museum, University Babes¸-Bolyai, Cluj-Napoca, 

Romania; 

RTMP: Royal Tyrrell Museum of Palaeontology, Drumheller, Canada; 

SMM: Science Museum of Minnesota, Saint Paul, Minnesota, USA; 

SMNK: Staatliches Museum für Naturkunde Karlsruhe, Karlsruhe, Germany; 

SMF: Senckenberg Museum Frankfurt, Frankfurt, Germany; 

TMM: Texas Memorial Museum, Austin, Texas, USA; 

USNM: United States National Museum, Smithsonian Institution, Washington DC, 

USA; 

YPM: Yale Peabody Museum of Natural History, Yale University, New Haven, 

Connecticut, USA. 

 

 

 



32 
 

Table S1. List of extant and extinct gigantic crocodyliforms ( ≥ 7m in total length)  

 

Age Species 
Source for body-size estimate and 

association with aquatic mega-ecosystems 

Present Crocodylus porosus Britton et al., 2012  

Pleistocene Kali Gedeh Crocodylus Delfino and De Vos, 2014; Sémah et al., 2010, 
2016 

Plio-Pleistocene 

Crocodylus 

thorbjarnarsoni; 

Euthecodon brumpti 

Brochu & Storrs, 2012; Brochu, 2020; Nutz et 
al., 2020 

Mio-Pliocene 
Rhamphosuchus 

crassidens 
Head, 2001; More et al., 2016; Behrensmeyer 
et al., 2005; Martin, 2019 

Mio-Pliocene Gryposuchus croizati Riff and Aguilera, 2008; Kern et al., 2020 

Miocene Purussaurus brasiliensis Aureliano et al., 2015; Kern et al., 2020 

Miocene 
Piscogavialis 

jugaliperforatus 
Kraus, 1998; Di Celma et al., 2016; 
Collareta et al., 2021 

late Miocene Mourasuchus mirandai Aguilera et al. 2006; Kern  et al., 2020 

late Oligocene 
Astorgosuchus 

bugtiensis 
Martin et al., 2019 

early Eocene 
Phosphatosaurus 

gavialoides 
Buffetaut, 1979 

Campanian 
Deinosuchus 

riograndensis 
Erickson & Brochu, 1999; Schwimmer, 2002 

Cenomanian Stomatosuchus inermis Stromer, 1925; Smith et al., 2001; Khalifa et al. 
2008 

Aptian–Albian Sarcosuchus imperator Sereno et al., 2001; Dridi, 2018 

Early Cretaceous Chalawan thailandicus Buffetaut & Ingavat, 1980; Martin et al., 2014a 

 

 

4. LIST OF MORPHOLOGICAL CHARACTERS  

This list includes the characters in our analysis of the modified Massonne et al. 

(2019) matrix. The following eleven multistate characters form morphoclines and 

were therefore ordered in the phylogenetic analysis: 39, 48, 62, 81, 124, 149, 151, 

154, 159, 193 and 203. 

Character states were added to the following characters: 

- 46, 48, 70, 79, 128, 137, and 156 (from Salas-Gismondi et al., 2015) 

- 53, 80, 136, and 155 (from Cossette & Brochu, 2020) 

- 151 and 159 (from Walter et al., 2022) 

The added states are highlighted in bold below and the characters were rescored. 

- 103 was adapted from the dataset of Rio & Mannion (2021) 
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(1) Fused proatlas boomerang-shaped (0), strap-shaped (1), or massive and block-

shaped (2). 

(2) Proatlas with prominent anterior process (0) or lacks anterior process (1). 

(3) Proatlas has tall dorsal keel (0) or lacks tall dorsal keel; dorsal side smooth (1). 

(4) Atlas intercentrum wedge-shaped in lateral view, with insignificant parapophyseal 

processes (0), or plate-shaped in lateral view, with prominent parapophyseal 

processes at maturity (1). 

(5) Dorsal margin of atlantal rib generally smooth with modest dorsal process (0) or 

with prominent process (1). 

(6) Atlantal ribs without (0) or with (1) very thin medial laminae at anterior end. 

(7) Atlantal ribs lack (0) or possess (1) large articular facets at anterior ends for each 

other. 

(8) Axial rib tuberculum wide, with broad dorsal tip (0) or narrow, with acute dorsal tip 

(1). 

(9) Axial rib tuberculum contacts diapophysis late in ontogeny, if at all (0) or early in 

ontogeny (1). 

(10) Anterior half of axis neural spine oriented horizontally (0) or slopes anteriorly (1). 

(11) Axis neural spine crested (0) or not crested (1). 

(12) Posterior half of axis neural spine wide (0) or narrow (1). 

(13) Axis neural arch lacks (0) or possesses (1) a lateral process (diapophysis). 

(14) Axial hypapophysis located toward the center of centrum (0) or toward the anterior 

end of centrum (1). 

(15) Axial hypapophysis without (0) or with (1) deep fork. 

(16) Hypapophyseal keels present on eleventh vertebra behind atlas (0), twelfth 

vertebra behind atlas (1), or tenth vertebra behind atlas (2). 

(17) Third cervical vertebra (first postaxial) with prominent hypapophysis (0) or lacks 

prominent hypapophysis (1). 

(18) Neural spine on third cervical long, dorsal tip at least half the length of the centrum 

without the cotyle (0) or short, dorsal tip acute and less than half the length of the 

centrum without the cotyle (1). 
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(19) Cervical and anterior dorsal centra lack (0) or bear (1) deep pits on the ventral 

surface of the centrum. 

(20) Presacral centra amphicoelous (0) or procoelous (1). 

(21) Anterior sacral rib capitulum projects far anteriorly of tuberculum and is broadly 

visible in dorsal view (0), or anterior margins of tuberculum and capitulum nearly in 

same plane, and capitulum largely obscured dorsally (1). 

(22) Scapular blade flares dorsally at maturity (0) or sides of scapular blade subparallel; 

minimal dorsal flare at maturity (1). 

(23) Deltoid crest of scapula very thin at maturity, with sharp margin (0) or very wide at 

maturity, with broad margin (1). 

(24) Scapulocoracoid synchondrosis closes very late in ontogeny (0) or relatively early 

in ontogeny (1). 

(25) Scapulocoracoid facet anterior to glenoid fossa uniformly narrow (0) or broad 

immediately anterior to glenoid fossa, and tapering anteriorly (1). 

(26) Proximal edge of deltopectoral crest emerges smoothly from proximal end of 

humerus and is not obviously concave (0) or emerges abruptly from proximal end of 

humerus and is obviously concave (1). 

(27) M. teres major and M. dorsalis scapulae insert separately on humerus; scars can 

be distinguished dorsal to deltopectoral crest (0) or insert with common tendon; single 

insertion scar (1). 

(28) Olecranon process of ulna narrow and sub-angular (0) or wide and rounded (1). 

(29) Distal extremity of ulna expanded transversely with respect to long axis of bone; 

maximum width equivalent to that of proximal extremity (0) or proximal extremity 

considerably wider than distal extremity (1). 

(30) Interclavicle flat along length, without dorsoventral flexure (0) or with moderate 

dorsoventral flexure (1) or with severe dorsoventral flexure (2). 

(31) Anterior end of interclavicle flat (0) or rod-like (1). 

(32) Iliac anterior process prominent (0) or virtually absent (1). 

(33) Dorsal margin of iliac blade rounded with smooth border (0) or rounded, with 

modest dorsal indentation (1) or rounded, with strong dorsal indentation (wasp-

waisted; 2) or narrow, with dorsal indentation (3) or rounded with smooth border; 

posterior tip of blade very deep (4). 
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(34) Supraacetabular crest narrow (0) or broad (1). 

(35) Limb bones relatively robust, and hind limb much longer than forelimb at maturity 

(0) or limb bones very long and slender (1). 

(36) M. caudofemoralis with single head (0) or with double head (1). 

(37) Dorsal osteoderms not keeled (0) or keeled (1). 

(38) Dorsal midline osteoderms rectangular (0) or nearly square (1). 

(39) Four (0), six (1), eight (2), or ten (3) contiguous dorsal osteoderms per row at 

maturity. (ORDERED) 

(40) Nuchal shield grades continuously into dorsal shield (0) or differentiated from 

dorsal shield; four nuchal osteoderms (1) or differentiated from dorsal shield; six nuchal 

osteoderms with four central and two lateral (2) or differentiated from dorsal shield; 

eight nuchal osteoderms in two parallel rows (3). 

(41) Ventral armor absent (0) or single ventral osteoderms (1) or paired ventral 

ossifications that suture together (2).  

(42) Anterior margin of dorsal midline osteoderms with anterior process (0) or smooth, 

without process (1).  

(43) Ventral scales have (0) or lack (1) follicle gland pores.  

(44) Ventral collar scales not enlarged relative to other ventral scales (0) or in a single 

enlarged row (1) or in two parallel enlarged rows (2).  

(45) Median pelvic keel scales form two parallel rows along most of tail length (0) or 

form single row along tail (1) or merge with lateral keel scales (2).  

(46) Alveoli for dentary teeth 3 and 4 nearly same size and confluent (0), fourth alveolus 

larger than third, and alveoli are separated (1), or 3 and 4 are nearly the same size 

and separated (2). [modified by Salas-Gismondi et al. (2015)]. 

(47) Anterior dentary teeth strongly procumbent (0) or project anterodorsally (1).  

(48) Dentary symphysis extends to fourth or fifth alveolus (0), or sixth through eighth 

alveolus (1), or eight to twelfth alveolus (2), or twelfth to sixteenth (3), beyond the 

sixteenth (4). [modified by Salas-Gismondi et al. (2015)]. (ORDERED) 

(49) Dentary gently curved (0), deeply curved (1), or linear (2) between fourth and tenth 

alveoli.  
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(50) Largest dentary alveolus immediately caudal to fourth is (0) 13 or 14, (1) between 

11 and 14 and a series behind it, (2) 11 or 12, (3) no differentiation, (4) behind 14, (5) 

10. 

(51) Splenial with anterior perforation for mandibular ramus of cranial nerve V (0) or 

lacks anterior perforation for mandibular ramus of cranial nerve V (1).  

(52) Mandibular ramus of cranial nerve V exits splenial anteriorly only (0) or splenial 

has singular perforation for mandibular ramus of cranial nerve V posteriorly (1) or 

splenial has double perforation for mandibular ramus of cranial nerve V posteriorly (2). 

(53) Splenial participates in mandibular symphysis; splenial symphysis adjacent to no 

more than five dentary alveoli (0) or splenial excluded from mandibular symphysis; 

anterior tip of splenial passes ventral to Meckelian groove (1) or splenial excluded from 

mandibular symphysis anterior tip of splenial passes dorsal to Meckelian groove (2) or 

deep splenial symphysis, longer than five dentary alveoli; splenial forms wide ‘V’ within 

symphysis (3) or deep splenial symphysis, longer than five dentary alveoli; splenial 

constricted within symphysis and forms narrow ‘V’ (4) or splenial reaches 

mandibular symphysis but does not touch other splenial (5). [modified by Cossette 

& Brochu (2020)]. 

(54) Coronoid bounds posterior half of foramen intermandibularis medius (0) or 

completely surrounds foramen intermandibularis medius at maturity (1) or obliterates 

foramen intermandibularis medius at maturity (2).  

(55) Superior edge of coronoid slopes strongly anteriorly (0) or almost horizontal (1).  

(56) Inferior process of coronoid laps strongly over inner surface of Meckelian fossa 

(0) or remains largely on medial surface of mandible (1).  

(57) Coronoid imperforate (0) or with perforation posterior to foramen intermandibularis 

medius (1).  

(58) Process of splenial separates angular and coronoid (0) or no splenial process 

between angular and coronoid (1).  

(59) Angular-surangular suture contacts external mandibular fenestra at posterior 

angle at maturity (0) or passes broadly along ventral margin of external mandibular 

fenestra late in ontogeny (1).  

(60) Anterior processes of surangular unequal (0) or sub-equal to equal (1). 

(61) Surangular with spur bordering the dentary toothrow lingually for at least one 

alveolus length (0) or lacking such spur (1).  

(62) External mandibular fenestra absent (0) or present as narrow slit, no discrete 

fenestral concavity on angular dorsal margin (1) or present with discrete concavity on 
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angular dorsal margin (2) or present and very large; most of foramen intermandibularis 

caudalis visible in lateral view (3). (ORDERED) 

(63) Surangular-dentary suture intersects external mandibular fenestra anterior to 

posterodorsal corner (0) or at posterodorsal corner (1).  

(64) Angular extends dorsally toward or beyond anterior end of foramen 

intermandibularis caudalis; anterior tip acute (0) or does not extend dorsally beyond 

anterior end of foramen intermandibularis caudalis; anterior tip very blunt (1).  

(65) Surangular-angular suture lingually meets articular at ventral tip (0) or dorsal to tip 

(1).  

(66) Surangular continues to dorsal tip of lateral wall of glenoid fossa (0) or truncated 

and not continuing dorsally (1).  

(67) Articular-surangular suture simple (0) or articular bears anterior lamina dorsal to 

lingual foramen (1) or articular bears anterior lamina ventral to lingual foramen (2) or 

bears laminae above and below foramen (3).  

(68) Lingual foramen for articular artery and alveolar nerve perforates surangular 

entirely (0) or perforates surangular/angular suture (1).  

(69) Foramen aerum at extreme lingual margin of retroarticular process (0) or set in 

from margin of retroarticular process (1).  

(70) Retroarticular process projects posteriorly (0) projects posterodorsally, not higher 

than the posterior edge of the articular fossa (1), or projects posterodorsally 

higher than the posterior edge of the articular fossa (2). [modified by Salas-

Gismondi et al. (2015)] 

(71) Surangular extends to posterior end of retroarticular process (0) or pinched off 

anterior to tip of retroarticular process (1).  

(72) Surangular-articular suture oriented anteroposteriorly (0) or bowed strongly 

laterally (1) within glenoid fossa.  

(73) Sulcus between articular and surangular (0) or articular flush against surangular 

(1).  

(74) Dorsal projection of hyoid cornu flat (0) or rod-like (1).  

(75) Dorsal projection of hyoid cornu narrow, with parallel sides (0) or flared (1).  

(76) Lingual osmoregulatory pores small (0) or large (1). 

(77) Tongue with (0) or without (1) keratinized surface.  
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(78) Teeth and alveoli of maxilla and/or dentary circular in cross-section (0), or 

posterior teeth laterally compressed (1), or all teeth compressed (2).  

(79) Maxillary and dentary teeth with smooth carinae (0) serrated (1), or with neither 

carinae nor serrations (2). [modified by Salas-Gismondi et al. (2015)] 

(80) Naris projects anterodorsally (0) or dorsally (1) or posterodorsally (2). [modified 

by Cossette & Brochu (2020)] 

(81) External naris bisected by nasals (0) or nasals contact external naris, but do not 

bisect it (1) or nasals excluded, at least externally, from naris; nasals and premaxillae 

still in contact (2) or nasals and premaxillae not in contact (3). (ORDERED) 

(82) Naris circular or keyhole-shaped (0) or wider than long (1) or anteroposteriorly 

long and prominently teardrop-shaped (2).  

(83) External naris of reproductively mature males (0) remains similar to that of females 

or (1) develops bony excrescence (ghara).  

(84) External naris (0) opens flush with dorsal surface of premaxillae or (1) 

circumscribed by thin crest.  

(85) Premaxillary surface lateral to naris smooth (0) or with deep notch lateral to naris 

(1).  

(86) Premaxilla has five teeth (0) or four teeth (1) early in posthatching ontogeny.  

(87) Incisive foramen small, less than half the greatest width of premaxillae (0) or large, 

more than half the greatest width of premaxillae (1) or large, and intersects 

premaxillary-maxillary suture (2).  

(88) Incisive foramen completely situated far from premaxillary tooth row, at the level 

of the second or third alveolus (0) or abuts premaxillary tooth row (1) or projects 

between first premaxillary teeth (2).  

(89) Dorsal premaxillary processes short, not extending beyond third maxillary alveolus 

(0) or long, extending beyond third maxillary alveolus (1).  

(90) Dentary tooth 4 occludes in notch between premaxilla and maxilla early in 

ontogeny (0) or occludes in a pit between premaxilla and maxilla; no notch early in 

ontogeny (1).  

(91) All dentary teeth occlude lingual to maxillary teeth (0) or occlusion pit between 

seventh and eighth maxillary teeth; all other dentary teeth occlude lingually (1) or 

dentary teeth occlude in line with maxillary toothrow (2).  
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(92) Largest maxillary alveolus is 3 (0), 5 (1), 4 (2), 4 and 5 are same size (3), 6 (4), or 

maxillary teeth homodont (5), or maxillary alveoli gradually increase in diameter 

posteriorly toward penultimate alveolus (6).  

(93) Maxillary tooth row curved medially or linear (0) or curves laterally broadly (1) 

posterior to first six maxillary alveoli.  

(94) Dorsal surface of rostrum curves smoothly (0) or bears medial dorsal boss (1).  

(95) Canthi rostralii absent or very modest (0) or very prominent (1) at maturity.  

(96) Preorbital ridges absent or very modest (0) or very prominent (1) at maturity.  

(97) Antorbital fenestra present (0) or absent (1).  

(98) Vomer entirely obscured by premaxilla and maxilla (0) or exposed on palate at 

premaxillary-maxillary suture (1).  

(99) Vomer entirely obscured by maxillae and palatines (0) or exposed on palate 

between palatines (1).  

(100) Surface of maxilla within narial canal imperforate (0) or with a linear array of pits 

(1).  

(101) Medial jugal foramen small (0) or very large (1). 

(102) Maxillary foramen for palatine ramus of cranial nerve V small or not present (0) 

or very large (1).  

(103) Ectopterygoid, contact with maxillary toothrow, forming the medial wall of at least 

one maxillary alveolus: absent, ectopterygoid-maxilla suture anteromedially orientated 

and separated from toothrow margin (0); absent, ectopterygoid-maxilla suture parallel 

and adjacent to medial toothrow margin (1); present (2) (modified by Rio & Mannion, 

2021). 

(104) Maxilla terminates in palatal view anterior to lower temporal bar (0) or comprises 

part of the lower temporal bar (1). 

(105) Penultimate maxillary alveolus less than (0) or more than (1) twice the diameter 

of the last maxillary alveolus. 

(106) Prefrontal dorsal surface smooth adjacent to orbital rim (0) or bearing discrete 

knob-like processes (1).  

(107) Dorsal half of prefrontal pillar narrow (0) or expanded anteroposteriorly (1).  

(108) Medial process of prefrontal pillar expanded dorsoventrally (0) or 

anteroposteriorly (1).  
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(109) Prefrontal pillar solid (0) or with large pneumatic recess (1).  

(110) Medial process of prefrontal pillar wide (0) or constricted (1) at base.  

(111) Maxilla has linear medial margin adjacent to suborbital fenestra (0) or bears 

broad shelf extending into fenestra, making lateral margin concave (1).  

(112) Anterior face of palatine process rounded or pointed anteriorly (0) or notched 

anteriorly (1).  

(113) Anterior ectopterygoid process tapers to a point (0) or forked (1).  

(114) Palatine process extends (0) or does not extend (1) significantly beyond anterior 

end of suborbital fenestra.  

(115) Palatine process generally broad anteriorly (0) or in form of thin wedge (1).  

(116) Lateral edges of palatines smooth anteriorly (0) or with lateral process projecting 

from palatines into suborbital fenestrae (1).  

(117) Palatine-pterygoid suture nearly at (0) or far from (1) posterior angle of suborbital 

fenestra.  

(118) Pterygoid ramus of ectopterygoid straight, posterolateral margin of suborbital 

fenestra linear (0) or ramus bowed, posterolateral margin of fenestra concave (1).  

(119) Lateral edges of palatines parallel posteriorly (0) or flare posteriorly, producing 

shelf (1). 

(120) Anterior border of the choana is comprised of the palatines (0) or choana entirely 

surrounded by pterygoids (1).  

(121) Choana projects posteroventrally (0) or anteroventrally (1) at maturity.  

(122) Pterygoid surface lateral and anterior to internal choana flush with choanal 

margin (0) or pushed inward anterolateral to choanal aperture (1) or pushed inward 

around choana to form neck surrounding aperture (2) or everted from flat surface to 

form neck surrounding aperture (3).  

(123) Posterior rim of internal choana not deeply notched (0) or deeply notched (1).  

(124) Internal choana not septate (0) or with septum that remains recessed within 

choana (1) or with septum that projects out of choana (2). (ORDERED) 

(125) Ectopterygoid-pterygoid flexure disappears during ontogeny (0) or remains 

throughout ontogeny (1).  
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(126) Ectopterygoid extends (0) or does not extend (1) to posterior tip of lateral 

pterygoid flange at maturity.  

(127) Lacrimal makes broad contact with nasal; no posterior process of maxilla (0) or 

maxilla with posterior process within lacrimal (1) or maxilla with posterior process 

between lacrimal and prefrontal (2).  

(128) Prefrontals separated by the frontals and nasals, anterior process of frontal 

extending far anterior to the anterior margin of the orbit (0), prefrontals 

separated by the frontal and nasals, anterior process of frontal around the same 

level or posterior to the anterior margin of the orbit (1) or prefrontals meet medially, 

anterior process of frontal around the same level or posterior to the anterior 

margin of the orbit (2). [modified by Salas-Gismondi et al. (2015)] 

(129) Lacrimal longer than prefrontal (0), or prefrontal longer than lacrimal (1), or 

lacrimal and prefrontal both elongate and nearly the same length (2).  

(130) Anterior tip of frontal (0) forms simple acute point or (1) forms broad, complex 

sutural contact with the nasals.  

(131) Ectopterygoid extends along medial face of postorbital bar (0) or stops abruptly 

ventral to postorbital bar (1).  

(132) Postorbital bar massive (0) or slender (1). 

(133) Postorbital bar bears process that is prominent, dorsoventrally broad, and 

divisible into two spines (0) or bears process that is short and generally not prominent 

(1).  

(134) Ventral margin of postorbital bar flush with lateral jugal surface (0) or inset from 

lateral jugal surface (1).  

(135) Postorbital bar continuous with anterolateral edge of skull table (0) or inset (1).  

(136) Margin of orbit flush with skull surface (0) or dorsal edges of orbits upturned (1) 

or orbital margin telescoped (2) or anterior margins of orbit telescoped (3). [modified 

by Cossette & Brochu (2020)]  

(137) Anterior margin of orbit not upturned, ventral margin gently circular (0) or 

anterior margin upturned, ventral margin gently circular (1), or anterior margin 

upturned, ventral margin with a prominent notch (1). [modified by Salas-Gismondi et 

al. (2015)] 

(138) Palpebral forms from single ossification (0) or from multiple ossifications (1).  

(139) Quadratojugal spine prominent at maturity (0) or greatly reduced or absent at 

maturity (1).  
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(140) Quadratojugal spine low, near posterior angle of infratemporal fenestra (0) or 

high, between posterior and superior angles of infratemporal fenestra (1).  

(141) Quadratojugal forms posterior angle of infratemporal fenestra (0) or jugal forms 

posterior angle of infratemporal fenestra (1) or quadratojugal-jugal suture lies at 

posterior angle of infratemporal fenestra (2).  

(142) Postorbital neither contacts quadrate nor quadratojugal medially (0) or contacts 

quadratojugal, but not quadrate, medially (1) or contacts quadrate and quadratojugal 

at dorsal angle of infratemporal fenestra (2) or contacts quadratojugal with significant 

descending process (3).  

(143) Quadratojugal bears long anterior process along lower temporal bar (0) or bears 

modest process, or none at all, along lower temporal bar (1).  

(144) Quadratojugal extends to superior angle of infratemporal fenestra (0) or does not 

extend to superior angle of infratemporal fenestra; quadrate participates in fenestra 

(1).  

(145) Postorbital-squamosal suture oriented ventrally (0) or passes medially (1) ventral 

to skull table. 

(146) Dorsal and ventral rims of squamosal groove for external ear valve musculature 

parallel (0) or squamosal groove flares anteriorly (1).  

(147) Quadrate and squamosal not in contact on the external surface of the skull, 

posteriorly to the external auditory meatus (0) or quadratosquamosal suture extends 

dorsally along caudal margin of the external auditory meatus (1) or extends only to the 

caudoventral corner of the external auditory meatus (2).  

(148) Caudal margin of otic aperture not defined and gradually merging into the 

exoccipital (0) or smooth and continuous with the paraoccipital process (1) or caudal 

margin of otic aperture inset (2).  

(149) Frontoparietal suture deeply within supratemporal fenestra; frontal prevents 

broad contact between postorbital and parietal (0) or suture makes modest entry into 

supratemporal fenestra at maturity; postorbital and parietal in broad contact (1) or 

suture on skull table entirely (2). (ORDERED) 

(150) Frontoparietal suture concavoconvex (0) or linear (1) between supratemporal 

fenestrae.  

(151) Supratemporal fenestra with fossa; dermal bones of skull roof do not overhang 

rim at maturity (0), or parietal overhangs the rim at maturity (1), or postorbital, 

squamosal and parietal overhang the rim at maturity (2), or fenestra is closed at 

maturity (3). [modified by Walter et al. (2022)] (ORDERED) 
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(152) Shallow fossa at anteromedial corner of supratemporal fenestra (0) or no such 

fossa; anteromedial corner of supratemporal fenestra smooth (1).  

(153) Medial parietal wall of supratemporal fenestra imperforate (0) or bearing 

foramina (1).  

(154) Parietal and squamosal widely separated by quadrate on posterior wall of 

supratemporal fenestra (0) or parietal and squamosal approach each other on 

posterior wall of supratemporal fenestra without actually making contact (1) or parietal 

and squamosal meet along posterior wall of supratemporal fenestra (2). (ORDERED) 

(155) Skull table surface slopes ventrally from sagittal axis (0) or planar (1) or skull 

table surface slopes ventrally towards sagittal axis at maturity, lateral elements 

planar (2) at maturity. [modified by Cossette & Brochu (2020)] 

(156) Squamosal on skull table is horizontal or nearly so (0), or upturned to form a 

posterolateral discrete horn (1), or producing a high transversely oriented 

eminence at the posterior margin (2) late in ontogeny. [modified by Salas-Gismondi 

et al. (2015)] 

(157) Mature skull table with broad curvature; short posterolateral squamosal rami 

along paroccipital process (0) or with nearly horizontal sides; significant posterolateral 

squamosal rami along paroccipital process (1).  

(158) Squamosal does not extend (0) or extends (1) ventrolaterally to lateral extent of 

paraoccipital process.  

(159) Supraoccipital exposure on dorsal skull table absent (0), small (1), large (2), or 

large such that parietal is excluded from posterior edge of table (3). [modified by Walter 

et al. (2021)] (ORDERED) 

(160) Anterior foramen for palatine ramus of cranial nerve VII ventrolateral (0) or ventral 

(1) to basisphenoid rostrum.  

(161) Sulcus on anterior braincase wall lateral to basisphenoid rostrum (0) or braincase 

wall lateral to basisphenoid rostrum smooth; no sulcus (1).  

(162) Basisphenoid not exposed extensively (0) or exposed extensively (1) on 

braincase wall anterior to trigeminal foramen.  

(163) Extensive exposure of prootic on external braincase wall (0) or prootic largely 

obscured by quadrate and laterosphenoid externally (1).  

(164) Laterosphenoid bridge comprised entirely of laterosphenoid (0) or with ascending 

process or palatine (1).  
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(165) Capitate process of laterosphenoid oriented laterally (0) or anteroposteriorly (1) 

toward midline.  

(166) Parietal with recess communicating with pneumatic system (0) or solid, without 

recess (1).  

(167) Significant ventral quadrate process on lateral braincase wall (0) or quadrate-

pterygoid suture linear from basisphenoid exposure to trigeminal foramen (1). 

(168) Lateral carotid foramen opens lateral (0) or dorsal (1) to basisphenoid at 

maturity.  

(169) External surface of basioccipital ventral to occipital condyle oriented 

posteroventrally (0) or posteriorly (1) at maturity.  

(170) Posterior pterygoid processes tall and prominent (0) or small and project 

posteroventrally (1) or small and project posteriorly (2).  

(171) Basisphenoid thin (0) or anteroposteriorly wide (1) ventral to basioccipital.  

(172) Basisphenoid not broadly exposed ventral to basioccipital at maturity; pterygoid 

short ventral to median eustachian opening (0) or basisphenoid exposed as broad 

sheet ventral to basioccipital at maturity; pterygoid tall ventral to median eustachian 

opening (1).  

(173) Exoccipital with very prominent boss on paroccipital process; process lateral to 

cranioquadrate opening short (0) or exoccipital with small or no boss on paroccipital 

process; process lateral to cranioquadrate opening long (1).  

(174) Lateral eustachian canals open dorsal (0) or lateral (1) to medial eustachian 

canal.  

(175) Exoccipitals terminate dorsal to basioccipital tubera (0) or send robust process 

ventrally and participate in basioccipital tubera (1) or send slender process ventrally to 

basioccipital tubera (2).  

(176) Quadrate foramen aerum on mediodorsal angle (0) or on dorsal surface (1) of 

quadrate.  

(177) Quadrate foramen aereum is small (0), comparatively large (1), or absent (2) at 

maturity.  

(178) Quadrate lacks (0) or bears (1) prominent, mediolaterally thin crest on dorsal 

surface of ramus.  

(179) Attachment scar for posterior mandibular adductor muscle on ventral surface of 

quadrate ramus forms modest crests (0) or prominent knob (1).  
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(180) Quadrate with small, ventrally-reflected medial hemicondyle (0) or with small 

medial hemicondyle; dorsal notch for foramen aerum (1) or with prominent dorsal 

projection between hemicondyles (2) or with expanded medial hemicondyle (3). 

(181) Iris (0) greenish/yellowish or (1) brown.  

(182) Two or more (0) or one (1) row of postoccipital osteoderms.  

(183) Fewer than eight (0) or eight to 14 (1) or more than 14 (2) paired midline scale 

rows.  

(184) Ectopterygoid maxillary ramus forms less than (0) or more than (1) two-thirds of 

lateral margin of suborbital fenestra.  

(185) Ectopterygoid maxillary ramus terminates at lateral margin of suborbital fenestra 

(0) or lateral to it, with maxilla separating the ectopterygoid from fenestra for short 

distance.  

(186) Palatine-maxillary suture intersects suborbital fenestra at its anteromedial margin 

(0) or nearly at its anteriormost limit (1).  

(187) Frontal lacks (0) or bears (1) prominent midsagittal crest between orbits.  

(188) All cervical neural spines anteroposteriorly broad (0) or posterior neural spines 

thin and rod-like (1). 

(189) Largest premaxillary tooth is the second (0), the third (1) or the fourth (2) or the 

third and fourth similarly largest (3) or all similarly same in size (4) or the fourth and 

fifth similarly largest (5) or the first four similarly equal in size (6)  

(190) Dorsal surface of the surangular is smooth (0), or bears a large sulcus next to 

the anterior half of the glenoid fossa (1).  

(191) ‘U’-shaped depression of the frontal at the point of maximum constriction 

between the orbits: absent (0); present (1).  

(192) Skull in lateral view relatively flat (0) or formed like a wedge and trapezoid in 

shape (1). 

(193) Anterior process of jugal extends anterior (0), lies at the same level as (1), or 

well posterior to the anterior process of frontal (2). (ORDERED) 

(194) Notch between the premaxilla and maxilla present (0) or absent (1) in adult 

individuals. 

(195) Anterior maxillary teeth without (0) or with (1) ridges on their lateral surface 
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(196) If largest dentary alveolus is between 11th and 14th and a series behind it, is it 

the (0) 11th, (1) 12th, or (2) 13th or 14th. 

(197) Surangular-angular suture lingually originates (0) near the ventral border of the 

external mandibular fenestra, (1) near the dorsal border of the external mandibular 

fenestra and straight, (2) near the dorsal border of the external mandibukar fenestra 

and bowed. 

(198) If supraoccipital exposure on skull table is large or very large, is it (0) trapezoid, 

(1) triangular, or (2) block-shaped. 

(199) Edge of the maxillary tooth alveoli lower or at the same level than the space 

between toothrow (0) or edge of maxillary tooth alveoli higher than the space (1). 

[added from Stocker et al. (2021)] 

(200) Ventral border of exoccipital convex and ventrally projected, hiding the posterior  

opening of the cranioquadrate passage from the occipital view (0), or straight, sharpen  

or smoothly convex and does not hide the posterior opening of the cranioquadrate  

passage from the occipital view (1). [added from Stocker et al. (2021)] 

(201) Occipital surface sloped, visible in dorsal view (0), or vertical or not visible in 

dorsal view (1) at maturity. [added from Stocker et al. (2021)] 

(202) Ventral premaxilla-maxilla suture short and ends posteriorly before the 3rd 

maxillary alveoli (0) or elongated and extends or exceeds the 3rd maxillary alveoli (1). 

[added from Stocker et al. (2021)] 

(203) Less than 18 teeth (0), 18 to 22 teeth (1), or more than 22 teeth (2) on maxilla. 

[added from Stocker et al. (2021)] (ORDERED) 

(204) Lateral edge of the skull table at the level of the postorbital-squamosal suture 

situated laterally or at the same level as (0), or medially to (1) the quadrate condyle in 

dorsal view at maturity. [added from Stocker et al. (2021)] 

(205) Frontal ends at the same level or posterior (0) or extends well anterior (1) to the 

anterior extension of the prefrontal. [added from Stocker et al. (2021)] 

(206) Maxilla posterior process without tooth, short or absent (0), or long, longer than 

the distance between the three last teeth (1) in ventral view. [added from Stocker et al. 

(2021)] 

(207) Interorbital bridge narrower to equivalent (0), or broader (1) than the width of the 

orbit. [added from Stocker et al. (2021)] 

(208) Supratemporal fenestra longer than wide or rounded, posterior bar of 

supratemporal fenestra thick (0), or wider than long, posterior bar of supratemporal 
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fenestra thick (1), or wider than long, posterior bar thin (2) at maturity. [added from 

Stocker et al. (2021)] 

(209) Presence (0), or absence (1) of a medial crest on the basioccipital. [added from 

Stocker et al. (2021)] 

(210) Absence (0), or presence (1) of a posterior dentary process between splenial 

and angular on the ventral side. [added from Stocker et al. (2021)] 

(211) Dorsal margin of the articular on the retroarticular process largely visible in lateral 

view (0), or slightly or not visible in lateral view (1). [added from Stocker et al. (2021)] 

(212) Posterior margin of the orbit anterior to the posterior margin of the suborbital 

fenestra (0), or posterior or at the same level than the posterior margin of the suborbital 

fenestra (1) measured at the level of the postorbital-frontal suture in the orbital margin. 

[added from Stocker et al. (2021)] 

(213) Basioccipital-exoccipital process ventral to occipital condyle (basioccipital plate) 

with parallel or ventrally convergent sides (0) or ventrally divergent sides (1) in posterior 

view. [added from Stocker et al. (2021)] 

(214) Absence (0) or presence (1) of a smooth medial depression ventral to the 

basioccipital and posterior to the medial Eustachian foramen. [added from Stocker et 

al. (2021)] 

(215) Dentary teeth series behind to alveoli 12-13 are pointed to slightly blunt (0); 

globular, different in size among them (1); globular, at least four subequal in size (2), 

molariform multicusped (3) or absent (4). [added from Stocker et al. (2021)] 

(216) First four alveoli in the dentary are the same size or smaller than other dentary 

alveoli (0) or are the largest within the dentary (1). [added from Stocker et al. (2021)] 

(217) Orbits longer than wide (0) or wider than long to rounded (1) late in ontogeny. 

[added from Stocker et al. (2021)] 

(218) The series composed by the last three premaxillary teeth diverge posteriorly to 

paraxial (0) or tend to converge posteriorly, straight among them (1). [added from 

Stocker et al. (2021)] 

(219) Dentary, level of the first and fourth alveoli: lower than the level of the eleventh 

and twelfth alveoli (0); equal to higher than the level of the eleventh and twelfth alveoli 

(1). [added from Stocker et al. (2021)]. 
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